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Abstract:
Evaluation of plant growth and fertilizer N use was made on alternate crop-fallow and recrop
management fields planted to 'Newana' spring wheat. Fertilizer N rates of 0, 30, 60, and 90 kg N/ha as
NH4NO3 (33.5-0-0) were applied within each management plot; each fertilizer N plot was subdivided
into areas receiving labelled (5.02 atom % 15NH415N03 or unlabelled N fertilizer.

Data variability between replications was high due to spatial variation in the soil and residue
distribution. Based on averages of all replications no yield response to fertilizer N was obtained on
fallow; large yield increases with fertilizer N occurred on recrop. Highest yields on all management
practices were obtained with 90 kg N/ha. With the addition of 90 kg N/ha, recrop yield was equivalent
to fallow yield at Bozeman, at Willow Creek recrop yield was only 60% of fallow yield, due probably
to a P deficiency. Projecting these results to a two year cycle, recrop greatly outyielded fallow. Protein
concentration was also greater on fallow than recrop. Protein yield reflected changes in both grain yield
and protein concentration. Initial NO3-N levels prior to seeding greatly influenced the utilization of N.

Labelled fertilizer N results indicate substantial N turnover and net mineralization during the growing
season on both fallow and recrop plots. Recovery of fertilizer N by the plant and the % N derived from
fertilizer were greater on recrop than on fallow. Leaching of fertilizer N was not apparent. Greater than
85% of the fertilizer N in the soil at harvest was recovered in the surface 60 cm. A balance sheet at
harvest showed recovery of fertilizer N to be 60% on fallow and 85% on recrop. 
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ABSTRACT

Evaluation of plant growth and fertilizer N use was made on alter
nate crop-fallow and recrop management fields planted to 'Newana1 
spring wheat. Fertilizer N rates of 0, 30, 60, and 90 kg N/ha as 
NH4NO3 (33.5-0-0) were applied within each management plot; each ferti
lizer N plot was subdivided into areas receiving labelled (5.02 atom % 

or unlabelled N fertilizer.
Data variability between replications was high due to spatial 

variation in the soil and residue distribution. Based on averages of 
all replications no yield response to fertilizer N was obtained on . 
fallow; large yield increases with fertilizer N occurred on recrop. 
Highest yields on all management practices were obtained with 90 kg N/ha. 
With the addition of 90 kg N/ha, recrop yield was equivalent to fallow 
yield at Bozeman, at Willow Creek recrop yield was only 60% of fallow 
yield, due probably to a P deficiency. Projecting these results to a 
two year cycle, recrop greatly outyielded fallow. Protein concentration 
was also greater on fallow than recrop. Protein yield reflected changes 
in both grain yield and protein concentration. Initial NO3-N levels 
prior to seeding greatly influenced the utilization of N .

Labelled fertilizer N results indicate substantial N turnover and 
net mineralization during the growing season on both fallow and.recrop 
plots. Recovery of fertilizer N by the plant and the % N derived from 
fertilizer were greater on recrop than on fallow. Leaching of ferti
lizer N was not apparent. Greater than 85% of the fertilizer N in the 
soil at harvest was recovered in the surface 60 cm. A balance sheet 
at harvest showed recovery of fertilizer N to be 60% on fallow and 
85% on recrop.



INTRODUCTION

Alternate crop-fallow management is the traditional farming tech
nique in the Northern Great Plains. .However, due to problems associated 
with summer fallow, especially wind and water erosion and saline seep, 
flexible cropping has been advocated (Haas et al., 1974; Black et al., 
1974; Sims, 1971). The long term goal of flexible cropping is to crop 
a field each season that there is a high probability of a profitable 
crop. The decision to crop or fallow in any one particular year is 
based primarily on the amount of stored soil water at seeding. If stored 
soil water is sufficient other parameters become important and may limit 
yields.

The success of a flexible cropping system is dependent upon know

ledge of soil and climatic conditions, crop residue management, and con

sideration for soil fertility, disease, and weed problems that exist at 
a particular time and place. One important factor involving soil fer

tility with flexible cropping is increased straw residue levels which 

result in increased N immobilization during decomposition. A second 
factor involves the reduced time period between crops during which N 

mineralization can occur in years when fallow is eliminated. To in
crease N availability for crop growth, judicious rates of N fertilizer 
can be applied. However, to utilize N fertilizer efficiently and 

economically with flexible cropping practices, a better understanding of 
N ferlitizer transformations and utilization must be obtained.
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Labelled N fertilizer experiments involving alternate crop-fallow 

and continuous cropping management practices were conducted to improve 
our understanding of N transformations which occur with flexible crop
ping systems. Specific objectives include the following:

1. Evaluate N application rates needed to maintain highest 
yields with alternate crop-fallow and recrop management.

2. Evaluate the relationship between optimum N fertilizer 
rates and initial soil fertility levels and environmental 

factors.
3. Determine the factors limiting production under alternate 

crop-fallow and recrop management.
4. Evaluate immobilization and mineralization of organic N 

under alternate crop-fallow and recrop management. .

5. Evaluate the proportion of N in small grains derived from 
fertilizer and indigenous soil N under alternate crop- 
fallow and recrop management.

6. Evaluate leaching of fertilizer and indigenous soil N 
under alternate crop-fallow and recrop management.



REVIEW OF LITERATURE

Soil fertility information important to the success of flexible 
cropping includes crop residue management and nitrogen fertilizer manage
ment. Yield response data must prove that recropping a field (for one 
or more seasons) is more beneficial (economically or environmentally) 
than maintaining a rigorous alternate crop-fallow management scheme.
Also, a knowledge of soil nutrient levels, following fallow or a crop 
will often alter fertilizer recommendations to compensate for nutrient 

withdrawals of different cropping systems.
Supplying adequate N is essential to small grain yields. Thus, 

nitrogen transformations and N availability in the soil provide important 
information for fertilizer N recommendations. Immobilization, a micro
bial process converting inorganic N (NH^+ and NO3-) to organic N, occurs 
when microbes are supplied with readily available carbon sources (i.e., 

straw residue) and inorganic N. Mineralization, a microbial process 

converting organic N to inorganic N, occurs when microbes decompose 

organic matter. Both processes occur simultaneously in the soil system 
and are very dependent upon moisture and temperature regimes. The rate 
at which immobilization and mineralization occur will be maximized when 
conditions for microbial growth are optimum. Plant available or inor
ganic N will accumulate in the soil only when mineralization is. greater

than immobilization.
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Fertilizer N is used by microbes and by plants. The efficiency of 

fertilizer N, as measured by plant uptake and increased yields, must be 
great enough to pay for the related costs. Fertilizer N efficiency can 
be measured in several ways— plant uptake, percent of N (in the grain) 
derived from fertilizer, percent of fertilizer N recovered in the grain, 
percent of fertilizer N in the straw and soil that can be utilized by 
subsequent crops. All of these parameters will be altered when tra
ditional alternate crop-fallow management is changed to a flexible 

cropping system.

Crop Residue Management

Residue from a 2688 kg/ha wheat crop will contain about 1.8 mt of 
straw (Fenster, 1977). Nutrients contained in this straw are equivalent 
to 100 kg N, 45 kg P , and H O  kg potash/ha. The majority of these 

nutrients can be returned to the soil if environmental conditions are 
favorable and adequate time for decomposition is allowed. If straw is 
not completely decomposed when the next crop is seeded, as may occur in 
continuous cropping of semiarid regions, nutrient availability will be 
decreased. Thus, understanding fertility levels of continuously cropped 
soils and requirements for maximum yields is of prime importance.
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Yield Response
Black, et al.^ conducted wheat experiments on fallow and continuously 

cropped fields to determine soil fertility requirements. Available P 
levels were very low while NOg-N levels were very low on continuously 
cropped fields but were adequate for maximum yield on fallow. Response 
to management practice and fertilizer additions varied with initial soil 
fertility. Wheat yields on continuously cropped soils increased 10-15 

bu/a over the check plot when 40 lb N/A and 20 or more lb P/A were 

applied. On fallow, with high NO3-N levels, applied P was important to 
yield. For continuously cropped fields, yields at two locations averaged 

34.4 and 49.6 bu/a for 0 and 80 lb N/a, respectively, when no other 
nutrients were applied. Maximum yields, with 80 and 40 lb N/a applied 
to continuously cropped fields, were 38 and 58 bu/a, respectively, when 

60 lb P/a was also applied.
Long term yield trials were conducted by Dubbs (1976) on continuous 

barley and barley following winter wheat. Each of these two cropping 

sequences yielded 74% of barley grown on fallow for any one harvest 
when 40-50 lb N/a was applied. Protein was 1-2% lower than on fallow.

When 40 lb N/a was applied, winter wheat in rotation with barley and

continuous spring wheat, also outyielded the same crops grown bn fallow. • 
based on a two year cycle.

1Black, A. L., F. H. Siddoway, R. H. Ford, L. L . Reitz, and M.G. 
Larson. Northern Plains Soil and Water Research Center. Sidney, MT. 
Unpublished data.
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Small grain yields during a three year period for various cropping
2sequences were compared by Black et al. Results on a per year basis 

indicated continuous winter wheat outyielded winter wheat-fallow by 48%; 
continuous barley outyielded barley-fallow by 22%; continuous spring 
wheat and winter wheat (alternating years) outyielded winter wheat- 
fallow by 40%. No information was given for fertilizer applications 
since the research was not intended as a fertility study.

Read and Wardner (1974) identified factors influencing the response 

of wheat grown on stubble residue. Rainfall had the greatest influence 

on yield and quality of unfertilized crops. Stored soil water and ini

tial soil fertility had the greatest influence on fertilized crops. 
Available P levels at 0-15 cm depth was important in yield variation and 
available P to 60 and 90 cm was important to protein concentration in 
grain.

Little-research has been conducted comparing small grain yields 
with continuous cropping and crop-fallow management except in the 

Northern Great Plains region. Resulting from these cited studies are 

the following conclusions:
I. Long term, continuous crop small grain yields are gener

ally greater than those on fallow with adequate fertilizer 

applications.

2Black, A. L., F. H. Siddoway, P . L. Brown, R. H. Ford, L. L. Reitz, 
and M. G. Larson. Northern Plains Soil and Water Research Center,
Sidney, MT. Unpublished data.
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2. Fertilizer N and P applications increase yield above 

N applications alone.

3. Stored soil water and growing season precipitation 
greatly influence crop response which is also de

pendent upon soil fertility level.
4. Protein content on recrop is generally lower than on 

fallow unless additional N is applied.

Residue Management and Fertility 
Levels

An 18 month study, conducted by Brown and Dickey (1970) at Bozeman 
and Huntley, Montana, involved wheat straw decomposition. Field condi
tions of residue above the soil, on the soil, and below the soil surface 
were simulated to compare decomposition rates at each site. After 
18 months residue losses above the soil were 22 and 34%, on the soil were 
31 and 40%, and below the soil surface were 93 and 98% for. Bozeman and 

Huntley, respectively. Time required for 50% decomposition of buried 

straw was 6 months at Bozeman and 3 months at Huntley.
The effect of straw placement and N rate on straw decomposition was 

studied by Unger and Parker (1968) in the greenhouse. Nitrogen rate did 
not alter straw decomposition rate; however, straw mixed with soil de

composed much faster than when placed on the soil surface.

Greb et al. (1974) related straw buildup to cropping practices. In 

long term studies at Bushland, Texas, continuous wheat plots, maintained
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since 1942, accumulated 5040 kg residue/ha compared to wheat-fallow 
plots having 3330 kg residue/ha in the surface soil.

Black (1973) applied various rates of straw mulch to alternate 
wheat-fallow fields and measured changes in soil properties after four 
crop-fallow cycles. In the 0-15 cm soil depth large increases occurred 
for soil organic matter, N, C, C:N ratio, and total NO^-N as residue 
levels increased. Other changes in chemical composition included 
increased exchangeable K and decreased exchangeable Ca. Magnesium and 

Na levels were not significantly influenced.

Soil fertility relationships for continuous cropping were studied 

by Black and Ford (1976). Soil NO^-N levels prior to seeding averaged 
30 lb N/a; thus, 30-40 lb fertilizer N/a were required to obtain a 
30 bu/a wheat yield. Yield reductions of 50% or more were incurred 

when no fertilizer N was applied. When water was available in excess of 
10 in, low organic matter soils required an additional 10-15 lb 

fertilizer N/a/1000 lb residue incorporated at seeding to achieve the 

same yields. Phosphorous fertilization requirements'-for continuous 
cropping on an annual basis were similar to those on fallow. Greatest 
P response occurred when N needs of the crop were first satisfied. 

Potassium fertilization generally gave no response on continuous cropping 

unless N and P needs of the crop were met.

In a pot study, Black and Reitz (1972) determined P immobilization 

by wheat straw. Phosphorous rates of 0, 16, 32, 65, 130, and 260 ppm
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and straw rates of 0, 2500, 5000, and 10,000 ppm were established, all 
receiving 62 ppm N. Phosphorous recovery for all rates decreased during 
the first 12 day interval for all rates of straw. Recovery of P after 
60 days increased with P rate, but, for any specific P rate, recovery 
decreased with increased straw rate.

Olson et al. (1976) obtained no yield response to fertilizer N 
when 90 or 135 kg NO^-N/ha existed under continuous cropping or crop- 
fallow management, respectively. Maximum yields were obtained on con
tinuously cropped fields containing 45-90 kg residual N/ha when 
45 kg N/ha were applied, and on crop-fallow fields containing 90-135 kg 
residual N/ha when 22 kg N/ha were applied. An additional 50-60 kg N/ha 

was needed to produce maximum protein content.

These studies concerning residue decomposition and soil fertility 

levels for continuous cropping management are concerned with small grain 
production. General conclusions are:

1. Straw decomposition is accelerated if incorporated with 

soil under optimum temperature and moisture regimes for 

microbial growth.

2. Straw residue buildup indicates a change in soil fertility 

level proportionate to the quantity of residue added.
3. Continuously cropped soils are usually low in NO^-N.

Additional fertilizer N is required for maximum yields.
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4. Phosphorous fertilization Is important on continuous- 

cropping once N requirements have been met.
5. Potassium fertilization has little effect on yield 

until N and P requirements have been met.

Nitro gen-15 Studies

15Nitrogen-15 ( N) has been widely used to identify N transformations 
in soil under varying conditions. Few, however, have conducted field 
experiments to verify laboratory and greenhouse results.

Laboratory and Greenhouse Studies

Broadbent (1965) determined that increased mineralization of soil N 
was independent of the presence of plants. Considerable N turnover, 

occured when ("^NH^^SO^ and K^NO^ were added to soil. The immobiliza
tion of NH^-N and mineralization of soil N with NO^-N additions were 
directly related to the rate of N applied. Preferential assimilation of 
NH^-N by microbes was revealed.

Other laboratory studies without plant growth involved N transforma
tions with carbon additions. Chichester et al. (1975) added N-free 

carbon materials (sucrose and glucose) to soil. Fertilizer "^N was 

mainly recovered in organic form but mineralization rates were signifi
cantly increased with higher levels of soil N . Stojanovic et al. (1965)

15 15determined that both NH^-N and NO^-N were rapidly immobilized in the 
presence of wheat straw but that N turnover was relatively high. For a
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2-6 day Interval the equivalent of 56 lb N/a/day and 38 lb N/a/day were
immobilized and 34 lb N/a/day and 18 lb N/a/day were mineralized for 
15 isNOg-N and NH^-N additions, respectively.

Stewart et al. (1963) have.related N immobilization-mineralization
and plant uptake to straw additions. Plant uptake of one-third to one-
fourth of the fertilizer ^ N  was observed. Approximately one-half of the 

15fertilizer N remained in the soil after cropping. Increased N uptake 
by plants receiving N fertilizer was mainly attributed to interchange of 
fertilizer and soil N during immobilization-mineralization and/or.in
creased microbial activity, resulting in increased organic matter decompo
sition.

Broadbent and Tyler (1962) provided data on the relationship between 
15N immobilization and other processes involving N. Results of sudan-

grass pot studies illustrated microbial competition for fertilizer N.
• ■ 15 ■ 15Soil microbes preferentially assimilated NH^-N rather than NO^-N.

15Immobilization dominated N transformations with NH^-N additions; where

as, mineralization dominated N transformations with -^NOg-N additions. 

