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ABSTRACT

A study was done to determine ifpart of the rotation benefit that is often

observed in cereals grown on pulse vs. cereal stubble is due to differences in soil

phosphorus (P) availability. The influence of pulse crops on soil P availability and P

uptake by subsequent wheat (Triticum aestivum L.) crops was assessed in a series of

laboratory experiments and field studies conducted in the Brown soil zone of

Saskatchewan.

Pulse residues generally had higher P concentrations than wheat residue when

grown under similar soil fertility and environmental conditions. Higher P contents

corresponded to lower carbon (C) to P ratios (C:P), which lowered the potential for P

immobilization during residue decomposition. However, in a growth chamber

experiment, pulse and cereal residues all had low enough P contents to cause soil P

immobilization. Lentil (Lens culinaris Medic.) residue (C:P = 285) caused the least

immobilization while pea (Pisum sativum L.) residue (C:P = 592) and wheat residue

(C:P = 1335) caused similar degrees of immobilization.

Total P contributions from chickpea (Cicer arietinum L.), pea and wheat residues

to soil during growth of a subsequent crop were estimated at 0.92, 1.24, and 1.03 kg P

ha", respectively, at residue coverage rates of 5000 kg ha". This represents a minor

contribution to the short-term P supply to a following crop. Estimated nutrient losses

from pulse residues weathering in the field between crop harvest and seeding of a

subsequent crop the following spring were also minimal and are not expected to have

significant effects on P uptake by the following crop.

Field comparisons indicated no significant increases in soil P availability related

to the previous crop stubble. However, P uptake by the crop was significantly greater
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following pulse crops as compared to wheat and fallow. Some factor other than soil P

supply, such as a better crop rooting system with a larger surface area to absorb P, may

be responsible for greater P uptake by wheat following pulse crops. Studies of root

infection by arbuscular mycorrhizal fungi (AMF) were inconclusive, but if enhanced

following growth of a pulse crop, AMF could contribute to enhanced root surface area

and therefore nutrient uptake.
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CHAPTER 1. INTRODUCTION

The practice of including pulse crops in crop rotations has become more

common in the semi-arid regions (Brown and Dark Brown soil zones) of Saskatchewan.

The trend toward more diversified cropping systems that include pulse crops, such as

peas (Pisum sativum L.), lentils (Lens culinaris Medic.) and chickpeas (Cicer arietinum

L.), is often believed to be in response to depressed cereal prices and a desire to reduce

fertilizer input costs (Schoenau, 1996). Due to the ability of pulse crops to fix nitrogen

(N) from the air via symbiotic N fixation, a farmer can minimize N fertilizer inputs to

the pulse crop and therefore reduce costs.

Pulse crops commonly grown in Saskatchewan include pea, lentil and chickpea.

In 1997, approximately 2.3 million acres of land was allocated to pulse crop production

in Saskatchewan out of a total of 35 million cropped acres (SAF, 1998). This

represented a substantial increase over 15 yr earlier when 196 thousand acres were

planted to pulse crops.

As pulse crops become more common in Western Canadian crop rotations, the

effects of these crops on following crops in rotation has received attention. In ancient

times, legumes were included in crop rotations as a means of increasing soil fertility and

crop production (Walters et al., 1992). Recent research also indicates that including

pulses in crop rotations provides benefits to subsequent crops, particularly by increasing

yields and quality �f subsequent cereal crops (Wright, 1990a, 1990b).
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Much of the research to date has focused on the contribution of pulse crops to N

available to the following crop. This is termed the N benefit and is attributed to the fact

that these crops are able to fix N from the air via symbiotic N fixation, thus increasing

the balance of N in the soil relative to growth of non-N fixing crops (Riedell et al., 1998;

Campbell et aI., 1992). Recent research has also considered factors other than N that

might provide benefits to following crops. These benefits are collectively termed the

non-N benefit and include factors such as improved soil physical characteristics, lower

disease and weed incidence and increased availability of soil moisture and other

nutrients (Bullock, 1992).

Besides higher cereal yields, increased P uptake by cereals following pulse as

compared to cereal crop growth has been observed (Riedell et al., 1998). Soil P

availability could be increased directly by P contributions from decomposing pulse crop

residues, or indirectly by influencing root growth and microbial communities that are

able to render soil P more available to plants. The objectives of this study were

therefore:

1) To compare pulse and cereal residues in terms of P content and relative effects

on P supply to plants under controlled environmental conditions;

2) To isolate the influence of a pulse residue on soil P supplies and P uptake by

wheat under field conditions in the Brown soil zone;

3) To compare overall soil P supplies and wheat P uptake in the field following

pulse and cereal growth in the Brown soil zone.
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CHAPTER 2. LITERATURE REVIEW

2.1 Cereal Yields Following Pulse Crops

A crop will have an influence on the crops that follow (Schmid et al., 1959) and

it is generally recognized that the presence of legume crops in rotation can increase

yields of subsequent cereal crops relative to mono-culture cereal rotations (SAF, 1995).

For example, in a 25-yr study in the Black soil zone of Saskatchewan, it was found that

including a legume forage or green manure in several crop rotations increased wheat

yields by 15-71 % (Zentner et al., 1987). In fact, wheat yields on unfertilized fallow

following legumes were often higher than on well-fertilized continuous wheat.

Similarly, barley (Hordeum vulgare L.) yields on forage and grain legume stubble were

found to be 12-15% greater than those produced on wheat stubble (Meyer, 1987). Other

researchers have observed significant grain yield increases following a legume green

manure (Slinkard et al., 1987; Hargrove, 1986; Stickler et al., 1959).

Although the effects tend to be smaller than with perennial legumes and green

manure (Meyer, 1987), cereal yield increases are often observed following growth of

annual grain legumes, otherwise known as pulse crops. The yield benefit for a cereal in

a pulse-cereal vs. cereal-cereal rotation is referred to as the "rotation benefit"

(Hesterman et al., 1987; Russelle et al., 1987; Baldock et ai., 1981). Following a 5-yr

study, Wright (1990b) reported average barley yield increases of21 and 12% in the first

and second years following. pulse crop growth. Barley seed quality was also greater

when grown on pulse stubble (Wright, 1990a). In another study in the Black soil zone
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of Saskatchewan, wheat yielded up to 43% higher on pea stubble than on wheat stubble

(Stevenson and van Kessel, 1996). In economic terms, a pea-barley-wheat rotation may

only use 59% of the production inputs (fuel, fertilizer and herbicides) used in a barley

barley-wheat crop rotation (Wright and Coxworth, 1987). Rotations including pulse

crops may therefore be more sustainable over the long term.

Once it is determined that a crop can benefit a subsequent crop, the next question

arising is why there is a benefit and what factors influence it. It has been determined

that the rotation benefit varies with moisture conditions, pulse crop grown (Wright and

Coxworth, 1987), management history (Stevenson and van Kessel, 1996), and the level

of inputs applied to the following cereal (Riedell et al., 1998). The cause of the rotation

benefit has often been attributed to increased soil N supplies and N uptake by the

following crop (Campbell et al., 1992; Mahler and Auld, 1989; Meyer, 1987; Stickler et

al., 1959).

2.1.1. Nitrogen Benefits

The "N benefit" refers to the increase in soil N supplies and crop N uptake

following legume growth (Baldock et al., 1981). The N supplied to the following crop

has often been calculated in terms of inorganic N equivalents, referring to the amount of

inorganic N fertilizer that must be applied to produce yields on cereal stubble that are

equal to those produced on legume stubble without fertilizer (Stickler et al., 1959). This

method of calculating N contributions from previous legume crops has provided N

contribution estimates of31-123 kg ha" (McVay et al., 1989; Meyer, 1987; Hargrove,

1986; Mitchell and Teel, 1977; Stickler et al., 1959).
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The sources of this N include aboveground crop residue (Mitchell and Teel,

1977; Stickler et al., 1959) as well as below ground roots, nodules, and exudates

(Jensen, 1996; Stickler et al., 1959). Mahler (1989) found that the majority ofN in pea

residue was available for crop uptake the following spring in an Idaho cropping system.

Sawatskyand Soper (1991) determined that N rhizodeposition during legume growth

could be an important N source. They found that 8.7-12% ofplant N was deposited in

the soil during pea crop growth. This amounted to 32% of the plant residue N present

after crop harvest. Total soil N, N03-N (Riedell et al., 1998; Hargrove, 1986), and N

mineralization (Jensen, 1996) have been shown to be higher following legume growth.

In some cases, lentil-wheat rotations have increased soil N supplies enough over the

long term (15 yr) that N fertilizer recommendations were reduced compared to those for

continuous wheat (Campbell et al., 1992).

Other research has indicated that differences in N supply cannot explain the

entire rotation benefit. Hesterman et al. (1987) proposed that the N credit given to

legumes was sometimes inflated by as much as 132% by assuming that all of the yield

increase was due to increased N supply and that fertilizer-N and residue-N were equally

available. Janzen and Schaalje (1992) came to a similar conclusion after finding a larger

benefit from lentil green manure in a following barley crop than could be explained by N

additions alone. Wright and Coxworth (1987) calculated N fertilizer equivalents of 118,

95, and 56 kg ha" for faba bean, field pea, and lentil, respectively, but pointed out that

only 28 kg N ha" was usually present in the crop residues and no difference in available

soil N existed at seeding.

Nitrogen from legume residues may actually be immobilized during the first year

of decomposition, with 16-92% of the N contained within the residues being available
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for subsequent crop uptake (Stickler et aI., 1959; Fribourg and Bartholomew, 1956).

Bremer and van Kessel (1992) found that lentil and wheat straw caused similar degrees

of soil N immobilization. Using 15N techniques, they were able to show that only 7% of

the N contained within the residues was even mineralized by the time the following crop

was harvested and only 5.5% of the residue N was taken up by the following wheat crop.

Fox et al. (1990) determined that N would be immobilized if added legume residues

contained less than 20 g N kg" tissue. Results of an Australian study indicated that

legume residues had little influence on soil N supplies and only made up 6-11 % of total

crop N uptake during the first year of decomposition (Ladd et al., 1983a). MUller and

Sundman (1988) found that only 6-25% of the N released during legume residue

decomposition was taken up by a following barley crop.

When 15N techniques are utilized, the estimated N contribution to the following

crop decreases significantly (Stevenson and Vim Kessel, 1996; Bremer and van Kessel,

1992; Harris and Hesterman, 1987). By this method, an alfalfa (Medicago sativa L.)

crop was found to contribute only 16-24 kg N ha" to a following crop (Harris and

Hesterman, 1987). Stevenson and van Kessel (1997) found that although 45-63 kg N

ha' was contributed to the soil as a result ofpea crop growth, only 7 kg N ha" of this

was actually taken up by the following wheat crop. The contribution of N to the soil

varied according to the yield and N content of the previous pea crop. On the other hand,

15N techniques may underestimate N contributions from a previous crop due to problems

associated with pool substitution in the organic matter (Fox et al., 1990; Varvel and

Peterson, 1990).

With grain legumes, most of the fixed N is removed with the seed (SAP, 1995),

suggesting that pulse crops have other influences that may be responsible for most of the
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yield increases observed. Stevenson and van Kessel (1996) calculated that only 8% of

the rotation benefit observed in wheat following peas could be attributed to increased

soil N supply. The remainder of the rotation benefit was due to some other factor(s).

The other factors even explained part of the increased N uptake observed through their

effect on increasing the following crop's N demand.

The contribution of N to rotation benefits observed in barley on pulse (faba bean,

field pea, and lentil) and barley stubble can be observed in Fig. 2.1 (Wright, 1990b).

Reported yields are averages over 5 yr on Gray and Black soils near Melfort, SK. The

rotation benefit is apparent in that barley yields on barley stubble were consistently

lower than barley yields on pulse stubble. The yield increase can be partially attributed

to higher N supplies on the pulse stubble because barley yields increase on the barley

stubble with N addition. For example, yields on barley stubble with an application of

approximately 85 kg N ha" are equivalent to yields on pea stubble with no N added.

The N fertilizer equivalent of pea stubble was therefore calculated as 85 kg N ha'.

However, the yields are still higher on pulse stubble at high N application rates (i.e., 200

kg N ha") when N would no longer be expected to limit plant growth. This shows that

some other benefit, a "non-N" benefit, contributed to barley yields.
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Figure 2.1. Mean fertilizer N response of barley grown on barley, faba bean, field pea
and lentil residues on two soil types (adapted from Wright, 1990b).

2.1.2. Non-nitrogen Benefits

The cereal yield increase following a legume crop that cannot be attributed to

increased soil N supply is termed the non-N benefit (Stevenson and van Kessel, 1996;

Baldock et al., 1981). Non-N benefits may make more significant contributions to the

pulse crop rotation effect than N benefits. Stevenson and van Kessel (1996) attributed

92% of wheat yield increases following peas to non-N factors. Janzen and Schaalje

(1992) attributed 34% of barley yields on lentil green manure-amended soils to non-N

factors. They predicted that the magnitude of the benefit would vary with growing

conditions, soil properties, and the previous crop grown.

Rather than being the result of one particular influence, the non-N benefit is

more likely a combination of several factors (Wright, 1990b). Some have proposed that

part of the yield difference is due to different moisture availability on legume vs. cereal
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stubble (Stickler and Frederick, 1959; Stickler et al., 1959); however, Campbell et al.

(1992) found no differences in residual soil moisture to a 3-m depth on lentil and wheat

stubble in the Brown soil zone.

Different crop residues may have differing mulch effects that could influence soil

conditions and plant growth (Touchton et al., 1982). Some crops may produce greater

residue coverage or decompose more slowly than other residues, which would protect

the soil from moisture losses due to evaporation, therefore increasing moisture supplies

for subsequent crop growth. Different crop types can also contribute different amounts

to soil organic matter reserves. Increased amounts of soil organic matter can act to

decrease soil bulk density (Hageman and Shrader, 1979) as well as increase water

holding capacity, and nutrient supply power (Tisdale et al., 1993).

Similarly, others have reported that soil physical properties may be influenced by

the previous legume crop (Touchton et al., 1982; Stickler and Frederick, 1959). Peas

have been shown to moderate soil bulk density and penetration resistance (Grant and

Lafond, 1993). Proposed explanations for this included greater root growth at depth in

the soil profile and addition of high N content organic matter from roots, which could

promote aggregate stability. Improved soil structure, greater aggregate stability and

increased water infiltration observed following a winter legume cover crop were

attributed to high organic matter inputs associated with green manure growth (McVay et

al., 1989).

In a comprehensive review, Bullock (1992) found that soil organic matter

content and physical properties tended to improve with perennial legume growth, but

decreased with annuals like soybean (Glycine max L). Despite these reductions, rotation

benefits are still observed. Bullock (1992) stated that often the non-N benefit cannot be
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explained by the factors that have been measured and concluded that it was ultimately

due to factors associated with the soil and/or roots.

One of these factors could include a reduction in disease incidence. The

incidence of leaf and root disease may be reduced as a result of breaks in the mono-crop

cycle. Wheat has shown 3% (Bailey et a/., 1991) to 3 times (Stevenson and van Kessel,

1996) lower incidence of common root rot after pea growth compared to following

wheat. Variability in disease response has been attributed to differences in management

history and environmental conditions. Grassy weed infestations may also be reduced

following pulse crop growth (Stevenson, 1996). However, even though decreased weed,

disease, and insect incidence contribute to the rotation benefit, pesticide applications

cannot compensate completely for it (Bullock, 1992).

Part of the rotation benefit may be explained by biological influences (Bullock,

1992; Elliot et a/., 1987; Touchton et a/., 1982). Arbuscular mycorrhizal fungal (AMF)

populations may be altered following legume growth (Johnson et a/., 1992). Pea (Pisum

arvensis L.) roots have been found to be associated with a larger frequency of AMF

infection than several types of grass roots (Stone and Buttery, 1989), although

differences in total root volume of grasses and pulse crops may mean total AMF

biomass on a soil volume basis is similar (Talukdar, 1993). Enhanced AMF infection of
.

a subsequent crop could result in increased absorptive surface area for water and

nutrients as well as access to previously unavailable P (Azcon et al., 1976).

Rovira (1976) determined that microorganisms could have negative impacts on

yield and nutrient uptake of wheat by influencing nutrient availability, root growth, and

root hair development. Rotation effects observed in corn (Zea mays L.) have been

attributed to changes in rhizosphere microbial populations, particularly to decreased
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numbers of yield inhibitory microorganisms (Turco et al., 1990). In fact, yields of

continuous corn have been increased to those in corn-soybean rotations by soil

fumigation treatments. In agreement with this, Bullock (1992) proposed that much of

the rotation benefit could be due to reduced numbers ofpests that have not been

identified.

Legumes may also have an influence on the availability of nutrients other than N.

Nutrient availability may be increased due to higher nutrient concentrations in pulse vs.

cereal residue or the ability of the pulse roots to modify the availability of soil nutrients.

Salvator and Sabbe (1995) found that soybean residues could provide a significant

amount of nutrients to a following crop while corn residue would require additional

fertilizer to compensate for nutrient immobilization. Hargrove (1986) found that legume

cover crop roots were able to redistribute potassium (K) to the soil surface, thus making

it more available for shallower rooted crops. The legumes also reduced the soil pH,

which could affect soil phosphorus (P) availability. Campbell et al. (1984) found a

similar redistribution of P from depth during growth and decomposition of deep-rooted

perennial legumes.

Phosphorus uptake is generally greater following pulse crop growth (Jain and

Jain, 1993) and it is generally believed that legumes can increase P availability in soils.

(SAF, 1995), but few studies to date have examined this, particularly in pulse-cereal

rotations on the Prairies. Potential increases in soil P supply could be due to greater P

release from pulse residues or lower soil pH (in basic soils) following pulse growth.

Phosphorus uptake by cereals following pulses could also be greater because of

increased soil P availability, increased AMF infection, or increased root growth due to

improved soil physical characteristics and reduced root disease.
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2.2. Phosphorus in Crop Residues

Plant residues are important for returning organic matter and nutrients to the soil

(Dalal, 1979; Till and Blair, 1978; Sims and Frederick, 1970). Crop residues contain P

which can be released during residue decomposition and become available for

subsequent crop uptake (Sharpley and Smith, 1989). Prior to widespread fertilizer use,

residues represented a large source of P for the following crop (Fuller et al., 1956).

Even with extensive P fertilizer use today, this residue P could make important

contributions, however P contributions from plant residues to following crops often are

overlooked (Dalal, 1979). Phosphorus from crop residues can significantly increase

total soil P supplies (White and Ayoub, 1983). Improved knowledge ofP cycling

through plant residues can lead to more efficient crop and fertilizer management.

The amount of P contributed from residues depends on their nutrient content as

well as the rate at which the nutrients are released. Thus, ifpulse crop residues contain

more P and/or are able to release P more quickly than cereal residues, differences in P

supply may explain a portion of the rotation benefit.

2.2.1. Forms ofPhosphorus in Crop Residues

Phosphorus is found in four major fractions in plants, namely inorganic

phosphate, phosphate esters, phospholipids, and residue (resistant) P (mainly located in

ribonucleic acid) (Bieleski, 1968). The inorganic P is further divided into metabolic and

non-metabolic inorganic P, which is located in cytoplasm and vacuoles, respectively.

Most of the P within plant tissue is present within the inorganic form (Birch, 1961).
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This is also the form of P that is the most immediately available to plants in the soil

(Schoenau et al., 1989; Enwezor, 1967).

Organic P (ester, phospholipid- and residue-P) accumulates in the soil in forms

of low plant availability (Jones and Bromfield, 1969). The significance of the organic P

fraction of plant residues to subsequent crops depends on its rate of mineralization (Blair

and Boland, 1978). In a soil where there is a high proportion of inorganic P, the organic

fraction is less important (Enwezor, 1967).

A portion of plant P is often referred to as water-soluble P. This is the fraction of

P that can be removed from plant tissues by leaching with water or dilute acid

(Bromfield and Jones, 1972). The water-soluble P fraction of plant tissue contains both

inorganic and organic P. When water-soluble P is leached from crop residues into the

soil, the inorganic P fraction joins the soil solution P pool (Schoenau et al., 1989) and

becomes immediately available for plant or microbial uptake (Bromfield and Jones,

1972). Water-soluble inorganic P is therefore considered the most quickly released P

fraction from plant residues. Thus, the greater the proportion of water-soluble P in

residue, the more P is immediately available to a subsequent crop.

2.2.2. Amounts ofPhosphorus in Crop Residues

The amount ofP in plant material is variable (Fuller et al., 1956). There are

many factors that can affect tissue P content. One of the most important factors may be

the availability ofP for plant uptake. Plants grown on soils with low P supplies will

have a lower P content than plants grown with abundant P (White and Ayoub, 1983).

The influence of soil P levels on faba bean tissue P levels is shown in Table 2.1. As the
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supply ofP increases within the soil, the P concentrations within the crop residue also

increase.

Table 2.1. Phosphorus content of faba bean residues grown under different available
soil P levels (adapted from White and Ayoub, 1983).

Conc. of TotalP
-- Tissue NaHC03-Extractable --

KH2P04 in sand Inorganic P OrganicP
(IlM) (ug g-l)

1.5 83 ()()() 68 ()()() 4 ()()()

30 167 ()()() 125 ()()() 4 ()()()

300 341 ()()() 270 ()()() 42 ()()()

The relative proportions of the different P fractions may also differ among

residues. Generally the inorganic fraction is more variable than the organic fractions

(Ergle and Eaton, 1957). This is probably because most of the inorganic P is present as

non-metabolic P and therefore is not necessary for plant function (Bieleski, 1968). As

an example, inorganic, ester, phospholipid, and residue P have been shown to decrease

98%, 87%, 68%, and 76%, respectively, after the plants were transferred from P-

sufficient to P-deficient media. The proportions of P will also vary with plant age and

species (Chisholm et aI., 1981).

