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ABSTRACT

RYAN, JAMES'GARRETT. A GeneraiizedvC?op-Fé:tiliéer Production: Function,
(Under the direction of ERNEST CALEB PASOUR JR.)

The problem examined in this study is the derivation of a.génerélized
'Etop-fertilizer production function describing the response relation
between measured soil characteristics, applied nutrients, weather and
crop yield, It is hypothesized the Function can be utilized to geﬁerate
specific fertilizer recommendations to farmers based on soil analjses.

The data come from potato-fertilizer experiments conducted on 65
farm locations over a seven-year period in the Sierra region of Peru.

A quadratic model was chosen as the most appropriate form to describe
the response relationships in these data. Soil phosphorous and potas-
8ium were found to have statistically significant effects on response to
applied nutrients, and thus on the optimum levels of application. These
data did not consistently show that soil organic matter should dlrectly
affect nitrogen recommendations.

The applied nitrogen recommendations generated using the derived
quadratic production function were 5 to 220 kilogramé per hectare ﬁigher
than the current recommendations of the NationaiwCenter of Soil Analysis
at La Molina, Peru. The size of the differential depended upon the
levels of soil phosphorous, soil potassium and soil pH. Applied phos-
phorous recommendations derived here were up to 250 kilograms per hectare
above those of the Soil Analysis Center., Applied phosphorous recommenda-
‘tions varied substantially depending on the soil pH level. At p;eéent,

the Center does not use pH in their phbéphofdus-reéommenda:io@s.’
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It was found that on soils with less than about 3,7 percent organic
matter, risk (measured by the variance of profits due to rainfall and
temperature variations over time) increased as the levels of applied
nitrogen, phosphorous and potassium were increased in a fixed ratio of
10:10:5. It may therefore be reasonable for highly risk averse potato
farmers on these soils to apply no fertilizer.

On high organic matter soils it was found that risk due to weather
variability falls as the levels of these three applied nutrients are
increased up to about 120, 120 and 60 kilograms per hectare, respectivelx.

On these soils, aversion to risk (due to weather variations) would |
not appear to be a valid explanation for farmer applications below thesge
levels.

A multivariate probability density function from a large sample of
soils was derived with three soil nutrients and the pH as random vari-
ables. Given this density function, the expected value of using a
blanket area recommendation from this study as opposed to current recom-
mendations, amounted to S/. 8,600 per hectare annually (about $U. S. 200).
The expected additional value of the soil test information was calculated
for the same sample of soils as S/. 4,000 per hectare, or $U., S. 94. The
current levels of fertilizer use are so low that an increase to the gen-
eral level of the blanket recommendations is of far greater value than
the additional benefits available from soil testing.

Widespread adoption of the fertilizer recommendations generated
here would depress potato prices from about S/. 2,000 per metric ton -
to S/. 700 due to the resulting downward shift in the supply function.
The net gain in economic welfare using partial equilibrium analysis was

estimated as S/. 1,993 million per annum ($U. S. 46 million). This

lic



excluded the cost of any research, extension or teaching to achieve the

large increase in fertilizer use implied,
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CHAPTER I
INTRODUCTION

The problem to be examined in this study.is.the derivatiqn of a
generalized érop—fertilizervproduction function which adéquately des-~
~cribes the response relation between measured soil characterie;ics,
applied nutrients, weathesr and crép yield. The word "generalized"
ameans that the function can be utilized under a wide range of soil
and environmental conditions to replace site-specific .functions for the
potato growing areas of the Sierra of Peru,

It is hypothesized that the function can . be utilized to generate .
specific fertilizer recommendations to farmers baséd on soil analyses,
In the words of the National Academy of Science (1961, p. 49):

One of the most challenging problems in statis-
tical methodology relating to agronomic~economic
research in response-surface studies then is that of
developing theory and methods of combining results
from a series of experiments to form a generalized
production function. To be of practical usefulness,
this function must be such that it may be employed
over a comparatively large population of conditions
by having at hand values for independent variables,
such as soil-test results, to insert to account for
local variations in conditions,

The empirical function derived in this study is subjected to rigor~
ous statistical analysis to ensure it has not been adﬁersely affected by
specification bias and multicollinearity. The empirical estimation of
crop-fertilizer response functions combining data over space and time
has always proved to be a difficult task because of these two problems,
The possibility of specification bilas exists because the "laws of pro-.
duction" have not been adequately formulated into a multivariate

