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Abstract:
Nitrogen plays a significant role in crop production and available N can have a significant effect on
crop growth, yield, and quality. Consequently, use of N fertilizer offers substantial opportunity for
increasing food production in many parts of the world. The supply of available N can be a decisive
factor in dryland wheat production systems. Because of the nature of N and the processes N is involved
in in the soil-plant system, N management can play a key role in crop production. Two studies were
conducted to evaluate N fertilizer management and its effect on dryland spring wheat yield and quality
and N use efficiency.. The studies were conducted at two locations in 1992 and 1993.

The effect of different N' fertilizer management strategies on plant emergence, plant growth, dry matter
production, tillering, test weight, grain protein percent, harvestable protein, and grain yield were
studied. The data and information obtained from these studies were used to generate nitrogen fertilizer
management models, predicting grain protein percent, harvestable protein, and grain yield. Regression
models were developed on the basis of time of application of N fertilizer. Treatments where fertilizer
was applied on or before tillering were designated as group 1 and the treatment where fertilizer was
split applied between planting and heading was designated as group 2. Separate regression models were
developed for each variable for group 1 and group 2. .

Neither source of N fertilizer nor method of application of N fertilizer had a significant effect on the
measured parameters. Differences in N fertilizer rate resulted in significant differences in all the
measured parameters; the significant differences were more pronounced on sites initially testing low in
soil NO3-N. Time of application of N had a significant effect on grain protein percent, harvestable
protein, and grain yield. Split application of nitrogen between planting and heading resulted in a
significant increase in grain protein percent. However, harvestable protein and grain yield were
significantly reduced by delaying application, especially on sites initially testing low in soil NO3-N. 
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ABSTRACT

Nitrogen plays a significant role in crop production and available N can have a 
significant effect on crop growth, yield, and quality. Consequently, use of N fertilizer 
offers substantial opportunity for increasing food production in many parts of the world. 
The supply of available N can be a decisive factor in dryland wheat production systems. 
Because of the nature of N and the processes N is involved in in the soil-plant system, 
N management can play a key role in crop production. Two studies were conducted to 
evaluate N fertilizer management and its effect on dryland spring wheat yield and quality 
and N use efficiency.. The studies were conducted at two locations in 1992 and 1993.

The effect of different N' fertilizer management strategies on plant emergence, 
plant growth, dry matter production, tillering, test weight, grain protein percent, 
harvestable protein, and grain yield were studied. The data and information obtained 
from these studies were used to generate nitrogen fertilizer management models, 
predicting grain protein percent, harvestable protein, and grain yield. Regression models 
were developed on the basis of time of application of N fertilizer. Treatments where 
fertilizer was applied on or before tillering were designated as group I and the treatment 
where fertilizer was split applied between planting and heading was designated as group 
2. Separate regression models were developed for each variable for group I and group 
2 .  . '

Neither source of N fertilizer nor method of application of N fertilizer had a 
significant effect on the measured parameters. Differences in N fertilizer rate resulted in 
significant differences in all the measured parameters; the significant differences were 
more pronounced on sites initially testing low in soil NO3̂-N. Time of application of N 
had a significant effect on grain protein percent, harvestable protein, and grain yield. 
Split application of nitrogen between planting and heading resulted in a significant 
increase in grain protein percent. However, harvestable protein and grain yield were 
significantly reduced by delaying application, especially on sites initially testing low in 
soil NO3-N.
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CHAPTER I 

INTRODUCTION

Meeting demands for food is likely to be a problem of paramount importance to 

developing countries in the next decade. Few "third" world countries presently have the 

capacity, resources, or capability to produce sufficient food supplies to satisfy their 

domestic demands. Correspondingly, nearly.all developing third-world countries regularly 

experience food shortages.

It is estimated that two-thirds of the 5 billion people in the world exist on an 

inadequate diet (FAO, 1992). This condition, coupled with the prediction that the world 

population will reach 6-7 billion by the year 2000 (Jamison et al., 1987; Tisdale et al., 

1993), suggests that the amount of food available per person globally will drastically 

decrease. Undoubtedly, this decrease will be accompanied by a concomitant increase in 

global tension economically, politically, and socially.

The current and impending demand for food has increased the significance of food 

production in arid and semiarid regions of the world. These regions constitute nearly one- 

third of the area of the globe (James et al., 1982) and are homelands of a majority of the 

world population. With the world’s population expanding exponentially, there is 

increasing need to bring this land under production.
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The potential problem of disparity between food supply and demand exists 

because arable land is scarce in supply. The limited supply of arable land places serious 

restraints on agricultural production, particularly food output. This presents an imposing 

challenge to the world’s producers of food and fibre. Agricultural scientists and food 

producers are, of necessity, continuously trying to refine and transfer to developing 

countries agricultural production practices and technologies which will help achieve 

maximum food production with the available resources.

Technological improvements of agriculture can, within limits, reduce the effect 

of land shortage. Technologies which can serve as substitutes for arable land include 

management skills, improved varieties, certified seeds, pesticides, use of fertilizer, and 

other technological forms of capital and improved cultural practices.

Probably the single most important advancement in agricultural management for 

crop production, with the exception of genetic advances, has been refinement of the use 

of fertilizers. Use of fertilizer, especially N fertilizer, offers substantial opportunity for 

increasing food production (Black and Ford, 1976; Tisdale et al., 1993). Furthermore, 

proper management of fertilizer, including the source of N, time of application, and 

method of application, can have a significant effect on crop growth, yield, and quality.

The N supply is a decisive factor in crop production, especially in dryland 

cropping systems. In many agricultural systems, it is customary to increase the input of 

N through fertilization. However growing attention to human health and environmental 

issues has resulted in questions being raised concerning N use and its impact on the 

environment and groundwater contamination.
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Nitrogen can enter and leave the soil-plant system by more routes than any other 

nutrient. It is involved with complex processes (Figure I) in the soil such as:

N fixation - reduction of atmospheric N to NH3 

(Stevenson, 1982),

immobilization - conversion of inorganic N by plants and soil microorganisms 

to organic forms of N 

(Jansson and Persson, 1982),

mineralization - decomposition of organic N to NH4 

(Jansson and Persson, 1982), 

denitrification - reduction of NO2 or NO3 to N gas 

(Firestone, 1982),

nitrification - oxidation of NH4 or NH3 to NO3 

(Schmidt, 1982),

volatilization - losses of N as a gas to the atmosphere 

(Nelson, 1982),

utilization - release or uptake of atmospheric NH4 by crops or soils, 

substitution - reversible exchange of ions between soil water and

clay particles.
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Figure I. The Nitrogen cycle (Stevenson, 1982).

Residual N fertilizer is susceptible to denitrification and NO3 leaching, with 

possible contamination of adjoining natural water systems. Nitrogen losses following 

fertilizer application have been reported as high as 50% (Allison, 1966; DeDatta et el., 

1988; Olson, 1982). Consequently, there is need to improve N use efficiency of crop 

production, both by increasing the efficiency with which N is utilized by crops and by 

limiting N losses to the environment.
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Objectives

In order to gain more information about the role and importance of N fertilizer 

in rainfed wheat (Triticum aestivum L.) production, two studies were conducted to 

determine the effect of source, rate, timing of application, and methods of application of 

N fertilizer on spring wheat yield and quality and N use efficiency. By determining the 

relationship between these N fertilizer management variables and crop production and the 

significance of the interactions of these variables, it should be possible to develop 

reliable, empirical prediction equations, which can be used to enhance efficient N 

fertilization programs. Utilization of defined management models to implement fertilizer 

strategies should result in maximum economic returns while having minimal impact on 

the environment.

Integrated goals of this Ph.D research program were to gain additional training 

and expertise relative to:

1) data integration, assimilation, and development of management practices using 

empirical techniques;

2) design, implementation, assessment, and interpretation of practical field 

research;

3) practical and theoretical training in wheat production under rainfed conditions;

4) technology transfer of currently accepted dryland wheat production practices

in USA to Pakistan.
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CHAPTER 2 

LITERATURE REVIEW

An agricultural management system intended to maximize crop uptake of N must, 

directly or indirectly, incorporate a system management approach, Le., the impact of the 

total system on crop yields must be considered. Crop production is dependent on many 

factors, including crop variety, moisture availability and timing, temperature conditions, 

light intensity, plant population, and nutrient availability (Keeney, 1982). Interaction of 

these factors influences plant growth. Management practices directly or indirectly 

influence some of the environmental factors that affect crop production. For instance, 

nutrient availability can easily be influenced by fertilizer management practices. Thus, 

it is important to predict accurately the N rate-crop response relationships for a given 

crop on a given farm based on the factors involved in the on-farm response of crops to 

N fertilizer. ,

Two principal soil phenomena which can significantly influence N nutrition are 

denitrification and leaching (Firestone, 1982; Legg and Meisinger, 1982; Nelson, 1982). 

Loss of fertilizer N from the soil via leaching or denitrification before crop uptake can 

result in environmental pollution and reduced yields. Timing N fertilizer applications to 

coincide with the rapid uptake period of the crop can result in more efficient fertilizer 

use. Similarly, fertilizer placement to encourage deeper and more dense root growth can
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lead to increased uptake of N before it is leached from the root zone. In addition, the 

type of N fertilizer used, amount of available N, and application practices can affect the 

crop yield response curve.

Nitrogen Rate

Three factors which establish the upper limit of yield of crops are: (I) the amount 

of moisture available during the growing season; (2) length of the growing season; and 

(3) soil fertility. A considerable amount of research has demonstrated that soil fertility 

influences crop growth (Brady, 1984; Fowler et al., 1989; Olson and Kurtz, 1982; 

Singer and Munns, 1987; Viets, 1965).

Sixteen elements are. required by most plants for growth and yield (Brady, 1984; 

Singer and Munns, 1987; Tisdale et al., 1993). Those needed in large quantities are 

called macronutrients or major elements and those required in smaller amounts are called 

micronutrients or trace elements. Tisdale et al. (1993) have indicated that yields often do 

not reach the genetic limit of the crop because of nutrient deficiencies.

Nitrogen is required in large quantities for plant growth. Plants normally contain 

between I and 5% N by dry weight (Tisdale et al., 1993). About 2-3 kg of N are 

required to produce 100 kg of wheat (Black and Ford, 1976; Laloux et al., 1980; Schafer 

et al., 1985). Nitrogen is used by plants to synthesize amino acids and proteins. Nitrogen 

is also a component of chlorophyll and enzymes. Knowledgeable management of N is 

important to cereal crop production, since deficiencies and excesses of N influence plant 

growth, grain yield, and grain quality. Plants deficient in nitrogen exhibit stunted growth,
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poor tillering,. loss of chlorophyll, short heads, low yields, and low protein content 

(Jacobsen and Jasper, 1991; Olson and Kurtz, 1982; Tisdale et al., 1993; Viets, 1965).

The effects of excess N on plant performance are less obvious than those of N 

deficiency, but they include excessive plant height, lodging in cereals, susceptibility to 

insect attack, severe damage from drought, delayed flowering, delayed maturity, and 

reduced yield (Black and Siddoway, 1977; Boquet and Johnson, 1987; Campbell et al., 

1977; Frederick and Marshall, 1985; Roth et al., 1984; Viets, 1965).

Several researchers have proposed using high rates of N to insure that N 

deficiency does not occur. However, a wheat crop may respond to additions of N 

fertilizer with a decrease, an increase, or no change in yield. Nitrogen fertilization may 

increase vegetative growth, water use, and/or yield (Bacon and Wells, 1991; Boquet and 

Johnson, 1987; Brown, 1971; Luebs and Laag, 1969; Roth and Marshall, 1987; Spiertz 

and Ellen, 1978; Stanford and Hunter, 1973). Nitrogen in excess of plant needs may 

increase water stress and significantly decrease grain yield (Luebs and Laag, 1969; 

Ramig et al., 1975; Rasmussen and Rohde, 1991). The practice of using high rates of 

N fertilizer on lodging-resistant cultivars has increased but this does not necessarily 

guarantee maximum yields (Campbell et al., 1977).

At some point along the N rate-yield response curve, the N efficiency (the relative 

relationship between N applied and N utilized by the crop to synthesize yield or protein) 

begins decreasing (Stanford and Hunter, 1973). Grain yield may be negatively affected 

by N application at rates above this point (Bacon and wells, 1991). The variety, soil N 

supply in relation to plant needs, and the effect of proceeding increments of N affect
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response to an increment of N (Viets, 1965). An idealized response of non-legumes to 

N fertilizer is shown in Figure 2.

in c re m e n ts  o f  N

Figure 2. Idealized response in dry matter production of a non-legume to increments 
of N fertilizer (Viets, 1965).

The response curve can be divided into three segments. Successive increments of 

N fertilizer produce successively larger increments in yield increase in segment A. In 

segment B, the increase in yield in response to each successive N addition is large but 

not as large as the increases experienced in segment A, while in segment C the increases 

in yield are small and N recovery efficiency is reduced below that in the other segments.
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In general, adverse effects of N on the crop occur when N inputs from 

mineralization and fertilization greatly exceed the amounts of N which can be efficiently 

used by the crop. Long term N fertilization at rates greater than a crop can utilize can 

result in accumulation of soil N and increased N03'-N movement through the soil into 

ground or surface waters (Bauder et al., 1993; Cooper et al., 1984; Jacobsen and 

Johnson, 1991; Rutter and Chimside, 1984) and loss of large amounts of NH3 or N2O 

to the atmosphere (Keeney, 1982).