Ninety percent of plant inorganic P may be water-soluble (Jones and Bromfield,

1969). Water-soluble P makes up roughly 60-85% of total P (Bromfield and Jones,

1972). The proportion of inorganic P within the water-soluble fraction varies from 40-

90% (Chisholm et al., 1981; Bromfield and Jones, 1972; Jones and Bromfield, 1969).

The proportion of water-soluble P in plant tissue tends to increase with increased soil P

availability (Bromfield and Jones, 1972). The water-soluble P content also varies with

growth rates (Chisholm et al., 1981). Therefore, growth stage and growing conditions
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can influence plant P levels. Water-soluble P can vary with plant species as well.

Lockett (1938) found that clover (Trifolium) plants contained more water-soluble P than

rye (Secale cereale L.) plants at maturity.

Tissues ofplants grown under moisture or nutrient stress (other than P

deficiency) may be relatively enriched in P (Tisdale et al., 1993). Plant health can also

influence tissue P content (Miller et al., 1994). Additionally, different plants have

different P requirements (Tisdale et aI., 1993) and different abilities to extract soil P

(Gardner and Boundy, 1983), which results in differing P contents among species and

even cultivars (Miller et al., 1994).

Examples of P contents of different plant species are shown in Table 2.2. The

content of total and inorganic P is higher in the legume residues (i.e., alfalfa, peanut

(Arachis hypogaea L.) and soybean) than in the cereal residues (i.e., com, oat (Avena

sativa L.), and wheat). The proportion of inorganic P compared to total P may be

considerably higher in some legume residues than in cereal residues (i.e., soybean vs.

wheat). The content of inorganic P may be more important than total P in contributing

to short-term P availability (see Section 2.4).

Table 2.2. Phosphorus contents of various crop residues (adapted from Sharpley and

Smith, 1989).

Crop Residue
.

TotalP Inorganic P
C:P ratio

ug g'
Alfalfa 1745 795 258

Corn 750 347 600

Oat 908 154 496

Peanut 1875 506 240

Soybean 1385 1196 325

Wheat 1004 296 448
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Different plant parts may also contain different amounts of P and different

distributions ofP fractions (Friesen and Blair, 1988). The P contents of different

fractions of oat residue are shown in Table 2.3. The dry leaf portion appears to have the

greatest amount of P that would be immediately available to a following crop.

Table 2.3. Phosphorus fractions in oat residues added to soil (adapted from Friesen and

Blair, 1988).

Tissue type
Soluble P LipidP ResidueP TotaiP

(% of total) ug g'

Green leaf 30.1 6.9 62.9 170000

Dry leaf 43.0 7.3 49.7 180000

Root 24.0 15.5 60.4 160000

2.3. Phosphorus Release from Crop Residues

Large amounts of P are recycled annually through plant residues (Buchanan and

King, 1993). A large proportion of P in crop residues is potentially available to

following crops, but ultimately, the rate of P release from residues determines their

importance as a P source for following crops (Fuller et al., 1956).

Till and Blair (1978) determined that half of the P in white clover tissue could be

released after 33-42 d of decomposition. Figure 2.2 documents P release from white

clover tissue in another study (Blair and Boland, 1978). Net P release steadily increased

with time and decomposition of the clover. There is a noticeably higher release of P

from residues grown and decomposed in soil with high P availability, perhaps due to a

higher water-soluble inorganic P content of residues grown with greater P supplies.
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Ultimately, the release and availability of P from crop residues is controlled by

biological and physical characteristics of the soil environment as well as by

characteristics of the residue itself. The cycling of P from plant litter to plant uptake is

depicted in Fig. 2.3. Release of P from residue to the soil can occur through both the

organic and inorganic fraction. Inorganic P contained in residue may be immediately

available for plant uptake upon reaching the soil. Organic P must undergo biological

decomposition before it is plant-available. Part of the P released from the residue may

become fixed in the soil, making it unavailable for subsequent plant uptake.

17



_IF�oolP in plant
Soil

__,..
Soil

Organic Inorganiclitter
P

..._
P

t t!
Plant

P
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Boland, 1978).

2.3.1. Physical Phosphorus Release

The main physical means of P release from residues is by leaching. As was

discussed in Section 2.2.2, a large proportion of P within plant tissues is water-soluble.

In the absence of factors such as immobilization (Section 2.3.2), this P can be released

from plant residues by leaching (Jones and Bromfield, 1969). The inorganic fraction of

this water-soluble P will be available for plant uptake (Schoenau et al., 1989), while the

organic fraction will have to undergo biological mineralization (Section 2.3.2).

It may be important to consider P release from residues by leaching when trying

to determine residue contributions to P availability under field conditions (Jones and

Bromfield, 1969). Friesen and Blair (1988) recovered 50% of oat residue derived Pin

inorganic soil pools 11 d after incorporation in the soil and attributed it to direct addition

of water-soluble P to the soil solution. Gares and Schoenau (1995) theorized that

soluble P leached from wheat straw could contribute to the plant-available soil pool and

enhance P uptake by a subsequent crop. Results of an experiment showing the influence

of P leached from wheat residue on subsequent wheat yields are shown in Fig. 2.4.
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Addition of straw to soil resulted in greater total P uptake by wheat. Schreiber and

McDowell (1985) believed that P leached from wheat straw could potentially

contaminate water bodies through surface runoff. They determined that 80-140 g P kg"

total P could be leached from wheat residue. Sharpley and Smith (1989) found that 0.6-

12.2 kg P ha" could be leached from various residues and hypothesized that this could

be an important source of P during initial crop growth.
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Figure 2.4. Effect of surface-placed straw on P uptake by wheat plants grown in the

growth chamber on a P-deficient sandy loam Black Chernozem (adapted from Gares and

Schoenau, unpublished data; as referenced in Schoenau and Campbell, 1996).

2.3.2. Biological Phosphorus Release

The significance of the organic P fraction of plant residues depends on its rate of

mineralization (Blair and Boland, 1978). Mineralization is defined as the conversion of

an element from organic to inorganic form through microbial activity (SSSA, 1998).

The conversion to inorganic P is necessary because plants obtain P mainly in the

inorganic form (Enwezor, 1967). Since mineralization takes place via microbial
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activity, it is influenced by the factors affecting this activity, particularly temperature,

moisture, soil reaction, and energy supply.

Mineralization of organic P in residues occurs slowly enough as to have a limited

effect on plant growth in the year of decomposition (White and Ayoub, 1983; Birch,

1961). There may be slow mineralization of organic P in residues with high P contents

(White and Ayoub, 1983). However, in a field situation, organic P would not be

expected to add much to normal available P levels unless mineralization rates were

substantially increased, possibly by increasing the temperature or changing the pH of the

soil (Adeptu and Corey, 1976).

Phosphorus is used by microorganisms as they mineralize other crop residue

constituents (Birch, 1961). Inorganic P contained within residue is rapidly taken up by

microorganisms as they break down C substrates, and converted into unavailable organic

forms. The microorganisms may also take up inorganic soil P (Fuller et al., 1956). This

is known as immobilization and the extent to which it occurs is determined by the

residue make-up (Lockett, 1938). Hemicelluloses, celluloses, fats, waxes, and water

soluble constituents will break down more quickly than lignin and crude protein, which

are more abundant in older, mature residues. As the substrate becomes depleted, the

microorganisms die and P is once again released in an inorganic form as the microbial

cells disintegrate (Birch, 1961).

There are various interpretations as to the conditions necessary for P

immobilization. Kaila (1954) determined that immobilization would start to occur when

P contents fell below 0.2-0.3% of the decomposing material. Similarly, Till and Blair

(1978) observed the onset of immobilization in plant material containing less than 0.25%

P. Birch (1961) stated that the availability ofP during decomposition depends more on
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substrate (C) availability than the P content of the residue itself. Fuller et al. (1956)

maintained that immobilization would occur if added plant residues contained less than

0.2% P, or had C: P ratios above 200. If a residue is poor in P relative to C, net

immobilization of soil P will occur, while if it is P-rich, the amount of inorganic soil P

will be increased (Chauhan et al., 1981). This is because a lower relative supply of C

results in a smaller microbial population and lower demand for P.

Barrow (1960) found immobilization could continue at C:P ratios as low as 55,

depending on the amount of N available for microbial synthesis. Higher N supplies

allow greater microbial activity and therefore P demand increases and more P becomes

immobilized. Jones and Bromfield (1969) also indicated that immobilization depends

on P, N and substrate supplies. For example, P leached from residues will increase soil

P supplies more in high P soils than in low P soils because the chances of

immobilization are lower (Sharpley and Smith, 1989). The amount of immobilization

also depends on factors that affect microbial activity, such as soil temperature and pH

(Adeptu and Corey, 1976).

Birch (1961) stated that the important factors in plant decomposition are the

extent to which the inorganic P is initially converted to microbial organic P and then

how easily this microbial P is recovered as inorganic P during further decomposition or

when decomposition is complete. Therefore, changes in microbial P during

decomposition are more important than the slow mineralization of organic P. Changes

in soil inorganic P concentrations during residue decomposition are depicted in Fig. 2.5.

Differences in soil inorganic P levels at the initiation of the experiment are due to

differences in water-soluble P contents of the residues. Initially, soil inorganic P levels

increased where a high P content sorghum (Sorghum bieolor L.) leaf (a) was applied to
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the soil. Available soil P levels decreased upon further decomposition as

microorganisms attacked the substrate and immobilized the added P. The other sorghum

leaf (b) residue also initially increased the soil inorganic P content, but this was followed

by a decrease associated with immobilization of both soil and residue P. Over time,

immobilized P was released back to the inorganic soil solution pool as the substrate was

exhausted. All grass residues also caused P immobilization, however Star grass (Chloris

canterai Arech.) residues did not release the P during the course of the experiment. This

more prolonged immobilization was attributed to lower residue P contents and different

tissue composition. A less decomposable substrate will cause more prolonged nutrient

immobilization (Birch, 1961).
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Figure 2.5. Inorganic P levels in soil during decomposition of 1 g each of various plant
materials (adapted from Birch, 1961).

Immobilization of P by microorganisms may reduce the potential for physical

release ofP by leaching (Section 2.3.1). Jones and Bromfield (1969) performed a

growth chamber study where they observed that 80% of P was leached from residues in

the absence of microbial activity, but only 10-20% was removed when microorganisms

22



were present. The intensity and duration of the first simulated rainfall determined the

amount of inorganic P leached directly into the soil and the amount left for possible

immobilization during decomposition. They determined that dampening the soil would

stimulate microbial activity and immobilization while heavy rains would leach the

inorganic P from the residue. The P may only be immobilized temporarily by the

microorganisms, however, because drying conditions prior to a rainfall event resulted in

greater inorganic P release, likely due to decreased microbial activity.

2.3.3. Factors Affecting Phosphorus Release from Residues

Many factors influencing P release from residue have been studied. Observed

differences in P release have been attributed to the influences of tissue type, age and P

levels of the residue (Chisholm et al., 1981; Fuller et al., 1956). These are all factors

that influence the ratios of nutrients and substrates within residues that in turn influences

their capacity to support microbial activity. Leaves are usually more readily

decomposed than stems and roots (Buchanan and King, 1993; Bullock, 1992; Fuller et

al., 1956). Age influences the proportion of major plant constituents (cellulose,

hemicellulose, lignin, etc.) which partially controls the rate of residue decomposition

(Bromfield and Jones, 1972; Fuller et al., 1956). Young plants decompose more quickly

than old plants due to higher tissue nutrient concentrations and lower proportions of

resistant compounds (Summerell and Burgess, 1989; Lockett, 1938; Tenney and

Waksman, 1929).- Plants grown on soils amended with young residue often have higher

P contents than those on soils amended with older residues (Fuller et al., 1956). The

influence of the P content of residue on plant P uptake is shown in Fig. 2.6. There is a
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visible relationship between the P concentration in the crop and that added by the straw.

In general, the higher the P content (%) of the straw, the more total P absorbed and the

greater the proportion ofP derived from the straw. Additions of straw with low P

content contribute to immobilization of soil P and therefore low P uptake while additions

of high P content straw contribute to soil P mineralization and therefore greater total P

uptake.
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Figure 2.6. Influence ofP content of barley straw residue on P absorption by ryegrass
(adapted from Fuller et al., 1956).

The rate of residue application, time of contact of the crop residue with the soil

and kind of crop residue applied also playa role (Fuller et al., 1956). Some studies have

shown that P availability from straw residues is greater with higher application rates

(Ladd et al., 1983b; Fuller et al., 1956) while others have indicated that it is lower (Stroo

et al., 1989; Broadbent and Bartholemew, 1948) or has no effect (Summerell and

Burgess, 1989). Fuller et al. (1956) found that the greater the time various residues were

in contact with soil, the more they decomposed and the more P was available to a
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following crop. They also determined that the kind of crop residue added to the soil had

a dominating influence on P uptake by subsequent ryegrass and tomato crops (Table

2.4). Summerell and Burgess (1989) found that barley decomposed more quickly than

wheat straw due to greater proportions of hot water-soluble components in the barley

straw as well as undetermined factors. A residue that decomposes more quickly would

be expected to supply more immediately available nutrients to a subsequent crop.

Table 2.4. Phosphorus uptake by ryegrass and tomato plants from different kinds of
residue added to soil (ada:eted from Fuller et al., 1956).

Crop Pin R�egrass Tomato

residue Residue TotalP P derived from TotalP P derived from
added (%) uptake (mg) residue (mg) uptake (mg) residue (mg)

Tomato 0.50 14.0 4.3 15.3 11.6

Clover 0.39 10.1 2.5 8.5 7.7

Lettuce 0.35 10.4 2.3 9.4 7.8

Barley 0.32 12.0 2.9 7.4 6.7

Alfalfa 0.28 8.7 1.6 6.8 4.8

Wheat 0.22 7.4 1.4 5.9 4.5

The rate of P release from residues is also affected by soil moisture (Bromfield

and Jones, 1972), temperature and aeration (Tenney and Waksman, 1929), availability of

other nutrients (Buchanan and King, 1993; Bullock, 1992), residue particle size (Sims

and Frederick, 1970) and placement ( Schoenau and Campbell, 1996; Stroo et al., 1989).

The more moisture available, the greater the rate of decomposition, until excessive

moisture results in anaerobic conditions (Summerell and Burgess, 1989).

Decomposition is also generally greater at higher soil temperatures.
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Janzen and Kucey (1988) determined that decomposition was a function of

nutrient availability, particularly N, rather than the biochemical composition of oilseed

rape (Brassica napus L.), wheat and lentil residues. They were able to enhance

mineralization by applying fertilizer.

Smaller pieces of residue decompose more quickly due to greater surface area for

microbial attack (Summerell and Burgess, 1989; Friesen and Blair, 1988) and may

therefore cause increased nutrient immobilization over the short term (Bremer et aI.,

1991; Sims and Frederick, 1970). Decomposition is often greater when residues are

incorporated than when they are left on the soil surface (Schoenau and Campbell, 1996;

Buchanan and King, 1993; Bullock, 1992; Stroo et al., 1989; Summerell and Burgess,

1989).

On the other hand, over the short term, more P may be leached from surface

residue into the soil P solution pool because of lower substrate availability for

microorganisms as compared to residue incorporation which results in more organic P

present in the soil (Gares and Schoenau, 1995; Sharpley and Smith, 1989). In addition,

the extent to which residue decomposition has begun influences the amount of P that can

be leached (Buchanan and King, 1993; Bullock, 1992). If decomposition is slow, there

is lower microbial demand for P and thus more is available for leaching.

There is some evidence that P release is enhanced from incorporated residues

when plants are present (Fig. 2.2. Blair and Boland, 1978; Sekhorn and Black, 1969;

Freney and Spencer, 1960). Plant roots may have a large influence on mineralization

and immobilization reactions (Till and Blair, 1978). Greater residue decomposition in

the presence of plants may be due to rhizosphere microorganisms (Freney and Spencer,

1960). Greater sulfur (S) mineralization under plant growth has been attributed to root
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exudates stimulating microbial activity and organic matter mineralization in the

rhizosphere and depleting solution S (Maynard et al., 1985). This phenomenon could

also apply to P mineralization (Freney and Spencer, 1960). Growing plants deplete

solution P, driving the equilibrium: less labile P H readily labile PH solution P

towards solution P, allowing greater extraction ofP from the soil (Dalal, 1979).

Increased P release under plant growth relative to uncropped soils was shown in

Figure 2.2. Some of the released P may have been fixed by the soil over time in the

treatment with no plant growth. In the absence of plants, released P can quickly become

fixed by the soil (White and Ayoub, 1983) while in the presence of plants, P uptake

should result in less inorganic P in solution and therefore less P fixed by the soil and/or

microorganisms. White and Ayoub (1983) observed rapid sorption of inorganic P

released from faba bean residues to soil.

2.4. Crop Utilization of Phosphorus as Affected by Previous Crop

2.4.1. Crop Residue

Plants can assimilate a considerable amount of P derived from previous crop

residues. For example, in a growth chamber study, oats were able to take up 40% of P

applied in clover residue after 10 wk of growth and took up more P overall than plants

grown on unamended control soils (Dalal, 1979). In another study, removal of clover

residue from soil resulted in lower P levels in a subsequent sorghum crop, indicating that

the clover was a significant source of P for the plants (Touchton et al., 1982). The total

amount ofP taken up by ryegrass (Lolium L.) and tomato (Lolium esculentum) plants
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from different kinds of crop residue added to soils was shown in Table 2.4. The residues

of higher P content tended to contribute more to P uptake by the subsequent crop than

the low P residues.

2.4.2. Root Environment

One mechanism by which plants could have greater P uptake related to crop

residue and previous crops is by a more extensive root system giving access to a larger

soil P pool. Since P is not very mobile in the soil, the extent of the root system is

important in determining the amount ofP that plants can access. King et al. (1992)

hypothesized that improved S uptake following pulse crop growth was due to a healthier

root system providing access to a limited S supply.

Soil pH in the rooting environment may also influence P uptake. McVay et al.

(1989) found that legume residue decomposition in combination with NlLJN03 fertilizer

created an acidic condition and lowered the soil pH. Since the soil was already acidic,

the further decrease in pH was thought to lower P availability. Hargrove (1986) also

found that legume cover crops could significantly reduce soil pH. Decreased pH in the

rhizosphere of legume roots has been attributed to an alkaline balance of ion uptake due

to the ability of the legumes to take up N2 by fixation (Aguilar and van Diest, 1981). In

situations in which calcium phosphates control the concentration of P in solution (i.e.,

alkaline soils high in calcium), P becomes more available as pH decreases (Gardner et

al., 1982). Possible increase in P availability following legumes may, in certain soils, be

a result of a change in soil pH rather than a direct contribution to P pools by the residue
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itself. The buffering capacity and original pH of the soil would determine the extent of

this effect.

2.4.3. Microbial Effects

Changes in soil microbial populations following pulse crop growth may

contribute to the rotation effect (Bullock, 1992). Microorganisms may enhance plant P

uptake (Bowen and Rovira, 1966). Root inoculation with P solubilizing bacteria has

been shown to increase plant P uptake (Raj et al., 1981). There are also microorganisms

that have negative effects on plant growth and P uptake which may be reduced with crop

rotation, as can be achieved in continuous cropping systems with fumigation treatments

(Rovira, 1976). Microbial immobilization ofP over the short term may conserve P

within the system, and thus indirectly increase P supply and plant P uptake by

preventing P sorption by the soil (Bullock, 1992). Bacteria may also increase P uptake

by producing root growth promoting substances and increasing AMF infection (Azcon et

al., 1976).

Increased P uptake following legume growth could be related to AMF infection

as legumes often have high rates of AMF infection (Campbell et al., 1993; Weber et al.,

1992). For example, Talukdar (1993) found higher infection rates of AMF on lentil

roots than on wheat roots of equivalent length, but indicated that differences in root mass

between wheat and lentil would have a large impact on actual amounts of AMF in soils

cropped to wheat and lentil. Different population distributions of AMF may also be

produced by legume growth (Johnson et al., 1992).
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Mycorrhizae can improve plant nutrition, particularly by increasing phosphate

supply (Tinker and Sanders, 1975) and plant P uptake (McCallister et al., 1997).

Mycorrhizae may also be able to access P that would be otherwise unavailable to plant

roots (Bolan et al., 1983; Ross and Gilliam, 1973). Plants grown in P deficient soils will

exude metabolites from their roots to encourage AMF infection and growth (Ratnayake

et al., 1978). Thus, the incidence of AMF may be greater in soils of low P availability

than under P sufficient conditions.

Arbuscular mycorrhizal infection may result in a greater volume of soil explored

through increased root growth and absorptive surface, which could also lead to greater P

uptake (Raj et al., 1981). While some studies have been unable to show greater P

solubilization by AM, they have attributed increased P uptake by plants infected with

AMF to greater absorptive surface (i.e., hyphae) (Sanders and Tinker, 1971).

In one greenhouse study, the elimination of indigenous AMF depressed corn

yields by about 75%, while inoculation with AMF increased corn yields approximately

50% over yields produced in the presence of indigenous AMF (Jackson et al., 1972).

