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Abstract:

Relationships between yield and protein response of winter wheat to nitrogen fertilizer and various soil
and climatic variables were determined using data from 43 fertility experiments conducted in Montana
during the years 1967, 1968, 1970, and 1971. Relationships were estimated using a generalized
nonlinear least squares algorithm.

Additive and multiplicative error models were examined. Explanatory variables were applied nitrogen,
applied phosphorus, April through July precipitation, NO3-N to 4 feet in early spring, and soil water to
4 feet in early spring.

Variables important in explaining yield response were first 1 determined using an additive error model.
Precipitation, NO3-N, and applied nitrogen were important in explaining yield response. A
multiplicative error model was then estimated and additive and multiplicative models were compared.
Multiplicative models were chosen for estimating yield and protein response based on the properties
associated with the error term. Important variables for explaining protein response were precipitation,
NO3-N, applied nitrogen, and applied phosphorus.

Estimated yield and protein response equations were used to determine optimal rates of nitrogen
application under varying nitrogen-wheat price conditions. Optimal rates were first determined without
a protein premium structure. Protein response and a protein premium structure were then included to
illustrate the magnitude of the effect protein premiums may have on optimal nitrogen fertilization
practices. High levels of soil nitrate did not prevent economic application of nitrogen fertilizer. As
expected, protein premiums increased optimal rates of nitrogen application under most conditions.

In the final section, a 25-percent marginal rate of return was specified and used to derive optimal
nitrogen rates without a protein premium. Specification of this marginal rate of return reduced optimal
nitrogen rates.
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ABSTRACT

Relationships between yield and protein response of winter wheat
to™nitrogen fertilizer and various soil and climatic variables were
determined using data from 43 fertility experiments conducted in
Montana during the years 1967, 1968, 1970, and 1971. Relationships
were estimated using a generalized nonlinear least squares algorithm.
Additive and multiplicative error models were examined. Explanatory
variables were applied nitrogen, applied phosphorus, April through
July precipitation, NO3-N to 4 feet in early spring, and soil water
to 4 feet in early spring.

Variables important in explaining yield response were first
determined using an additive error model. Precipitation, NO3-N, and
applied nitrogen weré important in explaining yield response. A
multiplicative error model was then estimated and additive and multi-
plicative models were compared. Multiplicative models were chosen
for estimating yield and protein response based on the properties
associated with the error term. Important variables for explaining
_protein response were precipitation, NQB_N’ applied nitrogen, and
applied phosphorus.

Estimated yield and protein response equations were used to .
determine optimal rates of nitrogen application under varying
nitrogen-wheat price conditions. Optimal rates were first determined
without a protein premium structure. Protein response and a protein
premium structure were then included to illustrate the magnitude of

the effect protein premiums may have on optimal nitrogen fertilization -

practices. High levels of soil nitrate did not prevent economic
application of nitrogen fertilizer. As expected, protein premiums
increased optimal rates of nitrogen application under most conditiomns.

In the final section, a 25-percent marginal rate of return was
specified and used to derive optimal nitrogen rates without a protein
premium. Specification of this marginal rate of return reduced optimal
nitrogen rates.




CHAPTER I

INTRODUCTION

Statement of the Problem

Nitrogen fertili;er usage in Montana has increased from 10,932
tons in 1965.to oyer‘52,784 tons in 1976. Nitrogen fertilizers have
increased yields gnd profitability of winter wheat prodﬁction on many
séils. Montana winter wheat producers need precise information con-

"cerning the rates. of nifrogen fertilizer application best suited for
their sitﬁation.. Rates of nitrogen fertilizer application that pro-
duce the highesp‘yields seldom result in the highest profits.

The costs'of.the inputs necessary to produce a winter wheat
crop héve risen considerably in the 1970's. During this same time
period, extremely volétile price levels have prevailed in winter wheat
markets.‘-Winter 1977 prices received by Montana wheat producérs are
approximately 50 percent of 1973-74 price levels. Nitrogen fertilizer
prices have also fluctuated widely from a level of 10 cents pef pound
of actua; N in 1970 to over 30 cents per pound in 1974, Winter 1977
nitrogen price is 20 cents per pound of N. With rapidly changing
input and output prices, it is imperative that producers strive to
determine profit-maximizing levels of nitrogen fertilizer usé. An
uneconomic fertilizer application could result in a considerablé loss

of profits to wheat producers.
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The criterié used by farmers for making ﬁertilizer decisions
vary considerébly; Fertilizer applications are often made with little
regard for changing price structures. In addition, differences in
response to nitrogen arising from varying soil and/or moisture condi-
tions are not well defined. If wheat farmers are to maximize profits
with respect to fertilizer costs, it is necessary for them to have a
decision criterion for nitrogen fertilizer application which is appli—l
cable under variable moisture and soil.fertility conditions.

In order to make economic decisions regarding the level of
nitrogen to apply to winter wheat, two types of infprmation are needed.
First, the decision make; needs information concerning the physical
response of wheat to rnitrogen. Two types of response must be quanti-
fiéd: (a) incremental yields forthcoming from different levels of
nitrogen application, and (b) incremental changes in protein per-
centage associated with different levels of nitrogen. Second, the
decision makgr‘must have input cost information for nitrogen and
product price information for wheat, inclﬁding protein premium struc-
tures. If this information is available, basic economic logic can be

used to determine op;imum levels of nitrogen application (6).

Purpose of the Study

The general purpose of the study is to develop and present a

profit maximizing decision criterion based on the best information
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available which will be of use to Montana winter wheat producers.
" In order to accomplish this end, the specific objectives of the study
are to:

1) Estimate yield and protein response of winter wheat to
applied nitrogen fertilizer and important Soil and climatic
variables.

2) Determine the optimal levels of nitrogen application
given specified protein premiums, wheat priées, and
nitrogen fertilizer.costs. |

3) Assemble and présent the derived data and information
in a form which can be used b§ Montana wheat producers
to make economicaliyArational decisions concerning
nitrogen fertilizer use.

The chapters which follow discuss fhe means used to complete
these steps. More precisely, Chapter II preseﬁts a review of previous
work on wheat response to nitrogen fertilization. - Chaﬁter IIT dis-
cusses the specifiéation and statistical estimation of yiel& and
protein response to nitrogen fertilizer. In Chapter IV, input and
output ﬁrices are introduced and economic logic is used to derive

'optimal application rates. Chapter V offers concluding remarks and

suggestions for future work.




CHAPTER II
LITERATURE REVIEW

The ability to predict wheat yield and yield response is
necessary 1f decision makers are to determine optimal ievels of
fertilizer application. A considerable amount of researéh has been
completed which has studied the effects of measurable soil and climatic
variables on the response of wheat to applied fertilizer. Significant
increases in yields and protein content of the grain have been attfi—
buted to nitrogen fertilizers (9, 14, 18, 19). Results from this and
other research suggest that a number of factors influence yield-protein
relations. Variation in crop management practices can ﬁave a sub—
stantial effect on grain response. Seeding rates, row spacing, vari-
eties, tillage practiceé, and land-use systeﬁs are all thought to
influence wheat yields (12, 21, 26).

Studies which have atteﬁéted terxplain wheat yigld relations
have been quite varied in terms of the explanatory variables included
and the geographic areas studied. Early work by Fisher (10) utilized
linear regression techniques to examine the effects of rainfall on
wheat yields. Response cu?ves were estimated giving the expected
change in yield for an additional inch of precipitation falling above
the average at any time of the year. Similar techniques.were used_
by researchers‘iﬁ India (11). Results from their.study indicated
that rainfall distribution accounted for 75 percent'of the total

variation in yields on unfertilized lands.
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Robertson (23) used a factorial yield-weather model to analyze
50 years of spring wheat yield and weather data from southwestern
Saskatchewan. Precipitation for the summer-fallow period and forA
May, June and August; global radiation for May; and maximum tempera-
ture for June and July proved to be the most important variables in
explaining wheat yield variation. Later research in southwestern
Saskatchewan by Read and Warder (22) found growing season precipita-
tion to be more important than stored soil moisture in explaining
yield and protein variability on unfertilized plots. On fertilized
plots, stored soil moisture exerted a greater influence on yield and
protein content of the grain than did growing season precipitation.
They concluded variables which could be méasured before seeding'haé
the greatest influence on spring wheat response to nitrogen fertilizer.

Bauer et al. (3) correlated rainfall and stored availabe mois-—
ture with barley and spring wheat response. Total moisture accounted
for 40.3 percent'of the yield response to nitrogen fertilizer. Bair"
and Robertson (2) used maximum and minimum temperature, rainfall, and
stored soil moisture to predict wheat yields. In western Oklahoma,
positive and significant correlations between wheat yields and soil.
moisture at seedihg, growiﬁg season precipitatiOn, temperatﬁre during
éhe ripening period, and soil moisture in the spring were reported by
Eck apd Tucker (8). The relationships, however, did not yieid satis-

factory prediction equations.
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Recently Black (4) published results indicating that, under
Montana conditions, successful annual cropping of winter grains
requires 8 to 10. inches of water from stored soil moisture gnd growing
season precipitation. In Texas (1), October through June rainfall
‘affected wheat yields under summer fallow conditions. Approximately
5 inches of rainfall were required during this time period before any
measurable amount of grain was produced. Each additional inch received
during this period increased production by about 2 bushels per acre.

Other studies have related grain protein to moisture components
in the enviromment. Under irrigated conditions iﬁ Mexico (9), grain
protein increased as the available moisture percentage at time of
irrigation decreased. Protein content of the grain was decreased by
small applications of nitrogen but was increased by large application
rates. Brengle (5) correlated available soil moisture with grain pro-
tein in Colorado. Significant negative correlations existed between
the two variables. In the Great Plains (26), increases in rainfall
and soil moisture decreased grain protein.

Levels of soil fertility have also been shown to have a marked
effect on yields and protein content. Significant positive relation-—

L .

ships between these response components and soil nitrate nitrogen
have been documented in the literature (20, 28). In Nebraska, Terman
et al. (29) reported grain yield-protein relationships to be tgmpered

by soil nitrate levels. Under adequate moisture conditions and low
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available soil nitrate levels, response to applied nitrogen was high
and protein levels were low;’ At higher soil nitrate levels, yield -
.response to applied nitrogen was low and the chief effect of applied
nitrogen was to increase grain protein. Young et al. (32) included
soil nitrate at seeding, total nitrogen content, and organic matter
in an aﬁalysis of spring wheat response. Soil nitrate at seeding was
significant 'in the model at the .0l level.

Taylor et al. (28) indicated the effect of soil nitrate nitrogen
on yields was most beneficial when growing season precipitation was
high. Results published by Smika et al. (57) suggest_soil moisture
at seeding has an influence on soil nitrate-yield relationships. When
soil moisture at seeding was included in the analysis, the largest
grain yields were obtained where soil nitrate levels were lowest. With
the exclusion of soil moisture at séeding, no relationships existed
between soil nitrate and grain yields either with or without nitrogen
fertilizer. AResearchers in Montana (7) attributed the lack of response
to nitrogen fertilizer to pre-existing high soil nitrate levels.

Recent efforts to quantify yield and protein responses under
Montana conditions were made by Jackson (15). A steﬁwise multiple
fegression program was used to analyze winter Wﬁeat data from 47
summer fallow locations. Prediction eqﬁations were generated for.
pofential grain yields. Predicted potential yields were then used

along with soil and climatic variables to formulate models to estimate
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the nitrogen fertilizer rates required to achieve the predicted
potential yields. Finally, grain protein-ﬁodels were developed using
potential yields, nitrogen fertilizer rates, and soil apd climatic
factors. Only one observation from each available set of data was
picked for use in formulating these models.. Gfowing season precipita-
fion, soil organic matter, and evaporation rates during the first half
of the growing season were important in explaining potential yields.
Soil moisture measurements proved to be nonsignificant in these models.
When nitrogen fertilizer requirements wére estimated, soil nitrate
nitrogen, potential yield, available soil water, and evaporation rates
during the first half of the growing season were the most important
variables. Important variables for estimating protein content were‘
potential yield, soil nitrate nitrogen, nitrogen fertilizer require-
ments, organic matter, and growing season rainfall. Positive relation-
ships were reported between protein content and soil nitrate nitrogen,
soil organic matter, and nitr;gen fertilizer requirements. Mnltiﬁle
correlation coefficiepts for potential yield, nitrogen fertilizer
requirement, and‘graiﬁ protein equations were 41 percent, 58 percent,
and 41 percent, respectively. Models were also generated to predict
yield and percent protein on unfertilized plots and residﬁal soil
nitrate after harvest.

Results from these studies suggest that a number of soil and

climatic variables and variable interactions influence grain response.
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In these experiments, soil nitrate and applied nitrogen were positively
_correlated with grain yield and protein content. Soil water and:'
precipitation were also positively correlated with grain yield but
negatively correlated with protein content. Variability in the
success obtained usiﬁg these factors along with other soil and-climatic
variables to predict yield and/or protein response may be explained
by variation in individual soil characteristiés, the.distribution of
soil water and soil nitrate within the top 4 feet of the soil prbfile,
management practices, and many other factors. It is hoped that thé

followiﬁg research will contribute to a better understanding of these

relationships.




‘CHAPTER III

ESTIMATION OF YIELD AND PROTEIN RESPONSE

Source of Data

The data used for the analysis were collected from a series of
nitrogen top-dressing experiments conducted by the Montana Cooperative
Extension Service and the Montana Agricultural Experiment Station.
Forty-three sets of data representing 38 locations were included in
the final statistical analysis. Site locations and investigators are
listed in the Appendix.