Numerous studies have considered wheat responses to soil N and N fertilizer rates 

(Bacon and Wells, 1991; Boquet and Johnson, 1987; Fowler and Brydon, 1991; Fowler 

et al., 1989; Fredrick and Marshall, 1985; Jacobsen et al., 1993; Roth and Marshall, 

1987; Roth et al., 1984). Results of these studies indicate that availability of N can have 

a significant effect on the crop from germination through maturity. Consequently, with 

some crops the rate of development, overall growth, and grain yield are dependent on 

soil N status throughout the growing season. If fertilizer applications are always at 

efficient response levels, losses of N will be minimal and N uptake will be maximum, 

resulting in optimum yield and maximum N recovery.

Nitrogen Source and Crop Growth

Plants absorb N as either NH4 or NO3. Preference of plants for either NH4 or NO3 

is determined by the age and type of plant, the environment, and other factors. The 

question of which form of N to supply to the crop at specific growth stages has perplexed 

scientists and producers for many years. Each form of N has characteristic advantages
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and disadvantages. A theoretical advantage of the NH4 form is that energy does not need 

to be expended to reduce N to the -3 valance state, which is the most preferred form for 

assimilation in the developing plant. From a practical perspective, another advantage 

associated with use of NH4 forms is that NH4 is less subject than NO3 to losses by 

leaching and denitrification. Blair et al. (1970) postulated that NH4 is likely to enhance 

uptake of P in young plants. Plants supplied with NH4 may have increased carbohydrate 

and protein levels, compared to plants supplied with NO3. Disadvantages of applying 

NH4 forms of N fertilizer include a relatively high susceptibility of NH4 to 

immobilization by soil microorganisms (Jansson and Persson, 1982), susceptibility of 

NH4 to volatilization loss in high-pH soils, potential of NH4 addition to acidify the soil, 

and the potential for chemical or clay mineral fixation OfNH4 in certain soils. Absorption 

OfNH4 by roots reduces Ca2"1", Mg2+, and K+ uptake (Tisdale et al., 1993). The limit of 

crop tolerance to NH4 concentrations is relatively low, with excessive levels of NH4 

producing a toxic reaction by the crop. High concentrations of NH4 can retard crop 

growth, restrict uptake of K+, and produce symptoms of K+ deficiency.

In contrast, plants will tolerate large excesses of NO3 and accumulate NO3 to 

comparatively high levels in their tissues. Nitrate is more mobile than most other N 

forms and can be readily taken up by plants. The rate of NO3 uptake is high compared 

to the rate of uptake of N in other forms at the same concentration. When plants 

accumulate high concentrations of NO3, organic anion synthesis within the plant increases 

and is coupled with a corresponding increase in the accumulation of Ca2+, Mg2+, and K+ 

(Tisdale et al., 1993).
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Three major processes involved in nutrient uptake by plants are: (I) diffusion, (2) 

mass flow, and (3) root interception. Most N taken up by plants must move to root 

surfaces before being absorbed because roots usually occupy only I to 2% of soil volume 

in the root zone (Barber, 1976). Nitrate is free to move to roots by mass flow and 

diffusion. In moist, well-drained soils, NH4 is usually nitrified rapidly to NO3. Under wet 

conditions NO3 is subject to loss due to leaching and denitrification. Francis et al. (1993) 

reported that NO3 can be leached out of the emerging plant’s root zone before it can be 

fully utilized, while NH4-N sources may improve plant N uptake.

Nitrogen uptake and losses can be significantly affected by nitrification and 

denitrification. Nitrate concentration affects the rate of denitrification. The rate of 

denitrification is directly correlated with NO3 concentration in the soil (Firestone, 1982).

Urea is a commonly used form of N fertilizer. Urea accounts for about 25 % of 

USA and 80% of Asian N fertilizer use (Harre arid Bridges, 1988; Hauck, 1984; Voss, 

1984). Urea is the predominant N fertilizer used in Pakistan because large quantities of 

urea are produced within the country, making urea less expensive than other N forms. 

However, little information is available concerning the N recovery efficiency from urea 

forms of N or the ultimate fate of urea-N in the soil.

Nitrogen recovery from urea has been reported lower than N recovery from 

NH4NO3 or (NH4)2SO4 (Laughlin, 1963). Low crop recovery of urea-N has often been 

attributed to NH3 volatilization losses (Nelson, 1982). Knight and Sparrow (1993) 

reported that a barley crop recovered about 60% of the N from urea and 73% of the N 

from Ca(NO3)2. They further reported that total plant N uptake was greater when N was
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applied as Ca(NO3)2, compared to when the N source was Urea. Touchton and Hargrove 

(1982), comparing three N sources and their effects on com yield and N recovered in 

grain, reported the order of efficiency of N uptake from various N sources was urea < 

urea-ammonium nitrate <_ ammonium nitrate. Fox and Hoffman (1981) also reported 

lower yields and less N uptake when N was applied as urea compared to when non-urea 

N sources were applied.

Bauder and Montgomery (1980) reported more NO3-N leaching associated with 

NO3- based fertilizers than with NH3- based fertilizers. They reported the contribution 

of N source to NO3-N leaching as CO(NH2)2 <_ check < (NH4)2SO4 < Ca(NO3)2. 

Accordingly, they proposed that NO3 leaching from N fertilizers under irrigation could 

be minimized by use of NH3- based fertilizers.

Time of Application

The quantity of N available to plants is a function of the amounts applied as 

fertilizer and mineralized from organic soil N. The amount of N released from organic 

sources, and to some extent, the amount of fertilizer-derived N existing in the soil after 

the addition of NH4 or NO3 depends on the factors affecting N mineralization, 

immobilization, and losses from the soil. Nitrogen fertilizers applied in any form" are 

quickly converted to NO3 through nitrification. Nitrate is soluble in water, is not 

adsorbed by soil colloids, and is highly mobile. Consequently, NO3 is subject to loss 

through leaching and denitrification (Huber et al., 1977; Legg and Meisinger, 1982; 

Macdonald et al., 1989; Mosier et al., 1986; Olson and Swallow, 1984; Olson, 1982).
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Some of the factors that can influence the magnitude OfNO3 leaching are: (I) use 

of nitrification inhibitors; (2) crop uptake of N; (3) soil characteristics; (4) pattern and 

time of irrigation and/or precipitation; and (5) rate, time, sources, and method of N 

fertilization.

One approach to increasing N fertilizer efficiency and simultaneously lessening 

the potential impact of N on the environment is to supply the N when it is needed by the 

crop, i.e., match fertilizer applications to N uptake by the crop throughout the growing 

season (Scarsbrook, 1965). Fertilizer application timing depends on the soil, climate, 

nutrient type, and crop. The N loss mechanisms must be considered in selecting the time 

of fertilizer application. Theoretically, it would be desirable to apply N as close as 

possible to the time of peak N demand of the crop.

An important factor in fertilizer dose-response relationship is the rate at which the 

crop takes up N. Wheat, for example, takes up N in large quantities beginning about I 

month after emergence or from start of tillering onward (Laloux et al., 1980). Single 

applications of N often result in lower fertilizer-use efficiency (Bauder and Schneider, 

1979; Christensen and Meints, 1982; Grant et al., 1985) and reduced grain yields (Roth 

et al., 1984) because of losses via leaching, denitrification, and volatilization.

Under some conditions, split or delayed N applications can reduce N losses due 

to leaching, denitrification, and volatilization and improve the yield response to fertilizer. 

Top-dressing N (applying fertilizer to the soil surface after the crop has emerged) is 

reported to increase fertilizer efficiency (Black and Siddoway, 1977; Christensen and 

Meints, 1982). Bauder and Schneider (1979) reported reduced NO3-N leaching losses in
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irrigated wheat when the total N fertilizer requirement was split into two applications. 

Gravelle et al. (1988) reported an increase in N fertilizer efficiency and increased grain 

yield for wheat by splitting N fertilizer applications between Feekes scale growth stages 

4, 9, and 10.5 (Large, 1954) or between any two of these growth stages relative to a 

single N application at any one growth stage. Split application of N fertilizer results in 

greater N uptake, greater grain yield, and less lodging than with a single application of 

all N fertilizer (Alcoz et al., 1993). Compared to early applications, delaying some N 

may reduce excessive tillering and subsequent lodging (Cook, 1982). Splitting the 

application of N facilitates the use of tissue tests to determine the need for additional N 

(Becker and Aufhammer, 1982; Cook, 1982; Tinker and Widdowson, 1982) and may 

also improve the opportunity to match the total fertilizer needed to the available soil 

moisture during the middle of the growing season.

In several European countries, N is applied at different growth stages (Becker and 

Aufhammer, 1982; Dilz et al., 1982; Remy and Viaux, 1982). Currently, splitting of N 

fertilizer between fall and spring applications is being practiced for winter wheat in 

certain parts of the United States (Roth and Marshall, 1987; Tisdale et al., 1993). In 

contrast, in the fainfed areas of Pakistan N is usually applied as a single application, 

before planting or at the time money and fertilizer are available.

Fertilizer Placement

Proper fertilizer placement can contribute to efficient use of nutrients by the crop 

from emergence to maturity, prevent salt injury to seedlings, and enhance deeper rooting 

to compensate for dry conditions at the soil surface.
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Fertilizer N frequently is applied to the soil surface before wheat is planted. 

Because most plant uptake of N does not take place until plants start vigorous growth, 

some surface-applied N may be lost through leaching or by volatilization. Ammonia 

volatilization is a function of the buffer capacity of the soil (Avinimelech and Laher, 

1977) and the NH3-NH4 equilibrium in the soil, which is dependent on soil pH (du 

Plessis and Kroontjie, 1964). Nitrogen losses due to hydrolysis of urea are greater in 

alkaline soils than in acidic soils (Fan and Mackenzie, 1993; Fenn et al., 1981). Other 

factors which play a significant role in volatilization include N source and rate, 

temperature, soil water content, and in the case of urea-containing fertilizers, urease 

activity in the soil.

Surface-applied urea may be lost through NO3 leaching or NH4 volatilization 

(Fenn and Hossner, 1985; Freney et al., 1983; Jones et al., 1977; Macdonald et al., 

1989; Nelson, 1982; Sanchez and Blackmer, 1988). Urea applied on the soil surface has 

seldom been as effective as NH4NO3 or (NH4)2SO4 (Laughlin, 1963). However, urea can 

be as effective as NH4NO3 or (NH4)SO4 when incorporated into the soil (Laughlin, 1971).

Generally, fertilizer efficiency can be increased by incorporating the fertilizer into 

the soil (Maddux et al., 1991; Meyer et al., 1961; Volk, 1966). Several researchers have 

reported that banding urea fertilizer usually results in greater N efficiencies than 

broadcast or broadcast-incorporated applications of urea (Jacobsen et al., 1993; Maddux 

et al., 1984; Maddux et al., 1991). Banding urea fertilizer increased N uptake by barley 

38% beyond that with broadcast-incorporated urea (Malhi and Nyborg, 1985). Similarly, 

Tomar and Soper (1981) reported that banding urea increased N uptake and yield,
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compared with broadcasting urea, in barley. The authors concluded that these increases 

in efficiency were a result of reduction of immobilization and denitrification.

Urea is rapidly becoming a major N source in fertilizers because of advantages 

in production and handling. However, urea has.an inherent disadvantage of susceptibility 

to NH3 volatilization when surface-applied (Christianson, 1989; Fenn and Miyamoto, 

1981). Volatilization losses can occur from acid or alkaline soils due to high pH and NH4 

concentration at the microsites where urea granules dissolve and hydrolyze (Penn and 

Richards, 1986). The reaction can be summarized as follows.

CO(NH2)2 + SH2O --------> 2NH4 + OH" +HCO3

NH4 + OH" < ===== > NH3 + H2O

The amount of urea lost through NH3 volatilization from surface-placed urea may 

range from I to 60% of the applied N in agricultural soils (Christianson, 1989; Matocha, 

1976).

Reduction of NH3 losses can be achieved by: (I) coating the urea granule with 

materials that slow the rate of dissolution of urea (Matocha, 1976); (2) reducing 

hydrolysis with urease inhibitors (Bremner and Douglas, 1971); (3) adding neutral salts 

containing Ca+ or K+ (Fenn and Miyamoto, 1981); or (4) reducing microsite pH with 

acidic materials (Stumpe et al., 1984).

Excessive concentration of soluble salts in contact with roots or germinating seeds 

can have injurious effects on the seeds or seedlings through plasmolysis, restriction of 

moisture availability, or actual toxicity. The term fertilizer burn is commonly used when 

fertilizer contact causes the plant to desiccate and exhibit symptoms similar to those of
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drought. Black et al. (1980), Deibert et.al. (1985), Devine and Holmes (1963), Fowler 

and Brydon (1991), Hunter and Rosenau (1966), Olson and Dreier (1956), and Toews 

and Soper (1978) have reported severe damage to crops when N exceeding 20 kg ha'1 

was placed in contact with seed. This is especially true for ammonium-based fertilizers 

or fertilizers which result in NH3 volatilization. Seedling damage is caused by NH3 

volatilization, according to Bremner and Douglas (1971). Urea* di-ammonium phosphate 

(DAP), (NH4)2 CO3, and NH4OH may cause more damage than mono-ammonium 

phosphate (MAP), (NH4)2SO4, and NH4NO3.

Modeling Crop Responses

Growth is defined as progressive development of an organism. There are several 

ways in which this development can be expressed in plants, Le., increase in size, 

volume, or yield. Plant growth is a function of many growth factors; conceptually, 

growth may be expressed as

G = f(x,,x2,x3,. . . ,x j

where

G = some measure of plant growth

and

X],x2,x3,...,x^ = the various growth factors.

Growth of annual plants follows a well-defined pattern. Plant responses to 

environmental conditions, including the supply of plant nutrients, also follow a set 

pattern. When growth is plotted as a function of increasing amounts of applied nutrients
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(fertilizer), successive increments of fertilizer give successively smaller increases in plant 

growth (Figure 3).