The fungi used to inoculate the corn were isolated from soybean roots. There may be a

carryover of AMF from the previous pulse crop to the following cereal crop, or the pulse

crop may create a more hospitable soil environment for AMF infection, which leads to

increased AMF populations and infection rates allowing greater P uptake by following

cereal crops. As well, AMF infection of the following crop's roots may aid in transfer

of N and P from decomposing pulse roots by connecting the root systems of the old crop

with the new crop (Johansen and Jensen, 1996).
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2.4.4. Other Influences

Different crops vary in their ability to utilize soil P (Fuller et al., 1956). Some

legumes (e.g., alfalfa) are able to increase soil P availability and uptake by excreting

organic acids in the rhizosphere, especially under low P conditions (Lipton et al., 1987).

In China, this mechanism is taken advantage of by using green manure to access and

concentrate soil P that might not be available to other crops (Bin, 1983). During

decomposition, the P contained in the legumes is mineralized and potentially available

for subsequent plant uptake. Intercropping cereals with legumes may also encourage

greater P and N uptake (Gardner and Boundy, 1983).

The release of organic acids during residue decomposition may also increase P

availability by solubilizing bound P (Ohno and Crannell, 1996; Bin, 1983). Organic

acids increase P availability by decreasing sorption and increasing solubilization (Hue,

1991; Bolan et al., 1984). It has even been proposed that P fertilizer use efficiency

could be increased by applying fertilizer with materials that release organic acids during

decomposition (Hue, 1991; Juma and Tabatabai, 1988). Growth promoting hormones

have been detected in certain legume residues, like alfalfa (Ries et al., 1977). Release of

these substances during residue decomposition could also enhance growth and nutrient

uptake by crops.
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CHAPTER 3. MATERIALS AND METHODS

3.1. Site Locations

In the experiments following, references are made to locations where sampling

and field experiments took place. Figure 3.1 shows the geographic locations of these

sites in relation to the soil zones in the province of Saskatchewan.

-- _ .._--------_-----------,

SOfL ZO ES OF SASKATCHEV/AN
J""o 1�!tG

�t;ol,. 1:'.%$0.000

,..

Swift
Current

'. -

Central
Butte

Figure 3.1. Soil zone map of Saskatchewan indicating locations of lab experiment
sample collection and field experiments used in the research studies (Saskatchewan
Land Resource Centre, University of Saskatchewan, Saskatoon, SK.).
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3.2. Experimental Design

3.2.1. Growth Chamber Experiment

The purpose of the growth chamber experiment was to isolate the influence of

crop residues on soil P supply and plant P uptake under controlled conditions. The

experiment took place over 11 wk. Treatments consisted of soil with and without

residue incorporated in both the presence and absence of growing wheat plants.

Treatments were replicated four times in a completely random experimental design.

The soil used for the study was collected in the spring of 1996 from a wheat

stubble field (NW 25-21-4-W3) in the Brown soil zone of Saskatchewan, near Central

Butte (Fig. 3.1). The soil is loam-textured and is mapped as Echo Brown Solonetzic

(Ayres et al., 1985), which indicates that it was developed on moderately calcareous,

saline modified glacial till dominated by local residual Cretaceous shale. Very gently

sloping knolls and depressions characterize the landscape. The soil was sampled from

the 0-15 ern depth of a midslope position within the field and then air dried and sieved

through a 6 mm sieve prior to use in the growth chamber.

The residues studied included pea (var. Carneval), lentil (var. Laird) and wheat

(var. CDC Teal). The residues were collected in May of 1996, following exposure to a

winter of weathering, from research plots operated by the University of Saskatchewan

near Saskatoon (Fig. 3.1), in the Dark Brown soil zone of Saskatchewan. Pea and lentil

residues were collected from plots at the Kernen research farm (NW 8-37-4-W3) while

wheat residue was collected from the Goodale research farm (NE 3-36-4-W3). The

residues were dried in an oven at 35°C for 48 h following collection from the field and

then ground with a Wiley™ mill (9 mesh) for application to the soil. Residue
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subsamples were collected and finely ground with a Cyclone™ grinder « 40 mesh) for

nutrient analysis (Sections 3.3.1 and 3.3.2).

Residues were incorporated with soil at a rate equivalent to 5000 kg ha' (based

on the soil surface area) by shaking 700 g of soil with 7.63 g of residue in a plastic bag.

A high rate of residue addition was chosen to maximize the effect of the residue on the

measured parameters (Broadbent and Bartholomew, 1948). There are several

experiments where similar residues have been applied at this rate (e.g., McKenney et al.,

1995; Stroo et al., 1989). Residue types were applied at equivalent rates in this

experiment for more valid comparisons of potential nutrient supplying power as has

been suggested by Broadbent and Bartholomew (1948).

Soil-residue mixtures were then placed in 12.4 x 12.3 x 5.7 em plastic flats (700

g soil flat") in preparation for seeding or incubation. Flats containing soil without

residue applied were prepared as control treatments. All treatments then received basal

nutrient applications by banding liquid fertilizer at a 2 cm depth. Nitrogen, K and S

were added to the flats at rates of 200, 100 and 50 ug g" soil, respectively, as K2S04 and

NI-4N03 in solution to isolate the response to P. Topdress applications of 50 ug N g'

soil were made 16, 30 and 44 days after initiation of the experiment in the form of

solution NI-4N03•

Half of the flats were seeded with hard red spring wheat (var. Columbus) at a

rate of ten seeds per flat. Following germination, the plants were thinned to four plants

per flat (approximately 260 plants m-2) to represent a plant density similar to that

encountered in the field. Treatments were incubated in a growth chamber at 25°C with

16 h light (680 umol intensity) d". The flats were rotated routinely within the growth

34



chamber to minimize the influence of possible environmental gradients within the

chamber. Flats were watered with distilled water on a regular basis to maintain the soil

moisture content close to field capacity (weight per weight basis).

Soil and residues were characterized for nutrient content. Soil P supply rate and

plant P uptake were used as indicators of residue effects on P availability. Phosphorus

supply rate measurements were made using resin membranes buried in the soil for 24 h

at the initiation of the experiment and after 4 and 8 wk of plant growth (Section 3.3.4).

Plants were harvested, dried and weighed after 77 d of growth. Seed was separated from

straw by hand, followed by grinding with a Cyclone™ « 40 mesh) grinder prior to

determination of total P and N tissue concentrations (Section 3.3.1).

3.2.2. Leaching/Incubation Experiment

The purpose of the leaching/incubation experiment was to determine the amount

of P that could potentially be leached from crop residues during the initial growth of a

subsequent crop (corresponding to time of greatest P uptake). The objective was to

determine if the residues were capable of making significant contributions to the

subsequent crop P supply/uptake. The experimental protocol was modified from a

procedure reported by Jones and Bromfield (1969).

Six samples each of kabuli chickpea (var. Sanford), pea (var. Cameval) and

wheat (var. Columbus) residues were collected from plots at Central Butte,

Saskatchewan (NW 30-20-3-W3) on May 8,1998.

Following collection, residues were dried in an oven at 35°C for 48 h.

Subsamples of residue were ground with a Cyclone™ grinder « 40 mesh) and
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characterized for nutrient content. The remaining residue sample was then cut into < 25-

mm segments. A portion (1.92 g) of each sample was weighed out and placed in a 70-

mm diameter plastic Buchner funnel on top of a glass microfibre filter (Whatman®

OF/A, 70 mm). This created residue coverage rates of 5000 kg ha", consistent with the

growth chamber experiment. The bottoms of the funnels were removed and parafilm

was placed over the bottoms of the remaining funnel apparatus (Fig. 3.2). Parafilm was

held in place with an elastic band around the bottom rim of the funnel.

Buchner funnel

Crop residue

Deionized water

Figure 3.2. The leaching apparatus used in the leaching/incubation experiment.

This apparatus was then placed on top ofa 250-ml sample collection cup and 176

ml of deionized water was added on top of the residue and allowed to soak for 20 min.

After 20 min, a hole was made in the parafilm so the water could drain through. This

represented the first leaching of the residue. The parafilm was removed from the funnel

apparatus which was then placed in a sealed incubation container (volume = 920 ml).

Incubation containers were randomly arranged and incubated in a growth chamber at

15°C for 1 wk. Leachate samples were frozen and stored at -20°C prior to analysis.

Following incubation the residues were either leached again following the

procedure above or placed in a drying oven at 35°C for 1 wk prior to the next leaching.

This difference represented two incubation procedures: 1) continuously moist and 2)
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moist/dry. The different procedures were performed to determine the influence of

drying conditions on P release from crop residues.

A total of five leachings were performed on residues from the two incubation

conditions. The total amount of water applied as a leaching agent was equivalent to the

average growing season precipitation in the Brown soil zone of Saskatchewan (228

mm). Following the incubations, frozen leachate samples were thawed and analyzed for

total and inorganic P as well as NJl4-N and N03-N (Section 3.3.2). Samples from the

moist/dry incubation were also analyzed for total C.

3.2.3. Residue Weathering Experiment

The purpose of the residue weathering experiment was to determine the changes

in nutrient composition of different crop residues that took place between fall harvest

and spring seeding of the subsequent crop. The experiment took place on adjacent

chickpea (var. Sanford), pea (var. Carneval) and wheat (var. Columbus) stubble plots

located in the same field near Central Butte, Saskatchewan (NW 30-20-3-W3). The soil

at this location is mapped as a combination of loam-textured Kettlehut and Ardill

association soils (Ayres et al., 1985). The Kettlehut association is characterized by

Brown Solodized Solonetz and Solod soils while the Ardill association is characterized

by Orthic and Calcareous Brown soils. These plots were located on the Ardill

association Calcareous Brown Chernozemic soils which are developed on moderately

calcareous, shale-modified glacial till. The landscape consists of gently sloping knolls

and depressions.
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Four sampling zones were set out in a square pattern (6 m apart) in each of the

plots. Residue samples were collected by hand from the soil surface by sampling at

several randomly selected positions and pooling the samplings within each zone to

produce one analysis per zone. It can be argued that these treatments were subject to

pseudo-replication (Hurlbert, 1984), as replicates were not randomized within the field,

however plots were characterized prior to experimentation and concluded to be

relatively uniform in soil properties according to the parameters measured.

Samples were collected on September 19, 1997 following harvest; November 15,

1997 just prior to snowfall and freeze up; March 28, 1998 during spring thaw; and May

8, 1998 prior to seeding of the following crop. The method of sample collection

presented shortcomings for the experiment as mass loss of residue over time could not

be quantified and samples may have been biased toward stem material as it was more

resistant to decomposition and was visibly more distinguishable.

Residue samples were dried in an oven at 35°C for 48 h following collection

from the field. Samples were ground with a Wiley™ mill (9 mesh) prior to-nutrient

analysis. Total P, N, C, and S contents of the residues were determined as well as water

soluble NRt, N03, inorganic and total P.

3.2.4. Central Butte Residue Field Experiment, 1997

The purpose of the residue field experiment was to isolate and determine the

effects of pea roots and residue on soil P supplies under field conditions. The

experiment was set up at Central Butte, Saskatchewan (NW 30-20-3-W3), in the 1997
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growing season. It consisted of a comparison of soil P availability, wheat yields and P

uptake on adjacent pea (var. Carneval) stubble and fallow plots located in the same field.

Plots were set up on May 6, 1997 on Calcareous Brown Chernozemic soil (Ardill

loam - Section 3.2.3). Each treatment plot contained a main transect which contained

ten sampling points spaced at 2 m intervals (Figure 3.3). An additional transect was

added alongside each main transect to isolate the influence of the residue on the

measured parameters. Pea residue was transferred from a 2-m wide strip along the sub-

transect in the pea plot to an equivalent area along the sub-transect in the fallow plot.

The plots were then rototilled to incorporate residues and minimize residue losses due to

wind. Subtransects contained the same number of sampling points as the main transects,

giving a total of forty sampling points in the experiment. As in the residue weathering

experiment (Section 3.3), replicates were not randomized within the field, however

measured soil properties were uniform across the experimental area.

• N

Aboveground
residue
removed

Fallow
Pea

stubble

Figure 3.3. Layout of plots in the Central Butte residue field experiment, 1997.

Soil and residue samples were collected May 6, 1997, prior to residue transfer

and incorporation. Soils were sampled to the 15-cm depth with a Dutch auger and
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separated into 0-7.5 and 7.5-15 em depth samples. Gravimetric moisture content of soils

was determined (Section 3.3.8) prior to drying and grinding for analysis of bicarbonate

extractable P (Section 3.3.4), total C, N, S, P (Section 3.3.3), and pH (Section 3.3.7).

Residues were dried in an oven at 35°C for 48 h prior to grinding (Wiley™ mill, 9

mesh) and analysis of total and water-soluble nutrient contents.

On May 16, 1997, N was broadcast on the plots at a rate of 100 kg N ha" as

ammonium nitrate (34-0-0) to ensure that N was not a limitation to crop growth and to

isolate the influence ofP. An additional 50 kg N ha" was applied to the plots on June 4,

1997. The plots were seeded to wheat (var. Columbus) on May 16 with an air seeder (30

em row spacing, 40 em sweep openers). Following seeding, the plots were harrowed.

On May 21, 1997, Plant Root Simulator (PRS™, Western Ag Innovations Ltd.,

Saskatoon, Saskatchewan) probes were buried horizontally 1.5 em below the soil surface

for a 2-wk duration to determine changes in soil P supplies due to P leaching from

surface residues. On June 4, June 18, July 2, and July 16, 1997, P supply rates were also

measured by 2-h PRS™ probe burial (vertical). On June 20, 1997, a separate 2-wk

probe burial (vertical) was performed to determine P supply rate differences among the

treatments.

On July 21, 1997, soil samples were collected from the 0-15 em soil depth within

the plots to determine gravimetric soil moisture, bicarbonate-extractable P and microbial

biomass P, Nand C (Section 3.3.5). Soils were stored at 4°C prior to assessment of

these properties. Midseason biomass plant samples were also collected by removing

aboveground plant growth from a lA-m2 area at each sampling point. Samples were

dried at 35°C and weighed to determine biomass yield. Plant tissue was then ground and
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analyzed for P and N concentration. Root samples were collected by excavating three

plants from the �_m2 harvested area and removing soil adhering to the roots. Root

samples were stored in plastic bags in a freezer at -20°C prior to analysis for % AMF

infection (Section 3.3.6).

On August 13, 1997, harvest samples were taken from the plots by removing

aboveground plant material from a I-m2 area at each sampling point. Samples were air

dried, weighed and threshed to separate seed from straw. Grain was then also weighed

and straw weight was calculated by determining the difference in total and grain

weights. Subsamples of straw were ground with a Wiley™ mill (9 mesh) while grain

subsamples were ground with a Cyclone™ grinder (40 mesh). Plant tissue was analyzed

for total P and N.

Soil samples were taken once again on September 19, 1997 from a 0-15 em

depth for analysis of gravimetric moisture and bicarbonate-extractable P content.

3.2.5. Field Experiment 1: SWift Current, 1997

The purpose of the two field experiments was to determine if a P effect related to

previous crop treatment could be observed under field conditions.

The first field study examined soil P availability, wheat yields, and P uptake on

plots at the Semi-Arid Prairie AAFC research station at Swift Current (Fig. 3.1) in the

Brown soil zone of Saskatchewan. The soil at this site is mapped as Swinton loam and

the topography is very gently rolling (Ayres et al., 1985). The Swinton soil association

consists of Orthic Brown Chernozemic soils developed on medium textured, moderately

calcareous, silty and very fine sandy loess deposits overlying glacial till. Plots were
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replicated three times in a randomized complete block design and consisted of previous

fallow, wheat (var. Katepwa), pea (var. Grande), desi chickpea (var. Cheston), and lentil

(var. Laird) stubble. All plots had been fertilized with 4 kg N ha" and 8 kg P ha"

through addition of monoammonium phosphate (11-51-0) in 1996. Plots planted to

wheat received an additional 47 kg N ha" as ammonium nitrate (34-0-0) in 1996.

Soil samples were collected from the plots on April 21, 1997. Four soil cores

were taken from within each plot from a 0-15 em depth with a Dutch auger, bulked and

mixed thoroughly prior to analysis. Samples were analyzed for gravimetric moisture

content and were then air dried, ground to pass through a 2 mm sieve, and analyzed for

total P, C, N, S, bicarbonate-extractable P and pH. Residue samples were also collected

from each plot, dried in an oven at 35°C for 48 h, ground with a Wiley™ mill grinder (9

mesh), and analyzed for total P, C, N, S, and water-soluble NIL., N03, inorganic and

total P.

The plots were seeded to wheat (var. Katepwa) on May 6 of 1997. All plots

received a starter seed-placed application of 4 kg N ha" and 8 kg P ha" as normal

agronomic practice through addition of monoammonium phosphate. The plots were also

fertilized with different rates of a urea and ammonium sulfate blend (40-0-0-6) in an

attempt to minimize differences in N availability (Miller et aI., 1998). Fallow, pea,

chickpea, lentil, and wheat stubble received 20,24, 35, 35, and 41 kg N ha-t,

respectively, and 3, 4, 5, 5, and 6 kg S ha", respectively.

On May 21, June 12, and July 4, 1997, soil P supply rates were measured by

burying three PRSTM probes in each plot for a 2-h duration. The three probes from each

plot were bulked for one analysis.
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On July 9, 1997, soil samples were collected from a 0-15 em depth. Four cores

were taken from each plot, bulked and stored at 4°C prior to analysis of gravimetric

moisture, bicarbonate-extractable P, and microbial biomass P, C and N. Midseason

plant biomass was also measured by removing aboveground plant material from a JA m2

area within each plot. Plant material was dried at 35°C, ground with a Wiley™ mill (9

mesh), and analyzed for total P and N content. Plant roots were sampled by excavating

three root samples each from three areas within each plot to give a total of 9 roots

collected per plot. Roots were stored in a freezer at -20°C prior to analysis of % AMP

infection.

The wheat was harvested mechanically on August 21, 1997, after 107 d of

growth. Grain and straw subsamples were ground and analyzed for total P and N

content.

3.2.6. Field Experiment 2: Central Butte, 1998

In the second field experiment, the influence ofprevious wheat (var. Columbus),

pea (var. Cameval), and kabuli chickpea (var. Sanford) crops on P supply to a following

wheat crop were compared on Calcareous Brown Chemozemic soil (Ardill loam - refer

to Section 3.2.3 for further soil description). The plots were again located adjacent to

one another in the same field at Central Butte, Saskatchewan (NW 30-20-3-W3). Each

plot contained a transect of 12 sampling points spaced at 2-m intervals. As in the

residue weathering (Section 3.3) and field (Section 3.4) experiments, replicates were not

randomized across the experimental area, however measured soil properties were

considered uniform.
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Plots were direct-seeded to wheat (var. Barrie) with an air seeder on May 5,

1998. The plots were harrowed following seedirig. No fertilizer of any type was applied

to the plots in 1998. In 1997, wheat and peas were fertilized with 14 kg N ha" and 3 kg

P ha" through addition ofa urea-monoammonium phosphate blend (34-17-0), while

chickpeas received no fertilizer. The estimated yields of chickpea, pea and wheat in

1997 were 800, 2000 and 2000 kg ha", respectively.

Soil samples were removed from the plots on May 8, 1998, from 0-7.5 and 7.5-

15 em depths. Soils were stored at 4°C and later analyzed for gravimetric moisture

content as well as bicarbonate-extractable P and microbial biomass P, C, and N.

Residue samples were also collected, dried, ground and analyzed for total P, C, N, S, and

water-soluble NfIa, N03, inorganic and total P. PRS™ probes were buried horizontally

1.5 em below the soil surface for a 2-wk duration to estimate changes in soil P supply as

a result of P leaching from aboveground residues.

Midseason biomass plant samples were collected on June 26 of 1998 from a 1,4-

m2 area at each sampling point. Samples were dried, weighed, ground, and analyzed for

total P and N concentration. On August 14 of 1998, harvest samples were collected

from five 1 m2 areas next to the transects in each plot. The samples were dried,

weighed, and threshed to determine wheat grain and straw yields.
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3.3. Analytical Techniques

3.3.1. Total Nutrient Content 0/Plants and Crop Residues

Total P and N concentrations of plant tissue were determined by digesting 0.2500

g dry, ground material with sulfuric acid and peroxide at 360°C for 6 h (Thomas et al.,

1967). Digests were made to volume, vortexed and analyzed using automated

colorimetry (Technicon" Industrial Systems, 1973).

Total C and S contents were determined by combustion at 1350°C using the

CNS-2000 Element Analyzer (LECO® Corporation 1994).

Nutrient uptake was determined by multiplying tissue nutrient concentrations by

dry matter yields.

3.3.2. Water-soluble Nutrient Content of Crop Residues and Leachates

The water-soluble nutrient content of plant residues was determined by shaking

1.00 g residue with 40 ml distilled water for 1 h (Huang and Schoenau, 1993) on a side

to-side shaker. Extracts were filtered through Whatman® No.2 filter paper and analyzed

for P and N content.

To determine total P content of filtrates and leachates, samples were digested

using an ammonium persulphate digestion procedure (EPA, 1971). Digested (total P)

and undigested (inorganic P) filtrates were analyzed colorimetrically following the

method of Olsen et al. (1954) and read with a spectrophotometer (DU®-64, Beckman

Instruments Inc., 712 nm). Ammonium-N and N03-N were determined with a

Technicon'" autoanalyzer (Technicon® Industrial Systems, 1973). Total C was
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determined with a liquid C analyzer (Shimadzu Total Organic Carbon Analyzer Model

TOC-5050A).

