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Accurate assessment of nitrogen (N) fertilizer requirements could result in

significant economic savings for winter wheat (Triticum aestivum) producers in western

Oregon. Soil supplied N plays an important role in crop growth. Efficient N

management utilizes soil N as much as possible, adding fertilizer N to enhance crop

growth when necessary. On-farm trials were conducted to measure yields of soft white

winter wheat resulting from soil supplied N and from added fertilizer N in four crop

rotations commonly found in this region: wheat following tall fescue (Festuca

arrundinacea), maize (Zea mays), pea (Pisum sativum), and clover (Trifolium pratense).

A different rotation was studied at each of four different experimental sites.
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A control plot and three fertilizer rates were used at each site and replicated three

times. Soil nitrate (NO3) and ammonium (NH4+) nitrogen were measured in 30 cm

increments to a depth of 120 cm four times during the growing season: at planting, mid-

winter (Feekes GS 2), spring fertilization (Feekes GS 4), and post-harvest. Mineralizable

N was measured in the top 60 cm of soil at the same time intervals using a 7 day

incubation period.

Initial soil NO3-, NH4+, and mineralizable N showed considerable variation across

rotations. By time spring soil tests were taken, over-winter precipitation had leached NO3

from the top soil layers, leaving less than 25 kg ha-1 in the top 30 cm of soil in all

rotations. Mineralizable N measured in the spring was between 48 and 106 kg ha' across

rotations.

Grain yields for all rotations were above average for unfertilized and fertilized

treatments, due to optimum growing conditions during the year this research was

conducted. Yields from unfertilized treatments were 5.8 to 9.1 Mg hat. Mineralizable N

had a significant influence on total N uptake by the above ground biomass and on grain

yield in unfertilized treatments. Rotations where mineralizable N was highest prior to

fertilization had generally higher yields in fertilized treatments.

All rotations showed a moderate to high response to nitrogen fertilizer. Significant

increases in grain yield were found in each rotation with the first added increment of N

fertilizer. Additional amounts of N fertilizer increased yields but less so than with the first

increment. Plateau yields were not fully reached in any of the rotations.
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Nitrogen Fertilization of Winter Wheat Grown
in Four Rotations in Western Oregon

Introduction

Winter wheat is grown in rotation with a variety of crops on approximately

60,000 hectares in western Oregon. More than 90% is soft white winter wheat

(SWWW). Wheat is used in rotations to break disease cycles, to take advantage of

available nutrients, to allow for replenishment of nutrient reserves depleted by previous

crops in rotation, and to break weed cycles. Past research resulted in guidelines for

nitrogen (N) fertilization of winter wheat in western Oregon (Hart et al., 1992).

Recommendations are based in part on crop rotations used and vary from 67 to 200 kg

ha-' across all rotations. Within rotations, N rate recommendations fall within a 45 kg

ha-1 range.

Growers and fertilizer field representatives noted significant differences in

growth and yield of wheat from field to field and year to year across rotations. Within

rotations, variation has also been observed, even where field management history is

similar. Growers and industry would like to more accurately determine N fertilizer

rates needed for different rotations and for specific situations within rotations.

Normally, heavy precipitation during the winter months in western Oregon

leads to loss of nitrates from the upper soil horizons as a result of leaching and

denitrification. Residual nitrogen from previous crop residues or applied fertilizers

may contribute to the following crop, but estimates of residual nitrogen contributions
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are variable. Kjelgren (1984) estimated that 10 to 31 % of residual N was lost through

leaching or denitrification of NO3 .

Producers apply the bulk of fertilizer in the spring to avoid leaching from winter

rains and to provide N when crop uptake is greatest and necessary for rapid plant

growth. High demand for N by the wheat plant occurs in early spring, before

environmental conditions are favorable for mineralization of organic soil nitrogen that

may contribute to crop growth. An accurate assessment of how much residual N is

present in the soil and available to the plant at this time is necessary if producers hope

to make adjustments to traditional N fertilizer rates.

The movement of residual nitrogen through soils in western Oregon during the

winter months is cause for concern as it may increase nitrate levels in groundwater.

Past studies monitored nitrate-nitrogen (NO3-) in discharge waters within western

Oregon watersheds. Estimated variable losses of nitrogen from wheat fields within

watershed boundaries were 14 to 63 kg N/ha (Harward et. al., 1981; Owre, 1980;).

The amount of NO3 leached from wheat fields depends upon the amount of water

moving below the rooting zone and the concentration of NO3- in the water (Kjelgren,

1984). The concentration of nitrates is influenced by the amount of inorganic fertilizer

N remaining in the soil at harvest and the rate of mineralization of organically bound

nitrogen. Enhancing producers ability to avoid over-fertilization of wheat would play

an important role in reducing NO3 levels in groundwater sources.

Accurate assessment of N fertilizer requirements could result in significant

economic savings for growers. Rather than apply N fertilizer as 'insurance' in case soil
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N resources are not adequate, growers could adjust N rates to account for available soil

N if it could be accurately measured. Scharf (1993) used tissue tests to measure the

effect of soil N on wheat in Virginia. They found the relationship between wheat tissue

N content and optimum N rate to be useful in adjusting N fertilizer rates. An economic

analysis of these experiments found that N rate recommendations based on tissue tests

increased profits by an average of $36 hal compared to traditional N recommendations

Where high levels of soil N are carried over from a preceding crop, growers could

'credit' it to use for the subsequent wheat crop. If N resources were found to be below

normal, growers could increase N rates to compensate and ensure an economically

viable wheat crop.

Predicting N needs for wheat in humid regions of the U.S. has proven difficult.

Current N fertilizer guidelines for wheat in western Oregon allow for a wide range of

soil types, management decisions, and environmental conditions. This study was

intended to gather information that would help growers and advisors making N

fertilizer recommendations for this region. The objectives of this study were:

(a) To examine the relation between soil test data and yields as a possible tool for

predicting N fertilizer requirements.

(b) To measure amounts of soil mineral N to a depth of 120 cm at regular intervals

throughout the growing season in four different crop rotations.

(c) To measure yields of soft white winter wheat resulting from different amounts

of soil residual N and from added N fertilizer.
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Nitrogen is an essential component of wheat production in all environments.

An optimum amount of N is necessary to ensure healthy plant growth and economic

grain yields. Less than optimum N can prevent the plant from generating enough dry

matter to produce and support desired grain yields. An excess of N can produce plants

that are susceptible to lodging and disease, resulting in decreased yields and increased

costs to the producer. An excess of N can also be a source of groundwater

contamination. The optimum amount of N necessary to produce a healthy stand of

wheat and an economically viable yield will vary from site to site.

Nitrogen for the developing wheat plant is obtained from two basic sources, that

which is already present in the soil and that which is applied to the crop as fertilizer.

An understanding of the nature of soil N and the role it plays in crop development will

enable producers to make more efficient and economic use of fertilizer applied N.

Application of fertilizer N is often necessary to supplement soil supplied N in

commercial cropping systems. The amount of fertilizer N necessary will vary

depending on yield desired and the N supplying capacity of the soil. A comprehensive

N management program will seek to utilize soil N as much as possible, incorporating

fertilizer N only to raise N levels to the critical amount needed to obtain expected

yields.



During the past century, researchers developed various methods for measuring

soil nitrogen available for crop production. They also tried to measure, less

successfully, the amount of soil N that may become mineralized and available to the

crop during the growing season. They attempted to define critical N levels necessary

for desired yields so appropriate amounts of commercial fertilizers can be used

efficiently.

The effects of N in various forms on development of the wheat plant led

researchers to develop different methods with which to evaluate those effects. An

understanding of uptake and distribution of N to various plant parts enables producers

to make informed decisions concerning timing and rate of N fertilizers. The

relationship between nitrogen and grain protein, and the effect environment has on this

relationship, also influences N management decisions.

Soil Nitrogen Pools

N Sources for Soil N Pools

5

The primary input of nitrogen into undisturbed systems is via N fixation.

Atmospheric N2 is fixed in soils by bacteria that live symbiotically on the roots of

legumes and certain non-leguminous plants. The most important of these bacteria,

from an agricultural standpoint, are the Rhizobium sp. Many species of Rhizobium

exist, and each require a specific host plant. The correct species of Rhizobium, in

combination with well nodulated plants, may fix 75 percent of the total nitrogen needed



6

for plant growth. Legume plants provide the Rhizobium with photosynthate and a

controlled oxygen environment.

Nitrogen can also be fixed in soils by free living microorganisms. Blue-green

algae fix nitrogen in amounts of significant economic importance in tropical climates,

particularly where paddy rice is grown. A variety of autotrophic bacterium fix soil

nitrogen, but their effectiveness is limited by soil moisture and available energy

sources. Steyn and Deliriche (1970), in a study of California soils, found that these

non-symbiotic organisms fix no more than about 5 kg of nitrogen per hectare per year

under the most favorable conditions.

Atmospheric nitrogen is also returned to the soil by rainfall and by adsorption of

ammonia gas from the air. The amount of N returned to earth via rainfall is estimated

between 1 and 20 kg annually (Tisdale et al., 1985), depending on location. Lab

studies of 6 soils in New Jersey determined that from 20 to 25 kg of ammonia per acre

were adsorbed annually. Ammonia comes primarily from industrial sites where it is

used or manufactured.

Mineralizahle N Pool

More than 90 percent of soil N in surface soils occurs in the organic form

(Tisdale et al., 1985 ). Nitrogen in the organic pool is largely considered to be

unavailable for uptake by the crop, but researchers have long been aware that a small

percentage of organic N is mineralized in the course of the growing season and can

significantly contribute to crop nitrogen requirements. Frap (1908) evaluated a
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biological incubation process and concluded that the production of active N (NO3 -N

plus NH4+-N) in soil could probably be developed into a method for predicting N

fertilizer rates. Harper (1984) and Power and Doran (1984) estimated the

mineralization process converts from 1 to 3 percent of the total organic N in soils to

inorganic N annually

In humid regions, only a small fraction of the total soil N exists in inorganic

form (Roth, 1987). A model that would accurately predict the amount of N

mineralized to available forms during the growing season would greatly assist

producers in making decisions concerning N fertilizer rates. Developing such a model

has proven difficult. The size and concentration of the organic pool will determine the

amount of N mineralized (Stanford and Smith, 1972). Microbial activity, soil

temperature, moisture, aeration, and residue composition will affect the rate of N

mineralization (Rice and Hav lin, 1994).

Microbes in the soil use organic residue as an energy source and release N in

the process. Microbial activity is regulated by soil temperature and moisture. Cycles

of wetting-drying and freezing-thawing stimulate N mineralization. Temperature and

moisture fluctuations break down soil aggregates, making organic material more

accessible to microbes (Seneviratne and Wild, 1985; Spar ling and Ross, 1988). West

et al. (1992) found that rewetting of soil stimulates microbial activity, increasing N

mineralization. Breakdown of soil aggregates by tillage also increases N

mineralization. Rice et al. (1987) found lower mineralization rates in no-tillage and

reduced tillage systems.
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Stanford et al. (1973) found that the mineralization rate doubled with each 10° C

increase in temperature (Q10=2), up to 35°, where maximum N mineralization

occurred. Other researchers (Ross and Bridger, 1978; Tabatabai and Al-Khafaji, 1980)

report a wide variation in Q10 values. Recent research (Honeycutt,1994) proposes that

thermal units (degree days) may be used to predict N mineralization. Thermal units

would take into account the effect of soil temperature over time on the mineralization

process.

Optimum soil moisture for N mineralization is between -0.01 and -0.03 MPa

(Myers et al., 1982; Doel et al., 1990). Linn and Doran (1984) reported optimal

microbial activity for N mineralization when about 60% of pore space was water-filled.

Greater than 60% saturation resulted in anaerobic microbial activity. Mineralization

under anaerobic conditions is slower than under aerobic conditions.

Much of the research relating to mineralization of organic N has been done in

the laboratory. A variety of chemical extractants have been used to leach N from soil

samples. Nitrate, ammonium, and total N can then be analyzed from the leachate.

Chemical extractant procedures have not calibrated well with field estimates of N

mineralization and development of a reliable chemical extractant method seems unlikely

(Rice and Havlin, 1994).

A variety of incubation and green house procedures have also been used to

determine N mineralization. Mineralization determined from aerobic or anaerobic

incubations are highly correlated to N uptake measured in green house experiments

(Stanford, 1982), but mineralization from incubations is not well correlated to N uptake
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estimated from field experiments (Fox and Piekielak, 1984). Incubation procedures

attempt to replicate microbiological processes that occur in the field. The most notable

disadvantage of incubation processes is the inability to account for fluctuating

temperature and moisture regimes present under field conditions.

Several approaches for measuring mineralizable N in the field have been used.

Magdoff et al. (1984) developed a presidedress soil nitrate test for corn that includes

mineralized N to a specific growth stage. Nitrogen fertilizer recommendations are

made based on the presidedress test. This test works well for corn, but is not practical

for winter wheat, which requires N earlier in the growing season before temperatures

have warmed to stimulate N mineralization. A measurement of potentially

mineralizable N is needed early in the growing season to predict the total N supplying

capacity of the soil and the required rate of N fertilizer.

Plant sampling is the most precise method of mineralizable N evaluation and is

the standard by which other procedures are compared (Rice and Hav lin, 1994).

Nitrogen uptake is measured on control plots and includes both inorganic and

mineralized N. Mineralized N is the difference between total N uptake and the change

in organic N in the soil profile over time (i.e. from fertilization to harvest). Plant tests

for quantifying mineralized N require considerable time and labour, are site specific,

and have significant year by location interactions, but are essential for calibrating

biological estimates of mineralizable N for use in N fertilizer recommendation models.

An estimate of the amount of N mineralized between spring fertilization and

harvest is necessary for predicting N fertilizer rates for winter wheat in western
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Oregon. Such an estimate must be made prior to application of fertilizer in the spring

to be of practical value to producers. The many factors that affect mineralization have

prohibited researches from developing a simple, accurate method with which to

quantify mineralizable N during the growing season. Despite the difficulty replicating

field conditions, many soil testing labs use an incubation process that may currently be

the best tool for estimating mineralizable N prior to fertilization of winter wheat. Rice

and Hav lin (1994) recommend an anaerobic incubation for 7 days at 40° C, a procedure

used in this study and described by Keeney (1982).

