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Abstract:

Relationships between yield and protein response of Montana winter wheat to fertilizer application and
various soil and climatic conditions were studied using data from 19 experiments conducted in
southeastern Montana during the years 1976, 1977 and 1978. Relationships were estimated using a
generalized non-linear algorithm. Explanatory variables were applied nitrogen, phosphorus and
potassium, soil nitrate and soil water, both measured to a depth of four feet, soil phosphorus, measured
to a depth of two feet, and April through July precipitation. The winter wheat variety used at all sites
was Centurk.

Yield response was estimated using a second degree polynomial equation with an additive component
error term. Variables important in explaining yield were applied phosphorus, nitrogen and potassium,
and soil nitrate and phosphorus. Soil water and April through July precipitation were not statistically
significant in explaining variations in yield and were combined into a total water variable. Results
stemming from this combination were little different than considering soil water and precipitation
separately. Consequently, water was eliminated from the analysis except through interaction variables
with both applied nitrogen and phosphorus.

Variables important in explaining protein response were applied nitrogen, phosphorus, and potassium
and soil nitrate. Water was only statistically significant as a component of the interaction term with
applied nitrogen.

The estimated yield response equation was used to determine optimal rates of fertilizer application
under varying fertilizer and wheat prices. Results indicated that potassium application was not
economic, and should not be applied at its current price of 16 cents per pound unless the price of wheat
was approximately $5.70. Phosphorus was not economic when soil phosphorus was at high levels of
20-25 pounds per acre measured in the top two feet of soil. Economic applications of phosphorus
become much higher as water and applied nitrogen are increased. Nitrogen applications have the
biggest effect on winter wheat yields and therefore, on profits. Economic applications of nitrogen
depend heavily upon water and soil nitrate. The highest recommendation for nitrogen application occur
when water is high and soil nitrate is at a relatively low level.
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ABSTRACT

Relationships between yield and protein response of Montana
winter wheat to fertilizer application and various soil and climatic
conditions were studied using data from 19 experiments conducted in
southeastern Montana during the years 1976, 1977 and 1978. . Relation-
ships were estimated using a generalized non-linear algorithm. Ex-
planatory variables were applied nitrogen, phosphorus and potassium,
soil nitrate and soil water, both measured to a depth of four feet,
soil phosphorus, measured to a depth of two feet, and April through
July precipitation.’ The winter wheat variety used at all sites was

- Centurk.

Yield response was estimated using a second degree polynomial
equation with an additive component error term. Variables important
in explaining yield were applied phosphorus, nitrogen and potassium,
and soil nitrate and phosphorus. Soil water and April through July
precipitation were not statistically significant in explaining vari-
ations in yield and were combined into a total water variable. Results
stemming from this combination were little different than considering
soil water and precipitation separately. Consequently, water was
eliminated from the analysis except through interaction variables with
both applied nitrogen and phosphorus.

Variables important in explainihg protein response were applied
nitrogen, phosphorus, and potassium and soil nitrate. Water was only
statistically significant as a component of -the interaction term with

"applied nitrogen.

The estimated yield response equation was used to determine opti-
mal rates of fertilizer application undér varying fertilizer and wheat
prices. Results indicated that potassium application was not economic,
and should not be applied at its current price of 16 cents per pound
unless the price of wheat was approximately $5.70. Phosphorus was not
economic when soil phosphorus was at high levels of 20-25 pounds per
acre measured in the top two feet of soil. Economic applications of
phosphorus become much higher as water and applied nitrogen are in-

.creased. Nitrogen applications have the biggest effect on winter

wheat yields and therefore, on profits. Economic applications of
nitrogen depend heavily upon water and soil nitrate. The highest
recommendation for nitrogen application occur when water is hlgh and
soil nitrate is at a re]atlvely low level




Chapter 1
.INTRODUCTION
PROBLEM STATEMENT

Nitrogen and'pﬁosphorus fertilizer use in Montana has increased
substantially over the.past several years. In 1970 Montana f;rmers
used sligﬁtly less fhan seven pounds of actual nitrogen and-phosphorus
per acre. By'i976, this figure had more than doubled to over 14.
.pounds per acre. | '

During this same time period the prices of nitrogén and phos-
phorus fertilizer have fluctuated over a very wide range. Nitrogen
varied from 10 ﬁb 30 cents per pouhdrwhilg thé price of phospﬁdrus was
not as volatile, ranging‘from 2] to 53 cents per ﬁound. Similiarly,
_the price that farmers received fpr their wheat varied considerably
over .the same period. The average price farmers received for their
wheat in 1978 was more than double the.1970 price. However, the 1978
price was only aboug 65 percent of thé price in 1973. (Prices are not
adjusted for inflation.)

As a consequence of these rapidly changing input and output
prices, detefmining an optimal fertilizer policy is at best precarious.
~An unéconomic application of fgrtilizer could mean a significant loss
of profits for thé winter wheap producer:

Farmers' deéision criteria for fertilizer application vary consid-
erably. This is not difficult to understaﬁd as the yield and protein

response to nitrogen and phosphorus are not well defined, especially
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given variable soil and moisture conditions. In order for winter wheat
producers to make economic applications of fertilizer, they must have
two basic types of informationm. Fi?st, they musf know the physical
response of wheat to nitrogen and phosphorus at variable levels of app-
lication. This physical response must also be associated with variable
soil and climatic conditions. Two typeé of physigal response infor-
mation are needed: (1) the pfoducer needs good information about the
incremental yields forthcoming from varying applications of nitroggn
and phosphorus ipéluding marginal rates of technical substitution, and
(2) marginal changes in the proteiﬁ content associated with different :
levels of fertilizer application. In addition to physical responsé
information, the producer also needs reliable estimates of fertilizer
and winter wheat prices. Included in .the winter wheat prices must be
some reasonable estimate of the protéin preﬁium structure. Only when
all this information is known can the producer expect to have a truly

economically optimal fertilization program.

_PURPOSE OF THE STUDY
Ihe purpose of ;his study i; to investigate and develop a
decisioa criteria for profit maximization as related to fertilizer
application on Montana winter wheat. Specifically, the ofjectives
of this study are to:

1) Develop a.winter wheat response (production) function for
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yield and protein with respect to nitrogen and phosphorus fertilizer

11 \

and other important soil and climatic conditions.

2) Determine .optimal fgrtilizer appligation by conéideriﬁg.the
estimated préductioﬁ fuﬁction, various wintef wheat priceé, fertilizer
prices and protein premium structurés..

3) Present the'informafion frbﬁ one and two above in a manner

that helps winter wheat producers in Montana make economically rational

‘decisions concerning their fertilizer programs.




Chapﬁer 2

! LITERATURE REVIEW

The ability to.predict yieid and protein response to-fertilizer
is necessary if the producer is to be ‘able to determine optimal leﬁels
of fertilizer application. Research in this area is by no means a |
new or unique thing. Many factors thought to influence yield and/or
protein”content have been studiéd, |

Increased yields and higher protein have‘often been attributed to
nitrogen fertilizer (7, 9, 27). Other results indicate precipitation,
soil moisture, phosphorus, poéassium, soll type, temperature, varie-
ties, row spacing'and management practices influence yieid‘and protein
in grain (1, 4, 5, 26).

In very early work, Fisher (10) used a linear regression technique
to examine the relationship between wheat yields and.rainfall. Re~-
sponse functions were estimated by determining the changg‘in yield
resulting from an increase (or decrease) in average rainfall for a
specific time of year. Similar ﬁork done in India (11) fqund that
75 percent of the total variation in yield was accounted éor by
variation in rainfall. The time of the growing season in which the
rainfall was experienced was also important. More than normal rainfall -
one month before seeding time was found to be detrimental to wheat
ylelds.

Research done on winter wheat in Kansas (30) indicated that the
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influence of soil moistu}e at plahfing time and growing season
precipitation affected yield and yield response to fertilizer to
about the same degree. This, according.to the stﬁdy, differs from
summer grown crops where soil moisture largely determines yield and
yield response to feftilizer. Yield increases in this s£udy were
noted more often for nitrogen (58 percent) than for any other element.
Phosphorus caused yield increases in 33 percent of the sites (most
of which were very low in soil phosphorus)y Potassiﬁm ahd sulfur
héd‘little effect on winter wheat yields.

The sameistudy'included analysis of protein response to ferti-
lizer. Results showed almost no response to phosphorus. Nitrogen,
however, increased proteiq'.3 to .6 percent for each 20 pound increment.

In’ Australia (295, researchers found rainfall to be the majpr
source of variation in yield. 1In thié studf, pre-sowing rainfall was .
found to be detrimental to vields. 1In all, rainfall accounted for -
about 80 percent of the variation in yield. Published research by
Bauer, et al. (3) on yield experiments done on spring wheat and barléy
found water was the cause of 40 percent of the variation. Phosphorus’
‘was found to be of little use in predicting yields. Eck and Tucker (8)
found soil moisture and precipitation to be critical in explaining
variations in yield. Growing season temperature and organic matter
were also found important in explaining varié;ion in yield. Unfor-

tunately, the relationships did not yield satisfactory prediction
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equations. In a similar étudy (2), researchers found soil moisture
was the best estimator of yield fpllowed by minimum and maximum
témperature. Rainfall was completely uﬁsuitable-fo;_yield estimation
in this research project;

Nebraska researchers (30) found a highly significant inverse
protein—yie}d relétionship for applied nitrogen. Nitrogen was found
to increase yields on irrigated crops. At the same time, wheat had
little yield response to nitrogen on dryland, but showed significant
increases in pfotein content.

Resulté published by Smika, et al. (28) found grain yields
positively correlated with soil water at seeding time. When soil
water was included in the analysis, the largest yields were fqund
with the lowest levels of soil nitrate. The exclusion of soil water
from the analysis found no apparent relationship bgtween soil nitrate .
and yield. Results also showed that yields were higher on mﬁlched
soil than bare soil (where NO3—N was available in sufficient: quantities
in both), but yield response to nitrogen fertilizer was gfeater on bare
soil than mulched soil.

Jackson (16) used a stepwise multiple regression technique to
predict grain yield and protein with'and without nitrogen fertilizer
additions. Estimations were also made of residual soil nitrate levels
after harvest. In the first step, potential yield was‘estimated.

Indepe?dent variables used were soil organic matter, growing season




precipitation, and evaporation rates. Soil nitrate, evaporation
fates,'potential yield, and available soil water were the variqbles
then used to predict nitrogen fertilizer requirements. Variables
used in predicting grain protein were potential yield, growing
season rainfall, organic matter and soil nitrate.

When soil nitrate was hiéher than 120 kilégrams per hectare,
Olson, et al. (24) found little or no yield response.to appliéd
nitrogen. An additiénal 50 to 60 kilograms per hectare of applied
nitrogen would, however, be needed to obtain maximﬁm protéin.

Researchers in Illinois (1l4) studied the effects of applied
nitrogen on both hard and soft winter wheat. Results indicated
increasés in yield and proteiﬁ percentage in all expgriments. -The
favorable resuits from these experiments indicated that despite
increased costs, split application of nitrogen fertilizer made late
in the spring has merit in the interests of minimizing pollution.