functional form capable of depicting the exact mathematical relationships

ihvolved. Multicollinearity, on the other hand, is largely a data problem,



‘ The data come ' from the potato-fertilizer experimente conducted in
-the.Sierra region of Peru during the period 1960-70. The generalized
ffunction fitted to these data is used to measure the sensitivity of com-
puted -.economic optima to changes in soil and. weather characterietice and
price relationships, which is one of the primary aims of .the study, The-
current recommendations of~the National Center of Soil Analysis at |
La Molina, Peru, are then compared with those generated  from the fitted
Production function. Using a multivariate'probability density function
derived from a large sample of data from the La Molina laboratory (with
soil organic matter, phoephorous, potaseiumland pH as random variables),
the expected value of using the recommendations of this study compared
with current recommendations is calculated. This measures the expected
value of the generalized function, |
Another primary aim is to compare the value of a general increase

in fertilizer use with the value of soil teeting. The value of soil
testing is determined by measuring the expected value of the difference
between the profit levels using recommendations of .this study for the
above sample of soils, compaired to one blanket recommendation based on
an average soil. The expected value is again calculated using the above
sample multivariate probability density function. These calculations
enable some policy statements to be 'made about, the relative value of
soil testing with’a view to making farm-specific recommendations, versus
a general program aimed at increaeing the level of fertilizer use.on all
eoils.. | ‘ B

' An analysis is-made of the 1ikely effecte of increased fertilizer
use on all farms on potato pricee, production and: economic welfare. If

all potato farmere followed the recommendatione derived in this: etudy,



the price of potatoes would fall substantially due to the shift. in the
supply curve that would result and the inelasticity of demand for the
.prodgct. Assuming all other resources are in completely elastic supply on
potato farms, a new supply curve is derived which reflects the adoption
- of the recqmﬁendations of this study, The change in the equilibrium
level of price and production is determined assuming a demand elasticity
"~ of. -0 3. From these, an estimate is made of the change in economic wel-
farg’;hat would result from a program of research, education and extension
'_é{ﬁ;d at increasing fertilizer use to the levels implied by the new supply
curve.

The effect of weather risk on statements to farmers concerning
“"fecommended" fertilizer applications is examined_assuming rainfall and
temperature as random variables. The hypothesis that the variance of
profits is a monotonically increasing function of .nitrogen.fertilizer
applications, as others such as Colyer and Kroth (1970) and Tollini and
Seagraves (1970) found with corn, is tested using the potato data., The
effect of interactions between soil and applied nutrients and the two
weather variables on.the expected profits-variance (E - V) map is
considered. . Previous work on E - V estimation has been restrigted- 
largely to single nutrient response with no soil fgctots.entering~the

analysis,



CHAPTER II
PREVIOUS CROP-FERIILIZER‘RESPONSE;STUDlES.
Three major catepories of problems have arisen in crop-fertilizer
r-response research. The first concerns definition of the | structure of
the_model.: Included in- this are the choice of. the appropriate functional
form to represent the response relationship and the way to incorporate
soil and other site variables such as weather into. the model. |

The second problem deals with the statistical difficulties encoun-
ﬁtered in the empirical estimation of models. Within this category fall
'dthree related subclasses:

a. definition of statistical methodsﬂto-sequentially "build upﬁ
equations so that the most important;variables are included;
multicollinearity among independent variables appears to
cause most of the problems here;.

'br“'the difficulty of fitting non-linear models, particularly
when, more. than one independent variable is included, and the
statistical Properties of non-linear. estimators;

c. determination of appropriate'statietical tests when experi-

‘- mental data, are combined over space and time,

The third class of problems relates to the ugse of .fitted models in |
economic analyses. Included here are the questions of how to arrive at
fertiliéer recommendations for farmers, taking‘account of both.profita-
bility risk and how to evaluate the worth of'empirical.research compared
to present farm practices. |

The sizable literature.on the first two problems uill be specifically
reviewed and discussed in this chapter. The economic aspects will be

covered in: Chapters IV.and V.



Types of Response Models

Perhaps the most important and most . common - problem‘in response
:research has been the choice of an appropriate mathematical function
fito represent the relationship between fertilizer input and crop yield
ngper unit of land, Ideally, one should hypothesize a functional relation~
ship based on the "laws of production” as conceived by soil scientists
»f and agronomists. Unfortunately, a- concensus does not exist among these
:"lawyers" of production, As a result, the history of response research
reveals that a plethora of functional forms has been utilized,

One of the first explanations of the relation between crop yields:
vanc,plant nutrients. . was the "law of the minimum." According to Munson
" and Doll (1959, p. 134) de Saussere, a Swiss chemist, first alluded to

this>law in;1804 in his Reserches Chimiques sur la Végeeation. It is
more commonly known as Von Liebig's "law of the minimum," developed in.
1855, The7essence of this relationship is that it specifies a linear
:crop response to a given soil nutrient up to the yield ceiling,-nhich
‘foccurs when_other nutrients-or factors become limiting, Thereafter

Yield (y) remains constant. It can be. expressed as follows:
y = bxl_l Xps eaee » X (0 <X <X
‘. yHA ' X 9 oo ’_,,\)Fn (xl Z xj\:) ' ) o (l)

.where.XI;ie the‘nutrient lenel giving the maximum yield, A,

As Swanson (1963) points out, life in.a Liebig world is uncompli—
:cated ~ The response function can be estimated using ordinary least.
squares'analysis and determination of the optimum level of nutrient is

'relatively simple as it involves corner solutions. Both Mitscherlich



and Lang, among others, refuted Liebig 8 "law," which implied that the
,‘varioue nutrients in: the soil were not eubetitutee in production.

