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ABSTRACT

Anhydrous armonia as a source of nitrogen alone and in
combination with ammonium phosphate was applied to oats and
barley seeded on fourteen stubble fields situated on seven
genetic soil types, There was a basic phosphate requirement
on all soils. Nitrogen applications were necessary to attain
high yieldse The soils with calcium carbonate near the surface
gave increasing response to phosphate, the remaining farms
showed diminishing total yileld after the fifteen or twenty pound
per acre application of phosphate. Eleven farms showed increases
to nitrogen application up to 80 pounds per acre. The remaining
three farms exhibited diminishing total yields at the high nitro=
gen applications, Phosphate and nitrogen response were closely
associated with genetic soil types. Nitrogen response was also
dependent on soil management practicess

The available soil nitrogen determined by the alkaline
permanganate and incubation method did not correlate satisfac-
torily with nitrogen yield response, The correlation was erratic
and little confidence could be placed in yield predictions from
the methods at the present time., Further work will be needed in
an atbempt to adapt one or both of the methods to Manitoba soil
conditions,

Quadratic and Cobb-Douglas functions were fitted to the
yield data, It was proven that the Quadratic function response
curves fitbted the actual yield data better than the Cobb-Douglas
function and greater confidence could be placed in the yield pre-
dictions made from the Quadratic function,

For methodological purposes Farm 8 was chosen to adapt a
method to determine the most economic rates and combinations of
phosphate and nitrogen fertilizers. The method showed that the
optimum yield varied with various nutrient and crop price situ-
ations. This work on methodology can be applied to Manitoba
fertilizers yield data and to future fertilizer investigation
works

Anhydrous ammonia was found to be a satisfactory source
of nitrogen where available nitrogen is low such as in stubble
fields, '
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INTRODUCTION

During the past decade in Manitoba there has been a noticeable
deficiency of nitrogen in cereal crops seeded on fields cropped the
previous year, This problem necessitated the use of higher rates of
nitrogen fertilizer. In order to apply these higher rates of nitrogen

it was found necessary to use higher analysis nitrogen fertilizers,

Poreseeing this trend in fertilizer applications this investi-
gation was under taken in the spring of 1955 with two main objectives..
The first objective, fo evaluate anhydrous ammonia as a nitrogen
fertilizer alone, and in combination with phosphate fertilizer with
special emphasis on yield increases with the different rates of fertili-
zer on oats and barley on several Manitoba soils, Included in this
objective was an attempt to outline a method whereby the most economical
rates or combinations of nitrogen and phosphate fertilizers could be
easily and accurately determined, The second objective, to investigate
methods of determining the quantity of nitrifisble nitrogen as outlined
by other investigators and determine the correlation between nitrifiable
nibtrogen and the yield response of oats and barley to nitrogen fertilizer

application,

In consideration of the complexity of the problem and the need
for the greatest amount of information in the shortest possible time, the
investigation was carried out on fourteen farms on seven genetic soil

types during a two year period, More specific information could have

been gained if the investigation had been undertaken on one and at the



most two soils, but it was decided to obtain results that would have

a wider application to Manitoba con.ditiohs0 The investigatioﬁ was
carried out on a field trial basis which did not lend itself to random=
ization of fertilizer rates but the design did lend itself to statis=
tical investigation such as analysis of variance, t=test and correlation

and regression analysis,
REVIEW OF LITERATURE

Anhydrous Ammonia Aé A Source Of Nitrogen

The use of anhydrous ammonia as a nitrogen fertilizer has only
recently become important and therefore, there is a scarcity of liter-
ature regarding its use and adaptability as a commercial source of
nitrogen, Anhydrous ammonia is the cheapest source of nitrogen to manu-
facture because it is the primary product of the direct synthetic ammonia
pfocess° In early years it was thought that this ammonia must be cone
verted to some solid product before it could be used as a fertilizer,
Collings (5) stated that early experiments with easily hydrolyzed ammonium
compounds appeared to show that a high percentage of free ammonia in the
soils could be injurious to germinating seeds and plant roots, Recent
research has shown that anhydrous ammonia can be satisfactorily used as
a source of nitrogen for crops if proper safeguards are taken at the time
of application,

Andrews et al (1) have probably carried out the most extensive
work with anhydrous ammonia, These investigators explained that when

anhydrous ammonia is applied to the soil, the ammonia goes into solution



in the soil water and is almost immediately absorbed by the clay and
organic matter forming ammonium clay and ammonium organic matter. In
this form it does not leach out of the soile

The form in which nibtrogen can be absorbed by the plants has
been a matber of consideration and some investigators have found that
the ammonium nitrogen is absorbed as readily as nitrate nitrogen by
some plants, Other plants appear to absorb ammonium nitrogen only in
the seedling stage. Andrews et al (1) stated that young corn and colbton
plants prefer ammonium nitrogen to nitrate nitrogen as evidenced by the
fact that they grow more rapidly when supplied with ammonium nitrogen,
although they did note that in general older plants prefer nitrate nitro=
gen to the ammonium form, While Collings (5) did not list any plants
that ubilize ammonium nitrogen, he did say that the ammonia in the am=
monium clay and ammonium organic matter is available to those plants
that utilize ammonia. This is also confirmed by Andrews et al (De
Meyers et al (12) reported that many species of plants when grown in
sand or solution cultures develop as well or better when supplied with
armonium salts than when supplied with nitrate, They felt that this
was not surprising since the nitrogen in ammonium compounds is in a highly
reduced form. The statements of these investigators substantiate the fact
that ammonia is a satisfactory source of nitrogen even before it is nitri-
fied to the nitrate nitrogen form.

Andrews et al (1) stated that no sandy soil has been encountered
with too little clay to absorb the ammonia applied at the rate of 32

pounds per acre at a depth of li inches but to apply very heavy rates of



nitrogen as ammonia to these sandy soils it may be necessary to increase
the depth of application to eight or ten inches or decrease the spacing
of the ammonia applicators, The work reported by Jackson and Chang (11)
showed that soils of neutral pH, medium texture and moisture content

may absorb 60 1lbs. of nitrogen per acre when released at a depth of 1
to 2 inches. They also found that soils containing six percent clay
provided adequate absorption capacity for ammonia, and soils with a high
pH value may retain as high as 600 lbs, of nitrogen released 2 to L
inches below the surface,

In order to replace other nitrogen fertilizers, anhydrous ammonia
must excel the other nitrogen fertilizers in crop response, ease of ap-
plication and ability to reduce the nitrogen deficiency caused by the
presence of undecomposed crop residue, Andrews et al (1) reported that
fall applied anhydrous ammonia from the yield standpoint was twice as
effective as fall applied ammonium nitrate. This difference in yield
was attributed to less leaching of nitrogen where the anhydrous ammonia
was applied, These same workers also reported that anhydrous ammonia was
found to have crop producing value equal to or superior than ammonium
nitrate for row crops.

The advantage of speed of application of anhydrous ammonia as a
nitrogen source is revealed by the work of Andrews et al (1) in which
they state that farmers usuvally apply anhydrous ammonia to about twice
as many acres per day as with the solid sources of nitrogen, Harmsen
and Van Schreven (9) coneluded that ammonium fertilizers must be con=-

sidered superior to nitrates for rapid decomposition of straw,
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While anhydrous ammonia exhibits many advantages, some of the
disadvantages are reported by Collings (5). He stated that the germin-
ating seeds are usually killed by contact with the solution; tillage for
a few days following the application will result in a loss of some of the
ammoniaj; and heavy equipment is required for transportation, storage and

applicatione
Application Of Statistical Equations To Yield Data

A great deal of investigation has been carried out on the probe=
lem of developing equations that will make it possible to predict the
yield increase resulting from a given fertilizer application., Bear (2)
mentioned that Liebig pioneered the work in this fiéld/when he developed
his "law of the minimum" but Bear states that inter-relationships exist-
ing among various fertilizer compounds in their effects on plant growth
are too complex to be explained by such a simple law. Bray (3) as quoted
by Bear suggests that nitrogen does tend to follow Liebigts law of the
minimum while phosphorus and potassium follow Baule's percentage yield
concept. Tisdale and Nelson (16) stated that Mitscherlich and Spillman
independently developed equations that take into account that when plants
are supplied with adequate amounts of all mutrients save one, their
growth is proportional teo the amount of this limiting element which is
supplied to the soil, Willeox (18) verified the percentage-yield concept
developed by Mitscherlich and Baule, and in his work showed that there
can be partial substitution of one element for anmother element,

This line of investigation has been greatly intensified during



the last decade with the increase in the use of fertilizer, especially
nitrogen fertilizer, Since fertilizer has become a major investment on
many farms, Heady et al (10) have carried out some of the most intensive
work in the field of applied statistics, They criticized the "law of
the minimum" advanced by Liebig which supposed that fertility elements
must be combined in fixed proportions; one element does not substitute
for the obher and a given crop yield canmob be maintained as a shift is
made to more of one and less of another mutrient, These investigators
used fertilizer yield data to show that the same yield can be maintained
by replacing some of one nutrient in a fertilizer with more of another
but less and less of the first nutrient will be replaced by each succes-
sive per pound increase in the second, They also showed that nutrient
interaction was very important in fertilizer response as the yield re-
sulting from a given combination of fertilizer mitrients was greater
than the total yield of the two nutrients applied separatelye.

Heady et al (10) devoted considerable attention to deriving
algebraic equations best suited to estimating the fertilizer yield re-
sponse, These workers found that the Cobb=Douglas or logarithmic
function could not be applied to diminishing total yield and was not
satisfactory for experiments with high fertilizer applications. They
found that the yield isoquants of this function have a constant slope
along a fixed nutrient line in the nutrient plane, and therefore, the
same nubrient combination should be used for all yield levels. It does
not allow the range of substitution to narrow as higher yields are at-

tained, Heady et al (10) selected the aradratic function because it



allowed the yield isoquants to change in slope along a fixed nutrient
line and they exhibited a higher coefficient of determination and could
be considered as being the most efficient for predicting the response
curves to fertilizer applications, It also allowed for diminishing
total yield, These workers concluded that sevefal different functions
must be checked for best fit by examining the statistics for each
function and by comparing the response curve and yield isoquants predice
ted from the two varisle functions with scatter diagrams of the obser=

vations before a function can be selected for prediction for each CTope
Techniques For Determining Available Nitrogen

There is very little published information about the applica=
tion of the incubation and chemical method for determining available
nitrogen, Harmsen and Van Schreven (9) reported that as early as 1916
studies had been made to determine the percentage of nitrogen mineral-
ized during incubation. This work has continued through the years and
at the present time a great deal of work is being carried out in an
effort to correlate the amount of nitrifiable nitrogen as determined in
the laboratory with the yield response of crops to nitrogen fertilizer,
A number of procedures have been used and conflicting results reported,

According to Fitts et al (6) the use of commercial nitrogen
fertilizer is a relatively new practise and until 1943 there had been
little research carried out with nitrogen fertilizers, They stated that
accompanying this trend was a need for a method evaluating the soil

nitrogen and predicting the magnitude of crop response from nitrogen



applications, These workers also stéted that the relationship between
past cropping sequence and the degree of response of corn to nitrogen
fertilization had been investigated but the use of past management data
alone is unsatisfactory as a guide to the need for nitrogen fertilizer,

Prichett et al (1) began the present trend to correlate the
mineralizable nitrogen with the response of crops to nitrogen fertilizers.
These investigators determined the increase in ammonia, nitrite and ni-
trate nitrogen resulting from incubation,

RFitts et al (7) stated that nitrate production during incubation
should giﬁe the most reliable results because of the similarity between
the incubation and soil processes, It was also mentiored that nitrate
production takes place in normal soils in the field under conditions
which permit aerobic microbiological activity, Theyexplain further that
duplication of field environment in the laboratory has generally not
been attempted and from the standpoint of soil testing, it is not likely
desirable to do so. By air drying the sample and then imposing optimum
conditions of incubation in the laboratory, it is possible to.produce as
much nitrate in two or three weeks as might be produced in one or two
months in the field. The writers concluded that soils which produce
only small amounts of nitrate nitrogen under optimum conditions in the
laboratory are not likely to produce mmuch under field conditions. These
workers attempted to simplify the laboratory procedure so that it could
be used on a mass production basis and at the same time maintain accur-
ate results., They reduced the laboratory wrk by measuring only the

nitrate nitrogen produced during the incubation period,



Conflicting opinions are reported concerning the suitability of
ths incubation method as a means of debermining the available nitrogen
so that predictions could be made on the crop response to nitrogen
fertilizer, Prichett et al (1L) concluded that a regression equation
relating response of oats to nitrogen fertilization with mineralizable
soil nitrogen can be used as a means of prediction provided the regres=-
sion equation represents the average of several years data They also
stated that the minerélizable nitrogen content of the soil served as a

better index of the probgble response of oats to nitrogen fertilizers
in Towa than information on past management alone. Hanway and Dumenil
(8) reported that recardless of the crop, a single set of samples from
a field may provide a reliable indication of the potential nitrogen
supplying power of the soil which will hold for a period of years.
However, they qualified their statement saying that the interpretation
of the incubation test as a basis for making fertilizer recommendations
mist differ, depending on the previous crop and the crop to be grown.
The relationship developed in their study is limited to the nitrogen
needs of corn which does not follow a leguminous meadow, Munson and
Stanford (13) concluded that the nitrate determined by the incubation
method most readily reflected the nitrate availability. They also found
that nitrate nitrogen released by incubation was a more accurate measure
of available nitrogen than was tobal nitrogen., These two w rkers com-
pared the two week incubation method with the alkaline permanganate
method recently introduced by Truog et al (17)., Munson and Stanford