Data were selected according to their ability to meet a predetef—
mined set of criteria. Inifial selection was limited to experimental
plots 1océ£ed.oh summer fallow land with good stands of a recommended
variety of hard red winter wheat. Experimental sites characterized by
hail damage wére excluded from the analysis.

Observations on a predetermined set of explanétory variables to
be used in the estimation of yield gnd protein response were also
required. These explanatory variables included available soil nitrate
measured to a depth of 4 feet in early spring, April through July
precipitation; and avaiiable soil water measured to 4 feet in early
spring. 1In many cases moisture content in the soil was not expressed
as inches of available soil water. As a result, it was necessary
to convert these measurements to inches of available water using the
best Information available. 1In addition, dates for the installation

of rain gauges varied between experiments and were not available for
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a: limited number of locations. Hence, pfeéipitation records from
nearby weather stations were used to replace missing rainfall data.
A standard soil analysis with measurements on organic matter and
phosphorus aﬁd potassium content presenf in the top 6 inches of soil
was desired, but was not a?ailable for all locations.

Individual experiments were conducted using a randomized complete
block design with three replications.. Rates of broadcast nitrpgen
common to all locations were 0, 20, 40, 60, and 80 pounds per acre of.
spring-applied nitfogén in the form of ammonium nitrate. Potassium
and phosphorus were also applied iﬁ the spfing at rates of 25 and 20
pounds per acre respectively for 1967 and 1968, and at rates of 25

and 40 pounds per acre for 1970 and 1971. Rates represented actual

pounds of elemental phosphorus and potassium. In cases where starter

fertilizer was applied in the fall, total amounts of applied phos-
phorus and nitrogen were somewhat larger.
Varieties of winter wheat represeﬁted in the data were Winalta,

Cheyenne, and Warrior.

Algebraic Specification.of the Response Function

The selection of an algebraic equation to use when fitting crop
response functions warrants careful consideration. In the selection
procedure, it is important to take into account the nature of the

phenomenon under investigation and any limitations or assumptions
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which may be imposed by a particular model. The functional form of the
response function is important; of equal importance are the assumptions
made concerning the specifications of the error.term. The specificatiomn
of the regression disturbance or error term will be discussed in detail
later in this section.

Fo; the purpose of this study, polynomiél equationsxwere selected
for estimating yield and ﬁrotein response. The properties associéted
with this type of equation are well suited to the data under considera-
tion. This can be readily observed if the behavior of a second degree
polynomial with one explanatory variable is examined. The equation is

expressed in the following form:

) . .
B X + BX] G

=)
1]
=
(¢]
=
I

total output;

units of the variable resource;

e

level of oufput when Xl equals zero; and

and 82 = parameters of the equation.

Q
]

By

If we expect total product to reach a maximum and then decline,
we would hypothesize 82 to be negative. Thus the équation lends itself
to situations where both positive and negative marginal products exist.
The marginal product curve is linear for second degree polynomials,
although this restriction is overcome when cubic pe?ms or higher order

interactions are included. Extensions and transformations of equation
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(3.1) are easily obtained and allow considerable flexibility in the
specification of crop response functions.

Attempts to use polynomial equations to fit crop-yield data have
generally been quite successful (13). Research wo;keré inveétigating
yield relationships have demonstrated that the influence of explanatory
variables is often dependent on the levels of‘other variables present.
Consequently, effects are not additive and.interactions occur between
variables. The models for this analyéis were formulated under the
hypothesis that interactions of this nature do occur. More precisely,
two models were specified and used to arrive at parameter estimates
for relevant explanatory variables, Models differeq in the specifica-
tion of the regression disturbance and in the assumptions made regarding

nonlinear characteristics of the equations.

Additive Error Model

The first model employed in the estimation of yield and protein.

response 1s represented by (3.2).

Y = bo + lei + bZXZ + b3X3 + b4X4 + b5X5 + b6X6

+ byXy + bgXg + boXg + BioXi0 t Pra¥in F P1o¥yo

b b

+ D3y by Xy, tbysXys FbyeX g+ byo%,

+ b18X18 + €41, + UL (3.2)
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where: Y = estimated yield;

b0 = intercepf;
Xi's = independent variables designated in Table 1 on
page 24;

b.'s = estimated regression coefficients;

EiL = random variation associated with the ith treat-
ment at location L; and
UL = random variation due to location L.

By definition (3.2) is an intrinsically linear third degree poly-

nomial. That is, the equation is nonlinear with respect to the
variables but linear with respect to the paraﬁeters to be estimated.
The model can be converted to a form which is more obviously linear
in the parameters by redefining the variables. In this case, redefi-
nition of second and third degree polynomial terms as additional
variables in a lineaf form will convert the equation to an obviously
linear relationship in the parameters.

The regression disturbance in (3.2) is additive and composed of

the terms € and UL' Although the separation of these components

L
is not possible in the actual estimation, the logic and method of

incorporation of these error terms are extremely important to the
study and are thus outlined.
The first source of variation in the model is represented by

€ Specifically, ¢ is defined as a random disturbance which is

iL” iL
independently and identically distributed across treatments, i, and




Ll

15
locations, L. The effects of random variation in soil and drainage
characteristics within experimental plots are ekampleé of factors
inherent in this term. The usual properties (16) are associated with .

£ and are outlined below.

iL

€., is normally distributed

il
E(si'L) =
E(EiL) = 02
E(eiL ajL) =0 for 1 # j
E(e;; €401) = 0 for L # L'

A second disturbance is introduced into the additive model when
observations frém heterogeneous locations are used to estimate yield
resfonse. Obviously; an effect due to location exists between experi-
ments and therefofe.introduces a major source of variation into the
model, This location effect is represented by UL ih (3.2) and is
defined as a random disturbénce common to all treatments at a. particular
.;ocation.' More specifically, UL is added to all eiL for i=1, ..., n,
whefe ﬁL'is independent and identically distributed across locations

" with E(UL) = 0. If we let ViL = + U, and further assume that\ei

0. T UL L

and UL are independent across locations and treatments, then

Cov (ViL’VjL) = E(ViL VjL) = E(eiL + UL)(sjL + UL)

- E(UI":) =02, for 1 # i.
: u
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When pij denotes the correlation between treatments i and j at
a given location then
.Cov (ViL’VjL)

Pi5 % 2 =

a ] a
ple o
1
©

2 _ 2 _
where. o, = Var (UL) and ¢ = Var (VjL).

Since we assumed €4y, Was identically distributed across treatments

and locations and that ¢ and UL were independently distributed, if

il
follows that Var (ViL)'is constant across locations and treatments as

shown below,

Var (viL) = E(ViL) = E(eiL‘+ UL)2 = E(eiL) + E(Uf)

=0’2+O'2=0'2
€ u

Inherent in this ptoperty is the assumption that the effect of UL is

identical across all treatment levels of nitrogen at a specific loca-
tion. However, this assumption may not be valid in all cases; as we

might expect that the effect of UL would differ as nitrogen increases

across treatments. As a result, an alternative definition of Viﬁ is

ViL = ai(eiL + UL) | | . . (3.3)

where o, is aproporﬁnnél factor which reflects a treatment-specific

i

effect on both components of the regression disturbance. Intuitively,
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differential variability exists over treatments in the error term.

Therefore:
Cov (ViL’VjL) = E(ViL VjL) = E[ai(eiL + UL)aj(ejL + UL)]
= Elo.a. (e.. + U )(e.. + U.)] = a.a E(Uz)
i’j il L jL L’ i3 L
= 0.0,0
ij u
and

2 .
. = . = .(e.. + . +
Var (VJL) E(VJL) E[OLJ(EJL UL)OLJ(E:J,L UL)]
=-ag(02 + 02) = a?dz
J € u J
This latter derivation shows the nature of the heteroskedastic variances

between treatment residuals. If the correlations between treatment

residuals are examined, then

2 2
=‘Cov (ViL’VjL) ) aiajcu ) ZE -
Pij 2 2”27 °
0.0.0 a.0,.0 o
1] 173

Correlétions between treatment residuals are therefore constant and
equal to p but variances are unequal across treatment levels. The
correlation p is eqﬁal to the ratio of the variance of the location
specific effect to the total variance. This 1at£ér specification was

used in the estimation of yield and protein fesponse.
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Multiplicative Error Model

"A second possible specification of this response function is a
multiplicative error model. This model can be expressed in natural

numbers as

Y = (o + b1Xl

+ b.X, + D

+ b X2 + b, X, + b,X, + bSX + b X (3.4)

2 373 44 5 676

7% ¥ bgXg + bXg + by X5 + byXyy T byoXy,

+bigXyg t by Xyt bysXys t byeXie Py Xyy

* byg¥180€510L
where once again the explanatory variablés maintain the same defini-
tions as those in (3.2). In this equation, the error components are
mulfiplied by the mean response function as opposed to the additive
disturbance previously described.

The parameters of (3.4) are estimated by taking the natural

logarithm of both sides of the equation. Performing this transforma-

tion gives

log Y = log, (a + byX; + byX, + bX, + b,X, + bX, (3.5)

+ DX + DXy + DX + boXg + by Xyt byiXyy

+byoXyg F byaXyg F by Xyt bysXys HDyeXeg

) + 1ogeeiL + 1°geUL

+bygXy7 + bigXig




dull L Lt i
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which is an intrinsically nonlinear model. That is, (3.5) is nonlinear
with respeét to the parameters as well as being nonlinear with respect
tohthe variables.
The two components of the multiplicative regression disturbances

in (3.4) are defined in the same manner as €y and UL in the additive

L
model. However, two additional assumptions regarding the expected
values  of €L and UL are nécessary in the multiplicative framework.

The assumptions are outlined below.

E(eiL) =1

E(UL) =1

Taking the expected value of (3.4) with these assumptions results in

(3.6),

E(Y) = a + b1X1 + b2X2 + b3x3 + b,X, + bsX. + p6x6 (3.6)

+ byKy + bgXg F DoXg * byoXi0 * P1r¥yn * P12¥yo
+b13%y3 T P1g¥ys t PysKys T Brgtie T P17%yy
* b1g¥yg |

Again, it is important to recognize that the separate components

'bf ViL’ defined as eiL and UL’ are not actually ih'the calculations.

However, an argument analogous to that presented for the additive model

can be ‘applied to (3.5) to- show the existence of nonzero covariances
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between treatments at specific locations. Similarly, heteroskedastic
variances and constant correlations also exist when differential

variability occurs across treatments in the error term.

Estimation Procedures

Parameters for these models were estimated uéing a géneralized
nonlinear program written by O. Burt, Montana State /University. The
intereéted reader is referred to Malinvaud, Chapter 9 (17) for a
discussion of the statistical theory underlying the development of the
program. The assumptions previously outlined concerning the regression
disfurbances were specified in the program.

The tgchnique of maximum likelihood estimation is used to arrive
at parameter estimates for nonlinear models. Although the concept of
maximum likelihood estimation is not new, the technique‘is one which
may be unfamiliar to the reader. Therefore, a brief discussion of
the general principles associated with this form of gstimation is
presentéd.

Intuitively, the method of maximum likelihood estimation is
based on the idea that certain populations are more likely to generate -
a given sample than other populations. When the nature of a popula-
tion is estimated from a rapdom saméle of data, maximum likelihood

estimates can be defined in the following manner:

Ll
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If a random variable X has a probability distribution
f(x) characterized by parameters 0y, 65, ..., 8, and if we
observe a sample Xy, X9, +v.s X, then the maximum likeli-
hood estimators of 815 095 «oes O are those values of these
parameters that would generate the observed sample most
often (16).

The problem thus becomes one of finding the values of 91’ 62,

ceey e# which maximize the probability of the observed sample values.
The objective of finding these values can be accomplished through the
formulation of a likelihood function. If the sample observations are

independent, the likelihood function takes on the formula of the joint

probability distribution of the sample represenﬁed in equation (3.7).
L= g(Xl, Xys ...,~Xn) = f(Xl) f(Xz) . f(Xn) (3.7

We .can now maximize (3.7) with respect to B1s 095 +ovs By and
obtain estimators (el, 62, ooy Gk) of the unknown parameters. More

specifically, él’ 62, ey 6 are estimators obtained by the method of

k
maximum likelihood estimation if the following condition is satisfied:

L(Xl, Xgs +evs X3 él’ §2, e ék) > L(X;» Xy, cees X s

85 vens §k)-

~ ~

where 51,_..., ék are any other estimators of 0> 8

the logarithm of L is a monotonic transformation of L, the maximization

92 o en.- Since

procedure can be accomplished by maximizing the function

L = logeL




el e d el L,
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Solutions are then obtained by setting the partial derivatives of L

with respect to each parameter equal to zero and soiving simultaneously.

Statistical Tests

Ratios of the likelihood functions generated in the estimation
procedure described can be used to evaluate the significance of
explanatory variables in the-models. .The test is based on thé property
that the negative of twice the logarithm of a likelihood function ratio
‘is asymptétically distributed as x? (30). The chi-équare test statis;ic

is given by (3.8)

T log |5~| ~ X , (3.8)

where: T = number of exferiments (43);
D = determinant of the residual covariance matrix;
g = general model with fewer restrictions;
r = restricted model; and

q = difference in the number of parameters between
the two models.

This statistical test is particularly useful in evaluating the
relevance of an explanatory variable which is a component of more than
one term. in the response equation. Sudhlis the case with soil mois-
ture, soil nitrate, precipitation, and applied nitrogen. The test is

also appropriate for models with linear constraints on parameter values.
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T-ratios for individual coefficients were also used to evaluate
and compare models. Standard errors for linear combinations of vari-

ables were examined to determine the forecasting ability of the model.

