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ESTIMATING ECONOMICALLY OPTIMUM NITROGEN RATES BY
INCORPORATING NITROGEN SOIL TESTS AND MOISTURE
FACTORS INTO STATISTICAL WHEAT-FERTILIZER RESPONSE

FUNCTIONS ON CONDON S0ILS

CHAPTER I

INTRODUCTION
Fertilizer Use

For more than a century commercial fertilizers have played
an increasingly important role in the production of food and fiber
in the United States. In the earlier years of their use, ferti-
lizers contributed little to the increase of yieldsy in part
because of limited usage, inferior quality, and lack of underw
standing of proper application methods. Also, in ihe earlier
years of this country's growth the seils were not greatly depleted
from their "original” fertile conditions (22, p. 349-357).

The use of fertilizers in the United States has increased
from & million tons in 1934 to more than 25 million tons in 1958.
This phenomenal increase helps explain the "dynamics of the
agricultural supply function", Not only hae total fertilizer
use increased over this period but zlso there has been a rapid
increase in the percentage of the plant nutrient content. For
instance, the percentage of crop yield attributable to the use
of fertilizers in 1927 was estimated to be 16%. In 1954 the
estimate was 27% (5, p. 125). It seems remarkable that more

than one fourth of our nation's food supply comes from commercial




fertilizers.

The use of commercial fertilizers has significance beyond
the consideration of present food supply. Since fertilizers are
now being used to such a great extent, they have essentially
provided farmers with means of substituting for other limited
resources. Thus farmers can produce the same gquantity of food
with less labor, less land, less tractor fuel gnd less of many
of the other resources used in agriculture., The resources
which are no longer required to produce essential food and fiber
can be transferred into other industries, to produce appliances,
cars, highways, television sets, and other goods and services
deemed necessary in our economy. Tﬁna fertilizers might well be
regarded as éssential ingredients in our economic growth Mmix",
It is important that a continuing and adequate supply of them

be insured to future generations,

Nitrogen and Plant Growth

0f the various nutrient elements commonly applied to the
soil, nitrogen is the most abundant in nature. Although the
amounts of nitrogen available in the soil are often smpll, the
atmosphere contains enormous quantities. It iz estimated that
there are approximately 148,000 tons of atmospheric nitrogen
for every acre of land (22, p. 103).

This great abundance, however, does not insure an adequate

supply to plants in a form which is usable to them, In fact,
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nitrogen, in the form in which it commonly exists in nature, is
not usable by plants for nutritive purposes. Nature has, howe
ever, provided several methods of converting nitrogen into usable
forms. One important process involves the action of certain
symbiotic and nonesymbiotic bacteria which "fix" nitrogen in the
soil, Another process is involved with lightning during electric
storms., The nitrogen thus converted is usually brought to the
soil with rain which may fall during or after the electric storm,
A third "natural" process involves the decomposition of manures
of various types. 8till another source of nitrogen, in a form
usable to plants, is the combustion of fuels in our residential
and industrial furnszces. This is not exactly a natural source;
but it is, none the less, quite significant in some areas
(22, p. 120131, 292~297).

Much of the nitrogen in the soil is part of the soil organic
matter, but as such it cannot be utiliged by the plant. The
- organie maﬁter is decomposed by soil organisms which release
nitrogen or ammonia. These two forms are then oxidized into the
nitrate form of nitrogen. As might be expected, the action of
these organisms and the chain of events which yialds the nitrate
form of nitrogen is determined largely by conditions of meisture,
temperature and soil acidity, But nitrate nitrogen is transient
in nature, and the amount in the soil varies greatly in comparison
to most other elements (1, p. 7). fThese facts meke necessary a

greater concern with controlling the amount of nitrogen available




to plants than of most other commonly applied elements.

Nitrogen is a constituent of plant protoplasm and is theree
fore very much involved in plant growth. An adequate supply is
necessary for vigorous growth. However, excesses or shortages
can have depressive effects on yields. A4n excess of nitrogen
stimulates vegetable growth which may result in delayed maturity
and even a decrease in fruitfulness., Shortages, on the other
hand, may result in an elongation of root systems but a stunting

of total plant growth often cccurs {22, p. 103~105).

The Use of Nitrogen Fertilizers

Recognition of the importance of nitrogen to plant growth
and the need to supplement the available nitroga# in the soil
from an econonic and rgadily available source has caused a
tremendous surge in the "gonsumption” of nitrogen fertiliaers
in recent years. The use of commercial nitrogen fertiliszer in
the United States had increased from an average of about 484,000
tons of available nitrogen per year in the 1540~Ll944 pericd to
2,672,000 tons of available nitrogen in 1958 (30)., A similar
inerease has baan evident in Oregon where, during the same period,
the usage of available nitrogen from commercial sources increased
from 2,400 tons to 41,689 tons (30). The United States Department
of Agriculture e¢stimates that, for the five counties representing
the Oregon portion of the Columbia River Basin wheat area, approxi-
mately 1,333 tons of dry nitrogen and 9,046 tons of liquid nitrogen

were used in 1960, At current prices of these two fertilizer




types, the gross value of the fertilizers used in these five
counties might well be in excess of one and one half million
dollars per year. This represents a rather large expenditure
for a single resource to be used in this particular area and
might partly justify a concern for an economic utilization of

this resource,




CHAPTER 11
STATEMENT OF THE PROBLEM

The rapid increase in fertilizer use in recent years is due,
in part, to the existence of certain governmental acreage control
programs. Hconomically it has become more and more important for
the individual farmer to get large yields on reduced acreages
alloted to wheat growers. At the same time farmers have found
land values and consequently property taxes increasing. Labor
and machinery costs have also advanced rapidly. Because of this
Hcost-price” squeeze, farmers have had to think twice before

allocating resources in their production.

Risk and Uncertainty in Fertilizer Use

Even in the 1light of the well publicized costeprice mqueeze,
many farmers would do well to use more fertilizer than they are
now using because of the generally favorable ratio between
fertilizer costs and product received (3, p. 127). Yet many
farmers hesitate to use fertilizers because of the risk and
uncertainty /1 involved., Often they do not have a clear under-
standing of what responses can and should be expected from

fertilizer applications. This uncertainty exists partly because

4 For a recent example of an empirical verification of this
commonly believed notion, ¢f. Myron E. Writh. Production
Responses to Agrieultural Controls in Four Michigan Farmiug
Areas in 1954, Unpublished M.S. Thesis, Department of Agris
cultural Economies, Michigan State University, 1956. p. 46.



recommendations are often made in very general terms. When a
farmer tries and is apparently unsuccessful in obtaining expected
yield increases, his confidence in the recommendations, as well
as the value of fertilizers, is diminished, It will be seen in
chapter 7 that an application of 50 pounds of nitrogen under one
set of conditions will give sharp yield increases, whereas the
same application will give drastic yield reductions under another
set of conditions, The reasons for the differences in response
are probably numerous. However, the effects of some of the more
important factors can be isolated. With the isolation of these
factors it is possible to predict, with some accuracy, the most
economical application., If these predictions can be made with
"sufficient" accuracy, it is conceivable that more fertiliger
would be used than is presently being used; and, parenthetically,
it might bring a higher level of income to those benefitted by
this iaformation. If incomes in general did not rise from
further production increases, as is often the case in agriculture,
at least there would be certain resources freed to move into
other sectors of our economy.

For these and other related reasons it would seem that there
is a need for improved information to be given to the farmers
upon which their decisions might be based, 8Some of our research
must then be conceived in an effort to estimate more accurately
the underlying production parameters. In other words, in the

interest of helping farmers to reduce the risk and uncertainty
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involved with their many fold management decisions it should be
the responsibility of reserachers in the agricultural experiment
stations to define more clearly thejsignifieant variables in the
production function and specify as accurately as possible just
what the value of these production coefficienis are under
specified conditions. And even though we may not give the farmer
the coefficients of the production function, as such, we should
at least present him with recommendations based upon these more
closely defined variables.

Much of the work done in the area of soil tésting and crop
response has been to reveal the underlying physical relationships
that exist, ©Of course, knowledge of these relationships is basic
to the extension and correlation of our knowledge in eth&r related
areas, But it must alsoc be remembered that the gnd‘pra&uet of
most of our research is in economic applications. Still, much of
our research has lacked a basic economic¢ orientation. This is
to imply that researchers have sometimes failed ﬁc develop the
econonic imylicatiOns‘Of their results. Thus we have seen inform
mation relayed to farmers couched in terms of "maximum yield"
recommendations rather than in terme of an "economic optimum",
The importance of this stataﬁont need only to be mentioned to
be seen, for it is known that maximum yield reeemmenéatians

are seldom consistent with the goal of maximum profits.




CHAPTER IIX
OBJECTIVES OF THE STUDY
General Discussion

There has been considerable discussion and work done in an
effort to devise methods of analysis in production economics to
enhance the predicting ability of researchers by means of
statistical yield response functions. Some of the earliest
efforts in this regard were made in Towa using dats from the
results of single experiments (1), Of course relationships
deduced from the results of single experiments under specific
and local conditions are of questionable value when extended to
other conditions. A%t least such recommendations must be formulated
with extreme care,

It is possible to show, and it has been shown, that the
"average® production function generated from a number of experi-
ments over a number of years will give the best possible
estimate of the true relatiomship if no other information is had
in advance (5). If such experiments were formulated so as to
vary more than one factor at a time it might be that a Ybest
possible™ function (surface) could be estimated where these
factors were known in advance by the farmers. This ig to imply
that we might broaden the "base" of our experiments to include

several specific conditions thus giving us the advantage of
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having more applicability to éonditions encountered on many farms.
Experiments could be conducted over various soil depths while
simultaneously varying conditions of soil moisture, rainfall and
fertilizer applications, Thus the conditions might be simulated
wherein not only the direct effects of such factors as soil depth
and fertilizer application rates are observed but also the inter=
acting effeets of all of these conditions upon yields, fhese
interacting effects are often as important, or more important,
than the somcalled direct effects. Because of their significance
they have important bearing upon the effectiveness of fertiligzer
recommendations.

Any one of a number of things can happen to yields as a
result of the existence of certain conditions both from direct
effects and from indirect eoffects working through other variables
(25)s Recommendations which do not take into account the intere
action between variables can be very misleading. That iz, it
might be correct to recommend an increase in fertilizer applica~
tion based on a certain scil depth. But cther factors must be
congidered al the same time = such as a minimum amount of availe
able moisture or a eertain level of available nitrogen already

in the soil.

4 Basis for Better Fertilizer Recommendations

One of the objectives then of this study is to analysze

certain available data with the purpose in mind of developing
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and testing several types of yield predicting equations whose
accuracy would supposedly be enhanced by the incorporation of
geveral guantified factors related to wheat yields. Recommendae
tions relative to fertiligzer application rates in Oregon have
here to fore been based almost entirely upon a test for soil
nitrogen, él In some cases, either fall or spring soil moisture
has been considered in conjunction with this nitrogen test (20).
However, information is woefully lacking as to the effects
(especially the magnitude) of these and other important variables
on yield responges, While there is much confliet and uncertainty
with regard to optimum nitrogen application rates under various
soill and moisture conditions, there have been ﬁany experiments
conducted to detsrmine yield responses in which these factors
have been (by design) different but at the same time measured.

It seems appropriate to pursue this study at this time
because of the recent development of high speed electronic
computing equipment and statistical techniques which lend theme
selves to the use of puch equipment. These techniques and tools
while sallowing greater detail of analysis alsc permit predictions
with greater precision than would otherwise be poasibla. Also,

gome of the recently proposed methods of analysis need testing

[L A not unrelated question concerns the nitrogen soil test
itself, Nitrogen, as it is (and would be) available to the
plant during critical phases of the growing season, is
difficult to ascertain. Several methods are presently
ugsed but their limiitations are generally recognized., Howe
ever it would be useful (and this is & secondary product of
this analysis) to know which of these tests gives the best
basis for yield response predictions.
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for further clues as to their effectiveness and practicability
in future research,

Finally, a development of the economic implications will be
undertaken. This is to be in determining “economically optimum"
rates of application once the basic physical relationships are
explored and determined, Optimum rates will not be computed for
each model tested due to the unwieldiness of the task and because
it is unnecessary to make these determinations for models which
are later eliminated on the basis of other criteria. There would
be no justification in relying on the resulis of one predicting

system when it is known that a better one exists.
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CHAPTER IV
SOURCE OF DATA
Physical and Economic Conditions in the Area

Twomthirds or more of the wheat grown in Oregon is produced
in the Columbia Basin portion of the state. This areas is part
of a larger wheat ﬁradueing area, e¢xtending from north central
Oregon through eastern Washington and northwestern Idaho,
Generally favorable physical and economic conditions there have
led to a high degree of specialization in wheat production
(29, p. 3). For thig reason this area has become known as the
Oregon wheat area. In the lower rainfsll areas of the basin
where this study is more particularly centered, it is necessary
to store soil moisture by an alternative crop and fallow systen.
That is, after one wheat crop is harvested in the fall, the
ground sits with the stubble and straw until spring. The stubble
gives the ground the needed protection from wind and water
erosion. The following spring the ground is plowed but left
fallow. During the summer months this ground is tilled for weed
control and for retaining soil moisture into the following
autumn. Usually, the crop for the following year's harvest isk
planted in August, The wheat grows several inches above the
ground and has a fairly firm root system by the time winter snows

come. This root system gives the soil considerable protection
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against erosion from the winter rains and the spring runoff of
melting snow. With two seasons! moisture stored in this way, the
crop can aimeat be assured of maturing even if little or no rain
comes during May and June. Any rainsg which do come, however,

usually add substantially to the yields.