(13) found that when the available nitrogen determined by the alkaline
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permanganate method was related to the nitrogen response of crops,

only low correlation was obﬁained, This was in contrast to the high
correlation obtained with the incubation method, They also stated that
there was a low correlation between the available nitrogen determined by
the alkaline permanganate method and the availabie nitrogen determined by
the incubation method, Harmsen and Van Schreven (9) stated that reliable
available nitrogen results sufficiently correlated with the nitrogen re=-
quirment of field crops can be ekpected only when the incubation technique
is restricted to one soil type, one climatic zone, one farming system and
when all samples are collected within one season, preferably during the
early spring, They stated further that the results and their interpreta-
ion will vary from one year to another due to uncontrollable and

unpredictable variations in the weather conditions,

FIELD INVESTIGATIONS

The field investigation Waé initiated to determine the yield
response of oats and barley to anhydrous ammonia (82-0=0) alone and in
combination with ammonium phosphate (12-48=0), The anhydrous ammonia
was applied at rates to supply O, 20, 0, 60 and 80 pounds of nitrogen
per acre, The ammonium phosphate (11=48=0) was applied at rates of O,
0 and 60 pounds per acre, supplying O, 19,2 and 28,8 pounds of phosphate
per acre, The ammonium phosphate (11-48-0) also supplied L.l and 6.6
pounds of nitrogen with the 10 and 60 pound applications, respectivelye
Armonium phosphate sulphate (16-20-0) and ammonium nitrate phosphate
(27-11=0) fertilizers were applied beside the ammonium phosphate (11-48-0)
applications at rates shown in tables Ly and 6.

The anhydrous ammonia for the trials in 1955 was applied in the

spring of 1955 while the anhydrous ammonia for the trials in 1956 was



applied in the fall of 1955 with the exception of Farm 1L on which this
fertilizer was applied in the spring of 1956, The machine used to apply
the anhydrous ammonia fertilizer is shown in Figure 1, The eight appli-
cators were spaced at one foot intervals, The anhydrous ammonia was
applied at depths varying from four to six inches, The ammonium phos-
phate (11-L48-0) was applied with the seed using the fertilizer attachment
on the farmer co-operator!s seed drill,
The field trials were placed on fourteen farms listed in Table
+le This table gives the name and location of the farmer co-operators
on whose farms the trials were situated. The genetic soil type and crop
grown is listed as well as the year in which the experiment was carried
out, The experiments included seven oat and seven barley fields with 9
trials in 1955 and 5 trials in 1956, The experimental fields were located
on different genetic soil types. The seven genetic soil types were in-
cluded instead of only one or two genetic types in order that a great
deal more information of practical use could be gained regarding anhydrous
ammonia fertilizer.
The basis for choosing the individual fields were as follows:-

They were at least one-quarter mile in length

They were stubble fields on which the crop

residue from the previous crop had not been

burned or removed,

They were in a grain-fallow system, i.e.

legumes had not been grown on the field for

at least ten years,

The fields which were selected were represen=-

tative of the dominant genetic soil type that
occurred in the area,
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Very fine sandy loam
Almassippi

Table 12 List OFf Farms On Which The Experiments Were Conducted
: : 3 s LUrop : 3
. Farm . Co=Operator : Location : and : Genetic Type s
s Noe @ : : Year ; Texture and Association %
s 1 : Anderson, F.W, ¢ NW=20-11-18W : Oats : Solonetzic Black :
: : : s 1955 : Clay s
H : : H : Harding g
* 2 ! Berquist, CoH. . SW-13-12-10W . Oats * Black-Meadow :
. . . 1955 . Loamy fine sand :
: . : . . Almassippil .
s 3 . Mitchell, E,To SW=35-11-17W . Oats : Calcareous Black .
3 : : : 1955 . Clay loam :
: . s s . Newdale s
¢ L ¢ Sims, W.F. : NE-23-11-11W : Oats ¢ Black-Meadow :
: : : $ 1955 ¢ Fine sandy loam :
: : : : ¢ Almassippi :
. 5, Barl, H © SW-25-5-1 & , Oats , Solometzic Black-Meadow
s s : , 1956 , Clay :
. . . . . Red River .
¢ 6 ¢ McFadden, D.J. * SE-6-12-20W * Oats ! Calcareous Black-Meadow  *
: : : : 1956 ¢ Clay loam :
: 3 : : ¢ Carroll :
; 7 ; Berquist, CoHe. ; SWFlB-IZ—lOW‘; Oats ; Black-leadow ;
: . : , 1956 , Loamy fine sand .
: H H s ; Almassippil :
* 8} Longstaffe, W.L.. SW-25-14-21W Barley, Black-ieadow :
. . . . 1955 | Clay loam :
A : . : . Newdale :
s 9 & Purdy, R.W. s SW-11-16=-23W :Barley: Calcareous Black-Meadow 3
: : : : 1955 : Clay loam :
s : : : : Newdale :
; 10 ; Remple, C.E. ; NW-23=L~2 W ;Barleyi Meadow f
: : : . 1955, Clay :
. . . . . Osborne .
s 11 s Ruckle, AW, : SE=21-11-1LW :Barley: Black s
: : : . 1955 : Very fine sandy clay loam :
H H H H : Wellwood :
* 12 ° Russell, R.F.  NE-13-5-1 W 'Barley, Solonetzic Black-Meadow :
: : : . 1955 | Clay .
: : A : ! Red River X
. 13 , Calvert, He ., SW-32-11-1LW ,Barley. Black , .
s . : . 1956 , Very fine sandy clay loam
s : e . Wellwood s
: 1 Wilkie, A. NW=-29-6-Ly W fBarley: Black-Meadow §
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The machine used to apply the anhydrous ammonia

Figure 1:
fertilizer showing the applicators, metering pump and
high pressure tank to carry the ammonia




Ft;_gure 23 PLOT DESIGN SHOWING ONE OF TEN
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REPLICATES IN THE
EXPERIMENTAL FIELD
Ammonium Ammonium
Phosphate Phosphate
|- 48—0 Check 1—48—0
40 Ibs./acre 60 Ibs./acre
&——7"or 10 -
Anhydrous I N=24.4Ibs. =201bs N=26.6 Ibs.
Ammonia 4
25 Ibs./acre : P205=19.2 tbs. P205=O ibs P2 O5 =288 Ibs
l
N.= 4.4 Ibs. N.= O ibs. N=46 Ibs.
Check
P205=I9.2 lbs. P205=O Ibs. P205=28.8 Ibs.
Anhydrous N=44.4 |bs. N=40.0 Ibs. N=46.6 lIbs
Ammonia
50 Ibs./acre P205=I9.2 Ibs. P205=O Ibs. P205=28.8 bs.
Anhydrous N=64.4 Ibs. N=60 Ibs. N=666 Ibs.
Ammonia
N= 44 Ibs. N=0 lIbs. N=6.6 Ibs.
Check
P205=|9.2 ibs. P205 =0 Ibs. P205=28.8 Ibs.
Anhydrous N=84.4 |bs. N.=80 Ibs. N.=86.6 Ibs.
Ammoni‘o
100 1Ibs./acre P>05=19.2 Ibs.

P205 = O |Ibs.

P205 =28.8 Ibs.
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These qualifications were adhered to very closely with the
exception that farms 1, 3, 10 and 12 had been broken from forage crops
witﬁin the last 10 years,

The design of the trials is shown in Figure 2, The ammonium
phosphate (11-L48-0) was applied the length of the field during the seed-
ing operation. A check strip was left between the Lo and 60 pounds of
armonium phosphate (11=-48-0), The strips varied in width from seven to
ten feet depending on the size of the seed drill, The anhydrous ammonia
was applied across the area on which the ammonium phosphate strips were
to be placed. The ammonia was applied at 20, 40 60 and 80 pounds of
nitrogen per acre with a check strip between the 20 and L0 pound rates
of nitrogen and the 60 and 80 pound rates of nitrogen, This design re-
sulted in a check strip'adjacent to each rate and combination of rates
of fertilizer, These combinations of anhydrous ammonia cross strips
were replicated ten times on the ammonium phosphate strips at regular
intervals down the length of the field, The applications of anhydrous
ammonie were 8 feet wide in 1955 and 16 feet wide in 1956,

These field scale trials had a fixed design that did not allow
randomization of the treatments but the fields chosen were quite uniform
and any noticeable variations in soils or management such as dead fur-
rows, drift soil ridges, old building sites etc., were avoided, Thus,
any variation in the soils was random and effected each treatment equally,

At harvest time, one square yard of the test crop was cut from
each replicate treatment resulting in ten square yards being harvested

from each treatment., The samples were threshed, weighed and the yields
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were calculated in bushels per acre. The yields on the fourteen farms

are shown in Tables 2 and 3,

Field Experimental Data And Results
Field Observations

During the growing season and at harvest time observations were
made on the crop growth, color and straw strength. Figure 3 shows the
difference between the check and 60 pounds per acre of nitrogen. The
oats were mach taller and the leaves were broader where the fertilizer
had been applied. Figure L shows the check strip and 80 pounds per
acre of nitrogen. The height and thickness of the oat crop is indicated
by noting the stakes and signs. The comparison of 80 pounds per acre of
nitrogen in combination with LO pounds per acre of ammonium phosphate
(11-48-0) and L0 pounds of ammonium phosphate (11-48-0) alone is shown
in Figure 5., The dark green color resulting from the high nitrogen ap=
plication is very noticeable as well as increased leaf width and crop
height. The three figures all show that the nitrogen application
increased tillering as was noted by the very thick stands on the nitro-
gen fertilized strips, While some difference in length of straw and
leaf color was noted where 20 pounds of nitrogen had been applied this
was not general on all farms. On all farms there was a very noticeable
increase in length of straw, tillering and leaf color where Lo, 60 and
80 pounds of nitrogen were applied. The leaves of the test crop were
noticeably wider as the rates of nitrogen were increased, All anhydrous
ammonia applications exhibited a darker green color than the adjacent

rates of ammonium phosphate sulphate (16-20-0) and ammonium nitrate
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Showing the check on the left and 60 pounds

Figure 3:
per acre of nitrogen on the right on Farm L
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Figure L: Showing the check on the right and 80 pounds
per acre of nitrogen on the left on Farm 1
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Figure 5: Showing 80 pounds per acre of nitrogen in -
combination with L0 pounds per acre of ammonium
phosphate (11-48-0) on the left and L0 pounds per
acre of ammonium phosphate (11=48<0) on the right

on Farm 13
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phosphate (27~ih-0)o

The high rates of nitrogen application did not cause lodging
or delayed maturity when phosphate was applied. The 80 pound applica=-
tion of nitrogen alone did cause lodging on some farms especially on
farms 3, 9 and 10, but these farms had been broken from forage or
native sod within the last seven years., Lodging was very serious on
all rates of anhydrous ammonia on Farm l; but this was also noticed with
the 96 and 1Ll pound rates of ammonium phosphate sulphate (16-20-0),
‘This field had a great deal of sweet clover plowed in as green manure
in past fifteen years. The over abundance of nitrogen from the two
sources caused the lodging observed on this field, These observations
seem to show that lodging is not a problem if there is a balance be-
tween nitrogen and phosphate applied to the crop.

The Effect of Anhydrous Amménia Fertilizer and Ammonium
Phosphate 11-h8~0 Fertilizer on Oat Yields

The oat yield data are shown in Table 2, The yield data shown
in Table 2 has been processed from the original data in order that the
yields from each fertilizer treatment can be compared to the mean check
yield at the top of each farm column, The calculation used to obtain
the yield figures in Table 2 is as follows:=-

actual treatment yield
adjacent check yield

X average check yield

This allows one to compare any treatment yield to another treatment
yield due to their common mean check yield. The mean yields for the

seven farms for each treatment are shown in the last column in Table 2.
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Before the yield data were processed as shown in Table 2, the yield
data were analysed statistically by means of the t-test to determine
whether the fertilizer treatments were significantly different from
the adjacent check yield., The 1 percent and 5 percent levels of sig-
nificance are indicated in Table 2,

The mean yield of each treatment showed that the yield increased
up to and including the 80 pound application of nitrogen but at a de-
creasing rate with each added increment of fertilizer after the LO pound
application of nitrogen.