Estimation Procedures

Initial estimates of yield rgsponse‘relationships were made using
additive regression disturﬁances. Table 1 contains a listing of
variable descriptions and aséociated means, standard deviations, and
coefficients of variation. Parameters for each of these variables We¥e
estimated and the nature of the response function was evaluated. Equa-
tions were also generated to test the significance of soil nitrate,
precipitation, soil moisture, and,applie& phosphorus in explaining
yield response to nitrogen fertilizer. This set of equations is
presented in Table 2. Chi-~square tests were uséd to determine vari-
ables important in explaining yield response in this set of equationms.

Computational costs involved in the estimation of mﬁltiplicative
models did not allow duplication of the procedures outlined above.
Therefore, significant variables determined in the previous section
were uséd when multiplicative models weré generated. A comparison was
then made between mul;iplicative and additive models to determine the
response function best suited for use in developing fertilizef
recommendations. T-~ratios for identical terms in the two models Wefe
initially used as a criterion for comparing models in this section of

the analysis.




- TABLE 1. VARIABLES USED IN DEVELOPING PREDICTIVE EQUATIONS FOR YIELD AND PERCENT PROTEIN
- OF WINTER WHEAT.
Variable Adjusted
Designa- , N Standard Coefficient
tion Variable Description Units Mean Deviation of Variation
Y Grain yield bu/A . 38.00 8.74 0.54
X Total applied phosphorus 1b/A 44,49 15.99 0.63
X2 Binary variable (Warrior) 0.07 0.26 3.66
X3 Binary variable (Cheyenne) 0.12 0.32 2.76
X4 Total applied nitrogen (N) ib/A 43,47 28.62 0.66
X N2 . 1b/A 2704.30  2857.40 0.96
X2 Soil NO,-N in 4' of soil (SN) 1b/A 105.41  105.34 1.12
X, (sN) 1b/A 22157.00 71255.00 3.24
X8 ) Avail. soil watér in 4' of soil (SW) in. 4,84 1.72 0.64
X (SW) 2 , in. 26.33 17.40 0.80
-Xio Total April-July Precipitation (PREC) in. 6.76 2,01 0.63
X1, "(PREC)“ : in. 49.73 29.83 0.81
X5 N x PREC 297.23 224.67 0.76
X13 SN x N 4471.70 5943.70 1.33
Xl4 . SN x SW 625.81 569.37 1.12
X15 N x SW 282,33 247.71 0.88
X/g. SN x PREC 697.01  654.99 1.03
X5 SW x PREC 43,52 26.28 0.81
Xig N2 x PREC 18581.00 19684.00 1.06

%X 4

™TT




TABLE 2. EQUATIONS USED TO TEST THE SIGNIFICANCE OF SOIL WATER, APPLIED PHOSPHORUS,
PRECIPITATION, AND SOIL NITRATE IN EXPLAINING YIELD RESPONSE.

Eq. No. . : Equation

3.9 Y = 20.27 + 0.0947Xl + 9.292X2 + 3.009X3 - 0.04X4 + 0.000338X5 - 0.127X6 + 0.000056X7

- 6.154X8 + 0.577%, + 7.67X

| 10 f O.468Xll + 0.0297X12 - 0.000162X13 + O.Oll7X14

- 0.00303X15 + 0.0103X16 - 0.167X17 - 0‘000163X18
3.10 Y = 1.421 + 0.0648Xl + 10.97X2 + 3.609X3 - 0.066X4 + 0.000373X5 + 0.00339X6

- 0.00_00316X7 + 7.787X10 - O.57Xll + Qf0306X12 - 0.000147X13 + 0.00727X16

- 0.000171);18 | : 0
3.11 Y= 2.877 + 11.229X2 + 2.657X3 - 0.066X4 + 0.000383X5 + O.OlZX6 - 0.00003X7 + 8.088X10

- 0.568Xll + 0.0308X12 - 0.000148X13 + 0‘00508X16 - 0.000174X18
3.12 Y = 29,40 + 12.875X2 + 4.609)_(3 + 0.135X4 - 0.000691X5 + 0.0464X6 - 0.0000389X7
| - 0.000167X13
3.13 Y = 4.634 + 12.515X2 + 1.666X3 - 0.0939X4 + 0.000486X5 + 8.422Xlo - 0.561X11

+ 0.0312X12 - 0.000173X18

SEN S Tt w
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Determining Relevant Variables iﬁ the Additive Error Medel

Behavior of estimated response functions varied considérably :
with thehinclusion and exclusion of soil water variables. Results
consistent with conventional theory were obfained only when soil
water variables were excluded from the statisticai analysis. A
comparison of the behavior of equations (3.9) and (3.10) in Table 2
illustrates this point. Estimated parameters for (3.9) showed that
increasing rather than decreasing marginal response existed for soil
nitrate and soil moisture over all ranges of the data, with incre-
mental response being negative at .lower levels of these Variables. In
- this model diminishing marginal response existed only for applied
ﬁitrogen and precipitatibn.v ﬁowevér, when soil water variables were
eliminated in (3.10), the estimated response functioﬁ exhibited
diminishing marginal response for each of the resources under con-~
sideration.

This result is difficult to understand. The significant change
in the nature of the response function raises the question of the
validity of including the soil water variables as measufed iﬁ the
data in the model. Soil water measurements at 15 locations were
reported as inches of gvailable‘soil water in the data source but
' actuélly repfesented some other measurement. As a result, it is

possible that difficulties encountered in converting these soil water
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measurements to inéhes of available soil water together with other
sources of measurement error severely limited the accuracy of soil
water variables. In order to determine the importance of soil ﬁater ‘
variables in the moéel, a chi~square test statistic was calculated
using the residual covariance matrices of (3.9) and (3.10). The null

hypothesis tested was expressed as

Ho: b, = b =b.. =0

9 = P14 = bys

where the bi's refer to estimated paramefers in (3.9). Each of these
parameters is associated with a variable which includes soil water.
Results from this test indicated that the null hypothesis could n&t
be rejected at the .10 level of significance. Conclusions from
previous studies cited in the literature review suggest that soil
water ié very important in explaining yield response. However, in
this analysis soil water appears to only confound the behavior of
estimated response fungtions. Based on these results, soil water
was eliminated as an explanatory variable in the analysis which
means that the net effects of soil water variation are moved to the
error term of the model. |

The importance of applied phosphorus was also examined by apply-
ing similar techniques to equations (3.10) and (3.11) in Table 2.
The chi;square test statistic calculated from these regression equa—’

tions showed that applied phosphorus was of little consequence in
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.explaining yield variability. The coefficient for linear applied
phosphorus was not significantly different from zero at the .10
level. Therefore, it too was e%cluded from the analysis.

With the exclusion of épplied phosphorus and soil water, the
model prédicting yield can be expressed in the form of equation.(3.11).
Investigation of the statistical results for this model indicates
that seasonal precipitation and soil nitrate are very impértant in
explaining yield response to nitrogen fertilizer. The null hypothe-

sis tested for precipitation can be expressed as
\

Ho: b = b = b = b =b

11 12 16 =0

10 18
where the bi's refer to estimated coefficients for terms in (3.11).

Similarly, the null hypothesis used to test the significance of

soil nitrate was expressed as
Ho: by =b, =byy=by =0

where, once again, the bi's,symﬁolize coefficients in equation (3.11)
in Table 2. Parameters for terms which includedlprecipitation as a
variable were significantly different from zero at fhe .001 1evell
Thus, we-can be 99.9 percent confident that precipitation éontributes
té thé explanatioﬁ of yield variation in this set of experimeﬁtsw
Similarly, coefficients for soil nitrate terms were significantly

different from zero at the .01 level. Comparison of these confidence
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levels suggests that precipitation is the more important of the two

- variables.

Comparison of Additive and Multiplicative Error Models

Important variables from the additive analysis were next used to
generate a model with a multiplicative disturbance term. Regrgséion
resulfs for comparable multiplicative and additive models are pre-
sented in Tébles 3 and 4 respectively. Models differ only in the
specification of the disturbance term and in associated properties
discussed earlier,

In both instances, estimﬁted response functions are character-
ized by maximum yields and declining marginal productivity to the
résources under consideration. Similarly, signs of estimated coeffi-
cients do not vary between models. A‘compariéon of yields predicted
by the two models for specified levels of precipitation and soil
nitrate is presented in Tables 5 and 6. Predicted yields are similar
over most ranges of the data.

Examination of the statistical significance of estimated param-
eters reveals that t-ratios for the multiplicative_model are higher
for all but four terms. The significance of 1ineé;‘séil nitrate,
applied nitrogen x soil nitrate, and the two binary variables were
‘reduced with the use of the multiplicative disturbance. However,

differences between corresponding significance levels in the two -
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TABLE 3. REGRESSION COEFFICIENTS FOR MULTIPLICATIVE MODEL PRE-
DICTING WINTER WHEAT YIELD (EQ. 3.14).

Variable Description ggi;gii;ggt t—value
Intercept ©3.925300 - 0.380
Variety 2 (Warrior) 11.248000 #*%* 2,687
Variety 3.(Cheyenne) ' 1.108200 0.410
N -0.096910 * -1.532
N2 : 0.000654 0.894
SN . 0.001654 0.037
SN2 -0.000035 -0.925
PREC : 7.834700 #%% 2.856
PREC? ' -0.580110 #**  -3.443
N x PREC 0.035205 #%% 3.768
N x SN ) -0.000119 ** -1.816
PREC x SN 0.008295 * 1.511
N2 x PREC ~©  =0.000223 * -2.106

Multiple R = 36.8%
xp=.10 *tp= 05 dk&p= 005

N = Total applied nitrogen (1b/A).
. SN = Total NO,-N-to 4' in early spring (1b/A).
PREC = Iotal‘gpril—July precipitation (in.).
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TABLE 4. REGRESSION COEFFICIENTS FOR THE ADDITIVE MODEL PRE~
DICTING WINTER WHEAT YIELD (EQ. 3.11).

Variable Description vﬁﬁgigiiiggt t~value
Intercept . 2.876600 0.249
Variety 2 Binary (Warrior) 11.229000 #*#% 3.431
Variety 3 Binary (Cheyenne) 2.656600 0.991
N -0.066648 -0.924
N2 : . 0.000383 0.453 .
SN : 0.011962 0.250
SN2 . : A -0.000030 . -0.803
PREC : 8.088100 **% 2.682
PREC2 . ’ ~0.568450 ***  -2,959
N x PREC : . 0.030841 *%% 2.985
N x SN : -0.000148 #**%  ~2,191
PREC x SN 0.005084 0.926
N2 x PREC ~0.000174 * -1.453

Multiple R? = 39.1%
*p=.,10 *%kp= .05 *%kp= 005

" N = Total applied nitrogen (1b/A).
SN = Total NO,-N to 4' in early spring (1b/A).
PREC = Total gpril-July precipitation (in.)




TABLE 5. WINTER WHEAT YIELDS PREDICTED BY THE MULTIPLICATIVE MODEL BASED ON APRIL-JULY
PRECIPITATION AND TOTAL APPLIED NITROGEN (NO3-N to 4' = 90 1b/A).

A:giiid Total April—Julerrecipitation (in;) ]
Nitrogen 3 4 5 6 7 8 9 10 11 12
1b N/A. ' Yield (bu/A)
0 26,31 28.83 32.19 34.39 35.43 35.31 34.03 31.50 27.99  23.23
20 26.26  29.40 33.38  36.19 37.05 38.34 37.67 35.85 32.86 27.72
40 24.21 29.78 34,19 37.46  39.54 40.47 40.24  38.85 36.30  32.59
60 24,14 29.97 34.64 38,15 40.50 41.69 41.72 40.59 38.30  34.85
80 24,06 29.97 34.72 38.31 40.74 42.01 42.12 41.07 38.86  35.49

100 23.97 29.78 34.43 37.93 40.26 41.43 41.45 40.30 37.99 34,52

ce




TABLE 6.

WINTER WHEAT YIELDS PREDICTED BY THE ADDITIVE MODEL BASED ON APRIL~JULY PRE-
CIPITATION AND TOTAL- APPLIED NITROGEN (NO3-N to 4' = 90 1b/A).

Aigiiid _ Total April—July‘Precipitation (in.)

Nitrogen 3 4 5 6 7 8 9 . .10 11 12

1b N/A Yield (bu/A)-

0 26.23  28.80 32.23  34.52  35.68 35.69  34.58 32.32  28.93 24.40

20 24.43 29.54,' 33.52 36.36° 38.06 38.63 38.06 36.35 33.50 29.52
40 24.51  30.03 34.42 37.67 39.78 40.75 40.59 39.29 36.86  33.28
60 24,49  30.28 ‘ 34.93 38.45 40,83 42.08 42,18 41,14  38.99 ‘35.68
80 24.35 30.27 35.06 38.71 41.22 42.59 42,83 41.93  39.89 36.72
;00‘ 24,10 30.02 34.79 38.43 40,94 42,30 42,53 41.62 39.58  36.40

€g
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models are small. As a result, the selectioﬁ'of a model for use in
developing fertilizer recomméndations was based on properties associ-
ated with the two error terms. In the multiplicative framework,
standard errors of the estimate are directly proportional to the
mean. Hence, for agronomic data this form of specificafion would
appear to make sense intuitively. Based on this intuitive appeal,
the multiplicative model was chosen to‘egtimate yield.

Careful evaluation of the multiplicative model reveals that
yields are depressed at high levels of precipitation. This phenoménon
is rather difficult to explain, particularly when one considers that
the experimeﬁts were conducted under dryland conditions. Under semi-
arid conditions, moisture has often been thought to be the factor
most limiting grain yields. Hence, this result does not seem plagsibie
in lieu of a priori informationm.