Inorganic N Pool

Ammonium (NH4+) and nitrate (NO3) are the forms of inorganic

N most prevalent in the soil and of greatest importance for soil fertility. These forms

of nitrogen result either from normal aerobic decomposition of soil organic matter or

from addition of nitrogen fertilizer to the soil. Ammonium, nitrite, and nitrate usually

account for about two to five percent of the total soil nitrogen (Tisdale et al., 1985).

The mineralization process reduces organic bound nitrogen to the ammonium

(NH4+) form by decomposition of proteins and the release of amines and amino acids.

Soils with a high cation exchange capacity will adsorb and retain ammonium ions,

maintaining any significant quantities of NH4+ in the upper soil horizon. Soil NH4+

concentration is in a constant state of flux as a two way exchange of N takes place

between the NH4+ pool and the organic pool.
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Microorganisms immobilize NH4+ and utilize it in the decomposition process.

Immobilization will deplete, on a temporary basis, the soil N supply available to the

crop. If the decomposing material contains more nitrogen than needed by the

microorganisms, an increase in soil mineral nitrogen (NH4+ and NO3-) will occur.

Iritani and Arnold (1960) found that incorporated residues containing 1.7 to 1.9

percent nitrogen were sufficient to minimize immobilization of soil nitrogen.

Leguminous crop residues, such as alfalfa or clover, often contain quantities of

nitrogen in excess of that needed by heterotrophic soil microorganisms in the

decomposition process.

A two step process, nitrification, converts NH4+ to NO3-. Two species of

autotrophic bacteria are primarily responsible for this process. In the first step,

Nitrosomonas sp. convert NH4+ to nitrite (NO2). ) Nitrite is usually present in small

quantities as an intermediate product in the conversion of NH,s+ to NO3 . Nitrite is then

converted to NO3 , largely by Nitrobacter sp. Conversion to NO3- is more rapid than

the first step, resulting in generally higher amounts of NO3- than NH4+ in the soil.

Nitrification requires oxygen and so occurs more readily in a well aerated soil.

Nitrification also releases hydrogen ions (H+), resulting in acidification of soils to

which ammoniacal and organic nitrogen are added. Nitrification is also affected by soil

moisture and temperature. Highest rates of nitrification generally occur when soil

moisture is at field capacity. Soil temperature below 5 degrees C inhibits nitrification

(Russell, 1973).
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Denitrification is the opposite of nitrification and results in a loss of N from the

soil system. Denitrification occurs when soils become waterlogged and oxygen levels

are reduced. Under these conditions, anaerobic microorganisms will obtain oxygen

from nitrates and nitrites. In the process, nitrogen (2) and nitrous oxide (N20) will be

released. Denitrification occurs at an accelerated rate if sufficient amounts of readily

decomposable organic matter are available (Burford and Bremner, 1975). The rate is

also affected by environmental factors such as soil moisture content, aeration, soil pH,

and soil temperature.

Nitrate N is completely mobile and moves through the soil in conjunction with

soil water. The anionic nature of NO3- prohibits it from being retained by soil colloids

and allows it to be leached out of the upper soil horizons when excessive precipitation

or irrigation occurs. Bauder and Montgomery (1979) found that significant amounts of

nitrate from fall applied fertilizer moved to depths between 75 and 180 cm over winter

in an area where precipitation was only 10.7 cm during winter months. Researchers at

the Rothamsted experimental station determined that loss of nitrogen from a bare

uncropped soil could be accounted for almost entirely as nitrate leaching (Russell,

1973). In western Oregon, average overwinter precipitation of 75 cm contributes to

significant leaching of nitrates from upper soil horizons. Common NO3 -N

concentrations in soil after winter leaching are 5 to 10 mg kg-1 (Broadbent and Carlton,

1979; Hahne et al., 1977; Olsen et al., 1970; Sarrantonio and Scott, 1988).
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Fertilizer N

Nitrogen fertilizer is used in cereal crop production to increase yield and to

influence grain protein concentration. In most commercial cropping systems, soil N

pools do not provide sufficient N to produce expected yields. The amount of N

fertilizer required varies with environmental conditions and cannot be quantitatively

defined without a knowledge of the crop's N requirement (Stanford and Legg, 1984).

The N requirement is defmal as the minimum amount of N in the aboveground portion

of crops associated with maximum production.

Nitrogen rate experiments help researchers determine the N requirements for a

number of crops. When N is the limiting factor in plant growth, yields will continue to

increase as more N is added. Yields will then level off, indicating the N requirement

has been satisfied. Black et al. (1946) found N fertilizer increased wheat yields in 12

of 15 experiments conducted in a three year period.

The amount of N required to obtain an estimated yield may be determined, but

the amount of fertilizer applied N recovered by the crop is variable. Part of the

fertilizer applied N will be converted to organic N as a result of microbial activity.

Some fertilizer N will undergo transformation during immobilization and mineralization

and may follow one of several nitrogen pathways within the system. Significant

amounts of fertilizer N have been found to be fixed in the soil in experiments with a

variety of crops. Tsukada et al. (1968) found 11 to 18% of fertilizer N fixed in rice

experiments. Kissel et al. (1976) measured 21 to 39% fertilizer N fixed in a wheat
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crop, while Broadbent and Krauter (1974) found 35 % of fertilizer N unavailable in

experiments with wheat and corn.

Kundler (1970) found fertilizer applied N to be 30 to 70% recovered by crops

during the year of application. He also measured 10 to 40% of applied N incorporated

into organic matter, 5 to 10% lost by leaching, and 10 to 30% lost in gaseous form.

Bartholmew (1972) cited 50% recovery of applied N by corn and wheat, He indicated

that these crops could feasibly recover 70 to 80% of applied N with efficient timing and

placement of fertilizer.

Terman et al. (1969) and Ramig (1960) found that recovery of N by the wheat

plant is restricted by factors such as disease, temperature stress, and moisture stress.

The amounts of fertilizer N recovered by a wheat crop in different experiments have

been similar to those of other cereal crops. In an experiment in Kansas using 80 kg N

ha-1, 55 % of the fertilizer N was taken up by the crop (Olson,1982). Christensen and

Killom (1981) applied 100 kg N ha-' to spring wheat in Montana at various growth

stages and found an average of 52% was recovered.

Timing of N fertilizer application is an important tool in wheat production and

can play an important role in determining the amount of N fertilizer recovered by the

crop. Uptake of fall and spring applied N can vary with environmental conditions as

well as with variety. Olson et al. (1979) found that 57% of spring applied N was

recovered, while only 44% of that applied in the fall was taken up. In another

experiment, Olson (1982) measured recovery of 42% of fall applied nitrogen. Caputo
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(1985), working with winter wheat in western Oregon, concluded that spring applied N

is used more efficiently than fall applied N.

N Uptake by Wheat

Crop N uptake can be measured to determine the total amount of nitrogen taken

up by the crop at a particular growth stage. Measuring N at the time of fertilization can

help growers determine the N status of the crop and how much additional N may be

needed as fertilizer. Researchers use crop N uptake to measure the total amount of N

taken up by the crop during the growing season. Nitrogen uptake measured in the field

takes into account environmental factors, soil type, and varietal differences.

Crop N uptake is calculated by multiplying the N concentration times the dry

matter yield of the crop (Roth, 1987). Carpenter et al. (1952) found a strong

relationship between N uptake at jointing and grain yield. Baethgen et al. (1985)

measured crop N uptake for eight experiments with wheat in Virginia. They

determined that levels of 80 to 100 kg N ha-1 at GS 5 indicated sufficient N to attain

maximum yields. They developed a relationship between uptake at GS 5 and fertilizer

N required for maximum yield. In a later experiment, Baethgen and Alley (1989)

measured the critical level at 95 kg N ha-1.

Problems common to other tissue analyses procedures are also present with this

approach. Critical N uptake values can vary greatly depending on variety and

environmental factors. Beringer and Hess (1979) reported results of three experiments

with wheat in Germany using the crop N uptake approach. The critical levels they
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found varied from 25 to 60 kg N ha-1. Gallagher et al. (1983) found that varieties

differ in the amount of N taken up and presumably have different critical values for

crop uptake.

The major disadvantage with the crop N uptake approach is that both dry matter

yield and N concentration must be estimated, thus increasing variability. Variability

associated with yield can be large, especially if sample size is small and sampling is

done by different people. To reduce problems with variability, sampling schemes must

be fairly rigorous (Roth, 1987). This may dissuade growers and consultants from using

the test, or it may result in inaccurate N uptake values if inadequate sampling is done.

N and Protein

Nitrogen is the nutrient which most influences grain protein concentration

(Locke, 1991). The amount of nitrogen metabolized to form grain protein depends on

the amount of N available to the wheat plant as well as environment and variety. The

amount of N available can be influenced by N fertilizer rates and timing of application.

Because cereal grains serve as the main source of plant protein for the human diet,

much research has been devoted to determining the relationship between nitrogen and

protein. Despite the low protein content of cereal grains, they produce the majority of

plant protein harvested in the world (Cooke, 1975; FAO, 1982; Rehm,1982).

The inverse relationship between grain yield and grain protein content has been

well established. Generally, higher grain yield is correlated with lower grain protein.

In high rainfall areas, or under irrigation, wheat plants utilize nitrogen to produce more
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tillers and hence more seeds, essentially diluting the protein concentration. When

water or another environmental factor becomes limiting, surplus nitrogen is available as

the plant matures and results in higher protein grain (Cook and Veseth, 1991).

Because of the high demand for protein in the human diet, nitrogen management has

traditionally been directed toward producing high protein grain. But with more demand

for specialized end products, the market for low protein wheat has been increasing.

Producers in humid regions like western Oregon are in a good position to take

advantage of such markets. Abundant rainfall combined with N fertilizer management

can produce high-yielding, low-protein wheat for selected markets.

Grain N is derived from the nitrogen assimilated during the vegetative phase of

crop growth as well as during grain development (Williams, 1955; Carpenter et al.,

1952; Evans et al., 1975). In the past several decades, researchers have monitored the

movement of nitrogen in cereal grains. Knowles and Watkins (1931) found that

nitrogen was taken up by the wheat plant until three weeks before harvest. They found

that most of the N taken up was translocated directly to the grain or remobilized from

other plant parts.

Application of N on winter wheat in the spring has routinely provided higher

grain protein content than has N application at planting (Olson, 1984). Many factors

interact to determine grain protein content and may affect the outcome right up to the

fmal stages of grain maturation. Pest damage, drought stress, and lodging are some

factors that may restrict yield and result in increased grain protein.
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Several researchers (Austin et at, 1977; McNeal et a., 1966; Sprat and

Gasser, 1970) found 80% of total N in wheat plants had been taken up by anthesis.

Waldren and Flowerday (1979) noted that two-thirds of the N in the lower leaves, and

lesser amounts from the culms and heads, was translocated into the grain. They

measured 71% of the total plant N in the grain at maturity. Remobilization of N from

the leaves and culms began at jointing and continued to maturity.

The recent increase in market demand for low protein wheat has placed renewed

emphasis on nitrogen management techniques, particularly in humid regions.

Researchers are working with producers to formulate nitrogen programs that maintain

high yields but keep grain protein content within specified levels. Miller and Pan

(1993), working with soft white winter wheat in Washington, confirmed that applied

nitrogen tends to enhance yield when moisture is available, but nitrogen applied in

amounts greater than needed to attain yield potential will result in increased protein

concentrations. They emphasize the need to match total nitrogen available to the crop

with production potential in an effort to control grain protein. Total nitrogen is defined

as the sum of residual N, anticipated mineralized N from organic matter, and N from

fertilizer applications.

Wheat in Crop Rotations

Crop rotations may be the single most critical factor affecting the health and

productivity of a future wheat crop (Cook and Veseth, 1991). Many variations of crop

rotation are practiced throughout wheat producing areas of the world. Researchers
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have generally found that rotation is beneficial and results in increased wheat yields and

sustained soil health that contributes to future crop production. Crop rotation is used

for a variety of reasons: to manage soil moisture, to control root diseases, to manage

soil and residue inhabiting pests, and to manage soil nutrients essential for crop

production. Crop rotation can be used to control a variety of diseases and pests such as

take-all disease, several root diseases, Cephalosporium stripe, Hessian fly, and stem

maggots.

Researchers have for years reported the benefits of rotation for many crops,

including wheat. Lyon and Bizzell (1932) conducted experiments during a ten year

period using a variety of crop rotations which included small grains and legumes. They

measured crop nitrogen on an annual basis and found that "without exception every

cropping system was accompanied by some accretion of nitrogen whether legumes were

grown or not." They also noted that cropping systems that included legumes in

rotation were superior to those without.

Hargrove et al. (1983) looked at wheat yields following grain sorghum

(Sorghum bicolor L.) and soybeans (Glycine max L. Men.) using five different

fertilizer rates including a check rate. The experiment was done at two different

locations for four years. They found plant tissue N concentration at the time of spring

fertilization to be consistently greater for wheat following soybeans than for wheat

following sorghum at equal fall N rates. Maximum yields following soybeans were

obtained using 20 to 25% less fertilizer than was necessary for grain sorghum.
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Echeverria et al. (1992) grew wheat, soybean, sunflower (Helianthus annuus),

and maize (Zea mays) in different combinations for two successive years in an

experiment looking at nitrogen nutrition of wheat in rotation with other crops. They

used two N rates (0 and 90 kg ha-') and noted no water stress during either growing

season. They found that the previous crop did affect nitrogen availability. Wheat with

no N following maize had the lowest yield and responded the most to N fertilization.

Wheat with no N following soybean and sunflower had higher yields but was less

responsive to N fertilizer. Wheat following a fertilized wheat crop did not respond to

N fertilization due to take-all disease.

Echeverria et al. (1992) explained differences in wheat yields following

different crops were due in part to the fallow period and the amount and composition of

the residues of previous crops. Wheat as a previous crop would provide a large

quantity of residues with a high C:N ratio, but it would allow for a long fallow period

and conditions favorable for residue decomposition. Shorter fallow periods followed

summer crops preceding wheat. Maize had the largest quantity of residues along with

the least favorable C:N ratio. They cited this as the reason maize performed poorly as

a preceding crop and that the following wheat crop responded well to fertilization.

Larney and Lindwall (1994) grew winter wheat continuously and in two year

rotations with fallow, canola (Brassica campestris) and flax (Linum usitatissimum) for a

four year period. This study was done in the dryland area of southern Alberta.