The mean yield indicated that the 28.8 pounds of phosphate pro-
duced only slightly higher yields than 19.2 pounds of phosphate when low
rates of nitrogen were applied. As the nitrogen application was increased
to the 60 and 80 pound rates, the yields were noticeably higher with the
higher phosphate applications showing slight interaction between nitrogen
and phosphate,

Farms 1 and 3 did not respond significantly to the nitrogen ap-
plications., On Farm L, significant response to nitrogen occurred only
at the 60 pound application. This lack of nitrogen response on these
three farms is explained by the fact that farms 1 and 3 had been broken
from alfalfa and Farm li had had sweet clover plowed in as green manure,
Farms 3 and L exhibited very erratic yield increases even when phosphate
was applied with the nitrogen.

Farms L and 6 were the only farms showing significant yield in-
creases with the 4O pound application of ammonium phosphate (11-48=-0)

and these farms showed significant increases only at the 5 percent level.
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Farms 1 and 5 showed significant difference in yield at the 1 percent
level from the application of 60 pounds of ammonium phosphate (11-48-0)
and Farm 2 showed a significant yield increase at only the 5 percent
level with the same treatment, These soils apparently required a higher
application of phosphate because the L0 pound application of ammbnium
phosphate (11=48~0) did not give significant yield increases, It would
appear that on these three farms, yield increases could still be expec=
ted with higher phosphate rates,

The results of ammonium phosphate sulphate (16-20-0) and
ammonium nitrate phosphate (27-1L=0) fertilizers are included at the
bottom of Table 2 for the purpose of comparing the results with the
anhydrous ammonia and ammonium phosphate (11-L8-0}., These fertilizers
gave the greatest yield increases on the farms where there was a good
response to anhydrous ammonia fertilizer., There was a greater increase
per pound of applied nutrient with these granular fertilizers than with
the anhydrous ammonia, This suggests that fertilizer placement is
important and more efficient use was being made of the fertilizer placed
with the seéd than with the nitrogen in the anhydrous ammonia fertilizer
that was placed away from the seed,

The analysis of variance of the effect of nitrogen and phosphate
on the oat yields on the seven farms in Table 3 showed that there was a
highly significant difference among farms on different soils, with regard
to their fertilizer response. Thé response to the different rates of
phosphate and nitrogen on the seven farms was significantly different,

The interaction between the nitrogen and phosphate was not significant,
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This lack of significant interaction was also shown in the regression
analysis Table8,although Farm 2 did exhibit significant interaction at the
5 percent level,
The Effect of Anhydrous Ammonia Fertilizer and Ammonium
Phosphate (11-L8-0) on Barley Yields

The barley yield data are shown in Table i, The data has been
processed similar to the oat yieid data, The 1 percent and 5 percent
levels of significance refer to the yield difference of each treatment
from its adjacent check plot, The mean yields for each treatment
shown in Table L gives some indication of the yield response to the
different rates of fertilizer,

The mean yield column showed that the yields increased up to
the 80 pound application of nitrogen. The largest yield increase due
to nitrogen occurred between the L0 and 60 pounds per acre applicatibn
except when 28,8 pounds of phosphate was applied, then the greatest
increase due to nitrogen occurred between the 26.6 and L6.6 pound per
acre application of nitrogen.

The 80 pound application of nitrogen increased the yield only
one or two bushels over the 60 pound application.

There was a very definite response to phosphate shown in the
mean yield column and the 4O pounds per acre of ammonium phosphate
(11-48-0) gave higher yields than the 60 pounds per acre of ammonium
phosphate (11-48-0). This indicates that diminishing total yields were

showing up at the 60 pound rate of ammonium phosphate (11-48-0).
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Farms 8, 9, 10 and 12 did not show significant responses to
nitrogen applied alone except that farms 10 and 12 exhibited a signifi-
cant response to 80 pounds of nitrogen. Farms 9, 10 and 12 had been
broken from legume meadow or wasteland within the last seven years
explaining the lack of nitrogen response on these farms, Farm 8 re=-
quired phosphate in combination with the nitrogen to produce signifi-
cant yield response as noted in Tale L,

Farms 11, 13 and 1l responded significantly to nitrogen applica-
tions,

A1l farms except Farm 10 showed significant response to the 4O
pound per acre application of ammonium phosphate (11-48-0), The 60
pound per acre application of ammonium phosphate (11-48-0) did not pro-
duce a significant response on farms 9 and 10, while the response on
* Farm 1L was only significant at the 5 percent level, Five of the seven
farms showed a lower response to 60 pounds per acre of ammonium phosphate
(11-48-0) than to the LO pounds per acre of ammonium phosphate (11-48-0).
This showed that diminishing total yield had occurred with 60 pound per
acre application of ammonium phosphate (11=48-0),

The results of the ammonium phosphate sulphate (16=20-0) and
ammonium nitrate phosphate (27-1Li-0) fertilizers are included at the
bottom of Table L for the purpose of comparing the results with the
anhydrous ammonia and ammonium phosphate (11-48-0), The ammonium phos=
phate sulphate (16-20-0) gave significant response on all farms except
farms 9 and 12, Farm 9 had been broken from waste land within the last

seven years explaining the general lack of response but on Farm 12 the



u28«-

*TeAST %S oUl 9€ qUBOTITUSTS

s

*TeAsT %T oU3 4% JUEOTITUSTS ¢

W m m 10T m T6°L6g°¢Q m TVIOL m
: W QT T W g1 m TG°002 m Jouus w
. wgzez ;G5 : g . 9L :  NxSo0%q
:owR0S°L ¢ SETE : @ i Lzl ;N xured s
P elgeg 90° L€ 2T+ zlemm : So%q x waes 1
m #HENCT6 : ITozge 1 : 19°925°T : o
: w6S°UZT ¢ €E°CES 1 2 s 19°990°T 5% s
P RNCSUZET Linog  : 9 : 65°828°1 : ULIE] w
m M m UWOPBBILT M M segenbg Jo M
: g $ OOUBTIR) ¢ Jo ¢ seaeunbg Jo umg umg s
H : 7  S92I38(] ¢ H Jo s80an0g

spTetx LeTuaed wp egeydsoyd
PUY USSOXQTN JO 908FFH OUL JO SOUETIBRA JO STSATRUY

$q oTqR[



- 29 -

check yield for these granular fertilizers was unaccountably high and
this reflected on the significance of the fertilizer response, The
optimum response to ammonium phosphate sulphate (16-20=0) lies between
the L8 and 96 pound per acre application., The two farms, 13 and 1l,
seeded in 1956 were fertilized with ammonium nitrate phosphate (27-1L4-0),
On Farm 1l the ammonium phosphate sulphate (16-20-0) appeared the most
satisfactory while on Farm 13, the ammonium nitrate phosphate (27-14~0)
was most satisfactory, This is understandable because the nitrogen in
the form of anhydrous ammonia gave a greater response on Farm 13, There
was a greater increase per pound of applied nutrient with these fertil-
izers than with the anhydrous ammonia - ammonium phosphate combination,
This agrees with the results from these same fertilizers on the oats in
Table 2, Farms 11, 13 and 1l showed significant response to all
fertilizer treatments,

The analysis of variance of the effect of nitrogen and phosphate
on barley yields on the seven farms in Table 5 showed that there was a
highly significant difference among farms on different soils with regard
to their fertilizer response, The analysis of variance showed that there
was a significant difference in response to the various rates of nitrogen
and phosphate, The response to the different rates of phosphate on the
seven farms was significantly different and response to the different
rates of nitrogen on the seven farms,was also significantly different,
There was significant interaction between the nitrogen and phosphale

response at the 5 percent level of significance,



Methodological Approach to Yield Predictions and most
Economical Fertilizer Nutrient Combinations

The main objectives of this section are as follows:=

(1) To show the physical relationships of nitrogen
and phosphate and the corresponding yields

(2) To determine the least cost combination of
nutrients,

(3) To determine the most profitgble level of nutrient
applicationsse

Tn order to make predictions from the yield data, regression
equations or production functions were derived, FProduction functions
were derived separately for each farm due to the wide difference in fer-
tilizer response amongst farms as shown by the analysis of variance

tables,
Derivation of regression equations or yield functions

Preliminary inspection indicated that the Quadratic function
would best fit the yield response data. In order to verify this it was
decided to try to fit three different regression equations to the data,
The correlation coefficients were calculated to derive the regression
equations and are listed in Appendices (i), (ii) and (iii).

The regression equations fitted to the data were as follows:e

(1) Cobb=Douglas or Logarithmic function %
Y = apbyinby2
Y = predicted yield

a = the ordinate of the point where the line
crosses the Y axis or the check yleld

% The Cobb=Douglas equation is a linear function in terms of the
logarithms of the original data, In a more general sense the Cobbe
Douglas equation is referred to as a power functione
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P

pounds phosphate applied per acre

N

[}

pounds nitrogen applied per acre
byl = regression coefficient to estimate Y from P
byo = regression coefficient to estimate Y from N

(2) Quadratic function

Y = a + byyP + byoN + by3P2 + bthg

(3) Quadratic function including an interaction term

Y=a+ byiP + by2N + by3P2 + bthz + bySNP

The symbols are the same for these latter two equations except

the cross product term is added to the equation (3).

Y

predicted yield

#

a
the line crosses the Y axis

P = pounds phosphate applied per acre
N = pounds nitrogen applied per acre

regression coefficient to estimate Y from P

g

regression coefficient to estimate ¥ from N

o
o
')

[

by3 = regression coefficient to estimate Y from P2

regression coefficient to estimate Y from N?

byb—

bys = regression coefficient to estimate Y from NP

the check yield or the ordinate of the point where

The regression coefficients were determined by the Fisher Modie

fication of the Doolittle Method, An explanation of the regression

coefficients is necessary in order that the practical application of the
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regression equations can be fully understood. The Quadratic function

or equation (3) including interaction was chosen for discussion, The
regression coefficient byy is a linear term and represents the slope of
the yield response curve due to the applied phosphate, This regression
coefficient byy permité positive fertilizer response, It is expected
that with higher rates of fertilizer application the yield would increase.
The regression coefficient byo represents the slope of the yield re-
Sponse curve due to the applied notrogen. This regression coefficient
byp is also a linear term and permits positive fertilizer response for
the same reason set forth for byl, The regression coefficient by3was used
to predict the yield from the squared term of phosphate application,

This regression coefficient by3 permits negative fertilizer response, Due
to the nature of fertilizer response, it would be expected that as a
nutrient is applied at higher and higher rétes, its effectiveness is re=-
duced or it may even cause an actual yield reduction. This term allows
for a diminishing total product or yield. It is to be noted that with
high rates of phosphate, this squared term can have a greater negative
effect on predicted yield than the corresponding positive regression co-
efficient by; has on the predicted yield, The regression coefficient by},
is used to estimate the yield from the squéred term of applied nitrogen,
This also permits negative fertilizer response, Diminishing total yield
with high nitrogen applications can be explained by lodging, disease,
susceptibility etc, due to the lush growth promoted by the application of
this nutrient, The regression coefficients by3 and by), permit a curvi-

linear response that will indicate diminishing or increasing yield., The
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regression coefficient byg represents the slope of the yield response
curve due to the mutual effect of nitrogen and phosphate being applied
similtaneously., It allows positive yield response because when nitrogen
is increased there will be some increase in the phosphate requirement.
If this requirement is met, a slight yield increase can be encountered,

The regression coefficients, coefficients of determination and
regression equations are listed for the Cobb-Douglas fuﬁction,'Quadratic
function and Quadratic function including the interaction term in Tables
6, 7 and 8 respectively. The individual regression coéfficients were
tested for significance with the t-test and the significance is indicated
in each tale, The coefficient of determination (RZ) shows the percent-
age of variance in yield explained by applications of the two nutrients,
The significance of the coefficient of determination was determined and
is indicated in each tavle. An example of the application of the
coefficient of determination is shown in Table 8 with Farm 2, 9L.37 per-
cent of the variance in yield is explained by the application of nitrogen
and phosphate, |

Farms 3, L and 10 did not exhibit significant coefficients of
determination with any of the three production functions, i.e. the regres-
sion equation was not considered satisfactory for predictions.. =~ This
verifies Table 2 and L which show very erratic fertilizer responses on
these three farms explained by the past management practises previously
outlined.