Researcheré in Montana (22), using five spring wheat varieties
and five nitrogen treatments, found no difference in yield response
due to variety. However, due to increasing nitrogen application
rates, grain protein percent decreased as the grain to straw ratio
increased for all varieties. Pendleton and Dungan (25) found that
different varieties showed different yield response to nitrogen as
well as different response to seeding rates. Similar research (19,

32) also showed varying yield response to different varieties.
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Garnick, et al. (12), using data from 43 winter wheat experiments
in Montapa, estimated yield response using third degree polynomial
equations. Explanétory variablesyincluded April through July preéipi—
fation, applied phosphorus, applied nitrogen and available soil nitrate
and available soil water measured in the top four feet of the soil in
early spring. Unfortunately, beéause of statistical insignificance,
probably partially caused by measurement problemé and vériation across
sites, soil water and applied phosphorus were excluded from the yield
analysis. Results show that ﬁitrogen and soil nitrate as well as pre-
cipitation increased yields while the nitrogen variables and applied
phosphorus increased protein. Precipitation had a negative influence
on protein.

In many of these studies there are conflicting results; Smika
et al. (28) found soil nitrate important in explaining yield. Simi-
larly, Bair and Robertson (2) found rainfall unsuitable for explaining
yield, While others (11, 29) foundlit very signifiqant. 'Variability
in results from these studies in predicfing protein and yield response
may be attributable to variation in soil characteristics, management
practices, distribution of nifrogen and phosphorus in the soil as wel}
as many other factors.

It is hoped that the following research will contribute to a
better understanding of the factors which dinfluence yield and protein

response in Montana winter wheat.




Chapter 3
ESTIMATION OF‘YIELb AND PROTEIN FUNCTIONS
SOURCE OF DATA

Data used in this research were collected from a series of
yield/protein response experiments conducted under the auspices of
Dr. Vincent A. Haby, assistant professor of soils, Montana State
Universitf at the Southern Agricultural Research Cénter, Huntley.
Nineteen sets of data representing ten different sites are used in
the final analysis. For each set of data there are 23 treatments,
seven which are replicated twice for a tof#l of 30 observations for
each site, or 570 total data points. Site location and year are
presented in Appendix A.

Data for the analysis were selected according to their ability
to meet certain predetermined griteria. E#perimental plots were
located on summer fallow, with efforts made to insure each site'was
uniform in soil type, free of insects and weeds as well as any other
damaging factors. A uniform stand of Centurk hard re& winter wheat
was seeded at all sites. As a result of these criteria, one site from
the original data base of 21 sites was excluded because of hail damage
and another was disqualified due to high soil salt content.

Independent variables recorded were soil nitrate (N03—N) and soil
water, both measured to a depth of four feet in early sprimg, April
through July precipitation, and soil phdsphorus‘measured to a depth of

two feet. Observations were also collected on the dependent variables,
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yield and protein content, at harvest time.
Each fertilizer nutrient was applied at five different rates.

Nitrogen was broadcast at rates ranging from O to 89 pounds in incre-
"ments of 22.25 pounds per acre. Phosphérus was banded with the seed
at rates varying from 0 to 35.6 pounds per acre.of elemental phos-
phorus in increments of 8.9 pounds, per acre. Potassium application
rates ranged from_O to.85.6 pounds of.elemeﬁtal K, in dincrements of

21.4 pounds per acre.

ALGEBRAIC SPECIFICATION OF THE RESPONSE FUNCTION

Selection of the algebraic specification of the protein and
yield response function warrants careful consideration. The functién
must be able to desctibe the characteristics of the phenomenon being
studied. WNo functional form Qill be an exact 'fit', but care must be .
taken to select a function with the most desirable characteristics.

In this study of the economic application of fertilizer, poly-
nomial equations were selected for several major reasons. Consider

a simple polynomial of the form

_ 2
Y=ot Xt 8
where:
Y = total output; )
o = the value of the equation when the independent variable is
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zZero;
X = the units of the independent variable; and

Bl and 82 = the parameters of the equation.

Because we expect total output to reach a maximum and decline,
we hypothesize that the parameter Bl will be positive while leis
negative. Thus the equation lends itself to both positive and neg-
ative marginal products. |

Extensions of the previous equation allow substantial flexibilit?
to the production function being estimated. In the quadratic equation,
the marginal product curve is linear. This restriction.is easily
overcome by the introduc;ion of a cubic term.

It is also often true that influence of one explanatory variable
depends ubon the level of the other variables. Hence it may be nec-
essary to incorporate interaction terms between two variables in the
response function.

Previous studies (12, 16) indicate that polynomial equations have
been quite useful in the study of yield and protein response to ferti-

[

lizer application.

ADDITIVE ERROR MODEL
The first model used in the estimating yield and protein response
was the following form:

(2.1) Y= BO + 81X1 + BZXZ + 83X3 + 84X4 + BSX5 + 86X6 = B7X7




where:

Y

+ Bgdg * BoXg * BipXip *t By Xy T BpXyy + B

12

13%13

T BaRs T BrsXis T BrgXie T BisXy7 t Brg¥ig t Bro¥g

+ Bzoxzo + .621)(21 + B

22%20 F wiLt + UL Ve

estimated yield or protein; )

It

applied nitrogen;

(i =0 to 22) = unknown parameters to be estimated;

applied nitrogen squared;

applied phosphorus;

applied phosphorus squared;

precipitation;
precipitation squared;
soil water;

soil water squarea;
soil nitrogen;

soil nitrogen squared;

soil phosphorus;

soil phosphorus squared;

applied nitrogen x applied phosphorus;

N x piecipitation;

N x soil nitrogen;

precipitation x soil water;




IV

X8

19

%50

X5

X32

wiLt

[me}
1l

<
]

Alth
separated
tically.

Define

13
= precipitation x soil nitrogen;

= gso0il water x soil nitrogen;

applied phosphorus x soil phosphorus;

applied phosphorus X precipitation;

= potassium;

= potassium squared;

= the random variation due to.experimental error associated
with location L, time.t, and treatment ij;

the random variation associated with location L; and

the random variation associated with year t.

ough the components of the error term cannot actually be

in estimation, their distinction is vitally important statis-

4

2
N(O,ow)

. 2
N(O,cu)

2

N(O,ov

).

The assumption of homoskedasticity imblies that

Var(

2 2 2. 2 2.
ipg) = Bleypy ~ Blegp ) = 0" = o + o + o,
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Further assumptions concerning the components include

1) E(UV,) = EQUW, ) =E(V W, ) =0
2) E(UU ) =0 7
3) E(Vtvt‘) = 0 t #t°
BNy N ) R B W ) BN N )
= E(wiLtwi,L,t,) B 0o s (0% 1S U [ ) D 3 el

The first assumption means statistical independence between the
i components. Assumptions 2, 3, 4 mean that there is an absence of
serial correlation, and 4 also implies no correlation among treatments
or across locations.
The coefficient of correlation between the disturbance at two

different points in time, i.e., between Este and Ejpe- o ¢ ¥ 5 ds

2
Lt’ 1Lt 3 E(eyreoCipe) E: %
1 LA
2 2 2 5 2 2 2
[Var(eiLt)Var(eiLt,)] [E(eiLt) E(eiLt,)] o, + o + o,

COV(Ei

mQNlCQN

because of the assumptions of independence among components and inde-
pendence within components over location, time, and treatment.

The coefficient of correlation between the disturbances of dif-

ferent cross-sectional units, i.e., between EiLt and EiL't (L # L% s
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2 2

COV(eyypr€qy-¢) 5 ElesrerCane) B % R
TR 2 2 L 2 2 et
[Var(eiLt)Var(eiL,t)] [E(eiLt)E(ciL,t)] o, + a, + g, oE

Similarly the correlation coefficient between the disturbances
of different treatments at a given time and location, i.e., between

€. and ¢ ‘Lt (Lt o) s

iLt 5 |
2 2 2 2
COV(eyr o r€yay) ; A G b+ e by
% 2 2 R T e
[Var(eiLt)Var(ei,Lt)J [E(eiLt)E(ei,Lt)] A o,

The final feature of the component error term is the coefficient

of correlation between €41t and {1 p"? {1 e Bl s St $4Y}
where
COV(e,y 42641 -¢-) ECeie285-17¢)

= =0_
5 2 2 4
[Var(eiLt)Var(ei.L,t,)j [E(eiLt)E(Ei,L,t,)j

For a rigorous discussion of the component error term, the inter-
ested reader is referred to Wallace and Hussain (31) or Nerlove (23).

Due to the nature of the experiment, the three part error term
previously outlined is not entirely correct for this study. These
data as stated earlier, were obtained from nineteen experiments, rep-
resenting ten sites. The duplicated (triplicated) sites are not

actually on the same plots, but are only adjacent plots. As a result
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of this, it is impossible to discern the cause of any variation due to
time or location. Hence, for this analysis the variation due to loca-

tion (UL) and time (VL) are combined leaving

= -+ .
Zj UL Vt

The complete error term is then represented by the equation

gt e | BE A
ij ij k|

where wij = wiLt as previously defined.

The basic assumptions for the two components are

2
Wig = N(0,0.)

2
Zj £ N(O,oz).

The assumption of homoskedasticity implies

SRl Y i Eo g
w A

b E(Eij ij

Var(eij)

Other assumptions concerning the characteristics of the error term are
1 E(W,.Z.) =0
) 1] 3]

W = = | S 4 =
2y ijwij,) E(wijwi'j) F(Wijwi j ) 0

3) E(ijj,) =0 wherei #1i°, § # j°.
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Joefficients of correlation for cii'cun bé genceralized from the

previous outline of the classical component error term.

MULTIPLICATIVE ERROR MODEL
A second model was considered which allows tlie component error
term (sampling time and treatment spe;ific errors), to be a propor-
tion of the regression.terms. This model gpecification would seem
to make sense for agronomic data where standard errors of the .estimate
are proportional to the mean response function. The model is ex-

pressed as:
y = (80 + BIX1 + ...+ 822 22)W Z

where the variables maintain the same definition as in the previous
model.

There is a slight chang;.in the basic assumptions of the error
term. In.place of the assumption that E(Wij) = E(Zj) = 0 as in the
additive error model, the assumption changes to E(wij) = E(Zj) =1
for the multiplicative case.

The multiplicative model is made estimable by taking the natural

logarithm of both sides of the equation. This transformation leaves
lny = ln(BO + lel 4+ ... + 822X22) + lnwij + anj

which is an intrinsically nonlinear function with respect to the
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parameters as well as being nonlinear with respect to the variablésf

" ESTIMATION PRQCEDURES

Estimations of the parameters in these models were derived utilf
izing maximum likelihood estimators. The generalized nonlinear regres-
sion program used in'this research was w;itten by Dr. Oééar R. Burt,
Montana State University. The interested.reader ié'referred to
Malinvaud.(Zl)fChapter 9 for a rigor?%s discussion of the statisfical
fheory implicit in this program.

Although the method of'maximum-likelihood estimation is not-a new
statistical techﬁique, an outline of the concept may be useful to tﬁe
uninitiated reader.

Maximum likelihood estimation is based on the simple yef sound
assumption that different populations yield different samples; and any
given sample is more likely to come from one population than another.
Specifically:

If a random variable X has.a probability distribution F(X) char-

acterized-by'parameters 61, 62,...,_6 and if we observe a sample

k

'Xl, XZ;..., Xn; then the maximum likelihood estimators of 91, 62,

ek’are those values of the parameters that would generate the
observed sample most often (18).