Extreme drought conditions prevailed during most of the study. They noted that

inclusion of a fallow year greatly enhances winter wheat production, especially after
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several dry years, but they concluded that a continuously cropped management system

using canola and flax in rotation with wheat is feasible, particularly if precipitation

patterns follow long-term averages. Continuous winter wheat cropping was not

recommended.

Kirgegaard et al. (1994) also looked at the effects of Brassica crops (canola and

Indian mustard) on wheat when used in rotation under dryland conditions. They

measured shoot and root growth, disease incidence, water use, and nitrogen use of

wheat following the Brassica crops compared to wheat following wheat. They found

that the Brassica crops consistently increased vegetative growth of following wheat

crops, but this only translated to higher yields when environmental conditions were

favorable. They reported nitrogen uptake was increased at all sites with Brassica crops

in rotation. This increased N uptake was in turn translocated into the grain and resulted

in higher grain protein. This was most evident where yields were reduced due to

moisture stress.
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Experimental trials were established at four different sites in the Willamette

Valley in the fall of 1993. The primary objective of this project was to evaluate the

effect of previous crops on the nitrogen status of the subsequent winter wheat crop in

rotation. Sites were chosen based on crop rotation history in cooperation with growers

and industry field representatives. Two of the sites were located in Benton county, one

in Linn County and the other in Polk county. Each of the sites represented a crop

rotation system that is commonly used in western Oregon. Rotation crops, those

preceding the SWWW crop evaluated in the study, were tall fescue (Festuca

arrundinaceae), sweet corn (Zea mays), pea (Pisum sativum), and red clover

(Trifolium pratense).

Sites were chosen for uniformity of terrain and soil type within each site.

Growers agreed to participate in managing each trial and use their equipment in an

effort to incorporate the experiment into normal field operations as much as possible.

Experimental sites varied in size according to machine sizes used by growers. Each

site was large enough to have 12 plots. Plot width was set by the size of the fertilizer

applicator, the widest piece of equipment. Recommended minimum plot length was

approximately 275 meters. The location, legal description, soil series, previous crop

and variety for each site are listed in Table 1. The varieties Gene and Madsen were

used in this study. One variety was planted at each site except for the corn-wheat
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Table 1. Previous crop, location, soil series and variety for experimental sites.

Previous Crop Grower
County/Town

Location Soil Series Variety
Taxonomic
Name

Tall Fescue

Maize

Pea

Clover

Van Leeuwen SE 1/4 Malabon
Linn/Halsey Section 34 Fine, mixed,

T 13 S, R 4 W mesic Pachic
Ultic
Argixerolls

Volker NE 1/4 Malabon
Benton/Monroe Section 15 Fine, mixed,

T 14 S, R 5 W mesic Pachic
Ultic
Argixerolls

Volker NE 1/4 Malabon
Benton/Monroe Section 15 Fine, mixed,

T 14 S, R 5 W mesic Pachic
Ultic
Argixerolls

Jones SE 1/4 Amity
Polk/Amity Section 7 Fine-silty,

T 6 S, R 4 W mixed mesic
Argiaquic Xeric
Argialbolls

Gene

Gene/Madsen*

Gene

Madsen

*One rep planted to Madsen
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rotation, where Madsen was planted in one block. Agronomic characteristics and

disease ratings for Gene and Madsen are in Table 2.

Rotation Site Description/Preparation

Tall Fescue Wheat

This site was chosen to represent a rotation in which perennial grass seed is the

dominant crop. Wheat is used in this rotation to break the cycle as grass seed fields are

taken out of production after many years of continuous cropping. Machinery used in

grass seed production can also be used for small grains, making wheat easily

incorporated into the rotation. Wheat can also be grown without irrigation, as is grass

seed. Row crops require irrigation during the dry summers typical of western Oregon,

making wheat an ideal crop for a rotation without irrigation.

This site was located in Linn county, just off Creek Bend Drive, about one mile

north of the Pope and Talbot pulp and paper mill near Halsey (see Table 1 for legal

description). The field had been in tall fescue production for at least eight years. Open

field burning had been used to manage crop residues. Annual nitrogen applications of

about 170 kg N ha-' (150 lbs acre) had been applied to the field during tall fescue seed

production. The period between the harvest of the last tall fescue crop and planting of

winter wheat was approximately three months.

Soil at this site was a Malabon silty clay loam. Malabon is a deep, well drained

soil, but permeability is moderately slow (USDA Soil Conservation Service, 1987).
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Table 2. Agronomic characteristics and disease ratings for Gene and Madsen wheat.

Gene Madsen

Maturity early midseason
Height' SD-SM SD-MT
Lodging Resistance R R
Test Weight2 6 7
Head Type awnless awned
Disease Resistance'

Septoria tritici R MR
Footrot MR R
Stripe Rust MR R
Leaf Rust MR R
Flag Smut MS MS

'SD = semidwarf, SM = short-medium, MT = medium-tall.
2Scale of 1 to 10, poor to excellent.
'R = resistant, MR = moderately resistant, MS = moderately susceptible.
4Rating for Pseudocercosporella footrot.

Considering location and type of soil, expected wheat yields at this site would be about

5.5 to 8 Mg ha' (80 to 120 bu acre'). Preplant soil samples were taken at this site

several weeks after open field burning had occurred, but before the field was plowed in

preparation for planting the wheat crop. Sampling at this time was done to a depth of

120 cm using a Giddings tractor mounted probe.

Current fertilizer guidelines for western Oregon (Hart et al., 1992) recommend

that 22 kg N ha' (20 lb N acre') be applied in fall at seeding time if wheat is sown

after a grass seed crop. At this site, the recommended rate was incorporated at

seeding, along with 45 kg ha' (40 lb acre') each of phosphorous and potassium. The

fertilizer was banded with the seed. The wheat variety Gene was planted at the rate of
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86 kg ha-1 (77 lb acre). The trial area was managed as part of the larger field until the

time of spring fertilization. A standard weed and disease control program was used.

Maize Wheat

This experimental site was located in Benton County, about three miles north

and one mile east of Monroe, just off of Hubbard Rd. The field was part of a farm that

produces maize, peas, beans, squash, christmas trees, and wheat. Crop rotations are

used to maintain soil fertility and control disease and pest problems. Wheat is

generally not considered a high value crop in comparison to the row crops produced,

but it provides a break from row crops and allows irrigation resources to be directed to

other fields on the farm. Wheat produced following maize is a common rotation in this

and other areas of western Oregon.

Maize is grown in this area primarily as sweet corn for processing. It is grown

under contract with a processing company. Maize is planted in April-May, depending

on contract schedules, and harvested in Sept.-Oct. High rates of nitrogen are applied

to sweet corn, with typical rates of about 250 kg N ha-1 (225 lb acre).

Maize harvested for processing leaves substantial amounts of plant residues in

the field. Echeverria et al. (1992) noted the high C:N ratio for maize residue and the

short fallow period between maize and wheat. At this site, the fallow period was also

short, with the wheat crop being sown about three weeks after maize harvest.

Preplant soil samples were taken at this site before maize residues had

been plowed under to prepare the seedbed for the wheat crop. The soil at this site was



27

also a Malabon silty clay loam. The Giddings probe was used for fall sampling to a

depth of 120 cm. After sampling, the field was prepared for planting. The variety

Gene was planted in two of the three replicaations at this site, while Madsen was

planted in the other. Seeding rate was 110 kg hal (100 lb acre'). No nitrogen was

applied at planting, as recommended by current fertilizer guidelines (Hart et al., 1992).

Weed and disease control followed standard practices throughout the growing season.

Pea - Wheat

This site was also located in Benton county, in a field adjacent to the corn-wheat

rotation site and was managed by the same grower. Peas are a high value row crop

commonly grown in rotation with small grains and other row crops in western Oregon.

Peas are a cool weather crop and therefore have a different production schedule than

other row crops. Planting takes place in March-April and harvest is approximately 60

days later. Peas grown in this area are marketed through processing plants. Though

peas are a leguminous crop and will fix N when properly inoculated, the intense

management system for cannery peas requires some initial application of N to ensure

rapid growth and high yields. Nitrogen rates of 22 to 34 kg hal (20 to 30 lb acre)

are routinely applied at planting. Pea plant residues have a lower C:N ratio than maize

and are less fibrous, making them subject to rapid decomposition. Early harvest means

a longer fallow period between crops and allows for further breakdown of residues and

release of mineral N before the wheat crop is planted.
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At this site the seedbed was prepared prior to the first soil samples being taken.

The Giddings probe was used to sample to 120 cm depth. The soil was also a Malabon

silty clay loam. The field was planted immediately after sampling. No nitrogen

fertilizer was applied at planting. The variety Gene was planted at a rate of 110 kg ha'

(100 lb acre'). Standard applications of herbicides and fungicides were applied during

the growing season.

Red Clover Wheat

This experiment was located in Polk County, about 3 miles south of Amity, and

one-half mile west of highway 99W. Red clover seed is a common crop in this and

adjacent counties of western Oregon. Red clover is a biennial crop, most often spring

planted and allowed to establish for one full year before the first harvest is taken. The

crop may be left in for a second harvest, but problems with crown borer can diminish

second year stands. Small grains are used in rotation with red clover where irrigation

is not available for row crops. Red clover is a legume, and will fix N in the soil. A

small amount of N fertilizer may be applied at planting but little or no fertilizer is

applied once the clover begins to nodulate. Nitrogen fixed by a legume will provide

part of the N needed by the following crop, reducing N fertilizer rates. Current N

rates recommended for wheat following clover are less than for wheat following row

crops or grass seed (Hart et al., 1992).

Red clover harvest generally takes place in August, leaving about a two month

fallow period before the wheat crop is planted. Clover residues have a low C:N ratio
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and decomposition can significantly increase soil N reserves Initial soil samples were

taken at this site in late October, just after the wheat crop had been planted. No N was

applied at the time of seeding. Samples were taken with a hand probe to a depth of 120

cm in 30 cm increments. The variety Madsen was planted at this site at the rate of 100

kg ha-1 (90 lb acre-1). A standard pest control program was used.

Soil Samples and Analysis

Soil samples were taken at each experimental site four times during the growing

season: preplant in fall, midwinter (Dec. Jan.), pre-fertilization (Feb. Mar.), and

post-harvest (Aug.). Samples were collected from 30 cm increments to a depth of 120

cm. For the three sampling periods prior to spring fertilization, fifteen 2.5 cm

diameter cores were composited from each depth. Mid-winter sampling coincided with

Feekes GS 3. Spring sampling was as close as possible to fertilization, when plants

were at GS 5. Post-harvest sampling for individual plots was performed at each site.

Five cores were composited from each plot. Samples were submitted to the OSU

Central Analytical Lab (CAL) where they were dried as soon as possible after being

taken. Samples were frozen when it was not possible to dry them immediately.

All samples were analyzed for ammonium and nitrate N. The 0-30 cm and 30-

60 cm increments were also analyzed for mineralizable N. Analysis was performed at

the OSUCAL using standard procedures (Homeck et al., 1989). The KCL extraction

method used for NH4+ and NO3- is a modification of the method outlined by Keeney

and Nelson (1982). Ammonium and nitrate content was determined using an ALPKEM
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rapid flow analyzer (RF-300). Mineralizable N was determined using an anaerobic

incubation method described by Keeney (1982) but using a larger sample size (20 g).

The incubation period was 168 h at 40° C.

Plant Samples and Analysis

Plant tissue samples were taken at Feekes GS 5 just prior to fertilization. At

each experimental site, nine to fifteen samples were taken from 90 cm of row. Plants

were clipped at soil level from randomly chosen rows. Samples were bagged, taken to

the lab, and dried at 60° C in a forced-air oven for 48 h. Samples were then weighed

and ground in a Wiley mill to pass through a 1 mm screen and then in a Udy mill

through a 0.5 mm screen. Percent N was determined by dry chemical analysis using a

FISON CARLO ERBA NA 1500 Series II carbon/nitrogen analyzer. Average weight

of all samples was determined and used to calculate dry matter per hectare. The

average percent N concentration for all samples was calculated. Crop N uptake for

each site was determined by multiplying the N concentration times the dry matter yield

of the crop.

Plants were sampled immediately prior to harvest. Individual plots were

sampled. Whole plants were cut at soil level. Ten 30 cm sections of row were

randomly selected, cut and composited. Samples were bagged and line dried for at

least 168 h. Weight of each sample was recorded. Heads were separated from the

straw and the grain was threshed out using a Pelz thresher. Grain, chaff, and straw

weight for each sample was recorded. A mechanical, slotted separator was used to
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subsample grain, chaff, and straw. Subsamples were ground in a Wiley mill to pass

through a 1 mm screen and then in a Udy mill through a 0.5 mm screen. Nitrogen

concentration was determined using the carbon/nitrogen analyses described above.

Satellite Sites

Soil and plant samples were also taken from fields in the vicinity of the main

experimental sites. Three satellite sites were chosen with similar field history to each

of the main sites. The satellite sites provided a broader base of data from which to

analyze the effects of rotation and allowed for comparisons within a limited geographic

area. Satellite sites were sampled at growth stages paralleling the main sites. Each time

a soil sample was taken from a satellite site, it was taken from the same area of the

field. Soil samples were taken in 30 cm increments to a depth of 120 cm. Samples

were a composite of four cores. Whole plant samples taken at GS 4 were three 100 cm

row sections from the same area as the soil samples. Plant samples taken just prior to

harvest were a composite of three 30 cm sections. Soil and plant tissue analyses were

done using the same procedures as for main sites.

Fertilizer Application

Growers applied N fertilizer in one application at Feekes GS 5 (Feb. Mar.) at

each of the four experimental sites. At each site, four different fertilizer rates were

used, including a check rate for which no N was applied. Each rate was replicated
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three times. Following tall fescue, rates of 0, 67, 134, and 201 kg ha' were applied.

Following maize, pea, and red clover, rates of 0, 56, 112, and 168 kg ha-1 were

applied. A randomized complete block experimental design was used at each site.