The Experiment

The data for this project was compiled from experiments
conducted in the above described ares by the soils depariment at
Oregon State University in cooperation with the United S8tates
Department of Agriculture. The original project from which this
particular data was extracted was conceived in an effort to pro-
vide a basis for accurate fertilizer recommendations under
specific conditions. The project entailed conducting experiments
in the wheat summerefallow area of the Columbia Basin country in
northeastern Oregon, This area included Umatilla, Morrow,
Gilliem, and Sherman counties. This aree offered a wide variety
of soil, temperature, moisture, and altitude conditions ideal in
such an inclusive project.

The experiment was conducted over a period of four years
beginning in the fall of 1953 and continuing until after the
harvest of 1957. Moisture, rainfall, soil conditions, and other
factors were obgerved and measurad‘thraugﬁ four complete growing
eycles, The relationships betwsen these factors and their

effects on yields were to be induced. A4s is suggested by the
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title of this thesis, this analysis concerned itself only with
Condon soils. Condon soils in this area range in depth from
two to five feet. Altitude conditions were from 1000 teo 3000
feet, Average yearly rainfall in these areas ranged from 10 %o
18 inches per year, most of which comes in the winter in the
form of snow and rain,

Each year during this experimental period there were from
eight to ten farms on Condon soils which cooperated in the study,
However, in several cases, important data were lost or not
gathered, In these cases it was either rainfall or spring soil
moisture readings arlboth. Consequently, nd all data from all
of the locations were usable in this analysis. A1l eight of the
locations were usable in 1954, seven out of eight locations were
usable in 1955, six out of eight in 1956, and in 1957, data from
nine out of ten locations were usable.

In 1954, the procedure, with respect to the nitrogen experie
ment, was to divide each location (farm) into nine treatment
plots, applying fertilizer on four of them in tha fall, and on
four of them during the spring. The one remaining plot was a
check plotj that is, no fertilizer was applied on it Each
plot of land other than the check plot received either 20, Lo,
60, or 80 pounds of available nitrogen per acre. The procedure
was the samgvbcth gpring and fall., The nitrogen applied in the
fall was applied just before planting. The plots previously

'mntreated were treated in the spring, usually in March. All
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applications were made by means of a belt type applicator.

The procedure was the same in the 195557 period except that
the locations were broken into 11 treatment plots. On the ten
plote used for spring and fall application, the rates varied in
increments of 20 pounds from 20 to 100 pounds per acre instead
of 20 to 80 as was done previously. Again one plot was used as
a check plot. /1 (See Appendix I for data).

Each fertilizer ireatment was replicated four times on plots
8 feet wide and 50 feet long., Farmers who applied fertilizer to
their own land were careful not to apply any on plots where the
experiment was taking place. Except for fertilization, all
Plots were handled as any other piece of land on the farm.

The farmer used his own tillage practices and tilled the experi-
mental area just as he did the remainder of his land, |

Soil samples were taken in the fall and in the spring. The
fall semples were gathered over a period of approximately one
month, generally Just before planting. Spring samples were |
gathered over a period of about six weeks., The conditions of the
access roads and availability of personnel made it impossible to
take all samples within a shorter period of time, Generally,
however, samples wore taken as soon as the experimental area
was accessible.

411l of the poll samples were taken from unfertilized
Plots in increments of one foot to a depth of five feet or bedw

rock, whichever came first. The data used in this analysis are

/L Check plot means that no nitrogen was applied.
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an accumulation of the contents of each (foot) increment of soil,
weighted egually, For instance, the amount of nitrogen found
in the seil at four feet was weighted just as heavily in the total
as was the amount found in the first foot of soil. Thus none of
the figures in this data represent a concentration of nitrogen or
moisture. Only when each figure is considered in relation to the
soil depth is there any indication of concentration.

Laboratory analyses of various types were made. The samples
were subjected to three nitrogen soil tests: (1) the nitrate
nitrogen test, (2) the nitrifiable nitrogen test, and (3) the
ammonia test. J1 Our statistical analysis considered each of
these three tests taken alone., It also considered combinations
of the nitrate nitrogen plus either the ammonia test or the
nitrifiable nitrogen test. Each soil sample was also tested for
its moisture content, The procedure again was to measure the
moisture in each foot of soil, and to sum the overall moisture
content in the entire soil depth. Thus the data include fall
and spring meisture readings.

Rainfall gauges were kept at each experimental site. These
were attended to by either the cooperating farmer or the local
county agent. The precipitation was recorded from the time the
spring soil sartos were taken up until the time at which the
grain begaﬁ to mature.

In summary then there are 30 different locations upon

/L Throughout this thesis the term "ammonia test" refers to a
test for ammonium nitrogen.
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which either 9 or 11 different "treatments" were made. There
are a total of 344 yield observations used in this analysis =
one from each treatment plot thus described., For each location
the analysis considered one fall moisture reading, one spring
moisture reading, one summer rainfall reading, and ten"different"
measurements of the nitrogen existant in the soil,

It would appear that there is available in the above
described experiment, data from an exceptionally detailed study.
It seems that it would thus warrant a correspondingly detailed

analysis which up to the present time has not been attempted.
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CHAPIER V
RESPONSE FUNCTIONS AND FUNDAMENTAL ECONOMIC RELATIONSHIPS
Choosing Appropriate Algebraic Forms

One recurring problem in estimating fertilizer response
functions relates to the choice of an appropriate algebraic form.,
A very large number of mathematical forms could be assumed for
the production function, Several general forms which have been
used in the past in analysis of fertilizer experimental data
are given herewith,

(1) The exponential function, The development and applicae
tion of this function is due largely to the work of Spillman (27),
Mitscherlish (23, p. 413-428), Hartley (9, p. 32-45), Baule
(2, p. 363~385) and Stevens (28, p. 247-267). A choice of this
function would imply that as fertilizer is added in units of
uniform size, yields increase st diminishing rates. This function
has the characteristics of approaching, asymptotically, a maximum
possible yield. The characteristic of approaching a maximum
yield in an asymptotic manner is often a distinct disadvantage
when nutrients are applied at very high rates. Particulerly is
this true in the case of nitrogen applications under certain
conditions., Here diminishing ylelds are often observed at high
rates of application,

Another disadvantage of this type of function is that it is
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very difficult to fit to data when several variables are included
in an analysis. However, whenever there is reason to believe that
an unknown asymptote is approached as the nutrient is added at
very high rates, an exponential function of the Mitscherlich-
Spillman type is clearly suitable,

(2) The Power Function of Cobb-Douglas function. This
funetion was first applied to the analysis of production data
by Professor Paul H. Douglas (7, p. 139~145). The general fornm,

bl ba bn
y = ax, 'xa gummm=—emy X 3 18 linear when appropriate

logarithmic transformations are made, In this function, y is
the predicted yield, %, are the fertilizer inputs, a and bi are
parameters to be estimated, The fact that this function can be
transformed to a linear form makes estimation of curvilinear
functions (with diminishing returns) possible with a very simple
least squares equation., This function can exhibit non-constant
elasticity, i.e., inereasing, decreasing, or negative marginal
returns. It will not, however, exhibit these properties simule
taneously with respect to any one input.

A major disadvantage of the Cobb-Douglas function is that,
when bi is greater than zero, the equation implies a continually
increasing yield with respect to that input factor. It reaches
neither a maximum nor a limiting output, Such an implication is
inconsistent with biological phenomena, particularly at higher

rates of nutrient application.
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Variations of the power function have been proposed and
investigated to overcome some of the obvious difficulties associa~
ted with the ordinary power function. Carter (6) proposed a
modification whick, while being more complicated than the Cobbm
Douglas function, would make the funciion somwehat more flexible
with respect to its shape. Halter (8 ) proposes a function of
the general form

a, b.x% a
¥ o= cxl le i lX

2 Po¥s a, bx

g ooy o I n& B "

n
in which y is the total output, Xyy Eygmemmemmy X ATE the
quantities of inputs, e¢ is the base of the natural logarithms and

Cy8y yayymmmmmm=y By Byy byymmmmmnn, b are parameters, /L This

Il’
function closely resembles the classical textbook production
function with the possibility of exhibiting increasing, decreasing,
and negative marginal returnsy it can show this singularly, in
pairs, or all three simultaneously. Again estimation of the
parameters of this function require extensive caleulations
especially when two or more inputs are considered, It would
ordinarily require programming for automatic calculating machines.
(3) Quadratic Forms. A simple parabolic function of the
form y = bo + bix + baxa, where a minue sign before ba would
denote diminishing marginal returns, does not impose the restrice

tions common to the power functions or the exponential functions.

/L YNote that this function is exactly the same as the Cobb-
‘ Douglas function when b is O,




22

s

S

It allows both 2 declining and a negative marginal productivity.
The addition of a éubic term allows the considerations possible
in the ordinary parabolic function plus the consideration of
increasing marginal productivity. Johnson(18, p. 528+529) con-
tends that the quadratic form is comparatively simple to fit by
least squares procedures and, at the same time, it gives results
which in many cases, are equally as good as other, more complim
cated, functions. Johnson, however, questions the logic, from
biological considerations, of implying that yiselds will decrease
from a maximum as fast as they increased toward a maximum,

A variation of the quadratic form, used by Heady, Pesek and
Brown (11) in an analysis of fertilizer data, took the form of
y =0y +bx+b, VX, This form also allows diminishing marginal
returns (though not constant) just as does the unmodified quadrate
ice This quadratic square-root equation produces a curve which
turns down more slowly than the quadratic parabola. This form
might conform somewhat better to the implicatiors of some biog=
logical lawsj however, the function increases very rapidly at
lower rates of nutrieint application. This biss may sometimes be
inconsequential, since seldom are gracﬁisal fertilizer recommendaw
tions made which would suggest very low application rates. That
is, farmers would not bother to make any application unless at
least 15 or 20 pounds could be applieds The quadratic parabola
may be easier to fit ithan the square root function in some case.

(4) Form free estimates. A possible approach to the problem
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of selecting the appropriate algebraic form is to formulate
discrete models which include appropriate qualitative restrictions
as suggested by Hildreth (4, p. 62-75)., In this approach the
investigator may forego the assumption as to form and regard each
distinct combination of independent varaibles as a different
treatment, related only through appropriate restrictions made
upon the variables.

The principal advantage of this procedure is that it avoids
some of the biases which may accrue if an inappropriate continuous
form is used. In some cases, when several types of functions are
fitted to the same data, the economic implications are vastly
different even though the conventional statistical criteria, such
as multiple correlation coefficients and tests of deviation, differ
very little., Hildreth (13) proposes certain procedures for obtaine
ing estimates of points on a production surface under the assunpw
tions that the inputs are subject to diminishing returns., Work

in this area is presently being extended.

Drawing Economic Implications from Estimated Response Functiouns

Once the asppropriate algebraic form ig chosen and the pre=-
dicting equation is generated, the economic implications can be
analyzed. There are many factors which should be reviewed by a
decision maker when confronted by problems of allocating scarce
resources among competing alternatives. We will here mention

only a few of the factors te be considered which are related to




2k
the problem of optimum fertilizer application,

For purposes of exposition it is helpful to assume that an
entrepreneur with limited resources will try to allocate his
resources in such a way as to maximize his total profit (gross
sales minus total costs), In order to do this he must allocate
his resource to each possible alternative (whether on the farm
or off) in such a way that the profit from each additional unit
of input in each enterprise is equal., This means that a farmer
with alternatives A, B, Cowmwmws N will put money, or other
resources, to work in his most profitable alternative A until
the point is reached that, if he were to invest one more dollar
in alternative A, the return on that last dollar would be equal
to the return he could get by putting the dollar (or other
resource) into the second most profitable enterprise B. Thus he
would continue to enlarge enterprises A and B to the point at
which one more dollar spent in 4 or B would return the same
profit as if he were to invest it in alternative C. In this way
he should expand the use of his resources, continuing in the
above manner to alternatives D, E,~wmmw=~~,N, until all resources
are spent or allocated. 1If this is done, his profit or net
income will in fact be maximized,

It is important to remark while passing that rarely, if
ever, do farmers or any other decision makers allocate their
resources in precisely this manner. Clearly no one has a certain

knowledge of what each existing alternative is, or what the
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return will be from another dollar, Entrepreneurs often have
rules of thumb, habits, "guestimations™, and hunches which tend
to more or less approximate this classic optimum,

Presumably the farmer would have some kind of production
function available which would indicate the returns which could
be expected from other available alternatives for his resources.
It is not always true that the farmer will have a well defined
production function available for each alternative or even one
which is formulated in mathematical terms. In fact, farmers
seldom have such information available., However, it is probably
safe to assume that they think in terms of some "mental approxima-~
tion" to a classical production function in that they have some
idea as to what return they can expect from a unit of resource
input in several existing alternatives.,

It is also true that for most purposes these vaguely defined
production functions are considered to be linear. That is, the
farmer might consider that, over the range of resource inputs
available for his use, a constant return of $.25 on the dollar
can be expected. This is opposed to the concept of a curvilinear
production function with diminishing returns which would indicate
that, over a given range of investment, the returns from each
additional unit of resource would decrease.