The most important information revealed in Tales 6, 7 and 8 is

that the ccefficient of determination for each farm was highest with the
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Quadratic function including interaction and lowest with the Cobb=
Douglas function with one exception, The Cobb=Douglas function will not
permit diminishing total yield as shown by the work of Heady et al (10).
While the regression coefficient for the iﬁteraction NP was significant
only on Farms 2 and 12, there was sufficient interaction to show the
highest coefficient of determination with the Quadratic function including
interaction over the Quadratié'function ignoring interaction, A compari=
son of the Quadratic function ignoring interaction, A4 comparison of tﬁe
Quadratic function inclﬁding interaction and the Cobb=Douglas function

will be discussed in more detail with reference to Farm 8,

Discussion of the Quadratic function including interaction
as applied to yield predictions

According to the nature of fertilizer response it is expected
that by1, byp, and byg will be positive and bys and byl will be negative,
. On some of the farms studied however, variations occurred in the signs
of the regression coefficients of the derivedeguations because of differ=

ences in genetic soil type and soil management.

(a) Predicted oat yield response to applied nitrogen

The nitrogen response of oats was very significant at the 5% level
on the majority of thé farms, The regression coefficient bys was
positive on all farms and the regression coefficient by) was negative
in all cases except Farm L, The predicted response curves in Figure 6
indicate the high nitrogen response on oat yields., These response curves
show diminishing returns at the higher nitrogen applications except Farm
)}y which shows increased response with the last nitrogen fertilizer in-

crement, Farm 3 is the only farm showing diminishing total yield,
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Table 8 and Figure 6 indicate that Farm 5 showed the greatest response
to nitrogen applications, While the check yields varied on farms 2, 6
and 7, these farms exhibit similar nitrogen response curves (slopes)e
Farm 6 was on calcareous Black-lMeadow soil and farms 2 and 7 were on
Black=Meadow soils and the latter two farms were located on the same
quarter section, All three farms also showed some degree of erosion.
This shows that soils with similar genetic type and degree of erosion

react similarly to nitrogen applicationse

(b) Predicted barley yield response to applied nitrogen

The nitfogen response of barley was not as large as that of oats as
shown bythe regression coefficient by, was significant on only farms 8
and 1l All farms had a positive regression coefficient byh'except farms
8 and 1, Therefore it would appear that the rates of nitrogen applica=
tion were only’carried far enough on farms 8 and 1l to give a maxirmum
yield response, The regression equations in Table 8 and the nitrogen re-
sponse curves in Figure 7 show that farms 11 and 13 which are situated
in close proximity on Black soils have a very similar nitrogen response
curve (slopes) and show a large nitrogen response, Farms 8 and 1h situ=
ated on Black-Meadow soils have a very similar nitrogen ré8ponse curve
(slopes). This is in keeping with the results obtained with oats on the

same genetic soil types

(c) Predicted oat and barley yield response to applied phosphate
The phosphate response varied considerably among farms as indicated

by the regression coefficients byy and bys shown in Table 8, Oats and



-39rn

94Uy d9d POIUUY N SY |

08 04 O_w O_m O_v O_m 02 O__ 0]
-~ Ge
-
P
—
-— —
—
-— \\ .\. [S¢
- —— R
— - K
P e — g
— — e
— \\' - 4
— - o e T e
2 == y
- —— ,° rd
| e < . sy
, Ve
- .o~
, -t
g -~
I g P
. P P
.7 7~
s P L
R g —.‘nl—l‘-l\ln-\.lu-ll-\mm
\.\\\\f\“\_‘l—u\\..\\-
_\\vk..l\._\
\—\—\ b -~
\_\. .\\ ~
\._\.\\_\\. \.\\
\,\_ chd
,\\_\\_\\_ _ - rGo
—\_ﬂ —_ -
- — — K L
— - \\ \
— ” .
o — — -, .
— — P \
pA .- .
’ .
e ~
\.\ . Gl
.7 .\
-\t\ \t
-\
- .
.- ~
L~ “
- m -
- (68
—
-
\
—
a—
Q e - S6

- ——
-—

L OL | SNYVd NO 340V d¥3d SANNOL 02 LV 31VHISOHd 40 31vyd LINVISNOD Vv (aNV

2400/°NgG PIAIA PaIdIpaid

NIOONLIN 40 S3ILVH ONIAYVA HLIM S3AYND 3ISNOLS3IY 413IA 1VO Qm:.o_omm&,«o ean3Ti



810y 424 panddy ‘N sq7

o€ 02 Ol 0
08 O.h O_w O,m O_¢ _ : .
—
—
——
——
- ol
—
— .
—
am—
I
\l
—
—
— L
— 1072
—
' _ -
—— \\ L
" .
— \\...
- \\q <
a— - * 5
— - . L _ _toe
— * \.“\..4.\\..‘..‘. ....................
— — — .- TR
.v_ T e e — — ‘ll'l-l“ll‘uql.“.\... .
Sene s ... - \.\\\\
w - \.\..
.- =" : _ . b—s
. -" o e § l—
. . s | e | —_
- -7 ——! e =t
- - j—1—" i ———— — oo
- ¢l -7 6 —\\.—\.\ . . ———— T
LT S et e e — T
i —— '\o“
—— .
- O_ o\—
L
v
S
-
21
ros
109

»1 O1L 8 SWHVY4 NO 3¥0v ¥3d 3ILVYHISOHd SANNOJ 02 40 31vy LNVISNOOD Vv ONY

N3IOON1IN 40 S3LVY¥ ONIAYVA H1IM S3AYND ISNOLS3IN Q1314 A3T¥vE (3101034d $) eandTd

2400/°n@ PISIA P8}dIPaid



barley regression coefficients byy and bys3 will be discuésed together
due to the fact that there appeared to be little difference in the
phosphate response pattern of the two species,

Only thfee farms exhibited significant positive regression co=-
efficients by; and these three farms also had significant negative
regression coefficients by3 which show that tobtal diminishing yields
had occurred with the phosphate application. The only other farm that
had a significant regression coefficient by3 was Farm 2 and this coef-
ficient was positive, due to the high phosphate requirement of this
poorly drained clay soil,.

The phosphate response was not graphed for all farms but it was
found by studying Table 8 that the phosphate response curves could be
divided inbo two groups, il.e. those on which diminishing total yield
had occurred and those on which this was not the case. On farms 1, 2,
7s 5, 10 and 12, the maximum response had not been reached with the 30
pound application of phosphate and the response curves (slopes) were
similar. Farm 12 did not show the initial yield reduction that was ex-
hibited by Farm 2 in Figure 8., The other four farms show similar yield
response curves (slopes) to Farm 2, Farms 2 and 7 were situated on
Black-Meadow soils and the other four farms were situated on clay texture
soils as indicated in Table 1. The former two farms had a high water
tdle and the latter four were poorly drained therefore, it would be
expected that calcium salts would be at or near the surface. These soils
would be expected to show response with increasing phosphate application

due to the tie-up of phosphate by the calcium.
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The remaining eight farms all showed diminishing total yield,
Farms 3, L, 9 and 11 showed very little response to phosphate while
farms 13 and 1L exhibited intermediate response, Farms 6 and 8 showed
the greatest response to phosphate fertilizer as shown by their response
curves, Farms 6 and 8 were situated on calcareous Black-leadow and
Black-Meadow soils respectively which showed slight to moderate erosion.
Soils that ﬁere moderate to well drained did not show high response to
phosphate fertilizer, Therefore, the phosphate response was greatest
where due to poor drainage, high water table or erosion, calcium carbon-
ate and possibly other calcium salts were at or near the surface, The
calculations for the farms shown in figures 6, 7 and 8 are shown in
(iv), (v) and(vi),.

Discussion of predicted yield response curves with the Cobb-
Douglas function and Quadratic function including interaction

One farm was chosen to discuss the methods and principles involved
in estimating economic fertilizer rates and nubrient combinations. The
use of more than one farm in this section would complicate the discussion.
Farm 8 was chosen because it was representative of Black=lMeadow genetic
soil type and four other farms of this same genetic soll type were inclu=
ded in the project, This farm also exhibited average response to the

two fertilizer nutrients tested,

(a) Predicted yield response curves with the Cobb-Douglas function

Figure 9 shows the yield response curves predicted by the Cobb=

Douglas function on Farm 8 with varying rates of nitrogen while phosphate
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was held constant and Figure 10 shows the yield response curves predice
ted By’bhe same function with varying rates of phosphate while nitrogen
was held constant, The tables showing the calculated values for these
figures are included in Appendices (vii) and (viii).

Figures 9 and 10 show a definite yield pattern., While no
specific interaction regreésion coefficient was used in the Cobb-Douglas
function, interaction was evidenced by the increasing divergence between
the curves as nitrogen was increased from 1 pound to 80 pounds, In
Figure 9, an example of this interaction was noted by the yield differ-
ence between the yield curves where phosphate was held constant at 5 and
10 pounds per acre. The yield difference at 1 pound of nitrogen per acre
was 1,83 bushels per acre while at 80 pounds of nitrogen per acre the
yield difference was 2,52 bushels per acre, Therefore, the interaction
accounted for approximately 0.7 bushels per acre,

In both figures 9 and 10, diminishing returns were taking place
as the rates of application were increased as shown by the narrowing of
the spread between the constant rate curves., In Figure 9, at the L0
pounds of nitrogen per acre the spread A to B between the curves shown
by the constant rate of 5 and 10 pounds of phosphate per acre was 2,L0
bushels per acre while the spread C to D between the curves shown by the
constant rates of 25 and 30 pounds of phosphate per acre was 0,75 bushels
per acre,

The Cobb=Douglas function does not permit diminishing total yield,
- It would appear from this function that if fertilizer rates were continu=

ally increased, the yields would continue to increase at a diminishing
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rate, The actual yield data showed that this was not the case,

(b) Predicted yield response curves with the Quadratic function
including interaction

Figure 11 shows the yield response curves predicted by the
Quadratic function including interaction on Farm 8 with varying rates of
nitrogen while phosphate was held constant and Figure 12 shows the yield
response curves predicted by the same function with varying rates of
phosphate while nitrogen was held constant, The tdbles showing the cal-
culated values for these figures are included in Appendices (ix) and (x)»

The predicted yield data pattern shown in figures 11 and 12 was
considerably different from that in figures 9 and 10, The interaction
of nutrients was very evident especially at the higher rates of fertilizer,
In Figure 11 the interaction was shown by the greater divergence between
the yield curves as the nitrogen was increased from O to 80 pounds per
acre, The same example will be chosen as was used with the Cobb-Douglas
function, i.e yield difference between the yield response curves where
phosphate was held constant at 5 and 10 pounds per acre, The yield dif-
ference at O pounds of nitfogen per acre was 2,h9 bushels per acre, while
at 80 pounds of nitrogen per acre the yield difference was 1,05 bushels
per acre, Therefore, the interaction accounted for approximately 1.5
bushels per acre,

The Quadratic function including interaction shows that one ele-
ment alone or the two elements in impropef balance reduce the yield. As
the two elements combine in more balanced ratio the yield increased due

to the interaction of the elements., This was shown by the convergence
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of the curves exhibited by the 25 and 30 pounds of phosphate per acre
in Figure 11 and the 60 and 80 pounds of nitrogen per acre in Figure
12, Diminishing returns were taking place as the rates of application
were increased as shown by the narrowing of the spread between the
constant rate curves, In Figure 11 at the LO pounds of nitrogen per
acre, thke spread A to B between the curves shown by the constant rates
. of 5 and 10 pounds of phosphate per acre was 3,27 bushels per acre
while the spread D to C between the curves shown by the constant rates
of 25 and 30 pounds of phosphate per acre was 0.88 bushels per acre but
at this point the 25 pounds of phosphate per acre produced the higher
yield,

The Quadratic function indicated diminishing total yield as
shown by all the curves in figures 11 and 12,

Therefore, the Quadratic function fits the actual data better
than the Cobb-Douglas function., The coefficient of determination for
the Quadratic function with interaction was 069201 while that for the
Cobb=Douglas function was 0,387h. Therefore, greater confidence could
be placed on yield predictions made from the Quadratic equation includ-
ing interaction,

After comparing the response curves and the coefficients of de=~
termination of the two functions, the Quadratic function including
interaction was chosen to determine the economic optima of fertilizer
‘applicationso

In order to prove that the Quadratic function or equation did fit

the data, Figure 13 was made in which the mean yields of the actual square
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sample were compared with the predicted yield curve with the same
quantity of fertilizer nutrientse The graph showed that the predicted
yield curve fits very closely to the actual mean yields of the harvested

replicatess.