The objective of finding the maximum likelihood estimators can be

accompliShed through the formulation of a likelihood function (denoted
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£). If the sample observations are independent, % has the same for-

mula as the joint probability function as defined
L= f(Xl,Xz,..., Xn)
or because of independence

L= f(Xl),f(Xz),..., f(Xn).

The maximum likelihood estimates are found by maximiziﬁg the
likelihood function with respect to the parameters 61} 62,..., ek.
This is accomplished by setting the partial derivative of & with re-
spect to each of the unknown parameters equal to zero and solving
simultaneously. This procedure (sometimes called the first order con-
ditions) produces a relative maximum (or min;mum) certaiﬁ second order
conditions have to be fulfilled.

To insufe a relative maximum (minimum) the second derivative of
2 with respect to the parameters 91, 62,..., Bk must be negative (pos-—

itive). If the second derivative equals zero, the test fails and other

trial and error tests must be used.

* STATISTICAL TESTS
Two tests were used to determine the statistical significance of

the variabies in the model.

The t-test was used to test the null hypothesis that the para-
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meter Bk equals zero, implying no relationship between the independent
variable Xk and the dependent variable Y. The appropriate test sta-

tistic is

>

[

<t

_tn—k,p/2 = n-2,p/2

ml
o,

where:

n = number of observations
k = number of parameters

p = level of significance
é = estimated parameter

A

Sé = standard error of Bk.

The second statistical test utilized is the likelihood ratio test.
This test is based on the assumption that the negative of twice the

- : 2
natural logarithm is asymptotically distributed as a ¥ . The test

statistic used is

n Lo S . x2
D
1 q
where:
D = the determinant of the residual covariance matrix;
S = restricted regression;

L general regression;
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the difference in the number of degrees of freedom between‘

q'_‘:
the two models; and
n = number of observations.

A more intuitive explanation follows: If when comparing the plausibi-
lity of one value of B against .another, given the sample V1> Ygseres

Y,» that B which gives the likelihoodnfunétion a larger value would

be chosen. If an appreciably larger value cannot be found by search-

ing different values of B other than those specified by the null hypo-
thesis (HO), then the most plausible value of B belongs to the set
specified by H

Under these conditions, H. would be accepted as true.

0", 0
ESTIMATION PROCEDURES
Because of simplicity and lower cost, estimates were first made
utilizing the additive error model. Table 1 displays the list of

variables previously defined, their means, standard errors and adjusted

coefficients of variation.

DETERMINING RELEVANT VARIABLES
Preliminary results implied an implausible behavior for the soil
water and precipitation Qariables. Parameters for soil moisture showed
increasiﬁg marginal response over most ranges of the data, but with
incremenfal response negative for very low levels. Results also indi-

cated increasing marginal returns for precipitation well beyond the
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TABLE 1

VARIABLES USED TO EXPLAIN VARIATIONS IN YIELD AND
PERCENT PROTEIN IN WINTER WHEAT

Variable Description

Grain Yield
Applied Nitrogen (N)

2
(N)°

Appliced phosphorus (P)
?

-

Precipitation (Prec)

(Pruv)z

Soil Water (SW)

(sw)z

Soil Nitrate (SN)

(HN)Z

Sotl Phosphorus (SP)

(spy?

NXP

N X Prec

N X SN

Prec X SW

Prec X SN

SW X SN

P X Prec
Potassfum (K)

K}

Units High Low
bu/A 76.16 13.00
1b/A 89.00 0.00

Ih/A 7971.00 0,00

Ib/A 35.70 0.00

1h/A 1274.50 0,00

in. 18,68 5.15
in. 348.94 26.52
in. 7.46 .24
in 55.65 06

1h/A 291.50 12.00
Ih/A B4972.00 144.00
1h/A 55. 30 .70
1b/A 1058.00 .49
3177. 0 0,00
1662.50 0.00
23389.00 0.00

58.93 1.82

1997.20 82.92
938.68 10.96
1417.3 0.00

666, 88 0.00

1h/A 85.20 0.00

1b/A 7259.00 0.00

Mean

40.55
44.50

2904.90

466.75

109.72

11.24

62.46

14.02
244,63
793.47
421.47

2778.90

20.83
589.70
185.10

250.24

42.57

2658. %

Adjusted
Coefficient
of Variation

Standard
Deviation

12.88 L4675
30.44 .6839
2849.20 .9808
12.21 .6851
458.75 .9829
3.97 .8725
91.09 1.1095
1.53 .5575
12.21 1.0922
49.62 .9833
11547.00 1.8581
6.93 .5205
271.24 1.1110
877.00 1.1053
364.42 . 8466
3296.50 1.1863
15.88 .8351
439.04 . 8663
182.40 1.0474
227.79 L9103
146.17 . 8456
29.11 .6837
2608. 80 L9814
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mean of 6.7 inchés. Unlike soil moistqre, precipitation had a positive
marginal response at low levels.

Such results are difficult to undgrstand, but are most likely due
to serious errors in specification. Soil water has only one measure-
ment corresponding to'each site which seems reasonable considering the
sites were selected to have uniform soil type and terrain. However,
when considering different sites, soil water could‘be indirectly
measuring certain site characteristics which by themselves could affect
yield, such as permeability, terrain and éther site specific character-
istics. Similar problems exist with precipitation (e.g., did the
moistufe come all at once so that there was considerable runoff?).

Results from similar work done previously (6) indicated that
combining soil Wéter and precipitation may elimiﬁate the dubious
results of these resources. Combining these variables into a total
water variable was completed in an effort to obtain more plausible
results. It was hoped that this éffort would also produce variables
that were statistically significant. .In the model displayed in Table
1, precipitation is redefined as total water, and sail water variables
are excluded. |

Unfortunately this tactic did not produce the desired .results.
Though long considered the most limiping input in wheat yie;d, results
showing a negative marginal product at low levels of the water variable,

followed by increasing mérginal returns was implausible.‘ Because of
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A

these dubious results and lack of statistical significance according

to the t—-test variables, XS’X6’X17 were eliminated from the yield

response estimation. The consequence of this action is to transfer

the net effect of these variables into the error term. The exclusion
of these variables did not affect the value of the other parameters.,
The interaction terms.X14 and XQO were retained in the analysis be-

cause of very high statistical significance. The final model, with’

newly defined variables appears on Table 2.

MULTIPLICATIVE V.S. ADDITIVE ERROR

The hypothesis that the error compoﬁents are proportional to the
mean response function has some intuiti&e appeal for agronomic data.
Because of the high cost of estimation with a multiplicative exror
model, the model was first estimated as previously described using
the additive error model. A test (outlined by Just and Hallam, 15)
was then used to deterﬁine the appropriatenesé of the‘multiplicativé
model.

The multiplicative error model can be expressed as

Yij = f(Xk)uij

where:

E(uij) = 13 and ‘
Var{u.,) = E(u —.E(U‘ ))2 = 02'= constant.
ij . ij ij u ‘




RECRESSTON COEFFICIENTS FOR

N
(@]

TABLE

2

THE YIELD RESPONSE MODEL

Coefficient Associated Variable Estimate t~-Value
A 1 18.95400 6.28
hl Applied Nitrogen (N) 412431 4.90
b, N? -.00131  =6.40
b3 Applied Phosphorus (P) .25199 45341
b, p? -.00301  -2.38
b5 Soil Nitrate (SN) .10236 3.96
b sN? -.00019 , -2.29
b7 Soil Phosphorus (SP) .58394 4,52
bg sp? -.00873  -3.45
bg NXP .00088 2.26
th N X Water (W) .01778 13.06
b11 N X SN -.00088 -8.27
b]2 B X SR -.01129 -4.78
b13 WXP .00958 2.46
LI Potassium (K) .02939 1.49
by K? -.00018 - .83
Standard Error of the Estimate = 10.98
, P, SN, SP, K measured in 1lbs/acre.

N

W measured in inches.

Critical t-values;
10 percent level of significance - 1.64
5 percent level of significance - 1.96
1 percent level of significance - 2,58
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Similarly, the additive error model can be expressed as

Yij = f(Xk) + Eij
where:

E(eij) = 0; and

2 2
Var(eij) = E(eij))‘ = 0_ = constant.
The test involves regressing the absolute value of the error term
(Eij) from the additive error model (eq. 2.1) on the least squares -

estimate of the expectation of the dependent variable, i.e., on Yij’

the estimator for E(Yij)' The estimated equation should take.the form

.| = a + by, ..
1]

If the multiplicative error model is appropriate, the results from the

regression should approximate

leijl = OﬁE(Yij).

Ou can be approximated by GF/Y . Because the identity covariance is

assumed, 'b' should not be statistically different from 86/?, and 'a’
should be close to zero.
An F-test was .used to test the null hypothesis expressed as
H:a=0, 8= oe/Y

where o and B are least squares estimates, and Y is the sample mean.
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The results of the F-test at the r01.le§e1 indicated fhat-the
ﬁull hypothesis could not be accepted and the multiplicative distur—
bance model was digcéfaéd. |
Howeve?, the estima;ed coefficient 'B' was éositivé and'étatisti-
cally significant at the .05 ievel when the t-teét waslu;ed to test

the null hypothesis expressed as

This result would seem to indicate the presence of serious errors

in specification even with the additive error model.

ESTIMATED YIELD

The final yield equation from Table leas'used to:estimate_ex-
pected yield for var&ing soil and moisture éonditions, as well as
varying fertilizer application'ratés.

+Table 3 illustrates the yiélds to be expecteajwhen total water,
soil phosphorus and applied potassium are at tgeir mean levels, but
with soil nitrate at the.low level of 30 pounds per ac?e.

Increasing ﬁitrogen up to 100 pounds per acre increases yiélds
in all céses. The same is not true for'phosphorus, which actually
decreases yields when applied at a rate greater than 40 pounds per
acre, especialiy if-appligd hitrogén‘is applied at low levels.

Table 4 illustrates the partial derivative of yield with resbect
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TABLE 3

LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Applied Phosphorus

Applied Lbs. /Acre
Nitrogen
Lbs. /Acre 10 20 30 40 50
0 29,2 8308 31.8 320% 32 1 313
10 31.9 33,6 34.7 3542 35,1 34.3
20 34.3 36.0 32 37.8 37.8 372
30 36.4 8858 395 40.2 40.3 3937
40 3852 40.2 41.6 42.3 42.5 42.0
50 39.8 41.9 43.3 44,2 44 .4 44,1
60 41.2 4343 44 .8 45.8 46.1 45.8
70 42.3 44.5 46.1 4.5 47.6 47.4
80 43.1 45.4 47.1 48.2 48.7 48.6
90 43.6 46.0 47.8 49.0 49.6 49.6
100 43.9 46.4 48.3 49.6 50.3 50.4
Exogenous Variables
Water 10.1 Inches
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs. /Acre
Applied Potassium 42.6 Lbs./Acre
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TABLE 4

PARTTAL DERIVATIVE OF YIELD WITH RESPECT TO APPLIED NITROGEN
AT SPECIFIED LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Applied Phosphorus

Applied Lbs./Acre
Nitrogen
Lbs. /Acre 0 10 20 30 40 50
0 .28 +29 .30 .30 s3] +32
10 LD .26 27 .28 .29 .30
20 23 23 2D +25 .26 s 2
30 +20 v21] s 22 «23 +23 .24
40 ol .18 .20 .20 21 v 22
50 +15 + 16 o17 o L 318 +19
60 il +13 « 14 «15 +16 £16
70 .09 .10 v 12 12 13 .14
80 .07 .08 .09 .09 + 10 oLl
90 .04 «05 .06 .07 .08 .09
100 .02 +03 .04 .04 .05 .06
Exogenous Variables
Water 10.1 Tnches

Soil Nitrate

Soil Phosphorus
Applied Potassium

30.3 Lbs./Acre
14.4 Lbs./Acre
42.6 Lbs./Acre




30
to applied nitrogen. This marginal response decreases as nitrogen is
increased due to the negative coefficient associatéd with the nitrégen
quadradic term. Similarly, the marginal fesponse associated with
applied nitrogen increases as applied phosphorus is increaséd. This
is due to the positive interaction term for these two variables.
Tables 1-7 in the appendix display yield résponses for other

variables, including water and soil nitrate.