It is conceivable that farmers who have at their disposal
one or two well defined production functions and several vague,

mentally pictured ones, might still use profit maximizing
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techniques., Let us assume that a farmer was aware of his pro-
duction function for wheat with respect to the input of nitrogen.
If the production fnnctinn for wheat yields were a quadratic

function of nitrogen, such as (5.1) we would have in symbolss

Y= b+ b N+ sza + € (5.1)
where
¥ = wheat yield or yield increase over checkplot
N = nitrogen applied
e = an error term, assumed to be normaliy and independently

distributed, with mean zero and variance ¥ .

From well known principles of economics it can be shown that
for a production function such as Equation (5.1) a simple first
derivative set equal the inpute-output price ratic allows an
economically optimum solution.

If then, for the above described function, it was our pure
pose to solve for the value of nitrogen such that the profit
with respect to nitrogen was maximigzed, we would first take the
derivative of the function with respect to nitrogen. The next
step would be to set the derivative equal to the ratio of the
cost of a unit of nitrogen to the value of a unit of wheat.

Thus we would have

at/aN = b, + 2b

EH = FB/P,Y. (502)

Solving for N in this simple example we cobtain

N = P/P =D (5.3)

= .

2
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Since ba must always have a negative sign because of the necessary
assumption that any production function has decreasing returns,
the denominator has a negative sign. If we multiply the top and

bottom of the equation by a minus one, (~1),the equation becomes

N o= b =B/ Eﬁ
b2
where a positive sign is now used for ba. If no other information
about the true production function is available, an estimate of
the most profitable rate of nitrogen application can be made, if
the "correct™ values for P& and Py are used. "Correct® values
here do not necessarily mean the actual quoted price of elemental
nitrogen or the present or future price of wheat. It simply
implies that all costs relative to the nitrogen and its applica~
tion are comsidered. It also implies that all factors relative
to the value of an additional bushel of wheat are considered.
Let us examine first by concept and later by example

what this means.,

Ownership Status and Capital Position
One important consideration which should be kept in mind when
fertilizar recommendations are being considered is the ownership
status and capital position of the entrepreneur., If, for
instance, a specialized wheat farmer is an owner-operator,

does all his own work, has all his own machinery and eguipment,
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has plenty of capital and sees little incentive to invest
resources outside his particular farming enterprise, he will
presumably make decicions differently than he would if he were
a partecwner, a share cropper, or a year-to~year cash renter
with similar machinery, capital and investment incentives. 1In
fact, if any one or any combination of the conditions mentioned
above were changed significantly, there would be a tendency on
the part of the entrepreneur to alter his decision relative to
the inputs of factors of production.

To illustrate how a tenant and an ownerwoperator might make
decisions in situations which were identical except for ownership
status, consider a certain tenant renting on a 2/3 crop basis
while at the same time bearing all the costs of seed, chemicals,
fTertilizers and harvesting. That is, the tenant pays the owner
1/3 of the crop for the use of the land. Assuming the price of
wheat to be §1.80 per bushel, suppose that the tenant were to make
a certain fertilizer application which would increase the yield
by 10 bushels per acre, If he were receiving all the c¢rop, the
gross value of this yield increase to him would be $18.00., How=
ever, as a tenant, receiving only 2/3 of this crop, the value
of the same amount of yield increase (and therefore the fertilizer)
would be only $12,00., In effect the price of wheat to the tenant
in this second situation is only $1.20 per bushel,

If the argument is ¢lear up to this point, it is easy to

see that a farmer will judiciously apply less fertilizer in the
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situation where the effective price is $1.20, than he would in
the situation where the effective price is $1.80., This can be
recognized quickly by examining Equation (5.3) noting that as
Py is decreased from $1.30 per bushel to $1.20, the numerator,
and thus the value of the whole equation, becomes smaller,
Assuming the price of nitrogen to be $JEkpsr pound and the
values of b, and b, to be «267 and =,002 respectively, the
economic optimum for the owner~operator would be 50 pounds per
acre, whereas the economic optimum application rate for the tenant
under these conditions, would be about 42 pounds. Thus in general
it is safe to conclude that tenants who rent on a share crop
basis should apply less fertilizer than owner-operators. /1 1In
fact, one should reduce the F& in Equation (5.3) by a factor of
(1~s) where s is the share of crop retained by the teaant,

At this point it should be pointed out that not all rental
agreements will dictate the same strategy with respect to optimum
allocation of resources. In fact if the tenant discussed sbove
were renting on a cash basis he would follow the same economic
strategy with respect to fertilizer as an owner~operator with
the same capital position,

Often rental agreements include arrangements such that the
landlord stands part of the coste inveolved in such things as

chemicals and fertilizers. When this is the case, share crop

/L For a more complete analysis of farm management decision
theory related to ownership status, see (10. p. 487-638).
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tenants will now find that not only is the effective price of
wheat decreased but alse the effective price (cost) of the inputs
is decreased. If a landlord's share of the fertilizer was 1/4,
the effective cost to the tenant would be $.09 instead of $.12
per pound in the above example, The ratio Pﬁ/F& would now
effectively be .09 / 1.20 where the tensnt's share of the crop
was 2/3 and the market price of wheat again was $1.80, If the
landlord shared the same percent of the cost of fertilizer as he
received in crop, the price ratio FE/F&' given the above prices,
would be .12 / 1.80 or the same as that ratio used by the owner=
operator. This happens simply because the adjustmaﬁts in the
numerator and denominator of the ratio, Fh/Fy’ are equal and

therefore cancel each other out. /1

Application Costs and Harvesting Costs
For most situations where the farmer makes his own applicae
tion, it is accurate enough to consider that the labor and
machinery costs are no more for an application of 100 pounds of
nitrogen per acre than for 20 pounds. If this be the case it is
probably not necessary to make any adjustment in the ratio for

the cost of applying fertilizer, But suppose that a farmer hires

/L 1If a landlord agreed to pay all the costs of fertilizer the
~ effective price of nitrogen to the temant would be zero. It
would therefore, pay him te try to get so-called maximum
yields. This is probably the only case where "maximum yield"
recommendatious are valid,
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2 custom operator to apply the fertilizer., If the custom rate
is $2.00 per acre plus one cent per pound (the farmer furnishes
the fertilizer) the effective cost of the fertilizer is increased
by one cent per pound. This would tend to make the optimum
allocation solution slightly less. Nevertheless, the predicted
optimum rate would be expected to maximige the profit from added
nitrogen.

A similar consideration should be mentioned with regard to
the harvesting costs. If & farmer can harvest and haul off 50
bushel of wheat at the same total cost as 40 bushel of wheat then
no adjustment in the price of wheat, Py, need be made. But
suppose it costs $12.00 per acre plus $.20 per bushel to harvest
the wheat. Again the judicious farmer will reduce P& by a
factor of $.20 before solving for an economic optimum,

Some similar situations are reviewed in cxamples in Chapter
7 using the production function calculated from the dats found

in Appendix I,

Reliability of an Estimated Production Function

A note should now be made concerning the production function
itself., Even with a statistical production function developed
from many observations, there still remains a certain amount of
"gamble" as to whether estimated function is the Wtrue™ produce
tion function. Only if it is the "true" function will these

somcalled optimums be exact. If it is not the true function,
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in other words, if it does not always show the true relationships,
the expected optimum solutions will not, in fact, be truely
optimum, It is true that a statistical production function or
yield response function is not always the "irue® function simply
because there is always some discrepancy assogiated with the
predicted value as compared to the actual value. There may be
farmers who have experimented with different application rates
on their own farms sufficient to know approximately what responses
are to be expected. In such o case the farmer might well do
better to rely upon his own experience rather than upon recom=-
mendations based upon a mathematical equation derived from the
results of experiments on several farms other than his own,
However, in the situation where little or no information is had
relative to the true response function for a particular farm,
it would be best to rely upon a least squares estimaﬁa of the
true response function until more complete information is avail~

able for that particular farm.




33
CHAPTER VI
ANALYSIS OF DATA -~ PART I
Correlation Analysis

It is very often useful to examine the data to find whether
or not the measured observations are correlated with each other.
This often gives clues as to which steps to take in any subsee
quent analysis(26, p. 160), For instance, if two or more varie
ables are highly correlated it is often useful to drop one or
more of them from a regression equation so as to avoid a distor-
tion from the effects of comlinearity.

The gross ceefficients of correlation, for the data at hand,
are listed in Table 6.1. It will be noted that spring woisture
is correlated %ignifiaantly with fall moisture (.69). This ism
to be expected, in part, since the fall moisture content of the
s0il usually has a direct bearing upon the moisture content in
the spring. An even nmore significant correlation exists between
501l depth and spring moisture (.77). There may be at least two
reasons for this phenomenon. First, the‘measurements represent
total moisture readings over the range of the soil depth. Thus
if there were any moisture in the seil at all, it would be
roughly proporticnal to the depth. A second reason for the
existence of such a high correlation might be that deep soils

would not be expected to dry out quite s¢ much as shallow soils
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under the same conditions of wind, temperature and time periods,

Table 6,1 Correlation Coefficients,

Spring Seil  Spring Yield Yield Application

Moisture Depth Rainfall Increase /1 Rate of
Hitrogen

Fall

moisture .69* o53%  a hnEs «31* «,09 .02
Spring

meistu@’@ 07?* “.46** .56* 016 - .02
Boil d&pth "‘023 .65* o??l“" 0009
Epring

rainfall .03 «30* -o 0%
Yield «75% oLl
Yield

increase /1 .16

* Significant at 1% level or less.

** Significant if complete independence is assumedj not signifi-
cant if variables are completely dependent,

[L The increase in yields on the plots fertilized above yields
on plots not fertiliszed.

Also it should not be surprising that soil depth is more
highly correlated with spring moisture than with fall moisture.
This might be due to the fact that soil depth often becomes a
limiting factor in the storage of winter rain and snow., That
is, the winter precipitation is often sufficient to give a soil
all the moisture it can hold. This would tend to reduce the

variation in spring moisture readings between high and low winter
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precipitations. At the same time the moisture readings would be
forced to parallel the soil depth quite closely. On the other
hand, precipitation is seldom, if ever, high enough in this area
during the summer months, to saturate the soil completely.

The negative correlation between spring rainfall and the
other moisture factors seems to be due mainly to normal variations
in rainfall patterns which occurred during the four years of this
experiment. A high spring rainfall in one year was usually fole
lowed by a low spring rainfall the following year. For instance
in 1953 /1 the fall moisture readings were generally above
average, due, in part, to high rainfall during the previous
spring and summer. It happened that the precipitation was below
normal the following spring. It must be pointed out, if it is
not already clear from the description of the data, that the
noisture observations taken during any one year are not independw-
ent of each other since weather conditions tend to be somewhat
similar from location to location in this comparatively restricted
area. This fact will have significant bearing upon any con=
clusions drawn from subsequent analysis.

The correlation between yield and the fall and spring
moisture readings are also to be expected. This correlation is
probably because of the fact that high moisture readings were

generally found on deep solils. The fact that yields were high

JL Fall moisture readings taken in 1953 were correlated with
moisture readings in 1954 and the moisture readings taken
in 1954 were correlated with those taken in 1955, etc.



36
where moisture factors were high may have been caused by the
fact that deep soils can retain soil moisture for longer periods
of time., Note, in this connection, the very high correlation
between yield and soil depth and the low correlation beiween
yield and spring rainfall,

It is interesting to observe here that neither yield nor
yield increase is significantly correlated with the rates of
nitrogen applicationy at least this correlation analysis is not
sufficiently effective to detect a statistically significant
relationship between nitrogen application and yield., The
reasons for this should become apparent from the regression

analysis as it is developed.

Regression Analysis -~ Total Yield

It is interesting and often helpful to know that yield is
correlated with one variable or another. However, from an
economic decision making point of view, it is much more helpful
to know just how much yield can be expected from a given soil
depth, moisture reading, fertilizer application, and soil test
reading. /1

The method of regression provides a broad and often helpful
approach to this problem. It is broad because, within the frame-
work of regression analysis, there are an infinite number of

regression equations which could be proposed in an effort to

Zl ThiE Lerm Vsoil tésf‘reading“, unless otherwise specified,
will have reference to a test for soil nitrogen on plots
where no nitrogen applications have been made,
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estimate the underlying parameters involved in the production
function., Thus there is a problem facing the researcher of
determining the equation which ie in esome way best or better
than other existing alternatives. The basic goal in formulating
regression equations or predicting models is to formulate an
equation which best "characterizes" the data while at the seme
time conforms to known rules of statistiecal logic and the

implications of proven biological phenomena (15, p. 15).

Model Proposed for the Analysis

One mathematieal predicting model recently proposed and
currently receiving considerable zattention is an extension of the
ordinary "least squares™ quadratic polynomisl equation involving
added nitrogen as one of the independent variables. The extension
or modification of this rather basic model would be to consider
vield to be a function not only of nitrogen added but also of the
nitrogen already available in ﬁhesail‘k Thus yield is to be
considered a function of the total available nitrogen in the soil.
This consideration can be made in several ways, but the unigue
model presented here is that one proposed by C. G. Hildreth
(3, pe 176=186).