Tield isoquants and their significance

The method used in analysing the yield data was patterned after
the work outlined by Heady et al (10). A yield isoquant is a contour line
which indicates all of the possible combinations of the two fertility \
elements which will produce a given yield, In Figure 1li, six yield iso=~
quants are shown and the numbers on each isoquant represents the yield
levele, The yield isoquant equation was derived from the following regrese
sion equations

(1) Y =2 = byyP + byl + bysP2 + by) N2 + byl

The isoquant equation was derived so that the amount of nitrogen

required to combine with a given amount of phosphate to produce a specim

ried yield could be calculated,

The following is the isoquant equations

(2) N = «(byp+ byP) 1.1(3&22 * 2bygbygP * bysP2)- Liby),(a +hy1 P+ ty3F= 1)

2 by,

The regression coefficient (by) values for Farm 8 given in Table
8 along with the various yield isoquant values (Y) and varying rates of

phosphate (P) were inserted in equation (2) to predict the corresponding

rates of nitrogen required, The rate of application of nitrogen required
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with a given application of phosphate to produce a given yield is
shown in Table 9. The negative sign in front of the square root was
disregarded because it did not apply in this case, Table 9 shows that
a 25 bushel per acre yield could be obtained by the following combina-
tion of nitrogen and phosphate: 36k pounds of nitrogen per acre and
18 pounds of phosphate per acre or 36,8l pounds of nitrogen per acre
and 3,5 pounds of phosphate per acre.

Several facts are noted by studying Figure i, Diminishing
returns were noted by the fact that isoquant lines representing equal
increments of yield (20, 22,5, 25 etc.) move farther apart along any
straight line through the origin e.ge line OX showing that increasingly
larger quantities of a fixed fertilizer mixture are.necessary to attain
equal increments in crop yield. ILine OX has a fixed nutrient N/?gQ;
ratio of 2.5, The isoquants also show that as higher yields are attained,
the marginal rates of substitution between phosphate and nitrogen changed
along the fixed nutrient ratio line, e.g., line (X, In other words, the
slopes of successively higher isoquants are different at the points where
they are intersected by a straight line ﬁhrough the origin, This changs
in the slopes of the yield isoquants indicates that the combinations of
nutrients which gave the lowest cost for one yield level are not the
same as for a higher yield level, This will be discussed in the next
section, The least cost combination would not be the same for yields of
25 and 32,5 bushels per acre, This is shown in Table 10,

The graph shows that the 20 bushel yield could be attained by the

addition of only one nﬁtrient either nitrogen or phosphate while the
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22,5 bushel yield can be reached by using phosphate only but no amount
of nitrogen could produce this yield without the addition of at least

1 pound of phosphate, The other four yields in the figure can be ob-
tained only with some minimum quantity of either nutrient, The ends

of the yield isoquants give the limits in mtrient substitution, The
graph shows that the yield isoquants become shorter with the higher
yields indicating the range of nutrient substitubtion is much reduced,
According to Heady et al (iO) the maximum yield will only be a point
and there éan be no substitution of nitrogen and phosphate because only

one combination of nutrients could produce this yielde

Derivation and nature of isoclines for Farm 8

Tn order that the economic optima of fertilizer application could
be calculated, it was first necessary to calculate the marginal rate of
substitution which shows the number of pounds of nitrogen replaced by
one pound of phoéphate° The marginal rates of substitution are shown
in Table 9, The equation used to calculate the marginal substitution
rates was the derivative of the regression equation.

The derivative equation is as follows:

e &3

aV , . byli#+ 2Dby3 P+ byg N

byo #+ 2 byh N # by; P
The phosphate and nitrogen application rabes in Table 9 were inserted
in the equation along with the regression coefficient values, The re=-
sulting negative figures are the substitution or replacement rates for

these nutrient combinations., The term %@ refers to the slope of the
‘ P



isoquant curve at each specific nutrient combination, To explain the
derivative, an example will be used, Referring to Table 9, with 12
pounds of phosphate and 18,72 pounds of nitrogen, a yield of 27.5 bushels
per acre could be produced, The derivative at this exact point is =2.00
or the slope of the isoquant curve is =2.00. This means that at this
point one pound of phosphate can replace or substitute for two pounds of
nitrogen in producing a yield of 27,5 bushels per acre.

Figure 1L shows three isoclines for barley. An isocline is a line
indicating points of equal slope on successive yield isoquants, In other
words, it really denotes points on all yield isoquants where one pound

of phosphate will substitute for a constant quantity of nitrogen,

Eeonomic optima for fertilizer application

This section is divided in two sections: First, the least cost
combination of nutrients takes into consideration only the cost of fer=
tilizer nubrient combinations; Second, the most profitable application
of nutrients bakes into account both the cost of fertilizer nutrient come

binations and the price of the crop produced.
(a) Least cost combinations of nutrients

Table 10 shows the figures which make up the isoclines and repre=
sent the combinations of fertilizer nutrients that minimize the fertilizer
cosbs per specified yield level for different price ratios, The most
economic combination or least cost combination of nutrients occurred ab
the point on the isoquant where the marginal rate of substitution is

equal to the inverse price ratio of nutrients, If phosphate is half the
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price of nitrogen, it would be logical to expect that the point to
choose for the most economic combination of nutrients will be where two

pounds of phosphate replace one pound of nitrogen, The isocline

Bp = ,08 = .57 shows all points i i

° o points in the nutrient plane where 1 pound
o I p p

of nitrogen will replace .57 pounds of phosphate. Pp is the price per
pound of phosphate and Np is the price per pound of nitrogen, The above

is the actual present price situation of the two nutrients, If the

price changed as in the situation §E==;%% = 1,0, the line so marked on
Figure 1l will indicate all points wieré one pound of nitrogen will re=-
place one pound of phosphate, The 1.75 isocline indicates all points
where one pound of nitrogen will replace 1,75 pounds of phosphate, Table
13 verifies that the least cost combination of nutrients for a specific
nutrient price ratio occurs at the point where the isocline intersects
a particular yield isoquant, An example is shown in Table 13 when
phosphate is $0,08 per pound and nitrogen is $0.1lh per pound, the least
cost application was $3.2L. This was a combination of 13.1h pounds of
nitrogen and 17,49 pounds of phosphate and it is noted in Figure 1L that
this is the exact point where the 0.,57 isocline intersects the 27.5 bushel
yield isoquant. The other example in Table 13 also verifies the same
point,

The practical implications of this section are very importante
For profitable returns from fertilizer, the fertilizer mixture ratios
mist be altered with changes in soil conditions, changes in the cost of
the individual nutrients as well as changes in the yield for which the

farmer is aiming., The fertilizer mixture ratio refers to the ratio of



nitrogen to phosphate in the fertilizer, For example, ammonium phos=-
phate (11-48<0) has a nitrogen/phosphate mixture ratio of 0,23 and
ammonium phosphate sulphate (16-2040) has a nitrogen/phosphate mixture
ratio of 0,80, Phosphate gives the greatest response at the lower
yield levels but heavy applications of nitrogen are required to reach
the high yield levels, This is very noticeable in Table 10 where the
nitrogen/phosphate mixture ratio changes from 0,23 at the 25.0 bushel
yield level to 1.83 at the 32,5 bushel yield when the nitrogen to phos-
phate inverse price ratio is 0+57. This same trend is noticeable with
the other two price ratio situations. Another significant point in
Table 10 is that the nitrogen/phosphate ﬁixture ratio increased as the
price of nitrogen is decreased in rélation to the price of phosphate.
The nitrogen/phosphate mixture ratio for 25 bushel per acre yield
changes from 0,23 to 0.88 when the inverse price ratio of nitrogen to
phosphate changes from 0,57 to 1,75 respectively, Table 10 also showed
that approximately three times as much fertilizer is required to produce
a 32,5 bushel per acre yield as a 25.0 bushel yield, The total pounds
of fertilizer required to produce the same specified yield with the dif-
ferent nutrient price situations is nearly equal, ege. the total fertil-
izer to produce 27,5 bushels per acre in the 0.57, l,Q and 1,75 inverse

price ratio group are 30.63, 29,7k and 30.1lk pounds per acre respectively.

b) Most profitable application of nutrients
b ap

The quantities of fertilizer derived in Table 10 provide the basis

for specifying the optimum nutrient combination for any yield level and
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the optimum rate of fertilizer application, This section specifies

the quantities under various price ratios for a farmer who has unlimited
capital, This section also outlines a method to simultaneously determine
the optimum combination of nutrients and the optimum level of application.
The exact fertilizer combination can be solved by setting the partial
derivatives for both nutrients equal to their respective nutrient barley
price ratios and solving simultaneously for the quantity of the nutri-
ents to apply for maximum profits, The partial derivatives from the re-

gression equation are as follows for mitrogen and phosphate respectivelys

AT byo + 2 by), N + byg P
6l - by, + 2by3 P+ byr N
er 1 V3 V5

The partial derivative considering nitrogen holds the phosphate
application constant and the partial derivative considering phosphate
holds nitrogen constant, In this way when the two equations are solved
simulténeously the optimum quantity of both nutrients in combination are
determined,

The actual equations used in the simultaneous solution of the

equations are as follows:

L = 0,2389 + 2(-0.0025)N + 0.0039 P = Np

6N Bp
&l - 0,812 + 2(-0.0208)P + 0,0039 N = Pp
Np = price nitrogen per pound
Pp = price phosphate per pound

f

Bp = price barley per bushel
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The simltaneocus solutions of these equations are given in
Table 11 for six different price situations listed as situations A to F
inclusive, The optimum yields for price situations A and B are found
on the 0,57 isocline while the optimum yields for price situations C
and D are found on the 1,0 isocline and that of E and F are located on
the 1,75 isocline, The optimum rates of application of nitrogen and
phosphate determined by the simmltaneous equations were inserted in the
regression equation to determine the optimum yields reported in Table
11,

With price situation A, the simultaneous solution of these equa=-
tions shows that 53,02 pounds of fertilizer should be used including
32,60 pounds of nitrogen and 20,42 pounds of phosphate, The changes in
fertilizer applications with the various price situations are shown in
Table 11, When the price of barley decreased from 90 cents per bushel
to 60 cents per bushel, the optimum yield moved from 32,08 bushels to
28,35 along the 0,57 isocline, in other words with the 33 percent drop
in barley prices the optimum yield to aim for was reduced., By studying
price situations A and B when the barley price declined 33 percent, the
tobal usuage of fertilizer should decline by 38 percent. The input of
nitrogen should decrease by 5l percent and the input of phosphate should
decline by only 13 percent, A basic amount of phosphate was required
and, being the cheaper element, phosphate would not be reduced as much
as nitrogen, The decline of 33 percent in barley price from situation
C to D shows that there should only be an 18 percent reduction in the

total fertilizer usage, The input of nitrogen should be reduced by 22
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percent and the input of phosphate should decline 9 percent, With the
reduction in the cost of nitrogen and thus total cost of fertilizer,

the optimum yield did not need to be reduced as much between situation

¢ and D as it needed to be between situations A and B, The fertilizer
input also did not need to be reduced as much in the case of total

pounds or in the case of each individual element, The ratio of nitrogen/
phosphate decreased with the decrease in the price of barley but only at
price situation B was the ratio less than 1,0 or, in other words, was the
phosphate application greater than the nitrogen application, The nitro-
gen/phosphate ratio increased as the nitrogen became cheaper and phosphate
more expensive as shown by the change in the ratio from 1.60 in price
situation A to 2,28 in price situation E, The nitrogen application
varied a great deal more than the phosphate application because the crop
appeared to have a basic phosphate requirement and nitrogen application
appeared to be the nutrient required in large amounts to induce the high
yields. The price situation A represents the present price situation of
phosphate, nitrogen and barley while price situation B represents the
present price situation of phosphate and nitrogen but the price of barley
was reduced by 33 percent to €0 cents per bushel,

Table 12 on economic production levels was included to show that
the information included in Table 11 could be worked out by finding the
point where marginal cost equals marginal revenue, Table 12 the
nitrogen applications were varied while phosphate applications were held
constant, The most economic production is where the value‘of the pro=

duction of the last increment of fertilizer is equal to the cost of the
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last increment of fertilizer. By studying this economic production
table, the most economic production levels occur with each constant

rate of phosphate application or in other words there are seven combin-
ations of fertilizer that can be considered most economic, When barley
is worth 90 cents per bushel an economic yield is between 31,63 and
33,05 bushels per acre and the nitrogen application lies between 30 and
10 pounds per acre in combination with 20 pounds of phosphate. This
corresponds very closely to the fertilizer combination and yield in
price situation A in Teble 1l. When barley is worth 60 cents per bushel
an economic yield is between the 26,67 and 28,90 bushel per acre and the
nitrogen application lies between 10 and 20 pounds per acre in combina-
tion with 15 pounds of phosphate. This corresponds very closely to the
fertilizer combination and yield in price situation B in Table 11, The
method using the partial derivatives in simultaneous equations is a more
direct method and lends itself to price changes of both nutrients and
crops without calculating tables such as the table of Economic Production
levels,

Table 13 shows that the least cost combinations of fertilizer
nutiients for a specified yield verify the results in Table 10, When
phosphate and nitrogen are 8 and 1k cents per pound respectively, a
combination of‘13,1h and 17.L9 pounds per acre of nitrogen and phosphate
respectively is the least costly. When phosphate and nitrogen are 1k
and 8 cents per pound respectively, a combination of 17,30 and 12,8k
pounds per acre of nitrogen and phosphate respectively is the least

cost combination,
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(Cost Of Nitrogen =