MARGINAL RATES OF SUBSTITUTION

Whgn two inputs serve the same biological function for the winter
wheat plant, one might expect the inputs to substitute for eaéh other
in a fixed proportion, regardless‘of the level of these or any other
variables. If this wefe true, the winter wheat producer, in deter-
mining the quantit& of nitrogen to appiy, would need on1y~to look at
the level of soil nitrate, and then apply nitrogén fertilizer to reach
the desired level for total nitrogen. However, constant marginal rates
of substitution for soil nitrate and applied ﬁitrogen as well as soil
phosphorus and épplied phosphorus, are not implied by the estimated
respénse surface for winter wheat. Because of this, nutrient appli-
cation rates based on the assumptioﬁ of constant marginal rates of
substitution may cause application rates to differ significantly from
those suggested by the'response function estimated in this study.

" Table 5 displays. the marginal rates of substitution of applied
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TABLE 5

MARGINAL RATES OF SUBSTITUTION
APPLIED NITROGEN AND SOIL NITRATE

Applied Nitrogen

Soil
Nitrate
Lbs./Acre

Lbs. /Acre

0 20 40 60 80

0 g2 316 321 3.30 3.50
20 3.18 323 35132 3.47 3.85
40 3.25 3332 3.45 3.70 4.50
60 3,30 3.44 3.63 4,07 6.19
80 3.43 3.58 3.88 4.71 -
100 3.95 B lil 4,25 615 -
120 3.68 4.03 4.87 - -
140 3.89 4,40 6.12 - -

Exogenous Variables
Water 10.1 Inches

Applied Phosphorus 17.8 Lbs./Acre
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nitrogen for soil nitrgte (MTN/MPSN = MRSN+SN)’ where the marginal
product of nitrogen, for example, is equal to the partial change in
yield with respect to a‘chénge in appliedAnitrogen,>(2Y/2N). Marginal
rates of substifution imply a trade-off in production. In Table 5, a
marginal rate of substitution of 4.0 would indicate that one pound of
nitrﬁgen could be substituted for foﬁr pounds of soil nitrate, with
no affect on yiéld.

Table 5 indicates that as nitrogen is increased for any given
level of soil nitrate, the relative value of applied nitroéen is
increased.

The marginal rates of substitution for different variablés, in-
cluding water and soil nitrate can be found in the appgndix on Tables

8 and 9.

PROTEIN ESTIMATION

The final model used to predict yield was also employed in the
protein response estipation. Several variables, found to be crucial
in expléining yield were not statistically significant in the protein
estimation. Linear and quadradic soil phosphorus, though important in
explaining variation in yield, were not statistically significant at
the .20 level according to the t-ratio, and were therefore excluded
from the analysis. It is difficult to understand why soil phosphorus

is not important in explaining protein content while applied phos-
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phorus is. This may be the consequence of using soil phoéphorqs meas-
urements to a depth'of two feet while one foot may have been more |
appropriaté.

‘dther variables exéluded from the analysis due to statistical
insignificancé were quadratic soil nitrate, and the interaction terms,
applied phosphorus, soil phoéphorug and applied phosphorug water. No
additional variables were inqluded. The final variables, coeffidien;s
and t-ratios can be found in Table 6.

Applied nitrogen has a positive and incréasing effect on protein

content over most ranges of the data. The response function does

indicate applied nitrogen has a negative influence on protein content

when soil nitrate is at extremely high levels and applied ﬁitrogen is
very low. The most likely éxplanation for this phenomenon is a lack
of precision in the polynoﬁial response to observations on the fringes
of £he data. Soil nitrate had a similar'effect on protein content,
with the marginal response being positive over all ranges of the data.
Soil nitrate did not, however, show increaéing marginal responsé as
its level increased.

Applied phosphorus exhibited a negative marginal response to
protein content over most ranges of the data. At extremely high lev-

els, phosphorus had a positive effect on protein when applied nitrogen

was at its mean level. The affect of potassium was nearly the same,

with a negative marginal response on protein well past the potassium




34

TABLE 6

REGRESSTION COEFFICIENTS FOR PROTEIN ESTIMATION

Coefficient Associated Variable Estimate t-value
bo 1 9.60520 2215
b1 Applied Nitrogen (N) .04025 6.82
b2 N2 .00011 2.20
b3 Applied Phosphorus (P) -.02652 -2.26
b4 P2 .00049 1.67
b5 Soil Nitrate (SN) .01884 7.40
b6 NXP -.00010 =1307
b7 N X Water (W) -.00058 -1.82
b8 N X SN -.00018 -7.07
b9 Applied Potassium (K) -.01523 -3.31
blO K2 .00014 2.66

Standard Error of the Estimate = 1.88

N, P, SN, SP, K measured in lbs/acre.
W measured in inches.

Critical t-values:

10 percent level of significance = 1.64
5 percent level of significance 1+96
1 percent level of significance 2.57
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mean of 42 pounds per acre.

The t-ratios displayed in Table 6 indicate that all but'threé_
parameter-estimates are significantly Qifferent from zero at the .05
level of significance. Of these three, two,}applied phosphorus
squared and the interaction term applied nitrogen-water were signifi—
cant at the .1 level.

ESTIMATED PROTEIN

The estimatedAprotein equation was used to estimate expected
protein under varying soil and moistufe conditions, as well aé vary-
ing fertilizer application rates.

The results displayed in Table 7 show estimated proteiﬁ content
when the soil and clim;tic variables are at mean levels, except for
~soil nitrate which is at the low level of 30 pounds per acre.

Increasing nitrogen up to at least 100 pounds increases protein
without exception. Phosphorus, however, has the opposite effect. 1In
ail éases, applied phosphorus decreases yield, except for application
rates of over 30 pounds (see appendix Table 14), Table 8 diéplayé
the marginal response.tb changes in the nitrogen application rates;
which are all positive.

Tables 10-16 in the appendix display protein responses for other

variables with varyiﬁg soil and climatic conditions.
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TABLE 7

ESTIMATED PROTEIN OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Applied Phosphorus

Applied Lbs. /Acre
Nitrogen
Lbs. /Acre 0 10 20 30 40 50
0 9.8 9.6 b 9.4 $d 97
10 10.1 .8 ol ol 9.8 9.9
20 10.4 10.2 10.0 10.0 10.0 1052
30 10..7 10.5 105 1053 10.3 1055
40 1Ll 10.8 10/ 10.6 10.7 10.8
50 1> 1l | 10 11.0 il
60 1129 11506 11.4 1154 11.4 113 P
70 12:3 12.0 1158 11.8 }1.8 119
80 1258 12:5 1253 1252 122 1253
90 S e 1259 127 1236 12.6 Y2/
100 13.7 13.4 1552 sl 13l 1351
Exogenous Variables
Water 10.0 Inches
Soil Nitrate 30.0 Lbs. /Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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TABLE 8

PARTTAL DERIVATIVE OF PROTEIN WITH RESPECT TO APPLIED NITROGEN
AT SPECIFIED LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Applied Phosphorus

Applied Lbs./Acre
Nitrogen
Lbs. /Acre 0 10 20 30 40 50
0 .03 .03 .03 o) .03 +02
10 .03 .03 .03 .03 «03 .03
20 .03 .03 «03 .03 .03 03
30 .04 .03 «03 .03 .03 .03
40 .04 .04 .04 03 .03 .03
50 .04 .04 .04 .04 .04 «03
60 .04 .04 .04 .04 .04 .04
70 .04 .04 .04 .04 .04 .04
80 .05 .04 .04 .04 .04 .04
90 .05 +05 .05 .05 .04 .04
100 .05 .05 +03 .05 .05 .05

Exogenous Variables

Water 10.1 Inches
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs. /Acre

Applied Potassium 42.6 Lbs./Acre




Chapter 4
PROFIT MAXIMIZING FERTILIZER POLICIES

Montana winter wheat producers must incorporage input (ferti-
.lizer) and output (wheat) prices with the yield equation (Table 2)
to determine the profit maximizing fertilizer strategy. At first;
it is assumed that'producers can purchase all of the fertilizer
necessary to attain this maximum profi;,'i.e., there are no effec~
tive borrowing or capital constraints faced by produceré. fhen

capital constraints are considered.

UNLIMITED CAPITAL
Equation 4.1 below can be used to determine brofit‘makimiziﬁg
rates of fertilizer applicatioh. This is done by setting the first
order conditions (equations 4.3, 4.4, 4.5) equal to iero‘and solving
for the input variables nitrogen, phoéphorus, and:potaééium.’ It is
assumed that input and output prices are.constant‘for eaéh decision.

The profit equétion is

4.1 1 = PyY - PnN - PpP - PkK
where:
= prdfit

Py = price of wheat per bushel;
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Y = yield of wheat per acre, as computed by the yield response

equation;

Pn, Pp’ Pk = price per pound of nitrogen, phosphorus, and

potassium respectively; and

N, P, K = pounds per acre of nitrogen, phosphorus, and potassium,

respectively.

Py’ price of wheat per bushel is considered exogenous when the
protein premium is ignored in the decision process. When a protein
premium structure is included, Py is considered endogenous, as it
depends upon the levels of nitrogen, phosphorus, and potassium. Both
cases will be considered. All other prices are strictly exogenous.

The profit maximizing equation, after incorporating the expected

yield estimation from Table 2 and considering Py as exogenous is

N+ b N2 B bEPik D “ 2

4,2 I = Py(bo + b1 2 3 4P i bSSN + b6SN S b7SP o
2
bSSP ¥ b9NP 0y bIONw * bllNSN T b12PSP 25 b13WP & b14K o+
2
blSK ) - PNN = PPP - PKK

where all variables and parameters are as previously defined. By
taking the partial derivatives of equation (E) with respect to the

input variables N, P, and K, we have the first-order conditions

Al _ - N
4.3 5y = Py(b) = 2b)N + bgP + bW + by SN) - Py
bl e D (b RS BN B SP Ba W P s

}  “y\3 y 9 12 13 P’
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4.5 2o

5% = Pybyy + 2bK) - P

K *
Since the variables W, SN, SP, and, in this case Py; are exogenous,

equations 4.3, 4.4, and 4.5 can be set equal to zero and solved for

321 32m  92n
3N2> 3P2’ K2’

the variables N, P, and K. Second-order conditions

must all be non-positive to ensure a maximization.