— Mitscherlich (1909) developed the mathematical growth model uhich
.bears his name.‘ It was a curvilinear form. of the Liebig "law," with :
yield becoming asymptotic to an upper yield ceiling. For a single |
:nutrient it took.the form.,‘ﬂ’,,. |

"A'.'?'.:v'?'-A(x-.- we S »

P

'where y ie absolute: yield, x-is the leveJ of applied nutrient A is the
: maximum phyeical yield and c. ie the reeponse parameter.
Another version of the Mitecherlich function incorporated the level

- of soll.nutrient, b:

y = A(1 - 10-¢(xtD)y

. S ®
,zunlike (2), equation (3) allowed ylield to be.positive at zero levels of x.
- Baule (1918).modified Mitscherlich's function and . showed that when
one used the percentage yleld concept instead of absolute yield, it
becomes independent of the quantity-of~nutrientuin the soil'.1 Baule.
also suggested that all .nutrients should be in the response function,
as shown in.equation (4): &

y = A(l - lo-clxl) (l - 10-02x2) [N NN NN . . (1 = 10-cnxn) .-.:o (4)

~

1The percentage (or relative) yield refers to the ratio of yield
obtained with all nutrients but the one of interest available in "adequate"
amounts, to yleld with all nutrients, including the one of interest, at
‘"adequate" levels. The nutrient of interest is set at an applied level
of zero in order to obtain the yield for the numerator.
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This specified that absolute and percentage yield was zero when an- essen—
_ tial nutrient .was absent in the soil and none was- applied. T
In -1923 Spillman developed his: function which was similar to that of
; Mitscherlich excepr that-R, the ratio of successive yield increments waa
not assumed to be: constant for a given nutrient, as in Mitscherlich'
formulation. R was allowed to vary with aoil and climatic conditions 1n

the Spillman (1923) formulation.. For multiple nutrients, the Spillmantg

function was: -

'j.y’ n"-.'A.(Al - RI]-)(]_ - R;tz) .. tesses o.(l " R:n)’ p ,‘ S - (5)

The R (i =1, 2,:.... n) were the ratios by which marginal products
of the applied nutrients T (i = l, 2, se vy n) declined as input levels
were increased. Other features of thia type of function wera, as detailed

by Heady (1956), and. Heady and Dillon (1961, PP. 73-107)

‘8. the elasticity of response is less than one over all ranges
of input levels; this was probably a reasonable assumption
except;on extremely deficient .soils where a phase of
increasing marginal returns to added nutrients may be:

- expected;

b, the marginal product of each input waa always positive as
yield was asymptotic to Aj

c. -it does not allow isoclines to converge at‘the point of
'maximum yield, A; this implied that A can be attained with-
Anumeroua input combinations;

“d. fthe level of soil nutrients could be: incorporated into" the

| function by adding a soil nutrient variable to the powers of |

the Rio
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i The main disadvantage of the Mitscherlich-Baule-Spillman models 1is-
‘.that they require non-linear estimation procedures when the asymptote is"
'not known., A number of studies have used these models such -as Bray (1958)
.:Yurtsever et al. (1965), Holford (1966) Eagle (1969), Ranganathan et al.
; (1969) and- Cate (l97l) Stevens (1951) and Edwards (1962) have outlined
A”iterative_procedures for handling general‘problems of ‘non-linearity.
Even.withimodern computers, the‘estimation problem becomes almost intrac-
.table when more than one. independent variable is included.2 .

The "resistance" function was developed by Balmukand (1928) ‘to. relate

: soil and applied nutrients to crop yield yHis function took the form.

a a

y = 1 + 2 + +_..gn_.+c . i : (6)
b +x b +x oesnes bn+xn - R R -

171 2 72

where a, (i = l 2, ..., n) are the parameters to be- estimated, b ‘(i = l
2, aaey n) are the levels of soil nutrients and x (i = l, 2, ..,,~n) are’
'\amounts ofnapplied nutrients. |
This function allows:

a. 'yield to be asymptotic to 1l/c;

b. linear isoclines which do not pass through the origin, ‘

Co non-convergence of the isoclines at l/c,

dr diminishing marginal products.
Heady and Dillon (1961, pp. 94—96) suggest that the "resistance" function
- 18 ‘more appropriate for livestock feeding experiments, The function has'

not been widely used in response studies of any kind.