100 —

O 4 0  - -

20  - -

G r o w t h  f a c t o r j  N f e r t i  I I z e r

Figure 3. Percentage of maximum growth as a function of increasing additions of 
a growth factor, in this example nitrogen (Tisdale et al., 1993).

Such curves, known as response curves, have been studied by numerous 

investigators and various mathematical formulae or computer models have been 

developed to describe these response curves or response functions.

Models can be used to test treatment alternatives, thus insuring that the range of 

treatments in an experiment is adequate to test the hypothesis under consideration. 

Farmers test alternative practices to help reduce the risk and maximize the profit
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associated with crop production. Through the use of formulae or models we can analyze 

possible responses to an input. Crop growth modeling can be a useful technique for 

evaluating the consequences of alternative management strategies.

Different modeling approaches can be found in the literature for different crops, 

da Mota and da Silva (1980), Miller et al. (1993), Yao and LeDuc (1980) used the 

empirical approach to develop yield prediction models for rice. Modeling approaches 

have been reported in the literature for alfalfa (Bauder et al., 1978); com (Bauder et al., 

1975); com (Bauder and Randall, 1982); and many other crops. Hanks (1974) developed 

an empirical model for predicting plant yield as influenced by water use. Bauder et al. 

(1978) reported a model to predict alfalfa yield in response to irrigation and fertilization 

variables. Brar et al. (1992) predicted sorghum emergence as affected by soil temperature 

and water. Other plant growth models have been reported for wheat by Hanks and 

Storensen (1984), Jackson and Sims (1977), Sain and Jauregui (1993), Spiertz and Vos 

(1984), and Vlassak and Verstraeten (1984).

The purpose of developing such models is to improve our ability to forecast the 

performance of a crop during the growing season and to predict the final yield at harvest. 

Box and Hunter (1958) indicated that the production function approach of describing crop 

responses is used for two reasons: (I) to find conditions of the variables under 

consideration which give the best yield, and (2) to determine the characteristics of the 

response surface in the neighborhood of the optimum operating conditions to indicate 

how operations should be modified if conditions change in order to best control 

management. Modeling can be an important tool for developing new crop management 

technologies.
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CHAPTER 3

MATERIALS AND METHODS

Two studies were conducted at two locations each during the 1992 and 1993 

growing seasons. The studies were carried out on privately owned fields near Bozeman 

in Gallatin County, Montana. The experiments were laid out as complete factorial, 

randomized block designs with four replications of each treatment. Study 2 was nested 

within Study I (Table I). For future reference, the study sites were defined as the Pasha 

farm and Schultz farm during 1992 and the Brenden farm and Jensen farm during 1993.

Site Descriptions

Pasha Farm. Pasha Drive

The studies were located in a dryland field, on Pasha Drive off 

Cottonwood Road, approximately 15 km southwest of Bozeman, in Section 9, T3S, R5E 

at latitude 45.576 degrees north and longitude 111.129 degrees west. This area has 70-90 

frost free days and is at an elevation of about 1700 meters. Mean annual precipitation of 

this area is 50-75 cm and growing season precipitation is 25-30 cm (Caprio et al., 

1990). Soil at the study site was classified as Farland silty clay loam (fine-silty, mixed 

Typic Argiborolls) with uniform slope of about 3-4%. Supplemental irrigation was 

applied at the discretion of the landowner. Soil characteristics are given in Table 2.



Table I. Field plot layout, 

a. 1992

2 2

R l

T r e a tm e n ts

3 6

Note: R refers to block number; numbers within each column refer to the treatment; each 
number corresponds to one plot. Specific treatments which correspond to the treatment 

'' numbers are defined in Table 18 of the Appendix.
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Table I. continued

b. 1993*

T r e a tm e n ts

I
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Schultz Farm. Belgrade

The studies were located in a dryland field, on Gallatin Road off Springhill Road, 

approximately 27 km north of Bozeman, in Section 20, TIN, R5E with latitude 45.825 

degrees north and longitude 111. 125 degrees west. This area has 100-110 frost free days. 

The study site was at an elevation of about 1300 meters. Mean annual precipitation in 

this area is 35-40 cm and growing season precipitation is 20-23 cm (Caprio et al., 1990). 

Soil was classified as Fairway loam (fine-loamy, mixed Fluvaquentic Haploborolls) with 

slope < I %. Soil characteristics are given in Table 2.

Brenden Farm. Four Corners

The studies were located in a dryland field, on Huffine Lane about 8 km west of 

Bozeman, in Section 18, T2S, R5E at latitude 45.675 degrees north and longitude 

111.175 degrees west. This area has 110-115 frost free days and is at an elevation of 

about 1307 meters. Mean annual precipitation of this area is 35-41 cm, with growing 

season precipitation of 22-28 cm (Caprio et el., 1990). Soil was defined as Amsterdam 

silty clay loam (fine-silty, mixed Typic Haploborolls). The study site was fairly level, 

with slope < 1%. Soil is moderately well drained, with moderately slow permeability. 

Soil characteristics are given in Table 2.

Jensen Farm. Fort Ellis

The studies were located in a dryland field , on Fort Ellis Road off Bozeman Trail, 

approximately 6 km east of Bozeman, in Section 21, T2S, R6E with latitude 45.625
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Table 2. Soil characteristics of each study site.

Para- Depth Sites

meter cm Pasha Schultz Brenden Jensen

pH 0-15 7.0 7.9 7.4 6.9
15-30 6.8 8.3 7.7 7.3

/ 30-60 7.4 8.7 8.4 8.1
60-120 8.0 8.4 8.8 . 8.6

Textural 0-15 SiCL L SiCL SiL
class 15-30 SiCL CL SiCL SiCL

30-60 C CL SiL SiCL
60-120 CL L SiL SiL

NO3-N 0-15 21.9 46.4 2.1 2.8
mg kg"1 at 15-30 24.6 22.8 1.8 1.9
planting 30-60 5.4 2.0 1.0 1.4

60-120 2.3 2.1 0.5 2.5

EC 0-15 0.16 0.26 0.38 0.15
dsm"1 15-30 0.16 0.25 0.23 0.09

30-60 0.16 0.25 0.19 0.19
60-120 0.16 0.15 0.15 0.16

Water at 0-15 0.30 0.26 0.24 0.23
planting 15-30 0.28 0.24 0.20 . 0.19
gg"1 30-60 0.25 0.23 0.18 0.16

60-120 0.25 0.28 0.13 0.13

WHC/P
(cm) 18-20 23-25 18-20 20-23

Slope % 3-4 < I < I 1-2

MAST (0F) 42 47 45 42

Note: Si=Silt; C = clay; L=Ioam; EC= electrical conductivity, WHC/P=water holding

capacity per profile, MAST=mean annual soil temperature.



2 6

degrees north and longitude 111.025 degrees west. This area has 70-90 frost free days. 

It is at an elevation of about 1641 meters. Mean annual precipitation of the area is 50-76 

cm and growing season precipitation is about 33-40 cm (Caprio et al., 1990). Soil was 

classified as Farland silt loam (fine-silty, mixed TypiC Argiborolls) and has a slope of 

about 1-2%. Soil characteristics are given in Table 2.

Study Descriptions

Study No. I .

Effect of source, rate, and time of application of N on growth and yield of spring 

wheat under rainfed conditions.

The study design was a 2*4*4 complete factorial, randomized block with four 

complete replications. Main factors were: I) source of N (S), 2) rate of N (R), and 3) 

time of N application (T), as detailed below.

1. source of N (S)

i. urea, CO(NH2)2

ii. ammonium nitrate, (NH4NO3)

2. rate of N (actual N) (R)

I. 1992 II. 1993

i. 0 (control),

ii. 28 kg ha"1,

iii. 56 kg ha

iv. 84 kg ha"1.

i. 0 (control),

ii. 45 kg ha"1,

iii. 90 kg ha"1,

iv. 135 kg ha'1.
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3. time of application of N (T)

i. single application of all N at planting,

ii. 1/2 of N rate at planting, 1/2 of N rate at tillering.

iii. 1/2 of N rate at planting, 1/2 of N rate at heading.

iv. 2/3 of N rate at planting, 1/3 of N rate at tillering.

Details of treatment combinations are given in Appendix Table 18.

Study No. 2.

Effect of method of N fertilizer application on rainfed cereal grain yield and crop 

characteristics.

This study design was a complete factorial, randomized block with 4 replications. 

Main factors were: I) source of N (S), 2) method of N application (M), and 3) rate of 

N (R), as detailed below.

1. source of N (S)

i. urea, CO(NH2)2

ii. ammonium nitrate (NH4NO3)

2. method of application/incorporation of N (M)

i. broadcast and incorporate immediately prior to planting.

ii. deep band (below the seed) prior to seeding.

3. rate of N (actual N) (R)

:. 1992 II. 1993

i. 84 kg ha'1 i. 45 kg ha"1

ii. 90 kg ha"1

iii. 135 kg ha"1

Details of treatment combinations are given in Appendix Table 18.
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Field Plot Layout

Each experimental unit (plot) was 2 m wide and 12 m long. A uniform application 

of P, K, and S at the rates of 78 kg P ha'1 as P2O5, 45 kg K ha"1 as KCL, and 16.8 kg 

S ha"1 was broadcast and incorporated before planting. Pre-emergence herbicide Fargo 

was applied at a rate of 16.8 kg ha'1 and incorporated prior to seeding, for wild oat 

control. Hard red spring wheat, variety Newana, was planted with a Tye double disk drill 

on April 28, 1992 and May 14 and 22, 1993. The seeding rate was 67.2 kg ha'1. Each 

plot consisted of six rows of wheat 30 cm apart. The plots were harvested in early 

September in 1992; harvesting was delayed until mid-October in 1993 due to wet and 

cold weather. Harvesting operations were similar in 1992 and 1993. All plots were 

harvested with a small-plot combine. An 8-meter length of the four center rows in each 

plot were harvested. Sub-samples of grain from each plot were used to determine test 

weight, protein %, and 1000-grain weight.

Data Collected

The outside rows of each plot served as a buffer, thereby separating the harvested 

area of each plot from adjacent plots by two buffer rows.

I . Soil samples were collected from each site before planting and analyzed for 

soil NO3-N. Soil cores were taken in eight replicates from each site from the following 

depths; 0-15 cm, 15-30 cm, 30-45 cm, 45-60 cm, 60-90 cm, 90-120 cm, 120-150 cm. 

Data are presented in Table 2.
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2. Soil samples were collected for soil NO3-N analyses from the Schultz site at 

crop maturity. Samples were collected from three replicates of treatments I, 5, 6, I, 9, 

10, 11, 13, 14, 15, 18, 29, 30, and 31 (Appendix Table 19); sampling depths were 0-15 

cm, 15-30 cm, 30-45 cm, 45-60 cm, 60-90 Cm, 90-120 cm, 120-150 cm). Due to rain, 

samples could not be collected from any other site following harvest.

3. Seedling emergence per meter of row was counted approximately 15-20 days 

after initial emergence at all but the Brenden site to determine the effect of treatments 

on seed germination and emergence.

4. Crop phenological growth stage was determined (Large, 1954) at 15-day 

intervals, starting 20 days after seedling emergence in 1992 and at 25-day intervals, 

starting from 25 days after seedling emergence in 1993 and continuing until crop 

maturity:

5. Dry matter yield (biomass) was measured at 15-day intervals, starting 20 days 

after emergence in 1992 and at 25-day intervals, starting 25 days after emergence in 1993 

and continuing until the crop maturity.

6. Plant samples were collected at 15 and 25 day intervals, starting 20 and 25 

days after emergence in 1992 and 1993, respectively, and continuing until maturity; 

whole plant nitrogen was determined for plant samples collected at harvest by total-N 

determination procedure described by Cataldo et al., 1974.

7. Tiller counts were made at maturity by destructively sampling 10 plants from 

each plot in 1992 and all plants from a 40-Cm row length in 1993, to determine:

i) number of tillers 

ii) number of productive tillers
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8. Straw to grain yield ratio and grain to total dry. matter ratio were calculated 

from measurements of total biomass (dry matter), straw yield, and grain yield per plot, 

using the data from 1992.

9. Number of grains per panicle was determined for each plot in 1992, using a 

random sample of 20 heads per plot.

10. 1000-kemel weight of grain samples was determined from grain harvested 

from each plot in 1992.

11. Grain protein content was determined for the grain from each treatment, using 

an INFRATEC 1225 grain analyzer.

12. Grain test weight was determined for the grain sample from each treatment.

13. Grain yield was determined for each plot and reported in kg ha'1.

14. As an approximation only, crop water use efficiency was estimated from soil 

water content data between planting and harvesting. Data were collected and estimates 

made for selected treatments from the 1992 Schultz site. Soil samples were collected 

prior to planting and following crop harvest to determine changes in soil water 

percentage (data not presented).

Statistical Analyses

Statistical analyses of the data were completed using MSUSTAT (Lund, 1991). 

Separate analyses of variance were performed for the data from each study in both 1992

and 1993.
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CHAPTER 4

RESULTS AND DISCUSSION 

Plant Emergence

Results of analyses of variance of emergence data are presented in the Appendix 

(Table 20). The P-values reported in Table 20 are the probabilities of significance of 

differences in means due to treatment effects. Plant emergence data, measured as the 

number of plants emerged per meter of row on a specified day, as affected by treatments, 

are presented in Table 3.

The average number of seedlings emerged on the day of counting was less where 

urea was applied as the N source than where NH4NO3 was applied. This difference in 

plant emergence due to source of fertilizer N was significant at the Schultz site. Although 

plant emergence was lower at both the Pasha and Jensen sites where urea was applied 

rather than where NH4NO3 was applied, these differences in emergence were not 

significant.