Hildreth suggests that if the nutrients measured in the soil
by various soil tests were exactly the same as those to be added,
and, if the measurements of the nutrients detected were accurate,
one should éoneluda that the total amount of mutwrient gvailable

in the soil would be simply the amount added plus the amount




38
measured, In order to determine the amount of fertilizer to
apply, the farmer on reseracher would first determine the total
amount of nutrient necessary for a given yield response. The
difference between this total amount and thet amount already
in the soil would be made up by an artifiaial application. The
applied nitrogen would be assumed to replace the deficiency
pound for poundj that is, if a 20 pound deficiency were noted,

a 20 pound application would bring the nutrient concentration up
to the desired level.

However, there is good reason to believe that there is a
chemical and physical difference between the nutrient in the
soil and the nutrient applied in artificial form. Furthermore,
the quantitative aspects of most soil tests are not well enough
developed soc that an accurate indication of the amount of nutrient
in the soil is given. Especially is this true in the case of
nitrogen, Hildreth therefore suggesis that for a specific soil
type and under certain conditions, a given amount of nutrient in
the soil might replace a proportional amount of the nutrient
added., If this is the case, then the total amount of nutrient
available in the soil can be regarded as the amount of nutrient
added plus the product of an unknown cénstant multiplied by the
amount of fertilizer detected in the soil. This written in
symbols would bes

T= F() +e (6.1)

N= n+ Ast (6-2)
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where
Y = total yield
N = total nuirient available in the soil

n = the amount of nutrient added

st = the soil test reading
A = the unknown factor of proportionality to be
determined
e = a random disturbance.

If Equation (6.1) happened to be of a linear form, then it would
be a simple matter to estimate, by least squares procedures, the
production function parameters and at the same time maintain the
conditions expressed in Equation (6.2). However, when the assump-
tion of linearity is dropped, as is necessary in order to deter-
mine economically optimum application rates, the procedure is no
longer straightforward or simple. Hildreth proposed certain
techniques for finding estimates of A . These are essentially
iterative procedures requiring use of highspeed electronic
equipment because of the burdensome computing procedures.
One such procedure suggested and used by Hildreth (14)

and followed in this project was to assume various values for

A over & range of possible values. For each A value assumed
a regression equation was computed. The purpose of this was to
converge on a value of A which would minimize the sum of squares
of the deviations from regression. One would select the range

over which the convergence was to be made by weighting such



Lo
factors as the amount of data, the type of model, the speed and
memory capacity of the computer, and the accuracy desired - all
of which must be commensurate with the money and time availlable
for the research, One might take extreme values such as three
at the upper limit and zero at the lower limit and move by
increments of any desired length toward an optimum. It is pose
sible that one could select rather large increments, say .5, for
the first "sweep” over the range. After examining the srror sum
of squares for these lambda values a smaller relevant range can
be isolated. The same procedure could then be carried out over
the newly isolated range and so on until the desired accuracy is
attained.

It would be expected that as A is changed within the “pos-
sible™ range of values the error su& of squares would also change.
If one were comparing different soil tests, one would note that
the error sum of squares approaches the same value as A ap~
proaches zero., This is because, at this value of A ,the pre-
dicting equations are exactly the same. N in the model is now
equal to n becsuse the effect of any soil test reading, no matter
how large or how small, is ignored., However, as A takes on
positive values, the predicting equation now regards the soil
test measurement as weighted by the value of A . Thus if there
is any relation between the soil test reading and the true or
actual amount of nitrogen available, the predicting equation

would supposedly be enhanced in some degree (the error sum of
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squares being reduced) until such a time as a minimum is reached.
This, then, is an iterative least squares estimate of )\ . At
this point, the accuracy of the predicting model is at a maximum,
It was apparent from the data being used and the known
capacity of the computer available for this project that the
following model should be fitted for the analysis. This is the

familiar quadratic polynomial where, for Condon soils,

?= By + BN + B,F + ByS + BD + BR + BNC 4 BN

+ BglN.S + Bgm‘y + B MR (6.3)

subject to restriction

H o+ )\ gt (602)

n

where
14 = the total yield

N = total available nitrogen in the soil after
an application

xf
11

fall moisture

n
4]

spring moigture
D = 501l depth

R = spring rainfall

N+F = nitrogen, fall moisture interaction
N.8 = nitrogen, spring moisture interaction
NeD = nitrogen, soil depth interaction

NeR = nitrogen, spring rainfall interaction
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t
i

an effect common to all variables in this
equation

Biy Byy==mBi4 . coefficients indicating the added effects due
to the respective variables

and where
n = amount of nitrogen added
A = constant of proportionality
st = the nitrogen soil test reading.

Resultse

This model was fitted to the data in Appendix I for each
of the six"different" /1 soil test readings. The value of the
error sum of squares for the model using four of the six soil
test readings are given in Table 6,2, The values are given at
the optimum value of A for each soil test., Also, values of the
regression sum of squares, the variance, and the coefficlent of
determination are listed., At the bottom of Table 6.2 is listed
the corresponding values for A = 0. /2

Note that when the spring nitrifiable nitrogen soil test

is used as a basis for prediction, the model seems to respond

Zl There were three tests made in the fall and three tests made
in the spring making six different tests. The analytical
procedure was the same in the fall and spring. The four
readings, which were combinations of the nitrate nitrogen
test and one of the other two tests, plus the fall and
spring smmonia readings, were not considered extensively
when, in the course of finding the optimum value of R , it
became apparent that the results would not be useful.

/2 VWhen A = O the value of the model is the same for each
soil test.
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Teble 6.2, Comparison of soil test readings,

Soil Optimum  Sum of Sauares of:  Variance K2
Test A Regression  Error
Reading o
Ly 2y ) B3 U 3 I 3
Nitrate F .3 2h20h 15966  47.9456 6025
Nitrogen 5 o1 23904 16266 43,3469 «5951
Nitrie F 2.3 25273 14897  Lh4,7357 .6291
fiable
Nitrogen S 3,0 28229 11941  38.8589 .7027
Ammonia fa F 1.5 26429 13741 41,2643 +6579
; § 2.0 27450 12720 38,1982 683
5011 Test o ' ' , '
Ignored 0 23897 16273 L48.868 + 5949

y£y Tamods vaiues not determined preeisély.' {See fast‘neﬁaygage 47)

most to changes in the value of A, Spring nitrate nitrogen,
on the other hand, seems to cause the model to respond least
when A is varied. One degree of freedom may be assigned to
A at its maximum value /L for purposes of testing to see
whether it improves the estimate of the yields. It is found
that neither the spring nor the fall nitrato‘nitregan soil
tests add any siggificant information when used as described
in the above model. However the other soil tests do add
significantly when added at their optimum A values, For the
model using the spring nitrifiable test there was s decrease in
the error sum of squares from 16273 to 11941 when A was set

at 3.0, This decreased the variance from approximately 49 bushels

/1l This asoignuent is arbitrary since no new informatior is
added, and technicelly it does not require a degree of
freedon,
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down to approximately 36 bushels. In terms of the standard devia-
tion this is a decrease of from approximately seven bushels to
gpproximately six bushels,

The values of the error sum of squares are plotted in
Figure 6.1 against the corresponding value A. Note that each
of the four functions plotted decreases to a minimum and then
begin to rise as ) increases in magnitude, The wide range of
optimum A values may be surprising. They vary all the way from
o1 in the case of the spring nitrate nitrogen test to approximately
340 in the case of the spring nitrifiable nitrogen test.

On the basis of the smallest error sum of squares it would
be concluded that the spring nitrifiable nitrogen test should be
used for predicting yields with this model. However, illogical
b values tend to throw considerable doubt upon this conclusion.
The regression coefficients estimated at the optimum values of

A can be seen in Table 6.3. Alsc in the same table are
listed the coefficients estimated at A = O, This provides a
convenient comparison of the five estimat&é of the b values in
the model,

Whenever any of the variables in a regression equation are
changed or dropped ithe corresponding estimates of the parameters
change., Thus, in the case of Equation (6.3), as A is varied
from zero to the optimum value of A for each soil test, the b
values change., The extent of the change is observable in

Table 6.3 by noting the estimates at A = 0 and comparing these
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Table 6.3. Estimates of parameters of Equation (6.1) where
four different soil tests were used and where the
soil test was ignored.

Soil Fall Spring  Fall Spring  Soil

Test Nitrate Nitrate Nitrie~ Nitri~ Test

Reading Nitrogen Nitrogen fiable fiable Reading
Nitrogen Nitrogen

Oytimu@ A (03) (ol) (2'3)‘ (300) ‘(0}

By ’8.5998 6.4393  19.0704 23;3290 6.3670 |
S8t, Error 4,630 3,774 5,847 5.792 34755

B, (M) - 11166 =, 16426 «, 21137 «,2943% &, 16545

St. error .0784 L0741 .0600 L0549 0739

B, (F) 1.4954 1.2154 3.,8164 4,6768 1.2154
St. error .7758 6545 1.071 .9180 652k
B, (8) 1.7482 1.6951 J05577  2.8498 1.6958
8t. error .8008 +6960 1.1321 <9433 6939
B, (D) 1.0548 2.2647 1.5760 =5.5358 2,2952
St. arror 10666 10411 3022 1.34 1.405

By (R) 05240 77510 =4.6493 -1,5155 + 77965
St. error .8702 L7311 1,253 1.049 ,7283

By (%) fL =.1322  ~.1349  ~.0L37h  .02096 ~-.13k2
St. error/l .0353 .0388 .0132 +0130 .0388

B

St. error .0108 0109 .0091 .00768 0109

(N.F) ~.03254 «.03400 ~,02758 ~.04900 ~.03415

BS (Ns8) .01238 .01648 01342  ~,00190 .01653
St. error L0115 .0118 0102 .0083 .0118

B, (N.D) 07753 207790 ~OU764 .10739 .07784
st. error .0381 0243 .0198 0165 L0243

B,y (N-R)  .OhL1O Ohlig2 .06010 .03766 04508
St. error ,0120 .0129 .0105 .00850 .02k

Zi Multiply each number in this row by 102 «
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of from 2,0 to 3,0, This is true in the models incorporating
fall and spring nitrifiable nitrogen as well as fall and spring
ammonia. /1 Of particular interest is the behavior of the
estimate of the quadratic effect of nitrogen. In the case where
the model predicted on the basis of a spring nitrifiable test,
the sign of the coefficient of N° was negative when A was less
than approximately 1.2, At values greater than approximately 1.2
the value of b6 was positive., In fact in each case the estimates
of the guadratic effect became smaller in absolute magnitude as

A increased.

The fact that the estimate of the quadratic effect varied
as muech as it did, as A went from zero to its optimum value in
each case, tended to throw doubt upon the reliability of the
model for purposes of economic analysis of this data. The pos-
sibility of such an analysis was almost completely destroyed

2 term in the spring nitrifiable nitrogen

when the coefficient of N
model was estimated to be a positive value, Also, the fact that
the estimates of other equally important parameters were somewhat
illogical caused an abandonment of this approach.

Thus only these few brief passing remarks are given to

indicate the results of this analysis. However, these results

/1 An accurate determination cf the optimum A value for the
model using fall and spring ammonia was not made when it was
decided that the results might not be useful. However, an
approximate value of A was obtained which is probably within
+2 or .3 of the optimum, BSince the estimate is not exact,
the estimates of the A values are not listed in Table 6.3.
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do not mean that this approach is inappropriate in this type of
equation. It does mean that this approach did not work very
well with this yield and soil test data which was highly variable

in many respects,
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CHAPTER VII1
ANALYSIS OF DATA » PART II
Regression Analysis - Yield Increase

This chapter describes and presents the results of a dif-
ferentjaypraoch to the problem of predicting yield response
functigns or surfaces. The alternative approach described in
this section incorporates the method of least squares, but
yredic%a the yield increase on a particular location rather
than t?e total yiold. [& Several advantages of such a procedure
come i&mediately to mind. For one thing, total yield is affected
by many factors which were not, or cannot be, adequately measured
under %endiﬁioas of these field experiments, Yield is not only
a fungtion of the varisbles measured for this study but it is
also Q function of such things as present and previous cropping
practices, presence or absence of one or many different types of
soil nutrients, lengths of growing season, temperature at
critiéal periods of growth (19), hail storms, and many other
imporéant factors., In an experiment over an extended area and
time,;all of the above factors vary from lecation to location

and fﬁom year to year. But they remain relatively constant

; \
é& : mentioned earliar yield increase refers to the difference
ﬁtween yield on a plot where no fertilizer ic added and the
yield on a plot where a given amount of fertilizer is added.
The yield increase data in this analysis are simply the
yields on each treatment plot minus the yield on each check
plot for each of the 30 locations,
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between different plots at the same location,.

If the yield incréase is considered the dependent variable,
the éﬂrect effects of such variables as rainfall, soll depth,
temperature, soil conditions, etc., are, for the most part,
excluded from the analysis. Thus, for the data, the only
variable with any direct effect upon yield response would be
nitrogen addition.