3.3.3. Total Nutrient Content ofSoil

Total P and N contents of soil were determined by acid digestion (H2S04 and

H202) of 0.2500 g of soil at 360°C for a total of 10 h (Thomas et al., 1967). Digested

samples were analyzed for P04-P and �-N concentrations by automated colorimetry

(Technicon" Industrial Systems, 1973). Total soil C was determined by combustion of

0.2000-0.2500 g soil at 1000°C using the CNS-2000 Element Analyzer (LECO®).

3.3.4. Plant-available Nutrient Determination

Phosphorus, N and S supply rates were determined by placing anion exchange

membranes (PRS™ encapsulated membrane probes or unencapsulated membrane strips)

in the soil for 2 h, 24 h or 2 wk (Schoenau et al., 1993). The ion exchange membrane

carries a charge, which allows it to adsorb oppositely charged ions through exchange

with the counter ion on the membrane. The high charge density on the membrane

surface simulates an ion sink, similar to the behavior of plant roots as ion sinks. Ions

present in soil solution move to the membrane surface in a similar manner to diffusive

ion movement to plant roots (Qian and Schoenau, 1997). The units of this measurement

are weight of nutrient (i.e., ug) sorbed per unit adsorbing surface area (i.e., 10 cm-2) per

unit time (i.e., 2 h-I, 24 h-I, 2 wk"), hence the term 'supply rate' (Huang and Schoenau,

1997).
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Membranes were prepared prior to burial by repeated soaking in 0.5 N NaHC03.

For 2-h and 24-h measurements, the soil was wet to field capacity with distilled water

prior to burial After the appropriate burial time, membranes were removed from the

soil, washed with distilled water, and placed in Ziploc™ bags. Twenty ml of 0.5N HCI

was then added to each bag, air was removed, the bag was sealed and placed on a rotary

bench shaker (60 rpm) for 1 h. After 1 h, the eluate was poured into a plastic vial and

stored at 4°C to await nutrient analysis. Nutrient concentrations of the eluate were

determined using automated colorimetry (Technicon" Industrial Systems, 1973).

Bicarbonate-extractable total and inorganic P were analyzed by the method of

Olsen et al. (1954). Approximately 2.50 g of air-dry soil was shaken with 50 ml O.5N

NaHC03 (pH 8.5) in a 125 ml Erlenmeyer flask on a side-to-side shaker (180 rpm) for 1

h. Samples were then filtered through Whatman® No.2 filter paper and stored at 4°C

prior to digestion and/or colorimetric analysis. Phosphorus concentrations in the

developed extracts were analyzed with a spectrophotometer (DU®-64, Beckman

Instruments Inc., 712 nm).

3.3.5. Microbial Biomass Nutrient Determination

Two methods to analyze soil microbial biomass P were used. For soils collected

in 1997, a modified method of Hedley and Stewart (1981) was used. The modification

consisted of measuring inorganic, rather than total P released by fumigation, as proposed

by Brookes et al. (1984). In this method, moist soils were sieved through a 2-mm screen

and then 1 g of each soil sample was weighed into two centrifuge tubes and allowed to

equilibrate. Samples were pre-extracted with 30 m1 of deionized water and three anion
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exchange resin membranes (each membrane = 26 cm2, BDH) to remove readily soluble

inorganic P. After membrane removal and elution, samples were centrifuged (Sorvall"

RC-5B, DuPont Instruments, 10 000 rpm, DOC) for 10 min to remove the water. One

half of the samples were fumigated by addition of 1 ml chloroform followed by

incubation for 30 min. Chloroform was then evaporated off the samples and all samples

were extracted with 0.5 N NaHC03 (pH 8.5). Filtered (Millipore, 0.45 urn) samples

were analyzed for inorganic P according to the method of Olsen et al. (1954). The

difference between the inorganic P extracted from fumigated and non-fumigated

samples was then adjusted for sorption ofP by the soil and recovery of microbial P. The

recovery of microbial P, known as the I(p factor, has been measured in the range of 40%

(Hedley and Stewart, 1982). Phosphorus sorption by the soil was estimated by spiking

soil samples with a known quantity of P and extracting the soil following the method

above to determine P recovery.

A second microbial biomass P method was used to analyze soil samples collected

from Central Butte in 1998. It was a method adapted from Kouno et al. (1995) by B.

Wick (personal communication, 1998). Two g of each sample of moist soil was

weighed into two centrifuge tubes and allowed to equilibrate overnight. Two anion

exchange resin membranes (each membrane = 26 cnr', A-2000, Hydro Components Inc.)

and 30 ml deionized water were then added to the tubes. Two ml of chloroform were

also added to half of the centrifuge tubes (fumigated). The tubes were then shaken for

24 h on an end over end shaker (60 rpm). Resin membranes were then removed from

solution, rinsed with distilled water and shaken with 30 ml 0.5N HCI for 16 h on a rotary
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bench shaker (60 rpm). Inorganic P in solution was determined with the Technicon"

autoanalyzer.

Microbial biomass C and N were analyzed by a modification of the method of

Vance et al. (1987) by B.Wick (personal communication, 1998). Ten g moist soil was

weighed into two separate 125 ml Nalgene'" bottles. One ml of water was also added to

each bottle and the samples were left to equilibrate at room temperature overnight. Half

of the bottles (unfumigated) were then extracted with 40 ml 0.5 M K2S04 by shaking on

a side-to-side shaker (180 rpm) for 30 min and then filtered (Whatman® No.2). The

other half of the bottles were then fumigated. Bottles were placed in a dessicator lined

with wet paper towel and containing a beaker with 25 ml ethanol-free chloroform and

another beaker with 25 ml NaHC03. The dessicator was sealed and evacuated until the

chloroform boiled for 2 min. The dessicator was then incubated at 25°C for 24 h in the

dark. Chloroform was later removed by repeated evacuation and the soils were

extracted in a similar manner to the unfumigated samples.

Total C content of the extracts was determined with a liquid C analyzer

(Shimadzu Total Organic Carbon Analyzer Model TOC-5050A). Differences in C

extracted from fumigated and non-fumigated samples were adjusted for microbial

biomass C recovery by multiplying by a Kc factor of 2.64. Total N content was

determined by potassium persulphate digestion in an autoclave (Raveh and Avnimelech,

1979). Digested samples were analyzed for �-N using an autoanalyzer. Differences

in N extracted from fumigated and non-fumigated samples were adjusted for microbial

biomass N recovery by multiplying by a KN factor of 1.85.
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3.3.6. Arbuscular Mycorrhizal Fungal Root Infection

Arbuscular mycorrhizal root infection was measured on root samples collected

from the field experiments. Frozen samples were thawed, washed free of soil with

distilled water and cut into l-cm lengths. Root subsamples were then stained according

to the method of Koske and Gemma (1989). Root infection was estimated by mounting

25 stained root bits from each sample on a microscope slide and observing the number

of root bits that were colonized by mycorrhizae with a microscope (Giovannetti and

Mosse, 1980). Each infected root bit was counted as 4% mycorrhizal infection.

3.3.7. SoilpH

Soil pH was determined in a 1: 1 soil:water suspension by mixing 30 ml of water

with 30 g of air-dry soil for 30 min and reading with a glass electrode - calomel

electrode pH meter (Corning").

3.3.8. Soil Moisture Content

Moisture content of soil samples collected from the field was determined

gravimetrically (w/w) by weighing field moist soil into an aluminum dish, drying in an

oven at 105°C for 48 h, and reweighing. The difference in weights (not including the

aluminum dish weight) was reported as the gravimetric moisture content of the soil, on a

percentage basis of the oven-dry weight.
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3.4. Statistical Analysis

3.4.1. Parametric Analysis

Data from the growth chamber experiment was analyzed using SAS® version

6.12 (Statistical Analysis System Institute Inc.) general linear models procedure for a

factorial treatment design in a completely randomized experimental design (a � 5%).

The leaching/incubation experiment was also analyzed as a factorial treatment design in

a completely randomized experimental design using the SAS® general linear models

procedure (a s 5%).

The over-winter weathering experiment was analyzed using the SAS® general

linear models procedure for a two way analysis of variance to compare differences

between residue types and sampling dates (a � 5%). Orthogonal contrasts were also

performed to determine significant differences in the way nutrient composition of the

different residues changed over time (a � 5%). Comparisons among residues at the

September and May sampling dates were performed separately by means of a one-way

analysis of variance (a � 5%).

The 1997 Swift Current field experiment data was analyzed using the SAS®

general linear models procedure for a randomized complete block design. An a � 10%

was chosen to reduce the chances of making a type II error (Peterman, 1990). The

chances of failing to detect significant differences that actually exist are greater when

comparing soil properties due to their inherent variability (van Kessel et al., 1993).

Data analyzed parametrically is reported as means in Section 4. Fisher's

protected LSD was-used to make comparisons among means (Steel and Torrie, 1980).
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3.4.2. Non-parametric Analysis

Non-parametric statistical analysis was performed on data from the 1997 and

1998 field experiments due to skewed distributions of residuals that could not be

normalized through transformation procedures. Non-parametric statistical analysis is an

appropriate technique for use on non-normally distributed data (Edmonds and Lentner,

1987), which involves ranking data and performing statistical analysis on the ranks.

The majority of the data was tested using the multiple comparison extension of

the Kruskal-Wallis test for differences between medians (Pennock et al., 1995). The

Kruskal-Wallis test statistic was calculated using SPSS (SPSS Inc, version 8.0) using a

<= 20% (Jowkin and Schoenau, 1998) to reduce the chances of making a type II error.

The Mann-Whitney U test was used when only two medians were being compared (i.e.,

Table 4.4.2).

Non-parametric data is displayed in tables as medians and in figures as boxplots

or box- and whisker diagrams (Figure 3.4) in Section 4. The box portion (interquartile

range) of the diagram contains 50% of the data, including the median (50th percentile) of

the data (Rock, 1988). Upper and lower hinges indicate the range of the data and are

defined by 1.5 times the interquartile range. Outliers are values lying beyond the

interquartile range and often reflect anomalous values in the data set.

Outliers •
0
0

75tn centile • I

25tn centile •
I
0

• Upper hinge

... Median

_ __.._- ... Lower hinge

Figure 3.4. Boxplot diagram used to display data distributions in Section 4.
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CHAPTER 4. RESULTS AND DISCUSSION

4.1. Pulse Residue Influence on Soil Phospborus Availability under Controlled
Conditions, Growth Chamber Experiment.

The purpose of the growth chamber experiment was to determine the influence

of different residues on soil P supplies and P uptake by wheat. The characteristics of the

crop residues applied to the soil are given in Table 4.1.1.

Table 4.1.1. Mean nutrient content of residues applied to soil in the growth chamber.

Residue p/ C:P C:N
Water-soluble

ug g' Ph ug g-1 P -1
� + N03, ug g-1j, ug g

Lentil 1437 285 28 484 235 261

Pea 740 592 50 378 226 126

Wheat 331 1335 96 186 158 80

LSD(o.05) -
:j: 44 23 19

t P, and Pi indicate total and inorganic P, respectively.
:j: Statistics not performed.

Generally, the pulse crop residues had higher nutrient concentrations and lower

C:P and C:N ratios than wheat residue. The lentil residue had higher water-soluble total

P and N concentrations than pea residue. Overall, the total P contents tended to be

somewhat lower than those reported by Sharpley and Smith (1989) for soybean, wheat,

oat and corn residues (Table 2.2). Sharpley and Smith (1989) did not note the time of

collection of the residues in the study, but in the present study, residues were collected

the following spring after harvest. Over-winter weathering could have contributed to

nutrient losses from the residues. The effect of over-winter decomposition on residue
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nutrient concentrations is discussed in Section 4.3. The soil fertility conditions under

which the residues were produced would also contribute to differences in residue P

content.

The C:N and C:P ratios of the residues studied here indicated that net

immobilization would occur since C:N ratios were above or close to 30 (Parnas, 1975)

and C:P ratios were above 200 (Fuller et al., 1956). The wheat residue had the potential

to cause the most prolonged immobilization, while lentil residue would cause the least.

Additionally, lentil residue had the greatest water-soluble nutrient content and thus, was

the greatest potential source of immediately available nutrients to the following crop.

Wheat residue had the lowest potential to contribute immediately available nutrients via

leaching to the soil. Water-soluble P represented 34%,51 % and 56% of total tissue Pin

the lentil, pea and wheat residues, respectively. This is lower than the 60-83% reported

by Bromfield and Jones (1972) and may be related to a longer exposure to weathering in

the field before sampling (Section 4.3).

The water-soluble N component is not considered to be as important as water

soluble P since the majority of plant tissue N is organic and must be mineralized to

become plant-available (Birch, 1961). The majority ofP occurs in inorganic form and

can be immediately available in the absence of immobilization. The water-soluble N

content may be important, however, in determining the size of the microbial population

and its demand for P. A large immediately available N source in the residue may result

in a larger microbial population, faster residue decomposition and greater overall

nutrient release during the subsequent growing season.
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4.1.1. Soil Phosphorus Supply Rates

The residue treatments had significant influences on soil P and N supply rates

(Table 4.1.2). Overall, P supply rates were higher under wheat. growth at 4 wk than in

the absence of plants (check treatment). Blair and Boland (1978) indicated that nutrient

turnover from residues could differ depending on the presence or absence of plants.

Since plants provide a sink for mineralized nutrients, they can drive the mineralization

process faster (Dalal, 1979). They also contribute organic acids to the rhizosphere

which can act to solubilize nutrients or enhance microbial growth and activity, therefore

enhancing residue decomposition and nutrient turnover (Freney and Spencer, 1960).

Since root growth was restricted to a relatively small soil volume, it is likely that the

majority of the soil was under the influence of rhizosphere effects. After 8 wk these

differences diminished, likely a result ofP uptake by the wheat (Section 4.1.2) and

exhaustion of the soil nutrient supply. Phosphorus supply rates in this range are

considered marginal to deficient for plant growth (Western Ag Labs Inc., Saskatoon,

SK, personal communication, 1999).

Supply rates under wheat growth were higher on the control treatments than on

pea- and wheat-residue-amended treatments at the 4 wk measurement. No significant

differences occurred among residue treatments however, suggesting that all residues

caused P immobilization relative to the control treatment, as was predicted from the C:P

ratios. Lack of significant difference between the lentil and control treatments suggests

lentil caused the lowest degree of immobilization among the residues. These supply

rates can be considered to be a "snapshot" of availability at a particular time: 4 and 8

wk. They are influenced by residue nutrient release, as well as plant uptake and soil
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fixation. After 8 wk wheat growth, there were no differences in P supply, likely as a

result of plant uptake and soil P fixation, Plant nutrient uptake and yields provide

further information on the residue influence.

Table 4.1.2. Soil nutrient supply rates after 4 and 8 weeks of incubation in the growth
chamber.

Crop Residue P supply rate N supply rate

Grown Applied I:!:g 10 cm-2 24 h-1 I:!:g 10 cm-2 24 h-1 x 102
4wk 8wk 4wk 8wk

Lentil 2.0 0.6 392 154

Pea 1.3 0.9 506 102
Wheat

Wheat 1.1 0.7 452 111

Control 2.6 1.0 525 136

Lentil 0.1 0.8 671 567

Pea 0.3 0.9 776 621
Check

Wheat 0.4 0.4 618 616

Control 0.2 0.6 779 633

LSD CroP(O.05) 0.5 ns ns 98

LSD residue(O.05) ns ns ns ns

LSD crop*res(O.05) 1.1 ns ns 197
1-wayANOVA

Nitrogen supply rate measurements were performed as a check to ensure that N

was not limiting to plant growth. Nitrogen supply rates above 50 ug 10 ern" 24 h-1 are

considered sufficient for plant growth (Western Ag Labs Inc., Saskatoon, SK, personal

communication, 1999). The effect of wheat growth on soil N supplies in the presence

and absence ofplants was particularly apparent after 8 wk of growth when N supply

rates were reduced compared to those in the absence ofplant growth (check).
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4.1.2. Phosphorus Uptake and YieldResponse of Wheat

There were no significant differences in grain yields of the residue treatments

(Table 4.1.3). Trends (a � 15%) indicated higher grain yields on control and lentil-

residue-amended soils than on wheat-residue-amended treatments. The control and

lentil-residue-amended treatments also tended to produce greater (a � 10%) straw yields

(Appendix A) than the wheat residue treatment, possibly due to differences in P

immobilization during residue decomposition. No significant differences in seed

production per unit of straw production (grain:straw ratio) were detected.

Table 4.1.3. Mean wheat l2elds and nutrient u,etake in the �owth chamber ex,eeriment.
Residue Grain yield Grain:straw GrainP Straw P P uptake Nuptake
Treatment g flat" Ratio ug s' ug g-l mg flat" mg flat"

Lentil 3.26 0.66 3393 246 12.2 174

Pea 2.80 0.61 3301 201 10.0 145

Wheat 2.50 0.65 3371 262 9.4 128

Control 3.19 0.60 3576 342 13.1 184

LSD(o.05) ns ns ns 83 1.8 37

Straw P concentration was significantly higher on the control soil than on lentil

and pea-residue-amended soil, indicating that residue addition to soil restricted P uptake,

likely due to immobilization of soil P in the microbial biomass as residues were being

decomposed. Phosphorus tissue concentrations (whole plant) below 0.15% at maturity

indicate that P is limiting to wheat growth, while concentrations of 0.21-0.5% indicate P

is sufficient (Ward et al., 1973). Thus, P appeared to be a limiting factor to growth in all

treatments as whole plant wheat tissue P concentrations ranged from 0.14% (pea) to

0.16% (control).
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Wheat P uptake was significantly greater in the control and lentil-residue

treatments than in pea and wheat-residue-amended treatments. This is consistent with

residue P concentrations and C:P ratios (Table 4.1.1). All residues were expected to

cause P immobilization relative to the control soil where residue was not applied.

However, the lentil residue had the greatest P content and lowest C:P ratio and was

therefore expected to cause the least prolonged immobilization. Limitations to P uptake

by wheat grown with pea and wheat residues can be attributed to the higher C:P ratios

and lower P content of these residues, assuming other nutrient limitations were

eliminated with fertilizer addition. Ultimately then, the type of residue present can

influence P uptake by a following crop under these conditions. The low soil volume and

high residue application rate may have enhanced the nature of the wheat response to

residue characteristics in this experiment relative to what might be observed under field

conditions.

Significant differences in N uptake between the treatments can be attributed to

differences in N demand primarily because of the limitation ofP to plant growth (as

indicated by trends in grain and straw yields). Nitrogen was probably not limiting to

plant growth as all treatments were fertilized with 200 ug N g soil" initially, and an

additional 150 ug N g soil" was added during plant growth. It was possible that N was

limiting at some stages during the experiment as N deficiency symptoms were observed,

however it is assumed that N additions at 16,30 and 44 days of plant growth eliminated

these deficiencies. This assumption is supported by the fact that there were no

significant differences in seed and straw tissue N concentrations at harvest (Appendix

A), and tissue N concentrations indicated N sufficiency (Engel and Zubriski, 1982).
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The quantities of residues applied to the soil in this experiment were higher than

would typically be encountered under field conditions. Straw yields (and therefore

residue coverage rates) recently reported for lentil, pea, and wheat in the Dark Brown

soil zone of Saskatchewan were 1750, 1100 (Rigetti, 1998), and 4700 kg ha" (Jowkin,

1997), respectively. It is assumed that residue coverage rates in the Brown soil zone

may typically be somewhat lower than this (Jowkin and Schoenau, 1998), however

relative differences should be similar. At lower coverage rates, less immobilization of

native soil nutrients would be expected to occur because of lower amounts of C

substrate, which will support a smaller microbial population. Thus the relative degree of

immobilization might be enhanced with wheat residue, since it is typically present in.

higher amounts in the field. Immobilization may also have been greater in this

experiment than in the field due to grinding of the residues (Jensen, 1997). The

influence of the below ground residue on soil P supplies should be considered and is

discussed in Section 4.4.

4.2. Nutrient Release from Residues under Controlled Leaching and Incubation
Conditions

The purpose of this experiment was to determine potential contributions of P

from crop residues via leaching.

Characteristics of the residues used in the leaching experiment are shown in

Table 4.2.1. The pea residue used in this experiment contained significantly more P than

the chickpea and wheat residues. Overall, there was little difference between the

chickpea and wheat residues in P content, C:P and C:N ratios. The characteristics of the
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pea and wheat residue used in this experiment are similar to those used in the growth

chamber experiment (Section 4.1), with the residues used in the leaching experiment

having slightly lower C:P and C:N ratios.

Table 4.2.1. Mean nutrient content of residues used in the leachins. eXEeriment.
p/ content Water-soluble content

Residue
ug g" C:P C:N

P -1 P -1 (N'J4+N03)-N, ug g"to ug g i. ug g

Chickpea 508 743 86 175 121 103

Pea 770 425 48 313 202 181

Wheat 448 852 85 136 105 113

LSD(o.05) 126 206 16 78 45 46

t P, and Pi indicate total and inorganic P, respectively.

The pea residue also contained substantially more immediately available

nutrients in the form of water-soluble total and inorganic P, as well as ammonium (:NIL.)

and nitrate (N03) than the chickpea and wheat residues. Thus it was expected that the

pea residue would contribute the most nutrients via leaching. There was little difference

expected between the chickpea and wheat residue in terms of nutrient release by

leaching.