With straw additions, immobilization was greater than mineralization for 
both N sources. Immobilization was maximized in about five days. Min
eralization began at approximately ten days and decreased with time. • In

15 15all soils NOg-N was immobilized at a slower rate than NH^-N. In
creased N immobilization with straw additions reduced the uptake of N by

15sudangrass. Plant N levels were greater with NOg-N than with
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15 15NH^-N fertilizer. The recovery of N averaged 80% with straw addi
tions but was much lower without straw additions. In these experiments 
soil texture greatly influenced immobilization. Generally, in sandy 
loam soils immobilization was greater than mineralization but in clay 
soils mineralization was equivalent to immobilization so that no reduc

tion in plant N levels were observed.
Broadbent and Nakashima (1965) studied plant recovery of immobilized

15fertilizer N. Sudangrass recovery of urea- N was lower with straw ad
ditions than without. Seeding, immediately following fertilizer appli
cations, opposed to delayed seeding, increased plant uptake of fertilizer 
N. Plant uptake of "^N was 22 and 41% with and without straw additions,

respectively. Soil type also affected the mineralization of soil N with
15straw additions. Net N recovery was greater in a sandy loam than in a 

clay soil. In a 237 day study, N uptake by sudangrass was greater with 

straw additions than without; however, at. extremely high N rates (250 ppm) 

equal recovery of N by plants resulted on soils with and without straw 

additions. Total ^ N  recovery (plant plus soil) was 61-79%.
Broadbent and Nakashima (1967) also presented evidence that plant 

uptake of fertilizer N was substantially different with and without straw 
additions even though N immobilization occurred in both situtations.
With straw additions, nitrogen availability declined sharply before the 

first cutting of sudangrass, while this decline did not occur until after 

the first cutting without straw additions. A balance sheet showed
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two-thirds of fertilizer N remaining in soil after 1.4 years of contin

uous cropping. Net immobilization-mineralization of fertilizer N was 
determined to be independent of intrinsic soil N levels. In comparing 
soils receiving 50 ppm N plus 1% straw and soil receiving 100 ppm N. and 
2% straw, the latter yielded lower mineralized N concentrations, higher 
N remaining in the soil, and greater accountability for total N.

Other studies have dealt only with plant uptake of fertilizer N.
Broadbent and Nakashima (1968) experimented with a four crop rotation of

15two years of sudangrass, tomatoes, and corn. Total N uptake by these 
crops was significantly different when grown in different soil.and on
the same soil but receiving different N rates. Plant recovery of "^N

15 15was good with NO^-N and relatively poor with NH^-N. Nitrate-N
proved to be more efficient for plant utilization.

Jansson (1963) observed plant utilization of fertilizer N during a
six year oat study. Oats took up a greater percentage of fertilizer N

from ^NOg-N fertilizer than from ^^NH^-N fertilizer (77% "^NO^-N vs.
67% "*"̂ NĤ -N) . This suggests that microbial immobilization of NH^-N was

greater than that of NO3-N. During the second year of study, residual

jN uptake was small compared to gross uptake (5.9% NO3-N vs. 7.6%
15NH^-N). The uptake of 15N increased to 21.9% of gross N uptake when 

15large amounts of NH^-N remained in the soil following the first crop
ping season. During study years 3-6 gross N uptake generally increased,

15 15with NO3-N treatments being superior to NH^-N treatments. Jansson



14

suggested that increased gross N uptake with time may partially be due 
15to accumulated N in crop residues which later decompose and mineralize. 

A balance sheet showed increasing quantities of N removed from soil with 
time and constant uptake of residual over the years.

Legg and Allison (1967) varied "^NO^-N fertilizer rates on several 
soils in greenhouse studies. Nitrogen uptake by oats increased with N 

rate; Total ^ N  recovery averaged 94%. Nitrogen rate was inversely 
related to fertilizer N remaining in soil. The availability of ^ N  de
creased with time and was affected by the N-supplying capacity of the 

soil. Soils with low N-supplying capacity had the greatest amount of 

residual ^ N  while soils with high N-supplying capacity had less residual 

15N.
15Tyler and Broadbent (1958), using three NH^-N fertilizers, studied

N uptake by ryegrass. Nitrogen immobilized soon after application re- 
15suited in low N recovery by plants with total recovery (plants and 

soil) ranging from 83-97%.
Legg and Stanford (1967). found increased soil N uptake by oats with 

increasing "*"̂N rate. These results were attributed to rhizosphere 

microbes. They speculated for field studies that poor.soil and fertili
zer N recovery would result due to increased root exploration and residue 

decomposition which may outweigh the effect of rhizosphere microbes in 

the immobilization-mineralization process.
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These laboratory and greenhouse experiments contribute to the know

ledge of N transformations, some of which may be applicable to field con
ditions. General conclusions from the aforementioned findings are:

1. The mineralization of soil N varies with the rate of 
fertilizer N applied.

2. Immobilized N is remineralized slowly and tends to become 

progressively stabilized in the soil.
3. Straw residue results in increased microbial incorpor- 

ration of fertilizer N into the soil and decreased plant 

uptake.

4. Decreased N availability increases the time required 

for mineralization.
5. Ammonium-N is preferentially immobilized by microbes;

NO^-N is preferentially taken up by some plants.

Field Studies
Bartholomew et al. (1950) conducted one of the earliest field ex- 

15 15periments using N. Labelled ( NH^)280  ̂ fertilizer, applied to oats at 
rates of 0, 20 and 40 lb N/a resulted in increased N uptake with increas

ed N rates. Rates of 20 and 40 lb N/a produced grain N levels of 2.44 arid 

2.54% respectively. Generally, 16.9% of the ^ N  was recovered by the 

crop with higher N rates yielding greater N recovery.
In a two year study, Owens (1960) used lysimeters to follow N move

ment and transformations in corn fields. Ammonium sulfate was applied at
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15a rate of 120 lb N/a to three sets of plots, each under a different

moisture regime (12, 18 and 24 inches by volume). Approximately 38% of
15 15the N remained in the soil following the experiment; 27-39% of the N

was unaccounted for. Leaching losses of 5-20% were directly proportional
to water percolation. Soil moisture in excess of 12 inches allowed

1-1.9 lb to be leached per acre inch of water.
Carter et al. (1967) placed open-ended cylinders in field soils,

cropped to sudangrass or fallowed, to study the movement of N from

Na^NO^ and ("*"^NH^)fertilizers. Total average recovery from
soil and plants was 99%. Little vertical movement of was observed

15 15in cropped plots, but NO^-N movement was greater than NH^-N movement. 

In both treatments, only traces of were found in the 45-75 cm depth 
samples. Covered plots, protected from precipitation, contained 0.3 and

150.6 ppm N in the 45-60 cm layer while uncovered plots contained 
154.4 and 5.6 ppm N in the 45-60 cm layer for cropped and fallow plots,

respectively, during a two month period.
Fertilizer N transformations were determined by Bobritskaya et al.

15(1975) using bottomless pots in fields cropped to oats. Plant N uptake 
ranged from 35-57% and was highly dependent upon the N source. Approxi

mately 30% of the was immobilized; leaching was insignificant. 

Nitrogen unaccounted for at the end of the experiment was 5.4 - 30.6% of 
the total. Environmental conditions such as moisture and pH seemed to 

greatly affect crop growth and N uptake.
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Musherraf (1974) studied vertical movement and plant accumulation

of fertilizer N in continuous corn and corn-oat-meadow rotation fields.
Optimum yield for continuous corn was obtained with 60 lb N/a/yr. No

15significant movement or accumulation of N occurred below five feet;_ 
however, at rates of 80 lb N/a/3 yr, fertilizer N had a one year carry 
over value. A two year carry over value of fertilizer N was obtained 
with 160 lb N/a/3 yr applied.

Uptake, storage, and loss of fertilizer N applied at a rate of 

100 lb N/a as ("^NH^^SO^ on wheat fields was studied by Krauter (1975) . 
Fertilizer "^N had the following distribution— 29.6% in wheat, 2.7%

weeds, 10.3% as inorganic soil N, and 34.9% as organic soil N. Losses
15 15amounted to 22.5% of the N. Heavy rains and irrigation caused N

movement below the root zone.

Westerman et al. (1972) applied urea-^N and oxamide-^N to a
sorghum-sudan hybrid to study fertilizer N uptake. Plants harvested
early took up more ^ N  from urea than from oxamide; plants harvested

15later took up more N from oxamide. This difference in N uptake with 
time correlates with N release from the two carriers. Crop recovery of 

"^N ranged from 51-99%.
Field studies conducted by Campbell and Paul (1978) involved the 

15use of K NOg to determine N transformations. Fertilizer N uptake by 

spring wheat was positively related to N rate up to 82 kg N/ha beyond 

•which uptake leveled off; uptake of soil N was inversely related to rate.
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15Average N recovery was soil 34.6%, grain 37.3%, straw 12.2%, roots 

2.6%, error 6.0%, and unaccounted 7.0% on dryland. Fertilizer N remain

ing in the soil for rates up to 82 kg N/ha was about 28%; at 164 kg N/ha 
15about 57% of the N was left in the soil. The majority of residual 

15N remained in the 0-30 cm soil depth at low N rates (less than
1582 kg N/ha) while greater than one-half of the residual N was located 

in the 30-60 cm soil depth with higher N rates. Fertilizer N below 
60 cm was negligible.

These field experiments, conducted on various crops and under wide- 

ranging environmental conditions, illustrate the magnitude of fertilizer 
N transformations and the factors influencing the transformations. 
General conclusions that may be drawn are:

1. Total fertilizer N recovery fluctuates widely and is 

highly dependent upon N application rate, crop, and 
environmental conditions,

2. Increased fertilizer N application rates can increase 

crop N uptake, potential leaching losses, and accumu

lation of inorganic N at lower soil depths.

3. Fertilizer N leaching losses are increased with 
increasing water content and percolation.

4. Environmental conditions such as precipitation, pH and 

soil texture can markedly alter N transformations.



RESEARCH METHODS

Field Design

Experimental sites at Bozeman and Willow Creek, Montana were 
selected to give a range in soil properties and environmental condi

tions (Table I; Appendix I). At each location, management plots were 
established on adjacent fields, one of which had been fallowed and 

the other cropped the previous year. The field which was fallowed is 
designated fallow; the field which was cropped is designated recrop 

throughout this thesis. Uniform applications of 50 kg P/ha, as triple 

superphosphate (0-45-0), and 25 kg K/ha, as KCl (0-0-62), were broad
cast on all management plots. Also at the Bozeman site 70 kg CaSO^/ha 
was applied to the recrop field to balance previous applications of a 

gypsum formulation by the farmer to the fallow field.

Fertilizer N rates of 0, 30, 60, and 90 kg N/ha, as NH^NO^ 
(33.5-0-0), were applied and replicated three times within each man

agement plot. Each fertilizer N plot was subdivided into areas 
receiving double labelled or unlabelled NH^NO 3 fertilizer (Appendix 
II). Unlabelled N fertilizer (granular) was broadcast by hand- 
Labelled N fertilizer was dissolved in I liter of water and sprinkled . 

onto the plot. Immediately following fertilization all plots were 

seeded to Newana spring wheat (Triticum aestivum L.).

Fertilizer N subplots receiving labelled were sampled for 
soil .and/or plant material three days following seeding, at midsummer.
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and at harvest. Soils were sampled at 0-15 and 15-30 cm depths at 
three days and at midsummer. At harvest, soil samples were collected 
to 120 cm, at depth intervals of 0-15, 15-30, 30-60, 60-90, and 
90-120 cm. Soil samples collected at three days were a composite of 

four soil cores obtained with an Oakfield sampler. Soil samples col
lected at midsummer and harvest consisted of one-4 cm diameter soil 

core obtained with a hydraulic soil sampler. A representative plant
sample at midsummer and harvest was obtained by cutting approximately

2 I51/8 of the plants from the 5m N subplot. Fertilizer N subplots 

receiving unlabelled N were harvested to determine yield.

Laboratory Analysis

In the laboratory soil samples were air dried, crushed in a 
fl&ll-type grinder and screened to remove the greater than 2 mm frac
tion. Plant tissue and grain were air dried and ground in a Wiley 

mill to pass a 40 mesh screen.
Standard soil analyses were determined on surface soil 

samples obtained prior to fertilization to indicate soil fertility 

conditions at each location. Analyses included pH and conductivity 

with a 2:1 dilution, NH^Ac extractable Ca, Mg, Na, and K (Chapman, 

1965), modified Bray P (Smith, et al., 1957; Olson and Dean, 1965), 
organic matter (Sims and Haby, 1971), and NO^-N (Sims and Jackson, 

1971;as modified by Haby and Larson, 1976). Nitrate N analyses were
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also conducted on these Initial soil samples and harvest soil samples 
to a depth of 120 cm.

Soil samples from 3 days, midsummer, and harvest were collected
from 0-15 and 15-30 cm depths. Plant samples from midsummer and

15grain samples from harvest on all N subplots and straw samples on 
1590 kg N/ha N subplots were analyzed for total N (Bremner, 1965a). 

Harvest soil samples to a depth of 120 cm from one 90 kg N/ha repli
cation on each management practice were also analyzed for total N. 
These samples were then prepared and analyzed for concentration 
on a Consolidated Electrodynamics Corporation mass spectrometer 
(Appendix III, Bremner, 1965b).

Plant samples obtained at midsummer were analysed for nutrient 
concentration to include P, K, Ca, and Mg. These determinations 
involved a perchloric acid digest (Appendix IV, Kresge, 1976) followed 

by atomic absorption analysis for K, Ca, and Mg, and vanadomolybdic 

acid color development for P (Jackson, 1958). Total N determinations 

were analyzed according to Bremner (1965a).

Calculations

Calculations used in this thesis are as follows:

Protein concentration:

% N in grain x 5.7 = % protein



22
Protein yield:

grain yield (kg/ha) x  ̂ = Protein yield (kg/ha)

Atom % N:

100 R = 
2+R

R =

atom % N 

ratio of

Atom % N excess:

atom % N - 0.366 % (nat. abund.)

Mineralization and immobilization rates: 
Bartholomew (1954) M

m and i
i o 
logM-

= atom % N excess 

(outlined by Kirkham and

H
_ Mo ~ Mt logT  

t M
logM-

where m = mineralization rate, i - immobilization rate, H = mass ofo
tracer atoms at t=0, = mass of tracer atoms at t, Mq = mass of

total mineral atoms at t=0, and Mfc = mass of total mineral atoms at t 
Assumptions made in deriving this equation include:

1) tracer and nontracer atoms behave similarly;

2) atoms once immobilized do not significantly contribute 
to the mineralized fraction;

3) mineralization and immobilization are constant during a
given time period.
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Data used to calculate these variables were;

Period 0—60
t 60 days

Mq kg NO^-N/ha (in
soil) to 30 cm for
prefertilizer
sampling

Mt kg NDFS/ha in 
plants at mid
summer (assumes 
total uptake of 
inorganic N from 
soil

Hq kg^N/ha in soil
to 30 cm for 3.
day sampling
(assumes no plant 

15uptake of N be
tween fertiliza
tion and 3 day 
sampling 
15Hfc kg N/ha in plants 

and soil to 30 cm 
at midsummer

60-harvest
28 days (Willow Ck)
68 days (Bozeman)
kg NDFS/ha"^in plants 
at midsummer (assumes 
total uptake of in 
ganic N from soil)

kg NDFS/ha in grain 
and straw at harvest 
plus kg NOg-N/ha in 
soil to 30 cm

kg^N/ha in plants 
and soil to 30 cm 
at midsummer

kg^N/ha in grain, 
straw, and soil to 
30 cm

0-harvest
88 days (Willow Ck) 

128 days (Bozeman)
as for 0-60 days

as for 60 days- 
harvest

as for 0-60 days

as for 60 days-: 
harvest

3Defined on page 25.
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Calculations made in obtaining these variables were:
Mfc: soil (for 15 cm soil depth)

ppm NO^-N in soil x — .X ^ha '̂  sq^  = kg mineral N/ha in soil 

plant (straw, grain)

kg/ha plant tissue x  ̂ ^  tissue _ kg/ha piant t^ssue

15.% N in plant tissue 
X 100 X 15

N excess in plant 
N excess in fertilizer

- kg NDFS/ha

: soil (for 15 cm soil depth)

ppm total N in soil x 2' S kS xha 100
= kg ^^N/ha in soil

plant (straw, grain)

kg/ha plant tissue x % N in plant tissue 
100

atom % N in plant tissue 
X 100

= kg N/ha in plant.

Calculations made in obtaining other ^ N  results are as follows: 

Plant N uptake:

kg/ha grain (straw) x " B N/ha in grain.