Harvest

Growers used their equipment to harvest individual plots. A minimum of 445

m2 was harvested from each plot. A weigh wagon was used on site to determine grain

yield. Test weights, height, harvest index, and protein were determined for individual

plots. Protein levels were determined using an Infratec whole grain analyzer. Each of

the experiments was analyzed with a two-way analysis of variance for yield and N rate.
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Yield Response
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Wheat yields in western Oregon were above normal in 1994. USDA

Agriculture Statistics Service reported yields 15 % above the long term average

(USDA, 1994). Temperatures during the growing season were above normal, while

precipitation was below. Monthly deviations are shown in Table 3. The warm

temperatures may have resulted in higher than normal amounts of soil nitrogen being

mineralized during the growing season, particularly in the late fall as moisture began to

increase. The amount of nitrate N leached below the depth to which soil was sampled

(120 cm) may be related to amount of precipitation in a given period rather than

seasonal amounts. A heavy rainfall period was experienced during the first three weeks

of December, just prior to the time winter soil samples were taken. Favorable

conditions late in the growing season also reduced the incidence of lodging, a factor

that regularly contributes to yield losses in western Oregon. No lodging was observed

at sites in this study.

Table 4 summarizes grain yield for each of the four rotation sites. All

the sites in this study were moderately to highly responsive to N fertilizer application.

Scharf (1993) defined highly responsive as a difference of greater than 2 Mg hal

between check plot yield and the highest treatment yield, and moderately responsive as

a difference of between 1 and 2 Mg ha 1. Grain yield response curve and replicate

scatter for all sites combined is shown in Figure 1. Average yields across all rotations
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Table 3. Monthly deviations from 30 year means for temperature and precipitation
(1993-1994).

Month Temp. Deviation Precip. Deviation
Mean Mean

°C °C mm mm
Oct. 53.00 +1.7 78.99 -52
Nov. 45.12 3.1 173.23 -147
Dec. 39.74 0.4 196.09 +6.6
Jan. 39.27 +2.2 173.23 -74.4
Feb. 42.73 -0.9 128.02 +14.0
Mar. 45.97 +1.9 115.57 -27.7
April 49.31 +1.2 65.02 -15.7
May 54.58 +1.5 49.53 -21.8
June 60.87 -0.8 31.24 +16.8
July 66.63 +1.3 13.21 -11.69

ranged from 7402 kg ha' with no N fertilizer to 9853 kg ha' with 201 kg N ha'. Even

with no N fertilizer applied, yields in this study were above long term averages for the

region.

Figure la illustrates the relative yield increases within each rotation as fertilizer

N was added in equal increments. The pea-wheat rotation had the highest yields with

no N fertilizer but had the lowest relative yield increases as N was added. The corn-

wheat rotation showed a similar trend to the pea-wheat rotation but with a higher initial

increase in relative yield. The grass-wheat rotation had a larger relative yield increase

(36%) with the first increment of fertilizer N than any of the other rotations. In all

rotations, the largest yield increase occurred with the first increment of N fertilizer.

Yield response curves as a function of fertilizer N for each rotation are shown in

Table 4 and in Figures 2 through 5. The wheat following grass seed rotation yielded



35

Table 4. Grain yield response to N fertilizer for each rotation.

N Rate Yield N Rate Yield
(kg ha') (kg ha') (kg ha') (kg ha')

Grass-Wheat Rotation Corn-Wheat Rotation

0 6752a' 0 7880a
67 9165b 56 9146b
134 9181b 112 9741c
201 10272c 168 10313d

Trial Avg. 8843 Trial Avg. 9270
PLSD (5%) 720 PLSD (5%) 278
CV (%) 4 CV (%) 2
P-level < .01 P-level < .01

Pea-Wheat Rotation Clover-Wheat Rotation

0 9133a 0 5841a
56 9898b 56 7081b
112 10380c 112 7019b
168 10750c 168 8075c

Trial Avg. 10039 Trial Avg. 7004
PLSD (5%) 468 PLSD (5%) 789
CV (%) 2 CV (%) 6
P-level < .01 P-level < .01

1 Yields followed by different letter indicate significant difference.
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Figure 1. Grain yield response curve and replicate scatter for all sites from all rotations.



60

50

ICJ 40

ad

as 30
C.4

20
cl

g 10

0
lx 2x

N Fertilizer increments

X Grass Corn EV- Pea A Clover

3x

Figure la. Relative increase in yield expressed as a percent of 0 nitrogen rate plot
average with each increment of fertilizer added for wheat following four crops.



11

10

9

6
0

2
y = 6.9 + .03N - .000074N

2
R = .83

67 134 201
N Fertilizer Rate (kg/ha)
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an average of 6752 kg ha-1 with no N fertilizer (Table 4). The highest treatment

averaged 10272 kg ha'. Nitrogen fertilizer rate was closely correlated with grain yield

(R2= .83) (Figure 2). A two way analysis of variance indicates a significant yield

increase between 0 and 67 kg N ha1 (Table 4). Little difference was seen between the

67 and 134 kg N ha-1 rates, but a further significant yield increase was observed

between 134 and 201 kg N ha1. The increase in yield with the first increment of

fertilizer was more than twice that seen with any additional rates.

The corn-wheat rotation yielded an average of 7880 kg ha-1 with no N fertilizer

and 10313 kg ha-1 with 168 kg N ha1, the highest N treatment. Yield increases

between all treatments were significant, though smaller yield increases were seen at

higher N rates. The yield increase between 112 and 168 kg N ha:' is only 45 percent of

the increase obtained by adding the first increment of N fertilizer. These results

include data for the replication using Madsen.

The pea-wheat rotation had the highest overall yields of the four rotations.

Response to N fertilizer was moderate. Yields ranged from 9133 kg hal with no N

fertilizer to 10750 kg ha4 with 168 kg N ha-1. Though yield response was fairly linear,

the yield increase between the two highest treatments was not statistically significant.

A steady decrease in response between increasing treatments was observed.

A moderate, linear response was observed in the clover-wheat rotation (Figure

5). This rotation had the lowest overall yields. A different variety and soil type may

have contributed to lower yields in this rotation. The condition of the previous red

clover crop in the rotation may have affected the amount of nitrogen carried over to the
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wheat crop. Current N fertilizer recommendations for wheat following clover are less

than for wheat following row crops, but this depends upon how vigorous the clover

crop was. A less than average stand would result in less available N for the wheat

crop. Average check plot yields were 5841 kg ha-1 compared to 8075 kg ha-1 for the

highest N treatment. As with the grass-wheat rotation, similar yields were observed for

the two intermediate N fertilizer rates. The largest yield increase was seen with the

first increment of N fertilizer.

In western Oregon, grain protein content of 9.5% or greater generally indicates

that maximum yield has been reached. Only with the highest rates of fertilizer N in the

grass-wheat and corn-wheat rotations, and with the two highest fertilizer N rates in the

pea-wheat rotation did we see protein content above 9.5%.

Soil Nitrate and Ammonium

Soil nitrate (NO3) concentrations across sampling dates for each of the 4 main

experimental sites are shown in Figure 6. Amounts varied considerably among sites

and sampling dates. In the soil profile to a depth of 120 cm, a reduction in soil NO3-

occurred from fall to spring in the pea-wheat and corn -wheat rotations. These

reductions are greater, and also include the clover-wheat rotation, if we look at only the

top 30 or 60 cm of soil.

The grass-wheat rotation had the lowest NO3 amount in the fall, less than half

that of any other site. This amount increased almost 5 fold by time the winter sample

was taken in late December. From December to the time of fertilization in the spring,
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a reduction of 8 to 17% in NO3- concentration in the top 120 cm of soil occurred at

three of the four sites. A more pronounced reduction occurred in the corn-wheat

rotation, where about 47% of the NO3- was lost from the soil profile during the same

period. The amounts of NO3--N found in the top 30 cm of soil at 3 satellite sites with

similar field history to the corn-wheat rotation averaged 4 times the amount of NO3 -N

found at the main site at spring fertilization.

Soil NO; amounts across all rotations at the time of spring fertilization averaged

13 kg ha-1 in the top 30 cm, 27 kg ha-1 in the top 60 cm, 48 kg ha-1 in the top 90 cm,

and 68 kg ha-1 to a depth of 120 cm. Scharf (1993), looking at wheat following corn

and soybeans in Virginia, found an average of 9 kg ha-1 of NO3 -N in the top 30 cm at

26 locations sampled in late January/early Feb. He found an average of 68 kg ha-1 of

NO;-N to a depth of 120 cm at the same sites.

Nitrate amounts showed a general decrease in upper soil levels (0-60 cm) and an

increase in lower soil levels (60-120 cm) from fall to spring. Soil nitrate, measured in

the top 30 cm just prior to spring fertilization, regressed quadratically against yield

from check plots across all rotations is shown in Figure 7.

Soil inorganic N is commonly taken into account in making N fertilizer rate

recommendations in semi-arid regions of the U.S. The amount of ammonium nitrogen

(NH4+-N) is usually small compared to the amount of NO3 -N. For this reason, most

researchers have used NO3 -N as a measure of soil inorganic N (Roth, 1993).

Twelve of 16 locations in this study had NH4+ amounts less than 60 percent of NO;



10

9

8

7

6

5
0 5 10 15

Nitrate N (lig/ha)
20

Figure 7. Check plot grain yield related to nitrate nitrogen measured in the top 30
cm of soil at spring fertilization across all rotations.

25



47

Table 5. Mineralizable N measured in the top 30 cm of soil for each rotation four
times during the growing season.

Rotation Planting mid winter Spring
Fertilization

Post
harvest

(kg ha-1)
Grass-wheat 155 84 80 60
Corn-wheat 143 108 95 128
Pea-wheat 107 132 106 103
Clover-wheat 81 54 48 51

Avg. 121 95 82 85

amounts in the top 120 cm of soil sampled in the spring. The relationship between

NH4+-N and yield from check plots across all rotations is negative (Figure 8).

Soil Mineralizable N

The uncertainty concerning testing of mineralizable N creates some controversy

about the usefulness of estimated mineralizable N amounts in predicting N fertilizer

needs. But, researchers agree that mineralizable N plays an important role in crop N

uptake and needs to be considered when calculating fertilizer rates. This study used a

short anaerobic incubation period (7 days) to determine potential mineralizable N.

Mineralizable N amounts varied widely across rotations and time of sampling.

Amounts measured just prior to fall planting ranged from 81 kg ha"' in the

clover-wheat rotation to 155 kg ha"1 in the grass-wheat rotation, with an average of 121

kg ha-1 in the top 30 cm of soil across all rotations (Table 5). When satellite sites were



10

9

8

7

6

5
11 12 13 14 15

Ammonium N (kg/ha)
16 17

Figure 8. Check plot grain yield related to ammonium N in the top 30 cm of soil at spring
fertilization across all rotations.

18



49

included, the range was 48 kg ha" to 363 kg ha'. By the time of spring fertilization, a

noticeable pattern of reduced variation in mineralizable N amounts was evident (Figure

9). A majority of sites showed a clustering of amounts in the 80 to 120 kg ha' range,

with an average of 106 kg hal in the top 30 cm for all 16 sites sampled.

The positive relationship between spring measured mineralizable N and grain

yield from check plots (Figure 10) also highlights the N contribution from the

mineralizable pool. The relationship between mineralizable N in the top 30 cm of soil

and yield (R2 = .62) across rotations is stronger than that between NO3 --N and yield

(R2= .53). The top 60 cm of soil mineralizable N shows an even stronger relationship

to yield (R2= .86). Mineralizable N in this study accounts for a major portion of the

total N supplied to the crop aside from fertilizer N.

Nitrogen Uptake

The amount of nitrogen taken up by the above ground biomass for each

treatment and for all rotations is in Table 6. These amounts were measured at harvest.

Nitrogen uptake in the grain was determined by multiplying the yield for each

treatment by the percent nitrogen in the grain. Nitrogen in the straw was measured by

multiplying grain yield by the straw to grain ratio and then multiplying by the percent

N in the straw. The amount of N in the chaff was found the same way, using the chaff

to grain ratio and the percent N in the chaff.

The total amount of N taken up by the above ground biomass as influenced by

the amount of fertilizer N applied in each rotation is shown in Figure 11. The
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Table 6. Nitrogen uptake measured in the above ground biomass at harvest.

Rotation N Rate
0 lx 2x 3x

N uptake (kg ha-1)
Grass-wheat 120 184 186 256
Corn-wheat 152 183 206 239
Pea-wheat 182 258 284 310
Clover-wheat 108 138 135 179

Avg. 141 186 204 246

intercepts for each line indicate the amount of N taken up from the soil when no

fertilizer was applied. The slope of each line gives an estimate of the percent of

fertilizer N that was recovered by the above ground biomass within each rotation. By

this estimation, the pea-wheat rotation recovered 73 % of applied N fertilizer, the grass-

wheat rotation recovered 66%, the corn-wheat recovered 51%, and the clover-wheat

rotation recovered 38%.

The relationship between mineralizable N measured in each rotation prior to

fertilization and N uptake in the check plots is shown in Figure 12. There is a general

increase in nitrogen taken up as mineralizable N increases across rotations.

Mineralizable N measured in spring accounted for 44 to 70% of nitrogen uptake

measured in check plots at harvest.

Table 7 shows the amount of N needed to produce each 1000 kg of grain for

each treatment in all rotations. The amount of N needed to produce 1000 kg of grain

was found by using the N uptake for each treatment and the amount of grain produced.
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Table 7. Nitrogen taken up by above ground biomass to produce 1000 kg of grain with
each treatment for all rotations.

Treatment
Rotation 0 lx 2x 3x

N (kg/h)
Grass-wheat 18 20 20 25
Corn-wheat 19 20 21 23
Pea-wheat 20 26 27 29
Clover-wheat 18 19 19 22

Avg. 19 21 22 25

Across all rotations, an average of 19 kg of N was needed to produce 1000 kg of grain

in check plots. Under the highest fertilizer treatment, 25 kg of N was needed to

produce the same amount of grain. Nitrogen uptake measured did not include N found

in plant roots.
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The variation in nitrate amounts within each rotation during the growing season

may be related to when during the year the previous crop was harvested, the amount of

residue incorporated, and the biodegradability of that residue. The peas in the pea-

wheat rotation had been harvested in early spring and the residue plowed under. The

field was left fallow for several months before being planted with wheat. Nitrate

amounts at the time of seeding were highest in this rotation. In contrast, the tall fescue

seed crop in the grass-wheat rotation was harvested in August. The field lay fallow for

only a few weeks and soil nitrate samples were taken before the field was plowed in

preparation for planting wheat. As a result, nitrate amounts in this rotation were much

lower than other rotations at seeding. After the field was plowed, the large amounts of

organic matter from the previous perennial grass seed crop, combined with the onset of

fall rains, increased the amount of nitrate in the soil. By December, soil nitrate

amounts in this rotation were comparable to those found in other rotations.