$0.1L per 1b,)

Economic Production ILevels On Farm 8

s s Additional : : Total : Additional : ¢ Marginal Revenue @
s Nitrogen : Nitrogem : P20 : Yield : TYield : Marginal @ @ : @ :
: 1bs/acre : 1bs/acre 1bs;acre sbus/acre: bus/acre Cost ¢ .90/bus : .60/bus :
: 0 : 2 0 s 16,146 : : : :
: 10 : 10 2 : 18,60 : 2.1k s $1.0 o $1.93 ¢ $1.28
: 20 : 10 : s 20,2 ¢ 1.64 s 1.W0 ¢ 1.h7 98 ¢
: 30 : .10 : : 21,38 ¢ 1.1L s 1.0 ¢ 1,03 68
s Lo : 10 : : 22,02 ¢ 0.6L s 1l.40 58 38 :
s 60 : 20 : : 2179 ¢ s 2,80 : :
s 80 : 20 : : 19,57 :  2.80 : :
s 0 : s 5 : 21.00 @ : : : :
¢ 10 : 10 : : 23,33 ¢ 233 ¢ Lo 2 2,0 5 1.0
: 20 $ 10 s : 25,17 :  1l.8L s 1.0 2 1,66 ¢ 1,10
: 30 : 10 s s 26,50 ¢ 1.33 s 1.0 ¢ 1l.20 : 80
s Lo : 10 s s 27.3h ¢ 0.8L s 1.0 o762 50 s
: €0 : 20 : : 27,50 :  0.16 : 2,80 ol 2 .10 s
: 80 : 20 : : 25,67 s 2,80 : :
: 0 : : 10 s 22,49 ¢ : : : s
: 10 : 10 : s 25,02 : 2,53 s 1.0 ¢ 2,28 :  1.52
: 20 : 10 : : 27,05 ¢ 2,03 s 1.0 s 1.83 1,22 :
: 30 : 10 : : 28,58 1,53 s 1.0 ¢ 1.38 : 092 ¢
: Lo : 10 : : 29,61 : 1,03 s 1.0 093 62 2
: 60 : 20 : : 30,16 0,55 : 2,80 @ o50 3 o33
: 80 : 20 : : 28,72 1 2,80 3 :
: 0 : : 15 : 23,95 : : : :
: 10 : 10 : s 26,67 2,72 s 1.0 2 2,45 1,63
: 20 : 10 : : 28,90 : 2,23 s 1.0 ¢ 2,01 : T.3L
: 30 : 10 : : 30662 @ 1,72 s 1.0z 1.5L @ 1.03
: Lo : 10 : : 31,85 : 1,23 1.0 ¢ 1,11 oTh ¢
: 60 : 20 :. : 32,79 :  0.9L s 280 B85 1 W56
: 80 : 20 : : 31, 7h s 2,80 : :
: 0 : s 20 s 2437 3 : : : :
: 10 : 10 : : 27,29 2,92 1.0 : 2463 i 1,75 :
: 20 : 10 : : 29,71 ¢ 2.42 s 1.0 ¢ 2,28 : 145
s 30 s 10 : : 3163 :  1.92 s 10z 1.73 : 1,15
: Lo : 10 : s 33,05 :  1l.k2 s 140 ¢ T.28 B85 ¢
: 60 : 20 s : 3he38 : 1,33 s 2,80 ¢ 1,20 : .80
: 80 : 20 : : 33,72 : : 2,80 ¢ : :
: O : : 25 s 23.Th @ : : : :
s+ 10 s 10 : s 26,85 ¢ 3,11 s 10+ 280 : 1,87 :
s 20 : 10 s : 29,47 2 2.62 s Ll 2 2,36 1 1,57
: 30 : 10 : s 31,58 ¢ 2,11 s 140z 1.90 : 1,27
o) : 10 : $ 33,20 2 1,62 s 1.0 2 1.h6 97
H 60 H 20 H H 3&092 H 1@72 2 2080 H 1955 H 1,03
: 80 s 20 : : s 34,65 : 2,80 : :
: 0 s : 30 s 22,00 : s : :
: 10 s 10 : : 25,39 :  3.31 s 10 2 2,98 : 1.98
s 20 : 10 : : 28,20 1 2,91 s 1.0 ¢ 2,62 :  1.7Lh
s 30 : 10 3 : 30,51 : 2,31 s 10 ¢ 2,08 : 1,39
¢ Lo : 10 : s 32,32 ¢ 1.81 s 1l ¢ 163 : 1,09
s 60 3 20 : : 3Lh3 ¢ 2,11 : 2,80 ¢ 1,90 :  1l.27
H 80 H 20 H . 3)4055 : 012 H 2080 H o1l ¢ 07 3
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Fertilizer rates cannot be recommended from the analysis carried
out on Farm 8 but the main purpose of this analysis was to show that
this method will work with Manitoba conditions and crops, Heady et al
(10) stated that the practical application of this type of analysis is
important due to the fact that the fertilizer recommendations need to
vary with the capital level of the farmer as well as the soil. WUhile
the economic optima is for conditions of unlimited capital, the data
derived is of the kind that is useful to farmers regardless of their
capital position, The data are more useful to farmers with limited
capital than for those with unlimited capital. The general recommenda~
tions can be more satisfactorily used for farmers aiming for high yields
because the isoclines tend to converge at the high yields and the speci-
fications of numerous possible mutrient combinations for yield of 32,5
bushels of barley gave somewhat similar costs because in Table 9 there
is only a range of 16 pounds of nitrogen per acre and 6 pounds of phos-
phate per acre to produce this yield, However, for medium yields, the
isoclines are farther apart and the isoquants have greater curvature.
In Table 9, for a yield of 25 bushels per acre there is a range of 33
pounds of nitrogen per acre and 15 pounds of phosphate per acre. There-
fore, choosing different combinations of nutrients to produce a medium
specified yield could make a very great difference in the cost of
fertilizer, Therefore, exact principles outlined in this method can
give considerable gain over general recommendations which might lead to
mutrient combinations near the end of the isoquants, Therefore, the

optimum quantities of fertilizer and optimum combinations of nutrients



as shown in Table 11 can be of greatest value to farmers with limited
capital,.

This section points out that economic fertilizer recommendations
mist be based on the soil conditions, price of nutrients and price of
crops. Economic nutrient combinations and rates of application will
change with changes in soil conditions and price fluctuations of both

mtrients and cropse

LABORATCRY INVESTIGATIONS

Surface soil samples were taken from the experimental fields
during the summer for the laboratory investigations, The soil samples
were taken to a depth of six inches at ten locations on each side of the
fertilized strips. Two composite samples were made representing each
side of the fertilized strips, These composite soil samples were air
diried in the lsboratory. The samples were then crushed to pass through
a 20 mesh sieve and placed in glass jars. The available nitrogen was

determined by two methods which are described below,

Tncubation Method

The available nitrogen was determined by the incubation method
outlined by Stanford and Henway (15) with minor modifications. The
method is described in detail. Plastic vials, 2L mm. in diameter and
95 m, in length were used fof incubation of the samples. A hole, 1/16
inch in diameter was drilled in the bottom of each vial, and a hole 1/8

inch in diameter in each metal cap to permit aeration of the soil during



incubation. Pyrex wool pads approximately 5 mm. in thickness were
placed in the bottom of the vial to cover the hole, About 1/2 inch of
plaster grade vermiculite was placed on top of the pyrex wool and

tapped down gently, Ten grams of air dry soil, mixed with an approxi-
mately equal volume of vermiculite was placed in the vial and tapped
gently, The sample was then leached with 20 ml. of a Krilium 6 solu-
tion and allowed to stand for at least 15 minutes before applying
suction to complete this leaching as outlined by Munson and Stanford (13).
Leaching was then continued with two 20 ml, portions of distilled water
allowing each portion to leach through before adding the next portion,
Suction was again applied to remove the excess water prior to incubation.
The vials were incubated in a humid incubator controlled at 35° G, for
1l days and then oven dried at 70° C. for 2l hours, The soil and
vermiculite mixture was shaken out of the vial and suspended by vigorous
stirring in 100 ml. of 0.1 percent CepH)p solution, The suspension was
,filtered and the nitrate content was debermined colorimetrically using.
phenoldisulphonic acid, The results were expressed as P.P.Mo nitrogen
as nitrates and also pounds of nitrogen per acre,

The leaching procedure was very slow with all soils, especially
the clay soils and therefore, suction was applied to leach the samples,
The addition of the Krilium 6 resulted in a clear non-turbid leachate.
Suspending the soil-vermiculite mixture in distilled water instead of
leaching, was more rapid unless specialized equipment was adapted as
outlined by Stanford and Hanway (15). In order to be able to shake the

soil-vermiculite mixture from the vials after incubation, the vials and



soil had to be dried in the oven abt 70° C, Besides enabling the dried
soil-=vermiculite mixture to be removed from the vial, it permitted
storage of the samples without further nitrification taking place until

they could be analysed,

Alkaline Permanganate Method For Determining Available Nitrogen

The available nitrogen was determined by the alkaline permangan=
ate method outlined by Truog (17) with minor modificatiqns@ This
method is described in detaile One=half gram of the 20 mesh soil was
placed in an 800 c.c. Kjeldahl distilling flask. One-quarter of a tea-
spoon of a mixture consisting of 20 parts of potassium permanganate and
80 parts of anhydrous sodium carbonate was added, The method was also
carried out with one-half teaspoon of the mixture and the results with
both quantities of the reagent mixture are shown in Table ik, Then 150
ml, of ammonia free water were added washing down any soil or reagent
mixture sticking in the neck of the flaske A small piece of wax (pea
size) was added to prevent foaming. The flask was then placed on the
Kjeldahl distillation rack, The electric elements had been previously
heated to enable the contents of the flask to come to a boil in exactly
five minutes, The boiling was continued for exactly five minutes. The
distillate, containing the liberated ammonia, was caught in 20 ml, of
distilled watere The distillate was diluted to approximately 50 ml.
with distilled water, Two ml, of Nessler's solution was added and the
solution was made up to 100 ml. The P,P.M. of available nitrogen in

the form of ammonia was determined colorimetrically. The available

nitrogen was also converted to pounds per acres



-0

The soil sample size was reduced from one gram as outlined by

Truog (17) to one=half gram, This was necessary due to the high nitro=-
gen content of Manitoba soils as compared to Wisconsin soils where the
test was developed, The color developed by the Nesslerts reagent was
too dark with the larger sample size, For the samg reason it was neces-=
sary to dilute the distillate to 100 ml, It was found necessary to
maintain the same quantity of oxidizing agent with the smaller sample
size because the quantity of oxidizing agent outlined by Truog (17) was
reduced before the distillation was completed, This resulted in simi=
lar quantities of available nitrogen for all soils, In order to ensure
that there was sufficient oxidizing agent, the double quantity was used
for comparisone

| Tt was found necessary to have all equipment free from aymmonia
because a very small amount of contamination caused errabic results,
The method could only be carried out in the laboratory when ammonia
compounds were not being used.

Correlation Of Yield Response And Available
Nitrogen Determined In The Laboratory

The resulbts of the laboratory'methods are shcwﬁ in Table 1l The
available nitrogen was reported in terms of pounds of available nitrogen
per acre and this was calculated on the basis of 2,000,000 pounds of
soil per acre to the depth of six inches, The results shown for the
alkaline permanganate method 1 and 2 refer to thé quanbity of available
nitrogen released by one-quarter and one-half teaspoons of oxidizing

agent respectively, Farms one to seven on which oats were grown were



Table 1l Relationship Between Check Yield, Yield Ratio And Available Nitrogen
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dealt with separately from farms eight to fourteen inclusive on which
barley was grown, This was done because the growing conditions favored
the oat crop and a cormon basis of comparison was difficult to estaeblishe
The available nitrogen as determined by thé laboratory method was core
related with the check yields, The check yield was chosen because it was
felt that this should be a measure of the nitrogen available to the crope
The response to nitrogen on these farms was determined by the'yield ratio
suggested by Bray (3). These yield ratios are shown in the third column
of Table 1L and were included to confirm the fact that the check yield
gave a satisfactory indication of the available nitrogen in the fields,

The yield ratio was calculated as followsgze

Yield Ratio = Yield in bus/acre in 19,2 lbs. Pp0g treatment y 144

Mean Yield in bus/acre of 19,2 lbse Po0g + 20,
L0, 60 and 80 1b., N treatment

The incubation method showed that there was a wide variation in
the amount of available nitrogen in the soils chosen, The results range
from a low value of 58 pounds to a high value of 239 pounds of available
nitrogen per acre.