Emergence increased with application of N. Application of 84 kg N ha"1 at the 

Pasha site caused a significant increase in plant emergence compared to the other N 

rates. At the Jensen sites all N applications resulted in a significant increase in plant 

emergence, compared to non-fertilized plots, although differences among N rates were



Table 3. Means of plant emergence as affected by source, rate, time of application, and method of application of N.

Sites

Source of Pasha Schultz Jensen
Variation Plants m"1

source of N
SI 25.42“ 20.13“ 26.02“
S2 26.42“ 21.45" 26.23“

rate of N
Rl 24.50“ 21.50" 21.25“
R2 25:53“ 19.31“ 26.25"
R3 25.69“ 20.28" 26.75"
R4 27.93" 22.06" 30.25=

time of application of N 
Tl 25.91“ 20.81“ 25.75“
T2 25.06“ 19.94“ 25.81“
T3 26.69“ 21.00“ 25.94“
T4 26.03“ 21.41“ 27.00“

method of application of N
Ml 24.13“ 21.63“ 27.00“
M2 28.25“ 20.63“ 26.88“

Note: Sl=urea; S2=NH4NO3; Rl =control; R2=28 kg N ha-1 and 45 kg N ha'1 for 1992 and 1993, respectively; R3=56 kg 
N ha'1 and 90 kg N ha"1 for 1992 and 1993, respectively; R4=84 kg N ha"1 and 120 kg N ha"1 for 1992 and 1993, respectively; 
Tl =Single application of all N at planting; T 2= 1/2 of N rate at planting and 1/2 of N rate at tillering; T3 = 1/2 of N rate at 
planting and 1/2 of N rate at heading; T4=2/3 of N rate at planting and 1/3 of N rate at tillering; Ml =broadcast and 
incorporate immediately before planting; M 2=deep band before planting. Means for a given source of variation followed 
by the same letter are not significantly different at the 0.05 level of probability, according to Student’s t test.
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not significant. At the Schultz site application of N at the rate of 28 kg ha"1 resulted in 

decreased plant emergence compared to the control. However, application of N at 56 kg 

ha'1 and 84 kg ha"1 were not significantly different from the control.

Comparison of plant emergence results from all sites revealed a consistent pattern 

of response in emergence due to N rate., i.e., generally, emergence increased with 

increasing N rate, although the increase was more evident on sites with initially low soil 

test N levels. A plot of emergence versus N fertilizer rate for all three sites where 

emergence was measured illustrates this trend (Figure 4).

a a

P a s h a  S c h u l t z  J e n s e n  

S i t e s

Figure 4. Effect of N rate on plant emergence.
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Neither N source nor time of N application caused consistently significant 

differences in emergence (Table 3).

Results of analyses of variance of emergence data from Study No. 2 are presented 

in the Appendix (Table 21). Results regarding the effect of source of N and rate of N 

agree with results from Study No. I. Method of application of N did not have any 

significant effect on plant emergence (Table 3).

Phenological Growth Stage

Results of analyses of variance of phenological growth stage (PGS) data are 

presented in the Appendix (Table 20). The means of PGS, recorded at different times, 

as affected by different treatments, are presented in Table 4.

The PGS was significantly advanced with application of N at all sites except at 

the Schultz site. The advance in PGS was significant at earlier stages but differences in 

PGS were not significant at crop maturity. Generally, PGS advanced with increasing N 

rates, although the increase was more evident on the Brenden and Jensen sites, which had 

low soil test N levels at planting time. The results from the first two observations are 

discussed here.

Application of N at the Pasha site resulted in a significant advance in PGS over 

the control treatment. However, there was no statistical difference in plant development 

among N rate treatments. All N applications at the Brenden site caused significant 

advances in plant development. Each increase in N rate advanced the plant growth stage. 

Although the difference in PGS among N rates was not significant in the first 

observation, Le., 25 DAE, the difference in PGS at 50 DAE was significant. Addition



Table 4. Means of phenological growth stage as affected by source, rate, time of application, and method of application

of N.

Sites

Pasha Schultz

Source of 
Variation

PGS 
20 DAE

PGS 
35 DAE

PGS 
20 DAE

PGS 
35 DAE

source of N 
SI 2.22" 3.95" 2.53" 4.30"
S2 2.34' 3.93" 2.57" 4.36"

rate of N
Rl 2.14" 3.67" 2.53" 4.25"
R2 2.27" 3.99" 2.54" 4.32"
R3 2.24" 3.98" 2.59" 4.36"
R4 2.27" 4.11", 2.54" 4.38"

time of application of N 
Tl 2.26" 3.91' 2.58" 4.38"
T2 2.15" 3.91" 2.50" 4.23"
T3 2.25" 3.93' 2.45" 4.36"
T4 2.25' 4.00" 2.58" 4.34"

method of application of N 
Ml 2.31" 4.08" 2.64" 4.33"
M2 2.25' 4.13" 2.49" 4.05"

Note: PGS =phenological growth stage; DAE=days after emergence; see footnote, Table 3 for explanation of treatments.



Table 4. continued.

Sites

BrendeU Jensen

Source of 
Variation

PGS 
25 DAE

PGS 
50 DAE

PGS 
25 DAE

PGS 
50 DAE

source of N 
SI 2.62' 8.50' 1.77' 6.97'

. S2 2.66' 8.52' 1.81' 7.02'

rate of N 
Rl 2.38' 8.08' . 1.60' 6.33'
R2 2.70" 8,39" 1.79" 6.89"
R3 2.73" 8.70" 1.85' 7.23=
R4 2.74" 8.88" 1.91" 7.53d

time of application of N 
Tl 2.66' 8.53' 1.80" 7.01'
T2 2.58' 8.52' 1.74' 7.05'
T3 2.68' 8.47' 1.80" 6.87'
T4 . 2,64' 8.52' 1.81" 7.06'

method of application of N 
Ml 2.75' 8.67' 1.87' 7.24'
M2 2.75' 8.71' . 1.95' 7.63'
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of N at the Jensen site resulted in a significant advance in PGS over the control. The 

advance due to N rate was linear at both observations. At the Schultz site N application 

advanced PGS but the advance was not significant.

Source and time of application of N had no significant effect on PGS (Table 4). 

However, PGS tended to be more advanced for NH4NO3 treatments than for urea 

treatments.

Results of analyses of variance of PGS data from Study No. 2 are presented in 

the Appendix (Table 21). The effects of source and rate of N on PGS agreed with the 

results from Study No. I. Method of application of N did not have any significant effect 

on PGS (Table 4).

Dry Matter Production

The results of analyses of variance of dry matter measured as dry matter weight 

(DMW) of above ground plant matter at different times during the growing season for 

all sites are presented in the Appendix for Study No. I (Table 20) and for Study No. 2 

(Table 21). The DMW means for the different treatments are presented in Table 5.

Different N sources caused significant differences in DMW at the Brenden and 

Jensen sites. Plots receiving NH4NO3 produced significantly more dry matter than plots 

treated with urea. The difference in DMW due to source of N was more pronounced at 

the early PGS than at the later PGS. At the Pasha and Schultz sites the differences in 

DMW due to N source were not significant.

Application of N at the Pasha site caused a significant increase in DMW over the 

control for all observation times. The average difference in DMW between the fertilized



Table 5. Means of dry matter weight as affected by source, rate, time of application, and method of application of N.

Pasha site

Source of 
Variation

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N
SI 1.28' 12.86' 79.53" 134.9" 167.4"
S2 1.33" .12.27" ' 75.48" 141.6" 173.7"

rate of N
Rl 1.23' 11.57" 62.57" - 127.0" 137.9"
R2 1.34^ 12.49* 79.81b 132.3". 159.9b
R3 1.34^ 12.59* . 82.04b 150.0b 184.8°
R4 1.30* 13.60b 85.61b 161.7b 201.8"

time of application of N
Tl 1.33b 12.67" 77.00" 149.2" 169.1"
T2 1.21" 11.74" 75.03" 141.6" 174.3"
T3 1.34b 12.27" 76.44" 137.4" 164.2"
T4 U S 6 13.57"

9O
O 142.9" 174.7"

method of application of N
Ml 1.36" 13.95" 84.38" 162.1' 206.5"
M2 1.36" 13.51" 85.85' 168.0" 188.5"

Note: DMW=dry matter weight (g); see footnote, Table 3 for explanation of treatments.



Table 5. continued.

Schultz site
Source of 
Variation

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N
SI 2.47" 22.57"

inOO
O 126.7" 145.9"

S2 2.58" 23.02" 84.94" 120.9" 147.1"
rate of N

Rl 2.49" 21.55" 72.03" 92.5" 108.5"
R2 2.52" 22.70" 83.35" 131.7" 150.2"
R3 2.60" 24.00" 87.20" 133.0" 160.2"
R4 2.49" 22.94" 87.64" 138.2" 167.1"

time of application of N 
Tl 2.57" 24.33" 85.07" 120.1" 145.5"
T2 2.41" 20.48" 81.89" 120.7" 142.5"
T3 2.54" 23.23"" 79.62" 126.8" 152.2"
T4 2.57" ,23.15"" 83.63" 127.7" 145.8"

method of application of N 
Ml 2.79" 23.43" 80.00" 114.0" 157.1"
M2 2.48" 18.04" 92.78" 136.0" 145.5"



Table 5. continued.

Brenden Site

Source of 
Variation

DMW 
25 DAE

DMW 
50 DAE

DMW 
75 DAE

DMW 
100 DAE

source of N
SI 4.78' 37.30' 101.6' 135.9'
S2 5.33" 38.43" 107.6" 143.2'

rate of N
Rl 2.00' 20.97' 59.5' 90.2'
R2 5.57" 31.76" 104.7" 132.8"
R3 6.19' 45.19' 120.4' 163.1'
R4 6.46" 53.53" 133.4" 172.0'

time of application of N 
Tl 5.45" 38.72' 110.7' 139.0'"
T2 4.85" 36.49' 102.2' 146.2"
T3 4.75' 37.60" 99.3' 132.5'
.T4 5.18' 38.65' 106.2" 140.4'"

method of application of N
Ml 6.59" 44.64" 127.8" 155.3'
M2 5.42' 42.55' 113.8' 150.4'



Table 5. continued.

Jensen Site

Source of DMW DMW DMW DMW
Variation 25 DAE 50 DAE 75 DAE 100 DAE

source of N
SI 1.32' 13.89* 56.55* 72.84*
S2 1.59b 13.62* 61.83" 72.34'

rate of N
Rl 0.99' 5.89* 33.22* 39.54'
R2 1.60cb 13.23" 58.32" 78.26"
R3 1.57b 15.98= 67.61= 88.14=
R4 1.66= 19.91" 77.62" 84.43="

time of application of N
Tl 1.51= 15.13= 56.92" 76.99"
T2 1.40* 13.99" 63.66= 74.46'"
T3 1.48"= 12.05* 53.73* 66.56*

. T4 1.44'b 13.86" 62.46= 72.72'"

method of application of N
Ml 1.78' 18.21* 64.79* 89.47*
M2 1.61* 18.61* 73.42* 93.27*
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treatments and control was 8 percent at earlier PGS while at maturity the difference was 

32 percent. At the earlier PGS the difference in DMW among N rates was not significant 

while DMW at maturity was directly correlated with N rate. Application of N at the 

Schultz site increased the DMW over the control although the increase at earlier growth 

stages was not significant. The difference in DMW due to N application was significant 

at 50 DAE and remained significant throughout the growing season. Each increase in N 

rate resulted in an increase in DMW but the difference in DMW among N rates was not 

significant.

Nitrogen application caused a significant increase in DMW over the control 

treatment at both the Brenden and Jensen sites and DMW differed significantly among 

N rate treatments. Comparison of DMW from all sites revealed a consistent pattern due 

to N rate., i.e., dry matter yield increased as N rate increased although the increase in 

DMW was more pronounced on sites with initially low soil test N levels.

Time of application of N had a significant effect on DMW at the Brenden and 

Jensen sites while differences in DMW due to time of application of N were not 

significant at the Pasha and Schultz sites. At the Brenden site application of all N at 

planting (Tl) resulted in significantly more dry matter at early plant growth stages than 

all other treatments. The split N treatment T2, where 1/2 of N rate was applied at 

planting and 1/2 of N rate was applied at tillering, resulted in significantly greater DMW 

at maturity than other treatments. Splitting N as 1/2 of N rate at planting and 1/2 of N 

rate at heading resulted in significantly less dry matter production than the other 

treatments. The effect of timing of N application on DMW was of the order of T2 > T4
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> Tl > T3. The effect of time of application of N on DMW at the Jensen site was the 

same as that at the Brenden site. However, there was no statistical difference in DMW 

due to time of application of N at the Pasha and Schultz sites.

The effects of N source and N rate on DMW in Study No. 2, presented in the
I

Appendix (Table 21), showed the same trends as found in Study No. I.

Method of application of N caused significant differences in DMW at earlier PGS 

at the Brenden site. Application of N by broadcasting and incorporating (Ml) before 

planting resulted in significantly greater DMW than deep banding N below seed (M2) 

before planting. The difference in DMW at maturity was not significant although DMW 

for the broadcast and incorporate treatment was greater than for the banding treatment. 

Method of application of N had no statistically significant effect on DMW at the Pasha, 

Schultz, and Jensen sites although Ml in most cases resulted in more DMW, compared 

to M2.

Tillering

Results of analyses of variance of counts of total number of tillers and fertile 

tillers are presented in the Appendix for Study No. I (Table 20) and for Study No. 2 

(Table 21).