The decrease in nitrate in the upper soil layers in all rotations from December to

spring fertilization was consistent with other studies. Legg and Meisinger (1982) stated

that NO3 can be almost completely removed from the soil profile by leaching,

denitrification, or both in humid regions. The rapid change in soil NO3- content as a

result of water movement through the soil makes NO3 -N an unstable indicator of soil N

supplying capability (Roth, 1987). This fact is especially true for fall and winter
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measurements. The amount of NO3 -N found at spring fertilization is not by itself a

useful tool for predicting grain yield on unfertilized fields. The amount of NO3--N

found, however, should be taken into account when determining fertilizer amounts

needed to provide adequate N levels for expected yields.

The amount of soil supplied ammonium nitrogen to the crop and the accuracy

with which it can be measured is not clearly determined. Ammonium is not a mobile

ion in the soil and can become fixed within the lattice framework of clay particles. For

this reason, we would not expect to fmd significant amounts of free NH4+ at lower soil

depths. The amount of NH4+ found below 30 cm in this study indicates that the soil

test for NH4+ may measure fixed NH4+ from the clay lattice structure. Careful

consideration should be given to including amounts of NH4+ found below the upper soil

level when estimating fertilizer requirements.

In order to use mineralizable N in determining N fertilizer need, an estimate of

the amount of spring measured mineralizable N that is used by a crop needs to be

made. In this study, a mineralization index factor was calculated for each plot from the

main experimental sites. This range of factors is illustrated in Figure 13.

The mineralization factor for each plot was calculated by determining the

amount of inorganic N in the system at the time of spring fertilization and again at

harvest. Inorganic N used in this calculation included NH4+ in the top 30 cm of soil,

NO3 in the top 120 cm, and N in the above ground biomass. The difference between

spring inorganic N and harvest inorganic N in the system was then compared to

mineralizable N measured in the spring.
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For example, one of the plots in the pea-wheat rotation treated with the lx N

rate (56 kg N ha1) had a total of 360 kg N ha-1 at the time it was harvested. This

included the 308 kg of N in the above ground biomass, 31 kg NO3--N to a depth of 120

cm, and 21 kg NH4+-N in the top 30 cm of soil. The amount of N entering the system

at spring fertilization was 189 kg ha'. This included 15 kg N ha-1 in the above ground

tissue, 107 kg NO3 -N to a depth of 120 cm, 11 kg NH4+-N in the top 30 cm and 56 kg

hal of N fertilizer. The difference between the spring measured N in the system (189

kg) and that measured at harvest (360 kg) was compared to the 147 kg of mineralizable

N hal measured at fertilization. The mineralization factor for this plot is 1.16,

indicating that an amount of N slightly greater than the amount of mineralizable N

measured in the spring entered the system for this plot. The plot is listed as P1 in the

column of plots having a factor of 1.2 in Figure 13.

Of the 48 plots indexed, 34 had positive factors ( > 0), indicating that some

amount of N entered the system from the mineralizable pool. The average amount of

N contributed in those 34 plots was 48 kg ha-1. Check plots in this group averaged 55

kg N ha-i brought into the system from the mineralizable pool. All the check plots had

positive mineralizable indexes. Eleven of the 12 plots with lx fertilizer treatments had

positive indexes. Plots treated with 2x fertilizer amounts had 7 of 12 positive indexes,

while the 3x treated plots had only 5 positive indexes.

The above N mineralization index was made in an effort to look for a

relationship between mineralizable N measured in the spring and the amount of N

unaccounted for in the system at harvest. The index indicates that variable amounts of
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N are moved into the inorganic N pool from the mineralizable pool during this time

period. This amount should be taken into consideration when estimating N fertilizer

rates.

Data from the satellite sites confirms that mineralizable N becomes available to

the crop in significant amounts between spring fertilization and crop maturity. Satellite

sites were tested at the same location in the field during the growing season. The

mineralization factor calculated for these sites was based on N uptake measured in

randomly clipped tissue samples rather than large plot grain yields like those at the

main sites. Eleven of 12 satellite sites showed a positive mineralization factor, with an

average of 70% of mineralizable N entering the system across all rotations.

Nitrogen System

An attempt to estimate the amount of N available to the crop can only be made

with an understanding of how much N is contributed by each part of the system. The

previous pages have highlighted the amounts of N found in the different soil pools in

this study and attempted to relate them to grain yields by themselves or in combination

with applied N fertilizer. The intent of the discussion to this point was to illustrate that

different components of the system contribute varying amounts of N to the crop and

each of these should be taken into account when estimating N fertilizer rates.

In this study, applied fertilizer had an obvious effect on grain yields, as seen by

the responsiveness of the crop in each rotation. The amount of N contributed by the

soil inorganic pool had less of an effect on yield. Nitrogen contributed from the
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Table 8. Regression models for all rotations combined and for each rotation separately.

All Rotations: y = .048(Min N 30 cm + NO3 -N 30 cm) + 4.62
R2 = .51 P level = < .0001

y = .016(Min N 30 cm + NO3 -N 30 cm + N Fert. Rate) +
5.80
R2 = .60 P level = < .0001

Grass-Wheat: y = .016(Min N 30 cm + NO3--N 30 cm + N Fert. Rate) +
5.36
R2 = .77 P level = < .0002

Corn-Wheat: y = .014(Min N 30 cm + NO3 -N 30 cm + N Fert. Rate) +
6.34
R2 = .74 P level = < .0003

Pea-Wheat: y = .0095(Min N 30 cm + NO3--N 30 cm + N Fert. Rate) +
8.16
R2 = .71 P level = < .0006

Clover-Wheat: y = .012(Min N 30 cm + NO3 -N 30 cm + N Fert. Rate) +
5.38
R2 = .67 P level = < .001

mineralizable pool was difficult to accurately assess but contributes a significant

amount of the soil supplied N.

Models explaining yields obtained across all rotations and for each rotation are

in Table 8. Models for each rotation are significant only if they include the N fertilizer

rate. Yields in check plots are a result of soil supplied N, but this study measured only

a single pooled value at each experimental site prior to fertilization. Any yield

increases measured in fertilized plots must be attributed to the effect of N fertilizer.
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The interaction between fertilizer applied N and soil supplied N may have affected

yield as well, but that determination was beyond the scope of this study. The amount

of N found in the soil prior to fertilization is the amount on which the producer will

have to base estimates for N fertilizer additions to the system.

For each of the models developed in Table 8, inorganic and mineralizable

amounts to a depth of 30 cm were used. Nitrate from deeper soil layers could be added

in but does not significantly change the model. Also, from a practical standpoint,

sampling only the top 30 cm is easier for growers. Although models could be

developed for each rotation in this study using N fertilizer as the only N source, such a

model would be less precise in describing the N contribution of the various soil pools to

the entire system.

After estimating the amount of N that the soil organic and inorganic pools

contribute, the question still remains of how much N fertilizer needs to be added to this

amount. One approach to answering this question is to assume that the crop will use a

fixed amount of N per unit of grain to reach maximum yield. Several researchers have

measured the total amount of N needed for each unit of grain produced with optimum

yields. Domingo and Robins (1960) found that 33 to 37 kg N were needed to produce

every 1000 kg of grain when maximum yields were obtained. This would equate to 230

to 260 kg N ha-1 if yields were 7 Mg ha-1 (104 bu acre). Jackson et al. (1983) state

that approximately 30 kg of available N is required for each 1000 kg of grain produced

up to a yield of about 2200 kg ha-1, or to the point where the yield curve starts to level

off. In South Dakota, N fertilizer recommendations for winter wheat are made based
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on the total N requirement of 40 g kg of grain yield (Gelderman et al., 1977). Using

this amount, 280 kg N ha4 (250 lb acre) is needed to produce 7 Mg ha."' (104 bu acre)

of grain.

Meisinger (1984) lists a factor of 46 kg N 1000 kg (2.7 lb N bu 1) of grain

yield for the Pacific Northwest. He also states that requirements will vary with cultivar

or crop class. Cook and Veseth (1991) state that a healthy wheat crop in North

America needs about 40 to 45 kg N 1000 ke (2.4 to 2.7 lb N be) of grain yield.

After estimating the amount of N needed per unit of grain, a yield goal must

still be determined. Yield goals should be estimated taking into account soil type,

variety, and environment. Wheat producing regions of the United States have

historical data indicating realistic yield goals. In western Oregon, average yields of 6.5

Mg ha"' can be expected under normal conditions. Meisinger (1984) suggests that the

yield goal be somewhat above the average yield but below absolute maximum yields

which are only obtained with favorable but infrequently occurring environmental

conditions.

Once a total amount of N to be used by the crop is estimated, a fertilizer

recommendation can be made. In western Oregon, if we assume that 40 to 45 kg N are

needed to produce 1000 kg of grain under normal conditions and expected yields are 7

Mg ha1, we can predict that approximately 300 kg total N ha"' will be needed by the

crop. The amount of N measured at harvest in the above ground portion of the crop in

each rotation for this study is in Table 6. Across all rotations, an average of 246 kg N

ha"' was taken up with the highest N fertilizer rate, but maximum yields were not yet
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reached. The portion of the N in the above ground biomass will already have been

taken up by the crop at the time of fertilization. Soil supplied N will come from

inorganic amounts already present in the soil or from mineralization of organic sources.

The amount not already in the plant or supplied by the soil will have to be supplied by

N fertilizer. This relationship can be expressed with the following model:

Nrec = 300 Nsh, Ninth Nup

where Is Liu is the soil inorganic N measured just prior to fertilization, N is an

estimate of how much N will be released into the system from the organic pool between

fertilization and harvest, and Nup takes into account N already taken up by the above

ground crop.

The numbers for each of the components of the above model as measured for

this study are in Table 9. Soil inorganic N (Nsj includes only NO3--N in the top 30

cm. When the model in Table 8 for all rotations combined was developed, NO3 -N

below the top soil layer did not improve the model significantly. The addition of

NH4+-N did not improve the model either, and the negative relationship between Nat+

and yield is further reason for excluding this measurement from the model.

Mineralizable N (Nuuu) in the above model includes mineralizable N in the top 30 cm at

the time of fertilization. Mineralizable N deeper in the soil may play an important role

in soil N availability from fertilization to harvest, but sampling of only the top soil

layer may be most practical in the field.

Nitrogen taken up by the crop at the time of fertilization showed little variation

across the main rotation sites. Greater variation in crop uptake was observed when
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Table 9. Mineralizable N to a depth of 30 cm, NO3 -N to a depth of 30 cm, and N
taken up by the crop at spring fertilization for each rotation.

Rotation Mineralizable N NO3 -N N in Crop Total

(kg ha-)
Grass-wheat 80 24 20 124
Corn-wheat 106 5 18 129
Pea-wheat 95 18 15 128
Clover-wheat 48 5 19 72

satellite sites were included, but the overall average was only slightly less than that of

the main sites. Variation could be attributed to tissue samples being taken from

satellite sites earlier in the growing season. The amount of N taken up by the crop at

the point of fertilization should be included when estimating fertilizer N needs. This

amount can be accurately measured and is clearly satisfying part of the overall N

requirement for the crop.

The total amount of N available in each rotation at spring fertilization (Table 9)

is far short of the 300 kg ha-1 we assume is needed for maximum yields. The

difference would have to be made up by the addition of N fertilizer. If we estimate a

mineralization factor of .5, additional fertilizer would be needed. In this study,

assuming a mineralization factor of .5, we fmd that 216, 224, 220, and 252 kg N

fertilizer per hectare would have been recommended to bring N levels up to the 300 kg

N ha-1 level. These recommended rates are higher than the top rate applied in each

rotation. The response curves (Figures 2 through 5) indicate that maximum yields had

not been reached in any of the rotations.
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The grass-wheat rotation (Figure 2) was closest to approaching a plateau yield

level. The amount of N fertilizer recommended (216 kg ha-1) is only 15 kg ha-' above

the highest rate used in this study. The corn-wheat and pea-wheat rotations (Figures 3

and 4) were beginning to show a decline in yield with the highest fertilizer rates

applied, but were still short of plateau yields. The recommended rates are about 50 kg

hal more than the highest rates used in this study (168 kg ha-1). The amount

recommended for the clover-wheat rotation is about 85 kg hat more than the maximum

rate used in this study. The yield response curve for the clover-wheat rotation (Figure

5) was linear and showed no signs of reaching plateau yields. We can only speculate

that maximum yields may have been reached with the additional 85 kg ha-1 of N

fertilizer recommended by the model.
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Conclusions

The key to predicting N fertilizer requirements for winter wheat production in

western Oregon is understanding how much N will be supplied by the soil and how

much fertilizer N must be added to achieve desired yields. The following conclusions

are based on the findings of this research project.

1. Soil mineral nitrogen (NO3 and NI14+) amounts were minimal in the upper

soil horizons at the time of spring fertilization due to heavy precipitation during the

winter months. Nitrate in the top 30 cm was between 5 and 24 kg ha' at all sites but

increased to between 12 and 34 kg ha' in the 90 to 120 cm soil layer. These amounts

by themselves were not useful in predicting N fertilizer requirements but should be

included as part of the overall nitrogen supply to the crop.

2. Mineralizable N found at the time of spring fertilization varied from 48 to

106 kg ha' in the top 30 cm of soil. Mineralizable N was measured as one value for

both treated and untreated (check) plots in each rotation. Those rotations with higher

mineralizable N had generally higher yields both in check plots and in fertilized plots.

3. The relationship between mineralizable N and fertilizer N is difficult to

establish due to the lack of an accurate test to assess potential mineralizable N. Further

research is needed to measure mineralizable N in both treated and untreated plots. An

effort should be made to utilize a test which most closely replicates field conditions

during several years. The ability to predict how much N will be mineralized between

spring fertilization and harvest will enable growers to adjust fertilizer N rates

accordingly.
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4. Wheat yields where no N fertilizer was used in this study were average to

above average for western Oregon. One additional increment of N fertilizer in each

rotation increased yields significantly. A second increment of N fertilizer produced a

significant yield increase in 2 of the 4 rotations studied, though the increases were

considerably less than with the first increment of N fertilizer.
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Appendix Table 1. Soil test results from main experimental site for wheat following tall
fescue.