Percent of N derived from fertilizer (% NDFF): (outlined by 
Rennie and Paul, 1971)
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N excess In sample 5N excess in fertilizer
x 100 = % NDFF

Nitrogen derived from fertilizer (NDFF):

kg N/ha in sample x % NDFF 
100 kg N/ha as NDFF.

Nitrogen derived from soil (NDFS):

kg N/ha in sample - kg N/ha as NDFF in sample 
= kg N/ha as NDFS.

Proportion of fertilizer N recovered:

kg N/ha as NDFF 
kg N/ha applied x 100 = % N recovered.

Residual fertilizer N in soil:

ppm N in soil x 2 -x x % NDFF = kg fertilizer N/ha

Location of residual fertilizer N in soil:

_____kg fertilizer N/ha in, depth sample_______ , fi0
kg fertilizer N/ha in soil profile (to 120 cm) *

= % residual fertilizer N located in depth sample.

Statistics

These and other results were analyzed statistically using Duncan's 

multiple range mean comparison values to.test significant differences

between means.
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RESULTS AND DISCUSSION 

Grain Yield

Grain yields for the 1977 growing season are shown in Figure I. 
Grain yield on fallow averaged 3669 kg/ha in Bozeman and 2929 kg/ha at 

Willow Creek. Little N response was obtained on fallow at either loca
tion. Slight decreases in yield resulted with 30 and 60 kg N/ha on 
fallow at Bozeman. These plots were also highly infested with volun

teer grain and wild oats. Control plot grain yields on recrop were 

1722 and 669 kg/ha at Bozeman and Willow Creek, respectively. The 
addition of N increased yield on recrop. When 90 kg N/ha was applied 
yields increased to 3719 kg/ha at Bozeman and to 1858 kg/ha at Willow 
Creek. These amount to 116% and 178% yield response over the check. 
Factors greatly influencing and/or limiting production on recrop 

include general soil fertility, NO^-N level at seeding, and available 
water during the growing season (Table I).

Highest yields on fallow at Willow Creek and recrop at both loca

tions were obtained with 90 kg N/ha. The highest yield on fallow at 
Bozeman was obtained with. 0 kg N/ha. Fallow at Bozeman yielded 

3991 kg/ha on the control plot but was not significantly different 

from the yield on 90 kg N/ha plots (Appendix Table 17); the field con

tained 146 kg N0g-N/ha in the soil profile at seeding, enough to pro

duce a maximum yield without additional N. The recrop field at Bozeman
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Figure I. Spring wheat yield as influenced by rate of N on fallow or recrop at 
Bozeman and Willow Creek.
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Table I. Soil fertility levels and environmental conditions at
Willow Creek and Bozeman Montana, Spring 1977.

Location Wi I Tnw Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
PH 8.0 8.1 6.7 6.5
Conductivity (mmhos/cm) 0.8 0.8 0.8 0.2
Organic Matter (%) 2.1 2.1

i
2.9 3.1

Phosphorous (ppm) 14.0 10.0 18.0 16.0
Calcium (meq/100 gm) 31.0 38.0 16.0 19.0
Magnesium (meq/ltiO gm) 2.9 3.4 5.1 5.3

Sodium (meq/100 gm) 0.1 ■ 0.2 0.1 0.2
Potassium (ppm) 495 468 370 348

Total N (%) 0.100 0.121 0.149 0.156.

Nitrate-N (kg/ha) 
(to 120 cm depth) 103.2 P 45.4 146.2 32.0

Precipitation (cm) 11.6 11.6 23.4 23.4

Stored soil water (cm) 
(to 120 cm depth) 34.0 34.0 39.0 39.0
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contained 32 kg NO^-N/ha in the soil profile at seeding. With N 
fertilizer these recrop yields steadily increased to 3719 kg/ha. with 
90 kg applied N/ha, equalling the yield on fallow. Between N rates 
of 60 and 90 kg N/ha on recrop each kg N contributed 28 kg of grain to 
the yield. This high rate of yield increase suggests additions of N ' 

beyond 90 kg N/ha may have increased yields even more on recrop.
At Willow Creek, fallow yielded 3089 kg/ha when 90 kg N/ha was 

applied. This field contained 103 kg NO^-N/ha in the soil profile at 
seeding, which was enough to produce a maximum yield at this site. On 

recrop the maximum yield, obtained with 90 kg N/ha, was only 1858 kg/ha. 

This field contained 45 kg NO^-N/ha in the soil profile at seeding.
When combined with 90 kg N/ha as fertilizer, this amount of soil NO^-N 

should be adequate to produce a maximum yield equivalent to fallow. 
Production on recrop steadily increased up to 60 kg N/ha; between 
60 and 90 kg N/ha each kg N contributed only 7.5 kg grain to the.yield. 
Lower yield returns per unit of N and 40% less yield in relation to 
production on fallow suggests that N is not limiting but that other . 

factors are restricting production.
Highest yields obtained on each management practice were corre

lated with initial soil fertility levels, environmental conditions and 

plant nutrient status at midsummer (Table 2). Plant Ca was highly 
correlated with highest yields, r = .88 (p = 0.05). The nutrient 

status of plants at midsummer is presented in Table 3. Calcium
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Table 2. Correlation coefficients, r, relating highest yields and
average yields with initial soil fertility levels, environ
mental conditions, and plant nutrient status at midsummer.

Item
Highest
yield3-

Average
yield

.PH- -.74 T-.55*
E.C. -.41 -.02
O.M. .71 .49*
P .85 .83**
Ca -.82 -.73**
Mg .62 .42
K -.63 -.41
Total N .51 .30
NO3-N .34 .67**
Ppt. .72 .56*
SSW (stored soil water) .72 .56*
P - plant .80 .20
K - plant .85 .78**
Ca - plant .88* .74**
Mg - plant .73 .69**
N - plant ;80 .83**
N (no. of observations) 4 16

^Significant at the 5% level. 
**Signifleant at the 1% level.
aHighest yield was obtained with 0 kg N/ha on fallow at Bozeman, 

with 90 kg N/ha on fallow at Willow Creek and with 90 kg N/ha on 
recrop at both sites.
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Table 3. Nutrient status of plant samples obtained at midsummer.

Nutrient
Location N Rate P K Ca Mg N

(kg/ha) ---------------- % by wt
Willow Creek

Fallow O .22a* 2.5ab .21a .14abcd 1.4ab
30 . 24ab 2.4ab .20a .14abed 1.5ab
60 . 24ab 2.5ab .27ab .16de 1.7ab
90 .23a 3.4bc . 25ab .18e 2.0b

Recrop 0 . 29cd 1.9a .21a . 15bcd 1.1a
30 . 24ab 2.0a .18a .Ila 1.0a
60 .22a 1.9a .18a .13ab 1.2a
90 .23a 2.1a • .16a • 13ab 1.0a

Bozeman
Fallow 0 .32cde 3.5bc .48c . 22f 2.9c

30 .30cd 3.5b c .49c . 22f 2.7c
60 .32cde 4.0c .47c . 23f 2.8c
90 .30cde 5.id .48c . 23f 3.1c

Recrop 0 .35e 2.8ab • 28ab •13abc 1.4a
30 . 33de 2.8ab . 25ab . 12ab 1.4a
60 .31cde 2.5ab . 16a .14abcd 1.6a
90 .28b c 3.5b c .35b .16cde 1.9b

*Values followed by the same letter within any one column are 
not significantly different at the 1% level.
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concentration in the plant consistently increased with increasing 
highest yield on each of the four fields. This suggests the importance 

of Ca in the enhancement of nutrient absorption and plant production.
Average yields including all N rates, from both sites and 

management practices, were also correlated with initial soil fertility 
levels, environmental conditions, and plant nutrient status at mid^ 
summer (Table 2). Soil P (r = .83) and N in the plant (r =; .83) were 
highly correlated with average yield (p = 0.01), suggesting them as 
possible limiting factors on some plots. Soil test P levels are given 
in Table I. The greatest P concentration (18 ppm) occurred on fallow 
at Bozeman, as did the highest yields. As the P concentration decreased 

on the other fields, yield generally decreased also. Comparatively, 
Bozeman recrop soil contained 90% as much P as in Bozeman.fallow soil.
At Willow Creek recrop soil contained only 70% as much P as in fallow 
soil. All P levels were probably adequate for good crop production 
with the addition of 50 kg P/ha except on recrop at Willow Creek. 

Something limited yield on recrop at Willow Creek to about 60% of 
fallow, and this may have been P. The effectiveness of fertilizer P 
may have been limited by the method of application, resulting in posi^ 

tional unavailability.

Nitrogen concentration in the plant at midsummer generally 

decreased with decreasing soil NO^-N level at seeding. Plants on 
Bozeman recrop did, however, have a slightly greater N content than on
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Willow Creek fallow. Other variables highly correlated with average 

yield (p = 0.01) were soil NO^-N, and the plant nutrients Mg, Ca, and K.

Soil NOg-N (r = .67) is important to N content in the plant.
Plant Mg (r m .69) may possibly influence grain yield because of its 

importance as an enzyme activator. All Mg concentrations were sig

nificantly lower than those on fallow1at Bozeman (p = 0.01). Potas
sium in the plant (r = .78) increased with N rate on each management 

practice; concentrations were higher on fallow than recrop and were 
higher at Bozeman than Willow Creek. Potassium indirectly influences 

plant-water relations by regulating stomata opening (Tisdale and 

Nelson, 1975). Also, Ca concentration in the plant (r - .74) was much 
higher at Bozeman than at Willow Creek. Its importance as a structural 

component influencing dry matter production is generally illustrated by 

the association of increased average plant Ca concentration with in

creased average yield on each management practice.

Although plant Ca concentrations were higher while soil Ca levels 

were lower at Bozeman than at Willow Creek, no correlations can be 
made and reasons for this relationship are generally unknown.^ How

ever, the presence of free CaCOg in the soil is known to influence the 

level of extractable Ca, while not necessarily relating well to plant

^Terman, G. L. April 12, 1978. TVA, Muscle Shoals, AL.
Personal communication.
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uptake of Ca. It is likely that a combination of factors were involved 
in N response. Precipitation, SSW, and organic matter were also posi
tively .correlated with average yield (p = 0.01).

Comparative Grain Yield

The success of recropping should be considered in terms of total 
production per unit time over several years. Table 4 gives grain yield 
data for a two year period based on projecting grain yields obtained 
during the 1977 growing season. Recrop yields for this table have been 
multiplied by two for considering two harvests compared to one harvest 
for fallow in two years. With any addition of N fertilizer, recrop 
yields were greater than or equal to fallow yields for either site.

Table 4. Projected spring wheat yields for a two year cycle, based 
on results from one year only.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate (kg/ha) ---— Yield (kg/ha)----

0 2878 1338 3991 3444

30 2763 2652 3647 4932

60 2986 3268 3316 5776

90 3088 3716 3730 7438
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Substantial yield increases of 2460 and 3708 kg/ha for two years of 

fecrop are projected as compared to fallow at Bozeman when 60 and 

90 kg N/ha were added, respectively. In all cases but one, on a two 
year basis, recropping with N fertilizer additions was shown to 

increase production over fallow. It is realized, however, that these 
differences may be greater than what may actually occur in practice. 
The first year of recrop may provide greater yields than those of sub
sequent years.

Protein Concentration and Protein Yield 
Protein concentration and protein yield are presented in Figure t2. 

Protein yield on fallow at Bozeman was higher than on all other manage

ment practices; protein concentration on fallow at Bozeman was similar 

to that on fallow at Willow Creek. Protein yield consistently increased 

with N rate for all management practices other than fallow at Bozeman 

as a result of increased grain yield and/or protein concentration. The 

slight decrease in protein yield with 60 kg N/ha on fallow at Bozeman 
reflects the decrease in grain yield attributed to volunteer grain and 
wild bat infestation.

Protein concentration and protein yield data illustrate four dif

ferent patterns in N utilization. On fallow at Bozeman, protein con

centration and protein yield did not significantly increase with N 

rate (p = 0.01). Maximum protein production was obtained probably as 

a result of adequate soil NO3-N (146 kg NOg-N/ha) at seeding. On
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Figure 2. Protein yield response to N fertilizer at Bozeman and Willow Creek on fallow 
and recrop management practices. Value in parentheses is percent protein.
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recrop at Bozeman, no significant protein concentration response to N 
was obtained but protein yield on plots receiving 90 kg N/ha was 
significantly increased (p = 0.01) above the check plot. Indications 
are that when N is limiting (e.g. 32 kg NO3-NZha at seeding), addi
tional N will be preferentially used by the plant to produce grain and 
not protein. Work conducted by Dubbs (1974) showed that protein con

centration of wheat grown on recrop was 1-2% lower than for wheat 
grown on fallow.

At Willow Creek increasing protein concentration and protein 
yields were obtained with increased N rate on fallow. Protein concen
tration on plots receiving 60 and 90 kg N/ha were significantly dif
ferent than the check plots ( p = 0.01). Protein yield increased 25% 
(324 to 433 kg/ha) between the check plots and plots receiving 
90 kg N/ha, but this increase in protein yield was not significantly 
different (p = 0.01). Assuming a crop will utilize N to first increase 

grain yield before an increase in protein concentration occurs (as in 
Bozeman recrop), this fallow field, which contained 103 kg NO3-NZha at 

seeding provided adequate N for maximum grain yield, but not for maxi

mum protein concentration. Therefore, additional N fertilizer was 

utilized to increase protein concentration.
Protein concentration fluctuated slightly and protein yield in

creased with N rate on recrop at Willow.Creek. Protein concentrations 

on plots receiving 30 and 90 kg N/ha were significantly different
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(p =; 0.01). Protein yields were hot significantly different (p a QtOll 

but increased 33% (75 to 229 kg/ha) between the check plots and plots 
receiving 90 kg N/ha. Most of the increase in protein yield between 
plots receiving 0, 30 and 60 kg N/ha was due to increasing grain 

yields. At 90 kg N/ha grain yield leveled off but protein yield con

tinued upwards as a result of increased protein concentration. .
Highest protein concentrations were obtained with 90 kg N/ha on 

fallow and recrop at Willow Creek, with 30 kg N/ha on fallow at 
Bozeman, and with 60 kg N/ha on recrop at Bozeman. Highest and average 
protein concentrations were correlated with initial soil fertility 
levels, environmental conditions, and plant nutrient status at mid

summer. Correlation coefficients for these relationships are presented 

in Table 5. No variable was significantly correlated with highest pro

tein concentration (p = 0.05). Average protein concentration was 

highly correlated with NO^-N (r = .79) and the plant levels of 

Mg (r = .66) and N (r = .65), (p«= 0.05). Soil NO^-N levels were dir
ectly proportional to N uptake and concentration in the plant. Again, 

the importance of Mg may be related to its role as an enzyme activator 

in protein formation. Other variables highly correlated with average 
protein concentration were E.C., and the plant levels of K and Ca 
(p = 0.05). Electrical conductivity (r = .73) may have been important 

as an ionic regulator, allowing for proper nutrient and water uptake 
by the plant. Another feasible explanation of a high E.C. r value is
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Table 5. Correlation coefficients- relating highest protein concen
tration and average protein concentration with initial soil 
fertility levels,.environmental conditions, and plant 
nutrient status at midsummer.

Highest Protein Average Protein
Item Concentration3 Concentation

r-
PH
E.C.
O.M.
P
Ca
Mg
K
Total N 
NO3-N 
Ppt.
SWW
P - plant 
K - plant 
Ca - plant 
Mg - plant 
N - plant
N (no. of observations)

.39 -.00

.73 .53*
-.43 -.06
-.04 .40
.19 -.24

-.40 — . 06
.44 -.10

-.44 -.18
.60 .79**

-.33 .05
-.33 .05
-.34 -.04
.56 .49*
.54 .49*
.64 .66**
.79 .65**

4 16

*Signifleant at the 5% level.
**Signifleant at the 1% level.
aHighest protein concentrations were obtained with 30 kg N/ha on 

fallow and with 60 kg N/ha on recrop at Bozeman, and with 90 kg N/ha 
on both fallow and recrop at Willow Creek.
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minimal variation in the soil test E.C. values between management 
practices in Table I. Generally, plant K (r = .49) concentrations 

increased with increasing average protein concentration as did plant 
Ca (r = .49). Both nutrients are important in increasing protein 
nitrogen (Tisdale and Nelson, 1975). Highest protein yields were 
obtained on plots receiving 30 kg N/ha on fallow at Bozeman and on 
plots receiving 90 kg N/ha on all other management practices.