ﬁhere are, in addition to the direct effects of nitrogen,
certain indirect or interacting effects to be expected. The
only independent variable which changes throughout a particular
location, is nitrogen applications. The other variables {cone
stant for a location) would affect the yileld response through
the nitrogen application,

By simply subtracting the check plot yield on each location
from the yields at various rates of nitrogen application for
each iocation, the yield data are changed to yield increase
data.}égv Subtracting the check plot yield from each treatment
yield does not eliminate the possibility of predicting economice

ally optimum nitrogen application rates. In fact, one would

e , : ;
JL This procedure automatically gives a zero for each check plot
observation. In a regression analysis, the degrees of free~
dom must be decreased by one for each location. In fact,
for the data presented in Appendix I, the above described
procedure requires that the degrees of freedom be reduced
by two for each check plot yield since there is a fall and
a spring application check plot on each location. Thus
with 30 locations there are 60 arbitrary zeros in the yield
increase data. Therefore the number of degrees of freedom
are 344nm~66~1, where m ie the number of independent
veriables in the predicting equation.
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obtain essentially the same optimum prediction with ®yield
increase” data as with total yield data. This can be seen in
Figure Y+l where three arbitrary yield functiouns ay@~regreéented~
by A, B, and C and the aorresyonding yield increase functiions
are represented by AY, BY, and €f. The funciions are itangent to
the ﬁrica ratio line (Py/Pn} at a, 5, ¢y and aty, b?, cf
respectively, It will be noted {(and it can be shown from theory)
that a2 = a'y, b = b', and ¢ = ¢'. Thus it can be expected that
if the estimates of these factors are unbiased, the expected
value of the estimated economic optimum would be the same for

either procedure.

-
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Figure 7.1. A yield function, a yield increase function and
the economieally optimum solution.
There are at least three distinet ways in which a yield
increase predicting model can be constructed. First, the

predicting equation can be forced to go through the origin.
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This has a certain amount of logiecal justificatlon inasmuch as
it is known that the yield increase will be zero where no nitrogen
is applied., This procedure destroye the condition necessary for
obtaining an unbiased estimate of the B values. However, the
estimates are usually unbiased enough to be useable for all
practical purposes. /1

A second feasible procedure would be to let each funchion
go through a particular point (be) on the yield increase axis.
The estimate of the parameters by this procedure are unbiased,
but this advantage is offset somewhat by a loss of some logical
superiority.

A third prane&ura which can be used is simply to ignore
the zero values on the check plots and to fit a function based
on yield increases observed on plots where 20 or more pounds of
nitrogen have been added. This procedure gives a lower error
sum of squares than either of the two procedures discussed
above, /2 At the same time this method can be justified on the
groﬁnds that farmers are seldom interested in recommendations
below 20 pounds since the cost of application in such instances
is often more than the expected returns, However, the most

important disadvantage in this procedure from an economic

/L Using an unbiased procedure by fitting a yield increase
intercept did not change the results significantly with
the data of this experiment.

/2 The error sum of squares was not decreased significantly
by this procedure in the analysis.
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standpoint is that the zero yield observations (check plots)
are very important in determining the magnitude of the guadratic
effect. If theseMobservations" are ignored, the estimate of the
coefficient of the quadratic term tends to be a smaller absolute
magnitude. This can and does have significant implications on

any economic interpretations based on these estimated functions,

The Model Proposed for the Analysis

After the varicus advantages and disadvantages of the above
methods were weighed, it was decided that it would be best to
follow the procedure of forcing the function through the origin.
Furthermore it was decided that the data might best be explained
with a continuous parabolic equation. So as to provide for
considerationdf all the data available for this analysis the
following regression equation was proposed. For a given locaw
tion on Condon soils, and for a specific application tinme, 2x

the predicted yield increase function is

2
* ) e J s, ; &
%= bin, + bgai + biﬁi'St + byn,oF + bgn, +5

3

* BghieD # Bon eR 4 ban oA + bon, «D/st 4 e, (7.1)

9

wWiere /

%

i

expected yield increase from the application of 1
pournds of nitrogen per acre where i = Q, 20, 40,
50, 80, 100,

/1 This refers to either a spring application or a fall
application of nitrogen.
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n, = pounds of nitrogen per acre
st = a soil test reading in pounds of nitrogen per
acre
8 = gpring moisture reading in inches
F = fall moisture reading in inches
D = s50il depth in feet
A = one (1) when the nitrogen application is made
in the spring, O when the application is made
in the fall
bl = the estimated linear effect of one pound of
' nitrogen
b2 = the estimated curvilinear effect of one pound

of nitrogen

b3~—~—b9 = the estimated interaction effects of the
respective variables

& rvandom disturbance.

#

1

The above model allows a test of the hypothesis that yield
increase on a given plot, with a given amount of nitrogen applied,
is a gquadratic function of the nitrogen applied. At the same
time it allows a test of the hypotheses that a linear relation-
ship exists between the amount of nitrogen added and (1) the
amount of nitrogen detected in the soil before the application,
(2) the amount of fall and spring moisture in the soil, (3) the
depth of soil alone, (4) the depth of the soil relative to the
amount of nitrogen detected, and (5) the time at which the
nitrogen is applied.

The hypothesis that yield is a negative, curvilinear

function of nitrogen is essential for economic analysis. The
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quadratiec variable (nz) would be left in the analysis whether
or not it was later shown to be statistically significant,

The second hypothesis which can be tested in the above
model is that the pgreater the amount of nitrogen already in the
s0il, the less will be the yield increasing effect of future
additions of commercial nitrogen. Stating the contrapositive of
this hypothesis, we would say that the smaller the amounts of
nitrogen in the soil, the greater the yield increasing effects
of additions of nitrogen. The above model tests thie hypothesis
in two ways. First, the nitrogen soil test interaction term,
the way it is formulated in the model, would take a negative
sign if higher scil test readings were followed by smaller yield
increases. A second and proually aove realistic test is one
which makes yield increase a funciion of the "econcentration" of
nitrogen already in the soil. A little reflection will indicate
why this might be expected to be so. First, the various measure=
ments of growing conditions used in this analysis are all totals,
That is, they measure the total amount of moisture or nitrogen
from the surface of the soil to a depth of five feet or bed rock.
Thus, a deep soil mipht have & relatively high soil nitrogen
reading but at the same time have a relatively low concentration
of nitrogen per cubic foot of soil. For this reason it would not
be expected that the n~st variable would be able to "detect", as
it were, the same relationship as would a variable such as n+D/st

in the above model.
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It would seem that, if soil depth were divided by the soil
test reading, the resulting figure would represent a fairly
accurate index of nitrogen "concentration”, For instance, if a
3 foot soil had a relatively high soil nitrogen reading, say %0
pounds, the "index" would be relatively small (.0333). A very
small yield response would be expected from furkher application
of nitrogen. On the other hand, if a 3 foot soil had a soil
test of 10, a large index (.30) would result and, at the same
time, a dramatic yield response night be expected. Thus, if
this index were to indicate accurately the true concentration of
ritrogen in the soil, then the coefficient, bg’ should take a
positive sign. /1

A third hypothesis to be examined here stems from s knowledge
of the physical relationships between the activities of nitrogen
fixing bacteria and the soil moisture during the growing season.
8ince bacteria require an adequate supply of moisture it is expect-
a4 that ﬁqistﬁra levels would also have to be adequate. If moise
ture levels were not sufficiently high during initial periods,
yields could well be decreased by additions of nitrogen, This
relationship may not be true for all leveis of moisture, pariic-
ularly the vexy high leve1$§ but for the precipitation levels
meost common in eastern Oregon, it would likely hold true. The
hypotheses theu to be tested are that (1) spring seil moisture

and, (2) spring rainfall have yield increasing effecis.

21 Tt 18 conceivable That one of these indicators could complete-
ly overshadow the other in its importance in the model. This
would presumably happen when one of the two variables was
greatly superior to the other in the predicting equation,
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In addition to the consideration of soil depth in relation
to the amount of nitrogen present, a consideration of the soil
depth in relation to the soil moisture as it effects yield
responges to nitrogen., Generally, deeper soils hold greater
amounts of moisture, This extra moisture gives bacteria longer
"productive” periods and gives the plant greater growing poten-

tial., |Thus, for Condon soils, which are five feet deep or less,

in areas where sdequate moisiure during the growing is critical,
yield responses would be expected to be greater on deeper soils
and amaller or shallower soils.

Az for soil moisture in the fall, it is not well established
what its effect would be. Some researchers (4) have indicated
that a high moisture level is desirable in the fall s0 as to
insure maximum growth of the plant before winter snows come.
Other researchers suspect thet this wmay not Le the case, If

a high| fall moisture reading were tc be accompanied by a heavy
application of nitrogen, a rank growith would likely result
during| the fall and ensuing spring. The resuit in yields,
however, may be exactly the opposite. A rank stand of wheat
will require greater amounts of moisture to ensure maturity

of the| grain during the following swmmer. Therefore, il the
available moisture level was not high enough to sustain the
rank growth during the following summer, significant yieid

decreages might well result,
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Results

Evalua#ien of So0il Test Readings

In as much as one of the purposes of this study was to
evaluaﬁe the nitrogen soil tests presently available and in use,
the above described model was fitted separately for each nitrogen
test, In fact, since some recommendations are based upon a
combination of twe of these readings, these "combinations" were
also tested, There are presently three types of tests used to
detect soil nitrogen. The three tests are for nitrate nitrogen,
nitrif?able nitrogen, and ammonia. Recommendations are sometimes
made f%cm the result of adding the nitrate nitrogen test to the
results of the nitrifiable nitrogen test or to the ammonia test.
Thus our analysis covers essentially ten different tests - five
fall tgsts and five spring tests.

Ih Table 7.1 are listed the error sum of squares, the
variance, and the coefficient of determination for the model
where Fhe type of nitrogen soil test is varied over the ten
different alternatives. By comparing the values of the error
sum of squares or the variances, (noting the smallest values
in eac# case) it will be seen that the nitrate nitrogen test
seems to give the best results whether one is interested in a
fall or a spring application. In other words, where a spring
application is to be made, the results of this study indicate

that a nitrate nitrogen soil test reading should be used for
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Table 7.1. Summary of statistics for comparing the predicting

ability of Egquation (7.l1) using ten different
nitrogen soil tests.

o

Idenﬁi@y Season Error Variance RE Sum of Squares Standard
‘ 88 of Regression Deviation
Nitraté Fall  8686.5 31,5873 “.580 12018.2 5.6203
N§§:§Zé Fall 8794,5 32,0964 .575  11910.2 5,665
Nitrogen Spring S415.4 30,7128 594 12289.3 545419
Ammonia Fall 9ohh7.2 34,4785  .5kh 11257.5 5.8718
Spring 6851.2 25.0041 ,669 13853.5 5.0004
Nitrate
plus Fall 9187.7 33.5679 .556  11517.0 57938
Nitri=- Spring 9214.7 33.6300 ,555 11490.0 5.7914
fiable ;
NLlratt  Fall  9510.1 3h.7081  .5HL 111946 5,891k
foenia  Spring 7968.5 29,0818 .615  12736.2 5.3928

purposes of making application rate rccommendatians. The variance
of the model using the spring nitrate reading was 21.7342 as
compared to 25,0041 where spring ammonia was used. The poorest
indication of nitrogen present, based on its ability to predict
yield response through this model, is nitrate nitrogen plus
nitrif;able nitrogen with a variance of 33.6300. Thus the‘syéing
readings in order of their apparent superiority are nitrate
nitrogen, ammonia, nitrate nitrogen plus ammonia, nitrifiable

nitrogen, and finally nitrate nitrogen plus nitrifiable nitrogen.
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T@e results of this study would give no justification for
the us% of a fall soil test reading to predict yield responses
from a spring application if a spring reading can be obtained.
This is seen by comparing the variance of the model using a soil
test tﬁken in the fall with the variance of the model using the
corresponding soil tests taken in the spring. In almost every
case the variance is higher where a fall reading is used in the
model, The only justification for the use of a fall reading
would be if it were impossible to obtain a reading in the spring
before it was time to make the fertilizmer application. Then it
would be better to use a fall reading rather than to use no
indiecapor at all.

If a fall application is desired, the results of the fall
nitrate nitrogen test should be used. /1 The variance where
this reading was used was 31.587% as compared to 32.0964 when
the faﬁl nitrifiable nitrogen test was used and 33.5679 when a
combinﬁtion of a nitrate nitrogen and nitrifiable nitrogen test
was used. The poorest indicator of nitrogen present is apparently
a nitrate nitrogen reading plus a test for ammonia. The variance
in this case was 34,7081, It might be added, however, that as
far ag fall readings are concerned there is not much basis for

favoring any one of these indicators aven though, from the

JL It would be impossible to use a spring reading to indicate
the optimum rate for fall application unless the results
of a test made in previous years was relied upon. However,
this model has no basis for using the results of readings
other than current ones.
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evidence posed here, the fall nitrate nitrogen test has a slight
superie#ity.

The Predicting Equation Based upon the Spring Nitrate Nitrogen
Soil Test Reading

Since both fall and spring nitrate nibrogen readings seen
to perform best through this predicting equation, these two
equations may be examined in greater detail, In particular,
since tﬁe spring reading appeared to be the better of the two,
it will be considered first, The equation, with its appropriate
coefficients, is

% = -.272581-.0011383 n® ~.022291nF + .021837n3
(7.2)

+ +055816n°D + ,035568n°R + 1.09273nD/5t + .039221n*A

The nitrogen soil test interaction variable was deleted from the
model wgen an analysis showed that its added effect was not
statistically significant. The above eguation lists only the

coefficients which are significant at the 5% level or less. /1

Fall Moisture

The expected independent effect of fall mocisture acting
through one pound of nitrogen would be to decrease the yield
by .0223 bushel for each inch of fall moisture. If fall

moisture were acting through 50 pounds of nitrogen the expected
/L The coefficients of Equation (7.2) are listed in Table 7.3
along with their respective standard deviations.
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Table 7»2. Estimated regression coefficients and corresponding
standard deviations for two predicting eguations.