Date Sampled
Depth
(in) NH4 NO3

NH4
+ NO, Min. N

ppm

Total

9/22/93* 0 - 12 2.08 2.20 4.28 40.00 44.28
12 24 2.03 0.02 2.05 6.20 8.25
24 - 36 1.93 0.49 2.42 4.10 6.52
36 - 48 2.14 1.67 3.81 2.50 6.31

Total 8.18 4.38 12.56 52.80 65.36

12/22/93* 0 - 12 4.60 6.08 10.68 25.10 35.78
12 - 24 1.86 5.95 7.81
24 - 36 1.54 6.72 8.26
36 - 48 0.89 2.19 3.08

Total 8.89 20.94 29.83

02/02/94* 0 -12 3.55 5.98 9.53 23.10 32.63
12 24 2.60 4.77 7.37
24 - 36 2.19 5.24 7.43
36 - 48 1.51 3.41 4.92

Total 9.85 19.40 29.25

8/11/94** 0 - 12 4.13 1.33 5.46 18.87 24.33
12 - 24 3.10 <.43 <3.53
24 - 36 4.17 <.40 <4.57
36 48 2.27 <.40 <2.67

Total 13.67 <2.56 <16.23

Totals NH4 NO3 NH4 + NO3 Min. N Total
9/22/93 8.18 4.38 12.56 40.00 52.56
12/22/93 8.89 20.94 29.83 25.10 54.93
02/02/94 9.85 19.40 29.25 23.10 52.35
08/11/94 13.67 <2.56 <16.23 18.87 <35.10

* Results are a composite of 12 cores taken over the entire site.
** Results are averages for unfertilized plots at this site.



78

Appendix Table 2. Soil test results from main experimental site for wheat following pea.

Date Sampled
Depth
(in) NH4 NO3 + NO, Min. N

ppm

Total

10/21/93* 0 12 2.75 18.45 21.20 28.83 50.03
12 - 24 2.81 6.61 9.42 14.61 24.03
24 - 36 2.02 3.63 5.65 7.89 13.54
36 48 2.11 4.89 7.00 5.68 12.68

Total 9.69 33.58 43.27 57.01 100.28

12/21/93* 0 - 12 1.33 5.17 6.50 33.70 40.20
12 - 24 1.63 10.58 12.21
24 - 36 1.27 8.86 10.13
36 - 48 1.16 6.88 8.04

Total 5.39 31.49 36.88

02/10/94* 0 - 12 2.70 4.30 7.00 26.00 33.00
12 - 24 2.90 5.50 8.40
24 36 2.50 8.20 10.70
36 - 48 1.70 8.20 9.90

Total 9.80 26.20 36.00

08/11/94** 0 -12 3.10 1.14 4.24 28.37 32.61
12 - 24 3.20 0.54 3.74
24 - 36 2.80 <40 <3.20
36 - 48 1.92 <.40 <3.32

Total 11.02 <2.48 <14.5

Totals NH4 NO3 NH4 + NO3 Min. N Total
10/21/93 9.69 33.58 43.27 28.83 72.10
12/21/93 5.39 31.49 36.88 33.70 70.58
02/10/94 9.80 26.20 36.00 26.00 58.00
08/11/94 11.02 <2.48 <14.5 28.37 <42.87

* Results are a composite of 15 cores taken over the entire site.
** Results are averages for unfertilized plots at this site.
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Appendix Table 3. Soil test results from main experimental site for wheat following corn.

Date Sampled
Depth
(in) NH4 NO3

NH4
+ NO, Min. N

ppm

Total

10/1/93* 0 - 12 1.70 8.13 9.83 36.70 46.53
12 - 24 1.20 2.84 4.04 10.50 14.54
24 - 36 0.63 3.49 4.12 9.60 13.72
36 - 48 0.10 3.90 4.00 3.40 7.40

Total 3.63 18.36 21.99 60.20 82.19

12/21/93* 0 - 12 2.24 3.48 5.72 28.70 34.42
12 - 24 1.64 4.79 6.43
24 - 36 1.21 5.56 6.77
36 - 48 0.70 5.58 6.28

Total 5.79 19.41 25.20

02/16/94* 0 - 12 3.20 1.30 4.50 29.20 33.70
12 24 2.60 1.10 3.70
24 - 36 2.60 2.50 5.10
36 - 48 2.50 2.90 5.40

Total 10.90 7.80 18.70

08/11/94** 0 - 12 2.87 <1.57 <4.44 34.23 <38.67
12 24 2.30 <0.80 <3.10
24 - 36 2.37 <0.40 <2.77
36 - 48 2.70 <0.40 <3.10

Total 10.24 <3.17 <13.41

Totals NH4 NO3 NH4 + NO3 Min. N Total
10/1/93 3.63 18.36 21.99 36.70 58.69
12/21/93 5.79 19.41 25.20 28.70 53.90
02/16/94 10.90 7.80 18.70 29.20 47.90
08/11/94 10.24 <3.17 <13.41 34.23 <47.64

* Results are a composite of 15 cores taken over the entire site.
** Results are averages for unfertilized plots at this site.
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Appendix Table 4. Soil test results from main experimental site for wheat following red
clover.

Date Sampled
Depth
(in) NH4 NO3

NH4
+ NO3 Min. N

ppm

Total

10/28/93* 0 - 12 3.76 7.89 11.65 23.57 35.22
12 - 24 1.65 1.85 3.50 8.13 11.63
24 - 36 2.96 0.51 3.47 4.84 8.31
36 - 48 3.31 0.93 4.24 2.37 6.61

Total 11.68 11.18 22.86 38.91 61.77

12/21/93* 0 - 12 1.97 4.59 6.56 15.30 21.86
12 - 24 2.37 7.18 9.55
24 - 36 2.76 2.95 5.71
36 - 48 2.28 1.26 3.54

Total 9.38 15.98 25.36

03/03/94* 0 12 4.30 1.30 5.60 16.15 21.75
12 - 24 3.40 2.90 6.30
24 - 36 3.70 4.50 8.20
36 48 3.10 4.70 7.80

Total 14.50 13.40 27.90

08/18/94** 0 -12 2.33 0.84 3.17 14.80 17.97
12 - 24 2.10 <0.40 <2.50
24 - 36 2.20 <0.40 <2.60
36 - 48 2.20 <0.60 <2.80

Total 8.83 <2.24 <11.07

Totals NH4 NO3 NH4 + NO3 Min. N Total
10/28/93 11.68 11.18 22.86 23.57 46.43
12/21/93 9.38 15.98 25.36 15.30 40.66
03/03/94 14.50 13.40 27.90 16.15 44.05
08/18/94 8.83 <2.24 <11.07 14.80 <25.87

* Results are a composite of 15 cores taken over the entire site.
** Results are averages for unfertilized plots at this site.
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Appendix Table 5. Mineralizable N in the 0 - 30 cm and 30 - 60 cm soil layers measured
four times during the growing season at main experimental sites and at satellite sites
(PPm)

Wheat following grass seed (0 - 30 cm)
Fall Winter Spring

Wheat following corn (0 - 30 cm)
Harvest Fall Winter Spring Harvest

Main Trial 40 25 23 19 37 29 29 34
Sat 1 36 15 19 14 60 49 27 24
Sat 2 18 22 30 15 67 63 53 47
Sat 3 95 39 88 31 36 29 33 19

Average 47 25 40 20 50 43 36 31

Wheat following clover (0 30 cm) Wheat following pea (0 - 30 cm)

Fall Winter Spring Harvest Fall Winter Spring Harvest

Main Trial 24 15 16 15 29 34 26 28
Sat 1 22 23 24 20 38 30 19 29
Sat 2 25 19 21 26 15 12 27 16
Sat 3 25 23 30 21 16 11 15 11

Average 24 20 23 20 24 22 22 21

Wheat following grass seed (30 60 cm) Wheat following corn (30 60 cm)

Fall Winter Spring Harvest Fall Winter Spring Harvest

Main Trial 6 12 8 8 11 22 12 21
Sat 1 10 7 7 5 12 7 6 5
Sat 2 10 7 5 6 31 31 14 25
Sat 3 39 18 19 38 26 29 18 23

Average 16 11 10 14 20 22 13 18

Wheat following clover (30 - 60 cm) Wheat following pea (30 60 cm)

Fall Winter Spring Harvest Fall Winter Spring Harvest

Main Trial 8 7 7 6 15 13 16 13
Sat 1 10 8 7 10 13 8 9 9
Sat 2 7 6 6 8 11 12 15 10
Sat 3 8 6 7 8 11 8 8 10

Average 8 7 7 8 13 10 12 10
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Appendix Table 6. Soil test results for wheat following grass seed satellite site 1 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/12/93 0 - 30 17.98 21.41 39.39 17.62 57.01

30 - 60 5.40 3.64 9.04 4.57 13.61

60 - 90 3.45 1.80 5.25

90 -120 3.02 1.78 4.80

Total 29.85 28.63 58.48 22.19 70.62

1/12/94 0 - 30 3.40 4.60 8.00 11.20 19.20

30 - 60 2.30 9.00 11.30 4.89 16.19

60 90 2.20 7.30 9.50

90 120 1.20 6.90 8.10

Total 9.10 27.80 36.90 16.09 35.39

2/21/94 0 - 30 2.93 34.71 37.64 15.97 53.61

30 - 60 2.51 9.70 12.21 4.16 16.37

60 - 90 3.12 5.32 8.44

90 - 120 2.85 4.55 7.40

Total 11.41 54.28 65.69 20.13 69.98

7/20/94 0 30 2.70 3.68 6.38 11.70 18.08

30 - 60 2.70 0.41 3.11 2.69

60 - 90 1.90 0.41 2.31

90 - 120 2.00 0.40 2.40

Total 9.31 4.90 14.21 14.39 18.08

Totals NH4 NO3 NH4 + NO3 MM. N 60 cm Total

11/12/93 29.85 28.63 58.48 22.19 80.67

1/12/94 9.10 27.80 36.90 16.09 52.99

2/21/94 11.41 54.28 65.69 20.13 85.82

7/20/94 9.31 4.90 14.21 14.39 28.60
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Appendix Table 7. Soil test results for wheat following grass seed satellite site 2 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/19/93 0 - 30 4.36 4.54 8.90 13.61 22.51

30 - 60 2.14 2.70 4.84 8.11 12.95

60 - 90 2.01 1.53 3.54

90 - 120 2.54 2.09 4.63

Total 11.05 10.86 21.91 21.72 35.46

1/12/94 0 - 30 3.10 7.20 10.30 18.50 28.80

30 - 60 2.60 5.70 8.30 4.40 12.70

60 - 90 1.60 3.30 4.90

90 - 120 1.20 3.60 4.80

Total 8.50 19.80 28.30 22.90 41.50

2/21/94 0 - 30 4.55 5.86 10.41 25.85 36.26

30 - 60 1.76 4.62 6.38 2.94 9.32

60 - 90 2.27 1.14 3.41

90 120 2.35 0.97 3.32

Total 10.93 12.59 23.52 28.78 45.57

7/20/94 0 - 30 2.60 0.40 3.00 12.40 15.40

30 60 2.20 0.10 2.30 3.91 6.21

60 - 90 1.80 0.10 1.90

90 - 120 2.40 0.10 2.50

Total 9.00 0.70 9.70 16.31 21.61

NH4 NO3 NH4 + NO3 MM. N 60 cm Total

11/19/93 11.05 10.86 21.91 21.72 43.63

1/12/94 8.50 19.80 28.30 22.90 51.20

2/21/94 10.93 12.59 23.52 28.78 52.31

7/20/94 9.00 0.70 9.70 16.31 26.02
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Appendix Table 8. Soil test results for wheat following grass seed satellite site 3 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/19/93 0 - 30 6.73 36.84 43.57 88.42 131.99

30 - 60 5.53 20.53 26.06 33.48 59.54

60 - 90 4.48 8.34 12.82

90 - 120 3.59 9.26 12.85

Total 20.33 74.97 95.30 121.90 191.53

1/12/94 0 - 30 3.50 7.60 11.10 35.40 46.50

30 - 60 2.00 13.30 15.30 15.66 30.96

60 - 90 2.60 10.50 13.10

90 - 120 2.20 14.00 16.20

Total 10.30 45.40 55.70 51.06 77.46

2/21/94 0 - 30 4.55 5.86 10.41 25.85 36.26

30 - 60 1.76 4.62 6.38 2.94 9.32

60 - 90 2.27 1.14 3.41

90 - 120 2.35 0.97 3.32

Total 10.93 12.59 23.52 28.78 45.57

7/20/94 0 - 30 3.70 0.70 4.40 27.50 31.90

30 - 60 2.70 0.20 2.90 35.34 38.24

60 - 90 3.20 0.30 3.50

90 - 120 2.50 0.20 2.70

Total 12.10 1.40 13.50 62.84 70.14

Totals NH4 NO3 NH4 + NO3 MM. N 60 cm Total

11/19/93 20.33 74.97 95.30 121.90 217.20

1/12/94 10.30 45.40 55.70 51.06 106.76

2/21/94 10.93 12.59 23.52 28.78 52.31

7/20/94 12.10 1.40 13.50 62.84 76.35
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Appendix Table 9. Soil test results for wheat following corn satellite site 1 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 +NO3 Minerali7able N Total

11/12/93 0 - 30 7.49 34.51 42.00 52.91 94.91

30 - 60 5.20 9.85 15.05 6.54 21.59

60 - 90 4.98 11.45 16.43

90 - 120 4.80 14.87 19.67

Total 22.47 70.68 93.15 59.45 116.50

1/12/94 0 - 30 1.10 6.90 8.00 48.00 56.00

30 - 60 0.73 13.10 13.83 6.36 20.19

60 - 90 2.30 10.70 13.00

90 - 120 1.50 1.31 2.81

Total 5.63 32.01 37.64 54.36 76.19

2/21/94 0 - 30 4.80 5.40 10.20 22.60 32.80

30 - 60 2.46 10.50 12.95 3.91 16.87

60 - 90 2.60 8.60 11.20

90 - 120 2.30 6.30 8.60

Total 12.16 30.80 42.95 26.51 49.67

7/20/94 0 - 30 2.80 0.50 3.30 20.70 24.00

30 - 60 2.20 0.10 2.30 2.69 4.99
60 90 1.50 0.10 1.60

90 - 120 1.70 1.90 3.60

Total 8.20 2.60 10.80 23.39 28.99

Totals NH4 NO3 NH4 + NO3 Min. N 60 cm Total

11/12/93 22.47 70.68 93.15 59.45 152.60

1/12/94 5.63 32.01 37.64 54.36 92.00

2/21/94 12.16 30.80 42.95 26.51 69.47

7/20/94 8.20 2.60 10.80 23.39 34.19



86

Appendix Table 10. Soil test results for wheat following corn satellite site 2 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/12/93 0 - 30 5.57 88.06 93.63 61.67 15530