Highest and average protein yield were correlated with initial 

soil fertility levels, environmental conditions, and plant nutrient 

status at midsummer. Correlation coefficients are shown in Table 6.
No variables were significantly correlated with highest protein yield . 
(p = 0.05). Average protein yield was highly correlated with several 

variables (p = 0.01). They include NO^-N (r = .83), N - plant 
(r = .83), Mg - plant (r - .81), K - plant (r = .88), P (r = .79), and 

Ca - plant (r = .78). The majority of these factors were shown pre
viously as those contributing to grain yield. Not included previously 

was NO^-N, important to both plant growth and protein formation.

Mineralization and Immobilization Rates of Nitrogen
Nitrogen mineralization and immobilization occur simultaneously. 

By measuring rates with labelled N the actual magnitude of microbial 
organic N turnover can be estimated. Table 7 shows mineralization and 

immobilization rates of soil organic N for all management practices
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Table 6. Correlation coefficients relating highest protein yields and 
average protein yields with initial soil fertility levels, 
environmental conditions, and plant nutrient status at mid
summer .

Highest Average
Item Protein Yield Protein Yield

■r-

PH
E.C.
O.M.
P
Ca
Mg
K
Total N 
NO3-N 
Ppt.
SSW
P - plant 
K - plant 
Ca - plant 
Mg - plant 
N - plant
N (no. of observations)

.49 -.42

.76 .21

.55 .36
-.04 .79**
.24 —.66**

-.56 .31
.59 -.29

-.64 .17
.66 .83**

-.46 .45
-.46 .45
-.30 .14
-.09 .80**
-.16 • .78**
.33 .81**
.24 .83**

4 16

**Significant at the 1% level.
aHighest yields were obtained with 30 kg N/ha on fallow at 

Bozeman and with 90 kg N/ha on recrop at Bozeman and Willow Creek, 
and on fallow at Willow Creek.



42

Table 7. Mineralization (M) and immobilization (I) rates of N for the 
0-30 cm soil depth on 90 kg N/ha plots estimated from 
I^N subplots. (Rates are given for the entire growing season 
(0 days-harvest) and for two periods within the growing 
season (0-60 days and 60 days-harvest)).a

0 - 60 days 60 days--harvest 0 days - harvest
Location • M I M I • M I A
Willow Creek 

Fallow -0.27 0.28 1.58 -0.08 0.58 0.40 0.18

Recrop 0.10* 0.21 0.60 0.03* 0.32 0.23 0.09

Bozeman
Fallow -0.63 0.31 1.27 0.26* 0.61 0.41 0.20
Recrop . -0.14 0.11 0.89 0.10* 0.53 0.22 0.31

*Values.,were based on fewer than three (3) replications.
Statistical analysis was not performed due to the large number of 

negative rates that were obtained.
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for the growing season on 90 kg N/ha plots. Rates were determined for 
periods 0-60 days, 60 days-harvest, and 0 days-harvest.

During the 0-60 day period immobilization rates ranged from 
0.11 kg/ha/day on recrop at Bozeman to 0.31 kg/ha/day on fallow at 
Bozeman. The immobilization rate of recrop at Willow Creek was 

0.21 kg/ha/day while the mineralization rate was 0.10 kg/ha/day. On 
this recrop field at Willow Creek, immobilization was greater than 

mineralization resulting in a net decrease in inorganic N concentration 
Apparent negative mineralization rates on the other fields cannot be 
compared to the immobilization rates.

. Net immobilization will occur when environmental conditions are 
such that microbial growth is stimulated and a large supply of carbon

aceous material (residue) is available for decomposition. Inorganic N 
is then incorporated into microbial tissue and organic matter until the 

C:N ratio is generally decreased to about 20:1 (Tisdale and Nelson, 
1975; Alexander, 1961). Although residue levels on these fields were 

not measured before the growing season, large quantities of undecom
posed residue remained on recrop fields with much less present on fal

low fields. The residue on fallow fields had been incorporated the 
previous season and allowed to decompose for several months.

The negative mineralization rates for fallow at Willow Creek and 
fallow and recrop at Bozeman suggest either experimental error or that 

the existing field conditions did not conform to the assumptions made
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in deriving the mineralization and immobilization rate equations. The 
assumptions used in deriving the equation include that the labelled 
and unlabelled atoms behave similarly, that atoms once immobilized do 
not significantly contribute to the mineralized fraction, and that 
mineralization and immobilization are constant during the given time 
period. These last two assumptions may not hold under field conditions 
when the time period is large. The second assumption neglects mineral 
atoms as a source of mineralizing N once they are immobilized since 
mineral atoms are so few (25 ppm for example) compared to organic atoms 

(1000 ppm). The third assumption indicates that, during the given time 
period, the microbial population does not greatly increase or decrease. 
This is very likely a poor assumption considering the extended time 

periods used in this study.
Experimental error may contribute to these negative values (e.g., 

chemical analysis and N dilution in the soil). If 5% error is allowed 
in chemical analysis, a soil containing 2000 kg N/ha could be recorded 
as 2000 + 100 kg/ha. On plots receiving 90 kg N/ha, the error allowed 
in analysis is greater than the amount of applied fertilizer N » This 
error, when analyzing for mineral and total N, will alter mineral and 
labelled N values used in the calculation of mineralization and immo
bilization rates. Some experimental error may also be introduced 
during analysis; however, the mass spectrometer, accurate to 

0.002% accounts for the least error. Nitrogen dilution of labelled N
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in the soil profile decreases the recoverability of labelled N. For

example, 90 kg fertilizer N/ha (5.02 atom % excess) added to soil and
allowed to combine with 4000 kg soil N/ha would become 2% of the entire

15N pool. About 4 kg fertilizer N/ha was labelled with N;, therefore, 
labelled fertilizer N would become 0.1% of the entire N pool. If the 
fertilizer N had moved through the soil to a depth of 120 cm, as 
possible in this research, 90 kg fertilizer N/ha would be diluted in 

approximately 16000 kg soil N/ha; fertilizer N would then be only 0.6% 
of the N pool and labelled fertilizer N would be only 0.025% of the 

N pool. Therefore the probability of complete fertilizer N recovery 
may decrease throughout the growing season as N dilution increases. 
Nitrogen in the soil below 30 cm was not used in calculating minerali

zation and immobilization rates.
As indicated by the mineralization and immobilization rates on 

recrop at Willow Creek, substantial amounts of soil N were cycled. 
During the 0-60 day period the equivalent of 6.0 kg N/ha were mineral
ized and 12.6 kg N/ha were immobilized in this field. The level of N 

turnover suggests a large and active microbial population.
Mineralization rates for the period 60 days-harvest are also 

given in Table 7. Rates of 0.60 and 1.68 kg/ha/day occurred on recrop 

and fallow at Willow Creek, respectively. Intermediate rates of 0.89 
and 1.27 kg/ha/day occurred on recrop and fallow at Bozeman, respec

tively. Immobilization rates during this time period were lower than
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for the 0-60 day period. A negative immobilization rate on fallow at 

Willow Creek was obtained and fewer than three replications were used 
in determining immobilization rates on the other three fields because . 
of negative values on some but not all of the replications. On recrop 
at both sites and fallow at Bozeman, for the period 60 days-harvest, 
mineralization was greater than immobilization resulting in a net 
increase of inorganic N concentration.

Net mineralization occurs when environmental conditions and the 
supply of carbonaceous material is such that microbial growth declines 

resulting in decreased immobilization rates. Inorganic N, released 

from organic matter and microbial tissue can then accumulate in the 
soil or be absorbed by plants when the C:N ratio of the soil is less 

than about 20:1. Hot, dry soils, unfavorable for microbial growth can 
also decrease the population independent of the CeN ratio. Decreased 
microbial use of N then creates an accumulation of inorganic N in the 

soil.
Greater mineralization rates for the period 60 days-harvest were 

obtained on fallow than on recrop at both locations. On the average, 

1.43 kg N/ha/day on fallow and 0.75 kg N/ha/day on recrop were miner

alized. This difference is attributed primarily to the influence of 
higher levels of undecomposed residue on recrop than on fallow. In 

addition, surface residue can lower soil temperatures (Van Wijk, et 

al., 1956). Thus, microbial growth may have been slightly impaired
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on recrop when compared to fallow If soil temperatures on recrop were 
less than soil temperatures on fallow for a considerable period of 
time. Another plausible explanation of lower mineralization rates on 

recrop than on fallow may be less complete incorporation of residue 
into surface soils on recrop, resulting in less than maximum microbial 
growth due to a limited carbon source.

Nitrogen cycled during the 60 day-harvest period was substantial. 
On recrop at Willow Creek, for example, the equivalent of 16.8 kg N/ha 
mineralized and 0.8 kg N/ha was immobilized,and 60.5 kg N/ha was 

mineralized and 6.8 kg N/ha was immobilized on recrop at Bozeman. The 
average change in immobilization on recrop from the first time period 
(0-60 days) to the second time period (60 days-harvest) (9.8 vs. 3.8 
kg N/ha) suggests a three-fold decrease in mibrobial activity indi

cating the release of inorganic N. The change in immobilization on fal
low at Bozeman from the first to the second time period was much less 

(18.6 vs. 17.7 kg N/ha).
Mineralization and immobilization rates for the entire growing 

season (0 days-harvest) indicate net mineralization on all management 
practices except recrop at Willow Creek, and substantial levels of N 

turnover (Table 7). Rates on fallow and recrop at Bozeman were not 
substantially different from rates on fallow at Willow Creek although 

residue levels were different. Lower rates of mineralization and 

immobilization on recrop at Willow Creek compared to fallow appear to
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be anomolous. More studies are required to determine if these are 
real or result from sampling or other experimental error. It is also 
likely the soil P levels were not adequate for maximum microbial growth. 

Indications are that more than one year of continuous recropping may be 

needed to greatly alter long-term mineralization and immobilization 
rates.

Recovery of Fertilizer and Soil N by the Plant 
Total N uptake by grain grown on fallow was 83 and 65 kg/ha at 

Bozeman and Willow Creek, respectively, and were significantly dif
ferent (p = 0.01) (Table 8). Uptake of N by grain was less on recrop 

where NO3-N levels at seeding were lower than on fallow. This large 

difference in initial soil NO3-N levels is the result of time between 
the previous harvest and seeding in Spring 1977 during which minerali
zation could occur.

On fallow fields 19 months elapsed between harvest and seeding, 
whereas, on recrop fields approximately 8 months elapsed between har
vest and seeding. Thus, fallow fields were maintained through an 
entire summer season without a crop and with the residue incorporated 
when temperature and moisture conditions were ideal for straw decompo

sition and mineralization of N. Uptake of N by grain on recrop was 

also significantly different (p <= 0.01) at the two locations.
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Table 8. Effect of management practice on N uptake by the plant and
the source of N found in the grain at maturity for
90 kg N/ha plots.

Plant Part and 
Location

Management Practice 
Fallow Recrop

Grain
Bozeman

------ Plant N uptake (kg/ha)-------

83.1c* 60.2b
Willow Creek 65.0b 35.7a

Straw
Bozeman 21.6a* 20.4a

Willow Creek 17.6a 10.1a

Grain
Bozeman

— % of grain N derived from fertilizer- 
(%NDFF)

20.2a* 42.4bc

Willow Creek 32.5ab 55.9c

*Values for any one plant part followed by the same letter are 
not significantly different st the 1% level.
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Average total N content of straw was greater at Bozeman than at 

Willow Creek (21 vs. 14 kg/ha, respectively), but not significantly 
different (p = 0.01). This may indicate a) better translocation of N 

in the plant to the grain at Willow Creek, b) the presence of a
limiting factor at Willow Creek limiting N uptake and thus the lower

.

amount of N remaining in straw, or c) higher mineralization rates at 
Bozeman, potentially increasing the amount of N available to the 
plant. Another possibility for increased straw N levels at Bozeman 
is protein denaturation in straw during the prolonged period, between 

boot stage and ripening (Campbell and Paul, 1978). Denaturation is a 
physical change in protein structure caused by exposure to pH extremes 

or to high temperatures. The result of this process is decreased 
protein solubility (Lehninger, 1975).. If this process occurred in 

straw, straw protein could not be broken down into amino acids to be 
transported to grain for protein formation.

The proportion of N derived from fertilizer (% NDFF) in the grain 

increased as the level of soil NO3-N at seeding decreased (Table 8). 
The % NDFF for grain on fallow at Bozeman and recrop at Willow Creek 

were significantly different (p = 0.01). The % NDFF was lowest in 
grain on fallow at Bozeman (20%) where initial soil NO3-N content was 
146 kg/ha. The highest % NDFF was 56% on recrop at Willow Creek where 
the initial soil NO3-N content was 45 kg/ha. Although recrop at 

Bozeman had the lowest initial soil NO3-N level the % NDFF for both
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recrop fields were not significantly different at the 1% level. The 
high % NDFF on recrop at Willow- Creek may also have resulted from the 
potential P deficiency, in which case intrinsic soil N uptake would 
be influenced by both NO3-N and P level. Thus, fertilizer N may have 
been more available than soil inorganic N.

Increased % NDFF on recrop resulted in much greater fertilizer N 
efficiency than on fallow. On recrop at Bozeman the % NDFF was 210% 
of fallow and at Willow Creek this difference was 172%.

The % NDFF was used to calculate the amount of N in grain and 
straw derived from fertilizer and from the soil (Table 9). The abun

dance of ^ N  in straw was estimated from % NDFF in grain since the
15% NDFF for grain and straw have been shown to be equivalent in N 

studies by Campbell and Paul (1978) and Rennie and Paul (1971). Values 

for grain NDFF and straw NDFF were not significantly different 

(p = 0.05) (Table 9).
Total NDFF was greatest on recrop at Bozeman; 26 kg N/ha in grain, 

9 kg N/ha in straw. They were lowest on fallow at Bozeman, 16 kg N/ha 

in grain, 4 kg N/ha in straw. Plant NDFF on all management practices 

was directly related to NO3-N level at seeding except recrop at Willow 
Creek where P or other growth factors were limiting. In this case,
NDFF was a function of interacting variables so that a response con
sistent with the other data was not obtained.
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Table 9. Effect of management practice on the amount and proportion 
of fertilizer and soil N found in plant parts at maturity 
for 90 kg N/ha plots.

Plant Part and Maridgemettt Practice
Location Fallow Recrop

Nitrogen derived from fertilizer (NDFF)
(kg/ha)

Grain
Bozeman 16.4 25.6
Willow Creek 21.] 20.0.

Straw
Bozeman 4.0. 8.8
Willow Creek 5.6 5.7

Nitrogen derived from 
(kg/ha)

soil (DNFS)

Grain
, Bozeman 66.7c* 34.6ab
Willow Creek 44.Obc 15.7a

Straw
Bozeman 17.6c* 11.5b
Willow Creek 12.0b 4.4a

Proportion of fertilizer
(%)

N recovered in plant

Grain
Bozeman 18.3a* 28.4a .
Willow Creek 23.4a 22.2a

Straw
Bozeman 4.5a* 9.8a
Willow Creek 6.2a 6.3a

*Values for any one plant part followed by the same letter are 
not significantly different at the 1% level.
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Grain content of soil derived N (NDFS) was proportional to 

initial soil NÔ -'N level except for recrop at Willow Creek where sub
stantially less total N was taken up. Grain NDFS was significantly 
different (p = 0.01) on fallow at Bozeman and on recrop at Willow 
Creek and between fallow and recrop at Bozeman. Straw content of NDFS 
was not related to soil NO^-N. This probably reflects differential 

rates of N translocation to the grain. Straw NDFS was significantly 

different (p = 0.01) except on fallow at Willow Creek and on recrop at 
Bozeman.

On recrop at Willow Creek NDFF was greater than NDFS in grain and 
straw. The opposite relationship was true on all other fields 
(Table 9). This is consistent with a considerably lower N mineraliza
tion and immobilization rates on recrop at Willow Creek for the entire 

growing season than that maintained on the other fields (Table 7). A 

lower mineralization rate would decrease the amount of soil N which 
could become available for plant uptake; thus, causing a greater amount 

of plant N to be obtained from fertilizer.
The proportions of fertilizer N recovered by the aboveground 

plant parts (grain plus straw) ranged from 23 to 38% and were not sig
nificantly different (Table 9). The recovery again Was related to 

initial soil NO^-N content on each management practice. The lower 

grain recovery of fertilizer N on fallow at Bozeman (18%) indicates 

increased use of intrinsic soil N when compared with the other
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management practices* Straw recovery of fertilizer N was variable but 
was somewhat related to initial soil NO^-N levels.