Total Tillers

The mean total numbers of tillers for different treatments are presented in Table 

6. The total number of tillers (fertile + infertile) was greater where NH4NOj was the N

source than where urea was the N source. At the Brenden site the difference in total



Table 6. Means of total number of tillers as affected by source, rate, time of application, and method of application of N.

. Source of Sites

Variation Schultz Brenden Jensen

(I) (2) (2)
source of N

SI 82. OOa 69.86s 50.25s
S2 83.12a 73.94" 52.05s

rate of N
Rl 71.31s 56.75s 37.50s
R2 83.52" 65.88" 52.84"
R3 85.10" 78.47= 58.31°
R4 90.41" 86.50" 55.94="

time of application of N 
, Tl 82.63s" 74.19" . 51.72s

T2 89.32" 73.97" 51.88s
T3 78.61s 67.69s 50.66s
T4 79.72s 71.75s" 50.34s

method of application of N
Ml 86.01s 79.58s 56.46s
M2 71.81s 78.25s 53.33s

Note: ( I )= total number of tillers per ten plants; (2)=total number of tillers per 40 cm row length; see footnote, Table 3 for 

explanation of treatments.
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number of tillers due to source of N was significant, while at both the Schultz and Jensen 

sites, the differences in the number of tillers due to N source were not significant 

although tillering was greater with NH4NO3 application than with urea application.

Nitrogen application caused an increase in the total number of tillers at the 

Schultz, Brenden, and Jensen sites. The difference in number of tillers among N rates 

was not significant at the Schultz site. However, each increase in N rate resulted in a 

significant increase in total number of tillers at the Brenden and Jensen sites.

Although method of application of N did not result in any significant differences 

in number of tillers, time of application of N caused significant differences in total 

number of tillers at the Brenden and Schultz sites. The T3 split application treatment 

produced the least number of tillers. The difference in total number of tillers among T l, 

T2, and T4 was not significant. Differences in total number of tillers due to time of N 

application were not significant at the Jensen site.

Fertile Tillers

The mean numbers of fertile tillers for different treatments are presented in Table 

7. At the Brenden site a significantly greater number of. fertile tillers were produced 

where NH4NO3 was applied than where urea was applied. Differences in number of 

fertile tillers between N sources were not significant at either the Schultz or Jensen site.

Number of fertile tillers increased linearly with increase in the N rate at the 

Brenden site. All N applications at the Schultz and Jensen sites resulted in a significant 

increase in fertile tillers over the control treatment although the difference in number of 

fertile tillers among N rates was not significant.



Table 7. Means of number of fertile tillers as affected by source, rate, time of application, and method of application of N.

Source of Sites

Variation Schultz Brenden Jensen

(I) (2) (2)
source of N 

SI 58.31' 60.19' 33.58'
S2 59.62' 63.83" 35.97'

rate of N 
Rl 51.83' 47.50' 24.75'
R2 59.80" 56.53" 38.16"
R3 61.12" 69.09= 41.31"
R4 63.22" 74.91" 38.88"

time of application of N
Tl 59.10' 63.79" 37.16'"
T2 . 62.31' 63.25" 37.44"
T3 55.77' 58.59' 33.31'
T4 58.72' 62.41'" 35.19'"

method of application of N 
Ml 60.51' 69.21' 41.29'
M2 53.88' 66.92' 40.04'

Note: fertile=head bearing tillers. ( I)= fertile tillers per ten plants; (2)= fertile tillers per 40 cm row length; see footnote, 

Table 3 for explanation of treatments.
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Time of application of N also affected the number of fertile tillers. Application 

of 1/2 of the N at planting and 1/2 of the N at heading (T3) resulted in the least number 

of fertile tillers at all sites. The differences in number of fertile tillers due to time of N 

application were significant at the Brenden and Jensen sites while at the Schultz site the 

differences were not significant. The split N treatment effect on number of fertile tillers 

was of the order: T2 >_ Tl > T4 > T3. The relationship between number of fertile 

tillers and time of application of N is illustrated in Figure 5.

70

S c h u l t z  B r e n d e n  J e n s e n

S i t e s

Figure 5. Effect of time of application of N on number of fertile tillers per unit area.
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Comparison of the total number of tillers and number of fertile tillers at all of the 

sites revealed a consistent pattern of response in tillering due to N rate., i.e., generally, 

tillering increased with increasing N rate. The increase in number of tillers with 

increasing N rate was more evident at sites with initially low soil test N levels. The 

relationships between total tillers and N rate and number of fertile tillers and N rate for 

all three sites are illustrated in Figures 6 and 7, respectively.
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Figure 6. Effect of N rate on total number of tillers per unit area.
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Figure 7. Effect of N rate on number of fertile tillers per unit area.

Protein

Results of the analyses of variance of grain protein percent and harvestable protein 

from Study No. I and Study No. 2 are presented in the Appendix (Table 20 and Table 

21, respectively).

Grain Protein Percent

Mean grain protein percents for the various treatments are presented in Table 8. 

Grain protein percent was affected significantly by the application of N fertilizer (Figure 

8).



Table 8. Mean grain protein percentage as affected by source, rate, time of application, and method of application of N.

Sites

Source of Pasha Schultz Brenden Jensen
Variation Grain Protein %

source of N
SI 13.55' 12.75' 11.73' 10.95'
S2 13.59' 12.71' 11.78' 10.86'

rate of N
Rl 13.23' 11.26' 11.83"= 11.11"
R2 13.43'" 12.60" 11.55' 9.98'
R3 ■ 13.61" 13.41= 11.68'" 11.04"
R4 14.01° 13.65° 11.99° 11.49°

time of application of N 
. Tl 13.44' 12.41' 11.64' 10.67'

T2 13.59'" 12.91' 11.59' 10.84'
T3 13.76" 12.70' 12.17" 11.52"
T4 13.50' 12.90' 11.61' 10.61'

method of application of . N 
Ml 13.47' 13.53' 11.55" 10.52'
M2 13.24' 12.49' 11.31' 10.32'

Note; see footnote, Table 3 for explanation of treatments.
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P a s h a  S c h u l t z  B r e n d e n  J e n s e n  

S I t e s

Figure 8. Effect of N rate on grain protein percent.

Application of N at the Pasha site caused a significant increase in protein percent, 

compared to the control treatment. Each increase in rate of N caused a significant 

increase in protein percent. Data from the Schultz site were similar to those from the 

Pasha site. Application of N at the low level (R2) at the Brenden and Jensen sites caused 

a significant decrease in protein percentage compared to the control treatment and the 

other rates of N. Grain protein percentage was significantly increased by increasing the

N rate.
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Time of application of N had a significant effect on grain protein percentage 

(Figure 9).

P a s h a  S c h u l t z  B r e n d e n  J e n s e n

S i t e s
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Figure 9. Effect of time of application of N on grain protein percent.

Application of 1/2 of N rate at planting and 1/2 of N rate at heading (T3) 

increased protein percentage significantly, compared to all other treatments. There was 

no significant difference in grain protein percentage among other treatments. This trend 

was similar at all the sites.

Neither source of N nor method of application of N significantly affected grain 

protein percentage.
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Harvestable Protein

Mean harvestable protein for the various treatments is presented in Table 9. 

Application of N increased the harvestable protein significantly over the control at all the 

sites. The increase in harvestable protein was linear with respect to N rates. Figure 10 

shows the effect of N rate on harvestable protein.
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Figure 10. Effect of N rate on harvestable protein.

Time of application of N had a significant effect on harvestable protein at the 

Jensen site. Application of 1/2 of the N rate at planting and 1/2 of the N rate at heading 

caused a significant reduction in harvestable protein. Time of application of N did not 

have a significant effect on harvestable protein at the Pasha, Schultz, and Brenden site.



Table 9. Mean harvestable protein as affected by source, rate, time of application, and method of application of N.

Source of 

Variation

Sites

Pasha Schultz Brenden Jensen

Harvestable Protein (kg ha"1)

source of N
SI 522.8" 504.8' 299.2' 68.24'
S2 494.9' 517.6' 306.1' 69.66'

rate of N
Rl 442. Oa 383.8' 213.2' 29.95'
R2 479.6" 506.8" 283.9" 67.30"
R3 534.2° 553.8= 338.7° 87.83=
R4 579.6" 600.4" 375.Od 90.72=

time of application of N
Tl 511.2' 506.5' 309.0' 69.81"
T2 ' 507.6' 505.5' 302.2' .71.45"
T3 504.8' 513.9' 296.7' 63.65'
T4 511.8' 519.0' 302.9' 70.88"

method of application of N
Ml 543.4' 539.8' 330.7" 83.45'
M2 521.9' 499.7' 314.2' 90.72'

Note; see footnote, Table 3 for explanation of treatments.
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Neither source nor method of application of N significantly affected harvestable 

protein except at the Brenden site where broadcasting and incorporating nitrogen resulted 

in increased harvestable protein compared to where N fertilizer was deep banded prior 

to planting.

Test Weight

The results of analyses of variance of grain test weight data of Study No. I and 

Study No. 2 are presented in the Appendix (Table 20 and Table 21, respectively). The 

average grain test weight for each treatment is presented in Table 10.

Grain test weight differed significantly among N rate treatments (Figure 11). 

Application of N at R2 and R3 at the Pasha site significantly increased the test weight 

over Rl (control) and R4, although the difference in test weight between R2 and R3 was 

not significant. Application of N at the Schultz site caused a significant decrease in test 

weight. Test weight was greatest for the control treatment and decreased correspondingly 

with each increase in N rate. Application of N at level R2 at the Brenden site resulted 

in significantly greater test weight than the test weight of the other N treatments. 

Application of N at the Jensen site increased the test weight significantly, compared to 

the test weight of the control treatment. Test weight did not differ significantly among 

N rates.

In general, application of N in the 1992 studies did not increase the test weight 

while in 1993 application of N caused a significant increase of test weight. This 

difference in response between years was most likely due to differences in climatic 

conditions between 1992 and 1993 and the initial soil NO3-N levels.



Table 10. Mean test weight as affected by source, rate, time of application, and method of application of N.

Sites

Source of Pasha Schultz Brenden Jensen
Variation Test Weight (kg nr3)

source of N
SI 710.7= 778.2= 677.9= 607.3=
S2 711.6= 777.7= 679.0= 606.7=

rate of N
Rl 704.8= 781.3" 681.5"= 600.9=
R2 720.9" 778.0=" 685.6= 613.6"
R3 715.9" 777.1= 678.9" 607.9="
R4 703.2= 775.4= 667.6= 606.1="

time of application of N 
Tl 713.4= 777.5= 677.2= 606.6=
T2 708.0= 777.4= 678.9= 604.0=
T3 712.5= 777.6= 680.2= 608.1=
T4 710.8= 777.4= 677.2= 609.3=

method of application of N 
Ml 713.1= 774.3= 675.7= 608.5=
M2 721.4= 771.4= 681.3= 612.0=

Note; see footnote, Table 3 for explanation of treatments.
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Pasha  S c h u l t z  Brenden  J e n s e n  

S i t e s

Figure 11. Effect of N rate on test weight.

Neither source, time of application, nor method of application of N had any 

significant effect on grain test weight.

Yield

The results of analyses of variance of grain yields for Study No. I and Study No. 

2 are presented in the Appendix (Table 20 and Table 21, respectively). Mean grain yields 

for the different treatments are presented in Table 11.

Grain yield response to fertilizer N rates is shown in Figure 12. All N fertilizer 

applications at the Schultz, Brenden, and Jensen sites caused significant increases in



Table 11. Mean grain yield as affected by source, rate, time of application, and method of application of N.

Sites

Source of Pasha Schultz Brenden Jensen

Variation Yield (kg ha"1)

source of N
SI 3863" 3995" 2556" 626.3"
S2 3651" 4092" 2604" 645.9"

rate of N 
Rl 3343" 3419" 1805" 269.6"
R2 3583" 409 Ib 2464" 683.5"
R3 3948b 4197Cb 2906= 799.2=
R4 4154b 4468= 3146“ 792.0=

time of application of N
Tl 3816" 4138" 2658" 660.7"
T2 3737" 3929" 2614" . 661.8"
T3 3679" 4066" 2433" 548.3"
T4 3795" 4042" 2616" 673.3"

method of application of N
Ml 4062" 4056" 2961" 794.1"
M2 3949". 4196" 2777" 879.8"

Note; see footnote, Table 3 for explanation of treatments.
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P asha S c h u lt z  B re n d e n  J e n s e n  

S i t e s

Figure 12. Effect of N rate on grain yield.

yield. The yield response to N fertilizer decreased in magnitude with each successive 

increase in N fertilizer rate. The response of grain yield to N fertilizer was more evident 

on sites with initially low soil test N levels. Application of 135 kg N ha"1 (R4) at the 

Brenden site caused yield to increase 47 percent, compared to the yield of the control 

treatment. Application of N at level R3 and R4 at the Pasha site resulted in a significant 

increase in yield over the control and N level R2. Increasing N from 0 kg ha"1 to 84 kg 

N ha1 increased yield 24 percent.

Time of application of N caused significant differences in grain yield during 1993. 

The differences in grain yield during 1992 due to time of application of N were not
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significant. The relationship between grain yield and time of application of N is 

illustrated in Figure 13.

Pa sha  S c h u l t z  Brenden  J e n s e n  

S i t e s

Figure 13. Effect of time of application of N on grain yield.

Time of application of N had a significant effect on grain yield at sites with 

initially low soil test N levels. Application of 1/2 of N at planting and 1/2 of N at 

heading (T3) caused a significant decrease in yields at the Brenden and Jensen sites 

compared to all other treatments. Yield from the T3 treatment was lower than other 

treatments at the Pasha and Schultz sites but the differences were not significant. 