One possible expianation for this occurrenée may be found in
the distribution of these high levels of precipitation., If large
amounts of rainfall were received during a short time period, adverse
effects on yield could result from increased weed infegtation and
disease. Methods analyzed to control weeds were not recorded for
thﬁs groub of experiménts. As a result, competition with weeds for
available nutrients and moisture ﬁay have confounded response resulté.
It is the opinion of.this researcher'fhat the yields predicted by. the

model at these high levels of precipitation do not reflect normal.
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yield relationships. After consultation with other researchers, a
decision was reached to place a constraint on the net effects of pré—
cipita;ion in the model. The constraint involved the marginal ﬁroduct
‘ of precipitation. Values were specified for precipitation, applied
pitrogen, and soil nitrate in order to force the first derivative of
yield with respect to precipitation (marginal product of precipita-
tion) equal to zero at a specified level. 1In this case, the first
derivative was forced to equal zero at a level of 100 pounds of
applied nitrogen, 13 iﬁches of seééonal precipitation, and 10 pounds
of available soil nitrate. Specifically, the constraiht can be

expressed as

b10 + 26bll + lOOb12 + ]‘TOb16 + lO,OOOb18 = 0

where bi's refer to regression parameters in the multiplicative model.

Parameters were then estimated with this constraint on the'model.'

Constrained Multiplicative Error Model

Table 7 contains regression results for the constrained model.
T-ratios for terms which included precipitation as a variaﬁle were
generally reduced by the.imposition of the constraint. The greatest
‘decline in,significance occurred iﬁ the linear and quadratic precipi-
tétiqn terms which is not surprising since the constraint forces less

curvature on the quadratic relationship. Both the linear and quad-
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TABLE 7. REGRESSION COEFFICIENTS FOR THE CONSTRAINED MULTIPLICATIVE
MODEL PREDICTING WINTER WHEAT YIELD (EQ. 3.15).

. 3 . e "Regression

Variable Description Coefficient t-value
Intercept 25.902000 #** 3,091
Variety 2 Binary (Warrior) 12.806000 *** 2,864
Variety 3 Binary (Cheyenne) 3.266100 1.166
N . ~0.084284 ~1.240
N2 0.000275 0.354
SN ~-0.006196 ~-0.122
SN2 -0.000038 -0.914
PREC 0.959140 0.554
PRECZ -0.105220 * -1.414
N x PREC 0.033287 #*%%* 3,287
N x SN -0.000114 ** .-1,751
PREC x SN '0.010248 * 1.623
N2 x PREC -0.000165 * -1.452

Multiple RZ = 32.5%

* p=,10 *% p= .05 k%% p = ,005

N = Total applied nitrogen (1b/A).
SN = Total NO,-N to 4' in early spring (1b/A).
PREC = Total Xpril~July'precipitation (in.).
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ratic terms dropped below the .05 level of significance. Comparisoﬁ
of Tables 5 and 8‘shows that the constrained function is much
flatter over the range of precipitation values than the unconétrained
equation.

As with the other models, care‘must be exercised in evéluating
the signs of estimated parameters. Ordinarily, a positive linear
term and a negative quadratic te?m indicate diminishing returns to
the variable inpﬁt under consideration. However, in an analysis of
this type, the effects of intefaction terms must be taken into account
before the nature of the response function can be determined. Second
degree interaction terms are of the hypothesized sign. For‘iﬁstance,

a positive coefficient for b., indicates that the effect of applied .

12
nitrogen is most beneficial when precipitation levels are high.
Similarly, the coefficient for the interaction between soil nitrate
and precipitation is also positive. A negative coefficient for b13
implies that soil nitrate and applied nitrogen are substituteé by
nature. This result is in agreement with previous research (20). 1In
the case of the third degree interaction between applied nitrogen
squared and precipitation, the expected sign is not clear, as a priori
information was not available for this term.

Interactions appear to be very important in explaining yield

variation in the model. The t-ratio for the interaction between

applied nitrogen and precipitation suggests that this term exerts




TABLE 8.

WINTER WHEAT YIELDS PREDICTED BY THE CONSTRAINED MULTIPLICATIVE MODEL BASED

ON APRIL~JULY PRECIPITATION AND TOTAL APPLIED NITROGEN (NO3_N to 4' = 90 1b/A).
Agg;iid _ Total April-July ffe;ipitétion (in.)
Nitrogen 3 4 5 6 7 8 9 10 11 12
1b N/A 7 Yield (bu/A)-
0 29.73 30.88 31.81 32.54 33.05 33.35 33.45 33.33 33,00 32.46
20 29.75 31.50 - 33.03 34.35f 35.47 36.37 37.06 37.54 37.82 37.88
40 29.59 31,80 33.80 35.60 37.18 38.55 39.70 40.65 41,39 41,92
60 29.25 31.80 34.14 | 36.36- 38.18 39,88 41.38 42.66 43.73 44.60
80° 28.74 31.49 34,03 36.35 38.47 40.38 42,07 43.56 44.84 45.90
100 28.05 30.87 33.47 35.87 38.06 40.04 41.80 43.36 | 44,70 45.84

8¢
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the greatest degree of influence in this model., The coefficient for .
this term was significanply different from zero at the .001 level.
The next mést important term seems to be the interaction between soil
nitrate and applied nitrogen. These are the only terms significant
at least at the .05 level. However, caution is advised in using.
t—-ratios as sole indicators of terms to bé includéd. In this analysis,
~linear and quadratic terms are an‘integral'pért of the respdnse'func—
tion and are therefore essential to the model. Even though these terms
appear to be of little consequence when taken one at a time, they
are nevertheless necessary components of the equation.

Regression results also indicated that the correlaéion p Eetween
the treatment residuals was .89. Since p was shown to be the ratio
of the variance associated With location specific effects to the total
variance, approximately 90 percent of the unexplained variance is

due to random effects associated with different locations.

Estiﬁated Conditional Mean Yields

Estimated conditional mean yields and their associated standard
errors were calculated for varying levels of soil nitrate and applied
nitrogen. Yields are designated as conditional mean yields to account
for the use of expected values for precipitation and precipitation
squared in the equation. Rates of applied nitrogen véried from 20 to

100 pounds in 20-pound increments while soil nitrate values ranged




40

from 30 to 210 pounds in 60-pound increments. Only precipitation was
held constant. In this case, expected valueé for seasonal precipita-
tion and seasonal precipitation squared were calculated using a rain-
fall probability distribution from Great Falls, Montaﬁa. Expected
values for seasonal precipitation and seasonal precipitation équared
were 7.47 and 62.38 respectively.

Standard errors calculated by the program for the estimated
conditional meaﬁ yields éssociated with each combinatibn of vari-
ables were usea to construct 95 percent confidence intervals. The

formula used in constructing the intervals was:

Yo -5 th-2, a/2 < LY, *+s th-2, a/2
where: Yo = conditional mean yield;
Y = estimated conditional mean yield;
S = §tandard error for the estimated value of- - the mean,
Y ; and
o
the2, a2 = ¢ value for n-2 degrees of freedom and a/2

level of significance.
The resulting confidence intervals are presented in Table 9. As
expected, intervals were narrowest for values of soil nitrate very

close to its mean. In theory, the variance associated with the

A~

difference. between Y0 and Yo becomes smaller as the distance between
the explanatory variable and its mean becomes smaller. If we look at

these results, we see that the estimated conditional mean yield
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TABLE 9. 95-PERCENT CONFIDENCE INTERVALS FOR YIELD WHEN EXPECTED
PRECIPITATION EQUALS 7.47 INCHES AND EXPECTED PRECIPITA~
TION SQUARED EQUALS 62.38 INCHES.® '

Total NO.-N in Estimated 95% Confidence Level
Applied 3 Conditional Std. Lower " Upper
Nitrogen 4% of Soil Mean Yield Error* Limit Limit

1b N/A  1b N/A

20 30 32.11 1.48 29,51 35.31
40 30 ‘ 34,17 1.56 31.11 37.23
60 30 35.47 1.65 32.24 38.70
80 - 30 35.99 1.76 32.04 38.94
100 30 35.75 1.99 31.85 39.65
20 90 35.92 1.08 33.80 38.04
40 90 37.85 1.18 35.54 40.16
60 90 39.00 1.26 36.53 41.47
80 90 39.39 1.37 36.70" 42.08
100 920 39.01 1.61 35.85 42.17
20 ‘ 150 39.46 1.69 36.15 . 42,77
40 150 41.25 1.76 37.80 44,70
60 150 42.27 1.83 38,68 45,86
80 150 42.52 1.91 38.78 46.26
100 150 42,00 2,10 37.88 46.12
20 210 42.72 2.47 37.88 47.56
40 210 44,38 A 2,54 39.40 49,36
60 © 210 45.26 2.61 40.14 50.38
80 210 45,38 2,70 40.09 50.67

100 . 210 - 44,72 2.87 29,09 50:35

* = Standard error of the estimated conditional mean yield.
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generatea by this model is within 2.5 bushels of the conditional mean
yield 95 percent of the time when soil nitrate equals 90 pounds,
" applied nitrogen equals 60 pounds, and yields are averaged acrosé‘
precipitation levels for the Gfeat Falls location. However, the width
.of ;he interval nearly doubles for soil nitrate values over 200 pounds.
Linear combinations of parameters were also specified to produce

the following relationship in applied nitrogen

= 2
Y = ao + alN +’azN

where: Y conditional expected yield given soil nitrate;

2 2

a = intercept or (b65N + b7SN + blOPREC + bllPREC
+ bl6SN x PREC);

a; = b4 + blZPREC + blBSN; and

a, =b. + b PRECZ.

2 5 18

Once again, soii nitrate values were varied from 30 to 210 pounds in
60 pound increments while expected values for precipitation and pre-
cipitation squared were used.

Equations generated using this procedure are contained in Table 10.
The parameter for nitrogen squared did not vary between equations, as
precipitation squared assumed only one value in the equation for ay.
However, parameters for the intercept and linear nitroggn varied as
different values for soil nitrate were introdﬁced into the model. 1In

all cases, parameters for this quadratic in nitrogen were significantly
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TABLE 10. YIELD EQUATIONS WHEN PRECIPITATION EQUALS 7.47 INCHES,
PRECIPITATION SQUARED EQUALS 62,38 INCHES, AND SOIL
NITRATE IS SET AT THE VALUES GIVEN.,
Equation
% Ktk Kok Fededk )
) Y = 28.584 + 0.161N - .00096N
(1.456) (0.0234) (0.000255)
Kk k% Ktk )
(B) Y 32.535 + 0.154N - .00096N
(1.456) (0.0234) (0.000255)
k% Kk Kk )
() Y 36.214 + 0,147N - 0.00096N
(1.655) (0.0231) (0.000255)
fkk K%k Kk )
D) Y 39.619 + 0.141IN - 0.00096N
(2.421) (0.0238) (0.000255)
& *%% p = ,005
A) = NOB—N to 4' in soil equals 30 1b/A.
(B) = NO-N to 4' in soil equals 90 1b/A.
) = NO3—N to 4' in soil equals 150 1b/A.
(D) = NO3—N to 4' in. soil equals 210 1b/A.
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different from zero at least at the .005 ievel. The relatively small
change in the magnitude of the parameters for these response functions
suggests that hiéh levels of soil nitrate do not prevent yield resﬁonse
to nitrogen‘fertilizer. Previous research has suggested that lack of
response to nitrogen fertilizer can often be attributed to pre-~

existing high levels of soil nitrate in the soil.

Assumption Concerning Soil Water

In Chapter IV nitrogen fertilizer recommendations are presented
for varying levels of soil nitrate and total expected wafer; where
total expected water is defined as the sum of inches of soil water in
the top 4 feet of soil and the expected level of April through July
precipitation.. ReCOmmendations are- formulated using estimated param-
eters from the constrained model. Since the net effect of soil water
variation was actually moved to the error term when soil wateér was
excluded from the analysis, these recommendations are best suited to
soil water conditions very near the mean level of soil water in the
sample which was 5 inches. 1In order to extfapolate to other ranges
of soil water values, it is important to make ﬁhe assumption that an
inch of soil water above or below the mean level is-equivalent to an
inch of precipitation above or below the expected level. Five inches

was added to each precipitation figure to arrive at column headings .

for total expected water. As a result, the fertilizer recommendations
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presénted for 10 inches of total water éctually represent a precipi-
tation level of 5 inches plus 5 inches of available soil water.
Shortcomings associated with this procedure are obvious. The model
. is ﬁot_capable of predicting yields for simultaneousiy high levels of
soil water and precipitation. Nevertheleés, with the use of expected
precipitation in the decision criteria, there is still comsiderable

leeway for soil water variation in the recommendations presented.

Protein Estimation

The equation used to predict percent protein is presented in
Table 11. An additional inferaction between precipitation squéred
and applied nitrogen was inéluded in this model. A multiplicative -
'disturbance term was specified and there were no linear constraints
on the model.

Wheat protein percentages predicted by this equation for varying
levels of applied.nitrogen and precipitation are presentéd in Table lé.
Valueé'for soil nitrate and applied phosphorus were constant in this
table. . The relationship between applied nitrogen and percént protein
was positive over most ranges of the data. Applied nitrogen did
have a negative influence on protein content when low levels of
precipitation and high levels of applied nitrogen oecurred simul-
taneously. No apparent reason is suggested for this phenomenon, but

the most likely explanation is statistical imprecision in the fitted




46

TABLE 11. REGRESSION COEFFICIENTS FOR THE MULTIPLICATIVE MODEL
PREDICTING WINTER WHEAT PROTEIN CONTENT (EQ. 3.16).