Leaching of Fertilizer and Indigenous Soil N 

Initial soil NO^-N levels on each management practice were ob
tained to a depth of 120 cm (Table 10). Recrop fields contained low 

levels of NOg-N at all depths (less than 8 ppm) indicating little 
mineralization during the first winter following harvest. Fallow 
fields contained approximately 2 to 6 times the NO^-N level on recrop. 
Fallow at Bozeman, a soil which averaged 3% organic matter, mineralized 
43 kg N/ha more than on fallow at Willow Creek where the soil has 2% 
organic matter.

Table 10. Spring soil NO^-N levels prior to fertilization.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample XTft MDepth , ppm—
(cm)
0-15 11.2 4.8 17.9 6.6

15-30 10.6 4.1 20.2 3.4
30-60 8,5 3.1 9.7 1.5
60-120 3.2 1.9 3.9 0.8 ■

--- --NO3-N, kg/ha-----

0-120 ;103.2 .45.4 146.2 32.0

L
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Nitrate-N levels on fallow in the surface 30 cm averaged 11 ppm

at Willow Creek and 19 ppm at Bozeman (Table 10). Considering the
majority of N mineralization occurs in the surface 30 cm, high levels
of NO3-N ( 3-10 ppm) in the lower profile of the fallow fields suggests
some leaching which may extend to below the root zone.

Increased NOg-N mineralization on fallow over recrop accounted

for an additional 58 kg N/ha at Willow Creek and 114 kg N/ha at Bozeman.
A 30% increase in NO^-N level on fallow at Bozeman over fallow at

Willow Creek demonstrates a higher N-mineralizing capacity at Bozeman.
Nitrate NO^-N levels on recrop to 120 cm at Willow Creek and Bozeman
were 45 and 32 kg/ha, respectively. The higher NO^-N concentration

at Willow Creek may be a result of incomplete N use in response to low
rainfall and poor soil moisture conditions during the previous cropping
season and possible limiting growth factors.

Nitrate-N concentrations following the 1977 harvest indicate

slight residual NO^-N levels (intrinsic soil N plus fertilizer N)

remaining in the soil profile for 90 kg N/ha plots (Table 11)„ Levels

ranging from 3 to 5 ppm NO0-N were present in the surface 30 cm of thej
Bozeman fields as compared to I to 2 ppm NO^-N in the surface 30 cm of 

the Willow Creek fields. Higher NO^-N levels at Bozeman may be 

associated with a high N-mineralizing capacity as indicated by N miner
alization and immobilization rates for the growing season (Table 7).

Net mineralization rates were 0.18 and 0.09 kg N/ha/day on fallow and



56

Table 11. Residual NO3-N levels in soil following harvest on 
90 kg N/ha plots.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

..... .. xrn .D c i l u p X S

Depth
(cm)
0-15 1.1 1.8 4.2 3.6
15-30 1.0 1.0 4.8 3.2
30-60 0.2 0.6 2.6 1.0
60-90 0.7 0.5 0.5 0.8
90-120 0.2 0.5 1.8 1.3

M O  _ WIN ) ivg/ Ilci"'

0-120 8.6 12.0 37.6 26.0

on recrop at Willow Creek, respectively, and 0.2 and 0.31 kg N/ha/day
on fallow and recrop, respectively, at Bozeman. Higher NO^-N levels 
may also be due to decreased N uptake at maturity while mineralization 
continued, or possibly N incorporation into the soil from senescing 

leaves at the 0-15 cm depth.

Residual fertilizer N remaining in the soil at harvest for the 

90 kg N/ha plots are presented in Table 12. The highest concentrations 

of fertilizer N were located in the surface 30 cm of the soil profile. 
Surface soil (0-15 cm depth) on recrop at Willow Creek contained 63 kg 
fertilizer N/ha; residual fertilizer N levels at depths of 30 to 120 cm 

were negligible. Of the fertilizer N retained by this soil, 88% was 
recovered in the 0-15 cm depth sample. Since only 3.6 kg NO^-N/ha were
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Table 12. Residual, proportion, and depth of fertilizer N remaining 

in the soil profile at harvest on 90 kg N/ha plots.

■Location ' Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample
Depth
(cm)

------ - Residual fertilizer N (kg/ha)----

0-15 . 1.1 62.7 40.3 3.9
15-30 10.5 3.3 5.1 2.5
30-60 0.0 2.8 2.0 12.6
60-90 7.6 2.0 0.8 1.2
90-120 . 0.4 0.8 0.8 . 0.4

-- Proportion of fertilizer N in Soil (%)--

0-15 1.2 69.7 44.8 9.9
15-30 11.7 3.7 5.7 2.8
30-60 0.0 3.1 2.2 14.0
60-90 1.8 2.2 0.9 1.3
90-120 0.4 0.9 0.9 0.4

Depth of residual fertilizer Ni in soil (%)

0-15 8.1 87.6 82.2 34.8
15-30 77.2 4.6 10.4 9.8
30-60 0.0 3.9 2.2 49.2
60-90 11.8 2.8 1.6 4.7
90-120 2.9 1.1 1.6 1.6
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recovered in this same sample (Table 11) the majority of the total N 
is assumed to be in organic form (NH^-N concentration was not deter
mined) . For fertilizer N to be incorporated into the organic fraction 
it must first be immobilized by microbes. Good fertilizer N incorpo
ration on fallow at Bozeman and recrop at Willow Creek are also 

indicated with 40 and 63 kg fertilizer N/ha, respectively, in the sur
face (0-15 cm) layer. Fallow at Willow Creek and recrop at Bozeman 
retained substantially less fertilizer N in the soil profile than the 
other two fields. The low recovery of fertilizer N in soil on recrop 
at Bozeman can partially be accounted for by a 38% fertilizer N recovery 

by grain and straw. Low fertilizer N recovery in the soil can also be 

partially attributed to experimental error and N dilution (see dis

cussion in Mineralization and Immobilization Rates of Nitrogen). Low 
recovery of fertilizer N in soil on fallow at Willow Creek cannot be 

explained but may be associated with an exceptionally high proportion 
of fertilizer N which was not accounted for.

More than 85% of the residual fertilizer N in the soil profile 

was located in the surface 30 cm, except on recrop at Bozeman where 

more than 85% was located in the surface 60 cm (Table 12). Little, 
leaching of fertilizer N below the root zone (120 cm) is indicated with 

only 1-3% of the residual fertilizer N found in the 90-120 cm depth.
Approximately 15% of the fertilizer N remained in the soil at 

harvest on fallow at Willow Creek. Residual fertilizer N on the other
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management practices was 80% on recrop at Willow Creek and 55% on fallow 
and 28% on recrop at Bozeman. Residual fertilizer N was greatest in 
the upper 30 cm of the soil profile (Table 12). Proportions of ferti

lizer N remaining in the 30-60 cm depth on all management practices 
were less than 14% of the total fertilizer N applied. This N was prob

ably transported into this, zone during three heavy rains.

Nitrogen Balance
A fertilizer N balance sheet shows 38% of applied fertilizer N 

was accounted for on fallow at Willow Creek. On the other fields 108,

77 and 65% of the fertilizer N was accounted for on recrop at Willow 
Creek, fallow at Bozeman, and recrop at Bozeman, respectively (Figure 3). 

Recovery of fertilizer N in the grain at both locations was greater on 
recrop than on fallow but was not significantly different (p = 0.01).

The proportion of fertilizer N not accounted for in the plant and 
soil (to 120 cm) was highest on fallow at Willow Creek (62%) and recrop 

at Bozeman (33%). On fallow at Bozeman 23% of the fertilizer N was 
unaccounted for but a complete accounting was obtained on recrop at 

Willow Creek. The amount of fertilizer N unaccounted for is assumed 

to be due to N volatilization at application time, N dilution, and 
experimental error. Also losses could be due to denitrification and 
the movement of small amounts of fertilizer N beyond 120 cm depth.

The recovery of 108% of fertilizer N on recrop at Willow Creek 

suggests a minimum of 8% experimental error. This high recovery may
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also be attributed to lower mineralization and immobilization rates 

which could increase fertilizer N uptake by the crop (Tables 7 and 9), 
greater recovery of fertilizer N in the 0-15 cm soil depth (Table 12), 
and the influence of P as a possible limiting factor to crop growth.
In a spring wheat study conducted by Campbell and Paul (1978), 6% of 
the fertilizer N recovery was attributed to experimental error.

Fertilizer N recovery data were averaged over both locations to 
provide a mean balance sheet for fallow and recrop management practices 

(Figure 4). There was considerably more residual fertilizer N left in 

the soil on recrop (54%) than on fallow (35%); there was also more 
fertilizer N recovered by grain on recrop (25%) than on fallow (17.5%). 
Both of these responses were directly related to the amount of undecom
posed residual on the field and inversely proportional to the initial 

soil NOg-N level. Greater amounts of fertilizer N accounted for on 

soils amended with straw than on soils with no straw additions is sup

ported by greenhouse results of Broadbent and Tyler (1962) and 
Broadbent and Nakashima (1967).

The average proportion of fertilizer N unaccounted for in the 

plant plus soil (to 120 cm) was 42% for fallow and 13% for recrop.

These proportions are well within the range of fertilizer N not account 

ed for in other field studies which varied from I to 49% (Broadbent and 

Nakashima, 1965; Tyler and Broadbent, 1958; Owens, 1960; Bobritskaya, 

et al., 1975; Krauter, 1975; Westerman, et al., 1972; Campbell and 
Paul, 1978).
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In the field only N below the rooting zone, N in the grain and 

N lost as a gas are removed from the system. Assuming that the residue 

is not burned or removed and that leaching, runoff, and erosion do not 

occur, approximately 40% (fallow) and 62% (recrop) would remain to help 

maintain the soil organic matter. Fertilizer N in straw would become 
part of the active organic matter N pool to be mineralized or stabi
lized in the soil humus.



SUMMARY
Flexible cropping has been advocated to replace alternate crop- 

fallow management practices in the northern Great Plains because of 

tremendous acreage losses.resulting from saline seeps and wind and 

water erosion. To improve our understanding of N process which may 
occur with flexible cropping systems, alternate crop-fallow and recrop 

management practices were compared to evaluate a) N application rates 
needed to maintain the best yields, b) the relationship between the 
fertilizer N rate giving the best yields and initial soil fertility 
levels and environmental factors, c) factors limiting production, 

d) the mineralization and immobilization of fertilizer N, e) the pro
portion of N in small grains derived from fertilizer N, and f) the 
leaching of fertilizer and indigenous soil N.

Management plots at Bozeman and Willow Creek, Montana were 

established on adjacent fields, one of which had been fallowed and the 
other cropped the previous year. The field which was fallowed has been 

designated fallow; the field which was cropped has been designated 

recrop. Uniform applications of 50 kg P/ha and 26 kg K/ha were broad

cast on all management practices.
Fertilizer N rates of 0, 30, 50 and 90 kg N/ha as NH.NO were4 j

applied and replicated three times within each management plot. Each
fertilizer N plot was subdivided into areas receiving double labelled 
15( N) or unlabelled NH4NO3 fertilizer. Immediately following
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fertilization all plots were seeded to Newana spring wheat (Triticmn 
aestivum L.),

Soil and/or plant material samples were obtained from the 

subplots three days following seeding, at midsummer and at harvest. 

Unlabelled fertilizer N subplots were harvested to determine yield.

Soil samples obtained prior to fertilization were analyzed for pH, con
ductivity, extractable Ca, Mg, Na, K, P, organic matter, and NO^-N. 
Nitrate-N analyses were also conducted bn harvest soil samples.

Soil samples from 0-15 and 15-30 cm depths and straw samples from 
90 kg N/ha plots, and grain and midsummer plant tissue samples on all N 

plots were analyzed for total N. Soil, grain and midsummer plant tissue 
samples from 90 kg N/ha were prepared and analyzed for ^ N  concentration. 
Midsummer plant tissue samples were also analyzed for P, K, Ca, and Mg 

concentration.
Grain yields were greater at Bozeman than at Willow Creek, prob

ably due to higher fertility and moisture levels at Bozeman. Yield 
response to fertilizer N was not indicated on fallow at either location 
due to initially high NO^-N levels in the soil; however, on recrop with 
low NOg-N levels marked yield increases occurred. Yield increases, due 

to additional N at the highest rate (90 kg N/ha), were four times 
greater at Bozeman than at Willow Creek (28 kg grain/ha/kg N vs.

7 kg grain/ha/kg N).
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At Bozeman, yield on recrop was equivalent to fallow with the 
adequate addition of N, while at Willow Creek, the maximum yield on 

recrop was 40% less than on fallow. Linear regression, excluding plant 
nutrient status, indicated soil P as the most important variable influ

encing yield (p = 0.01). Nitrate-N was also highly correlated with 
yield. Highest yields on all management practices were obtained on 
plots receiving 90 kg N/ha except on fallow at Bozeman where the highest 
yield was obtained on plots receiving 0 kg N/ha.

Protein yield on fallow at Bozeman was higher than that on the 
other three management practices; protein yield increased with N rate 
and reflected increases in either protein concentration or grain 
yield. Protein concentration and protein yield data show various N 
utilization patterns depending upon initial soil NO^-N levels. With 
adequate soil NO3-N at seeding, surplus N was translocated to the grain 
to increase protein concentration. When NO3-N levels were limiting, 
the first increments.of additional N were used by the plant to produce 

grain. When NO3-N was in excess of levels required for maximum grain 

and protein production no benefit was obtained from additional N.
Highest protein concentration and protein yield on each manage

ment practice were not significantly correlated with any soil nutrient 

but average protein concentration was highly correlated with NO3-N level 

at seeding (p = 0.01). Average protein yield was highly correlated
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with NO^-N and P in soil, and the plant nutrients— N, Mg, K and Ca
(p = 0.01).

Mineralization rates for the 0-60 day period on 90 kg N/ha plots 
are dominated by negative values, suggesting nonconformity between 
field conditions and assumptions made in deriving the equations, or 
excessive experimental error. Immobilization rates were higher on 
recrop than on fallow. Mineralization and immobilization rates for 
the 60 day-harvest period on 90 kg N/ha plots show a great quantity 
of N being cycled. Mineralization exceeded immobilization on all plots 
during the entire growing season (0 days-harvest). Immobilization 
and mineralization rates on fallow at both sites and recrop at Bozeman 
were similar, suggesting no real effect of management practice on either 
mineralization or immobilization during the first year of recropping.

Plant N uptake was greatest on fallow while the percentage of the 

plant N derived from fertilizer was greatest on recrop. These responses 

were highly influenced by initial soil NO^-N levels. The % NDFF averaged 

26% on fallow and 49% on recrop. The proportion of fertilizer N re

covered by the plant averaged 28% on fallow and 37% on recrop.
Nitrate-N data obtained in spring prior to fertilization show 

considerable N leaching through the 0-120 cm soil depth with some pos

sible small loss below this zone on fallow. Levels of NO^-N on recrop 
were one-half to one-fifth of those on fallow. Significant leaching of
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fertilizer N below the root zone was not indicated. Residual NO^-N 

levels at harvest were Siqall. Greater than 90% of the residual 
fertilizer N in soil was generally located in the upper 30 cm.

Average fertilizer N recovery on fallow was grain 17.5%, straw 
5.4%, and soil 34.8%. On recrop, average fertilizer N recovery was 

grain 25.3%, straw 8.1%, and soil 54%. ' Residual fertilizer N recovery 
in the soil between sites was variable and may have been associated 

with volatilization, denitrification, and fertilizer N movement below 
the root zone or inadequate sample size. Average recovery of ferti
lizer N in soil, grain, and straw was 58% on fallow and 87% on recrop.



CONCLUSIONS

In areas where valuable acreage is continually lost to saline seep and 
wind and water erosion, recropping can be used as a management tool to 
slow this loss.

Good soil fertility including adequate available N supplies, 
through mineralized or fertilizer N, and sufficient available water 
demonstrate that recropping can be successful. Yields on first year 
recrop can equal yields on fallow, providing no growth factor is limit
ing production. Protein concentration in grain is reduced when.grown 
on recrop opposed to fallow. Small grains or other crops, for which 

protein concentration is not important to the cash value of the crop, 
may be better suited for recropping. The efficiency of fertilizer N 
on plots receiving 90 kg N/ha was greater on recrop than on fallow.
More fertilizer N was harvested in grain on recrop than on fallow.

Also, more fertilizer N was retained by soil and straw on recrop than 
on fallow which may be utilized by the following crop. Recropping also 
reduced the amount of NO^-N found in the lower soil profile (to 120 cm) 

when compared to fallow which suggests a reduced potential of NO^-N 

movement below the root zone which could contribute to saline seep.