Application of all N at planting resulted in greatest yield followed by 1/2 of the N rate



at planting and 1/2 of the N rate at tillering, 2/3 of the N rate at planting and 1/3 of the 

N rate at tillering, and 1/2 of the N rate at planting and 1/2 of the N rate at heading, 

respectively.

Neither source of N nor method of application of N had a significant effect on 

grain yield at the Pasha, Schultz, and Brenden sites. However, at the Jensen site grain 

yield was significantly greater from the M2 treatment than Ml treatment.

Plant Nitrogen Percent

Results of analyses of variance of above-ground plant N percent are presented in 

the Appendix (Table 20). The means of plant N percent for the different treatments are 

presented in Table 12.

Application of N had a significant effect on plant N uptake. Nitrogen application 

at R2 caused a decrease in plant N percent compared to the control at all sites except the 

Pasha site. The whole plant N percent increased with each application of N fertilizer at 

the Pasha site. Generally, plant N percent increased at the R3 and R4 N rates but the 

differences were not significantly higher than the control. The N rate effect on whole 

plant N percent was more pronounced during 1993 where initial soil NO3-N level was 

low. At the Brenden and Jensen sites application of N at rates R3 and R4 significantly 

increased the N percent in above ground plant material over the R2 rate and control 

treatments.

Time of application of N did not cause any consistently significant differences in 

whole plant N percent. Source of N had no significant effect on plant N percent.



Table 12. Means of plant nitrogen percent as affected by source, rate, and time of application of N.

Sites

Source of Pasha Schultz Brenden Jensen

Variation N percentage

source of N 
SI 1.64' 1.69' 0.82' 1.02'
S2 1.77' 1.73' 0.98' 0.99'

rate of N
Rl 1.53' 1.13th 0.70' 0.89'b
R2 LSOb 1.53' 0.68' 0.78'
R3 1.75'b ' 1.72'b 1.05b 1.13bc
R4 1.74'b 1.85b LlTb 1.21'

time of application of N -

Tl LSOab 1.67' 0.89' 0.91'
T2 1.83b 1.65' 0.89' 1.12'
T3 1.61ab 1.73' 0.94' 1.00'
T4 1.58' 1.80' 0.88' 0,98'

Note; see footnote, Table 3 for explanation of treatments.



Other Variables

Data on grains head'1, grain weight, straw to grain ratio and grain to biomass ratio 

were collected from the Pasha and Schultz sites during 1992. Results of the analysis of 

variance of these data from Study No. I and Study No. 2 are presented in the Appendix 

(Table 20 and Table 21, respectively). The means for the different treatments are 

presented in Tables 13 and 14.

Differences in means of these parameters due to treatment effects were not 

significant at both sites except grain weight at the Schultz site. Differences in 1000 grains 

weight were significant for rates of N and method of application of N at the Schultz site. 

Application of N at 28 kg ha'1 resulted in highest grain weight while application of N at 

84 kg ha"1 resulted in the lowest grain weight. Broadcasted and incorporated N at planting 

resulted in significantly increased 100 grains weight compared to deep banding of N prior 

to planting.



Table 13. Means of grains/head and 1000 grain weight of two sites as affected by N source, rate, time of application and

method of application of N.

Sites

Source of Pasha Schultz Pasha Schultz

Variation Grains Head"1 1000 Grains Weight (g)

source of N 
SI 42.08* 34.47* 28.87* 39.71*
S2 42.48* 34.45* 28.91* 39.78*

rate of N
Rl 41.62* 34.00* 29.01* 39.71'"
R2 42.77* 34.09* 38.85* 40.31"
R3 43.61* 34.66* 29.25* 39.63'"
R4 42.03* 35.09* 28.46* 39.34*

time of application of N 
Tl 42.71* 34.66* 2 8 . 88' 39.74*
T2 41.17* 33.88* 28.80* 39.45'
T3 43.45* 35.09* 29.06* 39.93* .
T4 42.71* 34.22* 28.83* 39.86*

method of application of N 
Ml 43.25* 33.25* 28.92* 39.76"
M2 38.13* 34.38* 28.86* 38.95*

Note; see footnote, Table 3 for explanation of treatments.



Table 14. Means of straw to grain and grain to biomass ratio of two sites as affected by source, rate, and time of application

and method of application of N.

Sites

Source of Pasha Schultz Pasha Schultz

Variation StrawrGrain (g g ') GrainrBiomass (g g"1)

source of N 
SI 1.674» 1.083' .3819» .4821»
S2 1.713» 1.075» .3773» .4856»

rate of N 
Rl 1.623» 1.095» .3883» .4793»
R2 .1.742» 1.067» .3728» .4875»
R3 1.635» 1.075» .3843» .4852»
R4 1.772» 1.078» ' .3729» .4835»

time of application of N 
Tl 1.717» 1.053» .3753» .4897»
T2 1.685» 1.099» .3789» .4804»
T3 1.573» 1.061» .3936» .4881»
T4 1.798» 1.102» .3705» .4773»

method of application of N 
Ml 1.838» 1.117» .3631» .4749»
M2 1.849» 1.104» .3595» .4777»

Note; see footnote, Table 3 for explanation of treatments.
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CHAPTER 5 

MODELING

Multiple regression equations were developed to describe the relationship between 

N fertilizer management variables and grain protein percent, grain yield, and harvestable 

protein of dryland spring wheat.

Analyses of variance (Appendix Tables 20 and 21) revealed that neither the source 

of N nor the method of application of N had any significant effect on grain protein 

percent, grain yield, or harvestable protein. However, rate of N and time of application 

of N had significant effects on these parameters. The T3 time of application treatment 

resulted in yields and protein percent which were significantly different from the yield 

and protein resulting from the T l, T2, or T4 treatment. Consequently, prior to 

completing the regression analyses, the data were split into two groups with one subset 

containing data based on early application of all N and the second subset consisting of 

data based on delayed application of N. Hence, two Separate regression analyses were 

completed for each variable, one using the data from T l, T2, and T4 treatments and 

designated as Group I , and the second using the data from T3 and designated as Group

2. In each case, regression analyses were completed and predictive equations were 

developed for grain protein percent, harvestable protein, and grain yield based on N 

fertilizer rate; separate regression analyses were completed for data obtained from sites
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with initially high soil NO3-N test levels and for data obtained from sites which initially 

had low soil NO3-N test levels. These two data sets corresponded with data obtained 

from the studies conducted in 1992 and 1993, respectively.

. Potential Grain Yield Models

Multiple regression equations describing the relationship between grain yield and 

N treatment variables for the data sets designated as Group I and Group 2 and for studies 

completed in 1992 and 1993 are summarized in Table 15. Inspection of the individual 

plot data indicated that there was substantial variability in the data between 1992 and 

1993 and between the two study sites each year. For instance, the minimum and 

maximum yields for the two sites in 1992 were 2702 and 6174 kg ha"1 (Pasha site), and 

2330 and 5928 kg ha"1 (Schultz site), respectively. In contrast, in 1993, the minimums 

and maximums were 1534 and 3902 kg ha"1 (Brenden site), and 254 and 1077 kg ha"1 

(Jensen site), respectively.

In order to account for and minimize the disparity in the data from the four sites,

i.e., to establish a relatively uniform data set and account for the site-specific and year- 

to-year variability, the data from each site were normalized to the average maximum 

yield obtained at each site. This was done by initially determining the average maximum 

yield obtained from each site and then transforming each yield value to a fraction of this 

maximum yield. This procedure is commonly used and was previously reported in the 

literature (Bauder et al., 1975; Hanks, 1974). Hence, each dependent variable value used 

in the data base for regression analyses was something between 0 and 1.0.



Table 15. Multiple regression equations of estimated spring wheat grain yield as a function of N applied (as fertilizer).

Equation R2 F df

a. Group I, all N fertilizer applied prior to heading.
1992

I. YZYmax = 0.71 + 0.339*IO2(X) - 0.125*104(X)2 .53*" 25.24 45

1993

2. YZYmax = 0.42 + 0.926*10'2(X) - 0.415*10'4(X)2 .88*”  163.70 45

b. Group 2, fertilizer N split-applied between pre-heading and heading._______________________ _________
1992

3. YZYtnax = 0.77 + 0.403*IO2(X) - 0.215*104(X)2 .54*** 7.73 13

1993

4. YZYmax = 0.47 + 0.729*IO2(X) - 0.269*IO4(X)2 .88"' 48.23 13

Note: Y = estimated grain yield (kg ha"1); Ymax = average maximum yield obtained from all data for the specific study site 

(kg h a1); X = amount of N applied as fertilizer (kg ha"1); F = F  ratio for regression equation; *** significant at probability

level of 0.01.
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Analyses of variance of the regressions revealed that all the equations were 

significant at p = .01. Grain yield was directly correlated with N rate in all the cases. 

The percent of variation in grain yield that could be accounted for by the rate of N- 

fertilizer variables ranged from 53 to 88 percent. The R2 values for the regression 

equations of grain yield as a function of the N-rate variables were 0.53 to 0,54 for the 

results from studies completed in 1992. Similar equations based on response data 

obtained from the studies completed in 1993 had R2 values of 0.88. The low R2 values 

associated with the data from the 1992 sites were most likely the result of only minimal 

variation in yield and response to N fertilizer. The relatively minimal response to N 

fertilizer in 1992 was most likely a consequence of high initial soil N levels at both study 

sites.

As previously discussed, yield increased as the N fertilizer rate was increased. 

The largest positive response to addition of N fertilizer in the 1992 studies occurred 

between N rate I and 2. Each subsequent increase in the N fertilizer rate resulted in a 

smaller, positive yield response. Yield differed significantly among all of the different 

fertilizer N rates during the 1993 studies, even though the average yields were 

considerably less in 1993 than in 1992. This response was most likely a reflection of the 

initially low soil test N levels at both study sites in 1993.

As previously mentioned, average, minimum, and maximum yields differed 

substantially between 1992 and 1993. This difference was most likely a consequence of 

the combined effect of differences in growing season weather conditions and initial soil 

test N levels between 1992 and 1993. The 1992 growing season was warm; in contrast,
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the 1993 growing season was cold and wet. During 1992 planting was completed on 28th 

April while during 1993 planting was started on 14th May and completed on 20th May. 

Rainfall during 1993 growing season was about 80 percent more than the rainfall during 

1992. The 1993 growing season was exceptionally wet and cold being characterized as 

a I in 50 years occurrence.

Grain Protein Percent Models

Multiple regression equations of estimated grain protein percent as a function of 

N fertilizer rate for the previously designated Groups I and 2 are summarized in Table 

16. As with the grain yield data, the protein results were adjusted to account for site- 

specific and annual climatic variability by normalizing grain protein on the maximum 

protein percent measured for each site. Hence, the 1992 data were analyzed separately 

from the 1993 data.

All of the regression equations were significant at p = .01 except the equation 

describing protein response to N fertilizer in 1992 in Group 2; this equation was 

significant at p = .05. The R2 ranged from 0.36 to 0.52.

The regression equations reflect the responses observed in the field, Le., grain 

protein percent was less than the control at the low N rates and was greater than the 

control at the higher N rates at all sites. The decrease in protein percent at low N rates 

was statistically significant at the sites which had low soil NO3-N test. Le., the 1993 

studies. Application of N at heading increased the grain protein percent compared to the 

grain protein percent when the application of N was made at or before tillering.



Table 16. Multiple regression equations of estimated spring wheat grain protein percent as a function of N applied (as 

fertilizer).

Equation_______ _________________________ ___________________ _______  R2_______  F _____ df

a. Group I, all N fertilizer applied prior to heading.___________ __________________________________ ______

1992

1. YZYmax = 0.84 +  0.212*102(X) - 0.957*IO5(X)2 .50*** 22.08 45

1993

2. YZYmax = 0.97 - 0.172*IO 2(X) +  0.140*IO4(X)2 .36“ ’ 12.47 45

b. Group 2, fertilizer N split-applied between pre-heading and heading._________ ________________

1992

3. YZYmax = 0.87 + 0.229*IO2(X) - 0.112*IO4(X)2 .49" 6.14 13

1993

4. YZYmax = 0.93 + 0.322*IO'3(X) - 0.124*IO5(X)2 .52**’ 6.89 13

Note: Y = estimated grain protein %; Ymax = average maximum grain protein percent obtained from all data for the specific 

study site; X = amount of N applied as fertilizer (kg ha'1); F = F ratio for regression equation; **, *** significant at 

probability level of 0.01 and 0.05, respectively.
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. Harvestable Protein Models

Multiple regression equations of estimated harvestable protein (protein % * yield) 

as a function of N fertilizer rate for the previously designated Groups I and 2 and for 

the 1992 and 1993 data sets are presented in Table 17. R2 ranged from .74 to .90. All 

regression equations were significant at p = .01.

The estimated responses of harvestable protein (normalized to the maximum value 

for each site) indicate that the delayed time of application of N (Group 2) resulted in a 

significant decrease in harvestable protein, compared to early N application (Group I) 

in 1993. Coincidentally, the sites where this response was observed corresponded with 

initially low soil test N levels. However, delayed application of N resulted in more 

harvestable protein, compared to early application at sites with initially high soil test N 

levels i.e., the 1992 study sites, although the difference in harvestable protein between 

these two N management strategies was, not significant. Application of N fertilizer had 

a consistent effect on harvestable protein; as the rate of applied N was increased, the 

harvestable protein increased.



Table 17. Multiple regression equations of estimated spring wheat harvestable protein as a function of N applied (as fertilizer).