LIMITED CAPITAL

In the previoug section, the decisién making criterionAignored
the distinct possibility that the producer may have an effecti?e cap-
ital constraint. In the case of unlimited capital, thellast dollar
per acre spent on fertilizer'yielded an equal value of wheat. If the
producer cannot reach this point, a new decision rule must be imple-
mented. |

When confronted by a binding capital constraint, the last dollar
spent on each input should produce an output valued at more than one
dollar, and this outﬁut should'be equal for all inputs. When the
limited capital decision.rule is used, it must be used in ;ll facets
of production, not.just fertilizer.

The constrained maximiiation profit function can be expressed

the Lagrangian\fbrm

= - -— ) - + + -—
4.6 1 PyY | PNN PPP PKK + A (PNN PPP PKK C)




where:

c

il

A

By substituting the yield equation from Table 2 into the above

expression for Y, and taking the partial derivative with respect to
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the capital constraint in dollars per acre; and

the Lagrangian multiplier.

the unknown variables, N, P, K, and A, we obtain the first order

conditions
oll

4.7 N

4.8. 30 =
oP

4,9 31 =
oK

4,10 Il =
oA

Py(bl + 2b2N + ng + blOW + bllsN) - PN + A?N

Py(b3'+ 2b4P + b9N + blZSP + b13w) - PP + APP

Py(bM 4 2b15K)_ - PK + )‘PK

PNN + PPP + PKK - C.

These first-order conditions are then set equal to zero and

solved for the four unknowns.

FERTILIZER RECOMMENDATIONS WITHOUT PROTEIN RESPONSE

Table 9 displays the optimization results for both limited

and unlimited capital, under various soil and moisture conditions.

Exogenous variables relevant to the optimization'ére soil nitrate,

measured to four feet in early spring, soil phosphorus, measured to

two feet, and total water, which consists of soil water measured to

four feet in early spring and April through July precipitation.




TABLE 9

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

Price of Fertilizer
Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $ Revenue ($) Per Acre
$3.00 21.97% 44,2 751 .0 1.00 42.98 32:53
15.00 41.7 66.4 .6 121 35.28 20.28
10.00 39.1 45.5 0 1.95 27.56 1:/:256
$3.50 26.76% 457 81.0 14.6 1.00 5533 28 50
N
20.00 4325 72.6 .6 1.24 47.78 2778
15.00 41.6 66.4 .6 1.41 41.16 26.16
10.00 39.1 45.4 .0 2.27 32.15 22:15
$4.00 30.35% 46.7 85.5 18.9 1.00 67.08 36.. 73
25.00 45.2 78.8 12.6 Fo2) 61.16 36.16
20.00 4355 72.6 <6 1.41 54.60 34.60
15.00 41,7 66.4 .6 1:61 47.05 32:05
10.00 39.1 45.5 .0 2.60 36.74 26.74
*Unlimited Capital
Exogenous Variables
Price of Nitrogen 22¢/Lb. Soil Nitrate 48.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 14.0 Lbs./Acre
Water 10.0 inches
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Potassium, (K),_was eliminated from the analysis because it is
not ecoﬁomic to apply potassium under current conditions. In_ofder
forlpotassium to.be.economic at its current price of 16¢ per pound,
the price of wheat would have to be $5.70 per:bushel. Iﬁversely,
"given a wheat price of $4.00 per bushél, potassium would only be
ecoﬁomic at a price slightly below 12¢ pér pound.
Column 2 in Table 9 indicates the capital.per acre spent on
fertilizer for both limited and unlimited capital caées.: Column 6
" shows. the revenue generated from the last dollar spent on fertiliéer
which is always equal to one dollar under the unlimited cépital case
and is always greater than one dollar in the limited capital case.

Tables 17-22 in the appendix contain optimization informatioﬁ
under different soil and climatic conditions.

Figure 1 also represents nitrogen and phosphorus recommendations
without a protein premium. This isocline-isoquant map does not indi-
cate the actual quanitity of these inputs to use, it only shows the
appropriate input mix for these two inputs.

Isoquants for three differen; fertilizer vields (5 Bu.; 10 bu., .
15 bu.) intersect the isoélinéé. fhe isoclines (the rays drawn ﬁrom
the axes to the maximum point) indicate the appropriate input mix for
nitrogen énd phosphorus, given their price rétios.

Exogenous variables displayed also include 'base yield'. This

is the.yield obtained with no fertilizer applications being made.




44

Figure 1

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED YIELD
INCREASES OF WINTER WHEAT AT SPECIFIED PRICE RATIOS
FOR PHOSPHORUS AND NITROGEN

Exogenous Variables

Soil Nitrate 48.00 1bs./acre
Nitrogen Soil Phosphorus 14.00 1bs./acre
(1bs. /acre) Water 10.10 inches

Base Yield 29.0 bu./acre
140~

Maximum Yield = 49.81 bu.
(48.88, 116.66)

120-

100~

80—

Pp/PN
60—

P/ P
P
40~

20~

oU

Phosphorus
(1bs./acre)
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Maximum yield is the highest yield attainable by abplying fertilizer.
Obtaining this yield would be uneconomic given current fertilizer and
winter wheat prices. |
Appendix figures 1-5 display isocline-isoquant maps for vafying

levels of the soil and water variables.

FERTILIZER PROFIT MAXIMIZATION WITH PROTEIN.PREMIUM

When a protein premium is considered in the optimization strategy,

the price of wheat is endogenous because it depends upon the level of
protein. In turn, protein content depends upon the level of férti—
lizer (as well as various soil and climétic conditions, over which
the producer has 1itt1e control).

Utilizing a protein premium structure, Py is substituted in

equation 4.2 above with

411 P_ = BP + a:%P + . %P>
vy y 1 2

Where: BPy = base price for wheat when ﬁrotein content is
10 percent or less;
VA bercent protein, derived from protein estimation
from Table 6; and
' oy and a, = parameters of ‘the equation.

First—order conditions are then derived by taking the partial deri-

vatives %%3 %%-and %%-. The resulting three equations are very
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complicated, in that there are so many terms. As a result, the
firsf—order conditions offer no intuitive explanation and are there-
fore left out. |
In order té make the problem more intuitive, the first-—order

conditions are derived from profit equation 4.1. Note that Py is

endogenous.
oL _ o, 8y Py a%P) .
412 sy =Pyt (B‘ZP S R
oL _ . oY + BPz.a%P)Y—P ; and
4.13 P Py 9P (a%P oP P
4.4 2L =P 3Y + BPz.azP)Y_P .
YA YR \s7P X K °

The first term on the right hand side of the equation concerns
itself with the change in profits, caused by an increase in tﬁe
fertilizer input. The second term measures the variation in profits
as affected ﬁy the resulting change in price of wheat due to the
change in protein content. As outlined in the section on protein’
estimation, eéch fertilizer input has a different effect upon protein

content.

Second-order conditions must again be non-positive to insure a

maximization.

When the producer is faced with a binding budget conétréint,

~ the profit equation becomes

K-20C)

I ='PyP - PNN = PPP - P K+ A.(PNN + P K

P+
X _ P

P
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where: A is the lagrangian multiplier; and

C is the amount of capital available per acre.

The resulting first—order conditions are

aN y ON
oL, Y
aP v oP
am_ 3y
9K y oK
211

YD ‘e
Due to the

oPy 8%P> »
+<8%P'8N T - Byt APy s
+ (88 BZP) . )
(BZP “gp ) YT Fp APy
5P g
y MP) _ A,
+ (SZP © 3K Y PK + PK s and

PPP + PKK - C.

fact that no algorithm was available to solve these

first-order conditions, no results were derived utilizing a protein

premium.

If results were obtained using a protein premium, optimal

nitrogen recommendations would have been increased, due to the posi-

tive effect nitrogen has on protein. Similarly, recommended levels

of phosphorus would have decreased, and potassium would not become

economic at its current price of 16¢ per pound even given a wheat

price of $5.70, as 'in the optimization technique ignoring protein.
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IMPLICATI(_)NS OF DIMINISHING MARGINAL RATES OF SUBSTITUTION
OF APPLIED NITROGEN FOR SOIL NIfRAfE

MSU soil speéialistsncurrently utilize a fertilizer recommen-—
. dation modél for winter wheat which implies that the marginal rate of
éuﬁstitution of applied nitrogen for soil nitrate is cénstant and
equal to one. These asSumptions are contrary to the results of the
yield response function estimated in this study. First, the estimated
yield response relationship indicates diminishing marginal rates of
substitution (DMRS) of applied nitrogen for soil nitrate. This means
that the ability of applied nitrogen to replace soil nitrate diminishes
as applied nitrogen is increéSed rélative to soil nitrate while mairn-
taining a specifiedllevel of yield. Also, the results of the estimated
yield response function indicatg that the marginal rate of substitution
of applied nitrogen for soil nitrate is greater than one. For in-
stance, a 40 buéhel yield can be obtained with applied nitrogen-soil
nitrate combinations:varying from zero pounds of soil nitrate and 42.5
pounds of applied nitrogen to 140 pounds of soil nitrate and 2.8 pounds
of'appliedlnitrogen. Over this range of applied ﬁitrogen—soil nitrate
combinations, the marginal rate of substitution varies from 3.2 to 3.9.
The results point out a rather significant discrepancy between the
assumptioﬁs of the fertilizer recommendation model currently in use
by soil specialis;s and the results of the estimated response function.

The critical comparision is how much discrepancy there is in the
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economic outcomes of recommendations which arise from the use of the
two models. The results of such a comparison are‘presented‘in Table 10
Basicall?,-the constant rate of marginal substitution model (CMRS)
computes applied nitrogen requirements by multiplying estimated wheat
yield times two pounds of nitrogen per bushel and subtracting ts the
amount of soil nitrate available in the top fouf feet of soil.
It is evident that the CRMS model COnsistengly estima;es the
need for less applied nitrogen than the model based on the estimated
yield relationship. 'The main factor operating here is the assumption.
in the CRMS model that a pound of applied nitrogen and a pound of
soil nitrate are equivalent. The estimated economic consequences of
the two models are quite different, especially in the mid-range of
soil nitrate levels. Certainly, it is imperative that further research
and study be directed at estimating marginal rates of substitution of

applied nitrogen for soil nitrate.




TABLE 10

COMPARISON OF FERTILIZER RECOMMENDATIONS FOR CONSTANT MARGINAL RATE OF
SUBSTITUTION MODEL AND DIMINISHING MARGINAL RATE OF SUBSTITUTION MODEL

Level of Soil Nitrate (lbs. in upper 4 foot)

30 50 70 110 180
Item CMRS DMRS CMRS DMRS CMRS DMRS CMRS DMRS CMRS DMRS
Applied Nitro-
gen (1lbs./acre) 57.0 84.0 3720 3.0 170 70.0 0 57.0 0 33.0
Yield (bu./acre) 41.2 43.7 38.9 A3, 2 36.4 43.4 35,3 43.1 38.7 42,2
Return Over
Nitrogen Cost
(ROVC) ($/acre)* 29.24 - 32.13% 19.36. 26522 9.60..- 22,57 0 14.70 0 4.99
Difference in
ROVC ($/acre) 2.88 3.86 12594 14.70 4.99

*Wheat valued at $3.50 per bushel and nitrogen valued at $.22 per pound.