This research has provided yield and fertilizer N use information
to- support the use of flexible cropping in the Northern Great Plains.
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Continued fertilizer N research utilizing 15N is needed to gain 

knowledge of variables which influence N response and the efficiency 
of fertilizer N on recrop and fallow. Soil variables which are 

especially important are P and K levels, moisture regime, and soil 
depth and physical properties. The plant nutrient levels are critical 

for obtaining good crop growth. The limitation of one of these primary 
nutrients will decrease N response even if N is in large supply. 

Moisture,. essential to nutrient uptake and translocation and general 
plant growth, is also critical to microbial N transformations and 

organic matter decomposition. Soil depth and physical properties will 
affect the total quantity of water and the ease with which water and 
nutrients may be absorbed by the plant. Various crops and varieties 

may also influence fertilizer N response and efficiency. Research 

similar to that reported in this thesis, conducted on a variety of crops 
could provide a basis for profitable recommendations for flexible ' 
cropping.

Great care must be taken in experimental design, physical layout
of the experiment, and sampling to reduce cross contamination between
plots and to allow for maximum recovery of ^N. Natural variability
in the soil may account for the greatest portion of error in this re-

15search. The size of N plots and the number of replications was
15largely controlled by the cost of N; thus, the results may not have 

been as representative as desired.
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Sampling error in the field could also affect the accuracy of data. 

Deeper soils were difficult to sample with hand-held sampling equipment; 
therefore, a hydraulic sampler with a large diameter core was used in 

the majority of sampling. A larger soil core sample resulted in obtain
ing only one core per sampling as opposed to a composite. This was done 
so that only a small portion of the plot was disturbed at the end of 

the growing season. Also, the coring tube was not thoroughly cleaned 
between treatments so that small portions of may have been carried 
over from one sample to the next.

Field experimental methods are presumed to contribute the next 
greatest source of error. Labelled N was applied in solution form, 
opposed to granular form, which may have resulted in some loss of N 
through volatilization. Also, fertilizer P applications were broad
cast, opposed to drilled, so that later when seeded with spring wheat 

this P was removed from the immediate vicinity of the seed and likely 
could not be used by the plant. In addition to variability in results 

created by the method of fertilizer application, calculations which 

required-the weight of a hectare furrow slice of soil was estimated at 

2 x IO^ kg soil/ha. (B.D. = 1.3 g/cm'*) Changes in bulk density from 

this assumed value would create inaccuracies in the calculated values. 
Also, the conversion factor for kg/ha to Ib/a in this thesis was con
sidered to be one. Mass spectrometer analyses should contribute the 

least error to these data.
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In the laboratory, sample preparation for N analyses must be im

proved. The present drying and grinding procedures may introduce error 

by cross contamination. Digestion of samples for Kjeldahl analysis 
probably introduces the greatest error in the procedure. The aluminum 

block used for N digestion cannot maintain the heat capacity required 
for adequate N digestion. Great spatial heat variation in the block 
exists and cannot be controlled. This greatly decreased the probabili
ty of obtaining repeatable results. Distillation and titration equip
ment would seem to be adequate. Nitrogen distillate must be dried down

15to concentrate N for N analysis. The use of a hot plate for this pro

cedure is not adequate because it could cause evolution of N gas and 
the dissolution of atmospheric N into the sample.

Finally, a mass spectrometer designed for N analysis should be 
acquired if any sizeable amount of ^ N  research is conducted. Mechani

cal breakdown and the number of researchers using current facilities 

around the country make it difficult to assure that samples could be 
analyzed elsewhere. The proper operation and repair of the mass spec- ■ 

trometer would require the services of a full-time employee well 
trained in mass spectrometry and electronics.
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APPENDIX I

SOIL PROFILE DESCRIPTIONS

Bozeman, Montana. Gooch Ridge Area.

Location -.50 m west of the NE corner of section 6, T3S, R4E.
Description - This soil, on relatively level upland having 

a 2% slope, is dominated by silt and is of eolian loess origin. The very 

thick mollic epipedon extends into a moderately strong argillic horizon 
35-45 cm below the surface. Calcium carbonate is present in the hori
zon and throughout the lower profile (Table 13).

Classification - Argic Pachic Cryoboroll, fine - silty, mixed.

Willow Creek, Montana. Willow Creek Area.

Location - 900 m south, 100 m east of the NW corner of section 27, 
TIN, RlE.

Description - This soil, on a hilly upland terrace with 5% slope, is 

dominated by clay. The thin mollic epipedon, a very fine sandy clay loam, 

is underlain by a cambic horizon. A small accumulation of, illuvual clay 

in the horizon is indicated by the presence of clay skins. The
calcic layer extends from 31-45 cm and overlays stratified clay 

enriched with gypsum. Gypsum concretions up to 2 cm in diameter occur at 

and below 45 cm. It is assumed, due to parent material and physiography, 
that this localized area is one of the old Bozeman lake beds which
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Table 13. Soil description - Bozeman, MT.

Slope: 2% Elevation: 4751 meters
Water table: None Aspect: East
Permeability: Moderate Air Temperature: Annual: 43°F
Physiography: Level to undulating Sum: 64°F

uplands Win: 24°F
Vegetation: Crops - Dryland Soil Temperature: Annual: 33°F
Parent Material: Highly weathered. Sum: 3 4°F

Eolian, Loess. Win: 32°F
Calcareous Drainage Class: Well drained

Stoniness: Class 0

Horizon Profile Description
AP 0-15 cm; Black (10 YR 2/1) exterior; loam; massive-wet; 

noncalcareous (HCl), continuous; slightly acid, pH 6.5 
(Hellige-Truog); clear smooth.boundary.

B22t

23t

15-35 cm; Black (10 YR 2/1) exterior; loam; weak, fine and 
med. subangular blocky-moist; soft, very friable, nonsticky, 
slightly plastic; noncalcareous (HCl), continuous; slightly 
acid, pH 6.5 (Hellige-Truog); abrupt smooth boundary.
35-45 cm; V dk grayish brown (10 YR 3/2) exterior; SiCL; 
weak, fine, prismatic-wet; hard, friable, nonsticky., plastic; 
noncalcareous (HCl) continuous; slightly acid, pH 6.5 
(Hellige-Truog); abrupt smooth boundary.
45-63 cm; Brown (10 YR 4/2) exterior; SiCL; weak, fine 
prismatic-wet; hard; friable, nonsticky, plastic; noncal
careous (HCl), continuous; neutral pH 7.0 (Hellige-Truog); 
abrupt smooth boundary.
63-71cm; Brown (10 YR 4/2) exterior; silty clay loam; weak 
medium & coarse angular blocky wet structure; hard; firm; 
nonsticky, slightly plastic; noncalcareous (HCl) continuous; 
neutral pH 7.0 (Hellige-Truog); abrupt smooth boundary.

B 71-83 cm. Brown (10 YR 5/2) silty clay loam; weak, medium &
3ca coarse angular blocky structure; hard, firm; nonsticky;

slightly plastic violently effervescent (HCl); continuous; 
neutral pH 7.0 (Hellige-Truog); abrupt boundary.

C 83-103 cm; Brown (10 YR 5/3) exterior; silty clay loam;
lca massive wet; hard, firm; nonsticky; slightly plastic;

mildly alkaline pH 7.5 (Hellige-Truog); clear boundary.
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Table 13. (continued)

Horizon Profile Description

C2ca 41- cm; Brown (10 YR 5/3) exterior; silty clay loam; 
massive-wet; hard-, firm; nonsticky; moderately effervescent 
(HCl); continuous; moderately alkaline pH 8.0 (Hellige- 
Truog).
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differentiates it as an inclusion in the Manhattan fine sandy loam map

ping unit (Table 14) . .
Classification - Typic Calciboroll, fine - loamy, frigid;
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Table 14. Soil Description - Willow Creek, MT.

Slope: 5%
Aspect: East
Water Table: None
Permeability: Very slow
Physiograpny: Rolling or hilly

upland
Vegetation: Crops - Dryland
Parent Material: Partly weathered.

Unconsolidated. 
Mineral Sedi
ments. Shale.

Horizon Profile

Elevation; 1360 meters
Air Temperature: Annual: 46°F

Sum: 66°F 
Win: 250F

Soil Temperature: Annual: 35°F 
Sum: 39°F
Win: 32°F

Drainage Class: Well drained
Stoniness: Class 0

Description
AP 0-13 cm. Dk. yellowish brown (10 YR 3/4) crushed; SCI; very 

weak, fine granular moist structure; soft, friable, slightly 
sticky, slightly plastic; noncalcareous (HCl); continuous; 
slightly acid, pH 6.5 (Hellige-Truog); abrupt smooth boundary.
13-20 cm. Brown (7.5 YR 4/2) crushed; clay loam; moderate, 
medium, subangular blacky, moist, structure; hard, firm, 
slightly sticky plastic; noncalcareous (HCl), continuous; 
mildly alkaline, pH 7.5 (Hellige-Truog); clear smooth boundary.
23-31 cm. Light olive brown (2.5 Y 5/3); CL; weak, medium 
subangular blocky, moist structure; slightly hard, friable, 
slightly sticky, plastic; dark grayish brown (2.5 Y 4/2) 
clay skins throughout the soil; moderately effervescent (HCl) 
continuous; moderately alkaline pH 8.0 (Hellige-Truog); 
clear smooth boundary.
31-45 cm. Light olive grown (2.5 Y 5/3) crushed; silty clay; 
massive moist; hard, firm, slightly sticky, violently 
effervescent (HCl), continuous; moderately alkaline pH 8.0 
(Hellige-Truog); clear smooth boundary.
45- cm. Olive (5 Y 5/3) crushed; clay; massive moist, very 
hard, firm, sticky, slightly plastic; few mod. compact very 
coarse gypsum crystals; mildly effervescent (HCl), continuous, 
moderately alkaline pH 8.0 (Hellige-Truog).



APPENDIX II

FIELD PLOT DESIGNS

27 m

6.0 m

4.5 m
< ---------------------------------------- 18.0 m -------------------------------------------- ►

Figure 5. Plot layout for 15N experiments.
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22 m
1.7 m

0.5 m

1.5 m 6.0 m
3.3 m

1.0 m

4.5 m

Figure 6. Subplot layout for N experiments.



APPENDIX III

PREPARATION AND ANALYSIS OF 15N BY 
MASS SPECTROMETRY

This procedure and instructions were obtained from Dr. R. D. Hauck, 

National Fertilizer Development Center, TVA, Muscle Shoals, AL, for 

analysis on a Consolidated Electronics Corporation mass spectrometer 

Model 21-130 located at the Center.

Instructions for preparation:
1) The mass spec reads atom %N + .002.
2) Distillate from the micro-Kjeldahl distillation should be collected 

in 2% boric acid.
3) After titrating with HgSO^ additional HgSO^ should be added to 

acidify the solution. The amount of HgSO^ in the solution at 
this point should not exceed 2 ml of 0.08 N H2SO4.

4) The solution can now be concentrated or heated to dryness. This 
concentrated solution should contain I mg N/ml of solution
( .5 mg N/ml is a minimum value but is not recommended).

5) The tip of the distillation tube should not be in the trap solution. 
It causes contamination and is not required because of waterrs 
affinity for NH3.

6) After each distillation the glassware should be cleaned with 
ethanol (10-15 ml) to get small amounts of residual 1 %  out.
An acid rinse is not good enough.

7) Addition of salicylic acid in digestion may not recover all of the 
NO3 in a sample. To check this, run a standard with a known amount 
of NO3. If full recovery is not obtained iron permanganate may be 
substituted.
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Analysis:

1) Glass beads are placed in each sideann of a Rittenberg tube to 
aid O2 evolution. Then place I mg N from the sample in one arm 
and 2 ml of hypobromite solution in the other.

2) Place the Rittenburg tube on the glass inlet system and evacuate 
to 10-9 Torr. Oxygen evolution is aided by agitating the Ritten- 
burg tube manually.

3) After total evacuation for 30 sec., the Rittenburg is inverted to 
allow for Ng conversion. The tube is then submerged in liquid N 
for 60 sec. to freeze out any water vapor which may corrode the 
ionizing plates. 4

4) Ng gas can now be let into the analyzer; the ratio of ■*-% to -^N 
is then read on the ratiometer as well as an Og reading to 
determine the level of contamination.



APPENDIX IV

PERCHLORIC ACID DIGEST PROCEDURE 
(Kresge, 1976)

Procedure:
1) Weigh out .5 grams of plant sample that has been oven-dried at 

90°C for 24 hours. Weigh this into a 25 mm x 300 mm test tube 
that has been marked for 50 ml. With a small scoop place
6-10 three mm glass beads in each test tube to control boiling.

2) Add 8 ml of concentrated HNOg to the test tube using the bulb 
syringe marked HNOg and allow to sit for two hours. If you 
suspect a large amount of carbohydrates in the samples, allow 
to sit over night.

3) Heat on aluminum block to at least 300°C. Remove the test tubes 
after foaming stops and emission of dense red smoke subsides 
(approximately 20 min).

4) Turn off heat and remove samples from aluminum block. Allow 
them to cool to room temperature and add 3 ml of concentrated 
HCIO4 to each using a bulb syringe.

5) Replace on aluminum block and slowly heat to 400°C.

6) Watch carefully until samples develop a copious white smoke.
When dense fumes subside turn off block and remove test tubes 
to cool.

7) Add distilled deionized water to the 50 ml volumetric line on 
the test tubes. Add I ml additional water to compensate for 
the glass bead volume. Mix well.
You can now analyze for K, Ca, Mg, Na, Fe, Cu, Mn, Zn, SO4 
and P .

8)



APPENDIX 7

RAW DATA AND ANALYSIS OP VARIANCE

Table 15. Protein yields obtained at Willow Creek and Bozeman and 
analysis of variance

. Location______ Willow Creek_____ Bozeman_______
Management Practice_____Fallow____  Recrop Fallow_______ Recrop
N Rate Replication ---------------- Protein Yield (kg/ha)
(kg/ha)

O I 328 108 462 229
2 318 67 479 156
3 325 51 ' 576 146

X 324 cdef* 75a 506g 177abc

30 I 265 152 477 275
2 297 109 489 277
3 457 130 564 209

X 340cdefg 130ab 510g 254bcd

60 I 316 228 313 372
2 401 186 422 295
3 482 133 609 237

X 400defg 182abc 448efg SOlbcde

90 I 315 280 497 413
2 472 220 414 395
3 513 186 566 295

X 433efg 229abcd 492fg 368defg

*Values followed by the same letter are not significantly different 
at the 1% level.

Analysis of Variance: Level of
Source df S.S. M.S. F.value Significance
Between 15 .8601E 06 .5743E 05 11.37 0.01
Within 32 •1613E 06 5042.
Total 47 .1021E 07
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Table 16. Protein concentrations obtained at Willow Creek and Bozeman 
and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N  Hntfa Rnnl I m t i n n T

(kg/ha)
0 I 12.1 11.3 13.2 10.4

2 10.9 11.1 13.5 10.2
3 10.8 10.6 11.7 10.4

X 11.3abc* 11.3abc 12.8de 10.3a

30 I 11.7 9.9 15.0 9.6
2 11.6 9.6 13.1 11.3
3 13.2 9.9 14.1 10.0

X 12.2bcd 9.8a 14. Ie 10.3a

60 I 12.1 11.6 13.6 10.2
2 12.9 11.2 12.8 11.1
3 14.9 10.4 14.0 10.0

X 13.3de 11.Iabc 13.5de 10.4ab
90 I 13.0 12.6 12.7 9.8

2 15.0 12.1 13.4 10.9
3 13.9 11.8 13.5 8.9

X 14.Ode 12.3cde 13.2de 9.9a

*Values followed by the same letter are not significantly different 
at the 1% level.