Equation__________________.______________________________________________ ___________ JF________ df

a. Group I , all N fertilizer applied prior to heading._____________________________________________________
1992

1. YZYmax = 0.65 + 0.453*IO2(X) - 0.146*IO4(X)2 .74“ * 65.39 45

1993

2. YZYmax = 0.41 + 0.740*10'2(X) + 0.273*104(X)2 .88*“ 165.42 45

b. Group 2, fertilizer N split-applied between pre-heading and heading._____________________________________
1992

3. YZYmax = 0.70 + 0.543*10'2(X) - 0.255*IO4(X)2 .76*** 20.20 13

1993

4. YZYmax = 0.44 + 0.712*10'2(X) - 0.235*104(X)2 .90*“ 56.75 13

Note: Y = estimated harvestable protein (kg ha4); Ymax = average maximum harvestable protein obtained from all data for 

the specific study site; X = amount of N applied as fertilizer; F = F ratio for regression equation; *** significant at 

probability level of 0.01.



7 4

CHAPTER 6

SUMMARY AND CONCLUSIONS

Two studies were conducted to characterize the effect of several N fertilizer 

management strategies on yield and quality of rainfed spring wheat grown in southwest 

Montana. The studies were conducted at two locations in both 1992 and 1993. The 

experiments were laid out as complete factorial, randomized block designs with four 

replications of each treatment. The purpose of Study I was to determine the effect of 

source, rate, and time of application of N on yield and quality of spring wheat while the 

purpose of Study 2 was to determine the effect of method of application of N on grain 

yield and quality of rainfed spring wheat. Study 2 was nested within Study I. Data from 

both studies were subjected to analyses of variance and step-wise multiple regression 

analyses to characterize the effect of different N fertilizer treatments on grain yield and 

quality and to develop prediction equations which can be used to enhance efficient N 

fertilizer management.

The rate and time of application of N fertilizer had a significant effect on the 

measured parameters. The effect of N fertilizer on yield arid protein percent was more 

pronounced in 1993 than in 1992; in 1993 each increase in N fertilizer rate resulted in
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significant increase in grain yield and protein content. Coincidentally, the 1993 studies 

were conducted on sites with initially low soil test N levels while the 1992 studies were 

conducted on sites with initially high soil test N levels. Very different growing season 

weather conditions between 1992 and 1993 made it impractical to accurately define the 

effect of soil test N level on wheat response to N fertilizer. Nitrogen application did have 

a significant effect on yield and protein compared to the control treatments in 1992, but 

in most cases on these sites which had initially high soil NO3-N test levels, differences 

among the N-rate treatments were not significant. Time of application of N had a 

significant effect on measured parameters. Split application of N between seeding and 

heading caused a significant decrease in number of tillers, grain yield, and harvestable 

protein. However, grain protein percent was significantly increased by application of N 

fertilizer at heading. This difference in grain protein percent was more pronounced in 

1993 where initial soil NO3-N level was low, and the growing season was characterized

by adverse weather conditions compared to 1992.
(

Source of nitrogen, either urea or NH4NO3, did not result in significant 

differences in any of the measured yield variables. However, plant emergence, plant 

development, dry matter production, and tillering were greater in treatments where 

NH4NO3 was applied as the source of N, compared to the treatments where urea was 

applied as the source of N. Method of application of N at time of seeding, i.e., 

broadcast and incorporated immediately or deep banding fertilizer, did not cause 

significant differences in the measured parameters.
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These studies have shown that:

1. Under the conditions experienced in Gallatin County during the study, the 

source of N i.e., urea or NH4NO3, had no significant effect on dryland spring wheat 

production;

2. Deep banding N fertilizer at planting or broadcast and incorporating N 

fertilizer immediately at planting produced similar results;

3. Nitrogen fertilizer should be applied on or before tillering for optimum crop 

growth and maximum yields. However, application of N at heading may help increase 

the grain protein;

4. Nitrogen rate affects wheat yield and other crop parameters significantly; 

consequently, the proper rate of N fertilizer must be applied at the proper time for 

optimum utilization of N and maximum yield;

5. During years of good growing season weather conditions and on high soil NO3- 

N test sites, application of N at heading (delayed) may result in increased grain protein 

percent and harvestable protein, whereas delayed application of N on low soil NO3-N 

sites or during years of adverse weather may result in loss of grain yield and harvestable 

protein.

The following regression equations were developed to estimate relative rainfed 

spring wheat grain yield (estimated yield as a fraction of the maximum harvestable yield 

at the location) in response to applied N fertilizer.
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A. All N fertilizer applied prior to heading;

i. 1992,

1. YZYmax = 0.71 + 0.339*10'2(X) - 0.125*10^(X)2

R2 = .53***

ii. 1993,

2. YZYmax = 0.42 + 0.926*10'2(X) - 0.415*1(M(X)2

R2 = .88***

B. Nitrogen fertilizer split-applied between pre-heading and heading.

i. 1992,

3. YZYmax = 0.77 + 0.403*10'2(X) - 0.215*10^(X)2

R2 = .54***

ii. 1993,

4. YZYmax = 0.47 + 0.729*10"2(X) - 0.269*104(X)2

R2 = .88"*

Where Y = grain yield measured in kg ha"1;

Ymax = historic or average maximum grain yield measured in kg ha"1;

X = amount of N applied as fertilizer in kg ha"1;

*** significant at probability level = 0.01.

These equations help define the response of dryland spring wheat in relatively 

high rainfall areas to applied N fertilizer. The R2 values for both conditions (soil NO3-N) 

indicate different degrees of fit. The higher R2 values for equations 2 and 4 were
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associated with the 1993 data, which were obtained from low soil NO3-N test sites and 

growing season weather conditions were somewhat adverse.

Models for predicting relative grain protein percent are listed below.

A. All N fertilizer applied prior to heading;

i. 1992,

5. YZYmx =  0.84 + 0.212*10'2(X) - 0.957*10-5(X)2

R2 = .50***

ii. 1993,

6. YZYmax = 0.97 - 0.172*10-2(X) + 0.140*1(M(X)2

R2 = .36***

B. Nitrogen fertilizer split-applied between pre-heading and heading.

i. 1992,

7. YZYmax = 0.87 + 0.229*10'2(X) - 0.112*10'4(X)2

R2 = .49**

ii. 1993,

8. YZYmax = 0.93 + 0.322* IO2(X) + 0.124*10-5(X)2

R2 = .52***

Where Y = grain protein percent;

Ymax = historic or average maximum grain protein percent;

X = amount of N applied as fertilizer in kg ha"1;

**, *** = significant at probability levels of 0.05 and 0.01, respectively.
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Models for predicting relative harvestable protein are listed below.

A. All N fertilizer applied prior to heading;

i. 1992,

9. YZYmax = 0.65 +  0.453*10"2(X) - O-MffteIO4(X)2

R2 = .74***

ii. 1993,

10. YZYmax = 0.41 + 0.740*102(X) + 0.273*lO4(X)2

R2 = .88***

B. Nitrogen fertilizer split-applied between pre-heading and heading.

i. 1992,

11. YZYmax = 0.70 + 0.543*10"2(X) - 0.255*IO^(X)2

R2 = .76***

ii. 1993,

12. YZYmax = 0.44 + 0.712*10"2(X) - 0.235*W(X)2

R2 = .90*"

Where Y = harvestable protein;

Ymax = historic or average maximum harvestable protein;

X = amount of N applied as fertilizer in kg ha"1;

*** significant at probability level = .01.
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Table 18. Treatment combinations.
(letters and numbers refer to factor and level of factor)

a. Study No. I (1992 and 1993),

Treatment # Combination

I SlR lT l
2 . S1R1T2
3 S1R1T3
4 S1R1T4
5 , S1R2T1
6 S1R2T2
7 S1R2T3
8 S1R2T4
10 S1R3T2
11 S1R3T3
12 S1R3T4
13 S1R4T1
14 S1R4T2
15 S1R4T3
16 S1R4T4
17 S2R1T1
18 S2R1T2
19 . S2R1T3
20 S2R1T4
21 S2R2T1
22 S2R2T2
23 S2R2T3
24 S2R2T4
25 S2R3T1
26 S2R3T2
27 S2R3T3
28 S2R3T4
29 S2R4T1
30 S2R4T2
31 S2R4T3
32 S2R4T4

Note

51 = urea;
52 = NH4NO3;
Rl = O kg N ha'1 (control);
R2 = 28 kg N ha1 for 1992 &

45 kg N ha"1 for 1993;
R3 = 56 kg N ha"1 for 1992 & . 

90 kg N ha1 for 1993;
R4 = 84 kg N ha"1 for 1992 & 

120 kg N ha1 for 1993;
Tl = application of all N 

at planting;
T2 = application of 1/2 of N rate 

at planting and 1/2 of N rate 
at tillering;

T3 = application of 1/2 of N rate 
at planting and 1/2 of N rate 
at heading;

T4 = application of 2/3 of N  rate 
at planting and 1/3 of N rate 
at tillering;
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Table 18. continued, 

b. Study No. 2.

Treatment # 

I. 1992

Combination

Note
Source

33 SlM l SI = urea
34 S1M2 S2 = NH4NO3
35 S2M1 Method
36

2. 1993

S2M2 M l = broadcast and 
incorporate 

M2 = deep band

N Rate
33 S1M2R1 1992
34 S1M2R2 84 kg N ha"1
35 S1M2R3 1993
36 S2M2R1 Rl = 45 kg N ha-1
37 S2M2R2 R2 = 90 kg N h a1
38 S2M2R3 R3 = 135 kg N ha"1
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Table 19. Details of treatments used for post harvest soil sampling for residual soil NO3- 
N at Schultz site during 1992.

Treatment # & detail Rl R2 R3

I. control 69

NO3-N kg ha"1 

44 34
5. urea, 28 kg N ha"1, all 

at planting 89 83 182
6. urea, 28 kg N ha"1, 1/2 of 

N rate at planting and 1/2 
of N rate at tillering 61 122 54

7. urea, 28 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at heading 80 56 84

9. urea, 56 kg N ha"1, all 
at planting 72 92 HO

10. urea, 56 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at tillering 94 87 86

11. urea, 56 kg N ha'1, 1/2 of 
N rate at planting and 1/2 
of N rate at heading 84 142 177

13. urea, 84 kg N ha"1, all 
at planting 125 172 160

14. urea, 84 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at tillering 89 54 90

15. urea, 84 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at heading 97 191 158

29. NH4NO3, 84 kg N ha"1, all 
at planting 151 195 126

30. NH4NO3, 84 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at tillering 77 127 152

31. NH4NO3, 84 kg N ha"1, 1/2 of 
N rate at planting and 1/2 
of N rate at heading 97 162 135



Table 20. P values of differences in dependent variables due to identified sources of variation for Study No. I, as determined 

from analysis of variance (ANOVA). 

a) Pasha site
DEPENDENT VARIABLES

SOURCE OF VARIATION DF Plants
Meter1

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N I .1683 .1407 .2938 .1555 .6255 .1968

rate of N 3 .0086*** .0315** .0934* .0000*** .0000*** .0000***

linear I .0015*** .0934* .0152" .0000*’* .0000*** .0000***

quad. I .3877 .0157’* .9388 .0176** .4957 .7629

cubic I .3541 .5889 .4938 .1995 .3840 .4417

source * rate 3 .0058*** .5979 .1732 .5544 .1962 .8408

time of
application of N

3 .4653 .0080"* .1323 .4175 .3667 .3829

source * time 3 .8072 .3286 .4941 .1582 .9429 .7955

rate * time 9 .0507* .0266" .3936 .3208 .0689* .2118

source * rate * time 9 .5481 .4859 .3007 .4720 .0697* .1227

Note: I) D F=degrees of freedom; 2) DMW=dry matter weight; 3) DAE=days after emergence; 4) P values followed by

***, **, or * are significant at the 99%, 95%, and 90% probability level, respectively.



Table 20. continued.

a) Pasha site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF PGS 
20 DAE

PGS 
35 DAE

StrawrGr
ain

Grain:
Biomass

1000
Grain Weight

Grains
Head1

source of N I .6998 .8083 .5684 .5428 .8587 .3800
rate of N 3 .0142” .0000*** .3043 .3424 .1409 .4858

linear I .0115” .0000” * .2631 .3026 .2561 .6346
quad. I .1101 .1216 .8976 .7828 .2013 .1610

• cubic I .1711 .0943* .1249 ,1388 .1080 .6267
source * rate 3 .3778 .2823 .8715 .6205 .3813 .4902
time of
application of N

3. .0530* .7349 .1386 .1569 .8748 .4059

source * time 3 .2164 .6136 .0626* .0660* .0392” .8019
rate * time 9 .0828* .1508 .3535 .3557 .7942 .6321
source * rate * time 9 .6371 .0442” .8583 .8051 .6628 .6569

Note: PGS = plant growth stage;



Table 20. continued.

a) Pasha site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF Grain Protein 
Percent

Test Weight Grain Yield Plant N 
Percent

Harvestable
Protein

source of N I .6422 .8130 .0416" .1319 .0345"

rate of N 3 .0000*" .0027*** .0000*** .1390 .0000***

linear I .0000"* .5796 .0000*** .1378 .0000***

quad. I .2398 .0000*" .8668 .1120 .7630

cubic I .5388 .4367 .5388 .3695 .6532

source * rate 3 .5270 .8889 .6061 .5925 .6419

time of
application of N

3 .0435" .7564 .7795 .0965* .9793

source * time 3 .9045 .6553 .3080 .0075*** .2336

rate * time 9 .3365 .9799 .3016 .0708* .2890

source * rate * time 9 .9765 .7524 .6331 .2937 .5644



Table 20. continued.

b) Schultz site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Plants
Meter1