The laboratory results revealed that the two tests showed dif=-
ferent amounts of available nitrogen, The incubation test showed lower
valvues for each farm than the alkaline permanganate method. The alkaline
permanganate methodlshowed smaller quantities of available nitrogen than
the alkaline pe rmanganate method 2 except in the case of farms 1 and l,
This was probably because the greater concentration of oxidizing with

the method 2 would release more nitrogen, There was a very wide variation
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in the amount of nitrogen released by the double quantity of oxidizing
agent which was shown by largest increase in Farm 7 from 186 to 37L pounds
of available nitrogen per acre, while in Farm 10 the change was only from
25l to 256 pounds of available nitrogen per acre, This was possibly ex~
plained by the fact that in some soils the one=quarter teaspoon of
oxidizing agent released nearly all the available nitrogen while in some
other soils there was sufficient nitrogen that the increased concentra=
tion of oxidizing agent could release more nitrogen, It must be admitted
that this explanation is not verified in all cases because Farm 2, which
was situated on the same quarter section as Farm 7 did not show a greab
increase of available nitrogen with the additional oxidizing agent,.

The tests for available nitrogen should correlate with the check
yield before any degree of confidence could be placed in them, The
correlation results are shown in Table 15, The correlation in Table 15
indicates that the check yield was related to the amount of available
nitrogen., In the barley fields, the correlation of the yield ratio and
check yield was0.,907%. . In the oat fields the correlation of yield
ratio and check yield was only 0,4199 but the check yield exhibited
higher correlation values with the laboratory methods'than the yield
ratio exhibited. The correlation of oat check yields and the incubation
method results was not significant as was the case with the correlation
.of the oat checlk yields and alkaline permanganate method 1 results, The
check yield and available nitrogen released by alkaline permanganate
method 2 were correlated at the one percent level of significance, The

results of the methods did not correlate significantly except that the



incubation method and alkaline permangante method 2 had a significant
correlation, The correlation of the barley check yield and the results
of incubation method as well as the results of the alkaline permanganate
method 2 gave a negative coefficient while the correlation coefficient
for barley check yield and alkaline permanganate method 1 was positive
but not significant,

The two alkaline permanganate methods did not correlate signifi-
cantly., The negative correlation for two methods and low correlation
for the alkaline permanganate method 1 in the barley fields are due to
the results from farms 10 and 13. Farm 10 had the highest check yield
and lowest response to fertilizer but also had the least available
nitrogen as shown by all methods, This could possibly be explained by
the fact that this field had been broken out of pasture only five years
prior to the experiment, The fertility of the soil was high as far as
yield was concerned but the laboratory methods did not reflect this
fertility, Farm 13 showed the highest available nitrogen with.two
methods and second highest with the other but itslcheck yield was second
lowest and its response to nitrogen was second highest, No explanation
can be found for this situation, The field had been broken out of
crested wheat grass sod ten years previously but this grass would not
have added any nitrogen to the soil, Farm 11 on the same genetic soil
type and situated across the highway from Farm 13 exhibited low avail=-
ability of nitrogen in all methods but reacted similarly to Farm 13 with
respect to fertilizer response and check yield, The other barley fields

fell into a satisfactory sequence that could show high correlation
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coefficients, However, these were not calculated because it was felt
that due to the unexplained conditions in Farms 10 and 13, coefficients
oﬁitting them would be biased,

The alkaline permanganate method 2 appeared satisfactory with
the oat yield data but it was not satisfactory with the barley yielé
data, The other two methods did not correlate significantly with either
oat or barley yield data, The alkaline permanganate rmethod is very rapid
and would enable a great many samples to be analysed in a laboratory but
it was noted from the results that the two methods with varying amounts
of oxidizing agént did not correlate,

Honway and Dumehil (8) found that past soil management and crop
rotations could not be overlooked in maeking nitrogen fertilizer recom-
mendations, Farms 3, L and 10 showed low availability of nitrogen but
their check yields were high, These farms had legume forage crops in
their rotation which showed in the yield but was not reflected in the
available nitrogen debermined by the laboratory methods,

While certain trends are shown in the yield response to nitrogen
and available nitrogen in Table 15, the erratic results indicated by the
correlation coefficients suggest that further field and laboratory work
mist be carried out before these tests can assume any practical importance
under Manitoba soilvand climatic conditions,

GENERAL DISCUSSION OF FIELD AND LABORATORY INVESTIGATIONS

The yield response data obtained from the field investigation

showed that anhydrous ammonia fertilizer is a satisfactory source of

nitrogen for stubble crops. The oat fields exhibited a large response to
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nitrogen, Only one oat field showed diminishing total yield with nitrogen
application but diminishing yields occurred on all farms with only one
exception, The barley fields exhibited a moderate response to applied
nitrogen, Only two barley fields exhibited diminishing total yield.

Farms that had recently been broken from leguminous forage did
not exhibit significant yield increase to applied nitrogen as in the case
of farms 3, L and 9,

The phosphate response was not as great as the nitrogen response
but a definite phosphate requirement was noted on all farms, Phosphate
application was necessary to obtain the meximum nitrogen response, On
the basis of phosphate response the farms were divided into two major
groups, In the first group, comprising six farms, maximum yield response
had not been reached with the thirty pound application of phosphate, On
these farms, due to the high water table, imperfect drainage or soil
erosion, calcium carbonate or other calcium salts were at or near the
surface, On the remaining eight farmsg which were situated on quite well
drained médium.to light textured soils, diminishing total yields occurrede

The t-test showed that the various treatments gave significant
response when compared to their adjacent check but the regression equations
or production functions reflected the fertilizer response in a more satis=
factory manner, The use of these equations facilitate making yield predic-
tions because they smooth out the minor variations encountered in the
original yield response pattern. When regression equations have been
calculated, the coefficients of determination can be used to determine

the percentage of the yield variation that is due to the applied fertilizer,
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The regression equation was used to calculate the marginal rate
of substitution of nitrogen for phosphate, There was a definite substi=
tution of one element for another, particularly at lower yields i.e.
lowere rates of fertilizer application, Less substitution took place at
higher yields(higher rates of fertilizer application) indicating that
each element was required for a specific function, This also suggests
that maximum yield could be obtained by only one combination of nutrients,

The optimum rates and combinations of nitrogen and phosphate were
determinéd for the various nutrient and barley price situabtions, Fertili=
zer recommendations based on the method outlined herein would be more
useful to farmers with limited capital who are aiming at medium yields
because there would be a wide variation in nutrient combinations to pro-
duce this yileld., These wide variations could mske a great difference in
the cost of fertilizer,

The laboratory investigation showed that there was significant
correlation between the yield response to applied nitrogen on the oat
fields and the available nitrogen determined by the alkaline permanganate
method 2 but the available nitrogen determined by this method did not
correlate with the yield response to applied nitrogen on the barley fields,
The available nitrogen determined by the incubation method and alkaline
permanganate method 1 did not correlate significantly with the yield re-
sponse to applied nitrogen on the oat or barley fields, The correlation
between the methods to determine available nitrogen was inconsistente
Further field and laboratory work will be necessary to adapt the methods

for practical use in determining available nitrogen, Further investiga=

tion should be confined to one soil type over a period of several years,
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This would remove many of the variables from the investigatbtion and allow
the investigators to concentrate on specific problems in the method such
asy, btime of taking the soil samples, size of soil samples and length of
incubation period, The yield response data would be more reliable when
the yields were determined for several years on the same soile

The investigational work on optimum rates and combinations of
fertiliger could be continued on the same plots used for the available
nitrogen study, The regression equations developed to determine the
physical relationships between varying combinations of applied nutrients
and yield could very well include the available nitrogen determined in the
laboratory, Such an investigation would therefore bring together the
laboratory, field and economic investigations,

This investigation would add considerable accuracy to the yleld

predictions on any particular farm or soil,

SUMMARY AND CONCLUSIONS

The studies undertaken in this investigation may be grouped uvnder
three major headingsee=

(1) The evaluvation of anhydrous ammonia as a
nitrogen fertilizer alone and in combination
with phosphate fertilizer,

(2) The application of a statistical method
whereby the most economical rates and combina=
tions of nitrogen and phosphate fertilizers
can be easily and accurately determined,

(3) The investigation of methods for determining
the quantity of available nitrogen in the
SOile

The field investigation was undertaken on seven oat fields and

seven barley fields, Seven genetic soil types were represented on the



fourteen fields, Anhydrous ammonia was applied at 0, 20, O, 60 and 80
pounds per acre of nitrogen alone and in combination with 0, LO and 60
pounds per acre of ammonium phosphate (11=48-0), Yield data was obtained
from the fertilizer treatments as a measure of the fertilizer response on
the different genetic soil types, The yield data was analysed statisti-
cally to determine the significance of the fertilizer response and to
determine the most economical rates and combinations of fertilizer appli-
cation. Available nitrogen was determined in the laboratory investigation
by the alkaline permanganate method and the incubation method, The crop
yre3ponse to nitrogen fertilizer was correlated with the available soil
nitrogen determined in the laboratery,
Conclusions were as followsge
1le The mean oat and barley yields increased up to the 80 pound ap-
plication of nitrogen but at a diminishing rate after the LO pound
application on oats and after the €0 pound application on barley,.
2, The mean oat yields increased up to the 28,8 pound application
of phosphate but the mean yields of barley showed the greatest
increase at the 19,2 pound application of phosphate and showed some
reduction in mean yield with 28,8 pound application of phosphates
Je The high rates of nitrogen application did not cause lodging or
delayed maturity when phosphate was applied to give a proper nitrogen-

phosphate balance,

Le Nitrogen response was found to be closely associated with genetic
soil typeS,
Se Soil management and past cropping history, such as the growing

of forage crops and soil erosion, altered the response to applied

nitrogen,
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10,

11,

12,

13.

The regression equabions or production functions were very use=
ful in indicating the fertilizer response pattern on the various
s0ils,e

The Quadratic function including interaction fitted the yield
data better than the Cobb=Douglas function or the Quadratic function
ignoring interaction.

Diminishing total yield was permitted with the Quadratic function
but was not permitted with the Cobb=Douglas function,

The Quadratic function showed that all of the oat fields exhibi=
ted a large response to nitrogen. Only one oat field showed dimini=-
shing total yield with nitrogen application but diminishing yields
occurred on all farms with only one exception,

The barley fields exhibited a moderate response to applied nitro=
gen as shown by the Quadratic function., Only two farms showed
diminishing total yield.

The Quadratic function showed that the phosphate response was
not as great as the nitrogen response but a definite phosphate re=
quirement was noted on all farms,

The yield response curveé showed that genetic soil types are
more important in making fertilizer recommendations than the location
of soil types with regard to climatic regions,

The yield data on Farm 8 showed that there was a definite substi=-
tution of one element for another and that the yield could be
maintained by replacing some nitrogen with more phosphate, Less and

less of the nitrogen would be replaced by each successive one pound
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increase in the phosphate at higher and higher levels of phosphate
application, i.e., high yield levels,

The investigation points out that fertilizer recommendations must
be based on the soil conditions, price of fertilizer nutrients and
price of crops. MNutrient combinations and rabes of application
will change with various soil conditions and price fluctuations of
both nutrients and crops,

There was significant corrélation between the yield response on
the oat fields and the available nitrogen determined by alkaline
permanganate method 2, |

Before theklaboratory methods can assume any practical importance
for making fertilizer recommendations, further field and laboratory
investigations will be necessary,

The accuracy of further investigation in this type of project
could be increased by using rod row rather than field strip experi-
ments, The randomized rod rows minimize the soil variations within
the test as well as soil management factors that are encountered in
the field strips., It would be much easier to obtain a satisfactory

rod row plot than a complete field for fertilizer strips,
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Coefficients For The Cobb=Douglas Function
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Appendix (ii)
The Correlation Coefficients For The Quadratic Function
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Appendix

Coefficients For The Quadratic Function

(ii1)

Including Interactions
R
; 1 ; o 7568 ; 533L ; 7983 ; LBl ; 8272 ;
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3¢ significant at the 1% level
+# significant at the 5% level



Appendix (iv)

Predicted Oat Yields With Varying Rates Of Nitrogen And

Rate Of Phosphate Constant At 20 Pounds Per Acre

(Quadratic Function)