. Variable Description gsg;;:iizzt t~value
Intercept 15.987000 5.144
Applied phosphorus 0.041327 #%% 2.843
Variety 2 (Warrior) -2.062300 *#*%* -2.994
Variety 3 (Cheyenne) 0.521000 0.750
N - -0.002686 -0.111
N2 -0.000321 * -1.452
SN 0.018979 * 1.408
SN2 -7 -0.000017 * -1.647
PREC : ~-2.156700 **% = -2.661
PREC? 0.120540 *% 2.319
N x PREC ' 0.016061 #*** 2,991
N x SN -0.000077 *** -4..057
PREC x SN 0.001153 0.734
N2 x PREC 0.000042 * 1.370
N x PREC2 . . =0.001241 **%  -3,685

Multiple R% = 57.6%
*p=.10. %% p = .05 *%% p = ,005

N = Total applied nitrogen (1b/A).
SN = Total NO,~N to 4' in early spring (1b/A).
PREC = Total gpril—July precipitation (in.).




TABLE 12, PERCENT PROTEIN OF WINTER WHEAT PREDICTED BY THE MULTIPLICATIVE MODEL BASED ON
APRIL-JULY PRECIPITATION AND TOTAL APPLIED NITROGEN (N03-N to 4' =90 1b/A and
Applied Phosphorus = 25 1b/A).

Ag;iiid 7 Total April-July Precipitation (in.) 7 ‘
Nitrogen 3 4 5 6 7 8 9 10 11 12
1b N/A . Percent Protein
0 13.51 12.30 11.33 10.61 10.12 9.88 9.87 10.11 . 10.59 11.31
20 13.98 12,94 12,08 11.42 10.95 10.67 10.58 10.69 10.98 11.47
40 14.29 13.45 12,74 12,18 11.76 11.48 11.34 11.35 11.49 11.78
60 14.45 13;84 13.32 12,89 12.55 12.30 12.15 12.09 12.12 12.24
80 14.46- 14.11 13,80 13.54 13.32 13.14 13,00 12.91 12.86 12.85

100 14.31 14.26 14.20 14.14 14.07 ~ 13.99 13,91 13.81 °13.72 13.61

Ly
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polynomial response. The marginal product for nitrogen declined in
magnitude as applied nitrogen increased for fixed soil nitrate and
moisturé conditions, thus showing diminishing marginal returns to

" this variable input. However, this relationship occurred only when
April through.July precipitation was less than 7 inches. ﬁhen‘pre—
cipitation was 7 inches or more, increasing returns characterized

the effect of applied nitrogen on protein content. Ordinarily,  we
would expect diminishing marginal returns to exist to applied nitro-
gen over all ranges of the data. The fact that increasing marginal
returns occurred at higher levels of precipitation could Be explained
by the actual relationship existing between precipitation and wheat
yields in the experiments examined. If higher levelslof precipita~
tion actually had a detrimental effect on yields in the'experiments
examined, then the effect of aﬁplied nitrogen on grain protein could
conceivably be positive gnd increasing. This proposition follows from
the idea that protein content of the grain is generally increased by
.nitrogen uptake only aféer the nitrogen rgquirements for veéetative
growth are met. Thus, the increased levels of nitrogen would be
distributed among fewer bushels of wheat, with a large po;tion of

this nitrogen being available for protéin increases.

Precipitation appears to have a negative effect on protein content

in most instancés. However, increases in.percent protéin were associ-

. ated with increaséed precipitation when simultaneously high levels of
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soil nitrate and applied nitrogen oécurred. Evidently, adequate
supplies of nitrogen were available to meet all plant requireménts.
High levels of preéipitation also had a positive éffect on grain
protein when low levels of applied nitrogen were present, but as can
be seen in Table 12 (at 90 pounds of NO34N), the positive effgct'is
weak and probably explained by statistical imprecision.

. The effect of soil nitrate was as hypothesized. Positive apd
diminishing maréinal feturns with respect to soil nitrate charac-—
terized this resource over all ranges of the data.

T-ratios in Table 11 indicate that all but three paraméter esti-
mates were significanfly different from zero at least at the .iO level
of significance. Parameters for interactions between nitrogen and
precipitatiop, nitrogen and soil nitrate, and nitrogen énd preciﬁita—
tion squared were all significantly»different from zero at least at
the .005 level. Lineér precipitation, applied phosphorus, and the
binary variable for Warrior were also significant at this level. . The
parameter for this binary variable indicates that grain protein is
decreaséd by approximately 2 percent when the vafiety used is Warrior
rather than Wipalta. However, the lack of obser&atioﬁé for this
variety warrants caution in the acceptance of this resulf. War£ior
represented 3 of the 43 locations.

The significance of applied phpsphorus was also exgmined through

the use of a chi-square test. Results from this test indicated the
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coefficient for applied phosphorus was significantly different from
zero at the .001 level. This is consistent with the result obtained
in Table 11. However, it is surprising that applied phosphorus
would be fhis important in the estimation of protein response, for
in tbe yield equations, applied phosphorus was of liftle consequence

in explaining yield variability.




CHAPTER IV

OPTIMAL FERTILIZER .POLICIES

Unlimited Capital

With the introduction of input and output prices, equation (4.1)
on the following page can be used to determine profit maximizing levels
of nitrogen application. In this analysis we are concerned with the
specification of the optiﬁal application of a single variable input,
nitrogen. Moisture and soil nitrate levels are held fixed at their
means in the experimental ‘data for purposes of the illuétrativé
economic analysis. The assumption is made that input and oufput
markets are perfectly competitive, which implies that priceéMare fixed
constants for a given decision.

First-order conditions for profit maximization require that the
value of the marginal préduct be equal to the marginal -cost of the
input. This can be shown by formulating a profit equation of the

following nature:
T=PY-PN-K (4.0)
w n _

where: P

price of wheat per bushel;

Y = wﬁeat yield in bushels per acrej;

P = price per pound of actual nitrogen;

N = pouqu of nitrogen applied per acre;'ahd.

K = fixed costs per acre.




52 |
In this instance, profit is maximized when the marginél profit from
the use of applied nitrogen is equal to zero. Taking the derivative
of (4.0) with respect to applied nifrogen gives the following equa-

tion for marginal profit when (3.15) is substituted for Y in (4.0):

om

3X4 = Pw(b4 + 2b X, + b,,X,, +D X +°2b

554 T byoXig * Pyg¥e 18%4%10)

o (4.1)
n

Setting (4.1) equal to zero and adding Pn to both sides of the equa-

tion results in (4.2):

B (b + 2b X +b + b X

4 P1a%10 * P13¥e + 21X, %) = (4.2)

The expression on the left is the value of the marginal product of
nitroggn while Pn once again refers to the price per pound of actual
nitrogen. This is identical to équating the marginal product of
nitrogen equal to the ratio of the price of nitrogen to tﬁe price of

wheat. Dividing (4.2) by PW illustrates .this :esult.

P

: n
(by + 2b5%, + byp¥ip + byg¥e * 201g¥4%10) = B (4.3)

£

By specifying constant values for precipitation (Xlo) and soil nitrate
(X6) in (4.3), we can solve for the quantity of nitrogen (X4) which
maximizes profits under these given conditions. Equation (4.4)

expfesses the optimal rates of nitrogen application in this study.
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- 3 " by = byyXyg — by .
X, = (4.4)
4 %b, + Zb K

Second-order conditions for profit maximization require that
solutions to (4.4) be limited to strictly concave regions of the pro-
duction function. Thereforé, as the price of nitrogen increases rela-
tive to the price of wheat, the pfofit—maximizing amount of nitrogen

decreases and vice versa,

Limited Capital

The decision rule outlined in the preceding section assumed that
unlimited capital was available to wheat producers. This assumption
may be unrealistic for typicai farming situations. When capital is
limited, profits are maximized if inputs are aliocated among alterna-—
tive uses in a way such that the marginal return per dollar invested
is egual among all input categories. In other words, the last dollar
invested in each input category returns a dollar amount which is
greater than one and is equal for all possible uses of inputs. This
decision rule encompasses the total farming operation and assumes that
input-output relationships are known for alternative uses of inputs.

Tﬁe marginal rate of return associétéd with using different
levels of nitrogen application in this analysis is given by‘the

following equation:
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_ PW(b4 + 2b5X4 + b12X10 + b13X6 + 2b18X4X10) - Pn
r = D (4.5)
n

where ¥ equals the marginal rate of return expressed as a fraction.

In the derivation of optimal rates of application in the preceding"
section, capital was unlimited and nitrogen was applied up to the point
where the last dollar invested returned exactly one dollar. There-
fore, the mafginal rate of réturn or r was equal to zero.

Fertilizer recommendations were derived under unlimited capital
cqnditions by equating the marginal product of nitfogen with the
input—output price ratio. Price ratios ranged from .0l to .15 in
ipcrements of ,01l. Prices of wheat used in this section did not take

into account protein response.

Nitrogen Fertilizer‘Recommendations Without Protein Response

In Table 13 nitroéen fertilizer recommendations are pregented
for a price ratio equal to .09. This closely approximates the Winter
1977 nitrogen price of 20 cents per pound of N while the Basé price
for Hard Rgd Winter Wheat was close to $2.20 per bushel. Rates of
nitrogen application are based on total available soil nitrate in the
top 4 feet of soil in early spring and the sum of expected April
through July précipitation and total plant available water measured
to 4 feet in early spriné. Use of the latter sum is contingent on
the.assumption outlined earlier concerning the relative effects of an

inch of soil water and an inch of precipitation.




TABLE 13. OPTIMAL RATES OF N APPLICATION BASED ON N03—N TO 4' AND TOTAL EXPECTED WATER WHEN
INPUT-OUTPUT PRICE RATIO = .09 (No Protein Premium Structure).

NO3-N to Expected April-July Precipitation (in.) plus Plant

4' in Early Available Water (in.) to 4' in Early Spring .
Spring 8 9° 10 11 12 13 14 15 16 17 18
ib N/A : Nitrogen (1b/A)

20 0 0 0 16 32 43 51 57 . 61 65 68
40 0 -0 0 15 31 42 50 56 61 64 68
60 0 0 0 13 29 41 49 55 60 64 67
80 0 0 0 11 28 39 48 54 59 63 66
100 0 0 0 10 27 38 47 53 58 62 66
120 0 0 0 8 25 37 46 52 58 62 65
140 0 0 0 7 24 36 45 52 57 61 65
160 0 0 0 5 23 35 44 51 56 60 64
180 0 0 0 3 22 34 43 50 55 60 63
200 0 0 0 2 20 33 42 49 55 59 63
220 0 0 0 0 19 32 41 48 54 58 62

GSs
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Investigation of the recommendations presented in Table 13 reveals
that rates of nitrogen application are greater than zero only after
total expected water is greater than‘lO inches. We would expect that
as input-output prices become more favorable, fertilization would
begin at less favorable water conditions. This is in fact the case.
In Table 14 recommendations are presented for varyihg price raﬁios and
levels of total expected water when soil nitrate equals 90 poundS'per
acre. For a price ratio of .15, nitrogen application begins when total
water equals 13 inches. However, for a price ratio equal to .03 or
less, nitrogen is applied when total expected water equals 9 inches.

In Table 13 and each of the tables presented in the Appendix,
optimal nitrogen rates decline as soil nitrate levels increase. The
linear relationship between nitrogen rates and soil nitrate at a
given level of water is due to the spécification of the response fuﬁc—
tion. As equation (4.4) is solved for optimal rates of nitrogen at
a givén level of precipitation, soil nitrate is the only'variablé iﬁ
the equation. Since the soil nitrate variable in the interaction
‘between applied nitrogen énd soil nitrate was linear, each additional
unit of soil nitrate will decrease the optimal rate of nitrogen appl&—
cation by a constant amount. This constant will of course vary as
different ievels of precipitation are substituted into (4.4). Pre-

'cipitation had the opposite effect on application rates. Optimal




OPTIMAL RATE OF NITROGEN BASED ON THE INPUT-OUTPUT PRICE RATIO AND TOTAL EXPECTED

TABLE 14.
) WATER WHEN NO3—N TO 4' EQUALS 90 LB/A (No Protein Premium).
: Expected April-July Precipitation (in.) Plus Plant
Input~Output Available Water (in.) to 4' in Early Spring
Price Ratio 8 9 10 11 12 13 14 15 ' 16 17 18
~Nitrogen (1b/A)
.01 "0 37 56 66 73 77 80 83 85 86 87
.02 0 24 47 58 67 72 76 79 81 83 85
.03 0] 11 38 52 61 68 72 75 78 80 82
.04, 0 ] 29 45 56 63 68 72 75 77 79
.05 0 0 20 38 50 58 64 68 72 74 77 W
.06 0 0 11 31 A 53 60 65 68 72 74
.07 0 0 2- 24 39 48 56 61 65 69 71
.08 0 0 0] 18 33 44 51 57 62 66 69
.09 0 0 0 11 27 39 47 54 59. © 7 63 66
.10 0 0 0 4 22 34 43 50 56 60 63
.11 0 .0 0 0 - 16 29 39 46 52 57 61
.12 0 0 0 0 10 25 35 43 49 54 58
.13 0 0 0 0 5 20 31 39 46 51 55
- W14 0 0 0 0 0 15 27 36 43 48 53

.15 0 0 0] 0 0 10 23 32 39 45 50
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nitrogen rates increased as total expected water increased‘holding
soil nitrate constant.