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N I .0408** .1676 .6524 .1994 .2499 !8511

rate of N 3 .0142“ .7287 .3905 .0124“ .0000*** .0000***

linear I ;3559 .8546 .2237 .0030*** .0000*** „ .0000***

quad. I .0026*** .3763 .2716 ,1470 .0000*** .0052***

cubic I .4151 .4803 .5754 .8087 .0650* .2952

source * rate 3 .3084 .0996* .2565 .6451 .2722 .2397

time of
application of N

3 .4265 .4594 .0504* .7551 .6003 .7202

source * time 3 ' .2564 .5541 .8461 .9856 .7343 .1179

rate * time 9 .7874 .7061 .2159 .0107“ .0360“ .8737

source * rate * time 9 .4187 .8874 .8652 .5264 .8293 .8031



Table 20. continued.

b) Schultz site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF PGS 
20 DAE

PGS 
35 DAE

Straw:
Grain

Grain:
Biomass

1000
Grain
Weight

Tillers
Plant"1

Fertile
Tillers
Plant1

source of N I .4543 .2943 .7830 .5915 .7901 .6880 .6219

rate of N 3 .8002 .2987 .9020 .8353 .0448*’ .0001*** .0096*"

linear I .6480 .0623* .7164 .7206 .1049 .0000*** .0019***

quad. I .5468 .6826 .5672 .4494 .0707* .2465 .2396

cubic I .5141 .9791 .7407 .6968 .1289 .2721 .4908

source * rate 3 .9257 .3585 .8601 .8846 .9517 .3985 .5351

time of application of 
N

3 .5684 .2069 .4484 .4754 .5159 .0531* .3255

source * time 3 .3191 .8484 .8379 .8612 .3485 ,5503 .3887

rate * time 9 .1396 .7042 .6689 .6694 .6610 .6368 .9814

source * rate * time 9 .6466 .5482 .2168 .3107 .1864 .7905 .8416



Table 20. continued.

b) Schultz site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Grains
Head"1

Grain
Protein
percent

Plant N 
Percent

Harvestable
Protein

Test Weight Grain Yield

source of N I .9867 .8432 .7573 .3365 .7252 .4300

rate of N 3 .8259 .0000” * .2145 .0000*** .0228” .0000***

linear I .3607 .0000*** .2917 .0000*** .0029*** .0000***

quad. I .8546 .0036*** .1133 .0048*** .5272 .1012

cubic I .8875 .9595 .3507 .2046 .6224 .1807

source * rate 3 .9315 .7077 .2281 .7025 .8258 .4452

time of
application of N

3 .8108 .2017 .7790 .8734 .6997 .6777

source * time 3 .9381 .8508 .7934 .7979 .7005 .3289

rate * time 9 .9236 .6475 .4148 .3325 .4181 .1871

source * rate * time 9 .4249 .5400 .6111 .3772 .2389 .4636



Table 20. continued.

c) Brenden site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF DMW 
25 DAE

DMW 
50 DAE

DMW 
75 DAE

DMW 
100 DAE

source of N I .0000"* .0000*** .0000*** .0737*

rate of N 3 .0000"* .0000*** .0000*** .0000***

linear I .0000*** .0000*** .0000"* .0000*** .

quad. I .0000*** .0000*** .0000*** .0000"*

cubic I .0000*** .0000*** .0000*** .6153

source * rate 3 .0000*** .0000*** .0000*** .0466"

time of
application of N

3 .0000*** .0000*** .0000*** .1237

source * time 3 .0000*** .0000*** .2036 .9432

rate * time 9 .0000*" .0000*** .0017*" .1173

source * rate * 
time

9 .0000*** .0000*** .0314" .0094"*

100



Table 20. continued.

c) Brenden site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF PGS 
25 DAE

PGS 
50 DAE

Tillers/
40 cm Row

Fertile Tillers/ 
40 cm Row

source of N I .4419 .8054 .0280" .0262**

rate of N 3 .0000*** .0000*** .0000*** .0000***

linear I .0000*** .0000*** .0000*** .0000***

quad. I .0000*** .2586 .7654 .3204

cubic I .1558 .6280 .3283 .1569

source * rate 3 .5624 .8508 .0158" .0009***

time of
application of N

3 .3468 .9076 .0487** .1030

source * time 3 .1874 .7921 .8510 .9634

rate * time 9 .1960 .0493" .1501 .2346

source * rate * 
time

9 .6620 .2160 .0489" .0074***

101



Table 20. continued.

c) Brenden site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF Grain
Protein Percent

Test
Weight

Grain
Yield

Plant N 
Percent

Harvestable
Protein

source of N I .4268 .6158 .2529 .1050 .1331

rate of N 3 .0000*" .0000*** .0000*** .0005*** .0000***

linear I .0729* .0000*** .0000*** .0000*’* .0000***

quad. I .0000*** .0012*** .0000*** .6202 .0000***

cubic I .2816 .5617 .9340 .1959 .9018

source * rate 3 .9649 .8355 .6861 .9322 .5985

time of
application of N

3 .0000*** .7523 .0012*** .9636 .3078

source * time 3 .7007 .2880 .2466 .1280 .2162

rate * time 9 .0026*** .6613 .1504 .6313 .2124

source * rate * 
time

9 .7354 .8541 .0671* .5171 .1299
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Table 20. continued.

d) Jensen site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Plants Meter"1 DMW 
25 DAE

DMW 
50 DAE

DMW 
75 DAE

DMW 
100 DAE

source of N I .6807 .0000*** .4328 .0000*** .8656

rate of N 3 .0000*" .0000’’* .0000*** .0000*** .0000***

linear I .0000*** .0000*** .0000*** .0000*** .0000*’*

quad. I .1603 . .0000’’* .0000*** .0000*** .0000***

cubic I .0021*** .0000*** .0000*** .0000*** .2564

source * rate 3 .0149** .0000*** .6551 - .0003*** .1557

time of
application of N

3 .3020 .0029*** .0000*** .0000*** .0882*

source * time 3 .7123 .0315** .7305 .2531 .5470

rate * time 9 .0976 .0712* .0015*** .0002*** .5674

source * rate * 
time

9 .4296 .0464** .7076 .3447 .9840
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Table 20. continued.

d) Jensen site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF PGS 
25 DAE

PGS 
50 DAE

Tillers/
40 cm row

Fertile
Tillers/
40 cm row

source of N I .0918* .4550 .3567 .7790

rate of N 3 .0000*** .0000*** .0000*** .0000***

linear I .0000*** .0000*** .0000*** .0000***

quad. I .0048*** .0764* .0000*** .0000***

cubic I .1578 .5648 .8154 .5451

source * rate 3 .7219 .1544 .6626 .3276

time of
application of N

3 .1004 .2449 .9266 .1322

source * time 3 .8686 .8774 .7236 .6729

rate * time 9 .1468 .0802* .2853 .7433

source * rate * 
time

9 .7524 .2641 .8951 .8718
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Table 20. continued.

d) Jensen site

DEPENDENTS VARIABLES

SOURCE OF 
VARIATION

DF Grain Protein 
Percent

Test Weight Grain
Yield

Plant N 
Percent

Harvestable
Protein

source of N I .3119 ,8092 .1645 .8163 .3100

rate of N 3 ,0000*" .0132" .0000*** .0276** .0000***

linear I .0000"* .3851 .0000*** .0108" .0000***

quad. I .0000*** .0088*** .0000*** .4162 .0000***

cubic I .0000*** .0688* .0063*** .1508 .8953

source * rate 3 .9011 .7326 .0508* .4251 .0204**

time of
application of N

3 .0000*** .5698 .0000*** .6247 .0004***

source * time 3 .2016 .6591 .7093 .2042 .3703

rate * time 9 .0004*** .0008*** O O i .5092 .1092

source * rate * 
time

9 .0537* .3049 .8322 .2908 .7572
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Table 21. P values of differences in dependent variables due to identified sources of variation for Study No. 2, as determined 
from analysis of variance (ANOVA).

a) Pasha site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Plants
Meter"1

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N I .8155 .2175 .9236 .0234" .4598 .7267

method of N application I .1472 .9836 .7830 .8766 .7837 .3142

source * method I .6755 .2936 .8277 .8667 .1171 .0768*

Table 21. continued, 

a) Pasha site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF PGS 
20 DAE

PGS 
35 DAE

Grains
head"1

1000 Grains 
Weight

Straw:
Grain

Grain:
Biomass

source of N I .0709* .3887 .5139 .4784 .0809* .0477**

method of N application I .6644 .8004 .1357 .9532 .9481 .8661

source * method I .1829 .8460 .2736 .4934 .6155
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Table 21. continued.

a) Pasha site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Test Weight Grain Protein 
Percent

Grain
Yield

Harvestable
Protein

source of N I .4913 .4364 .6607 .8180

method of N application I .3231 .3618 .7161 .5972

source * method I .3055 .8710 .4809 .5107

Table 21. Continued.

b) Schultz site
DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Plants
Meter1

DMW 
20 DAE

DMW 
35 DAE

DMW 
50 DAE

DMW 
65 DAE

DMW 
80 DAE

source of N I .5588 .3761 .5613 .7107 .4206 .1172

method of N application I .6951 .4393 .1543 .2557 . .1475 .4761

source * method I .6251 .5401 .6841 .5384 .3361 .1660
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Table 21. continued.

b) Schultz site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF PGS 
20 DAE

PGS 
35 DAE

Tillers
Plant"1

Fertile
Tillers
Plant"1

Straw:
Grain

Grain:
Biomass

Grains
Head"1

source of N I .6369 .5412 .5894 .1457 .6862 .6431 .2618

method of N 
application

I .3652 .1147 .1811 .3216 .8659 .8603 .6202

source * method I .1610 .1468 .4096 .2319 .1849 .2174 .0209”

Table 21. continued, 

b) Schultz site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF 1000
Grain Weight

Test Weight Grain Protein 
Percent

Grain
Yield

Harvestable
Protein

source of N I .4997 .7881 .3808 .5791 .7902

method of N application I .0746* .4275 .1885 .8551 .2715

source * method I .2005 .0295** .8688 .9610 .7452
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Table 21. continued.

c) Brenden site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF PGS 
25 DAE

PGS 
50 DAE

DMW 
25 DAE

DMW 
50 DAE

DMW 
75 DAE

DMW 
100 DAE

source of N I .4907 .3246 .0000*** .0422** .0000*** .1676

method of N 
application

I .0000’" .7410 ■ .0000*** .0000*** .0000*** .5102

source * method I .5543 .7410 .0000*** .0000*** .0284** .6627

rate of N 2 .2214 .0005*** .0000*** .0000*** .0000*** .0001***
linear I .0972* .0000*** .0000*** .0000*** .0000*** .0000’**
quad. I .6254 .2965 .7638 .1603 .3158 .1035

source * rate 2 .5807 .0260** .0000*** .0006*** .0006*** .0469**

method * rate 2 .2979 .0952* .0006*** .0247** .4258 .3663
source * method * 
rate

2 .5153 .8242 .0000*’* .0000’** .0111** .1208
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Table 21. continued.

c) Brenden site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Tillers/
40 cm Row

Fertile
Tillers/
40 cm Row

Test
Weight

Grain
Protein
Percent

Grain
Yield

Harvestable
Protein

source of N I .1781 .2448 .7409 .5156 .5544 .0068'"

method of N 
application

I .7370 .4977 .4798 .0180" .0020"* .0469"

source * Method I .9163 .4672 .3719 .4369 .3328 .4113

rate of N 2 .0001*** .0001*** .0031"' .0043"* .0090*** .0000***

linear I .0000*** .0000*** .0011*** .0011*** .0056"' .0000*"

quad. I . .4462 - .2861 .3275 .6891 .1551 .3193

source * rate 2 .2030 .0346 .4105 .6100 .7444 .4809

method * rate 2 .5848 .7048 .0666* .1531 .0025 .3771

source * method * 
rate

2 .1591 .0895* .4931 .6195 .5495 .4148
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Table 21. continued.

d) Jensen site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Plants
Meter1

PGS 
25 DAE

PGS 
50 DAE

DMW 
25 DAE

DMW 
50 DAE

DMW 
75 DAE

DMW 
100 DAE

source of N I .2741 .8965 .1255 .0029*** .1785 .0194" .5337

method of N 
application

I .6662 .0180** .0000*** .1812 .5760 .0000*** .5022

source * method I .8104 .0978* .0788* .2080 .0121" .9583 .4662

rate of N 2 .0048*** .0014*** .0000*** .0385" .0000*" .0000*" .0005***

linear I .0848* .0068*** .0000*** .0196" .0000*** .0000"* .0000***
quad. I .0042"' .0089*** .4471 .2842 .5468 .3953 .1853

source * rate 2 .0239** .2847 .0658* .5927 .7402 .4515 .4009

method * rate 2 .6971 .3450 .0709* .7839 .1640 .6192 .0806*

source * method * 
rate

2 .2327 .7614 .3396 .7991 .2205 .4166 .1855
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Table 21. continued.

d) Jensen site

DEPENDENT VARIABLES

SOURCE OF 
VARIATION

DF Tillers/ 
16" Row

Fertile Tillefs 
/16" Row

Test
Weight

Grain 
Protein %

Harvestable
Protein

Grain
Yield

source of N I .9389 .7492 .7409 .0048*** .0181" .2300

method of N 
application

I .2552 .5497 .4798 .1806 .0321" .0235"

source * method I .6795 .9681 .3719 .0038*" .1242 .6272

rate of N 2 .0000*" .0024*** 8 U
>

t—
i ; .0000*** .0000*** .0004***

linear I .0000*" .0044*** .0011*** .0000*** .0000*** .0000***

quad. I .0634* .0292" .3275 .3710 .1391 .0753*

source * Rate 2 .4145 .8069 .4105 .2579 .9671 .9223

method * Rate 2 .4321 .0129" .0666* .0008*** .0529* .0113"

source * method * 
rate

2 .1194 .0486" .4931 .0879* .4874 .6841
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