0S




Chapter 5

SUMMARY AND CONCLUSTONS

Data from 19 winter wheat experiments in south central Montaﬁa
were uséd to estimate yield‘and protein response equations. These
data were collected By Dr. Vincent Haby, soil scientist, Montana
State University, of the Southerp Agricultural Research Center,
Huntley, during the years 1976, 1977, and 1978. Thesg data consist
_of observétions from the first three years of a five-year study. All
experiments were cpnducted on dryland, summer faliow conditions. The
winter wheat variety at all éites was Centurk. Qbservations were made
on soil nitraté,'and.sqil water, both to a depth of four feet; April
through July precipitation, and soil phosphorus measured to a depth
of two feet. Fertilizer appliéation rates ranged from 0 to 89 pounds
per acre for nitrogen; 0 to 35.7 pounds per acre for phosphorus; and
0 to 85.6 pounds per acre for actual potassium.

Yield response wés estimated using a second degree polynomial
equation with an additive component error term. The estimation
technique.utilized maximum likelihood eétimators in a genefalized
nonlinear regression framework. Results from the estimation implied
a behavior for soil water and precipitation which were contrary to the
maintained hypothesis. Parameters for soil moisture showed ihcreasing
marginal response overlﬁost ranges of the data, Eut with increﬁental

response negative for. very low levels.. Results also showed increasing
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returns for precipitation well beyond the mean of 6.7 inches.

Results such as these are difficult to understand, but are
likely due to serious errors in specification. Soil water, which
has only omne measurement for each site, may be indirectly measuring
soil charac;eristics which vary across sites, such as permeability
and terrain. Similat exist with precipitation. Precipitation fall-
ing in April certainly affects yield differently than precipitation
occurring in July. Because of this, further research in this area
should separate precipitation into different time periods.

Due to the dubious results concerning soil water and precifi—
tation, these variables were combined info a total water variable.
Results stemming from this combination were little differént than
considering soil water and precipitation separately. Coﬁsequently,
water was eliminated from the analysis except as a component of
interaction variables with both nitrogen and phosphorus. -

The final equation estimating yield can be expressed as

Y = 18.954 + .12343 X1 - .00131 XZ

"+ .25199 X3 - .00301 X, + .10236 X5 - .00019 X

4 6
+ .58394 X7 - .00873 X8 + .00088 X9
+ 701778 X10 - i000§8 X9 - .0}129 X12
+ .00958 X13 - :02939 X14 - .00018 X15
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Where:

Y = Estimated Yield;

X, = Afplied Nitrogen (N);

1
X2 = N2;
X3 = Phosphorus (P);
X4 = P2
X = Soil Nitrate (SN);
X6 = SN2;
X7 = Soil Pﬂosphorus (SP);
X8 = SPZ;
Xg = N X P;
X10= N X Water;
X ;= N X SN;
X;,= P X SP;
X13= P X Wate;;
X14= Potassium (K);
Xi5™ K%
1] = random variation associated with the ith treatment at
location and time j; and
Zj = random variatién associated with different sites and/or

different years.

All resource inputs in this response function were characterized
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by positive marginal products followed by maximum yield and negative
marginal products. All parameter estimates were significant to at
least the .05 level except X14 and X15 accérding to the t-statistic.
14 and X15 were significant'at the .Olllevel according
to the likelihood ratio test,

The coefficient of correlation among treatments for'a given year
and 10cati§n, (the rétio of the variance of the 1ocatioﬁ—time specific
effect (0;) td the total variance (02))'was approximq?ely .87. This
implies that approximately 87 percent of the unéxplained variation was
due to heterogeneous sites and/or temporal effects. Howevef, inter-
mediate model specifications included an analysis limiting these data
to sites which were repeated at least two years. This analysis also
included dummy variables for'locaéibn. Comparison of the variances
and coefficients of.correlation between the two models indicates that
approximately 70 to 80 percenf of the unexplained variatibn in.the_
final model is.caused by heterogeneous sites. This result indicates
the importance of homogeneous locations in crop fertiiizer resfonse
experiments.

An alternative model proposed for gstimating yield response
utilized a multiplicative component disturbance term. This model
implies a direct proportional relationghip between the component

error term and the dependent variable, yield. A test used to measure

the appropriateness of this model suggested that the additive distur-~
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bance was at least as appropriate as the multiplicative disturbance.

| Fertilizer fecommendations were developed using the yield réséonse_
functién. In this analysis, potassium was not economic to apply at -
qurrent‘input and éutput prices and was_therefore éxcluded from the
analysis.

As expected, optimal rates of nitrogen application increased
as water increased, due to the intéraction between these two variables.
Optimal nitrqgen rates declined as soil nitrate_increasedf This result
was also expected because both variables serve the same biolbgical
requirements for the winter wheat plant. High levels of soil phos-
_phbrus also reduced thé optimal nitrogen application rates, although
the relationship was not nearly as dramatic.as between soil nitr;te
and nitrogen fertilizer. . -

Recommended application rates for.phosphorus were heavily depen-
dent upon the level of soil phosphorus. When soil phosphorus levels
were high, optimal phosphorus application levels were at or near zero.
The highest recommended rates for phosphorus occurred when soil phos-
phorus levels were low and water levels were very high.

In order for winter wheat producers to use these recommendations,
they must have accurate measurements of soil phosphorus, soil nitrate
and expected water. Soil water measurements and average April through
July precipitation can be used tq estimate expected water.

The model used to estimate yield was also employed to estimate
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protein. The maintained hypothesis for this study was that any inpgt
which increases yield would have a negati&e affect on protéin, with
the exception_of soil nitrate and aﬁplied nitrogen. The final model

can be expressed as

Y = 9.6052 + .040246 Xl + .000105 X

5+ .026521 X3
+ .000493 X4 + .018840 X5 - .000097 X6 - .000575 X7 .
- 000177 Xg - .015227 Xy + .000138 X, + W+ 2
Where:
Y = pefcent protein;
X1 = N; |
X2 = Nz;
X3 = P;
X4 = Pz;
X, = SN;
X6 =NXP;
X7 =N X W;
Xg = N X SN;
X9 = K3
X10+ K2; '
i3 = ranaom varigtion:a§sociated with the ith  treatment at
location and‘tiﬁe j: and
Z =‘raﬁdom'variation'aséociatedvwith different sites and/or
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different years.
In this protein response estimation, applied phosphorus had a negative
influence on protein over most ranges of the data. However, when
applied nitrogen was at the rate éf 44.5 pounds per acre, appliéd
phosphorus had a positive affect on ﬁrotein whén phosphorus appli-
‘cation rates weré abo§e 31 pounds per'acre; When nitrogen was at

/

lower levels, applied phosphorus had a positive affect at slightly
lower application levels. Similarly, potassium had a positive affect
on protein when applied at rates greater'than 55 pounds per acre.

Recommendations were not derived using a protein premium incor-
poréted with the protein estimation due to the lack of a solution
technique for the set of non-linear equations defining optimal ihfut
.use.

If a protein premium had been included in the analysis, optimal
rates of nitrogen application'wbuld be increased in. the above analysis..
Inversely, optimal phosphorus application fates would be diminished
and potassium wﬁuld require an even lower price to become economic.

Upon completion of bru Vincent Haby's five-year study, a complete
economic analysig shoﬁld be undertaken to help provide winter wheat
producers with accuratelinformatidn regarding fertilizer application
rates. 1In this énély5131 precipitation should be considered as differ-
ent Qariables debending upon when the'precipitation occurred during

the growing season. Soil water may also require different specifi-
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cations corresponding to different soil depths. Finally, although
protein premiums may vary dramatically from year to year, the'analysis

" should be completed with recommendations including a protein premium.
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Site Location and Year
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Site Location and Year

Site Location

Art Hansen Farm, Melville, MT

Don Herzog Farm, Rapelje, MT

Don Holland Farm, Rosebud, MT

Jim Larson Farm, Forsyth, MT

Clinton McFarland Farm, Molt, MT

Lloyd Mostal Farm, Rapelje, MT

Floyd Warren Corporation, Hardin, MT

Jim Larsen Farm, Forsyth, MT

Ken Sire Farm, Ballantine, MT

Harvey Warren Farm, Hardin, MT

Southern Ag. Research Center, Huntley, MT
Ken Hanson Farm, Melville, MT

George Fastlick Farm, Molt, MT

- Stan Logan Farm, Huntley, MT

Dennis and Charles Lee, Billings,uMT
Jim Larsen Farm, Forsyth, MT

Dick Keller Farm, Custer, MT

Ken Hanson Farﬁ, Mélville, MT

George Eastlick, Molt, MT

Year

1976
1976
1976
1976
1976
1976
1976
1977
1977
1977
1977

1977

1977
1978
1978
1978
1978
1978
1978
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Physical Response and Ecoﬁomic Optimization
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Appendix Table 1

Total Water

ESTIMATED YIELD OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Applied Inches
Nitrogen
Lbs. /Acre 9 11 13 15 17
0 3.7 3155 31.8 322 32.5 329
10 33.4 34.1 34.8 4l b2 36.9
20 35.4 36.4 375 38.6 39.6 40.6
30 7ol 3845 39.9 41.3 42.7 44,2
40 38.6 40.3 42.1 43.9 45.6 47.4
50 39.8 41.9 44.0 46.1 48.3 50.4
60 40.7 43.2 45.7 48.2 50.6 gl
70 41.4 44,2 47.1 49.9 D207 35.0
80 41.8 45.0 48.2 51.4 54.6 57.8
90 42.0 45.5 49.1 52.6 56.2 992
100 41.9 45.8 49.7 5346 3735 61.4
Exogenous Variables
Applied Phosphorus 17.8 Lbs./Acre
\ Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 2

PARTIAL DERIVATIVE OF YIELD WITH RESPECT
TO APPLIED NITROGEN

Total Water

Applied Inches
Nitrogen
Lbs. /Acre 7 9 11 13 15 17
0 .24 ol el .34 +38 .42
10 21 52D .28 32 « 35 a9
20 219 o2 s 20 «29 K .36
30 .16 .20 323 427 «30 .34
40 .13 L7 L) .24 .28 s 31
50 o .14 .18 o2} $25 229
60 .08 P 1) s19 L9 s 28 .26
70 .06 .09 o133 .16 ) 23
80 .03 .06 +10 .14 Sl s2k
90 .00 .04 .07 o 11 15 .18
100 -.02 .01 205 .08 212 s

Exogenous Variables
Applied Phosphorus 17.8 Lbs./Acre
Soil Nitrate 30.0 Lbs. /Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 3

ESTIMATED YIELD OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Soil Nitrate

Applied Lbs. /Acre

Nitrogen

Lbs. /Acre 30 50 70 90 110 130

0 % ) [ 3354 35.0 36.5 3758 38.9
10 34.5 36.0 375 38.7 39:9 40.9
20 370 38.4 3957 40.8 41.7 42.5
30 3943 40.5 41.6 42.5 43.3 43.9
40 41.3 42.4 43,2 44.0 44.6 45.0
50 43.1 43.9 44.6 4542 45.6 45.9
60 44.6 45.3 45.8 46.2 46.4 46.5
70 45.8 46.3 46.7 46.9 46.9 46.9
80 46.8 47.1 47503 47.3 47.2 47.0
90 475 47.6 47.6 47.5 47.2 46.8
100 47.9 47.9 47.7 47.4 46.9 46.3
Exogenous Variables