H s ¢ Predicted H ¢ Predicted 3
¢ Farm : Nitrogen : yield ¢ Farm ¢ Nitrogen : yield :
: No, : 1bs/acre : bus/acre 3 No, : 1bs/scre : bus/acre 3
s 1 : 0 : 3L.17 : 5 : 0 : 34.08 :
: : 10 : 36,40 s : 10 : 42,06 :
3 s 20 : 38,37 s : 20 s 49,51 :
s : 30 : L0.09 : : 30 : 56.45 :
: : Lo : l1.5h : : Lo 3 62,87 :
: 3 €0 : Li3.66 : : €0 : Tholk :
: : 80 : Lh.75 : : 80 : 83.3L :
s 2 : 0 : 22,82 i 6 : o : 66.68 :
: : 10 : 26.89 : : 10 : 72.20 :
: : 20 30,50 : 20 s 77.15 :
2 H 30 33.6h H 30 : 81@55 :
s 3 Lo 36.33 : Lo : 85.39 :
. ‘ 60 10,33 : 60 : 91.87 :
3 : 80 h2,48 : 80 : 95 .1l :
H 3 2 O H )4-5020 7 0 H )4-3085 H
: : 10 : L8,19 10 : L9.66 :
: : 20 : 50.L7 : : 20 54.83 :
. s 30 : 52,06 : s 30 : 59,36 :
: : Lo : 52,95 s s Lo : 63.25 :
2 2 60 2 52,62 2 s 60 s 69.11 .
: : 80 : L9.50 : : 80 : 72.41 :
s L : 0 : 55.02 : : :
H : 10 : 55.99 : : :
: : 20 s 57.15 : : : :
: 2 30 : 58.52 : : : :
: : Lo : 60,08 s : : 3
: 3 60 : 63,82 : : : s
: : 8o s 68,35 : : : :
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Appendix (v)

Predicted Barley Yields With Varying Rates Of Nitrogen And

Rate Of Phosphate Constant At 20 Pounds Per Acre

(Quadratic Function)

: : : Predicted : : Predicted
¢ PFarm : Nitrogen yield s Farm ¢ Nitrogen : yield :
s No, : 1bs/acre : bus./acre : No, : 1lbs/acre : bus,/acre :
: 8 : 0 : 2L .37 s 12 0 : 39,36 :
: : 10 s 2729 s : 10 : 38,16 :
s : 20 : 29,71 : : 20 : 37.57 :
: : 30 : 31.63 s : 30 s 37.61 :
: : Lo : 33.05 2 : Lo : 38,26 s
s : 60 : 3438 : : 60 : L1.43 :
2 H 80 H 330 72 H H 80 ° }47 908 s
: 9 : 0 : 31,17 13 0 H 20,20 s
: s 10 : 30.75 : : 10 22,6l :
. . 2 . 30.89 . 20 25,11

: : 30 : 31.60 : : 30 27.59

. . Lo s 32,86 : Lo 30,09

. . €0 ; 37.06 . s 60 35.16

. . 80 s L3.51 : B0 .30
: 10 0 : 39,29 2 1b 0 : 22,96
: : 10 : 39,54 : : 10 : 26,41 @
: : 20 2 39.85 : : 20 : 29,19 :
: : 30 2 Lo.23 : : 30 : 31.28 :
: : 110 : Lo .66 : : Lo : 32,60 :
: : €0 : L1.70 H : 60 H 33,49 :
: : 80 : 42,99 : : 80 : 31.56 :
¢ 11 0 : 6,13 : : : :
3 : 10 : 8.17 : : : :
: : 20 : 9.96 : : : :
s : 30 : 11.78 : : : :
: : Lo : 13,65 : 3 : :
: : 60 : 17,49 : : : :
. : 80 21.50 : : : :
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Appendix (vi)

Predicted Yields On Six Farms With Varying Rates Of Phosphate
And Rate Of Nitrogen Held Conmstant At 10 Pounds Per Acre

(Quadratic Function)

2 H 2 Predicted : H s Predicted
¢ Farm : Phosphate @ yield ¢ Farm : Phosphate : yield :
: Nos : 1lbs/acre : bus/acre : Noo, lbs/gcre : bus/acre
s 2 : 0 : 31.42 : 8 : 0 3 22,02 :
: : 5 : 31,25 s : 5 : 26,36 :
: : 10 : 32.02 s : 10 : 29,65 :
: : 15 : 33,70 : s 15 : 31,91 :
s : 20 : 36633 : : 20 s 33.12 :
2 : 25 s 39.88 : 2 25 s 33630 :
: : 30 : Lk .37 : : 30 : 32,4l :
Y TR 0 : 55467 O TR 0 : 25,17 ¢
: : 5 3 57.80 : : 5 : 29,20 :
: : 10 s 59.25 : : 10 : 31.80 :
s : 15 : 60,01 : : 15 : 32,97 :
2 3 20 H 60,08 : H 20 : 32,70 HE
s s 25 : 59,48 : : 25 : 31.01 .
: : 30 : 58,18 : : 30 : 27.89 :
s 6 : 0 3 75.37 s 12 : 0 : 31,29 :
: : 5 : 81.25 : : 5 : 32,57 :
: : 10 : 84,88 : : 10 : 34,01 :
2 b1 15 H 86926 H H 15 H 35060 H
: : 20 : 85,39 : : 20 : 3734 :
: : 25 : 82,28 : 25 s 39.25
s : 30 : 76.90 : : 30 : L1,30 :




Appendix (vii) ‘
Predicted Yields With VaryingiRates Of Nitrogen And Constant
Rates Of Phosphate On Farm 8
(Cobb=Douglas

Function)

e 0o o &% Be GP ob 09\‘9. 5b st 65 ©d

2 H ¢ Predicted 2 : Predicted =
P20 : Nitrogen : Yield s P205 ¢ Nitrogen : Yield :
1bs/acre ; lbs/acre : bus/acre : lbs/acre : lbs/acre : bus/acre :
1 : 1 : 16,12 : 20 : 1 : 23,65 ¢
: 10 : 19,06 ¢ : 10 : 27,96 ¢
: 20 : 20.05 : 5 20 : 29,01 :
: 3 s 20,65 : ¢ 30 : 30629 :
s Lo 3 21,09 : o : 30.93 :
s &0 : 21.72 : s 60 : 31.86 3
: 80 : 22,18 s : 80 : 32,53 :
5 : 1 : 19,81 : 25 : 1 : 2,33 :
: : 10 : 23.h2 ¢ : 10 : 28,77 ¢
: : 20 : 2. 63 : : 20 : 30,26 :
: s 30 : 25,37 : : 30 31.17 :
: : Lo : 25.91 ¢ Lo 31.83
s : : 26,68 : s &0 : 32,78 :
: : 80 : 27625 : : 80 : 33,L7 :
: 10 : 1 : 21,6l s 30 : 1 : 24,91 :
: ¢ 10 : 25.59 s : 10 : 29,45 :
: s 20 : 26,91 ¢ : 20 : 30,97 3
: ¢ 30 : 27.72 : s 30 : 31,90 :
: s Lo : 28,31 H s Lo : 32,58 :
: 2 60 3 29,15 s 60 2 33,55 @
s s 80 : 29.77 2 s 80 : 34,26 :
s 15 : 1 : 22,79 : s : :
3 s 10 : 26,95 : : : :
: : 20 : 28435 3 : : :
H : 30 H 29619 : : : :
: : Lo : 2981 : : : :
: s 60 : 30,70 3 : : :
: : 80 : 31,35 : : : s
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Appendix (viii)

Predicted Yields With Varying Rates Of Phosphate And Constant
Rates Of Nitrogen On Farm 8

(Cobb=-Douglas Function)

% ov oo fea oo o0

3 2. Predicted : H ¢ Predicted

Nitrogen : P395 s yield : Nitrogen ¢ PO : yield :
lbs/acre : 1lbs/acre :  bus/acre 3 lbs/acre : 1bs§acre : _ bus/acre 2
1 : 1 : 16,12 s Lo : 1 s 21,09 :

3 5 2 19,81 H s 5 : 25.91 H

z s 10 : 21,6l : s 10 : 28,31 s
s s 15 : 22,79 : s 15 : 29,81 :
: s 20 : 23.65 : : 20 : 30,93 :
s s 25 : 24.33 : s 25 : 31,83 :
: ¢ 30 : 21,91 : : 30 : 32,58 :
¢ 10 : 1 : 19,06 : 60 : 1 s 21,72 :
2 : 5 : 23.42 : : 5 : 26,68 :
: s 10 : 25,59 g s 10 : 29,15 :
: : 15 : 26,95 : s 15 : 30,70 :
: s 20 : 27.96 : : 20 : 31.86 :
3 s 25 : 28,77 : : 25 : 32.78 :
: s 30 : 29,45 s : 30 : 33,55 :
s 20 2 1 : 20,05 : 80 : 1 2 22,18 :
2 2 5 : 2,63 : : 5 : 27,25 :
: : 10 : 26,91 s s 10 : 29,77 :
: : 15 : 28.35 : : 15 : 31635 :
2 : 20 : 29 .41 g : 20 : 32,53 :
: : 25 : 30.26 : : 25 : 33.47 s
: : 30 : 30.97 : s 30 s 3L.26 :
: 30 : 1 : 20,65 : : : s
: s 5 : 25.37 : : s :
: : 10 s 27.72 : : : s
: s 15 : 29.19 : : : :
: : 20 : 30.29 : 2 s 2
: : 25 s 31.17 : 2 : s
: ¢ 30 : 31.90 : : : 2
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Appendix (ix)

Predicted Yields With Varying Rates Of Nitrogen And
Rates Of Phosphate on Farm 8

(Quadratic Function)

Constant

H s ¢ Predicted : : s  Predicted =
2 Po0g & Nitrogen @ yield : P20 : Nitrogen : yield H
s 1bs?acre ¢ lbs/acre : bus/acre : lbs}acre : lbs/acre 3 bus/acre
: 0 : 0 i 166 ¢ 20 t 0 i 2h.37 ¢
H H 10 H 18,60 : H H :
s : 20 : 20,2 3 : %8 : S;egi .
: s 30 : 21,38 : : 39 : 31,63 :
: :obo s 22,00 t oot 3305 ¢
: : €0 : 21.79 ¢ 60 : 31,38 :
: po 80 s 1957 t 80 3372 *
: 5 : 0 : 20,00 : 25 : : :
H : 10 : 22,33 : 2 13 : §2°g§ s
: s 20 : 2Lh.17 2 : 90 : 29°h7 :
: : 30 : 25,50 ¢ 30 3 31058 :
: s Lo s 26434 : s o : 33020 :
H H 60 H 26.,50 H e 60 ] 311-0 2 2
: . 80 . 2l 067 . . . 9 s
: : . : : 8 ¢ 3Les ¢
: 10 : O s 22,L9 ;30 . :

3 : 10 : 25.02 : 18 : §§°gg :
: : 0 : 27,05 : s 20 : 28. 20 :
4 2 30 H 28.58 e s 30 . 300:1 :
s . Lo : 29,61 : : ko : 32052 :
. . 60 s 30,16, . 6 X ° .
. 80 ¢ 28 72 ° ° 8 . 3)401!»3 .
: : : e : : 0 : 3L4.55 :
s 15 : 0 s 2395 : : :
. . 10 . 26,67 : : :
. . 2 . 8.0 : . :
; . 30 . 30.62 . : .
. . Lo . 31.85 : : .
. . €0 . 32,79 : . .
: Y : 317k : ; : :
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Appendix (x)

Predicted Yields With Varying Rates Of Phosphate And Constant
Rates of Nitrogen On Farm 8

(Quadratic Function)

s H 2 Predicted s s  Predicted :
¢ Nitrogen ; Po0 : yield : Nitrogen : PoOy yield 2
s lbs/acre : 1bs?acre : bus/acre : lbs/acre : lbs/acre : bus/acre
: 0 : 0 : 1616 : Lo : 0 : 22,02
: s 5 2 20,00 : s 5 : 26,36 @
s : 10 : 22.119 : : 10 : 29.65 2
: s 15 : 23,98 : : 15 : 31.91
H e 20 2 2h.36 2 g 20 2 33.12 s
s : 25 : 23.7h : : 25 : 133.30
: s 30 : 22,08 : : 30 : 32,
: 10 : 0 : 18,60 : 60 : 0 : 21,76 ¢
: : 5 : 22,34 : : 5 : 26,45 @
2 . 10 . 25,03 2 s 10 2 30.09 2
H - 15 H 260 69 H e 15 e 32,70 2
H s 20 : 27,30 : s 20 . 326 .
$ : 25 : 26,88 : s 25 : 3h.79
2 : 30 2 25.42 2 2 30 s 3L.28 ;
s 20 : 0 s 20,25 ., 8 . 0 ; 19.57 .
: : 5 : 2hay : 5 : 2h.66
: ;10 : 27,08 : 10 . 28,70 .
: : 15 s 28.9L : 15 : 31.71
H : 20 H 29075 2 2 20 s 33«.67 :
s : 25 s 29,53 . 25 . 3h.60
s : 30 : 28.27 . . 30 . 3holis
s 30 : 0 :  2L.38 : : :
: : 5 s 25,52 : : :
H 3 10 2 28,61 s s : :
s : 15 : 30,67 : : :
: : 20 . 31.68 ) : .
s H 25 H 31966 2 ° : :
H 2 30 e 30.60 2 ; : :