Independent _Bausticn (2.2) . e Baw
Variable Estimated Standard  Estimate 1
Regression Deviation  Regression Deviation

—0tfficient Coefficient

n -\ 27258 02973 - 1458 03959
n® /a -.11383 .02089 -.13522  .02513
nest Ja — e ~.13685 02408
ne¥ -, 02229 .00420 -,02820 - 00503
nes ,021.8% .O0k49 01695 00539
neD 05582 00964 07958 JOL134
n.R 03557 .00438 04763 00574
n.D/st 1.09273 08340 wiren o
neA 03922 00866 ,03922 .01.050
la Kultigly each nuﬁﬁer‘in thie f&w‘ﬁy 10:é to get the actual

value

decrease in yield would be 1,115 bushels for each inch of fall
moisturas

The sign of this coefficlent adds weight to the suspicions
of those researchers who suggest that excessive growth in the
fall reduces yields. BExcessive fall moisture however, will
reduce yields only if soil and moisture conditions are inadequate
the folleowing springe. For inst-nce, if we note the coefficient
of the neS variable we see that with 50 pounds of aitrogen, the
yield will be increased by 1.092 bushels for each inch of spring

rainfall., Thus, if all other things are constant in the equation,
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and spring moisture is only slightly greater than fall moisture,
there will tend to be @ net increase in yield from the effects

of these two moisture variadbles,

So0il Depth

Soil depth is by far the most important physical feature
ir determining yield respouses on Condon soils. This is seen
by examining the b value related to soil depth alone and thee
b value related to the soil depth~goil test ratio. Assuming for
a moment that farms A and B had exactly the same moisture
conditions, the same amount of nitrogen in the soil, say 30
pounds, and soil depth of 3 and L feet respectively., The
expected yield response from a pound of nitrogen on farm A would
be ,277 bushels whereas the response on farm B would be .369
bushels. 7The effect then of this particular foot of soil is to
increase the yield by about .108 bushels for each pound of
nitrogen added. With a 50 pound application, there would be a
difference of approximately 5.4 bushels per acre in favor of the
L foot soil.

& careful examination of Equation {7.2) will reveal that a
difference in soil depth of one (1) foot will not always be
expected to induce the same difference in yield response. The
variation will be due to the relationship between the soil depth
and the so0il test readluge For instance, referring again to the
above example, if farms 4 and B both had 100 pounds of nitrogen

in the soil, the expected effect of an addition of 50 pounds
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of nitrogen would be to increase the yield on farm B by 2.3

bushel per acre more than on farm A.

Nitrogen in the Soil

The relationship of the soil test reading and soil depth is
shown in Figure 7.2 where yield increase is plotted against soil
test readings at various soil depths. The conditions under which
these relationships hold true are typical of those found in this
experiment = specifically, three inches of fall moisture, four
inches of soil moisture and 2.5 inches of spring rainfall. This
figure shows the expected response at a 30 pound nitrogen applica~
tion rate, It will be seen that for deeper goils generally higher
yield responses are expected. For instance a five foot soil with
a soil test reading of 20 pounds is expected to show approximately
a 12 bushel yield inerease from a 30 pound application rate.

If the soil test indicated 100 pounds rather than 20 pounds, the
expected increase would be approximately five bushel.

Shallow soils, on the other hﬁna, tend to show lower respon~-
ses from nitrogen application, although very insignificant yield
increases can be expected if the nitrogen content of the soils
is sufficiently low, For instance, a two foot soil with a soil
test reading showing 10 pounds of available nitrogen would likely
respond as well as a five foot soil with 100 pounds of available
nitrogen., However if shallow soils (2 feet or less) have more
than 50 pounds of available nitrogen, a decrease in yield is

expected from a 30 pound nitrogen application.
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Figure 7.2. Predicted yield inerease from a 30 pound applica=
tion of nitrogen under average moisture conditions
on Conden soils.

Application Time

It appears from the analysis of these experiments that a
spring application of nitrogen is almost always followed by
higher yields than is a fall applicétion where made on Condon
soils., Noting the coefficient of the spring application variable

in Equation (7.2) and Equation (7.3) we see that the expected
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yield increase from a spring application over a fall application
would bg approximately .0392 bushels per pound of nitrogen
added, Therefore, for an application rate of 40 pounds, the
yield increase due to spring application alone would be anywhere
from .7 bushel to 2.4 bushels. /1  If the .0392 represents the
true average yield increase per pound of nitrogen because of
spring application, the average yield increase at 50 pounds would
be about 1.6 bushels, When wheat sells for §1.80 per bushel, a
spring application is expected to be worth about §2.88 per acre
more than a fall application. At higher levels of nitrogen
application, the value of a spring application is greater. At
lower application rates a spring application is worth correspond-

ingly less, according to the model.

Spring Moisture and Spring Rainfall

The expected effect of an inch of spring rainfall working
through a pound of nitrogen is to increase yields by .0756
bushels per acre, Through 50 pounds of nitrogen the expected
effect of each inch of spring rainfall is to increase ylelds by
about 1.,7784 bushels, Thus if two inches of rainfall comes after
a spring application of 50 pounds of nitrogen it might be

expected that 1.778 more bushels per acre would result than if
/1 This is a statement of the 95% confidence interval. It is
assumed that conditions measured in this experiment are
unbiased estimates of the real conditions. It must be
noted that the procedure of testing several models in order
to select the best model indutes bias into the estimates
of each paramester,
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only one inch of rain fell. Spring soil moisture tends to have
a yield increasing tendency, Acting upon zn application of 50
pounds of nitrogen, each inch of moisture in the soil, at the
time when a spring soil test reading is usually made, will tend
to increase yields by 1,0918 bushels.

An interesting comparison can be nade between the value of
various moisture factors and other physical factors. For pure
poses of comparing the effects of fall moisture, spring moisture,
soil depth, soil test, spring rainfall, and spring application
of nitrogen, the fact that each of these works thpough nitrogen
can be ignored, This is simply because, for any prediction,
the value of n in Equation (7.2) is the same., Thus we see, from
a comparison of the b values, that the effect of one inch of
fall moisture will be offset only slightly more than an inch of
spring moisture., Two thirds of an inch of spring rainfall will
offset the yield decreasing effect of an inch of fall moisture.
In terms of expected yield increases, an inch and a half of soil
moisture in the spring is worth asbout one inch of rainfall during
the growing season. A spring application of nitrogen iz worth
about one extra inch of spring rainfall or an inch and a half of
spring soil moisture. The comparison between soil depth and the
other variables is a little more difficult since its effect is
shown in two ways. However, it appears from an investigation of
several other models in which the soil depthesoil test ratio was

excluded, that an extra foot of soil is worth roughly the equivalent
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of two inches of spring rainfall and three inches of spring

moisture,

Estimating Spring Rainfall

When considering yield response predictions based on
Equation (7.2), a special consideration must be made with referw
ence to the spring rainfall variable. Spiing rainfall is obviocusly
unknown at the time the decision is made to apply fertilizer.

It can either be ignored or it can be estimated. In either case,
the variance associated with the prediction will be somewhat
greater than that variance indicated in Table 7.1. If rainfall
can be estimated with some precision, the results, in terms of
predicting accuracy, will be enhanced,

It may be that some farms guite consistently get more pPre-
cipitation in the e¢ritical spring months than other farms, This
may be becsuse ofytheir favorable locations with reference to
established rainfall patterns. The lecal weather bureav may have
information which would be helpful in determining expected spring
rainfall in a particular area. Very often there are general
long range predictions which would cover the period in question,
If no information is available, or if it is not considered worthe
while to obtain this information, the average value for the
rainfall measurements taken in this experiment may be used. This

value is 3,41 inches.
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Predicting Equation Based upon the Fall Nitrate Nitrogen Soil
Test Reading

If for some reason it is considered desirable or necessary
to make an application in the fall, based upon a fall nitrate
nitrogen soil test reading, Equation (7.3) can give some useful
puidance with respeci to the amounts to apply and the respouses
to expect. The predicting equation, with the appropriate
coefficients, is

T, = -, 1445850 =,00135220° ~.0013685ns5t =,0282050.F

, (7.3)
+ «016950n8 + .079582n+D + O47630neR + .039224n.4

As was mentioned earlier, the results of a fall nitrate
nitrogen test can be used to indicate the optimum amount of nitro=
gen to be applied with a spring application. 1If this is done,
Equation (7.3) should be used. In thés case the spring applica=
tion term, A, takes the value of 1, Generally, however, it is
expected that the use of this egquation would be limited to the
situation where there is either some definite known advantage in
making a fall application or where there is some practical neces=
sity involved in the decision, In the latter case the 4 term
takes a zero (0) value. This simply ignores the ne4 term in
the equation,

From an examination of the coefficients of Equations (7.3)
and (7.2) it will be seen that there is a general agreement as

to the implied relationships between variables. A spring
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application of nitrogen is worth roughly the equivalent of an
inch of rainfall, At the same time about two~thirds of an inch
of spring rainfall offsets the yield decreasing effects of an
inch of fa2ll moisture. An additional foot of soil is worth
roughly one and onewhalf inches of spring rain.

The so0il depth-soil test ratio did not appear to adé any
significant information when the fall nitrate reading formed the
basis of the ratio., However, the fsll nitrate nitrogen soil test
did add a significant amount of information when inésrgarated
into the equation in the form of a linear interaction term
involving nitrogen applieatisn. The implications which can be
drawn from both equations are roughly equivalent with respect to
nitrogen present in the soil., Both eguations indicate that soils
which have a high nitrogen content respond less to further nitro-
gen applications. However, the spring nitrate reading apparently
detects something that the fall nitrate test does noty that is,
the statistical analysis is able to detect a gquite logical
relationship between available nitrogen and soil depth when the
spring nitrate nitrogen test is used, The fact that the variances
of the prediction is lowered further substantiates this conslusion.

Inasuuch as the spring soil meisture réaéing is not known when
the decision to apply fertilizer is made, an estimate of spring
moisture must be made. An equation was developed which would pre=

dict spring moisture on the basis of the soil depth and the fall
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moisture readings. The eguation for this prediction is, /J1

8 = 51087 F + 1.11598 D (7.4%)

where all terms are defined as in the original model, This can
be put directly into Equation (7.3) in the place of the spring

moisture term. The new egquation thus formed is
Y, = =.1445855n =,00135220° -,0013685ne6t =,0195453n F

+ J0984972neD  +,0476299n4R (7.5

The spring rainfall must be estimated for Equation (7.5)
for the same reasons that it was necessary to estimate rainfall
for Equation (7.2). Again historical data relative to the partic=-
ular iocation may be useful in determining rainfall expectations.
Long term forecasts may not be as accurate where the forecast
interval is approximately ten months when a fall application is
to be made as compared to three months when a spring application
is to be made,

The mean, variance, and standard deviation for the yield
increase at each treatment level is given in Table 7.3. Note
that there is an increasing variation in the yield response as
nitrogén rates are increased., This table indicates that if
yield response estimates were based solely upon the mean value
of the yield response at the 20 pound treatment level, the

estimate would be within approximately 7.34 bushels of the true

L The variance asssociated with this equation is 1.136 and the
correlation coefficient R is 0.8k,
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Table 7.3, Summary of statistics showing estimated confidence
limits of yield inecreasc estimates based on the
average yleld increases from each treatment rate on
Condon soils.

-

Preat- Avermge  Standard (¢ ¢25)s 95% Confidence

ment yield Varisnce deviation ' * _limits .
level  iIncrease | Upper  Lower

20 3,565 14,0356  3.746%  7.3429 10,908  =3,778
Lo 5.328 47,5107 6.8928 13,5099 18,838 8,182
60 5.417 74,0380 8.6045 16,9649 22,282 ~11,448
8o 4,690 92,2070 9.6024 18,8207 23,511 -1h,131

100 k,261 140.5056 11.8535 23,2329 27.494% «18,972

response 95% of the time. If the yield response estimate were
based solely upon the mean value of the responses at 40, 60, 80,
and 100 pound tre#itment levels, the estimates would be within
approximately 13.51, 16.86, 18.82, and 23.23 bushels of the true
responees respectively, 95% of the time.

Yield response estimates which do not take into consideration
the various moisture factors and soil conditions tend to leave a
considerable amount of question as to the true application
response, In other words, a farmer is taking quite a chance when
applying fertilizer based upon recommendations which have not
considered soil and moisture conditions. Some farmers obviously
would do well to apply 100 pounds of nitrogen per acre, whereas
others would do well to apply ncha at all. At 40 pounds,
which is the approximate average economic Ooptimum rate of applica-

tion, some farmers would lose not only the $4.80 nper acre for the




72

cost of nitrogen, but also about $20 per acre fpr the decrease
in yields, Another farmer, applying 40 pounds, would get an
increase of about 25 bushel per acrej but if 100 pounds had been
applied, an increase of 35 bushel could have been obtained. Not
having applied the extra 60 pounds would have cost him §10 per
acre when compared to the economic optimum. Of course, it is
not possible to predict with any model exacily what the true
response will be. Thus, there will continue to be a gamble
associated with recommendations based on almost any criteria.
The point is that the uncertainty can be significantly reduced,
when recommendations are based on the resulis of this study.