Applied Phosphorus

Water

Soil Phosphorus

Applied Potassium

17.8 Lbs. /Acre
10.1 Inches

14.0 Lbs./Acre
42.6 Lbs./Acre
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Appendix Table 4

PARTIAL DERIVATIVE OF YIELD WITH RESPECT
TO APPLIED NITROGEN

Soil Nitrate

Applied Lbs./Acre
Nitrogen
Lbs. /Acre 30 50 70 90 110 130
0 .29 .28 s 26 .24 by 22 .20
10 ol ey 2 Al .20 .18
20 <24 e 22 s2 L <19 17 o )
30 4| .20 <18 .16 .14 53
40 .19 217 + 15 .14 12 .10
50 .16 .14 «13 2 L1 .09 <07
60 .14 o 12 +10 .08 .07 .05
70 okl .09 .07 .06 .04 .02
80 .08 507 .05 .03 .01 .00
90 .06 .04 .02 .00 -.01 -.03
100 .03 .01 .00 -.02 -.04 -.06

Exogenous Variables
Applied Phosphorus 17.8 Lbs./Acre
Water 10.1 Inches
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 5

PARTTAL DERIVATIVE OF YIELD WITH RESPECT
TO APPLIED PHOSPHORUS

Applied Phosphorus

Applied Lbs. /Acre
Nitrogen
Lbs. /Acre 0 10 20 30 40 50
0 .19 ! L0)7) .01 -.05 -.11
10 .20 .14 .08 02 -.04 -.10
20 21 315 .09 .03 -.03 -.09
30 22 .16 «10 .04 -.02 -.08
40 23 el Si <05 -.01 -.07
50 2D w17 o 11 <03 -.01 -.07
60 .24 .18 Sl .06 .00 -.06
70 s s 19 13 .07 .01 -.05
80 .26 .20 14 .08 .02 -.04
90 Ay P | 13 .09 .03 -.03
100 «28 s 22 510 .10 .04 -.02

Exogenous Variables

Water 10.1 Inches
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs./Acre

Applied Potassium 42.6 Lbs./Acre
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Appendix Table 6

ESTIMATED YIELD OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND PHOSPHORUS

Total Water

Applied Inches
Phosphorus
Lbs. /Acre 7 9 1] 13 15 17
0 36.5 38.1 39..7 41.3 42.9 44.5
D 8755 39,1 40.8 42.5 44,2 45.9
10 38.2 40.0 41.8 43.6 45.3 47.1
15 38.9 40.7 42.6 44.5 46.3 48.2
20 39.3 41.3 43.3 45.3 47.2 49,2
25 39.7 4157 43.8 45.9 47.9 50.0
30 39.8 42.0 44,2 46.3 48.5 50.6
35 39.9 41.1 44 .4 46.6 48.9 a1l
40 39.7 42.1 44.5 46.8 49.1 51,5
45 38.9 41.9 44 .4 46.8 49.2 517
50 39.0 41.6 44,1 46.7 49.2 S1e8
Exogenous Variables
Applied Nitrogen 44 .5 Lbs./Acre
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 7

PARTIAL DERIVATIVE OF YIELD WITH RESPECT
TO APPLIED PHOSPHORUS

Total Water

Applied Inches

Phosphorus

Lbs. /Acre 7 9 11 13 15 17
0 .20 s22 .24 .26 220 .30
5 = A 21 .23 ) <27
10 .14 + 16 418 .20 222 .24
15 11| 13 slD 17 219 A
20 .08 310 s 12 .14 <16 <18
25 505 .07 .09 P i a3 + 15
30 +02 .04 .06 .08 .10 w12
3D -.01 .01 .03 .05 .07 .09
40 -.04 -.02 .00 .02 .04 .06
45 -.07 -.05 -.03 -.01 .01 .03
50 -.01 0.08 -.06 -.04 -.02 .00

Exogenous Variables
Applied Nitrogen 44.5 Lbs. /Acre
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs. /Acre

Applied Potassium  42.6 Lbs./Acre
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Appendix Table 8

MARGINAL RATES OF SUBSTITUTION
APPLIED NITROGEN FOR APPLIED PHOSPHORUS

Applied Nitrogen

Applied Lbs. /Acre
Phosphorus
Lbs./Acre 0 20 40 60 80
0 1.45 1.08 77 .49 .26
1.75 1.29 .90 .58 31
10 219 1.58 1.09 Al .38
15 2.89 2.02 137 .87 .48
20 4.19 25,76 1.80 12 $61
25 7.42 4.26 2:517 1593 .81
30 - 8,99 4.36 2.::32 1l
35 - - - 4.55 195
Exogenous Variables
Water 10.0 Inches
Soil Nitrate 30.0 Lbs./Acre

Soil Phosphorus 14.0 Lbs./Acre
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Appendix Table 9

MARGINAL RATES OF SUBSTITUTION
APPLIED PHOSPHORUS FOR SOIL PHOSPHORUS

Applied Phosphorus

Soil Lbs. /Acre
Phosphorus
Lbs. /Acre 0 10 20 30 40
0 .66 .70 si)D .85 S
67 Borih T .96 202
10 .67 o .85 1.34 -
15 .68 .76 1.03 - 4
20 .69 .84 4,78 - o
25 72 133 - e L8

Exogenous Variables
Applied Nitrogen 44.5 Lbs./Acre
Water 10.1 Inches
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Appendix Table 10

ESTIMATED PROTEIN OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND TOTAL WATER

Total Water

Applied Inches
Nitrogen
Lbs./Acre 7 9 3¢ 13 15 17
0 ) &S 955 955 985 s,
10 sil 9.8 9.7 47 957 9
20 10.1 1031 10.0 10.0 10.0 10.0
30 10.4 10.4 10.4 1083 1053 10.2
40 10.8 10.7 1057 10.6 10.6 10.6
50 1Ls2 1 118 B0 11.0 11.0 1059
60 i Es LS L10S ] K5 11.4 113 11,2
70 120 1159 Iy 11.8 i1 L7 1156
80 12:5 1254 23 1252 125 1 1220
90 11229 12.8 A 12.6 2.5 12.4
100 13.4 3.5 1352 135 13720 12.8

Exogenous Variables
Applied Phosphorus 17.8 Lbs./Acre
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 11

PARTIAL DERIVATIVE OF PROTEIN WITH RESPECT

TO APPLIED NITROGEN

Total Water

Applied Inches
Nitrogen
Lbs. /Acre 7 9 11 13 15 17
0 .03 <03 .03 .03 .02 02
10 .03 03 .03 .03 .03 .03
20 .03 .03 .03 <03 .03 .03
30 .04 .03 ¢03 .03 .03 .03
40 .04 .04 .04 .03 <03 .03
50 .04 .04 .04 .04 .04 .03
60 .04 .04 .04 .04 .04 .04
70 .04 .04 .04 .04 .04 .04
80 .05 .04 .04 .04 .04 .04
90 .05 .05 .05 .04 .04 .04
100 +UD .05 .05 .05 b .04
Exogenous Variables
Applied Phosphorus 17.8 Lbs./Acre
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs. /Acre
Applied Potassium 42.6 Lbs./Acre
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Appendix Table 12

ESTIMATED PROTEIN OF WINTER WHEAT AT SPECIFIED
LEVELS OF APPLIED NITROGEN AND SOIL NITRATE

Soil Nitrate

Applied Lbs. /Acre
Nitrogen
Lbs. /Acre 30 50 70 90 110 130
0 9.5 9.8 1032 10.6 10.9 B3
10 9.7 10.1 10.4 1047 1151 114
20 10.1 10.3 10.7 1150 1153 11.6
30 10.4 10.6 10.9 1152 1155 161557
40 10.7 11.0 112 11.4 1357 1149
50 14901 1153 LIS 1 1007 11.9 1251
60 1145 11.6 1148 1250 1251 1243
70 11.9 12.0 1242 123 12.4 12.5
80 1255 12.4 1243 12.6 12.7 12.8
90 12.8 12.8 12.9 13.0 1370 185
100 13,2 13.3 1343 1355 1853 13.4

Exogenous Variables

Applied Phosphorus 17.8 Lbs./Acre
Water 10.1 Inches
Soil Phosphorus 14.0 Lbs. /Acre
Applied Potassium 42.6 Lbs./Acre




Appendix Table 13

19

PARTIAL DERIVATIVE OF PROTEIN WITH RESPECT

TO APPLIED NITROGEN

Soil Nitrate

Applied Lbs. /Acre
Nitrogen
Lbs./Acre 30 50 70 90 110 130
0 03 .02 .02 .02 .01 «01
10 <03 <03 <02 .02 22 01
20 08 .03 .02 <02 .02 .01
30 03 .03 .03 A0 7 202 .02
40 .04 .03 .03 «03 202 .02
50 .04 .03 .02 .03 .02 .02
60 .04 .04 .03 .03 .03 .02
70 .04 .04 <3 .03 .03 .02
80 .04 .04 .03 .03 .03 .03
90 .05 .04 .04 .04 .03 .03
100 505 .04 .04 .04 .03 .03

Exogenous Variables

Applied Phosphorus

Water

Soil Phosphorus

Applied Potassium

17.8 Lbs./Acre
10.1 Inches

14.0 Lbs./Acre
42.6 Lbs./Acre
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Appendix Table 14

PARTIAL DERIVATIVE OF PROTEIN WITH RESPECT
TO APPLIED PHOSPHORUS

Applied Phosphorus

Applied Lbs./Acre
Nitrogen
Lbs./Acre 0 10 20 30 40 50
0 -.03 -.02 -.01 .00 <01 <02
10 -.03 -.02 -.01 .00 .01 102
20 -.03 -.02 -.01 .00 .01 .02
30 -.03 -.02 -.01 .00 .01 .02
40 -.03 -.02 -.01 .00 .01 .02
50 -.03 -.02 -.01 .00 .01 .02
60 -.03 -.02 -.01 .00 <0l .02
70 -.03 -.02 -.01 .00 .01 02
80 -.03 -.02 -.01 .00 .01 <02
90 -.04 -.03 -.02 -.01 .00 .01
100 -.04 -.03 -.02 -.01 .00 .01

Exogenous Variables

Water 10.1 Inches
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs./Acre

Applied Potassium 42.6 Lbs./Acre




Appendix Table 15
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ESTIMATED PROTEIN OF WINTER WHEAT AT SPECIFIED

LEVELS OF PHOSPHORUS AND WATER

Total Water

Applied Inches
Phosphorus
Lbs./Acre 9 1l 13 15 17
0 1153 1153 Plig2 112 g 5 R |
112 1152 ity | 11 oy 11.0 10.9
10 1§ 9| 11.0 1EvO 11,0 10.9 10.8
15 11.0 11.0 10.9 10.8 10.8 10.7
20 11.0 10.9 1023 10.8 10.7 10.7
29 10.9 10.8 10.8 1057 1057 10.6
30 10.9 10.8 10.8 10.7 10.7 10.6
35 10.9 10.8 10.8 10.7 107 10.6
40 10.9 10.9 10.8 10.8 1037 10.6
45 11.0 10.9 10.9 10.8 10.8 10.7
50 j ) B | P10 10.9 10.9 10.8 10.8
Exogenous Variables
Applied Nitrogen 44 .5 Lbs./Acre
Soil Nitrate 30.0 Lbs. /Acre
Soil Phosphorus 14.0 Lbs./Acre
Applied Potassium 42.6 Lbs./Acre