30 - 60 4.01 31.15 35.16 26.66 61.82

60 - 90 4.23 28.08 32.31

90 120 5.10 21.09 26.19

Total 18.91 168.38 187.29 88.33 217.12

1/12/94 0 30 4.00 3.4 4.00 59.30 63.30

30 - 60 3.60 5.90 9.50 27.64 37.14

60 - 90 3.10 8.70 11.80

90 - 120 2.20 7.60 9.80

Total 12.90 22.20 35.10 86.94 100.44

2/21/94 0 - 30 4.20 5.60 9.80 49.10 58.90

30 - 60 3.40 4.20 7.60 10.52 18.12

60 - 90 3.10 5.90 9.00

90 - 120 2.90 6.70 9.60

Total 13.60 22.40 36.00 59.62 77.02

7/20/94 0 - 30 3.60 0.60 4.20 43.10 47.30

30 - 60 4.00 0.30 4.30 20.55 24.85

60 - 90 3.00 0.60 3.60

90 - 120 2.30 3.10 5.40

Total 12.90 4.60 17.50 63.65 72.15

Totals NH4 NO3 NH4 + NO3 MM. N 60 cm Total

11/12/93 18.91 168.38 187.29 88.33 275.62

1/12/94 12.90 22.20 35.10 86.94 122.04

2/21/94 13.60 22.40 36.00 59.62 95.62

7/20/94 12.90 4.60 17.50 63.65 81.14
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Appendix Table 11. Soil test results for wheat following corn satellite site 3 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/12/93 0 - 30 4.26 15.91 20.17 31.42 51.59

30 - 60 3.84 7.66 11.50 21.86 33.36

60 90 3.40 6.72 10.12

90 - 120 3.40 10.45 13.85

Total 14.90 40.74 55.64 53.28 84.95

1/12/94 0 - 30 0.66 4.50 5.16 28.64 33.80

30 60 1.20 7.30 8.50 27.40 35.90

60 - 90 1.10 6.50 7.60

90 - 120 0.53 7.40 7.93

Total 3.49 25.70 29.19 56.04 69.70

2/21/94 0 - 30 3.30 3.10 6.40 29.90 36.30

30 - 60 3.00 3.70 6.70 15.41 22.11

60 - 90 2.70 5.50 8.20

90 - 120 2.00 7.00 9.00

Total 11.00 19.30 30.30 45.31 58.41

7/20/94 0 - 30 2.60 0.10 2.70 16.70 19.40

30 - 60 2.60 0.10 2.70 20.30 23.00

60 - 90 2.50 0.10 2.60

90 - 120 1.90 0.10 2.00

Total 9.60 0.40 10.00 37.00 42.40

Totals NH4 NO3 NH4 + NO3 Min. 60 cm Total

11/12/93 14.90 40.74 55.64 53.28 108.92

1/12/94 3.49 25.70 29.19 56.04 85.23

2/21/94 11.00 19.30 30.30 45.31 75.61

7/20/94 9.60 0.40 10.00 37.00 47.01
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Appendix Table 12. Soil test results for wheat following pea satellite site 1 (ppm).

Date Sampled Depth cm N114 NO3 NI14 + NO3 Mineralizable N Total

11/12/93 0 - 30 5.11 23.52 28.63 32.90 61.53

30 - 60 3.17 13.28 16.45 10.11 26.56

60 - 90 2.51 6.73 9.24

90 - 120 2.03 4.40 6.43

Total 12.82 47.93 60.75 43.01 88.09

1/12/94 0 30 3.80 6.20 10.00 27.09 37.09
30 - 60 2.40 6.40 8.80 5.87 14.67

60 - 90 1.10 7.60 8.70

90 120 2.40 8.10 10.50

Total 9.70 28.30 38.00 32.96 51.76

2/21/94 0 30 3.05 4.38 7.43 15.85 23.28
30 - 60 2.75 4.02 6.77 6.60 13.37

60 - 90 1.92 3.85 5.77

90 - 120 2.00 7.50 9.50

Total 9.72 19.75 29.47 22.45 36.65

7/20/94 0 30 2.60 0.20 2.80 26.40 29.20
30 - 60 1.80 0.10 1.90 6.85 8.75
60 - 90 2.30 0.10 2.40

90 120 2.20 0.10 2.30

Total 8.90 0.50 9.40 33.25 37.95

Totals N114 NO3 N114 +NO3 MM. N 60 cm Total

11/12/93 12.82 47.93 60.75 43.01 103.76

1/12/94 9.70 28.30 38.00 32.96 70.96
2/21/94 9.72 19.75 29.47 22.45 51.93

7/20/94 8.90 0.50 9.40 33.25 42.65
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Appendix Table 13. Soil test results for wheat following pea satellite site 2 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/12/93 0 - 30 3.01 28.24 31.25 12.18 43.43

30 - 60 2.74 10.13 12.87 8.53 21.40

60 - 90 2.77 6.71 9.48

90 - 120 2.10 4.32 6.42

Total 10.62 49.40 60.02 20.71 64.83

1/12/94 0 - 30 2.00 4.80 6.80 10.40 17.20

30 - 60 2.40 12.20 14.60 34.00 48.60

60 - 90 2.30 10.40 12.70

90 - 120 1.40 8.40 9.80

Total 8.10 35.80 43.90 44.40 65.80

2/21/94 0 - 30 11.60 2.30 13.90 15.60 29.50

30 - 60 7.40 7.30 14.70 7.34 22.04

60 - 90 5.80 10.00 15.80

90 - 120 7.00 8.70 15.70

Total 31.80 28.30 60.10 22.94 51.54

7/20/94 0 30 2.50 0.10 2.60 13.80 16.40

30 - 60 3.60 0.70 4.30 6.12 0.42
60 90 1.20 0.10 1.30

90 120 1.90 0.10 2.00

Total 9.20 1.00 10.20 19.91 26.82

Totals NH4 NO3 NH4 + NO3 Min. N 60 cm Total

11/12/93 10.62 49.40 60.02 20.71 80.73

1/12/94 8.10 35.80 43.90 44.40 88.30

2/21/94 31.80 28.30 60.10 22.94 83.04

7/20/94 9.20 1.00 10.20 19.91 30.12
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Appendix Table 14. Soil test results for wheat following pea satellite site 3 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/12/93 0 - 30 3.87 36.52 40.39 11.69 52.08

30 - 60 3.63 21.75 25.38 7.26 32.64

60 - 90 2.86 18.87 21.73

90 - 120 2.38 20.62 23.00

Total 12.74 97.76 110.50 18.95 84.72

1/12/94 0 - 30 1.90 9.30 11.20 9.50 20.70

30 - 60 1.50 11.10 12.60 6.12 18.72

60 - 90 0.85 13.10 13.95

90 - 120 1.60 15.00 16.60

Total 5.85 48.50 54.35 15.62 39.42

2/21/94 0 - 30 3.32 3.43 6.75 11.78 18.53

30 - 60 2.74 4.90 7.64 4.65 12.29

60 - 90 2.12 13.43 15.55

90 - 120 2.54 14.20 16.74

Total 0.72 35.96 46.68 16.43 30.82

7/20/94 0 - 30 2.10 0.40 2.50 8.40 10.90

30 - 60 2.30 0.20 2.50 7.83 10.33

60 - 90 1.10 0.10 1.20

90 - 120 1.10 0.10 1.20

Total 6.60 0.80 7.40 16.23 21.23

Totals NH4 NO3 NH4 + NO3 Min. N 60 cm Total

11/12/93 12.74 97.76 110.50 18.95 129.45

1/12/94 5.85 48.50 54.35 15.62 69.97

2/21/94 10.72 35.96 46.68 16.43 63.11

7/20/94 6.60 0.80 7.40 16.23 23.63
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Appendix Table 15. Soil test results for wheat following clover satellite site 1 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/19/93 0 30 3.04 7.81 10.85 19.03 29.88

30 - 60 1.18 2.64 3.82 8.86 12.68

60 90 2.88 2.27 5.15

90 - 120 2.07 2.50 4.57

Total 9.17 15.22 24.39 27.89 42.56

12/22/93 0 - 30 2.27 6.21 8.48 20.83 29.31

30 - 60 1.46 5.96 7.42 6.85 14.27

60 - 90 2.36 4.08 6.44

90 - 120 2.27 2.40 4.67

Total 8.36 18.65 27.01 27.68 43.58

2/21/94 0 - 30 4.00 8.80 12.80 20.00 32.80

30 - 60 2.20 5.50 7.70 4.40 12.10

60 - 90 1.80 4.90 6.70

90 - 120 2.40 5.50 7.90

Total 10.40 24.70 35.10 24.40 44.90

7/20/94 0 - 30 2.20 0.10 2.30 17.85 20.15

30 - 60 1.10 0.10 1.20 9.30 10.50

60 - 90 1.20 0.10 1.30

90 - 120 1.60 0.10 1.70

Total 6.10 0.40 6.50 27.15 30.65

Totals NH4 NO3 NH4 + NO3 MM. N 60 cm Total

11/19/93 9.17 15.22 24.39 27.89 52.28

12/22/93 8.36 18.65 27.01 27.68 54.69

2/21/94 10.40 24.70 35.10 24.40 59.50

7/20/94 6.10 0.40 6.50 27.15 33.65
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Appendix Table 16. Soil test results for wheat following clover satellite site 2 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineralizable N Total

11/19/93 0 - 30 4.37 14.22 18.59 20.96 39.55

30 - 60 2.68 3.55 6.23 3.84 10.07

60 90 3.28 2.48 5.76

90 - 120 2.41 1.99 4.40

Total 12.74 22.24 34.98 24.80 49.62

12/22/93 0 - 30 1.96 4.49 6.45 16.84 23.29

30 60 1.52 6.07 7.59 4.40 11.99

60 90 1.88 6.38 8.26

90 120 2.42 5.57 7.99

Total 7.78 22.51 30.29 21.24 35.28

2/21/94 0 - 30 3.20 5.80 9.00 18.00 27.00

30 - 60 2.50 4.50 7.00 3.18 10.18

60 - 90 2.40 4.40 6.80

90 - 120 2.70 4.00 6.70

Total 10.80 18.70 29.50 21.18 37.18

7/20/94 0 30 3.60 1.40 5.00 22.00 27.00

30 - 60 2.40 0.40 2.80 5.38 8.18

60 - 90 2.60 0.10 2.70

90 - 120

Total 8.60 1.90 10.50 27.38 35.18

Totals NII4 NO3 NH4 + NO3 Min. N 60 cm Total

11/19/93 12.74 22.24 34.98 24.80 59.78

12/22/93 7.78 22.51 30.29 21.24 51.54

2/21/94 10.80 18.70 29.50 21.18 50.68

7/20/94 8.60 1.90 10.50 27.38 37.88
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Appendix Table 17. Soil test results for wheat following clover satellite site 3 (ppm).

Date Sampled Depth cm NH4 NO3 NH4 + NO3 Mineraliiable N Total

11/19/93 0 - 30 3.97 7.87 11.84 21.36 33.20

30 - 60 5.00 1.80 6.80 2.69 9.49

60 - 90 3.30 1.56 4.86

90 - 120 3.21 1.12 4.33

Total 15.48 12.35 27.83 24.05 42.69

12/22/93 0 - 30 3.17 4.83 8.00 19.53 27.53

30 60 3.42 6.91 10.33 3.91 14.24

60 - 90 2.08 5.84 7.92

90 120 1.97 3.09 5.06

Total 10.64 20.67 31.31 23.44 41.78

2/21/94 0 - 30 3.90 6.90 10.80 25.80 36.60

30 - 60 3.10 5.30 8.40 3.67 12.07

60 90 3.70 5.00 8.70

90 - 120 3.20 5.60 8.80

Total 13.90 22.80 36.70 29.47 48.67

7/20/94 0 - 30 2.70 0.10 2.80 18.30 21.10

30 - 60 2.50 0.10 2.60 5.38 7.98

60 - 90 1.60 0.10 1.70

90 - 120 2.60 0.30 2.90

Total 9.40 0.60 10.00 23.68 29.08

Totals NH4 NO3 NH4 + NO3 Min. N 60 cm Total

11/19/93 15.48 12.35 27.83 24.05 51.88

12/22/93 10.64 20.67 31.31 23.44 54.75

2/21/94 13.90 22.80 36.70 29.47 66.17

7/20/94 9.40 0.60 10.00 23.68 33.68
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Appendix Table 18. Ending soil test results for wheat following tall fescue (ppm).

B N Depth (in) Nits NO3 Min. N

1 0 0-12 3.1 1.5 17.6
12-24 3.2 < .4
24-36 3.5 < .4
36-48 2.8 < .4

1 1 0-12 3.4 1.4 16.3
12-24 2.7 < .4
24-36 2.0 .67
36-48 2.2 1.5

1 2 0-12 3.4 1.1 16.0
12-24 2.1 < .4
24-36 3.1 < .4
36-48 2.4 .65

1 3 0-12 5.0 2.9 18.9
12-24 3.2 1.2
24-36 2.9 .48
36-48 3.6 1.0

2 0 0-12 4.7 1.4 15.5
12-24 3.1 < .4
24-36 3.0 < .4
36-48 2.6 < .4

2 1 0-12 4.6 1.2 18.0
12-24 3.1 < .4
24-36 2.8 <.4
36-48 2.7 .43

2 2 0-12 5.5 1.2 17.2
12-24 2.8 < .4
24-36 4.3 < .4
36-48 1.4 .82

2 3 0-12 4.5 1.1 21.0
12-24 3.6 .46
24-36 3.3 .45
36-48 3.7 1.1

3 0 0-12 4.6 1.1 23.5
12-24 3.0 .49
24-36 6.0 < .4
36-48 1.4 < .4

3 1 0-12 4.3 1.0 31.5
12-24 5.6 < .4
24-36 2.3 < .4
36-48 1.7 .57

3 2 0-12 4.8 1.0 24.2
12-24 6.3 < .4
24-36 4.6 < .4
36-48 2.8 < .4

3 3 0-12 4.0 1.7 19.9
12-24 3.7 .57
24-36 3.7 < .4
36-48 3.7 .79
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Appendix Table 19. Ending soil test results for wheat following corn (ppm).