The C:P and C:N ratios of the pea residue were significantly lower than those of

the wheat and chickpea residues. All of the residues would be expected to cause some P

and N immobilization as they again exceed the critical range at which mineralization is

thought to occur. Since these residues were collected from the field in the spring, small

amounts of soil present on the residue surfaces could act as a microbial inoculant for

residue decomposition and nutrient immobilization during the experiment.
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4.2.1. Nutrient Release over Successive Leaching Events

Statistical analysis was not performed on individual leaching events due to

problems associated with statistical interpretation of repeated measures experiments,

however, total quantities of nutrients leached during the experiments were analyzed

statistically and are reported in Section 4.2.2. Patterns of nutrient release over time are

discussed as trends in the current section. Relative differences in trends are justified by

observing statistically significant differences in total nutrient quantities released at the

end of the experiment.

Similar quantities of nutrients were initially leached from the same residue types

in the continuously moist and moist/dry incubations (Fig. 4.2.1 to 4.2.3). This was

expected as residues were exposed to identical conditions prior to the initial leaching.

Total P release from residues decreased substantially in the continuously moist

incubation (Fig. 4.2.1) after the initial leaching event. This observation agrees with

results of Bromfield and Jones (1972), who found that the initial leaching caused the

greatest amount of nutrient release from residue. In the moist/dry incubation, total P

release declined more gradually with successive leaching events.

Nutrient release rates via leaching are sensitive to amounts, intensities and

frequencies of rainfall events (Schreiber and McDowell, 1985). As microorganisms

break C substrates down, they immobilize P and N in their cellular tissue. Under

continuously moist conditions, microorganisms were probably able to immobilize

nutrients, but when exposed to wet-dry cycles (i.e. moist/dry incubation), desiccation

and microbial death would contribute to release of immobilized nutrients (Bromfield and
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Jones, 1972). Nutrients that are released may then be leached out during the following

leaching event.
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Figure 4.2.1. Release of total P by leaching of residues under continuously moist (c.m.)
and moist/dry (m/d) incubation conditions.

Release of inorganic P (Fig. 4.2.2) from the residues followed a similar pattern to

total P release. The inorganic P leached as a proportion of total P was consistent with

the original water-soluble P content of the residues (Table 4.2.1) and the range of 40-

75% reported by Bromfield and Jones (1972) throughout the leaching experiment. Total

and inorganic P release tended to be greatest from the pea residue for all leaching events,

and lowest from the chickpea residues. This order was consistent with the relative

nutrient contents of the different residue types.
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Figure 4.2.2. Release of inorganic P by leaching of residues under continuously moist

(c.m.) and moist/dry (mid) incubation conditions.

Carbon release measurements were restricted to the moist/dry incubation

1st 2nd
Leaching event

12

3rd 4th

treatments as these were considered more representative of environmental conditions in

11 8 4

the Brown soil zone. The amount of C released influences the supply of soil C that can

potentially support microbial growth, activity, and demand for other nutrients. There

appeared to be no large differences between residue types in the amount of C leached

during the same leaching event (Fig. 4.2.3). Like P release, C release tended to decrease

with successive leaching events. Apparent increased C release at the first leaching

relative to the initial leaching may be a result of experimental error due to a temperature

control problem encountered with the samples at the first incubation.

63



5000�----------------------------------------__

4000 �Chickpea
Q) -o-Pea:::J
"0
·iii --Ir-Wheat
Q)
....

3000';"
CJ)
"0
Q)

�
Q) 2000Q)
....

o

�
1000

O+---------�------�--------------------------�

LSD:

Initial 1st 3rd2nd 4th

210

Figure 4.2.3. Release of C by leaching of residues under moist/dry (mid) incubation
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4.2.2. Total Nutrient Release via Leaching

Overall, approximately twice as much total and inorganic P and ammonium was

leached from residues that experienced a drying cycle as compared to when residues

were kept continuously moist (Table 4.2.2). Bromfield and Jones (1972) also found

significantly greater P losses when a drying cycle was incorporated into the leaching

routine. Phosphorus was probably retained in the microbial biomass to a greater extent

in the continuously moist incubation.

Generally, as was predicted from the residue nutrient contents, the pea residue

released more P and NRt-N via leaching than the chickpea residue in the moist/dry
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incubation. The wheat residue also released more NI4-N via leaching than the chickpea

residue. There were no significant differences in amount of C released from the

different residue types. Carbon:P ratios of leachates remained relatively consistent over

the duration of the experiment. The calculated C:P and C:N ratios of the total leachate

and their ranges over individual leaching events were 49 (range: 43-61) and 82 (54-

153), respectively for pea, 66 (60-77) and 98 (72-197) for wheat, and 70 (59-84) and 139

(98-228), for chickpea. These ratios would contribute to net P mineralization and N

immobilization in the soil.

Table 4.2.2. Mean total nutrient release from residues after five leachin� events.

Incubation Residue p/ Pi C NI4-N N03-N

ug g residue"

Chickpea 74 50 36 5.8

Continuously Pea 106 68 47 6.6
moist

Wheat 86 62 60 8.2

Chickpea 184 119 1.29 x 10-4 87 5.8

Moist/dry Pea 249 168 1.22 x 10-4 143 4.9

Wheat 205 136 1.36 x 10-4 133 6.9

LSD incubation(o.o5) 35 24 17 ns

LSD residue(o.o5) ns ns ns 21 ns

LSD incubation*res(o.o5) 60 41 30 ns
1 waIANOVA
t P, and Pi indicate total and inorganic P, respectively.

The environmental conditions of Saskatchewan are more typically represented by

the moist/dry incubation-leaching cycle (Fig. 4.4.1,4.5.1 and 4.5.4). The total amounts

of nutrients leached from the residues exposed to this cycle amount to calculated

potential contributions of 0.92, 1.24, and 1.03 kg P ha-l and 0.47,0.74, and 0.70 kg N

ha-l for chickpea, pea, and wheat residues, respectively, at residue coverage rates of
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5000 kg ha". Exact amounts of P leached at individual leaching events would vary with

amounts and intensities of rainfall under field conditions (Bromfield and Jones, 1972).

Different residue coverage patterns would have different effects in the field; however,

this amount ofP is expected to be a relatively minor contribution to the following crop's

demand. This is a similar conclusion to that of White and Ayoub (1983) who stated that

minimal amounts of P added to soil by residues may be rapidly adsorbed by the soil and

therefore of little value to a following crop. Sharpley and Smith (1989) found a higher

range ofP release (0.6-12.2 kg P ha") when residues of higher P content and lower C:P

ratios were applied to soil.

4.3. Changes in Crop Residue Composition through Weathering

This experiment was performed to determine how the composition of residues

changed in the field between harvest in the fall and the following spring. This was done

in order to determine potential over-winter nutrient losses under field conditions.

4.3.1 Climatic Data

The experiment was carried out from the fall of 1997 to the spring of 1998. The

climatic data for this time period is given in Fig. 4.3.1 using data from the Tugaske, SK,

Environment Canada meteorological station about 10 km from the study site. This

winter was warmer and drier than usual based on the historical (1961-1990) climate data

for this area (Fig. 4.3.2). A total of 117.5 mm ofprecipitation was received between

September 1, 1997'and April 30, 1998, which was 74% of the normal precipitation for

this time period.
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Figure 4.3.1. Average daily temperatures (line) and precipitation (bars) received at

Tugaske, SK, for the period September 1997 to April 1998 (Environment Canada
Climate Services, personal communication, 1999).
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Tugaske, SK, for the months September through April, averaged over 1961-1990
(Environment Canada Climate Services, personal communication, 1999).
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Above freezing temperatures in November and December of 1997 did not

contribute to snowmelt (and therefore leaching) as snow was not received until late

December. Snow received between December and March would contribute a maximum

of 56.9 mm of moisture to leaching and runoff during spring. This is slightly higher

than the 45.6 mm of water applied to residues during individualleachings in the

leaching/incubation experiment (Section 4.2).

4.3.2. Residue Nutrient Composition

The nutrient content of the chickpea, pea, and wheat residues at several sampling

dates between crop harvest in September 1997 and May 1998 at Central Butte, SK, are

shown in Table 4.3.1. Significant differences existed among the residues at the

September and May sampling dates. Little change was expected between November and

March as air temperature were more consistently below freezing (Fig. 4.3.1) and in the

absence of melting conditions or rain, water movement through residues or significant

microbial activity would not be expected.

The total P content of residues overall was significantly affected by sampling

date, with significantly greater residue P contents occurring in September and May than

November and March. Comparisons of residue types averaged over sampling dates

indicated that chickpea and pea residues had overall significantly higher total P, as well

as water-soluble total and inorganic P contents than wheat residues. In addition, pea

residue had higher total N content than chickpea residue, which had higher N content

than wheat residue. No significant differences in residue S content were detected in the

experiment.
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Table 4.3.1. Median total nutrient concentrations of crop residue collected from harvest
(1997) to seedin� (1998) at Central Butte, SK.

Sampling Residue P N S Water-soluble
Date type J,.Lg g-l J,.Lg g-l J,.Lg g-l p/ J,.Lg s" Pi ug g'

Chickpea 777 7207 0.120 411 304
September 19

Pea 398 4559 0.161 186 155
1997

Wheat 405 4714 0.239 186 152

Chickpea 473 3439 0.248 229 184
November 15

Pea 556 5931 0.215 254 204
1997

Wheat 319 3504 0.267 145 109

Chickpea 507 4435 0.267 260 197
March 28

Pea 616 6673 0.161 277 216
1998

Wheat 289 3796 0.108 134 104

Chickpea 491 4540 0.192 164 122

May 8
Pea 739 6560 0.317 321 201

1998
Wheat 433 4259 0.215 137 103

LSD date(O.05) 126 ns ns ns ns

LSD residue(O.05) 109 804 ns 102 41

LSD Sept. residue(O.05) 371 ns ns ns 127

LSD May residue(O.05) ns 1298 ns 149 ns

t P, and Pi indicate total and inorganic P, respectively.

An overall change occurred from chickpea having significantly greater total P

content than the other residues in September to no significant differences in May.

Chickpea also had significantly higher inorganic water-soluble P content in September,

which was by May, significantly lower than the inorganic water-soluble P content of pea

residue. Visual inspection of the data presented in Table 4.3.1. indicates that much of

the decrease in P content of chickpea may have occurred between September and

November. This decrease could have been associated with a real loss of nutrients from

the chickpea residue via leaching or decomposition, or it may be an artifact of sampling.
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A large loss due to leaching would be unlikely as only 28.9 mm of precipitation was

received between the sampling dates. Approximately twice as much leachate was

applied to chickpea residue in the first leaching event of the leaching experiment

(Section 4.1), which resulted in a loss of 35 J,Lg g-l from the residue. The chickpea

residue collected in September contained more P than that used in the leaching

experiment and would thus be expected to have greater water-soluble P losses

(Bromfield and Jones, 1972); however it is unlikely that this would produce such a large

change between September and November. It is more likely that much of the chickpea

sample collected after the September harvest was stem material, as the leafy material fell

off rapidly after plant senescence. Since leafy material often contains greater

concentrations of P than stem material, leaf loss would contribute to lower overall P

concentrations within remaining residue (Buchanan and King, 1993). This may also

explain the apparent change in total N content of the chickpea residue between

September and November.

Orthogonal contrasts indicated significant differences in the way that total P and

N contents of all residues changed over time. Losses of nutrients from residues may

occur at different rates because different nutrients are associated with different loss

mechanisms (Buchanan and King, 1993). In addition, different plant residues have

different chemical make-up which contributes to different rates of decomposition and

nutrient immobilization (Lockett, 1938). An increase in nutrient concentration must

correspond to a loss of C from the residues, possibly by microbial respiration during the

early fall and late spring, while a decrease may correspond to nutrient losses via

leaching.
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The C:P ratios (Fig. 4.3.3) of the residues were also significantly different when

averaged over sampling dates, with wheat having significantly greater C:P ratios than

the pulse crop residues. Overall, C:P ratios were significantly lower in May than in

November and March, however no significant differences existed among the residues at

the May sampling date. Once again, there were significant differences in how C:P ratios

of the different residue types changed over time. Apparent increases in wheat residue

C:P ratios, followed by subsequent decreases may correspond to initial water-soluble P

losses (Gares and Schoenau, 1995) followed by C losses via microbial respiration in the

spring. Havis and Alberts (1993) found greater initial water-soluble P losses from corn

residue than soybean residue, which would result in greater increases in corn residue C:P

ratios than in those of soybean residue.
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Figure 4.3.3. C:P ratios of residues collected from the Central Butte field site between
harvest 1997 and seeding 1998.
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The C:P ratios of the residues collected in fall are much higher than those

reported by Sharpley and Smith (1989). This may be due to differences in P fertility

between the sites. The bicarbonate-extractable P levels at Central Butte in 1998 (Table

4.5.8) were lower than the Bray-extractable P content of soils where com and oat

residues were collected by Sharpley and Smith (1989).

Averaged over time, C:N ratios were highest in wheat residue and lowest in pea

residue (Fig. 4.3.4). Unlike the C:P ratios, overall C:N ratios were significantly higher

at the May sampling date than in September. Changes in C:N ratios ofpea residue were

significantly different than changes in chickpea and wheat residue over time. This may

again be due to different mechanisms involved in nutrient release. There is a greater

potential for water-soluble P losses relative to N losses. Carbon:N ratios ofpea residue

appear to decline over time while those of chickpea and wheat tend to increase. The

decrease in C:N ratio of pea residue may be associated with loss of C as CO2 during

decomposition while N is conserved in the microbial tissue.

In May, pea residues had a significantly lower C:N ratio than wheat and chickpea

residue. Thus, at this time, wheat and chickpea residues would be expected to cause

more prolonged N immobilization, particularly if they are incorporated into the soil,

which would probably have negative implications for short-term N supply for the

subsequent crop. This may be part of the rotation benefit observed following peas vs.

wheat. Rather than providing N benefits through increased mineralization, legume

residues may cause reduced soil N immobilization (Green and Blackmer, 1995). Lack

of difference between chickpea and wheat residues suggests fertilizer management plans

should not consider· the value of all pulse residue equally.
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Residue coverage rates should also be considered in determining the impact of

different residues on soil nutrient levels. Changes in total residue amounts between

harvest in fall and subsequent crop seeding in spring may vary for different crop types.

At Melfort, SK, coefficients of decomposition for surface crop residues from harvest to

spring were found to range from 0.06 for cereal straw to 0.32 for pulse straw (A.

Moulin, personal communication, 1999). The amount of decomposition of the residues

over the winter period would depend on these coefficients as well as temperature and

moisture conditions and the nutrient content of the residues. Considering these

coefficients and the total P content of the residues, the pulse residues would be expected

to contribute the most P to the soil over the winter, however this amount ofP would be

small «1 kg ha-l) and have a minimal impact on growth of the following crop.
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4.4. Pulse Residue Influence on Soil Phosphorus Availability under Field

Conditions, Central Butte 1997

4.4.1. Climatic Data

Rainfall received near the Central Butte field site in 1997 is displayed in Fig.

4.4.1. Total rainfall from May 6 (soil sampled for moisture analysis; 10 d prior to

seeding) to August 13 (wheat harvest) was 136 mm, approximately 87% of the long-

term average precipitation (1961-1990) recorded for these months (Figure 4.4.2).
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Figure 4.4.1. Precipitation received at Tugaske, SK, during the 1997 growing season.

(Environment Canada Climate Services, personal communication, 1998)
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Figure 4.4.2. Average monthly temperature (line) and precipitation (bar) received at

Tugaske, SK, for the period May through August, 1961-1990 (Environment Canada
Climate Services, personal communication, 1998).

4.4.2. Residue Characteristics

The nutrient content of the aboveground pea residue present on the pea stubble

plots is shown in Table 4.4.1. The total P content of this residue was about 25% lower

than the total P content of the pea residues used in the growth chamber and leaching

experiments (Tables 4.1.1 and 4.2.1, respectively), which corresponded to a higher

residue C:P ratio. The C:N ratio of the pea residue was also higher in this experiment

than in the growth chamber and leaching experiments. Overall, this residue would be

expected to cause a greater degree of P and N immobilization than the pea residues

described in sections 4.1 and 4.2. However, despite N immobilization, N should not be

limiting to growth of the following wheat crop as the plots were fertilized with N to

eliminate possible N deficiencies.
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Table 4.4.1. Median nutrient content ofpea residue collected from plots used in the crop
residue field experiment near Central Butte, SK, on May 6, 1997.

Parameter Median Range

P, J,l.g g residue" 552 451- 852

N, ug g residue" 5675 4908 -8304

Water-soluble total P, ug g residue" 186 126 - 387

Water-soluble inorganic P, ug g residue" 145 88 -249

Water-soluble NI4-N + N03-N, ug g residue" 135 86 -184

C:P 638 353 -784

C:N 62 36-71

4.4.3. Soil Phosphorus Amounts and Supply

Surface soils had greater total P and N contents following pea vs. fallow (Table

4.2.2). The previous pea crop growth appeared to result in slightly lower total %C than

when the soil was left fallow. The soil pH was also slightly lower on the surface of the

pea stubble plots.

Table 4.4.2. Properties (medians) of soils collected from the Central Butte site on May
6,1997.

Treatment pH
0-7.5 em" 7.5-15 em 0-7.5 em 0-7.5 em 7.5-15 em

Pea stubble

Pea stubble - residue
536 a 1.40 b 0.11 a 8.0b 8.2 a

Fallow

Fallow + pea residue
501 b 476b 1.70 a 0.10 b 8.1 a 8.2a

t Pb 4 and N, indicate total P, C and N, respectively.
:I: depth of soil sample
§ Nwnbers followed by the same letter within the same column are not significantly different as separated
by Mann-Whitney U test (a = 20%)
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There was little difference in soil moisture content of the treatments (Table

4.4.3). The only significant difference in moisture was detected at the 7.5-15 em depth

on May 6, 1997. It appeared that there was greater moisture availability on the pea

stubble. It is probable that the presence of residue on the soil surface acted to conserve

surface soil moisture relative to the fallow plots by reducing evaporation.

Table 4.4.3. Median moisture content of soils collected from the Central Butte site in
1997.

Gravimetric moisture content %

Treatment May 6

Pea stubble

Pea stubble - residue
13a 17 a

July 21 September 19

0-15 em 0-15 em

6a 10a

6a 10a

6a 10a

6a 10 a

0-7.5 cmf 7.5-15 em

Fallow

Fallow + pea residue
12 a 15 b

t Soil depth
:j: Numbers followed by the same letter within the same column are not significantly different as separated
by the Mann-Whitney U test (May) and the Kruskal-Wallis test (July, September)(a = 20%).

Phosphorus supply rates were generally similar among the treatments (Table

4.4.4). Supply rates were initially higher on fallow than on pea stubble where the

aboveground residue was removed, however by June 18, P supply rates were higher

where residue was removed from 'pea stubble than where it was added to fallow. By this

point, the environmental conditions may have allowed greater microbial activity and

therefore P immobilization as residue was being decomposed. Overall, the P supply

rates measured throughout the field season were low and would be considered deficient

for crop growth (Western Ag Labs Inc., Saskatoon, SK, personal communication, 1999).

Addition or subtraction of residues from the plots did not significantly influence soil P

supply rates in the rooting zone.
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Table 4.4.4. Median soil P supply rates of the treatments measured by burial of PRS™
anion exchange membrane probes under wheat growth near Central Butte, SK, 1997.

June 4 June 18 July 2 July 16 June 20 - July 4

Treatment P supply rate

J,Lg 10 cm-2 2 h-t J,Lg 10 cm-2 2 wk-!

0.46 ab" 1.23 ab 0.83 a 1.00 a 0.74 ab

0.29b 1.40 a 0.80 a 1.17 a 0.94 a

0.74 a 1.00 ab 0.91 a 1.11 a 0.83 ab

0.40 ab 0.97b 0.77 a 0.97 a 0.57 b

Pea stubble

Pea stubble - residue

Fallow

Fallow + pea residue

t Numbers followed by the same letter within the same column are not significantly different as separated
by Kruskal-Wallis (a = 20%).

Burial of PRS™ probes for a 2 wk period (Table 4.4.4, June 20-July 4) did not

result in increased P adsorption. It was thought that burial for 2 wk might decrease some

of the variability associated with a 2-h burial, however significant differences created by

residue addition or removal were still not detected. Supply rates were higher however

where residues were removed from pea stubble than where they were added to previous

fallow.

Measurements of bicarbonate-extractable inorganic (Table 4.4.5) and total

(Appendix A) P also showed few significant differences in soil P availability among the

treatments. Even though total soil P was higher on the pea stubble in the spring,

available P as indicated by bicarbonate extraction was actually lower on the pea stubble

at the 7.5-15 em depth than on the fallow. Lower bicarbonate-extractable P on the pea

stubble treatment where residue was removed relative to previous fallow in September

may indicate greater P drawdown by wheat grown on the pea stubble without residue

treatment.
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Table 4.4.5. Median bicarbonate-extractable inorganic P levels of fallow and pea
stubble soils planted to wheat at the Central Butte site in 1997.

May 6 July 21 September 19

Treatment 0-7.5 em" 7.5-15 em 0-15 cm 0-15 em

ug inorganic P s'' soil

Pea stubble
7.1 a:j:

10.7 a 4.5 ab
2.6 b

Pea stubble - residue 10.5 a 3.9 b

Fallow 10.6 a 5.7 a
6.5 a 3.7 a

Fallow + pea residue 9.9 a 4.5 ab

t Soil depth
:j: Numbers followed by the same letter within the same column are not significantly different according
to Mann-Whitney U test (May) and Kruskal-Wallis (July, September)(a = 20%).