Appendix Table 16
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PARTTAL DERIVATIVE OF PROTEIN WITH RESPECT

TO APPLIED PHOSPHORUS

Total Water

Applied Inches
Phosphorus
Lbs./Acre 7 9 11 13 15 17
0 -.03 -.03 -.03 303 -.03 -.03
-.03 -.03 -.03 <03 -.03 -.03
10 -.02 -.02 -.02 s 02 -.02 -.02
15 -.02 -.02 -.02 .02 -.02 -.02
20 -.01 -.01 -.01 «O1 -.01 -.01
25 -.01 -.01 -.01 .01 -.01 -.01
30 .00 .00 .00 .00 .00 .00
35 .00 .00 .00 .00 .00 .00
40 .01 201 .01 .01 .01 201
45 .01 .01 .01 .01 .01 .01
50 .02 .02 .02 .02 .02 .02
Exogenous Variables
Applied Nitrogen 44 .5 Lbs. /Acre
Soil Nitrate 30.0 Lbs./Acre
Soil Phosphorus 14.0 Lbs. /Acre
Applied Potassium 42.6 Lbs./Acre




Appendix Table 17

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

£8

Price of Fertilizer
Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last § Revenue ($) Per Acre
$3.00 20.05* 51.9 91:1 0.0 1.00 52.58 32:53
15.00 49.5 68.2 0.0 1.82 45.47 30.47
10.00 45.8 45.4 0.0 2.63 34.26 24,36
$3.50 20.93% 5271 951 0.0 1.00 62.30 41,37
15.00 49.5 68.2 0.0 2512 53:05 38.05
10.00 45.8 45.4 0.0 3.00 40.09 30.09
$4.00 21.59*% 52:3 98.1 0.0 1.00 71.91 50.32
15.00 49.5 68.2 0.0 2.42 60.63 45.63
10.00 45.8 45.4 0.0 3.50 45.81 35.81

*Unlimited Capital

Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 70.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 25.0 Lbs./Acre
Water 14.0 Inches




Appendix Table 18

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

78

Price of Fertilizer
Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $ Revenue ($) Per Acre
$3.00 13.29% 40.2 60.4 0.0 1.00 27.59 14.30
10.00 38.8 45.4 0.0 1:53 23.42 13.42
$3.50 14.18% 40.5 64.6 0.0 1.00 38515 18.97
10.00 48.8 45.4 0.0 Y 27%33 17533
$4.00 14,.84% 40.6 67.4 0.0 1.00 38.59 23.75
10.00 38.8 45.4 0.0 2.04 31.23 21.23

*Unlimited Capital

Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 30.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 25.0 Lbs./Acre
Water 7.5 Inches




Appendix Table 19

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

Price of Fertilizer

Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $ Revenue ($) Per Acre

$3.00 35.10% 55.4 105.2 1956 1.00 76.46 41.36
25.00 51.5 93.7 756 1530 64 .84 39.84
20.00 49.2 86.5 1.6 1.45 57.96 37.96
15.00 46.4 68.2 0.0 2.08 49.45 34 .45
10.00 42.2 45.5 0.0 2.89 37.01 27.01

$3.50 39.89% 56.9 111.2 2543 1.00 94.39 54,50 %
30.00 53.6 98.9 13.5 1.34 82.80 52.80
20.00 49.2 86.5 1.6 1.69 67.32 47.62
10.00 42.2 45.5 0.0 337 43.18 33:18
$4.00 43.48% 57.8 115.6 29.6 1.00 F13073 68.25
35.00 55.4 109.1 19.5 1.34 101.81 66.81
25.00 515 93.7 .6 1.74 86.45 61.45
15.00 46.4 68.2 0.0 2.78 65.93 50.93

*Unlimited Capital
Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 48.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 14.0 Lbs./Acre
Water 14.0 Inches




Appendix Table 20

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

Price of Fertilizer

Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $ Revenue ($) Per Acre

$3.00 43.85% 58.0 115.0 30.4 1.00 94.71 50.85
35.00 54.6 104.0 19.9 1.26 84.68 49.68
30.00 52.4 97.8 3.9 1.41 77.99 47.99
25.00 49.9 91.6 8.0 1.56 70.55 %#5.55
20.00 47.2 85.4 2.0 Iee 71 62.37 42.87
10.00 39:5 45.5 0.0 5 g | 39.18 29.18

$3.50 48.65% 59.5 120.9 36.1 1.00 115.68 67.04 o
40.00 56.6 110.2 25.8 1.30 105.74 65.74
30.00 52.4 97.8 13.9 .65 90.00 60.99
20.00 47.2 85.4 2.0 2.00 72.76 52:.76
10.00 39.5 45.5 0.0 3.63 45,72 3502
$4.00 SZ2_23% 60.4 125.4 40.0 1.00 136.05 83.82
45.00 58.4 116.4 31.8 1529 127.78 82.78
35.00 54.6 104.0 19.9 1.69 112,91 77.91
25.00 49.9 91.6 8.0 2.08 94.07 69.07
10.00 39.5 455 0.0 4.15 52225 42.25

*Unlimited Capital

Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 30.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 9.0 Lbs./Acre
Water 14.0 Inches




Appendix Table 21

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

Price of Fertilizer
Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $ Revenue ($) Per Acre
$3.00 17.55% 38.8 50.5 10.6 1.00 27:11 9.517
15.00 3759 47.3 =5 1.08 24.47 9.47
10.00 36.0 41.1 1.6 1,23 18372 8572
$3.50 22,34% 40.3 56 .4 1653 1.00 36.82 14.48
15.00 37.9 47.3 e 1.26 28.55 13,55 <
10.00 36.0 41.1 1.6 1.43 21,83 11383
$4.00 25,93% 41.2 60.9 20.6 1.00 45.93 20.00
20.00 39.6 53 .5 135 1.24 39.20 19.30
15.00 37.9 47.3 T4, 1.42 32.62 17,62
10.00 36.0 41.1 1.6 .63 24.95 14.95

*Unlimited Capital

Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 70.0 Lbs. /Acre
Price of Phosphorus 61 ¢/Lb. Soil Phosphorus 9.0 Lbs./Acre
Water 7.5 Inches




Appendix Table 22

ECONOMIC COMBINATIONS OF NITROGEN AND PHOSPHORUS AT SPECIFIED LEVELS OF
WHEAT PRICE, FERTILIZER PRICE, AND CAPITAL AVAILABILITY

88

Price of Fertilizer
Wheat Per Capital/ Yield Nitrogen Phosphorus Return on Fertilizer Profit
Bushel Acre (Bushels) (Lbs./Acre) (Lbs./Acre) Last $§ Revenue ($§) Per Acre
$3.00 21.96%* 38.9 64.7 12.7 1.00 37.64 15.68
15.00 36.4 56,1 4.4 1,23 29.95 14.95
10.00 34,2 45.4 0.0 1.53 23.42 13.42
$3.50 26.75% 40.4 70.7 18.4 1.00 49.10 22535
20.00 38.3 62.3 103 1.24 41.56 21.56
15.00 36.4 56.1 .4 1.41 34.95 1995
10.00 34.2 45.4 0.0 k79 27533 17.:33
$4.00 30.34%* 41.4 75.1 22.7 1.00 59.96 29.62
25.00 39:9 68.5 16.3 121 54.05 29.05
20.00 38.3 62.3 10.3 1.41 47.49 27.49
15.00 36.4 56.1 .4 161 39.94 24,94
10.00 34.2 45.4 .0 2.04 31.23 21523

*Unlimited Capital

Exogenous Variables

Price of Nitrogen 22¢/Lb. Soil Nitrate 30.0 Lbs./Acre
Price of Phosphorus 61¢/Lb. Soil Phosphorus 9.0 Lbs./Acre
Water 7.5 Inches
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Physical Response Figures
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Appendix Figure 1

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED
YIELD INCREASES ON WINTER WHEAT AT SPECIFIED
PRICE RATIOS FOR PHOSPHORUS AND NITROGEN

Exogenous Variables

Soil Nitrate 70.00 1bs./acre
Nitrogen Soil Phosphorus 9.00 1bs./acre
(1bs. /acre) Water 7.50 inches

Base Yield 29.76 bu./acre

120

. Maximum Yield= 44, 38bu.
100 (50.50, 92.06)

y = 10bu.

y = 5 bu.
o 10 20 30 i 40 50 60

Phosphorus
(1bs, /acre)
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Appendix Figure 2

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED
YIELD INCREASES OF WINTER WHEAT AT SPECIFIED
PRICE RATTIOS FOR PHOSPHORUS AND NITROGEN

Exogenous Variables

Nitrogen Soil Nitrate 70.00 1bs./acre
(1bs./acre) Soil Phosphorus 25.00 1bs./acre
Water 14.00 inches
Base Yield 34.35 bu./acre
14q
Maximum Yield = 56.74 bu.
(36,655 1131.62)
20bu.
0 10 20 30 40 50 B0

Phosphorus
(1bs./acre)
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Appendix Figure 3

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED
YIELD INCREASES OF WINTER WHEAT AT SPECIFIED PRICE

Nitrogen
(1bs. /acre)

120

RATIOS FOR PHOSPHORUS AND NITROGEN

Exogenous Variables

Soil Nitrate 30.00 1bs./acre
Soil Phosphorus 9.00 1bs./acre
Water 7.50 inches

Base Yield 26.40 bu./acre

Maximum Yield= 44,54
(52,60, 106,32)

y= 5 bu.

4
0

10 20 30 § 40 50 60

Phosphorus
(1bs./acre)
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Appendix Figure 4

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED
YIELD INCREASES OF WINTER WHEAT AT SPECIFIED PRICE
RATIOS FOR PHOSPHORUS AND NITROGEN

Exogenous Variables
Nitrogen

Soil Nitrate 30.00 1bs./acre
(1bs./acre) Soil Phosphorus 25.00 1bs./acre
Water 7.50 inches
Base Yield 31.00 bu./acre
120
15 Maximum Yield= 42,48 bu.
0 (20.99, 95.61)

30 40 50 60

Phosphorus
(1bs./acre)
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Appendix Figure 5

COMBINATIONS OF NITROGEN AND PHOSPHORUS TO PRODUCE SELECTED
YIELD INCREASES OF WINTER WHEAT AT SPECIFIED PRICE
RATIOS FOR PHOSPHORUS AND NITROGEN

Exogenous Variables

Soil Nitrate 30.00 1bs./acre
Soil Phosphorus 9.00 1bs./acre
Water 14.00 inches

Base Yield 26.40 bu./acre

Nitrogen

(1lbs. /acre)
Maximum Yield = 63.56

(70.36, 156.59)

10

8 y= 30 bu.

20
y= 10 bu.
0 10 20 30 40 50 60 70
Phosphorus

(1bs./acre)
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