The coniidence interval of % for Equation (7.2) and Egquation
(7.5) would be extremely difficult to compute in the usual
manner (26, p. 442), The difficulty arises from the fact that
each variable in the predicting equation changes for each
treatment level. Furthermore, the usual procedure assumes that
the variance is equal throughout the treatments, An éxamination
of Table 7,3 will show that the variance is not at all equal.
Therefore, a more direct method for obtaining an estimate of the
confidence interval was devised. The method followed was to pre=~
dict first the yield increase from each of the 34k different
sets of conditions. From each predicted value was subtracted the
actual yield increase value corresponding to each individual
set of conditions. The result, of course, was the familiar

(?i “?i) or deviation from regression. The deviation squared
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and summed over each treatment level is an estimate of the error
sum df squares. From this procedure the data in Table 7.4 was
obtained,

Table 7.k, Confidence interval /1 of the yield increase
estimate,

TreatgenF
level

(i deviation .
I ‘ = —
20 % 2.9447 547716 2.9973 5.8747
Lo | L, b299 8.6826 5.0601 9.9178
60 | 5,1337 10,0621 6.0514 11.8607
80 ; 5.7367  11.2k39 6.8822 13.4891

100 543057 10.3992 7.6030 1%,9019

[l Confidence interval is given by ﬁ; + (t 025)% *

@i lus or ainus(t.gaﬁ)s gives the interval within which

95% of the true wvalues fell. Thus, for predictions at 20 pounds
of nitrogen based upon Equation (7.2), the true value fell within
about 5.8 bushels of the predicted value 95% of the time, At 40
pounds the predicted values were within about 3.7 bushels of the
true valye 95% of the time. Similarly for Equation (7.5) the
true valdes fell within ?i plus or minus(t‘025)s (column 4)
95% of the time.

Altﬂaugﬁ there is considerable risk involved with so called
optimum nitrogen rate recommendations based upon either Equation

(7.2) or (7.5} %the risk would be greatly reduced from
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recommendations based on an average yield response function
fitted to nitrogen rate applications alone. This can be seen
forcefully by comparing the standatd deviation of Tables 7.3 and
Tolta

ﬁt is interesting in this connection to make an estimate of
the ability of the model to predict across locations. A sample
of niQe locations was drawn and the yields on each of the four
replication plots on each treatment rate were obtained. From the
total sum of squares of this data was subtracbed the treatment
sum oﬂ squares and the replication sum of squares., This left
the replication by treatment interaction sum of squares which,
after appropriate diviesions, gives an estimate of the variance
of the mean yields. The estimate of the variance by this method
was 64023 bushels. When this amount is compared to the estimate
of the deviations from regression in our best model (21,7342
bushels for the spring nitrate nitrogen reading) an estimate of
the ability of the model to predict across different locations
is obtained. If the model was a perfect model the twe estimates
would be the same. Since they are not equal in this case (6.023
versus 21.7342) we conclude that the model is not highly success=
ful in going across locations. At least the greater part of the
variaﬁicn is locational rather than within treatments. This
coularmean that the varisbles measured in this analysis are not
suffiﬁiently accurate or inclusive enough to eliminate the

compo#ent of variation due to locational differences. Thus
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there is considerable model by location variation. This does not
indicade that the nmodel is not useful for predictive purposes.

It sim%ly weans that there is considerable improvement which can
be mad% in beth the model and the measurements of factors

gffeetﬂng yields.

Presentation for Practical Application

It is easily recognized that, for the most part, very few
farmerq or fertilizer dealers are willing or able to solve either
Equation (7.2) or Equation (7.5) for optimum solutions. For this
reason p simpler method of finding a solution was formulated.
The siqplified method takes advantage of the fact that most of
the relationships in the equation are linear. Equation (7.2) and

similarly Equation (7.5) can be expressed symbolically as

.1 (b) + b.F + B8 + byD + bR + b,D/st + bgh) + bgn‘? (7.6)

Since the b's in the above equation are constant, the value

of that part of the equation inside the parentheses would be

constant if each of the variables (F, S, D, R, st) were defined
%o have a particular value. We could conveniently call the
enclosed part of the Equation (7.6) "K_" {or K; in the event
Equation (7.5) were considered). Thus, for any defined values
of soiﬂ depth, fall moisture, spring moisture, expected spring
rainfall, and soil nitrogen reading, Equations (7.2) and (7.5)

cah be expressed as
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i @; =n (K, + bn) (7.7)
and
B, =n (8, +bm) | (7.8)

Specifically, K_ represents the solution for the linepr
pgrticﬁ of Equation (7.2) for specific values of fall moisture,
spring moisture, soil depth, expected spring rainfall, and a

springfnitrate nitrogen reading. The k. value likewise represents

£
specific values for the variable factors; however in this case,
only t@e soil depth, the fall moisture, the fall nitrate nitrogen
reading, and the expected rainfall need be considered. For
ccnvenience, the K values have been computed and tabled, Each
variab}e is tabulated incrementally over a relevant range

while %he others are held constant. The K values are listed in

Table 7.5, The K, values are listed in Table 7.6.

i
The four sections of Table 7.5 represent 2, 3, 4, and 5

foot soils respectively. Bach column in each table represents

specified fall and spring moisture readings. Within each column

ere three tiers representing low, medium, and high spring rainfall

expectations. /1  Each line within a tier represents a spring

nitrate nitrogen soil test reading. The values of these soil

tests range variously from 10 to 100 pounds of nitrogen per acre.

4&; X %alues for low, medium, and high rainfall expectations
are computed by using 1.5, 2.5 and 3.5 inches respectively
in| Equations (7.2) and (7.5).



Table ?.5.

K values

Fa}l Moisture

Sgring Moisture

Rainfall Soil Test

10

20

30

Low 40
o 80

70

10

20

30

Medium Lo

50
70
10
20
30
High 4o
50
70

$all Moisture

Spring Moisture

Rainfall Scil T&st

~ 10

20

30

Low Lo
‘ 60
8o

10

20

30

Mediunm Lo
60

80

ic

20

30

High 40
60

~ 85"

Fall Nolsture

Sgring Moisture

Rainfall Soil Test

20
30
)

Low 50 19

' 70 ,

90 .55
20

Hedinm 50 530
90 9
20 ; 96
30 521
40 j :

High 50 o 2hh 277 >
70 252 '

, . D0 2 :
Fall Folsfure — A= R )
Spring Moisture. 55 ~ em /o 5" 1M
Rainfall Soil Test _ (501l Dep | R

50 : 5L 5776 003 ; 35 : =
Lo « 2666 <2994 3321 L2552 2880 . .32@? « 2766 . 309% 3421
50 «2393 L2720 «3048 «2279 «2607 « 2934 . 2493 .2820 «3148
Low 60 . 221;. . 2538 . 2866 . 2{}9‘? . 2&’2&‘ © 27 53 . 2311 . 26 38 42956
80 #1983 e 2311 «2638 . ,1869 «2197 2524 .2083 2811 «2738
100 +1846 #2174 «2502 «1733 « 2060 «2388 o1947 2274 + 2602
30 o347 «2805 Jz2 03363 +3691 018 ¢ 3577 $3905 k232
ko 23022 L3349 «3677 «2908 «3235 3563 3122 3449 3777
50 2748 ,3076  J3BOh 2635  .,2962 L3290 L2849  ,3176 3504
Medium 60 . 256$ < 2891‘}‘ . 3221 . 31*55 . 2?83 . 3168 . 2666 » 2994 i5322
8o « 2339 « 2666 « 2994 .2225 «2553 +2880 » 2439 + 2766 «3094
100 «2202 +2530 22857 «2088 2416 o 2743 «2302 «2630 «2957
30 3833 4160 L4838 L3719 JL40h6 3T ,3933 L4260 Lh588
4o 3377 W3705  LhO32 (3265 (3591 L3919 L3477 3805 4133
High 50 <3104 3432 3759 «2990 «3318 3646 3204 «3532 «3859
60 22922 « 3250 #3577 «2808 <3136 3463 3022 +3350 « 3677
80 2694  ,3022  .33k9  .2581  ,2908 @ ,3236  .279%  .3122 L3450
100 °2§g§‘ 22885 .3213  .ohbh  .2772  .3099 _ .2658  .2985 ~ ,3313
-J
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8o

Table 7.6 each column represents a specified soil depth

and a spfcified fall moisture reading., The tiers and lines are

the same

Wit
(7-7) an
determin

Taking a

and

Setting

and solvy

and

when sig[

always b

E

es for Table 7.5,
h Equations (7.2) and (7.5) expressed in the form of

g (7,8) it is a sinmple matter to derive equations to

the economically optimum nitrogen application rates.
vantage of each function with respect to n, we get

X (7.9)

8

ﬁ%ﬁ?

+ 2b.n
P8

&y ¢

o= X + 2b.n (7.10)

i

pach equation equal to the nitrogen~wheat price ratio

ing for n gives us the optimizing equations

1

-p /P
— (7.11)

#

(7.12)

& are changed to account for the fact that ba must

minus, Since the value of zbais constant, Equations

{(7.11) and (7.12) can be further reduced to
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n = K ~P /P

_ﬁgﬁﬂﬁguzg_z_ (7.13)
~.00258

for spring applications and

for fall

B o= Ko~ By /.?
0027

(7.14)

applicatidns., With Equations (7.7), (7.8), (7.13), and

(7.14) dérived, a wide variety of information can be obtained

rather egaily.

To illustrate the use of Tables 7.5 and 7.6 with Egquations

(7.7)5 (748), (7.13), and (7.14), one may take a simple exanmple

and work
with the
in knowi

spring n

Boi.

Fal
Spr
Spr
Exp

The

would be

out several solutions. Suppose, first, that a farmer

following information available to him is interested

g what the likely yield response would be from a given

trogen application

depth 4 feet
. moisture reading 5.2 inches
ng moisture reading 6.0 inches
ng soil nitrogen reading 20 pounds/mcre
cted rainfall 245 inches

tabulated Ks value, cowresponding to the above data,
+3169. This value is found in Table 7.5, section 3,

column 7, tier 2, line 1 within this tier. The value of the fall

moisture

reading in the table for this example would be 5 inches
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since J1 it is closest to 5.2 (the actual value of the reading).
With the value of Kg a farmer can now compute the expected
Yield respounse for a given range of nitrogen applications by
using Bouation (7.7). /2 The expected value at 50 pounds in

this example would be

= 50 [.3169 - (,001138) 50]

= 50 [.3169 - .0569]

= 50 [.26] = 13 bushels/acre
The expected yield inerease for 60 pounds would be

@; = 60 (3169 = ,0683)

= 60 (.2486)

= 14.9 bushels ?er acre.

Other golutions at other rates of nitrogen application may be
made by simply changing the value of n in the equation,

By using Equation (7.13) the farmer can predict the most
economilcal rate of nitrogen application. Assuming that the price
ratio of nitregen te wheat (Fh\/ F&) is $.12 / $1.80, the optimum

sclntiqn is simply

i

= 110 pounds/acre.

{1 If |greater accuracy is desired, straight line interpolation

may be used.

2 1t must be remembered that Table 7.5 is only to be used in

- connection with Equations (7.7) and (7.13) while Table 7.6
is [to be used with Equations (7.8) and (7.14),
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a farmer had determined to make a fall application and

at the same time had the following information available to him,

that is,

he would
appropri

value ig

s0il test of 20 pounds.

expected
8.8 bush
is 65 po
ratio is
in order

In

ate Kf value in the above illustration is .2434,

els per acre,

Soil depth L feet
Fall moisture reading 5¢2 inches
Expected spring rainfall 2.5 inches
Fall nitrogen soil test reading 20 ppunds

use Table 7.6 to find the appropriate K. value. The

This
found in column 9, tier 2, line 2 corresponding to a

The solution in this example, fer the
yield increase from an application of 50 pounds, is

The optimum application rate of nitrogen

unds under the assumption that nitrogen-wheat price

$.12 / $1.80. (The reader can verify these solutions

to make sure he follows the procedure,)

accordance with the principles set down in Chapter V,

what a qarmer should do under certain economic conditions can

easily b

nakey ij
only 80%

that he

& SEells

Suppose, for example, that a particular decision
a tenant who pays all fertilizer costs but receives

of the crop for his own disposal. Suppose, further,

has a shortage of operating capital such that he feels

he can make a fertilizer investment only if each dollar spent

has an expected return no less than $1.50.

To

ratioc s9

solve this problem, one would simply adjust the P / E&

that it met the restriotions which are set. The farmer




would m

new
, Fn /

Thun the

conditi

If the |

was seb

rate wo
to ﬁle

o13h3.