B N Depth (in) NH4 NO, Min. N

1 0 0-12 2.3 2.3 37.3
12-24 1.9 1.0
24-36 1.3 <.4
36-48 2.6 <.4

I 1 0-12 2.1 2.1 27.9
12-24 2.1 .69
24-36 1.1 <.4
36-48 1.6 <.4

1 2 0-12 3.1 2.1 39.3
12-24 3.1 .92
24-36 2.5 <.4
36-48 2.2 <.4

1 3 0-12 3.9 2.5 37.2
12-24 2.9 1.1
24-36 2.1 .85
36-48 1.9 .59

2 0 0-12 3.4 2.0 35.1
12-24 2.1 1.0
24-36 2.3 <.4
36-48 2.4 <.4

1 1 0-12 2.0 1.7 38.3
12-24 2.8 .46
24-36 1.3 <.4
36-48 1.2 <.4

2 2 0-12 2.6 2.1 34.1
12-24 3.1 .48
24-36 2.6 <.4
36-48 2.5 <.4

2 3 0-12 2.7 2.1 35.7
12-24 2.6 1.2
24-36 2.9 <.4
36-48 3.2 <.4

3 0 0-12 2.7 <.4 30.3
12-24 2.9 <.4
24-36 3.0 <.4
36-48 3.1 <.4

3 1 0-12 2.6 .43 35.9
12-24 2.4 <.4
24-36 2.1 <.4
36-48 2.7 <.4

3 2 0-12 3.3 .94 39.0
12-24 2.2 .78
24-36 2.1 <.4
36-48 2.5 <.4

3 3 0-12 3.8 .93 33.0
12-24 3.5 <.4
24-36 2.9 <.4
36-48 2.9 <.4
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Appendix Table 20. Ending soil test results for wheat following pea (ppm).

B N Depth (in) NH4 NO3 Min. N

1 0 0-12 2.5 1.2 30.9
12-24 1.8 .41
24-36 2.4 < .4
36-48 .56 < .4

1 1 0-12 5.1 4.9 46.3
12-24 2.0 1.2
24-36 2.8 1.0
36-48 1.1 .43

1 2 0-12 4.0 3.5 36.1
12-24 3.0 2.1
24-36 2.4 .47
36-48 2.8 < .4

1 3 0-12 7.6 10.0 40.0
12-24 2.5 3.7
24-36 2.5 .77
36-48 2.7 .53

2 0 0-12 3.7 .83 22.8
12-24 4.3 .58
24-36 3.3 <.4
36-48 3.1 < .4

2 1 0-12 .68 .90 25.5
12-24 3.8 < .4
24-36 3.2 < .4
36-48 3.0 < .4

2 2 0-12 4.5 2.3 27.5
12-24 <.4 .62
24-36 <.4 <.4
36-48 <.4 <.4

2 3 0-12 4.5 1.8 40.5
12-24 4.4 1.4
24-36 3.1 < .4
36-48 2.6 < .4

3 0 0-12 3.1 1.4 31.4
12-24 3.5 .63
24-36 2.7 < .4
36-48 2.1 < .4

3 1 0-12 2.6 1.2 22.5
12-24 2.9 .40
24-36 2.8 <.4
36-48 2.7 < .4 .

3 2 0-12 2.7 1.3 32.3
12-24 2.7 .50
24-36 2.3 < .4
36-48 2.6 < .4

3 3 0-12 4.1 1.9 25.8
12-24 4.0 .43
24-36 5.2 .43
36-48 3.8 < .4
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Appendix Table 21. Ending soil test results for wheat following clover (ppm).

B N Depth (in) NO, NH4 Min. N

1 0 0-12 3.2 1.4 13.5
12-24 3.2 <.4
24-36 3.2 <.4
36-48 3.2 <.4

1 1 0-12 3.2 <.4 12.9
12-24 2.2 <.4
24-36 3.2 .43
36-48 3.2 .83

1 2 0-12 2.7 <.4 12.4
12-24 2.7 <.4
24-36 2.0 .55
36-48 1.6 1.3

1 3 0-12 3.2 1.8 19.6
12-24 2.2 .53
24-36 2.7 .50
36-48 2.7 .80

2 0 0-12 1.8 .56 13.7
12-24 1.6 <.4
24-36 1.8 <.4
36-48 1.8 1.0

2 1 0-12 1.8 <.4 15.2
12-24 1.7 <.4
24-36 1.7 <.4
36-48 1.8 .56

2 2 0-12 2.0 .52 15.7
12-24 2.0 <.4
24-36 1.7 <.4
36-48 1.6 .58

2 3 0-12 1.8 <.4 17.9
12-24 1.8 <.4
24-36 1.4 <.4
36-48 1.8 .47

3 0 0-12 2.0 .55 17.2
12-24 1.5 <.4
24-36 1.6 <.4
36-48 1.6 <.4

3 1 0-12 1.8 <.4 18.0
12-24 1.7 <.4
24-36 7.2 <.4
36-48 3.2 <.4

3 2 0-12 2.0 <.4 15.0
12-24 2.0 <.4
24-36 1.8 <.4
36-48 1.6 <.4

3 3 0-12 1.8 <.4 13.6
12-24 1.8 <.4
24-36 2.1 <.4
36-48 1.4 <.4
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Appendix Table 22. Above ground biomass weight, harvest, chaff, and straw index
and N content at harvest for Gene wheat following tall fescue for 10 randomly cut 30
cm sections of row.

Block N Rate Total
Wt.

Grain Chaff
Wt. Wt.

grams

Straw
Wt.

Harvest Chaff
index index

Straw
index

Grain
N

Straw Chaff

1 0 1207 477 145 585 40 12 48 1.41 .22 .46
1 1460 595 173 692 41 12 47 1.83 .27 .43
2 997 403 123 471 40 12 47 1.45 .23 .43
3 1204 501 151 552 42 13 46 1.73 .45 .55

2 0 1029 421 126 482 41 12 47 1.38 .24
1 1707 692 199 816 41 12 48 1.52 .26
2 1655 682 197 776 41 12 47 1.72 .33
3 1369 558 157 654 41 11 48 1.90 .43

3 0 1139 454 145 540 40 13 47 1.36 .21
1 1713 692 208 813 40 12 47 1.42 .23
2 1009 403 116 490 40 11 49 1.61 .25
3 1750 694 197 859 40 11 49 1.89 .39

Appendix Table 23. Above ground biomass weight, harvest, chaff, and straw index
and N content at harvestfor wheat following corn for 10 randomly cut 30 cm sections
of row.

Block* N Rate Total
Wt.

Grain Chaff
Wt. Wt.

grams

Straw
Wt.

Harvest Chaff
index index

Straw
index

Grain
N

Straw Chaff

1 0 1207 503 149 555 42 12 46 1.54 .21 .40
1 1305 541 164 600 41 13 46 1.51 .25 .45
2 1474 623 194 657 42 13 45 1.64 .29 .47
3 1017 428 124 465 42 12 46 1.86 .35 .52

2 0 807 341 104 362 42 13 45 1.63 .22
1 1273 527 157 589 41 12 46 1.61 .26
2 1370 564 169 637 41 12 46 1.69 .35
3 1047 449 136 462 43 13 44 1.73 .26

3 0 890 321 110 459 36 12 52 1.52 .21 .32
1 980 337 112 531 34 11 54 1.59 .25 .30
2 1414 499 147 768 35 10 54 1.50 .27 .39
3 1186 433 129 624 37 11 53 1.76 .41 .37

* Blocks 1 and 2 were Gene wheat. Block 3 was Madsen.
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Appendix Table 24. Above ground biomass weight, harvest, chaff, and straw index
and N content at harvest for Gene wheat following pea for 10 randomly cut 30 cm
sections of row.

Block N Rate Total

Wt.

Grain Chaff

Wt. Wt.

grams

Straw

Wt.

Harvest Chaff

index index

Straw

index

Grain

N
Straw Chaff

1 0 1300 534 181 585 41 14 45 1.70 .35 .44

1 1095 436 147 512 40 13 47 1.88 .65 .64

2 1585 614 188 783 39 12 49 1.94 .53 .58

3 1475 572 194 709 39 13 48 2.20 .80 .69

2 0 1417 559 167 691 39 12 49 1.40 .20

1 951 376 121 454 40 13 48 1.58 .29

2 1639 643 208 788 39 13 48 1.88 .57

3 955 379 122 454 40 13 48 1.94 .44

3 0 940 369 120 451 39 13 48 1.49 .25

1 1050 410 129 511 39 12 49 1.52 .31

2 1464 559 178 727 38 12 50 1.80 .53

3 1546 592 177 777 38 11 50 1.81 .39

Appendix Table 25. Above ground biomass weight, harvest, chaff, and straw index and N
content at harvest for Gene wheat following red clover for 10 randomly cut 30 cm
sections of row.

Block N Rate Total

Wt.

Grain Chaff

Wt. Wt.

grams

Straw

Wt.

Harvest Chaff

index index

Straw

index

Grain

N
Straw Chaff

1 0 729 280 85 364 38 12 50 1.35 .23 .36

1 926 359 103 464 39 11 50 1.41 .26 .30

2 1593 614 170 809 39 11 51 1.42 .29 .29

3 1612 603 172 837 37 11 52 1.54 .35 .45

2 0 1468 567 151 750 39 10 51 1.56 .27

1 829 305 84 440 37 10 53 1.57 .24

2 1556 589 166 801 38 11 51 1.45 .29

3 1088 430 119 539 40 11 50 1.63 .36

3 0 724 270 89 365 37 12 50 1.41 .15

1 1061 383 114 564 36 11 53 1.57 .22

2 1582 577 176 829 36 11 52 1.49 .25

3 1661 640 183 838 39 11 50 1.67 .36
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Appendix Table 26. Above ground biomass weight, harvest, chaff, and straw index and N
content for satellite sites for 3 randomly cut 30 cm sections of row.

Site Total
Wt.

Grain Chaff
Wt. Wt.

grams

Straw
Wt

Harvest Chaff
index index

Straw
index

Grain
N

Straw Chaff

Grass 1 613 243 64 306 40 10 50 1.76 .31 .38
Grass 2 384 179 48 157 47 13 41 1.82 .48 .64
Grass 3 432 197 57 178 46 13 41 1.77 .38 .52
Corn 1 466 186 50 230 40 11 49 1.65 .30 .48
Com 2 583 237 71 275 41 12 47 1.84 .28 .34
Com 3 827 289 71 467 35 9 56 1.85 .41 .39
Pea 1 610 211 58 341 35 10 56 1.71 .46 .48
Pea 2 566 209 58 299 37 10 53 1.97 .55 .50
Pea 3 455 159 48 248 35 11 55 1.50 .31 .39
Clover 1 496 214 58 224 43 12 45 1.76 .34 .53
Clover 2 521 258 75 188 50 14 36 1.70 .29 .42
Clover 3 473 183 54 236 39 11 50 1.55 .23 .41

Table 27. Rotation, N Fertilizer Rate and Yield for individual plots.

Rotation N Rate Yield
(kg/ha) (kg/ha)

Rotation N Rate Yield
(keha) (kg/ha)

Rotation N Rate Yield
(kg a) (kg/ha)

Rotation N Rate Yield
(kg/ha) (kg/ha)

GW 0 6698 MW 0 8002 PW 0 9830 CW 0 5433
GW 0 7001 MW 0 8364 PW 0 8924 CW 0 6926
GW 0 6557 MW 0 7273 PW 0 8647 CW 0 5164
GW 67 9029 MW 56 9725 PW 56 10398 CW 56 6564
GW 67 9043 MW 56 9408 PW 56 9388 CW 56 7474
GW 67 9424 MW 56 8305 PW 56 9907 CW 56 7207
GW 134 8183 MW 112 9900 PW 112 10570 CW 112 6899
GW 134 9986 MW 112 10182 PW 112 10350 CW 112 7048
GW 134 9373 MW 112 9141 PW 112 10219 CW 112 7111
GW 201 10481 MW 168 10805 PW 168 10936 CW 168 8383
GW 201 9953 MW 168 10303 PW 168 10989 CW 168 7938
GW 201 10382 MW 168 9831 PW 168 10325 CW 168 7904

GW = Grass seed-wheat MW = Corn-Wheat PW = Pea-Wheat CW = Clover-Wheat
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Appendix Table 28. Test weight, height, and protein for individual plots from main
experimental sites.

Wheat following tall fescue Wheat following pea

Block N Test Height Protein* Test Height Protein*
wt. (In.) (%) wt. (In.) (%)

1 0 59.7 33.4 7.70 58.6 37.2 9.64
1 59.9 37.5 8.22 57.7 37.2 10.96
2 59.7 36.4 7.80 58.2 37.8 10.42
3 60.0 38.0 10.03 57.9 37.2 11.13

2 0 60.0 35.4 7.96 58.5 37.4 8.23
1 59.6 38.3 8.26 58.8 38.2 8.68
2 59.8 37.6 9.33 58.3 37.2 10.22
3 59.9 39.2 10.31 58.3 37.2 10.27

3 0 60.0 34.4 7.51 57.0 39.6 8.61
1 60.0 35.8 8.30 58.2 38.0 8.82
2 60.0 37.0 8.98 57.9 37.0 9.71
3 60.0 36.9 10.16 58.2 39.0 9.35

Wheat following corn Wheat following red clover

Block N Test Heght Protein* Test Height Protein*
Wt. (in.) (%) wt. (In.) (%)

1 0 57.3 31.4 8.69 60.7 36.9 7.25
1 59.2 36.8 8.91 60.8 42.0 7.55
2 58.3 37.6 9.54 60.9 42.8 7.93
3 59.0 37.0 10.32 61.7 41.7 9.26

2 0 58.5 33.8 9.32 61.2 40.4 8.07
1 57.8 35.8 9.14 61.0 40.3 8.07
2 58.8 36.0 9.88 60.8 41.7 8.06
3 58.8 36.4 9.71 61.0 43.3 8.35

3 0 60.2 37.0 8.07 60.8 37.1 7.09
1 60.1 41.9 7.94 60.5 41.7 7.97
2 61.1 43.0 9.49 60.4 42.3 7.70
3 60.5 41.6 8.61 61.0 42.0 9.20

* Protein measured on Infratec whole wheat analyzer.