Phosphorus supply rates measured by PRS™ burial in the soil directly beneath

the pea residue from May 21 to June 4 indicated that residues caused some

immobilization of soil nutrients relative to soil without residues (Fig. 4.4.3). This agrees

with previous experimental fmdings where residue addition impeded P uptake (Section

4.1) and residues sampled in spring had high C:P ratios which would cause net soil P

immobilization (Section 4.3). Even though leachates would be expected to have low

C:P ratios (Section 4.2) and contribute to mineralization in soils, residue incorporation

would probably result in overall immobilization because of high tissue C:P ratios.

Overall, P supply rates were greater on the surface of the pea stubble soil where the

aboveground residue was removed than on the soil surface under pea residue on pea and

fallow plots.
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Figure 4.4.3. Influence of residue leachates on soil P supply rates measured by
horizontal burial of PRS™ anion exchange membrane probes near the soil surface from

May 21 to June 4, 1997 at the Central Butte field site.

4.4.4. Microbial Biomass andAMF Infection

The amount of inorganic P present in the microbial biomass was higher on the

pea stubble plots than the fallow plots, both with and without residue added (Table

4.4.6). Microbial biomass N also tended to be significantly greater on the pea stubble

plots. Microbial biomass C was higher on pea stubble (residue present) than after

fallow. Reduced microbial biomass following fallow was also observed by Collins et al.

(1992). The C contained within below and aboveground pea residue would act as a

substrate source for increased microbial activity, which would increase microbial

demand for P and N, thus increasing the amount of P and N in the microbial biomass on

the pea stubble.

80



Table 4.4.6. Median nutrient content of the microbial biomass in soils collected from

pea and fallow plots at Central Butte, SK, July 21, 1997.

Treatment Pit, J.Lg g soil-1 Ct, J.Lg g soil-1 Nb J.Lg g soil-1 C:P C:N

Pea stubble 12.8 at 392 a 36.1 a 32 a 11 a

Pea stubble - residue 12.3 a 359 ab 28.0 ab 25 a 12 a

Fallow 8.8 b 227 b 22.0 be 26 a 8 a

Fallow + pea residue 8.1 b 291 ab 21.1c 37 a 14 a

t Pi> C, and N, indicate inorganic P, total C and total N, respectively.
:j: Numbers followed by the same letter within the same column are not significantly different according
to Kruskal-Wallis test (a = 20%).

Carbon:N ratios of the microbial biomass may be used to indicate the relative

proportions of different microorganisms present in the soil. Bacteria have fairly constant

C:N ratios ranging between 3:1 and 5:1 while fungi have wider C:N ratios, ranging from

4.5:1 to 15:1 (Paul and Clark, 1989). Carbon:P ratios of microorganisms are more

variable and depend on the metabolic state of the microorganisms. Lack of significant

differences in C:N and C:P ratios among the treatments indicates similar population

distributions of microorganisms in the microbial biomass.

There were no significant differences in AMP infection of wheat roots collected

from the treatments in midseason (Fig. 4.4.4). There was a very wide range in

percentage AMP infection detected however. The median values of AMP infection

reported in this study are somewhat lower than wheat root AMP infection rates of 20%

measured by Talukdar (1993) 60 days after crop emergence in the Brown soil zone. The

variable nature of soil microbial properties under field conditions may have necessitated

collection of a larger number of samples to detect significant differences in AMF

infection of these treatments.
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Figure 4.4.4. Arbuscular mycorrhizal infection of wheat roots collected from previous
pea and fallow plots at the Central Butte field site, July 21, 1997.
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Increased AMF infection rates would tend to increase the absorptive surface of

roots which could significantly affect nutrient uptake, particularly P uptake, and yields

(Lu and Miller, 1989). Fyson and Oaks (1990) found that inoculating soil planted to

com with soil from an alfalfa stand gave a significant growth response to the com and

attributed it to increased AMF infection of com roots. There appeared to be a wider

range (75% percentile) of AMF infection on the pea stubble plot than the other plots in

Figure 4.4.4. Low AMF infection on fallow plots has been observed by others (Bailey et

al., 1992) and may be explained by the lack of host crop for AMF growth during the

fallow year.
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4.4.5. Wheat Yields andPhosphorus Uptake

Midseason biomass production was significantly greater (ex ::;; 20%) on the pea

stubble plots than where pea residue was added to the fallow plot (Fig. 4.4.5). Total

grain and straw production (Fig. 4.4.6) at harvest was significantly greater (a::;; 20%) on

the pea stubble plot where aboveground residue was removed than where it was added to

the fallow plot. Residue presence therefore appeared to lower wheat yields slightly.
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Figure 4.4.5. Midseason biomass production of wheat grown on pea stubble and fallow

plots at the Central Butte field site, July 21, 1997.

Wheat grain production (Figure 4.4.7) was significantly greater (ex::;; 20%) on the

pea stubble plots than on the fallow plots. Higher grain production with equivalent

straw production led to significantly greater (a::;; 20%) grain:straw ratios on the pea

stubble plots (Fig. 4.4.8). Thus, some influence of previous pea crop growth led to more

efficient grain production by the following wheat crop than when grown on previous

fallow. This appears to be related to non-N benefits of pea crop growth, assuming N

83



benefits were removed by addition of 150 kg N ha" to the plots. Greater seed:straw

ratios may be due to greater moisture supply on the pea stubble plots than on the fallow

plots as indicated by surface soil samples in May (Table 4.4.3). Residue addition or

removal did not significantly affect the grain.straw ratio.
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Figure 4.4.6. Wheat (grain and straw) production on pea stubble and fallow plots at the
Central Butte field site in 1997.

At midseason, wheat grown on fallow plots tended to have greater tissue P

concentrations than wheat grown on the pea stubble plots (Table 4.4.7). The presence of

aboveground pea residue tended to increase wheat tissue P concentrations over those

where residue was absent. Despite these differences in tissue P concentration, no

significant differences in P uptake could be detected at midseason. Considering tissue P

concentrations, P uptake, and midseason biomass yields, it appears that some factor

other than P availability limited wheat yields on fallow relative to pea stubble. This

resulted in equivalent P uptake overall, but higher tissue P concentrations on fallow due

to luxury uptake.
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Table 4.4.7. Median P uptake by wheat at midseason and harvest at the Central Butte
field site, 1997.

Midseason Harvest

Treatment P P uptake P, Jlg g" P uptake
ug g-t kg ha-t Grain Straw kg ha'

Pea stubble 1310 bet 4.6a 2465 120 5.0a

Pea stubble - residue 1286c 3.9 a 2283 113 5.1 a

Fallow 1494 ab 3.9 a 2517 141 4.0 b

Fallow + pea residue 1602 a 3.3 a 2656 129 4.0ab

t Numbers followed by the same letter within the same column are not significantly different (a = 10%)

Although there were no significant differences in grain P concentration at

harvest, straw P concentration was significantly higher on fallow than on pea stubble

where residue was removed, similar to midseason tissue P concentrations. However, by

harvest, P uptake by wheat was significantly greater on the pea stubble plots than on the

fallow plots. Some factor between midseason and harvest allowed wheat on pea to

continue to take up P to a greater extent than wheat on fallow so that P uptake by harvest

was significantly greater at harvest when it was not at midseason. Concentrations of N

within wheat seed and straw tissue were higher in wheat grown on fallow than on pea

stubble (Appendix A), however, N uptake at harvest was significantly greater (a � 20%)

where residue was removed from pea stubble plots than on either of the fallow plots

(Fig. 4.4.9). This confirms that N was not limiting to plant growth and wheat grown on

fallow was experiencing some degree of luxury uptake of N. Greater N uptake was

likely a result of greater N demand by wheat grown on these plots due to other rotation

effects promoting growth. Increased P uptake could have occurred without differences

in soil P availability by means of a better root system under the pea stubble.
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Figure 4.4.9. Nitrogen uptake of wheat grown on pea stubble and fallow at the Central
Butte site, 1997.

It appears that P uptake by wheat was enhanced on pea stubble relative to fallow..

The increased P uptake does not appear to be a result of increased soil P supplies, but

possibly was due to better moisture conditions (Table 4.4.3) and/or a better rooting

environment that provided greater access to soil P. There are many possible reasons for

better root growth, including greater moisture availability, reduced root disease and

differences in AMF infection. Theoretically, profile soil moisture should be higher on

the fallow and the disease cycle should have been broken during the fallow year.

Measurements of AMF infection were inconclusive in this experiment, but if they were

higher on the pea stubble, they may have provided the roots with greater access to soil P

and moisture, which corresponded to more efficient grain production. There could also

be other microbial factors contributing (Bullock, 1992). Overall, previous management

(fallow vs. pea stubble) had the greatest influence on the measured parameters while

removal or addition of surface pulse residue itself had little effect.
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4.5. Phosphorus Availability in Pulse Crop Stubble under Field Conditions

The last two field experiments were performed to compare soil P supplies and

wheat P uptake on various pulse crop stubble types as compared to wheat stubble. This

was done to determine ifP availability plays a role in the non-N benefit observed in

wheat following pulse crop growth as compared to wheat on wheat stubble.

4.5.1. Swift Current, 1997

4.5.1.1. Climatic Data

Temperature and precipitation data collected near the experimental site are

provided in Fig. 4.5.1. Temperatures during the year followed historical normals (Fig.

4.5.2). The precipitation received in the summer of 1997 was 118% of the average

rainfall for the same period from 1961-1990 (Environment Canada Climate Services).
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Figure 4.5.1. Average daily temperature (line) and daily precipitation (bar) received at

the Swift Current site from April 1 to August 31, 1997 (Environment Canada Climate
Services, personal communication, 1999).
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Services, personal communication, 1999).

4.5.1.2. Crop Residue Characteristics

The pulse crop residues had significantly greater total P content than the wheat

residue at the time of seeding (Table 4.5.1). Lentil straw contained significantly more

water-soluble P (total and inorganic) than the other residues. Pea residue contained

significantly more water-soluble inorganic P than the wheat residue. Overall, these

residues had similar to lower nutrient concentrations than those used in the other

experiments previously covered in this thesis. The exception to this was the chickpea

residue. At Swift Current, the chickpea residue had slightly higher nutrient

concentrations than chickpea residues collected from Central Butte in 1998. At Central

Butte, chickpea residue had equivalent P concentrations to wheat residue, but at Swift

Current, P concentrations were significantly higher than wheat residue. At Swift

Current, the pulse residue medians were more similar in terms of nutrient contents than
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those sampled in May of 1998 at Central Butte. Thus, fertilization and environmental

conditions may have a greater influence on the nutrient content of crop residues than

does the residue type. However, because different crop species have different chemical

and physical make-up, the rate at which the residues of different species break down

may also be important to consider when attempting to predict nutrient release rates

(Section 4.3).

Table 4.5.1. Mean characteristics of residue collected at the Swift Current, SK, field

site, April 21, 1997.

Residue
P

C:P C:N
Water-soluble content

ug g-l p/, ug t1 P -1
j, ug g

Chickpea 547 660 66 106 69

Lentil 491 780 84 168 129

Pea 522 570 68 124 95

Wheat 248 1370 110 87 64

LSD(o.10) 157 250 ns 40 30

t P; and Pi indicate total and inorganic P, respectively.

At this point, all residues would be expected to cause some immobilization of

both P and N. However, the C:N (a � 11 %) and C:P ratios of the pulse residues were

significantly lower than the ratios of the wheat residue. On this basis, the wheat residue

would be expected to cause more prolonged immobilization of soil N and P than the

pulse residues.
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4.5.1.3. Soil Phosphorus Amounts and Supply

Soil properties were generally similar among the treatments at the Swift Current

site (Table 4.5.2). The exception was the significantly higher total P content of the

wheat stubble treatments. This may be explained by previous fertilization history. The

slightly acidic soil pH's indicate that increased soil P availability by mechanisms of

calcium phosphate solubilization may not be a significant factor here. Soil moisture was

also not significantly different at the 0-15 em depth among the treatments during the

spring sampling or at midseason, July 9, 1997 (Appendix A).

Table 4.5.2. Characteristics (means) of soil sampled from the 0-15 em depth in the

spring at the Swift Current site, 1997.

TotalP Total C TotalN pH Bicarbonate extractable -

Stubble type
ug g-l % % 1:1 p/, ug g' Ph ug g'

Chickpea 578 1.41 0.14 6.5 36 46

Lentil 573 1.48 0.15 7.1 33 38

Pea 585 1.49 0.15 6.4 32 42

Wheat 610 1.56 0.15 5.9 41 55

Fallow 567 1.35 0.14 6.6 33 40

LSD(o.lO) 20 ns ns ns ns ns

t PI and Pi indicate total and inorganic P, respectively.

There were no significant differences in soil P, N, and S supply rates measured

on the different treatments during the first half of the growing season (Table 4.5.3).

Generally, the P supply rates measured here would be considered marginal for optimum

plant growth. Nitrogen supply rates increased from May 21 to June 12, reflecting

increasing temperature and nutrient turnover as well as the release of nutrient ions from

the fertilizer applied at the time of seeding. Differences in supply rate between different
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sampling times are influenced by crop uptake, nutrient mineralization and fertilizer

solubilization (Jowkin and Schoenau, 1998). Other factors responsible are different soil

environmental conditions at the time of measurement. Soil temperature and moisture

levels can significantly influence nutrient diffusion to the resin membrane, with higher

temperature and moisture increasing supply rate of nutrient ions to the membrane

surface (Qian and Schoenau, 1997). The effect of moisture on soil nutrient supply rates

was eliminated at the time of measurement by pre-moistening the soil with distilled

water. Surface soil temperatures will increase as air temperatures increase from early

spring onward.

Table 4.5.3. Mean nutrient supply rates measured at the Swift Current field site during
the 1997 �owin� season.

Stubble
P sUEEI� rate N sUEEI� rate Avg. S

May 21 June 12 July 4 May 21 June 12 July 4 supply rate

type
ug 10 em resin' 2 h-1

Chickpea 1.1 1.1 2.8 1.1 9.1 3.0 2.0

Lentil 1.0 1.6 2.6 1.5 12.1 3.8 2.0

Pea 0.9 2.3 3.0 2.7 3.6 1.9 2.1

Wheat 1.0 1.3 2.4 1.4 11.5 4.5 2.4

Fallow 0.9 1.8 3.2 2.3 5.0 1.9 2.3

LSD(o.lO) ns ns ns ns ns ns ns

4.5.1.4. Microbial Biomass and AMF Infection

There were no significant differences in nutrient amounts present as microbial

biomass in soils collected from the different treatments (Table 4.5.4). The C:N ratios of
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the microbial biomass are higher than would be expected for a soil microbial community

(Paul and Clark, 1989), indicating potential problems in the analysis. Overall lack of

significant difference in nutrient content and C:N ratios of the microbial biomass

indicates microbial communities were similar among the stubble types.

Table 4.5.4. Mean microbial biomass P, C and N as measured in midseason at the Swift
Current field site, 1997.

Microbial biomass, ug g soil"
C:N

Stubble type p/ C N

Chickpea 2.0 345 20 17

Lentil 11.9 674 28 23

Pea 5.8 498 21 24

Wheat 9.1 467 20 22

Fallow 18.7 597 19 35

LSD(o.05) ns ns ns ns

t Inorganic P

AMP infection of wheat roots was also not significantly different, however there

was a larger range of AMP infection on the pea stubble than on the other stubble

treatments and the fallow (Fig. 4.5.3), similar to observations made at Central Butte in

1997. An inadequate number of samples may have been collected to determine

significant differences. Again, further research should be done in this area.
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Figure 4.5.3. Arbuscular mycorrhizal root infection in midseason at the Swift Current
field site, 1997.

4.5.1.5. Wheat Yields and Phosphorus Uptake

At midseason, dry matter wheat production was significantly greater after

chickpea, fallow, and lentil than after wheat and pea crops (Table 4.5.5). This may have

resulted from differences in soil moisture usage patterns by the previous crops (Brandt et

al., 1996; Elliot et al., 1987). Lower soil moisture usage by the previous crop would

result in greater amounts of stored soil moisture for a following crop. Differences in soil

moisture storage at depth would not be detected in this study as only surface (0-15 em)

samples were collected.

Residue nutrient content did not appear to have a large impact on plant growth as

the difference in yields did not correspond to differences in residue C:P and C:N ratios

(Table 4.5.1). Although it is possible that the higher soil P content on the wheat stubble
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may have compensated for some of the expected reduced P supply due to P

immobilization by residues.

Table 4.5.5. Mean midseason dry matter wheat yields and nutrient uptake at the Swift
Current field site on Jul� 9, 1997.

Stubble type
Biomass Tissue P Tissue N P uptake Nuptake

x 103 kg ha" x 103 flg g" X 104 ug g-l kg ha" kg ha'

Chickpea 5.07 2.18 1.36 11.0 68.9

Lentil 4.79 2.00 1.14 95 53.9

Pea 3.69 2.31 1.42 8.5 52.3

Wheat 3.63 2.14 1.39 7.7 50.2

Fallow 5.41 2.11 1.52 11.4 82.5

LSD(o.lO) 1.02 0.16 0.14 2.0 12.5

Significantly higher wheat tissue P contents were found on the pea stubble

treatments than the lentil, wheat and fallow at midseason, suggesting that the lower yield

on the pea stubble was not related to reduced P availability. Wheat grown on fallow,

lentil and wheat stubble had the lowest tissue P concentrations. Tissue N concentrations

were greatest in wheat produced on fallow, pea and wheat stubble. Wheat tissue N

concentrations were lowest on the lentil stubble. Wheat P uptake was greatest on fallow,

chickpea, and lentil stubble, while wheat N uptake was greatest on fallow followed by

chickpea stubble.

At harvest, yields were greatest on the fallow treatment (Table 4.5.6). Yield

differences detected between stubble types at midseason were no longer present at

harvest. No significant differences in nutrient content or uptake could be detected as

influenced by the previous crop. It appears that P was not limiting to wheat growth on

any of the plots and that differences in moisture availability may have been the
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overriding factor. Even though N deficiency may have limited yields to some extent,

there appeared to be no non-N benefit to wheat following pulse crops as compared to

following wheat in this crop year at this site.

Table 4.5.6. Mean yield and nutrient content of wheat grain harvested from the Swift
Current site, 1997.

Stubble type
Grain yield P N P uptake Nuptake

x 103 kg ha" x 103 ug g-l X 104 ug g" kg ha" kg ha'

Chickpea 2.72 3.47 1.87 9.5 50.9

Lentil 2.64 3.42 1.83 9.0 48.4

Pea 2.71 3.56 1.77 9.7 48.2

Wheat 2.64 3.52 1.82 9.3 48.1

Fallow 3.18 3.28 1.91 10.4 60.9

LSD(o.lO) 0.17 ns ns ns ns

4.5.2. Central Butte, 1998

4.5.2.1. Climatic Data

Climatic data collected near the Central Butte field site in 1998 is given in Fig.

4.5.4. The total precipitation received from May 1 to August 31 was 275 mm. This

represented 135% of average precipitation for this area (Fig. 4.4.2). Thus, moisture

should not have limited yields compared to normal growing conditions in this area.
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Figure 4.5.4. Average daily temperature (line) and daily precipitation (bar) at the

Tugaske, SK, meteorological station from May 1 to August 31, 1998 (Environment
Canada Climate Services, personal communication, 1999).

4.5.2.2. Crop Residue Characteristics

These residues were the same residues studied in the leaching experiment

(Section 4.2), and in the over-winter weathering experiment (Section 4.3, May 8);

however, there were more samples taken for the field experiment, so the reported values

are slightly different. The results of the leaching experiment (Section 4.2) indicated that

the pea residue would supply the most P to the subsequent crop. Analysis of residues

collected in May for the over-winter weathering experiment indicated no significant

differences in total P content and C:P ratios, however, more samples were collected for

the present experiment, indicating greater P contents and lower C:P ratios in pea

residues than chickpea and wheat residues (Table 4.5.7).
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Table 4.5.7. Median nutrient content of residues collected from plots at the Central
Butte site in Ma� of 1998.

Residue Pt C:P C:N
Water-soluble

ug g-I Ph Jlg g-It P -I Na.-N + N03-N, ug g"j, ug g

Chickpea 491 b* 768 a 61 a 164 b 122 b 1l0b

Pea 739 a 465 b 42 b 312 a 203 a 191 a

Wheat 388 b 927 a 69 a 137b 103b 103 b

t P, and Pi indicate total and inorganic P, respectively.
:j: Nwnbers followed by the same letter within the same column are not significantly different as

determined with Kruskal-Wallis test (a. = 20%)

Overall, C:P and C:N ratios of the residues themselves were such that they would

be expected to cause immobilization of soil P and N, with wheat and chickpea residues

causing more prolonged immobilization than pea residue.

4.5.2.3. Soil Phosphorus Amounts and Supply

Available soil P concentrations, as measured by the bicarbonate extraction

method, were significantly lower on chickpea stubble than on pea and wheat stubble in

spring (Table 4.5.8). In the previous year, the chickpea plots did not receive P fertilizer

while the wheat and pea crops received a small amount. The 2-wk burial of PRS™

probes indicated that P supply rates were significantly greater on the wheat stubble than

on the other stubble plots. Moisture levels at the soil surface were greater on chickpea

stubble than on the other stubble types, possibly due to lower water usage near the soil

surface by the chickpea crop the previous year. There was lower residue coverage on

the chickpea stubble plots, so differences in evaporation from the soil surface should not

have contributed to the greater moisture availability on the chickpea stubble.
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Table 4.5.8. Measured properties (medians) of soils collected at Central Butte, May 8,
1998.