8h

pltiply P by 1.50 and would nmultiply the F& by .80. The
/ P& would be

= 0125

.18 / bk

solution for the optimum application rate under these

Ins would bey for a fall application,

= 31184 = &k pounds
<0027

Lonant had to bire the wheat harvested and the custom rate

-

at & constant rate per acre plus §.10 per bushel, such a

d reduce the "effective™ price of wheat to the tenant

3IT making the nitrogen-wheat price ratie $.186 / $1.34 or

The optimum application rate in this case would now be

Lo peanég per acre. 4 verification of these results will be

helpful
It

conditid

in mzking sure that the principles are understood.
is to be remembered that different economic and physical

ns will effect different scornomic sslutions. Bome

e@onami% and some physical conditions may be inconsequential and

thus waa

However,

rrant no special consideration in an optimum solution.

such things as ownership status, capital position, the

price

a signif

*
nents e

tio of nitrogen to wheat, and the type of rental agree=
tered into often require special consideration and have

ricant effect on any management decision. These consider-

ations should be made in accordance with the principles set down

in Chapt

cer Vo
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CHAPTER VIII
SUMMARY AND CONCLUSIONS

There is much uncertainty with respect to the question of
proper nitrogen application recommendations. This uncertainty
remains principally because it has not been possible to determine
accurately the underlying physical relationships between the
various factors which determine yeild responses., Conflict still
exists with reference to the effects on wheat yields of moisture
at variols times during the growing season. The significance
of soil ?epth as well as the nutrient level of the soil needs
further study.

4 related question deals with the various tests for soil

nutrients, The question concerns the ability of any test to

measure accurately the amount of existing nutrient in the soil.
This queztian is of particular interest in the case of the
various nitrogen tesis since the amount of seil nitrogen available
for plant use varies widely from one period of time to another.
Again, the ability to measure the available nitrogen is particus-
larly important in the context of this analysis since nitrogen

is the nytrient most often supplemented by commercial fertilizers
in the Orlegon wheat area.

EBconomic considerations are often given inadequate attention

in current fertilizer recommendations. Recommendations have gene,
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and in gome cases still go to farmers directed toward the geal

imum yields, This is seldom comnsistent with the goal of

maximum profits. Profit maximization is likely of more interest
to wheai farmers than obtaining maximum yields.

Efforts in this study were directed toward the three guestions
discussed above. In order to estimate the basic physical relatione
ships between yield responses and the effects of soil and moisture
conditions acting through nitrogen applications, two basic regres-
sion equations were proposed. These two models (mathematical equa~
tions) were fitted to data obtained from experiments conducted
Jjointly by the United States Department of Agriculture and the
Soils prartment of Oregon State University over the 4 year periocd

between| 1953 and 1957. These experiments were primerily designed

to estimate the wheat yileld responses from nitrogen applications
under various soil and moisture conditions,

The first model, exanmined in Chapter VI, estimated the param-
eters ipvolved in predicting total yields., This was a gquadratic

polynomial of the form

Y= Bo+le+Baf+333+Bl‘a+BER+36NZ+B7K-F
(6.3)
+ BgNoS +~Bgﬂcﬁ * BIGN'RV* e

subject to the restriction

¥ = n + Ast (6.2)
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s for a particular location, Y is yleld, N is total nitrogen

available in the scil after n pounds of commercial nitrogen has

been added, § is spring soil moisture, R is spring rainfell, and

gt is

the nitrogen soil test reading. A , a parameter to be

estimated is a proportionality constant which relates the nitrogen

measuried in the soil to that gpplied from commercial sources.

The estimates of the parameters using this model were

irconclusive, especially when the various soil nitrogen tests

data

this

est:

were jubstitutaé into the model, The extreme variability of the

as seen as the major restriction to the effectiveness of

odql.
The second model, discussed in Chapter VII, was designed to

te the parsmeters involved in predicting yield increases. /1

This model took the form of the familiar quadratic polynomial,

This model was fitted to the data ten different times, L differm

ent s

il test formed the basis of the estinmate of available soil

nitre%en. In this way an evaluation of each soil testing method

could

abili

be nade. Each soll test was evaluated on the basis of its

ty to reflect (through the model) the true yield response.

'he conclusion, based upon this analysis, is that a nitrate

nitrogen soil test taken in the spring is superior to any of the

other

indicators tested, The best fall indicator is the nitrate

L X

i
t
t
c

ield increase for a particular location refers to the dif-
rence betwesn the yield where no nitrogen is applied and
e yield where a specified application is made. The
reatment data for each location was correlated by the

heck plot yield for each location.
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nitrogen test. However, the fall nitrate nitrogen reading is
only slightly superior to other fall readings. The spring
nitrats nitrogen reading is vastly superior to any of the fall
readings and does a considerably better job than any other
spring reading.

The predicting equation which best characterized the data
when a spring nitrate nitrogen test formed the basis of the

estimatr of available soil nitrogen was

@E | 0272580 =,00113830° =.022291meF + .021837n.8

{7.2)
+ +055816n+D + ,035568n¢R + 1,09273nD/st + ,039221ne4

where the symbols are the same as for Eguation (6.1) except that
A stands for a spring application of nitrogen. This eguation |
would be used to form the basis of predictions made when
applications were to be made in the spring. It would, of course,
require| that a spring nitrate nitrogen reading be used as the
appropriate variable,

The predicting equation which best characterizes the data

when a fall nitrate nitrogen soil test is used in the model is

¥, = ~.144588n -.0013522n% =,0013685n°5t =.028205n+F

(7.3)
+ ,01695ne8 + .079582n.D + O4763n.R + 039224nsA

For use| in predicting yield responses based on a fall nitrogen

application, two variables would have to be estimated, namely,




spring moisture and spring rainfall,

equation would take the value of zero.

form of

estimated from fall moisture and soil depth.

A
Yf

A S

89
Furthermore, A in the
For simplicity a revised
Bquation (7.3) was derived in which spring moisture was

This eguation is

~o1445850a ,0013520° = 001368505t = L019545nF

=

+ +098497n+D + 0476300k (7.5)

pring application of nitrogen will generally give higher

yields Qhan a fall application, on Condon soils. The soil depth

seens to

respons

exeessij

nitrogen

ing spri

be the most important factor in determining yield
s from applications of fertilizer. It alseo appears that
e fall moisture can reduce the yield response fronm

if adequate moisture is not available during the follow=

nge The estimated magnitude of the effects thus

described are given in the coefficients of each of the above

aguatio

Be

With the basic physical relationships estimated for yield

respons
A geners

conditio

8 on Condon soils, an economic analysis can be made,
1 recommendation for all Condon soils under "average®

ns was not made. However, by use of Table 7.5 and 7.6

an estimate of the economically optimum application rate can be

made rat
equation

followss

her easily for any specific set of conditions. The

5 to be used in connection with these tables are as
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(7.13)
and

(7.14)

where Eguation (7.13) gives the economically optimum nitrogen
rate when a spring application is made based on a spring nitrate
nitrogen soil test, and Equation (7.14) is the economically
optimum nitrogen application rate where a fall applicetion is
nade baped on a fall nitrate nitrogen test, Ks is the value

tabulated in Table 7.5 and K, is the value tabulated in Table 7.6.

£
The ratio F%/ P& is the ratio of the cost of one pound of nitrogen
to the price of one bushel of wheat.,

It appears from an analysis of the several varaince compone=
ents that there is considerable improvement which could be made
in the poil prediciing model and also the measurements of
physical conditions which effect yields. The greater part of
the varfiance not accounted for by the model is probably due to
locational differences. However the model can still be very
useful in predicting yield respouses and economic optimum nitro~
gen application rates where no other information is had relative
to the true nitrogen~wheat yield response function for a

particular location,
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APPENDIX
DATA USED IN THE ANALYSIS

Table 1, Nitrogen apﬁliﬁatien and yield responses on Condon soils, 1953-1957,

Application gehiel e) i
Timﬁ R&t@ 7.; - . ) B - ; ,‘ ,1~; f' j’ — X
Lk h27 L3 - h37 hhe sk 455 457
0 31.3 12,6 29,3 28.3 21,8 42,1 25.9 31.6
20 30,8 1646 3040 29.5 27.7 5064 29.6 h1,.2
‘ Lo 28,9 20.7 5042 27.4 30.5 52.3 29.3 45,5
Fall 60 25,5 22,1 28,3 2k 28,5 k6.0 291 47.8
8o b b 25,7 28.7 19.9 1.4 k5.0 28.6 48,2
0 31,3 12,6 2943 28.3 21.8 42,1 25.9 31.6
20 3440 21,0 32,9 29,5 25.4 48,2 3043 39.7
Spring ko 3546 26.7 Bhobt 3045 30.8 55.1 31.7 39.2
60 31.8 28.9 31,9 31.5 35.6 k7,9 32.7 52,3
80 337 31.6 34.9 30,0 28,5 Sh,8 31k k5,8
o ' Code Numbers '
525 526 527 535 553 558 5510 623
o 28,0 18.0 3l.h 1649 29.7 21.6 21,2 27.1
20 3k, 21.1 40,8 21.6 31.3 22.6 18.4 29.8
Fall ko 331 26.2 7.1 2340 30.1 204 ik.6 28,0
‘ 60 37.5 28.2 43,8 19.9 32.1 18.5 10.6 29,2
80 34,2 27.7 LG 47 18.3 29,0 17.4 8.4 28,2
100 31.2 28.2 h2,3 17.3 32.5 17.5 6.8 30.6
0 2%.0 18.0 314 16.9 29,7 21.6 21.2 27.1
20 36,2 2k,7 35.2 19.2 32,8 21.6 19.5 24,8
ko 3940 274 Lo,7 20.3 33,2 214 16.2 243
Spring 60 39.2 28.0 h5.7 22,9 32.7 20.7 16.2 2643
80 38,7 28,5 k2,6 19.3 31.7 19.9 1l.5 275
- 100 337 26.1 47,0 19,4 3345 1846 9ol 26.9
R % - . : Code Wumbers P i
632 63k 657 658 6510 722 723
o 29,4 24,6 33.0 17.8 22,8 40,2 24.6
20 3949 30.9 37,9 24,1 28,0 41,5 21.1
Fall ko 51.4 33.1 b9 29,3 30.6 41,2 14
60 5745 32,4 54,9 32.9 31.9 39.3 12.9
8o 6244 26,7 60,4 29.9 2949 33.4 10.6
100 63,0 32,8 62.9 31.0 3245 33.8 10.5
0 29*& 2&15 3300 1706 22‘8 4002 2&16
| 20 40,8 30,2 3644 2k b 26,9 .8  19.0
Spring 40 5446 31,0 45,2 25.7 33.1 42,5 19,5
60 5848 3243 51.0 28.6 31,2 R 1641
80 53‘3 3199 5102' 25‘? 2906 39.4 . 14.? R
»n——-anm;égg.-aqﬁ 66'8..~-‘-~‘§%'6 6652 él)g ) égoz éZi& ~1§1§ ”
| Code Numbers .
zzg 33 2o L 753 75k 756 757,
0 28.7 3045 3648 31.3 35,2 3646 14 4
20 - 3#48 25.9 ﬁZ.G 3#;0 "%109 3?06 16.2
o 3548 19.2 48,1 36,1 boods  hah 13.4
Fall 60 3840 18.4 47,1 32.6 40,8 392 13.2
8o 32, 19.2 La.4 33,8 39.0 35,3 12.6
100 39.! 14,3 bi,3 29,4 33.9 3645 9.6
0 28,7 30,5 3648 31.3 35,2 3646 1k b
20 Bl-g 27,0 k3,9 32,0 42,3 k0.5 15,9
4o 37 23,5 45,0 34,2 k.6 40,8 16.1
Egring 60 35;8 2107 48'2 3508 46.6 39‘8 1&&5
80 3940 23.2 45,9 32.0 38.0 41,2 13.4

100

6.0

0

/L The first Qigit in tI

e code represents

k&!é X;1 3 g f - 30@ " ; ’ L
the year (1953-57) in which the data Was gathered,

k.3

The second digit in the code number represents the county in which the experiment was performe
ed; a 2 represents Gilliam County, a 3 represents Morrow County, a & represents Wasco, and a
5 stands for Sherman county., Thus the number 423 would have been performed in Gilliam County
on the crep«harvaste¢ in 1954, It would have been experimental number 3 within that county.

o




"~ inches af Mﬁiﬁture ~Boil
Code §oil Moisture Spring Depth
;T Spring Rainfall (feet)

e 3.2 349 2.9 2.75
431 2.3 3e3 L,73  2.25
14‘3? 13 3.5 3.33 2e75
hhg 3.5 6.6 2,31 3,50
4sh 4.6 Te3 2,16 5,00
455 2.5 4,7 2,26 2,50
457 2.6 5.8 2.20 3,25
525 Skt 5e7 3:53 3450
526 1.8 2.8 2,72 3,00
527 3.9 5.2 1.89 4,00
535 1.2 2.3 3,11 2,75
553 5.0 Be2 3,18 3,25
558 3G 3@7 2»29 207§
5510 363 3.1 2,67 2.25
623 o9 4,6 3.1 3,00
632 1.1 h,2 3.69 3,00
63k 1.3 349 3,28 2,50
657 3.2 762 3,31 4,50
658 1.3 ko2 3,78  3.50
6510 2.1 4,8 3.61 2,50
722 L,72 5.8 1.77 2.50
723 36l L,y 82 2.25
732 5469 9.6 1.36 4,00
733 2453 bk 39 3,00
751 4,79 8.0 +98 4,50
734 4,93 7+6 92  L,00
756 354 3.4 38 4,00
51 16 3.5 292 2,00