In Figure 1 recomﬁended rates of nitrogen application are plotted
against corresponding price ratios for selected levels of soil nitrate
and total expected water. Rates of application ranged from 74 pounds
per acre for a price ratio of .01 to O pounds for a price ratio
slightly less than .l14. Under Winter 1977 price conditions, 27 pounds

of nitrogen would be fecommended.

Introduction of Protein Premium

Historically, Montana winter wheat producers have received a
premium for high protein‘wheat. The structure of this protein premium
has varied from year to year. During 1973-75 there were times when
the premium paid for high protein wheat was negligible. During other
periods, premiums in the 50~ to 75-~cent range have not been uncommon.
Certainly the ability to accurately predic; protein premium struc—v
tures would be desirable for decision—making purposes. Results from
the estimation of protein response relationships in Chapter III
indicate that protein content increases with the applicatién of nitro-
gen fertilizer as water variables are held constant.

Researchers in Montana (25) concluded that three factors strongly
influenced the protein premium received by Montana wheat producers. |

These factors were the level of wheat exports, the total supply of
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high protein wheat in the United States, and the average protein con—
tent of the high protein wheat. This research provided a method of
forecasting protein premiums‘once causal factors were quantified.
However, the information necessary to predict pfotein premiums is not
available to the individual wheat producer at a time when the produpef
can react. Therefore, a profit-maximizing decision criterion is
developed which uses historical protein premium structures in deter-
mining optimal rates of nitrogen application. The primary purpose of
this section of the analysis is'to illustrate the magnitude of the
effect protein premiums may have on op;imal nitrogen fertilization
practices. |

Yield and protein equétions generated in Chapter III were used in
developing fertilizer recommendations which included ppotein response
in the decision criteria. Profit equations similar to (4.6) Wefe
formed under unlimited capital situations. Once agéin, input and
butput prices were designated as given parameters determined in
perfectly competitive input and output markets.

Prbfit equations for this section of the analysis can be expfessed
as:

>

PBWY +PY-PN-K ‘ (4.6)

3
[}

base price of wheat per bushel (less than 11 percent
protein content);

where: P
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Y = wheat yield in bushels per acre;
Pm = protein premium associated with predicted protein
content;
Pn = price per pound of nitrogen;
N = pounds of nitrogen applied per acre; and
K = fixed costs per acre.

Values for Pm were determined using observations from 10 years of
protein premium data. Protéin premium structures associated‘with the
third Friday of September for each of the years in the 1967-76 period
were used to calculate the following average protein premium struc-

- ture:

less than 11 percent $;00

11 percent to 12 percent .01
12 percent to 13 percent = .09

13 percent to 14 percent = .19
14 percent to 15 percent = .28
15 percent to 16 percent = .37
16 percent to 17 percent = .44
greater than 17 percent = .48

The selection of data to reflect protein premiums near harvest was
completely arbitrary. Due to the discrete nature of the protein
premium structure, it was necessary to maximize (4.6) with respect

to applied nitrogen by examining total profit figures when constant
values for precipitation and saoil nitrate were specified. A computer
program calculated profit levels associated with nitrogen application
rates ranging from 0 to 100 pounds in l-pound increments. The rate

of nitrogen abplication which produced the greatest profits was then
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selected. A price of 20 cents per pound of actual nitrogen wés
used in the calculations. Optimal rates of application were deter-

mined for a price ratio equal to .09.

Nitrogen Fertilizer Recommendations With Protein Response

Fertilizer recommendations developed usingvthis discrete protein
premium structure are presénted in Table 15. Obviously, the optimal
level of nitrogen with a protein premium is going to Ee at least as
great as the optimal level without a protein premigm when identical
soil and climatic conditions exist. However, we might expect that in
some situations optimal rates of application would actually increase
due to protein reéponse and assoclated price increases. This does in
fact occur. Rates are increased in a number of cases, although con-
siderable discontinuity exists in the optimal levels. This dis-
continuity is due to the disérete nature of the protein premium}strﬁc;
ture. Optimal rates of nitrogen application often occurred at
niprogen levels which were jus; sufficient to boost protein percentages
into the next premium category, thus boosting the per bushel price of
wheat. Problems associaged'with using these ?ecqmmendations'are
evident; Unless protein content is actualiy increased to the point
where the additiénaliprotein premium is realized, the applicafidn of

these highér rates of nitrfogen will actually diminish'profits.




TABLE 15. OPTIMAL RATES OF N APPLICATION BASED ON NO_,-N TO 4' AND TOTAIL EXPECTED WATER WHEN
INPUT-OUTPUT PRICE RATIO = .09 (With Protegn Premium Structure and Applied
Phosphorus = 25 1b/A).

NO3-N to Expected April-July Precipitation (in.) Plus Plant

4' in Early ' Available Water (in.) to 4' in Early Spring

Spring 8 9 10 11 12 13 14 15 16 17 18

1b N/A Nitrogen (1b/A)-
20 0 6 31 47 81 86 90 94 97 97 77
40 0 22 47 62 71 77 81 - 85 87 90 93
60 3 10 35 52 62 68 72 75 76 77 76
80 0 0 24 41 52 82 85 87 89 91 93
100 13 16 13 59 67 73 76 .78 78 78 75
120 0 4 31 48 57 63 66 92 93 94 95
140. 0] 0 19 37 47 79 81 82 82 81 77
160 0 13 8 - 58 66 .70 72 72 70 65 67
180 0 0 30 47 56 60 62 61 88 87 82
200 0 0 18 36 46 50 51 80 77 71 67
220 0 15 6 24 35 71 71 69 63 63 66

€9
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A more desirable method of deriving optimal nitrogen rates with
a discrete protein premium structure would use expectéd values for
profit to derive optimal nitrogen rates. In order to use this approadh,
it would be‘necessafy to calculaté the joint ﬁrobabilities for yield
and percent protein associated with every combination of applied
nitrogen, soil nitrate, and total expected water. Using those
brobabilities, the éxpected préfit associated with every rate of
nitrogen application at a given level of soil nitrate and total water
could be calculated. The rate of nitrogen application which produced
the highest expected profit figure would then be chosen. Although
this method would certainly be supefior to fhe procedure used to
generate Table 15, the computational costs involvéd in deriving these
optimal rates prevented its use. |

An alternative procedure was to fit a continuous function to
the optimal nitrogen values presented in Table 15. This approach has
a certain amount of apéeal, since a distribution of optimal ﬁitrogen
rates will result from variations in the actual level of precipita-
" tion received. Recommendations in Table 16 resuited from fitting this
function. A comparison of Tables 16 and 13 shows that recommended
rates were increased from 0 to 41 pounds by the inclusion of protein
response and the associated protein premium. When total expected
water equals 12 inches and available soil nitrate equais 100 pounds

per acre, a nitrogen rate of 27 pounds per acre would be recommended




TABLE 16. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED WATER WHEN
INPUT-OUTPUT PRICE RATIO = .09 (With Protein Premium Structure and Applied

Phosphorus = 25 1b/A).
NO3-N to 4' Expected April-July Precipitation (in.) Plus
in Early Plant Available Water (in.) to 4' in Early Spring
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A - Nitrogen (1b/A)=————
20 0 21 41 57 71 81 88 92 93 91 85
40 0 18 37 53 67 77 84 89 90 89 84
60 0 17 35 50 63 74 81 86 88 87 84
80 0 15 33 48 61 71 79 84 86 86 84
100 0 15 32 47 59 69 77 82 85 85 84 o
120 0 14 31 45 57 67 75 80 83 84 83 v
140 0 14 30 44 56 65 73 78 81 83 82
160 0 13 29 42 54 63 71 76 - 79 80 80
180 0 12 27 40 51 61 68 73 76 77 77
200 0 10 27 38 48 - 57 64 69 72 73 72
220 0 7 21 34 45 53 60 65 67 68 67
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without the protein premium. With the protein premium, the recommended
rate in Table 16 for identical soil and climatic conditions increases
to 59 pounds.

Further investigation of Tableé 13 and 16 reveals that nitrogen
fertilization begins at less favorable water conditions when the
protein premium is included. Without the protein premium, ﬁitrogen
fertilization begins at 11 inches of total expected water., In
Table 16 nitrogen fertilization begins at 9 inches of total expected
water. This difference results from the positive relationship
existing between aﬁplied nitrogen and protein content of thelgrain
when soil nitrate and‘£0t31 water are held constant. iIn general,
inclusion of aprdein premium appears to increase the optimal rate
of nitrogen application in all but the most unfavorable moisture con-

ditionms.

Risk and Uncertainty

An elemeﬁt of risk or uncertainty is associated with using any
fertilizer level. The willingness and ability of farﬁers to assume
this risk depends on their capital and equity positions as well as
their attitudes toward risk aversion. ' Under favorable conditions, a
conservative individual with limited capital and equity méy be reluc-
tant to apply more than a few pounds of nitrogen. On fhe other hand,

individuals with little risk aversion may apply rates very close to
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those determined in the preceding sections. Due to these diverse
attitudes toward risk, analysts are faced with the &ilemma of making
fertilizer recommendations which are consistent with eagh individual's
preferences. Recommendations presented in the preceding sections are
applicable only if we assume that wheat producers are indifferent
to risk.

Different methods have been used to address the problem of risk.
In this project, a method used by’Ryan et al. (24) and Tollini et al.
(31) will be used. This approach assumes that the farmer is willing
to apply fertilizer only up to the point where the marginal rate of
return on fertilizer investment is equalyto some specified amount.
This method is a rather crude approach to the problem, sincg the
level of risk is not specifically considered. However, detailed
analysis of more sophisticated techniqges is beyond the scope of this
study. |

Without a protein premium, this decision criteria can be

expressed as

Pw(§4 + 2b5X4 + b12X10 + b13X6 + 2b18X4X10)_~ Pn ~

P
n

where PW is the price per bushel of wheat, Pn is the price per pound -
of nitrogen, r is the desired marginal rate of return expressed as a

fraction, and the expression in parentheses is the marginal product
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of nitrogen from equation (3.15). When the individual is indifferent
to risk and when capital is unlimited, r would be equal to zero.

A marginal rate of return equal to 25 percent was specified and
used to derive nitrogen recommendations. Specification of a marginal
rate of return equal to 25 percent simply means that the wheat pro-
ducer is willing to apply nitrogen fertilizer only up to the point
where‘the last dollar invested in nitrogen returns exactly $1.25.
The'producer applies fertilizer as long as r is greater than or equal
to 25 percent. Recommendations derived using fhis criterion are.
presented in Table 17 for a price ratio‘equal'to .Q9. Protein respénse
was not included in the derivation of these recommendationms. fhe
effect of specifying this mgrginal rate of return can be obsefved by
comparing Tables 17 and 13. Second-order conditions for profit
maximization require that profit~maximizing ratés‘of nitrogen applica~
tion be limited to strictly concave regiops of the production func;
tion. As a result, optimal rates of application will decrease as the
marginal rate of return increases in magnitude. If total expécted
water equals 12 inches, rates of application are decreased by approxi-
matel& 12 poﬁnds when a marginal rate of return of 25 pércent‘is
specified. However, as total expected water increases, the difference
between optimal rates as presented in Tables 17 and 13 becomes smaller.
This relationship is due to the nature of the estimated response func-

tion for yield. The rate of change or slope of the marginal product




TABLE 17. OPTIMAL RATES OF N APPLICATION BASED ON NO.~N-TO 4' AND TOTAIL EXPECTED WATER WHEN
INPUT-OUTPUT PRICE RATIO = ,09 AND THE MARGINAL RATE OF RETURN EQUALS .25 (No
Protein Premium Structure).

" NO-N to Expected April-July Precipitation (in.) Plus Plant

4' in Early Available Water (in.) to 4' in Early Spring
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A oo Nitrogen (1b/A)
20 0 0 0 0 19 32 41 48 54 59 62
40 0 0 0 0 18 31 40 48 53 58 62
60 0 0 0 0 17 30 39 47 53 57 . 61
80 0 0 0 0 15 29 39 46 52 57 60
100 0 0 0 0 14 28 38 45 51 56 60
120 0 0 0 0 13 27 37 44 50 55 59
140 0 0 0 0 11 26 36 44 50 55 59
160 0 0 0 0 10 24 35 43 49 54 58
180 0 0 0 0 9 23 34 42 48 53 57
- 200 0 0 0 0 8 22 33 41 47 53 57
220 0 0 0 0

6 21 32 40 47 52 56

69
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curve for nitrogen from yield equation (3.15) is constant at fixed
soil moisture and soil nitrate conditions. However, as moisture
conditions become more favorable, the slope of this curve incréasesf
As a result, the difference between optimal rates in Tables 17 and 13

declines as total expected water increases.
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CHAPTER V
SUMMARY AND CONCLUSIONS

Data from 43 winter wheat fertility experiments were used to
estimate yield and protein response equations for winter wheat grown
in Montana under summerfallow conditions. Experiments were conducted
by the Montana Cooperative Extension Service and the Montana Agri-
cultural Experiﬁent Station during the years 1967, 1968, 1976, and
1971. Observations on April through July_precipita£ion, total applied
phbsphorus, total applied nitrogen, and available soil nitrate and |
available soil water measured in the top 4 feet of the s;il,in early
'spring were used as explanatory variables in estimating winter wheat
respoﬁse relationships. Response relationships were estimated using
. third-degree polynqmial equations. Eduations with additive and multi-
plicative disturbance terms were specified and parameters were esti-
mated using a generalized nonlinear program with maximum likelihood
estimators.