Analysis
Source

of Variance: 
df S.S. M.S. F value

Level of 
Significance

Between 15 103.2 6.880 12.42 0.01
Within
Total

32
47

17.73
120.9

.5542
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Table 17. Grain yields obtained at Willow Creek and Bozeman and analysis
of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication
(kg/ha)

0 I 2712 442 3502 2198
2 2914 605 3547 1525
3 3007 960 4923 1443

X 2878cdef* 669a 3991f 1722abc

30 I 2266 1535 4003 2863
2 2563 1134 3756 2447
3 3460 1309 3182 2087

X 2763cdef 1326ab 3647ef 2466bcde

60 I 2314 1275 2304 3643
2 3109 1665 3295 2657
3 3235 1961 4348 2365

X 2886cdef 1634abc 3316ef 2888cdef

90 I 3694 2222 3910 4218
2 3143 1778 3090 3628
3 2426 1575 4190 3312

X 3088def 1858abcd 3730ef 3719ef

*Values followed by the same letter are not significantly different
at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 •4243E 08 .2829E 07 9.871 0.01
Within. 32 .9170E 07 .2866E 06
Total 47 .5160E 08
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Table 18. Straw yields obtained at Willow Creek and Bozeman and
analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

N Rate Replication — Straw Yield (kg/ha) —
(kg/ha)

0 I 3743 915 7739 4550
2 4604 805 5604 2028
3 5172 1296 8468 1948

x 4506bcdef* 1005a 7270f 2842abcd

30 I 4532 1919 8006 3579
2 3665 1520 5371 3279
3 4740 1833 4359 2922

X 4312bcdef 1757ab 5912def 3260abcde

60 I 5206 2308 5184 6594
2 4632 2298 4910 3667
3 4529 2863 6087 3453

X 4789bcdef 2490abc 5394cdef 4571bcdef

90 I 8164 3644 8641 6918
2 5469 2578 5377 5261
3 2863 2552 4944 5365

X 5499cdef 2925abcd 6321ef 5848def

*Values followed by the same letter are not significantly different 
at the 1% level.

Analysis of variance:
Source df S.S. M.S. F value
Between 15 .1398E 09 .9317E 07 5.947
Within 32 .5014E 08 .1567E 07
Total 47 .1899E 09

Level of 
Significance 

0.01
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15Table 19. Total N and total N content in soil at harvest for depths 
to 120 cm for 90 kg N/ha plots obtained at Willow Creek and 
Bozeman.

Location
Management Practice

Depth
(cm)

Total N 
(%)

Total 
(atom %)

Willow Creek - Fallow 0- 15 0.0953 0,369
15- 30 0.0793 0.399
30- 60 0.0454 0.366
60- 90 0.0188 0.377
90-120 0.0167 0.369

Willow Creek - Recrop 0- 15 0.1100 0.509
15- 30 0.0820 0.376
30- 60 0.0298 0.377
60- 90 0.0153 0.383
90-120 0.0243 0.369

Bozeman - Fallow 0- 15 0.1390 0.439
15- 30 0.1148 0.377
30- 60 0.0849 0.369
60- 90 0.0451 0.368
90-120 0.0447 0.368

Bozeman - Recrop 0- 15 0.1489 0.381
15- 30 0.1049 0.372
30- 60 0.0634 0.391
60— 90 0.0451 0.369
90~120 0.0357 0.368
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Table 20. Total N content of grain obtained at Willow Creek and
Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication ------ Total N (%)-- —
(kg/ha)

0 I 2.13 1.98 2.32 1.83
2 1.92 1.94 2.37 1.79
3 1.89 2.04 2.06 1.77

X 1.98bcd* 1.99bcd 2.25def I. SOabc

30 I 2.06 1.73 2.63 1.69
2 2.04 1.68 2.30 1.98
3 2.32 1.74 2.47 1.75

x 2.14cdef 1.7 2ab 2.47f I.Slabc

60 I 2.13 2.03 2.38 1.79
2 2.27 1.96 2.25 1.94
3 2.61 1.82 2.46 1.75

X 2.34ef 1.94abcd 2.36ef 1.83abc .

90 I 1.95 1.84 2.25 1.62
2 2.30 2.14 2.18 1.75
3 2.10 1.83 2.24 1.47

X 2.12cde 1.94abcd 2.22def 1.61a

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 2.821 .1881 10.00 0.01
Within 32 .6019 .01881
Total 47 3.423
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15Table 21. Total N content on 90 kg N/ha plots of grain obtained 
at Willow Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

Replication JN \ / o )

I 2.00 3.16 1.02 2.88
2 1.91 3.01 1.66 2.01
3 2.08 3.35 1.46 2.60

X 2.00ab* 3.17c 1.38a 2.50bc

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 5.202 1.734 20.36 . 0.01
Within 8 .6814 .08517
Total 11 5.883
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Table 22. Total N content of straw for 90 kg N/ha plots obtained 
at Willow Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

Replication M /yt . . .IN \/oJ

I 0.32 0.31 0.35 0.33
2 0.44 0.33 0.47 0.32
3 0.31 0.41 0.33 0.40

X 0.36 0.35 0.38 0.36

Analysis of variance:
Source df S.S.
Between 3 .2267E-02
Within 8 .3133E-01
Total 11 .3360E-01

Level of
M.S. F value Significance 

.7556E-03 .1929 ns*

.3917E-02

*Not significantly different at the 5% level
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15Table 23. Total N and total N content of plants for 90 kg N/ha 
plots at midsummer obtained at Willow Creek and Bozeman 
and analysis of variance.

_____Location______ Willow Creek _______Bozeman_____
Management Practice Fallow_____Recrop______Fallow_____Recrop

Replication ---------------- Total N (%)
I 2.06 1.58 3.40 2.11
2 2.27 1.41 3.08 1.74
3 2.37 1.09 2.92 2.28

X 2.23b* 1.36a
— Total 15N

3.13c
(atom %)--

2.04b

I 2.44 3.52 1.70 3.83
2 1.78 2.94 2.27 3.43
3 2.27 2.22 1.41 3.65

X 2.16a 2.89ab 1.79a 3.64b

*Values followed by the same letter are not significantly dif
ferent at the 1% level.
Total N

Analysis 
Source 
Between 
Within 
Total
15Total N

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 6.001 2.000 10.35 0.01
Within 8 1.546 .1933
Total 11 7.547

of variance: 
df S.S.
3 4.806
8 .4458
11 5.252

M.S. F value 
1.602 28.75
.5572E-01

Level of 
Significance 

0.01
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Table 24. Total N content in soil on 90 kg N/ha plots for 0<-15 and
15-30 cm soil depths for the 3 day sampling period at
Willow Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management; Practice Fallow Recrop Fallow Recrop
Sample
Depth Replication ----- Total N (%)-----
(cm)
0-15 I 0.1235 0.1256 0.1684 0.2156

2 0.1302 0.1300 0.1594 0.1649
3 0.1154 0.1452 0.1770 0.1725

X 0.1230ab* 0.1336ab 0.1683cd 0.1843d
15-30 I 0.1241 0.1170 0.1563 0.1185

2 0.1106 0.0987 0.1342 0.1037
3 0.1090 0.1255 0.1346 0.0935

X 0.1146ab 0.1137ab 0.1417bc 0.1052a

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 7 .1645E-01 .2350E-02 12.05 0.01
Within 16 .3120E-02 .1950E-03
Total 23 .1957E-01
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15Table 25. Total N content in soil on 90 kg N/ha plots for 0-15 and 
15-30 cm soil depths for the 3 day sampling period at 
Willow Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample
Depth Replication
(cm)
0-15 I 0.763

2 1.09
3 0.457

X 0.770

15-30 I 0.409
2 0.889
3 0,407

x 0.568

Total (atom %)

0.773 0.974 1.67
1.14 0.753 0.723
1.37 0.386 0.785
1.094 0.704 1.059

0.554 0.714 0.411
0.886 0.376 0.609
1.09 0.379 0.531
0.844 0.489 0.517

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 7 1.141 .1630 1.721 ns*
Within 16 1.515 •9472E-01
Total 23 2.656
*Not significantly different at the 5% level
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Table 26. Total N content in soil on 90 kg N/ha plots for 0-15 and
15-30 cm soil depths for the midsummer sampling at Willow
Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample
Depth Replication
(cm)
0-15 I 0.1123

2 0.0929
3 0.0838

X 0.0963ab*

15-30 I 0.0857
2 0.0779
3 0.0955

X 0.0864a

Total N (%)

0.1084 0.1685 0.1685
0.1148 0.1417 0.1435
0.1023 0.1607 0.1258
0.1085abc 0.1570c 0.1459bc

0.0969 0.1539 0.1407
0.0974 0.1224 0.0939
0.1062 0.1458 0.0504
0.1002ab 0.1407bc 0.0950ab

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M . S. F value Significance
Between 7 .1559E-01 .2227E-02 5.377 0.01
Within ' 16 .6627E-02 .4142E-03
Total 23 .2222E-01
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Table 27. Total N content in soil on 90 kg N/ha plots for 0-15 and 
15-30 cm soil depths for the midsummer sampling (60 days) 
at Willow Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample
Depth
(cm)

Replication IN L U U l  /o  J

0-15 I 0.398 0.373 0.393 0.393
2 0.386 0.396 0.375 0.398
3 0.409 0.374 0.368 0.369

X 0.397 0.381 0.379 0.387

15-30 I 0.383 0.390 0.374 0.383
2 0.370 0.379 0.372 0.374
3 0.376 0.376 0.369 0.377

X 0.376 0.382 0.372 0.378

Analysis of variance:
Source df S.S. M.S. F value
Between 7 .1296E-02 .1851E-02 1.780
Within 16 .1664E-02 .1040E-03
Total 23 .2960E-02

Level of. 
Significance 

ns*

*Not significantly different at the 5% level
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Table 28. Total N content in soil on 90 kg N/ha plots for 0-15 and
15-30 cm soil depths for the harvest sampling at Willow
Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample
Depth Replication -------Total N (%)-----
(cm)
0-15 I 0.1007 0.1024 0.1564 0.1608

2 0.0943 0.1100 0.1542 0.1456
3 0.0953 0.1213 0.1390 0.1489

x 0.0968ab* 0.1112bc 0.1499d 0.l518d

15-30 I 0.0823 0.0788 0.1465 0.1134
2 0.0689 0.0820 0.1362 0.1129
3 0.0793 0.0967 0.1148 0.1049

X 0.0768a 0.0858a 0.1325cd 0.1104bc

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: 
Source df S.S. M.S. F value

Level of 
Significance

Between 7 .1664E-01 •2377E-02 27.93 0.01
Within 16
Total 23

.1362E-02

.1800E-01
.8510E-04
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Table 29. Total N content in soil on 90 kg N/ha plots for 0-15 and 
15-30 cm soil depths for the harvest sampling at Willow 
Creek and Bozeman and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample , ̂
Depth Replication , ---Total N (atom %) —
(cm)
0-15 I 0.480 0.375 0.387 0.383

2 0.390 0.509 0.392 0.388
3 0.369 0.467 0.439 0.381

X 0.413 0.450 0.406 ■ 0.384

15-30 I 0.374 0.370 0.368 0.375
2 0.393 0.376 0.382 0.381
3 0.399 0.387 0.377 0.372

x 0.389 0.378 0.376 0.376

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 7 .1406E-01 . 2009E-02 1.723 ns*
Within 16 .1865E-01 .1166E-02
Total 23 .3271E-01
*Not significantly different at the 5% level.
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Table 30. Nitrate-N levels in soil at harvest for the 0-15 cm soil
depth at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication
(kg/ha)

0 I 1.0
2 0.0
3

X
0.0
0.3a*

30 I 0.7
2 0.0
3 0.5

X 0.4a

60 I 3.5
2 0.0
3

X
0.0
1.2abc

90 I 0.5
2 1.3
3

X
1.5
I.Iabc

■NÔ N (ppm) —
1.7 7.3 4.0
1.7 . 5.0 . 3.5
1.0 6.5 2.7
I.5abc 6.3e 3.4abcde

0.0 7.3 4.5
0.7 4.0 . i.o
1.0 2.7 2.7
0.6ab 4.7cde 2.7abcde

3.5 4.0 6.0
0.0 1.0 4.5
0.7 5.0 5.0
1.4abc 3.3abcde 5.2de
0.0 5.5 1.7
4.5 3.0 4.2
1.0 4.0 5.0
I.Sabcd 4.2bcde 3.6abcde

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 152.2 10.15 4.747 0.01
Within 32 68.42 2.138
Total 47 220.7
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Table 31. Nitrate-N levels in soil at harvest for the 15-30 cm soil
depth at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice. Fallow Recrop Fallow Recrop
N Rate Replication
(kg/ha) ------NO3-N (ppm)------

0 I 1.0 0.0 . 11.0 4.2
2 0.0 0.5 3.5 2.0
3 0.0 0.5 5.0 2.0

X 0.3ab* 0.3ab 6.5d 2.7abed
30 I 1.7 0.0 8.5 5.2

2 0.0 2.0 4.5 1.7
3 0.0 1.3 4.0 1.3

X 0.6ab I.Iabc 5.7cd 2.7abcd

60 I 1.0 0.5 8.5 0.2
2 0.0 0.0 7.7 0.7
3 0.0 0.0 6.0 3.0

X 0.3ab 0.2a 5.4bcd 1.3abc

90 I 0.7 1.0 6.5 2.7
2 0.0 0.5 3.0 5.2
3 2.2 1.3 5.0 1.7

X I.Oabc 0.9abc 4 .Sabcd 3.2abcd

*Values followed by the same letter are not statistically sig
nificant at the 1% level.

Analysis of variance: . Level of
Source df S.S. M.S. F value Significance
Between 15 214.3 14.29 3.634 0.01
Within 32 125.8 3.931
Total 47 340.1



106

Table 32. Nitrate-N levels in soil at harvest for the 30-60 cm soil
depth at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication
vKgZna; kppnu— —

0 I 1.7 0.0 2.0 1.0
2 0.0 0.0 1.0 0.0
3 2.0 0.7 1.0 0.0

X 1.2a* 0.2a 1.3a 0.3a

30 I 0.0 0.0 3.0 1.0
2 2.0 2.5 1.0 0.0
3 1.0 2.0 0.7 0.0

X 1.0a 1.5a 1.6a 0.3a

60 I 0.0 0.5 2.2 0.5
2 0.0 0.5 3.0 0.0
3 3.0 0.0 0.5 0.7

X 1.0a 0.3a 1.9a 0.4a

90 I 0.0 0.7 4.0 0.7
2 0.0 0.5 2.0 0.5
3 0.5 - 1.7 1.7

X 0.2a 0.6a 3.7b 1.0a

*Values followed by the same letter are not significantly dif
ferent at the 5% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 35.13 2.342 2.534 0.05
Within 31 28.65 .9241
Total 46 63.78
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Table 33. Nitrate-N levels in soil at harvest for the 60-90 cm soil
depth at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication
V1Kgz nay Vppmy---

0 I 1.3 0.0 1.3 0.0
2 1.7 1.7 0.7 0.0
3 3.0 0.0 4.0 0.5

X 2.0 0.6 2.0 0.2
30 I 0.0 0.0 0.7 0.0

2 0.7 3.0 0.0 0.5
3 1.3 1.7 0.5 0.0

X 0.7 1.6 0.4 0.2
60 I 0.0 1.0 1.3 0.5

2 0.0 0.5 2.2 0.0
3 0.7 0.0 0.5 0.0

X 0.2 0.5 1.3 0.2
90 I — 0.5 1.0 0.5

2 0.0 0.5 0.5 0.0
3 2.2 - 0.0 2.0

X 1.1 0.5 0.5 0.8

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 17.43 1.162 1.5Q4 ns* .
Within 30 23.18 .7727
Total 45 40.61
*Not significantly different at the 5% level.
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Table 34. Nitrate-N levels in soil at harvest for the 90-120 cm soil
depth at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate Replication
(kg/ha) kPPHU — —

0 I 0.5 1.0 1,7 1.7
2 1.7 3.2 0.0 2.7
3 0.5 0.7 1.7 0.5

X 0.9 1.6 1.1 1.6
30 I 0.0 2.0 0.5 0.5

2 0.0 2.0 0.7 1.0
3 1.0 3.0 0.5 . 0.7

X 0.3 2.3 0.6 0.7

60 I 0.0 1.3 2.0 0.5
2 2.2 1.1 1.0 0.5
3 1.3 2.5 0.0 1.0

X 1.2 1.6 1.0 0.7

90 I 0.5 3.5 2.2
2 - 0.5 0.7 0.0
3 0.5 — 1.3 1.7

X 0.5 0.5 1.8 1.3

Analysis of variance: 
Source df S.S. M.S. F value

Level of 
Significance

Between 15 13.44 .8963 1.110 ns*
Within 29
Total 44

23.41
36.85

.8071

*Not significantly different at the 5% level
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Table 35. Ratios of N: N for 90 fcg N/ha plots used in calculating
atom% 1%  in grain at harvest and in the plant at midt' 
summer at Willow Creek and Bozeman.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample Replication ------ N-L̂  :N14 Ratio —

Grain I .040816 .065262 .020610 .059308
2 .038736 .062068 .033760 .041025
3 .042484 .069322 .029633 .053388

Plant I .050021 .072968 .034588 .079651
2 .036245 .060581 .046455 ■ .071037
3 .046455 .045408 .046484 .075765
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Table 36. Ratios of N : N for 90 kg N/ha plots used in calculating
atom % in soil to 120 cm depth at harvest for Willow 
Creek and Bozeman.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample Depth 

(cm) 15IT-TA T> ~  - t  .