Stubble plot
Bicarb-extractable P sUEEll rate Grav. Moisture %

ptT, mg g-I Pi. mg g-I ug 10 cm-2 2 wk" 0-7.5 cm� 7.5-15 em

Chickpea 12 b§ lOb 11.3 b 13.9 a 16.1 a

Pea 20a 18 a 11.9 b 11.8 b 12.8 b

Wheat 23 a 20a 17.8 a 11.1b 12.5 b

t Pt and Pi indicate total and inorganic P, respectively.
+ Soil depth
§ Nwnbers followed by the same letter are not significantly different as determined by Kruskal-Wallis (a
�20%)

4.5.2.4. Microbial Biomass

Carbon and P accumulation by the soil microbial biomass was not significantly

different among the previous crop treatments (Table 4.5.9). Microbial biomass N was

significantly higher on chickpea stubble than on wheat stubble. More N may have been

available to microorganisms on pulse stubble types due to residual N in the root systems

and nodules from N fixation during the previous year (Jensen, 1996).

Table 4.5.9. Microbial biomass nutrients (medians) in soils collected from the Central
Butte site on May 8, 1998.

Stubble plot
Microbial biomass nutrient content, ug g soil"

C:Pi C:Np/ C N

Chickpea 38 a* 413 a 36 a l1a lIb

Pea 37 a 389 a 34ab lOa lIb

Wheat 40a 364 a 29b 9a 13a

t Pi indicates inorganic P
+ Nwnbers followed by the same letter within the same column are not significantly different as

determined by Kruskal-Wallis (a::; 20%).
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The C:N ratios of the microbial biomass were significantly narrower on pulse

stubble than on wheat stubble. This may indicate a greater proportion of fungi in the

microbial biomass on wheat stubble than on the pulse stubbles (Paul and Clark, 1989).

4.5.2.5. Wheat Yields and Phosphorus Uptake

Dry matter production of wheat at midseason was significantly greater (a ::;; 20%)

on pulse stubble than on wheat stubble (Fig. 4.5.5). This yield benefit may have

occurred in the form of Nand/or non-N benefits since the plots were not fertilized with

N in 1998. Wheat tissue P concentrations were significantly greater on wheat and pea

stubble than on chickpea stubble (Fig. 4.5.6). This indicates that wheat yields were not

limited by P availability relative to the chickpea stubble.

1.4
';"

as
s:

1.2C>
..:x

0
0

1.00
T""

C
0 .8-.:;
o
:::J

"'0
0 .6...

a.
CfJ
CfJ
as .4
E
0
iii .2

I
I

I

I

Chickpea Pea Wheat

Previous crop

Figure 4.5.5. Midseason dry matter production of wheat at the Central Butte field site,
June 26, 1998.
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Figure 4.5.6. Tissue P concentrations of wheat dry matter collected from the Central
Butte field site on June 26, 1998.

One possible reason for increased midseason yields on the pulse stubble could

have been greater N availability on pulse stubble. However, N concentrations in wheat

tissue were significantly higher on wheat stubble relative to chickpea stubble (Fig.

4.5.7), which would indicate that N was not more limiting to wheat grown on wheat

stubble relative to chickpea stubble. On the other hand, higher soil moisture supplies

(Table 4.5.8) may have enhanced wheat yields on chickpea stubble.

Nutrient uptake at midseason was greater on pea stubble than on wheat stubble

(Table 4.5.10). These observations agree with those of King et al. (1992) who also

found greater wheat P uptake but lower tissue P concentrations following grain legumes

as compared to cereals. Prasad and Sinha (1983) attributed greater P uptake following

pulses to increased yield and therefore plant demand due to other rotation benefits.

Lower P and N uptake was observed in this study than in the study at Swift Current in

1997 (Table 4.5.5) because of differences in fertilizer applied to the two experiments
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(Sections 3.2.5 and 3.2.6) which acted to increase yields and therefore nutrient demand

at Swift Current.
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Figure 4.5.7. Tissue N concentrations of wheat dry matter collected from the Central
Butte field site, June 26, 1998.

Table 4.5.10. Median midseason nutrient content and final yields at Central Butte, 1998.

Stubble plot
Midseason Grain yield Straw yield

P uptake, kg ha" N uptake, kg ha" kg ha" kg ha'

2.2 ab" 13.4 ab 860 be 1420 be

2.5 a 15.9 a 1130 ab 1760 ab

1.9 b 1O.0b 560c 1120 c

1950 a 2990 a

Chickpea
Pea

Wheat

Fertilized wheat
t Numbers followed by the same letter within the same column are not significantly different (a = 10%)

Final grain and straw yields were also greatest on the pea stubble. Comparing

wheat yields on pea VS. unfertilized wheat stubble, the rotation benefit resulted in a

doubling of wheat grain yields in this study. This is much larger than the increases

reported in Section 2.1; however, addition of 26 kg N ha" and 6 kg P ha-1 (seed placed

102



as 34-17-0) increased wheat yields significantly on an adjacent wheat stubble plot as

compared to the unfertilized plots examined in this study. This indicates that N benefits

may have played a large role in the rotation benefit. Miller et al. (1998) indicated that N

benefits make up the majority of the rotation benefit in the Brown soil zone.

The grain:straw ratio of wheat produced on wheat stubble without added

fertilizer was significantly lower than the other treatments (Fig. 4.5.8). Addition of

fertilizer to wheat produced on wheat stubble increased the grain:straw ratio relative to

that of wheat produced on the pulse stubbles (data not shown), indicating differences in

N supply may have contributed to more efficient grain production on the pulse stubbles.

These grain:straw ratios are lower than those reported on pea stubble, but similar to

those produced on fallow in the experiment at Central Butte in 1997 (Figure 4.4.8).

These results are in contrast to those of Jain and Jain (1993) who found no significant

harvest index differences between wheat grown after grain legumes and wheat grown

after cereals, although yields were higher following the grain legumes.

0.8

I *

I

I

*

iI I

.� 0.7
....

�.
....

�
c: 0.6
.§
Cl

n;
Q)

� 0.5

0.4

Chickpea Pea Wheat

Previous crop

Figure 4.5.8. Grain:straw ratio of wheat produced at the Central Butte field site, 1998.
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Thus, under conditions where no fertilizer was added, there were yield benefits

to wheat grown on pulse stubble relative to wheat stubble. In this instance, both N and

non-N benefits may have occurred. However, the non-N benefits did not include

increases in soil P supply or wheat P concentration on pulse stubble relative to wheat

stubble. Therefore, increased midseason P uptake by wheat grown on chickpea and pea

stubble was probably due to other factors. These factors may include: increased

demand for P due to greater supplies of other nutrients, such as N, improved soil

physical quality allowing greater wheat root growth and thus greater access to the

relatively immobile P, or improved plant health, which would also increase root growth,

plant nutrient demand and uptake and grain:straw ratio.

Findings of greater micronutrient uptake by King et al. (1992) after pulse crops

support the theory of improved wheat root development following pulse crop growth.

Copeland and Crookston (1992) observed greater N, P, K and micronutrient tissue

concentrations and uptake in rotated vs. continuous com and attributed it to a general

improvement in plant nutrition. In a later study (Copeland et al., 1993), they

hypothesized that improved water use efficiency and increased water depletion in corn

following soybean was due to increased root surface area and/or activity. This

speculation was confirmed by Nickel et al. (1995) who documented fewer roots and

lower root density on continuous corn than on com following soybean. They speculated

that lower root growth was a result of a buildup of autotoxins from decomposing roots of

the previous corn crop or a result of root pathogenic activity. They concluded that corn

grown in rotation would result in improved root growth and altered root distribution of

the corn crop. In another related study, Johnson et al. (1992) suggested that changes in

AMF populations due to crop rotation also contributed to the rotation effect. They found
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that crop rotation resulted in a shift from a buildup of less beneficial AMP under

continuous corn growth to greater numbers of more beneficial AMP. More research is

required in this area.
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CHAPTER S. SUMMARY AND CONCLUSIONS

In Western Canada, a trend toward more diversified cropping systems has

emerged in response to decreasing commodity prices. Producer decisions on which

crops to grow are based on weather, commodity prices, weed control and other factors

such as potential effects that a crop may have on other crops in the rotation. For

example, pulse crops have been observed to have beneficial effects on yields of

subsequent cereal crops as compared to cereal crops in a continuous cereal rotation.

Understanding the nature and causes of these benefits can help producers manage

rotations to achieve optimum production.

The rotation benefit observed in cereals following pulses, has been divided into

N and non-N benefits (Baldock et al., 1981). The N benefit is attributed to a positive N

balance in the system following pulse crop growth due to N fixation by the pulse

(Campbell et aI., 1992). The non-N benefit includes other factors that may be

responsible for increased yields such as reduced disease or weed pressure (Stevenson,

1996). Greater P uptake is also often observed in cereals following pulse as compared to

cereal crop growth. Greater P uptake may be due to increased soil P supplies. The

objective of this study was to determine if part of the non-N benefit is related to

increased soil P supplies. Phosphorus supplied from pulse crop residues, soil P supplies

and P uptake by wheat following pulse crop growth were studied to address the

hypothesis.
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Pulse crop residues generally had greater P concentrations than wheat residues;

however, residue nutrient contents varied between sites to a greater extent than between

crop species, likely due to differences in environmental and fertility conditions. Under

similar soil and environmental conditions, pulse crops tended to have higher P and N

concentrations and lower C:P and C:N ratios than cereals, which resulted in less

prolonged immobilization of soil P and N during decomposition.

Water-soluble P made up approximately 20-50% ofP contained within plant

residues. The inorganic fraction of this P represents the most immediately plant

available P. When residues were collected in spring and exposed to repeated leaching

treatments in the laboratory, the greatest amount of P was leached from pea residue,

followed by wheat and chickpea, which released similar amounts. Overall, after five

leaching events with a total amount of water similar to the average rainfall received in

the Brown soil zone during the growing season, only 0.92, 1.24 and 1.03 kg P ha" were

leached from the chickpea, pea and wheat residues, respectively at residue coverage

rates of 5000 kg ha". Typical residue coverage rates for these crops, in particular the

pulse crops, would be lower than this, reducing these P contribution estimates. Thus,

leaching of P from crop residues would have a minimal impact on subsequent crop

growth.

Additional nutrient contributions from crop residues may occur prior to

subsequent crop growth. Residue nutrient composition in the field was found to change

between crop harvest in fall and seeding of a subsequent crop the following spring.

Changes could take place via leaching of water-soluble nutrients, respiration of residue

C by microorganisms during decomposition and physical losses of higher P content

leafy material between sampling dates. Nutrient losses from residue during the over-

107



winter decomposition period could potentially contribute to soil P supplies, but would

likely have limited impact on crop growth over the short-term.

In a growth chamber study comparing soil P supplies and P uptake by wheat, it

was found that lentil, pea and wheat residues immobilized P relative to a control soil

where no residue was applied after 4 wk wheat growth. Lentil residue had the highest P

content and in turn, caused the lowest degree ofP immobilization. Wheat P uptake was

significantly greater on control and lentil-residue-amended soils than on pea and wheat

residue-amended soils when residues were added at equivalent rates. Aboveground pea

residue caused slight depressions in surface soil P supplies in the field, but had no

significant impact on P uptake, wheat yields or grain:straw ratios.

Soil P supplies and wheat P uptake were compared following growth of pulse

crops and wheat crops in the field. Generally there were no significant differences in

soil P supply, however P supply was sometimes greater on wheat stubble than on the

various pulse crop stubbles. This was attributed to differences in P fertilization of the

previous crops.

Even though P supplies were not greater, wheat production tended to be higher

and P uptake was significantly greater following pulse vs. wheat crop growth. Since

there were no differences in soil P supply and crop residues were expected to contribute

little to P demands, differences in uptake were attributed to some other factor(s). One of

these factors could simply be a better root system giving greater access to soil P. Since

P is relatively immobile in soil, root absorptive surface area is an important factor

controlling plant P uptake. A better root system could be due to better soil physical

conditions, lower disease incidence, greater supplies of other nutrients, greater moisture

availability and microbial factors such as AMF infection.
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Measurements ofAMP root infection were inconclusive however ranges of AMP

infection tended to be wider following pea crop growth as compared to the other pulse

crops, wheat, and fallow. Greater AMP infection rates would increase the absorptive

surface area of wheat roots and may even mobilize less available soil P forms. Pulse

crop roots have the potential to become heavily infected with AMP and a carryover of

this infection to a subsequent crop could prove valuable in terms of a plant's ability to

absorb P. Alternatively, a change in AMP species could contribute to the rotation effect.

Overall conclusions based on these studies are firstly that although residues are

important for long term cycling of nutrients within a crop system, they contribute little to

the nutrient demands of succeeding crops over the short-term. In fact, rather than

contributing nutrients to a following crop, residues may cause short-term immobilization

of P as they are broken down. Secondly, this study suggests that soil P availability is not

significantly greater on pulse crop stubble as. compared to wheat stubble or fallow.

Reasons for observed increases in P uptake by wheat on pulse stubble may be due to

factors such as an improved rooting environment and should be studied further.

To determine the reason(s) for greater P uptake observed in cereals following

pulse crops, future research should focus on differences in AMP infection rates and

other factors related to the rooting environment that may increase plant access to soil P.

This may include studies of soil physical characteristics, microbial factors such as plant

growth promoting rhizobacteria, or studies of root disease incidence.

Fertilizer application guidelines in these more diversified cropping systems

should also be adjusted for differences in crop response and nutrient uptake as P

depletion may be greater in cereal-pulse rotations (Prasad and Sinha, 1983). Knowledge

of greater P uptake by wheat following pulse crop growth may warrant increased P
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fertilizer application to subsequent crops to compensate for greater depletion of soil P by

the wheat relative to a continuous wheat rotation'.

Observations of significantly greater grain:straw ratios following pulse crop

growth indicate more efficient wheat grain production following pulse crops as

compared to wheat or fallow. Producers should capitalize on this efficiency by

including pulse crops in their crop rotations. If the reasons for greater production

efficiencies can be determined, the information could potentially be used to make

production of crops in other rotations more efficient aswell, As this study was focused

in the Brown soil-climatic zone, further research should be conducted to determine how

rotation benefits differ with soil type and environmental conditions.
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Table Ala. Mean wheat straw yield and tissue N concentrations in the growth chamber
experiment (Section 4.1).

Residue Treatment
Straw yield

g flat"
SeedN
mg g-l

Straw N

mg g-l
Lentil 4.92

4.56
3.87
5.32

37.87
38.30

10.42
8.43
9.17

Pea

Wheat 37.11
38.88 11.42Control

LSD(o.05) ns ns ns

Table Alb. Median bicarbonate-extractable total P median levels of previous fallow and

pea stubble soils planted to wheat at the Central Butte site in 1997 (Section 4.4).
May 6 July 21 September 19

Previous crop 0-7.5 ern" 7.5-15 em 0-15 em 0-15 em

Jlg total P g-l soil
Pea stubble

8.9 a* 5.1 b
12.5 a 7.4 ab

6.0 bPea stubble - residue
Fallow
Fallow + pea residue

12.5 a

9.1 a 6.2 a
12.2 a

12.0 a

8.2 a

6.6ab
t Soil depth
:j: Numbers followed by the same letter within the same column are not significantly different by Mann

Whitney U and Kruskal-Wallis tests (a = 20%).

Table A1c. Median straw yield and tissue N concentrations of wheat produced at the
Central Butte field site in 1997 (Section 4.4).
Previous crop Straw yield, kg ha" Seed N, mg g-i Straw N, mg g"
Pea stubble 1770 a

Pea stubble - residue
Fallow
Fallow + pea residue

2051 a

1950 a

1696 a

26.0 b
26.4 b

2.2 b

29.1 a

28.5 a

2.1 b
2.5 a

2.8 a

t Numbers followed by the same letter are not significantly different by Kruskal-Wallis (a = 20%).
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Table Ald. Mean soil moisture content measured in soil sampled from the 0 - 15 em

depth of plots at the Swift Current field site in spring and summer of 1997 (Section
4.5.1).

Stubble type
Gravimetric moisture content %

April 21 July 9

Chickpea
Lentil

Pea

Wheat

Fallow

25.0 16.4

25.5 16.2
26.4 17.3
26.1 19.9
24.5 16.9

LSD(o.10) ns ns
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B 1. Growth Chamber Experiment

Table B 1a. ANOVA for total nutrient content of residues applied to soils in the growth
chamber eX_Qeriment (Section 4.1).

Source df Mean square Fratio Pr>F

Total P

Model 2 136797.207 142.57 0.0001
Error 6 2878.453
Water-soluble inorganic P

Model 2 10655.4956 41.33 0.0003
Error 6 773.5000

Water-soluble organic P

Model 2 36776.7878 140.30 0.0001
Error 6 262.1256
Total N

Model 2 3354996.04 582.88 0.0001
Error 6 5755.89
Water-soluble N03-N
Model 2 29.4933333 390.36 0.0001
Error 6 0.0755556
Water-soluble NH4-N
Model 2 24943.2811 285.54 0.0001
Error 6 87.3544
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Table BIb. ANOVA for nutrient supply rates measured in treatments in the growth
chamber eXEeriment (Section 4.1).

Source df Mean square Fratio Pr>F

4wk

P04-P
Model 7 3.4013068 6.21 0.0003
Error 24 0.5479847

NOrN
Model 7 84089.015 1.04 0.4289
Error 24 80684.924

S04-S
Model 7 1249.63225 1.82 0.1305
Error 24 688.47010
8wk

P04-P
Model 7 0.16409053 0.32 0.9360
Error 24 0.50808753

N03-N
Model 7 269397.13 14.8 0.0001
Error 24 18196.76

S04-S
Model 7 180.03895 1.15 0.3689
Error 24 157.13838

129



Table B 1c. ANOVA for wheat yields and nutrient uptake in the growth chamber

e�eriment (Section 4.1).
Source df Mean square Fratio Pr>F

Grain yield
Model 3 0.49860625 2.20 0.1412
Error 12 0.22691875
Straw yield
Model 3 1.50840625 3.43 0.0523
Error 12 0.43981458
Grain:straw ratio

Model 3 0.00357682 1.16 0.3659
Error 12 0.00308825
Grain P content

Model 3 54888.167 0.44 0.7266
Error 12 123926.125
Straw P content

Model 3 13939.5625 4.85 0.0196
Error 12 2876.4792
P uptake
Model 3 12.7592729 9.8 0.0015

Error 12 1.3025979
Grain N content

Model 3 2232168.06 0.43 0.7322
Error 12 5135925.60
Straw N content

Model 3 7026139.1 2.01 0.1668
Error 12 3500578.4
Straw N uptake
Model 3 2699.88833 4.62 0.0226
Error 12 583.82708
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B2. Leaching Experiment

Table B2a. ANOVA for nutrient content of residues used in the leaching experiment
(Section 4.2).
Source df Mean square Fratio Pr>F

Total P

Model 2 175443.921 16.81 0.0001
Error 15 10435.737
TotalN
Model 2 11880930.7 28.73 0.0001
Error 15 413525.9
Total C
Model 2 29.0422222 8.11 0.0041
Error 15 3.5831111
Total S
Model 2 0.02646706 6.06 0.0118
Error 15 0.00436576

Water-soluble inorganic P

Model 2 16109.2572 11.92 0.0008
Error 15 1351.3010

Water-soluble total P

Model 2 52057.976 12.80 0.0006
Error 15 4068.376
Water-soluble NH4-N
Model 2 11245.9239 8.41 0.0036
Error 15 1337.0789

Water-soluble N03-N
Model 2 14.9422222 10.87 0.0012
Error 15 1.3742222
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Table B2b. One-way ANOVA for total nutrients leached from residues in

leaching/incubation ex�eriment (Section 4.2).
Source df Mean square Fratio Pr>F

Total P

Model 5 30942.351 11.85 0.0001
Error 30 2610.842

Inorganic P

Model 5 13417.8963 11.01 0.0001
Error 30 1219.2171

NHrN
Model 5 12235.6681 18.73 0.0001
Error 30 653.3255

N03-N
Model 5 7.7440978 1.02 0.4217
Error 30 7.5681011
Total C
Model 2 2909042.39 0.50 0.6169
Error 15 5830873.44
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Table B2c. Two-way ANOVA for total nutrients leached from residues in

leaching/incubation eXEeriment (Section 4.2).
Source df Mean square F ratio Pr>F

Total P

Model 5 30942.351 11.85 0.0001
Routine 1 138520.434 53.06 0.0001
Residue 2 7266.230 2.78 0.0778
Routine*Residue 2 829.431 0.32 0.7302
Error 30 2610.842

Inorganic P

Model 5 13417.8963 11.01 0.0001
Routine 1 58697.9832 48.14 0.0001
Residue 2 3403.3097 2.79 0.0773
Routine*Residue 2 792.4393 0.65 0.5293
Error 30 1219.2171

NH4-N
Model 5 12235.6681 18.73 0.0001
Routine 1 48870.4711 74.80 0.0001
Residue 2 4627.8803 7.08 0.0030
Routine*Residue 2 1526.0544 2.34
Error 30 653.3255

N03-N
Model 5 7.7440978 1.02 0.4217
Routine 1 8.9201778 1.18 0.2863
Residue 2 12.5083528 1.65 0.2085
Routine*Residue 2 2.3918028 0.32 0.7314
Error 30 7.5681011
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B3. Over-winter Residue Decomposition Experiment