Important variables for estimating yield response were first
determined using an additive regression disturbance. Important vari-
ables determined in this portion of the analysis were next used to
estimate multiplicative models. Multiplicative and additive models
were then compared to determine the yield equation best suited for
use in developing nitrogen fertilizer recommendations.

In the additive regression work, the inclusion of soil water

variables appeared to confound the behavior of estimated yield equa-
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tions. A chi-square test statistic indicated terms which included
soil water as a variable were not significantly different from zero at
the .10 level. As a result, soil water was eliminated from the
analysis. Difficulties encountered in converting soil ﬁater measure-—
ments to inches of available soil water may explain the poor results
obtained for this explanatory variable. Applied phosphorus was also
excluded iq this portion of the analysis. Only applied nitrogen, pre-
cipitation, apd soil nitrate were significant in explaining yield
response. Terms which included precipitation were significantly
different from zero at the .00l level. Similarly, terms with soil
nitrate as a variable were significantly different from zero at the
.01 level.

Relevant variables in the estimation of additive modelsAwere
then used to estimate a muitiplicative model. Comparison of corre-
sponding multiplicative and additive models revealed that differences
between t~ratios for terms in the two models were small. However,
for agronomic data, the multiplicative error term would appear to
make more sense intuitively, since standard errors of the estimate
are directly proportional to the mean. Thereforg, the ﬁodel proposed
for estimating yield includes a multiﬁlicative disturbance term and‘

can be expressed in natural logarithms as:
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1ogeY = loge(25.902 + 12.,806X2 + 3.266X, - .0843X

3 4
+ .000275X5 - .00620X6 - .000038X7 + .959X10
- .;OSX11 + .0333X12 - .000114X13 + .0102X16
- ‘000165X18) + 1ogeeiL + ;ogeUL
where: Y = estimated yield;
X2 = binary variable for variety 2 (Warrior):
X3 = binary variable for variety 3 (Cheyenne);
' X, = total applied nitrogen N);
2
X5 = N3
X6 = gvailable soil nitrate in 4' of soil (SN);
’ 2
X7 = (SN)"; |
X;q = total April-July precipitation (PREC)j
2 '
Xll = (PREC)";
XlZ = N x PREC;
Xy = SN x N;
Xl6 = SN x PREC;
2 .
X;g = N° x PREC;
€1, = random variation associated with the ith treat-

ment at location L; and

U, = random variation due to 1ocation'L.

The behavior of this response function was characterized by maxiﬁum
yields an& diminisﬁing ﬁarginal returns tq‘each of tﬁe vériéble

resources under consideration. Variables X2"X12’ and Xl3'were
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significant at least at the .05 level. Parameters for this model were

estimated with a constraint on the equation which prevented yields

from declining at higher precipitation values.

The model proposed for estimating grain protein also included a

multiplicative disturbance term. This model is expressed in natural

logarithms as:

lqgeY‘= 1oge(15.987 + .0413X1 - 2.0623X2 + 0.521X

where: Y

r

3
- 0.00269X4 - .000321X5 + 0.019X6 - 0:000018X7
- 2.157X10 + 0.121X11 + 0.0161X12 - 0.000077X13

+ 0.00115X;, + 0.000042X;g ~ 0.00124X,4)
+‘logesiL + 1ogeUL

estimated grain protein (%);

total applied phosphorus;

binary variable for variety 2 (Warrior);
binar§ variable for variety 3 (Cheyenmne);
total applied nitrogen (N);

Nz;

available soil nitrate in 4' of soil (SN);
(5325

total April-July precipitation (PREC);

(PREC)Z;

N x PREC;
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X13 = SN x N;
X16 = SN x PREC;

2 .
Xl8 = N x PREC;

2
X19 = N x (PREC)";
€. = fandom variation associated with the~ith treatment
iL, .
at\location L; and

UL = random variation due to location L.

In this equation, precipitation had a negative influence on-grain pro- -
tein over most ranges of the data., Increases in percent protein were
associatéq with increased precipitation when simultaﬁeousiy high ievéls
of soil nitrate and applied nitrogen occurred. High leve;s of precipi-
tation alsé had a positive effect on grain protein whén.vefy low
levels of applied nitrogen were present. The effect of soil nitrate
on protein content was positive in all cases. Applied nitrogen also
had a positive effect on grain'protein in most instances. Variableé
Xl’ X2’ XlO’ Xll’ X12’ X13’ and X19 were significant at least at the
.05 level. It was somewhat surprising that applied phosphorus would
be significant in explaining protein response but not yield response.
This result may warrant further investigation of the influence of
applied phosphorus on protein content.

Fertilizer recommendations were next developed using estimated
yield and protein response functions. In ordef to inciude soil water

as a decision variable when making fertilizer recommendations, the
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assumption was made that an inch of soil water above or beibw the mean
1eve1 of 5 inches of soil water was equivalent to an inch of pre-
‘cipitation above or below the expected precipitation level, The
first set of recommendations developed did not includé protein
response., Optimal rates of nitrogen application were determined
under unlimited capital conditiqns for nitrogen—wheat;p:ice ratios
ranging from .0l to .15 in incremenfs of .61. Optimal rates were
presented for varying levels of soil nitrate and total expected water,
where total expected water was defined as the sum of available soil
water in the top 4 feet of soil in early spring and expecfed April
through July precipitation.

As expected, optimal rates declined as available. soil nitrate
increased. At a[giﬁen level of expected water, optimal rates
decreased by a constant amount as soil nitrate increased. This rela-
tionship was due to the specification of the yield response function.
On the other hand, optimal rates of nitrogen application increased as
water conditions became more favorable at a given level of soil
nitrate. :As input—bufpﬁt price ratios became more favorable, nitro-
gen fertilization began at less favorable water conditions.

For individual wheat producers to use these recommendations, they
must have information on the available soil nitrate present in the

top 4 feet of soil in early spring, the available soil water present

in the top. 4 feet of soll in early spring, and the level of expécted
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April through July precipitation for each particular area. Given this
information and nitrogen and wheat prices, optimal rates of nitrogen
application can be determined directly from the tables. For instance,‘
under Winter 1977 nitrogen and wheat price conditions, tﬁe nitrdgen—
wheat price ratio is approximgtely .09; thus, recommendations preseﬁtéd
in Table 13 are applicable. If soil tests indicaté that 100 pounds of
available soil nifrafe and 5 inches of available séil water aré
present in the top 4 feet of soil in early spring and the level of
expected April through July precipitation is equal to 7 dinches, théﬁ
27 pounds of -nitrogen fertilizer would be recommended.

Recommendations were also derived using estimated protein reponse
relationships. Protein premium quotations associated with the third
Friday of Septeﬁber for each of the years in the 1967-76 period were
used to calculate an average prbtein premium structure. The selec—‘
tion of this date was arbitrary but represents quqtations following
harvest. Profit equations which included the pratein premium were
then formulated. Due to the discrete nature of this protein premium
structure, it was necessary to determine optimal rates by examining
total profit figures. A computer program performed the necessary
calculations., Optimal rates were calculated for a price ratio which
closely approximated Winter 1977 price conditions (price ratio = .09).
Results from this procedure showed that a considerable deg;eg of

discontinuity existed between the optimal rates presented in Table 15.
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As a result, a continuous function was fitted to the values in Table
15 to better determine the influence of protein premiums on optimal
nitrogen recommendations. Results from fitting this function'showed‘
that the protein premium increased optimal rates of application from
0 to 41 pounds. Nitrogen fertilization began at 1eés favorab1e'Water
conditions~whena prétein premium was included.-

In the final section of this study, a 25-percent marginal rate of
return was specified and used to derive optimal nitrogen rates with-
out a protein premium. Specification of this marginal rate of féturn
simply -means that the wheat producer is willing to apply nitrogen
fertilizer only up to the point where the last dollar invested in
nitrogen returns exactly $1.25. This procedure represents a crude
approach to the problem of dddressing risk and uncertainty when feri-
lizer recommendations are made. Results showed that optimal nitrogen
rates were reduced from O to 16 pounds when a 25-percent marginal rate
of return was specified and the price rafio was equal to .09. As
total expected water increased, the difference between optimal rates
derived with and without the 25-percent marginal rafe of return
declined. These comparisons were made using Tables 13 and 17 in
Chapter IV, Investigation of more sophisticated techniques of
examining risk and uncertainty is suggested as an area for future
research. Additiénal regression work examining protein response

relationships and the influence of soil nitrate on yield response is
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also recommended as well as use of an.expected value-ériterion for
including protein premiums. Finally,'more precise techniques afe
needed for measuring and recording site specific information to be
used in estimating winter wheat response relationships. Use of néutron
probes may aid in the acquisition of more accurate soil ﬁater measure;
ments. Similarly, a uniform system for recording inforﬁation would
be helpful. Records of seeding rates, row spacing, varieties,
planting and harvesting dates, dates when rain gauges afe installed
and soil tests are taken, and any other management praétices would be

~ helpful t6 the researcher.
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SITE LOCATIONS AND INVESTIGATORS

Site Location Year Investigator
Luther Auer Farm, Broadview, MT 1967 Chas. M. Smithl/
Ben Becker Farm, Billings, MT 1967 " gt "
Ivan Dahlman Farm, Forsyth, MT 1967 n £ "
Don Kronebush Farm, Conrad, MT 1967 " " "
J. P, Pelley Farm, Perma, MT 1967 " " "
David Ross Farm, Terry, MT 1967 " " "
Myron Schultz Farm, Bloomfield, MT 1967 LR "
Wilbert Schweigert Farm, Baker, MT 1967 KRN vk n
Howard Wegner Farm, E. Helena, MT 1967 i Ay "
Russell Anderson Farm, Harrison, MT 1968 L " "
George Baudel Farm, Floweree, MT 1968 i i "
Ivan Dahlman Farm, Forsyth, MT 1968 nooon "
Loyal Deardorff Farm, Brady, MT 1968 noon "
David Enos Farm, Baker, MT 1968 " " "
John Fadhl Farm, Angela, MT 1968 " " "
Verle Jones Farm, Glendive, MT 1968 "o "
Ivor Lund Farm, Circle, MT 1968 " " "
Clark MacDonald Farm, Great Falls, MT 1968 S "
David Ross Farm, Terry, MT 1968 " " "
Wilbert Schweigert Farm, Baker, MT 1968 e o " 2/
Dave Albin Farm, Sidney, MT 1970 Roger L. Wilson™
Fred Bergstrom Farm, Brady, MT 1970 SECD i
Ken Coulter Farm, Jordan, MT 1970 " " "
Kermit Erickson Farm, Vida, MT 1970 i g y
Leo Kahm Farm, Circle, MT 1970 1), A "
Jerry Obergfell Farm, Sidney, MT 1970 " " "
Tom Stanton Farm, Jordan, MT 1970 " " "
Harold Theilman Farm, Bloomfield, MT 1970 Y i L 3
Fred Berkrum Farm, Cut Bank, MT 1970 Harold A. Houltom™
Art Christofferson Farm, Malta, MT 1970 " L 1
Sherman Doucette Farm, Wagner, MT 1970 5 " "
John Jergenson Farm, Chinook, MT 1970 " " "
Wilbur Rolston Farm, Kremlin, MT 1970 " " "
Fred Elling Farm, Rudyard, MT 1971 " " "
Fransen Bros. Farm., Dunkirk, MT 1971 n " "
Giles Gregoire Farm, Havre, MT 1971 it i "
John Jergenson Farm, Chinook, MT 1971 " " "
Lloyd Kaercher Farm, Havre, MT 1971 " " "
Leo Kraff Farm, Hingham, MT 1971 " " "
Curt Lakey Farm, Chester, MT 1971 " " "
James Reinowski Farm, Kremlin, MT 1971 " " "
Wilbur Rolston Farm, Kremlin, MT 1971 " " '
Leonard Wavrick Farm, Havre, MT 1971 " " "

Formerly Extension Soils Scientist, Montana State University. Now
serving as Department Head at North Dakota State University.

Extension Soil Scientist, Montana State University.

Assistant Soil Scientist, Central and Northern Branch Experiment

Stations.




APPENDIX TABLE 1. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED

WATER WHEN INPUT-OUTPUT PRICE RATIO = ,01 %No Protein Premium Structure).

NO,-N to Expected April-July Precipitation (in.) Plus Plant

4' in Early ] Available Water (in.) to 4' in Early Spring , ]
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A : Nitrogen (1b/A)

20 7 47 63 72 77 81 84 86 87 88 90
40 2 44 61 70 76 . 80 83 85 "8 88 - 89

60 0 41 59 69 75 79 82. 84 86 87 88
80 0 . 38 57 67 73 78 81 83 85 86 88
100 0 . 35 55 65 72 77 80 . 82 84 86 87
120 0 32 53 64 71 75 79 81 84 85 87
140 0 30 51 62 69 74 78 81 83 84 86
160 0 27 49 61 68 73 77 . - 80 82 84 85
180 - 0 24 47 59 67 72 76 79 81 83 85
200 0 21 45 57 - 66 71 75 78 81 82 84
220 0

18 43 56 64 70 74 77 80 82 83

Z8




APPENDIX TABLE 2. OPTIMAL RATES OF N APPLICATION BASED ON NO_-N TO 4' AND TOTAL EXPECTED

WATER WHEN INPUT-OUTPUT PRICE RATIO = ,02 ?No Protein Premium Structure).