0-15 .007407 .010232 .008819 .007649
15-30 .008012 .007548 .007512 .007468
30-60 .007347 .007512 .007407 .007851

60-90 .007512 .007689 .007397 .007407

90-120 .007407 .007407 .007397 .007397
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Table 37. Ratios of N: N for 90 kg N/ha plots used in calculating 
atom % N in soil for the 3 day sampling period at Willow 
Creek and Bozeman.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample 15 14
Depth Replication --------------  N: N Ratio
(cm)

I .015377 .015580 .022192 .033967
2 .022040 .023063 .015174 .014565
3 .009182 .027781 .007750 .015824

I .008214 .027935 .014383 .008254
2 .017939 .017878 .007548 .012255
3 .008173 .022040 .007609 .010677
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Table 38. Ratios of N: N for 90 kg N/ha, plots used in calculating
atom in soil for the midsummer sampling at Willow
Creek and Bozeman,

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample 15 14Depth Replication x-\t. v̂r «
(cm)
0-15 I .007992 .007488 .007891 .007891

2 .007750 .007951 .007528 .007992
3 .008214 .007508 .007387 .007407

15-30 I .007689 .007831 .007508 .007689
2 .007427 .007609 .007468 .007508
3 .007548 .007548 .007407 .007569
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Table 39. Ratios of N : N for 90 kg N/ha plots used in calculating
atom in soil for the harvest sampling at Willow
Creek and Bozeman.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Sample I S 14Depth Replication
(cm)
0-15 I .009646 .007528 .007770 .007689

2 .007831 .010232 .007871 .007790
3 .007407 .009384 .008819 .007649

15-30 I .007508 .004270 .007387 .007528
2 .007891 .007548 .007669 .007649
3 .008012 .007770 .007569 .007468
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Table 40. Calcium concentration in plants from midsummer sampling
obtained at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman ■
Management Practice Fallow Recfop Fallow Recrop
N Rate Replication
VK.g/ naj

0 I .25 .20 .50 .33
2 .20 .20 .47 .24
3 .19 .23 .48 .27

X .21a* .21a .48c . 28ab

30 I .22 .19 .50 .27
2 .21 .16 .55 .27
3 .18 .20 .42 .20

X .20a .18a .49c . 25ab

60 I .27 .20 .42 .19
2 .25 .17 .51 .29
3 .29 .18 • .47 .26

X . 27ab .18a . 47c .16a

90 I .25 .17 .49 .36
2 .25 .18 .41 .30
3 .26 .12 .53 .38

X • 25ab .16a .48 c .35b

^Values followed by the same letter are not significantly dif-
ferent at the. 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 .6827 .4551E-01 17.60 0.01
Within 32 .8273E-01 .2585E-02
Total 47 .7654
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Table 41. Magnesium concentration in plants from midsummer sampling
obtained at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrdp
N Rate

0 I .158 .149 .227 .130
2 . .130 .162 .227 ■ .130
3 .130 .135 .217 .135

X .139abcd* .149bcd . 224f .132abc

30 I .154 .121 .227 .116
2 .140 .121 .227 .120
3 .128 .100 .209 .125

X .I41abcd .114a . 221f .120ab
60 I .162 .125 .217 .140

2 .162 .135 .218 .125
3 .167 .121 .241 .140

X .163de „127ab .225f .ISSabcd

90 I .167 .135 .241 .180
2 .176 .140 .218 .130
2 .185 .112 .227 .171

X .176e .129ab . 229f .160cde

*Values followed by the same letter are not significantly dif-
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 .7526E-01 .5017E-02 .33.47 0.01
Within 32 .4797E-02 .1499E-03
Total 47 .8006E-01
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Table 42. Potassium concentration in plants from midsummer sampling
obtained at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate
V,Kg/ L l c i J i x e p  J - I C a L  i o n " A  D y  W L  • — —

0 I 3.00 1.95 3.45 2.27
2 2.00 1.87 3.25 3.87
3 2.43 1.73 3.65 2.30

X 2.48ab* . 1.85a 3.45bc 2.Slab

30 I 2.75 1.93 3.75 2.90
2 2.07 2.47 3.80 3.00
3 2.28 1.55 3.00 2.47

X 2.37ab 1.98a 3.52bc 2.7 9ab

. 60 I 2.90 1.70 4.58 2.55
2 2.15 2.23 4.13 2.63
3 2.42 1.83 3.18 2.35

X 2.49ab 1.92a 3.96c 2.Slab

90 I 3.53 2.23 6.00 3.47
2 3.37 2.37 4.63 3.60
3 3.15 1.73 4.60 3.35

X 3.35bc 2 .Ila 5.08d 3.47bc

*Values followed by the same letter are not significantly dif-
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 34.23 2.282 11.02 0.01
Within 32 6.628 .2071
Total 47 40.85
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Table 43. Phosphorous concentration in plants from midsummer sampling
obtained at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recfop Fallow Recrop
N Rate

na/ Jxep jl j- cat. ion A> Dy Wt #

0 I .214 .285 .317 .334
2 .214 .285 .334 .359
3 .239 .301 .309 .351

X .222a* .290cd .320cde . 348e
30 I .245 .260 .309 .317

2 .233 .252 .309 .359
3 .229 .205 .276 .326

X .236ab .239ab . 298cd .334de

60 I .230 .229 .309 .317
2 .239 .234 .334 .309
3 .237 .206 .301 .309

X .235ab .223a . 315cde .312cde

90 I .221 .229 .260 .244
2 .254 .229 .293 . 325
3 .206 .229 .342. .276

X .227a .229a . 298cde .282bc

*Values followed by the same letter are not significantly dif-
ferent at the 1% level •

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 .8825E-01 .5883E-02 13.53 0.01
Within 32 •1391E-01 •4348E-03
Total 47 .1022
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Table 44. Nitrogen concentration in plants from midsummer sampling
obtained at Willow Creek and Bozeman and analysis of
variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
N Rate.

-I „  .Lici/ x v c y x x v a . u j . v i i  -

0 I 1.70 . 1.12 3.37 1.50
2 1.25 1.17 2.32 1.52
3 1.34 1.05 2.95 1.16

X 1.43ab* 1.11a 2.88c 1.37ab
30 I 1.55 0.97 3.20 1.28

2 1.49 0.88 2.14 1.50
3 1.33 1.26 2.72 1.53

X I.46ab 1.04a 2.69c 1.44ab

60 I 1.81 1.40 2.23 1.51
2 1.65 1.18 3.18 1.69
3 1.60 0.94 3.07 1.60

X 1.69ab 1.17a 2.83c I.60ab

90 I 1.92 1.10 3.46 1.76
2 2.22 1.13 2.90 2.18
3 1.90 0.84 2.99 1.74

X 2.01b 1.02a 3.12c 1.89b

*Values followed by the same letter are not significantly dif-
ferent at the 1% level

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 15 22.60 1.507 19.26 0.01
Within 33 2.582 .7824E--01
Total 48 25.18



APPENDIX VI

CALCULATED DATA FOR 15N ANALYSIS

Table 45. Calculated values of Mq and Mfc, used in calculating
mineralization and immobilization rates on 90 kg N/ha 
plots.

Willow Creek Bozeman
Fallow Recrop Fallow Recrop

M 43.6 17.8 76.2 20.0O 43.6 17.8. 76.2 20.0
43.6 17.8 76.2 20.0
43.6 17.8 76.2 20.0

Mfin 10.7 6.6 22.1 4.8ou 9.1 . 8.4 10.6 5.2
11.5 8.4 15.9 4.9
10.4 7.8 16.2 5.0

mH . 64.2 25.1 120.8 54.3
69.3 32.0 76.7 72.8
46.8 20.6 109.3 52.3
60.1 25.9 102.3 59.8
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Table 46. Calculated values of H0 and Ht used in calculating
mineralization and immobilization rates on 90 kg N/ha 
plots.

Willow Creek Bozeman
Fallow Recrop Fallow Recrop

29.0
48.1 
19.4
32.2

32.4
47.1
67.2 
48.9

-kg/ha/day-
51.1
34.1 
23.9 
36.4

81.7 
36.4 
37.0
51.7

15.9
13.2
14.1
14.4

16.3
17.0
16.0
16.4

25.2
20.1
22.9
22.7

37.0
24.6
18.9
26.8

17.7
14.7
14.6
15.6

15.2 
18.8
20.2
18.1

14.0
24.0 
22.6 
20.2

23.5
21.5 
21.0 
22.0
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Table 47. Mineralization rates of N on 90 kg N/ha plots for periods 
0-60 days (midsummer), 60 days-harvest (88 days Willow 
Creek; 128 days Bozeman), and 0 days-harvest.

Willow Creek Bozeman
Fallow Recrop Fallow Recrop

--------- kg/ha/day-
0-60 days -0.31 -0.06 -0.39 -0.11

-0.10 0.06 -0.52 -0.17
-0.41 0.14 -0.98 -0.13
-0.27 0.10* -0.63 -0.14

60 days-
harvest 1.72 0.70 1.95 0.86

1.79 0.78 0.88 1.04
1.23 0.32 0.97 0.76

0 days-

1.58 0.60 1.27 0.89

harvest 0.53 0.27 1.33 0.60
1.04 0.41 0.21 0.58
0.18 0.29 0.30 0.40
0.58 0.32 0.61 0.53

*Average was based on fewer than three (3) replications.
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Table 48. Immobilization rates of N on 90 kg N/ha plots for periods 
0-60 days (midsummer), 60 days-harvest (88 days Willow 
Creek; 128 days Bozeman), and 0 days-harvest.

_____Willow Creek_______ ______Bozeman________
Fallow____________Recrop______Fallow_________Recrop
--------------------- kg/ha/day--------------------

0-60 days 0.23 0.13 0.51 0.14
0.47 0.21 0.39 0.07
0.13 0.30 0.03 0.12

60 days-
0.28 0.21 0.31 0.11

harvest -0.11 0.03 0.50 0.14
-0.11 -0.06 -0.09 0.05
-0.03 -0.11 0.01 -0.03

0 day-

-0.08 0.03* 0.26* 0.10*

harvest . 0.30 0.18 0.98 6.33
0.75 0.25 0.21 0.17
0.15 0.26 0.04 0.15
0.40 0.23 0.41 0.22

*Average was based on fewer than three (3) replications.
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Table 49. Nitrogen uptake by grain and straw at harvest on plots
receiving 90 kg N/ha and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

Replications -----N uptake (kg/ha)—

Grain I 72.0 40.9 88.0 68.3
2 72.3 38.0 67.4 63.5
3 50.9 28.8 93.9 48.7

X 64.9b* 35.7a 83.1c 60.2b
Straw I 19.7 11.3 23.2 22.8

2 24.1 8.5 18.8 16.8
3 8.9 10.5 22.9 21.5

X 17.6 10.1 21.6 20.4

*Values followed by. the same letter are not significantly dif-
ferent at the 5% level.

Grain
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 3402. 1134.0 9.127 0.05
Within 8 994.0 124.3
Total 11 4396.

Straw
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 240.1 80.04 4.039 n.s .*
Within 8 158.5 19.81
Total 11 398.6
*Not significantly different at the 5% level..
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Table 50. Proportion of grain N derived from fertilizer on plots 
receiving 90 kg N/ha and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrpp Fallow Recrop

Replications -- 7o N derived from fertilizer (% NDFF)---

I 32.5 55.7 13.0 50.1
2 ■ 30.8 52.7 25.8 32.7
3 34.1 59.4 21.8 44.5

X 32.5ab* 55.9c 20.2a 42.4bc

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 2065 688.5 . 20.29 0.01
Within 8 271.5 33.94
Total 11 2337
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Table 51. Nitrogen derived from fertilizer for grain and straw on
plots receiving 90 kg N/ha and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow .Recrop

Replications ----N derived from fertilizer (NDFF) (kg/ha) —
Grain

I 23.5 22.8 11.4 34.2
2 22.3 20.0 17.4 20.8
3 17.4 17.1 20.5 21.7

X 21.1 20.0 16.4 25.6
XTTVC1V  /I,* /1%^ \S Li&w r x**6/ Iicty

I 6.4 6.3 3.0 11.4
2 7.4 4.5 4.1 5.5
3 3.0 6.2 5.0 9.6

X 5.6 5.7 4.0 8.8

Grain
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 127.6 42.55 1.771 ns *
Within 8 192.1 24.02
Total 11 319.8

Straw.
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 36.49 12.16 2.950 ns *
Within 8 32.98 4.122
Total 11 69.47
*Not significantly different at the 5% level.
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Table 52. Nitrogen derived from soil for grain and straw on plots
receiving 90 kg N/ha and analysis of variance.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

Replications --- N derived from soil (NDFS)(kg/ha)------

Grain I 48.5 18.1 76.6 34.1
2 50.0 18.0 50.0 42.7
3 33.5 11.7 73.4 27.0

X 44.Obc* 15.9a 66.7c 34.6ab
...NDFS VkKg/ na; —

Straw I 13.3 5.0 20.2 11.4
2 . 16.7 4.0 14.7 11.3
3 . 5.9 4.3 17.9 11.9

X 12.0b** 4.4a 17.6c 11.5b

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

**Values followed by the same letter are not significantly dif
ferent at the 5% level.

i
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 4005 1335 14.46 0.01
Within 8 738.8 92.35
Total 11 4744

Straw
Analysis of variance: 
Source df S.S. M.S. F value

Level of 
Significance

Between 3 261.9 87.31 9.074 0.05
Within 8
Total 11

76.98
338.9

9.622
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Table 53. Proportion of fertilizer N recovered in grain and straw
on plots receiving 90 k N/ha and analysis of variance..

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop

*/.Replication
Grain I 26.1 25.3 12.7 38.0

2 24.8 22.2 19.3 23.1
■ 3 19,3 19.0 22.8 24.1

X 23.4 22.2 18.3 28.4

Straw I 7.1 7.0 3.3 12.7 .
2 8.2 5.0 4.6 6.1
3 3.3 6.9 5.5 10.7

X 6.2 6.3 4.5 9.8

Grain
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 157.2 52.41 1.767 n.s. *
Within 8 237.3 29.66
Total 11 394.5

Straw
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 45.65 15.22 2.961 n.s.*
Within 8 41.11 5.139
Total 11 86.75
*Not significantly different at the 5% level.
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Table 54. Nitrogen derived from fertilizer in soil at harvest on 
plots receiving 90 kg N/ha.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrop
Depth ..............  -  M T l - D T(cm) V o /

0-15 0.06 2.85 1.45 Oi 30
15-30 0.66 0.20 0.22 0.12
30-60 0.00 0.22 0.06 0.50
60-90 0.22 0.34 0.04 0.06
90-120 0.06 0.06 0.04 0.04

NDFF (kg/ha)

0-15 1.1 62.7 40.3 8.9
15-30 10.5 3.3 5.1 2.5
30-60 0.0 2.8 2.0 12.6
60-90 1.6 2.0 0.8 1.2
90-120 0.4 0.8 0.8 0.4
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Table 55. Nitrogen derived from fertilizer (NDFF) and the proportion
of NDFF in the plant at midsummer on plots receiving
90 kg N/ha.

Location Willow Creek Bozeman
Management Practice Fallow Recrop Fallow Recrbp

Replication ----------- % NDFF-------
I 26.6 69.0 41.3 62.8
2 37.9 61.0 28.2 51.3
3 20.8 65.4 37.9 37.9

X 28.4a* 65.2b 35.8a 50.7ab
... MTX-PO V1Kg/ naj----

I 22.1 4.8 10.7 6.6
2 10.6 5.2 9.1 8.4
3 15.9 4.9 11.5 8.4

X 16.2b** 5.0a 10.4a 7.8a

*Values followed by the same letter are not significantly dif
ferent at the 1% level.

**Values followed by the same letter are not significantly dif
ferent at the 5% level.

% NDFF
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 2390. 796.6 10.87 0.01
Within 8 586.4 73.30
Total 11 2976.

(kg/ha)
Analysis of variance: Level of
Source df S.S. M.S. F value Significance
Between 3 206.1 68.71 7.689 0.05
Within 8 71.49 8.937
Total 11 277.6
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