Table B3a. Two-way ANOVA for nutrient content of residues collected in the over-

winter residue decomposition field experiment at the Central Butte field site in 1997-98

(Section 4.3).
Source df Mean square Fratio Pr>F

Total P

Model 20 87969.00 3.87 0.0006
Residue 2 204495.306 8.99 0.0010
Date 3 71228.628 3.13 0.0420

Crop*date 6 111825.080 4.92 0.0016

Site(crop) 9 51751.347 2.28 0.0478
Error 27 22746.99
Total N

Model 20 5793379 4.71 0.0001
Residue 2 17498175.8 14.23 0.0001
Date 3 1947488.6 1.58 0.2162

Crop*date 6 7303256.3 5.94 0.0005

Site(crop) 9 3467692.1 2.82 0.1781
Error 27 1229357
Total S
Model 20 0.00924011 1.25 0.2922
Residue 2 0.00101944 0.14 0.8720
Date 3 0.01135972 1.53 0.2285

Crop*date 6 0.01391866 1.88 0.1213

Site(crop) 9 0.00724135 0.98 0.4799
Error 27 0.00740840
Total C
Model 20 13.416146 2.10 0.0362

Residue 2 4.275833 0.67 0.5199
Date 3 43.916875 6.88 0.0014

Crop*date 6 6.495833 1.02 0.4346

Site(crop) 9 9.893958 1.55 0.1808
Error 27 6.379514

C:P
Model 20 398372.43 6.52 0.0001
Residue 2 1276660.01 20.88 0.0001

Date 3 310269.52 5.07 0.0065

Crop*date 6 280254.85 4.58 0.0025

Site(crop) 9 311310.11 5.09 0.0005

Error 27 61142.91
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Table B3a. cont'd.
Source df Mean square Fratio Pr>F

C:N
Model 20 618.2585 4.28 0.0003
Residue 2 2613.05853 18.09 0.0001
Date 3 534.79404 3.70 0.0237

Crop*date 6 589.52056 4.08 0.0049

Site(crop) 9 221.95963 1.54 0.1856
Error 27 144.4605
Water-soluble inorganic P

Model 20 10670.435 3.38 0.0018
Residue 2 32027.6108 10.14 0.0005
Date 3 8632.5374 2.73 0.0632

Crop*date 6 14455.4847 4.58 0.0025

Site(crop) 9 4080.3290 1.29 0.2861
Error 27 3157.585
Water-soluble total P

Model 20 44551.328 2.25 0.0252
Residue 2 101250.291 5.11 0.0131
Date 3 36744.515 1.86 0.1610

Crop*date 6 60650.901 3.06 0.0203

Site(crop) 9 23820.780 1.20 0.3333
Error 27 19800.684
Water-soluble NH4-N
Model 20 4481.6719 3.14 0.0031
Residue 2 12823.8658 8.98 0.0010
Date 3 8972.4991 6.28 0.0023

Crop*date 6 3760.0789 2.63 0.0385

Site(crop) 9 1611.9706 1.13 0.3773
Error 27 1428.2777

Water-soluble N03-N
Model 20 127.05899 3.83 0.0007

Residue 2 522.11919 15.73 0.0001

Date 3 107.32346 3.23 0.0379

Crop*date 6 76.06414 2.29 0.0645

Site(crop) 9 79.84292 2.40 0.0377

Error 27 33.21049
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Table B3b. One-way ANOVA of nutrient content of residues collected in September in
the over-winter residue decomposition field experiment at the Central Butte field site in
1997-98 (Section 4.3).
Source df Mean sguare Fratio Pr>F

Total P

Model 2 272112.516 5.05 0.0338
Error 9 53856.044
TotalN
Model 2 12011354.1 3.99 0.0575
Error 9 3012544.3
Total S
Model 2 0.01076425 1.95 0.1977
Error 9 0.00551617
Total C
Model 2 1.69083333 0.10 0.9084

Error 9 17.41944444
C:P
Model 2 293899.787 4.22 0.0510
Error 9 69684.517

C:N
Model 2 453.647033 6.19 0.0203
Error 9 73.235778
Water-soluble inorganic P

Model 2 41281.1100 6.55 0.0175
Error 9 6301.0778
Water-soluble total P

Model 2 203317.006 3.04 0.0977
Error 9 66772.251

Water-soluble NH4-N
Model 2 3181.55083 0.73 0.5101
Error 9 4381.20972

Water-soluble N03-N
Model 2 566.74476 4.16 0.0526
Error 9 136.30282
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Table B3c. One-way ANOVA of nutrient content of residues collected in May in the
over-winter residue decomposition field experiment at the Central Butte field site in
1997-98 (Section 4.3).
Source df Mean square Fratio Pr>F

Total P

Model 2 57329.711 1.95 0.1976
Error 9 29366.237
TotalN
Model 2 7158121.8 10.86 0.0040
Error 9 659401.0
Total S
Model 2 0.00160358 0.56 0.5885
Error 9 0.00284953

Total C
Model 2 4.38583333 1.27 0.3273
Error 9 3.45944444
C:P

Model 2 105624.692 1.41 0.2929
Error 9 74806.749
C:N
Model 2 1375.10176 8.76 0.0077
Error 9 157.03953

Water-soluble inorganic P

Model 2 11178.3658 2.73 0.1187
Error 9 4100.2539
Water-soluble total P

Model 2 36860.8133 4.27 0.0497
Error 9 8635.9292

Water-soluble NH4-N
Model 2 12754.5658 11.93 0.0029
Error 9 1068.9242

Water-soluble N03-N
Model 2 15.3906750 2.24 0.1626
Error 9 6.8786750
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B4. Residue Field Experiment. Central Butte. 1997

Table B4a. Descriptive statistics for data collected in the field experiment at the Central
Butte site in 1997 (Section 4.4).
Measured Parameter N Mean Standard Deviation Minimum Maximum

Soil properties

TotalP
0-7.5 em 40 501 49.7 372 624
7.5-15 em 40 501 82.6 310 733

Total C 0-7.5 em 40 1.56 0.46 0.85 3.07
TotalN 0-7.5 em 40 0.103 0.015 0.06 0.13

pH
0-7.5 em 40 8.06 0.12 7.71 8.30
7.5-15 em 40 8.15 0.08 7.97 8.29

Residue characteristics

ug gol
P 20 451 156 210 852
N 20 4392 1763 2009 8304

Total %
C 20 33.2 2.7 26.7 38.3

S 20 0.35 0.10 0.14 0.52

p/ 20 145 42 88 249
Water- p/ 20 199 71 116 387
soluble

ug g' NIiJ-N 20 108 34 47 183

N03-N 20 1.74 3.34 0.00 14.00

Gravimetric soil moisture, %

May 6
0-7.5 em 40 12.66 2.06 7.49 17.66

7.5-15 em 40 15.91 4.40 7.29 25.46

July 21 0-15 em 40 6.28 1.11 3.78 9.30

Sept. 19 0-15 em 40 9.98 1.39 7.61 14.22

Bicarbonate-extractable P, l!g g,l
May 6 0-7.5 em 40 7.75 3.79 4.24 23.67

Pi 7.5-15 em 40 3.16 1.46 1.38 9.33

May 6 0-7.5 em 40 10.11 3.89 5.29 26.11

Pt 7.5-15 em 40 5.47 1.94 2.64 14.78

July 21 Pi 40 10.65 2.60 6.77 18.65
0-15 em Pt 40 12.66 2.60 8.60 21.09

Sept. 19 Pi 40 4.99 1.76 2.62 9.37
0-15 em Pt 40 7.36 2.01 4.42 11.67

Two wk su��I� rates, l!g 10 em? 2 wk,l

May 21
P04-P 40 2.56 1.30 0.63 6.34

N03-N 40 95.4 157.0 9.6 887.1
-June 4

S04-S 40 4.69 2.76 0.99 15.76

June 20
P04-P 40 0.86 0.39 0.34 2.06

-July 4 N03-N 40 287.0 124.8 79.0 592.0

S04-S 40 4.48 2.91 0.95 18.10
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Table B4a. cont'd.
Measured Parameter N Mean Standard Deviation Minimum Maximum

Two h su��l� rates, �g 10 cmoz 2 hol
P04-P 40 0.52 0.31 0.11 1.83

June 4 N03-N 40 23.00 27.47 3.66 125.37

S04-S 40 4.98 1.14 2.50 8.32

P04-P 40 1.30 0.58 0.46 3.77
June 18 N03-N 40 27.30 19.22 8.91 92.23

S04-S 40 1.38 0.68 0.39 3.11

P04-P 40 0.94 0.48 0.40 2.69

July 2 N03-N 40 16.78 11.75 3.20 74.97

S04-S 40 0.63 0.49 -0.25 2.13

P04-P 40 1.15 0.42 0.51 2.34

July 16 N03-N 40 15.58 11.28 3.31 55.77

S04-S 40 2.20 0.70 1.20 4.27

Microbial biomass nutrients (�gol g soil") and AMF infection
P 40 10.85 5.62 1.65 26.32

Microbial
C 40 315.42 171.96 8.65 725.75

Biomass
N 40 28.50 9.31 12.11 48.47

C:P 40 34.48 24.42 1.34 121.72
C:N 40 11.76 7.50 0.30 36.12

% AMF infection 40 12.00 9.01 4.00 40.00

Wheat yields, kg ha"
Midseason biomass 40 3149 999 1560 5280

Total 40 3843 858 2320 5900
Harvest Grain 40

.

1888 498 1066 2910
Straw 40 1955 433 1220 2990

Grain.straw ratio 40 0.974 0.193 0.678 1.328

Wheat tissue nutrient, �g gol
Midseason P 40 1423 241 858 1985
biomass N 40 15875 2557 7932 21583

Grain
P 40 2468 320 1902 3241
N 40 27577 1919 24758 32556

Harvest
P 40 126.6 25.5 78.0 179.7

Straw
N 40 2473 551 1 717 4079

Nutrient uptake by wheat, kg ha"

Midseason
P 40 4.35 1.22 2.44 7.15
N 40 48.4 12.7 27.2 76.1

Harvest
P 40 4.85 1.17 2.56 7.48
N 40 56.3 12.4 35.9 100.0

t Pi and P, indicate inorganic and total P, respectively.
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B2. Field Experiments

Swift Current. 1997

Table B5a. ANOVA for soil characteristics (0-15 em) for the Swift Current field

eXEeriment (Section 4.5.1).
Source df Mean square Fratio Pr>F

Total P

Model 6 677.22978 3.92 0.0396
Block 2 337.58467 1.95 0.2036
Treatment 4 847.05233 4.91 0.0270
Error 8 172.68633
Total N
Model 6 0.000 15700 2.55 0.1099
Block 2 0.00023547 3.83 0.0681
Treatment 4 0.00011777 1.92 0.2012
Error 8 0.00006147
Total C
Model 6 0.02101556 2.16 0.1545
Block 2 0.02546000 2.62 0.1333
Treatment 4 0.01879333 1.93 0.1982
Error 8 0.00971833
PH
Model 6 0.41952444 1.86 0.2052
Block 2 0.11218667 0.50 0.6264
Treatment 4 0.57319333 2.54 0.1224
Error 8 0.22607833

Inorganic bicarb-extractable P

Model 6 100.046709 1.96 0.1854
Block 2 45.269447 0.89 0.4483
Treatment 4 127.435340 2.50 0.1256
Error 8 50.950005

Total bicarb-extractable P

Model 6 37.112091 1.66 0.2484
Block 2 21.779520 0.97 0.4187

Treatment 4 44.778377 2.00 0.1875

Error 8 22.392037
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Table B5b. ANOVA for characteristics of crop residue collected from the Swift Current
field eXEeriment (Section 4.5.1).
Source df Mean square Fratio Pr>F

Total P

Model 5 37500.917 3.85 0.0657
Block 2 7978.473 0.82 0.4847
Treatment 3 57182.547 5.87 0.0323
Error 6 9741.572
TotalN
Model 5 1776632.25 7.39 0.0152
Block 2 340239.13 1.42 0.3137
Treatment 3 2734227.67 11.37 0.0069
Error 6 240382.79

Total C

Model 5 29.768333 1.48 0.3199
Block 2 0.857500 0.04 0.9585
Treatment 3 49.042222 2.44 0.1620
Error 6 20.066389
Total S
Model 5 0.02148818 0.67 0.6596
Block 2 0.00600215 0.19 0.8333
Treatment 3 0.03181220 1.00 0.4560
Error 6 0.03192488

Water-soluble inorganic P

Model 5 2190.1866 6.00 0.0249

Block 2 1465.17236 4.01 0.0783
Treatment 3 2673.52946 7.32 0.0198
Error 6 365.1603

Water-soluble total P

Model 5 2532.0337 4.11 0.0573
Block 2 936.2929 1.52 0.2922
Treatment 3 3595.8609 5.84 0.0326
Error 6 615.5425

Water-soluble NH4-N
Model 5 318.01753 1.05 0.4693
Block 2 729.71206 2.40 0.1714
Treatment 3 43.55452 0.14 0.9303
Error 6 1823.74682
Water-soluble N03-N
Model 5 0.89387500 1.12 0.4392
Block 2 0.79817500 1.00 0.4219
Treatment 3 0.95767500 1.20 0.3869
Error 6 0.79817500
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Table B5c. ANOVA for gravimetric soil moisture (0-15 em) for the Swift Current field

eXEeriment (Section 4.5.1).
Source df Mean square F ratio Pr>F

April 21 ,1997
Model 6 1.8551978 2.36 0.1300
Block 2 2.0270467 2.58 0.1369
Treatment 4 1.7692733 2.25 0.1531
Error 8 0.7868133

July 9,1997
Model 6 5.2555556 1.84 0.2088
Block 2 2.3606667 0.83 0.4722
Treatment 4 6.7030000 2.34 0.1420
Error 8 2.8606000

Table B5d. ANOVA for soil nutrient supply rates measured during the Swift Current
field eXEeriment (Section 4.5.1).

Source df Mean square Fratio Pr>F

May 21,1997
POrP
Model 6 0.04956000 0.79 0.6047
Block 2 0.11792667 1.87 0.2156
Treatment 4 0.01536667 0.24 0.9057
Error 8 0.06307167

N03-N
Model 6 1.03219778 0.78 0.6064
Block 2 0.41730667 0.32 0.7374
Treatment 4 1.33964333 1.02 0.4539
Error 8 1.31829833

S04-S
Model 6 0.36238222 0.92 0.5266
Block 2 0.04372667 0.11 0.8962
Treatment 4 0.52171000 1.33 0.3393
Error 8 0.39346000
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Table B5d. cont'd.
Source df Mean square Fratio Pr>F

June 12, 1997

P04-P
Model 6 0.47103333 0.68 0.6735
Block 2 0.10368667 0.15 0.8639
Treatment 4 0.65470667 0.94 0.4875
Error 8 0.69563667

N03-N
Model 6 31.673387 0.66 0.6868
Block 2 7.295247 0.15 0.8620
Treatment 4 43.862457 0.91 0.5023
Error 8 48.214472

S04-S
Model 6 0.54679778 1.20 0.3953
Block 2 0.99660667 2.18 0.1752
Treatment 4 0.32189333 0.71 0.6104
Error 8 0.45657333

July 4,1997
P04-P
Model 6 0.17569778 0.72 0.6427
Block 2 0.01784000 0.07 0.9297
Treatment 4 0.25462667 1.05 0.4393
Error 8 0.24240667

N03-N
Model 6 4.7529800 1.16 0.4105
Block 2 6.5225267 1.59 0.2615
Treatment 4 3.8682067 0.95 0.4857
Error 8 4.0932267

S04-S
Model 6 0.12053111 1.27 0.3650
Block 2 0.05972667 0.63 0.5562
Treatment 4 0.15093333 1.60 0.2654
Error 8 0.09454333

143



Table B5e. ANDVA for microbial biomass nutrients in soil (0-15 em) collected from
the Swift Current field experiment (Section 4.5.1).
Source df Mean square Fratio Pr>F

P

Model 6 94.305536 1.02 0.4748
Block 2 42.732260 0.46 0.6455
Treatment 4 120.092173 1.30 0.3475
Error 8 92.368593
N

Model 6 48.980602 1.15 0.4133
Block 2 67.253420 1.59 0.2630
Treatment 4 39.844193 0.94 0.4884
Error 8 42.420378

C
Model 6 69493.167 1.34 0.3425
Block 2 112854.337 2.17 0.1765
Treatment 4 47812.582 0.92 0.4975
Error 8 51980.621
C:P
Model 6 13583.1313 1.18 0.4042
Block 2 24104.3003 2.09 0.1865
Treatment 4 8322.5467 0.72 0.6015
Error 8 11549.1833
C:N
Model 6 92.138362 0.75 0.6285
Block 2 9.929807 0.08 0.9234
Treatment 4 133.242640 1.08 0.4269
Error 8 123.293515

Table B5f. Descriptive statistics for data collected in the field experiment at the Swift
Current field site in 1997 and analyzed nonparametrically (Section 4.5.1).
Measured Parameter N Mean Standard Deviation Minimum Maximum

% AMF infection 40 12.00 9.01 4.00 40.00
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Table B5g. ANOVA for midseason plant biomass yields and nutrient contents for the
Swift Current field experiment (Section 4.5.1).
Source df Mean square Fratio Pr>F

Biomass yield
Model 6 4244402.3 4.98 0.0206
Block 2 1141389.9 1.34 0.3147
Treatment 4 5795908.5 6.81 0.0109
Error 8 851459.0
P content

Model 6 1464675.56 3.27 0.0627
Block 2 419946.67 0.94 0.4311
Treatment 4 1987040.00 4.43 0.0351
Error 8 448480.00
N content

Model 6 39497.578 3.64 0.0479
Block 2 45095.267 4.16 0.0577
Treatment 4 36698.733 3.39 0.0669
Error 8 10840.933
P uptake
Model 6 5.1449222 2.85 0.0861
Block 2 0.4506200 0.25 0.7847
Treatment 4 7.4920733 4.16 0.0412
Error 8 1.8029283
N uptake
Model 6 392.81156 5.82 0.0131

Block 2 30.83864 0.46 0.6489
Treatment 4 573.79802 8.50 0.0056

Error 8 67.53262
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Table B5h. ANOVA for midseason plant biomass yields and nutrient contents for the
Swift Current field experiment (Section 4.5.1).
Source df Mean square Fratio Pr>F

Grain yield
Model 6 128570.578 10.08 0.0023
Block 2 83508.200 6.55 0.0207
Treatment 4 151101.767 11.84 0.0019
Error 8 12756.617
Grain P content

Model 6 31204.578 0.92 0.5255
Block 2 22389.267 0.66 0.5418

Treatment 4 35612.233 1.05 0.4381
Error 8 33805.433
Grain P uptake
Model 6 1.10759778 2.46 0.1187
Block 2 1.68770667 3.75 0.0708
Treatment 4 0.81754333 1.82 0.2187
Error 8 0.44962333
Grain N content

Model 6 1116636.98 0.72 0.6427
Block 2 1705741.80 1.11 0.3763
Treatment 4 822084.57 0.53 0.7154
Error 8 1540609.22
Grain N uptake
Model 6 67.160382 2.31 0.1360
Block 2 21.169927 0.73 0.5128
Treatment 4 90.155610 3.10 . 0.0814
Error 8 29.126885
Straw P content

Model 6 19533.498 6.70 0.0086
Block 2 1961.267 0.67 0.5371
Treatment 4 28319.614 9.71 0.0037
Error 8 2916.088

Straw N content

Model 6 868986.12 9.98 0.0024
Block 2 222396.32 2.55 0.1387
Treatment 4 1192281.02 13.70 0.0012
Error 8 87050.18
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Central Butte. 1998

Table B5i. Descriptive statistics for data collected in the field experiment at the Central
Butte site in 1998 (Section 4.5.2).

Measured Parameter N Mean
Standard

Minimum Maximum
Deviation

Soil properties
Supply rate P 36 14.11 5.54 5.71 26.97

J.1g 10 cm-2 2 wk-l N 36 23.47 14.32 4.34 51.31
Gravimetric 0-7.5 em 36 12.32 1.89 9.30 17.36
Moisture % w/w 7.5-15 cm 36 14.29 2.82 10.05 22.12
Residue characteristics

P 30 564 201 183 890

Total %
N 30 5126 1512 2048 7986
C 30 35.7 2.4 30.0 39.2

S 30 0.234 0.088 0.104 0.464

p/ 30 151.0 64.0 51.6 281.5

Water - soluble p/ 30 218.4 104.8 68.1 453.7

J.1g g-l �_N 30 141.8 59.8 61.9 331.0

N03-N 30 1.49 2.69 0.00 9.60

Microbial biomass nutrients, �g-1 g SOil-I
P 36 43.62 21.80 6.85 129.91

Microbial
C 36 409.84 74.65 315.03 624.52

Biomass
N 36 33.65 7.03 18.22 49.77

C:P 36 11.97 9.17 2.92 59.94
C:N 36 12.47 2.30 9.31 18.00

Midseason yields and tissue nutrients
Biomass yield kg ha-l 36 680 220 289 1177

Tissue P ug g" 36 3461 500 2668 4472
P uptake kg ha-l 36 2.29 0.62 1.27 3.91

Harvest yields, kg ha"
Total biomass 20 2922 1284 1570 5510
Grain 20 1109 519 540 2170
Straw 20 1813 771 1020 2450
Grain:straw ratio 20 0.603 0.070 . 0.487 0.741
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