NO,=N to : Expected April-July Precipitation (in.) Plus Plant

4' in Early , Available Water (in.) to 4' in Early Spring -
Spring 8 9 10 11 12 13 14 - 15 16 17 18
1b N/A ' Nitrogen (1b/A)--
20 0 34 54 65 72 76 79 82 - 84 86 87
40 0 . 31 " 52 63 70 75 79 . 81 83 85 86
60 0 28 50 62 69 74 78 80 82 84 86
80 0 25 - 48 60 68 73 77 79 82 84 85
100 0 23 46 58 . 66 72 76 79 81 83 84
120 0 20 44 57 65 71 75 78 80 82 84
140 0 17 42 55 64 70 74 77 80 82 83
160 0 14 40 . 54 62 68 73 76 79 81 83
180 0 il 38 52 61 67 72 75 78 80 82
200 0 8 36 51 60 66 71 75 77 80 81
220 0

5 33 "~ 49 59 65 70 74 77 79 81

€8




APPENDIX TABLE 3.

OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = .03 %

No Protein Premium Structure).

NO,-N to

Expected April-July Precipitation (in.) Plus Plant

4' in Early , Available Water (in.) to 4' in Early Spring , ,
Spring - 8 9 10 11 12 13 14 15 16 17 18
1b N/A -Nitrogen (1b/A)

20 0 21 45 58 66 71 75 78 81 83 84
40 0 - 18 43 56 65 70 74 78 80 82 84
60 0 16 41 55 63 69 73 77 79 81 83
80 -0 13 39 53 62 68 73 76 79 81 82
100 0 10 37 52 61 67 72 75 78 80 82
120 -0 7 35 50 59 66 7 74 77 79 81 -
140 0 4 33 48 - 58 65 70 73 76 79 81
160 -0 1 31 47 57 64 .69 73 76 78 80
180 0 0 29 45 56 63 68 72 75 77 79
200 0 0 27 44 54 62 67 - 71 74 77 79
- 220 0 0 24 42 53 60 66 70 73 76 78




APPENDIX TABLE 4.

OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED
%No Protein Premium Structure).

WATER WHEN INPUT-OUTPUT PRICE RATIO = ,04

\
NO,-N to Expected April-July Precipitation (in.) Plus Plant
4' in Early Available Water (in.) to 4' in Early Spring
Spring 8 9 10 11 12 13 14 15" 16 17 18
1b N/A Nitrogen (1b/A)
20 0 8 36 51 60 67 71 75 77 80 82
40 0 6 34 49 - 59 65 70 74 77 79 81
60 0 3 32 48 58 64 69 73 .76 78 80
80 0 0 30 46 56 63 68 72 . 75 78 80
100~ 0 0 28 45 55 62 67 71 75 77 79
- 120 0 0 26 43 54 61 67 71 74 76 79
140 0 0 24 41 52 60 66 70 73 76 78
160 0 0 22 40 51 59 65 69 72 75 77
180 0 0 20 38 50 58 64 68 72 74 77
200 0 0 17 37 49 57 63 67 71 74 76
0 0 15 35 62 66 70 73 75

220

47

56

G8




APPENDIX TABLE 5. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-QUTPUT PRICE RATIO = .05 %No Proteéin Premium Structure).

NO_,-N to Expected April-July Precipitation (in.) Plus Plant

4' in Early Available Water (in.) to 4' in Early Spring A
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A : Nitrogen (1b/A)-

20 0 0 27 44 55 62 67 71 74 77 79
40 0 0 25 - 42 53 61 66 70 74 76- 78
60 0 0 23 41 52 60 65 69 73 75. 78
80 0 0 21 39 51 59 64 . . 69 72 75 77
100 0 0 19 38 49 57 63 68 71 74 76
120 0 0 17 36 48 56 62 67 71 73 76
140 0 0 15 34 47 55 61 66 70 73 75
160 0 0 13. 33 46 54 61 65" 69 72 75
180 0 0 10 31 44 53 60 64 68 71 74
200 0 ] 8 30 43 52 59 64 68 71 73
220 0 0 6 28 42 51 58 63 67 . 70 73

98




APPENDIX TABLE 6. OPTIMAL RATES OF N APPLICATION BASED ON- NO,-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = .06 %No Protein Premium Structure).

NO_-N to Expected April-July Ptrecipitation (iﬁ.) Plus Plant

4! gn Early ) Available Water (in.) to 4' in Early Spring

Spring -8 9 10 11 12 13 14 15 16 17 18

1b N/A - Nitrogen (1b/A)
20 0 0 18 37 49 57 63 67 71 74 76
40 0 0 16 35 48 56 62 67 70 73 76
60 0 0 14 34 46 55 61 66 70 73 75
80 0 0 - 12 32 45 54 60 65 69 72 74
100 0 0 10 31 YA 53 59 64 68 71 74
120 0 0o - 8 29 42 52 58 63 67 71 73
140 0 0 6 27 41 51 57 63 67 70 73
160 0 0 4 - 26 40 49 56 62 66 69 72
180 0 0 1 24 39 48 55 61 65 69 71
200 0 0 0 23 37 47 55 60 64 - 68 71
220 0 0 0 21 36 46 54 59 64 67 70

L8




APPENDIX TABLE 7. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED

WATER WHEN INPUT-OUTPUT PRICE RATIO = .07 %No Protein Premium Structure).

NO,~-N to Expected April-July Precipitation (in.) Plus Plant

- 4" In Early ) Available Water (in.) to 4' in Early Spring

Spring 8 9 10 11 12 13 14 15 16 17 18

1b N/A e it Nitrogen (1b/A)
20 0 0 9 30 43 52 59 64 _ 68 71 74
40 0 0 7 28 42 51 58 63 67 70 73
60 0 0 5 27 - 41 50 57 62 66 70 71
80 0 0 3 25 39 49 56 61 66 69 72
100 0 0 1 24 38 48 55 .61 65 68 71
120 0 0 0 22 © 37 47 54 60 64 68 71
140 0] 0 0 20 35 46 53 59 63 67 70
160 0] 0 0 19 34 45 52 58 63 66 69
180 0 0 0 17 33 44 51 57 62 66 69
200 0 0 0 16 32 42 50 56 "6l 65 68
220 0 0 0 14 30 41 49 56 60 64 67

88




APPENDIX TABLE 8. OPTIMAL RATES OF N APPLICATION BASED ON NO,.-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = ,08 %No Protein Premium Structure).

NO_.~N to . Expected April-July Precipitation (in.) Plus Plant

4' in Early ] Available Water (in.) to 4' in Early Spring )
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A - -Nitrogen (1b/A)
20 0o 0 0 23 38 48 55 60 65 . 68 71
40 0 0 0 21 36 46 54 59 64 67 70
60 0 0 0 - 20 35 45 53 59 63 67 70
80 0 0 0 18 34 44 52 . 58 62 66 . 69
100 0 0 0] 17 32 43 51 57 62 65 68
120 0 0 0 15 31 42 50 56 61 65 68
140 0 0 0 14 30 41 49 55 60 66 67
160 0 0 0 12 29 40 48 54 59 63 67
180 0 0 0 10 27 39 47 54 59 63 66
200 0 0 0 9 26 38 46 53 58 62 65
220 0 0 0 7 25 37 45 52 57 61 65

68




APPENDIX TABLE 9. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED

WATER WHEN INPUT-OUTPUT PRICE RATIO = .10 %No Protein Premium Structure).

NO,.-N -to - Expected April-July Precipitation (in.) Plus Plant

4' in Early Available Water (in.) to 4' in Early Spring )
Spring ) 8. 9 10 11 12 13 14 15 16 17 18
ib N/A ' s ' Nitrogen (1b/A)-

20 0 0 0 9 26 38 47 53 58 62 - 66

40 0 0 0 8 25 37 46 52 57 62 65
- 60 0 0 0 6 24 36 45 51 57 61 64

80 0 0 0 4 22 35 . 44 51 56 60 64
100 0 0 0 3 21 34 43 50 . 55 60 63
120 0 0 0 1 20 33 42 49 54 59 63
140 0 0 0 0 19 31 41 48 54 58 62
160 0 0 0 0 17 30 40 47 53 58 61
180 0 0 0 0. 16 29 39 46 52 57 61
200 0 -0 0 0 15 28 38 46 51 56 60
220 0 0 0 0 13 27 37 45 " 51 56 59

06




APPENDIX TABLE 10. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTEﬁ )
WATER WHEN INPUT-OUTPUT PRICE RATIO = .11 %No Protein Premium Structure).

NO_~N to - Expected April-July Precipitation (in.) Plus Plant

4' in Early - Available Water (in.) to 4' in Early Spring
Spring 8 9 “10 11 12 13 - 14 15 i6 17 18-
1b N/A ————— ; -Nitrogen (1b/A)
20 0 0 0 2 21 33 42 49 ~ 55 59 63
40 0 0 0 1 19 32 41 48 54 59 62
60 0 0 0 0 18 31 . 40 48 53 58 62
80 0 0 0 0 17 30 40 47 53 57 61
100 0 0 0 0 15 29 .39 46 52 57 60
120 0 0 0 0 14 28 38 45 51 56 60
140 0 0] 0 0 - 13 27 37 44 50 55 59
160 0 0 0 0 12 - 26 36. 44 50 55 59
180 0 0 0 0 10 24 35 43 49 54 58
200 0 0 0 0 9 23 34 42 48 53 57
220 0 0 0 0 8 22 33 41 47 53 57

16




APPENDIX TABLE 11. OPTIMAL RATES OF N APPLICATION BASED ON NO,~-N TO 4' AND'TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = .12 %No Protein Premium Structure).

NO_~N to ' Expected April~July Precipitation (in,) Plus Plant

4' in Early : Available Water (in.) to 4' in Early Spring '
Spring 8 9 10 11 12 13 14 15 - 16 17 18
1b N/A - Nitrogen (1b/A)

20 0 0 0 0 15 28 38 46 52 56 60
40 0 0 . 0 0 14 27 37 45 51 56 60 -
60 0 0 0 0 12 26 36 44 50 55 59
80 0 "0 0 0 11 25 35 43 49 .54 - 58
100 0 0 0 0 10 24 34 42 49 54 58
120 0 0 0 0 8 23 34 42 48 53 57
140 0 0 0 0 7 22 33 41 47 52 57
160 0 0 0 0 6 21 32 40 46 52 56
180 0- 0 0 0 5 20 31 39 46 51 55
.200 0 0 0 0 3 19 30 38 45 50 55
220 0 0 0 0 2 18 29 37 44 50 54
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" APPENDIX TABLE 12. OPTIMAL RATES OF N APPLICATION BASED ON NO,-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = .13 %No Protein Premium Structure).

NO.,-N to Expected April-July Precipitation (in.) Plus Plant

4' in Early ~ Available Water (in.) to 4' in Early Spring
Spring : 8 9 10 11 12 13 14 15 16 17 18
1b N/A 4 Nitrogen (1b/A)
20 0 0 0 0 9 24 34 42 48 53 ‘58
40 0 0] 0 0 8 23 33 41 48 53 57
60 0 0 0 0 7 21 32 40. 47 52 56
80 0 0 0 0 5 20 31 40 46 51 56
100 0 0 0 0 4 19 30 39 45 51 55
120 0 0 0 0 3 18 29 38 45 50 54 -
140 0 0 0 0 2 17 28 37 44 49 54
160 0 0 0 0 0 16 . 28 36 43 49 53
180 0 0 0 0 0 15 27 35 42 48 53
200 0 0] 0 0 0 14 26 35 42 47 52 .
220 0 0 0 0. 0 13 25 34 41 47 51
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APPENDIX TABLE 13. OPTIMAL RATES OF N APPLICATION BASED ON NO.-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT-OUTPUT PRICE RATIO = .14 %No Protein Premium Structure).

NO -N to Expected April-July Precipitation (in.) Plus Plant

4' In Early Available Water (in.) to 4' in Early Spring
Spring 8 9 10 11 12 13 14 15 16 17 18
1b N/A : Nitrogen (1b/A)
20 0 0 0 0 4 19 30 38 45 50 55
40 0 0 0 0 2 18 29 38 bt 50 54
60 0 0 0 0 1 17 28 37 44 49 54
80 0 0 0 0 0 16 27 36 43 48 53
100 0 0 0 0 0 15 26 35 42 48 52
120 0 0 0 0 0 13 25 34 41 47 52
140 0 0 0 0 0 12 24 33 41 46 51
160 0 0 0 0 0 11 23 33 40 46 51
180 0 0 0 0 0 10 22 32 39 ° 45 50
200 0 0 0 0 0 9 22 . 31 38 44 49
220 0 0 0 0 0 8 21 30 38 44 49
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APPENDIX TABLE 14. OPTIMAL RATES OF N APPLICATION BASED ON NO_-N TO 4' AND TOTAL EXPECTED
WATER WHEN INPUT~-OUTPUT PRICE RATIO = .15 %No Protein Premium Structure).

NO,-N to Expected April—July Precipitation (in.) Plus Plant

4' in Early Available Water (in.) to 4' in Early Spring
Spring 8 9 10 11 12 13 14 . 15. 16 17 18
1b N/A : Nitrogen (1b/A) - - -
20 0 0 0 0 0 14 26 35 42 48 52
40 0 0 0 0 0 13 25 34 41 47 52
60 0 0 0 0 0 12 24 33 40 46 51
80 0 0 0 0 0. 11 23 32 40 46 50
100 0 0] -0 0 0] 10 22 32 39 45 50
120 . 0 0 0 0 0 9 21 31 38 44 49
140 0 0 0 0 0 8 20 30 37 44 49
160 0 0 0 0 0 7 19 29 37 43 48
180 -0 0 0 0 0 5 18 28 . 36 42 47
200 - 0 0 0] 0 0. 4 17 27 35 42 47
" 220 0 0 0 0 0 3

17 27 35 41 46
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