2For an excellent review of the history of the Liebig, Mitscherlich,
Baule and Spillman functions together with an. extensive bibliography, see
National Academy of Science (1961). Heady (1963) also has a review of
this early work.



The Cobb-Douglas function also has not been widely used in crop-

_._,-;;'fertilizer response studies. Its main limitation is. the aasumption that

| '»5the marginal rate of substitution between nutrients is constant, as in ‘

'the .case. of the Liebig function over certain ranges° The Cobb-Douglas

N is: written.

| y = b : Xil Xcz ' o"o oo o:ob xcn B . (7)

',where b is a constantvand the ciw(i = 1 2, ey n) are the elasticities
tlof production. . »I | . | |
Other features of. the Cobb-Douglas are..
a,ifthe elasticities of. production are: constant,
b;t it allows diminiahing, increasing or. constant marginal
returns throughcut but does not allow more than ‘one” of ‘
these phases; ' | o .
¢. 1t does not define a point of . maximum yield and hence tends'
to overestimate the optimum level of inputs when the ratio
of input price to. output price is .very small'
"‘d;__output is zero when one, of the inputs is at zero level.

An exteneion of the Cobb—Douglas function is: the Transcendental.<~

-Theimain advantage of the Transcendental is that it allows phases of'
both increasing and diminishing margincl returns. It can be fitted with :
least squares regreesion.procedures using log.transformations,g.Howeveriﬁh
it is'.difficult to use for economic analysesa | | o

By far the most used functional form has been the quadratic equation{

: of the form:
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y=a +“bix +byxy ¥ 1ois B x = b, X2 = b, %2

+ b XX + b,

-1 272 - T nn 1171 "2272

: 2 ‘ . R
'hco oto bnnxn + bllexz + b13x1x3 + coee + bl xlx

237273 '24* 2 4

]

+ XEX j+'-uco'.'*"..bn_l.n_xn_1xn.'

+ blzaouoc bnx1x2 aeoe an (9)

The propertiea of the quadratic which account for its popularity are:

a.

C.

€.

it allowa diminiehing marginal returns for each input :

alone;

the interaction terms allow the function'to_repreqent
eithér.diminishing marginal returns for both factors.or
diminishing for one and increasing for the other;

the isoquants are allowed. to intersect the input axes;
hence, a zero level of one input does not imply a zero
output;

total yield can reach a.maximum, followed by negative
maréinal-re:urns; |

the isoclines are linear but because they are not forced
through the origin.of the input plane as in the Cobb-Douglas
case, they allow changing input proportions.along the expan-
sion path;

first derivatives form lineaf equations which are easy to

gsolve simultaneously.

A.review of. some.of the empirical work using quadratic. functions appears

in a later section of this chapter.

A va:iation of the quadratic'is.where.the xi terms are replaced by

3/2

terms in equation (9). This generates non-linear isoclines which
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do -not pass through the origin of the input plane. Adding x3 terms to
‘equation (9) allows both increaaing and diminishing marginal returns.
The- square root function has also been used a great deal in response
.atudies. Unlike the quadratic, it allows marginal products to decline at
a diminishing rate rather than a conatant rate. Ita mathematical form is

‘shown in equation (10):

y'a a-blxl"'b2x2- cees -bx +bll/;‘—1. .

+"b'22{>?2‘v+....+b /“‘+b 27y *+ byghiy

+ v°-~-~‘?mf*?§+ bygVX,%, + b24/,?2'§;+
AR bn—l,n”‘n P Fooree Fhppg ceee migxy v xg L

It alao hae curved iaoclines which pass- through the origin, hence allowing

input proportiona to vary as output changes.

Empirical Reaponse Studies
Very little empirical work was done on. crop-fertilizer reaponae

“prior to 1950, as noted by.the National Academy of Science (1961, p, 6).

Early Work

Bray was a leader in the field of correlating the level of soil
nutrients with the response of crop to applied nutrients. In~hia'l944
paper he fitted a Mitscherlich equation relating the level of ekchange-
able potassium in the so0il.to the percentage yield of comn. He only
had one non-zero rate of potassium in the experiment and used this as
Justification for leaving the level of applied nutrient out of the

equation. His aim was.to estimate an .equation that would enable prediction
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of pergentage.yields for crops on a range of soils whgn'on1y=th¢ soil
.téét_valﬁeslwere knowﬁof'Hé choseApercéhtage-yield 59 hiﬁ,dependént vari-
 _ab1§ as he found it gave a better fit to his data.
"B?gy’s contention was that . c, the coefficient of b, the level of
the nu#iient ip.the soil, was relatively constant for all soils in
requétion (11), which resemﬁles'the log form of equation (2). His aim

waa‘tq,utiiize c to determine fertilizer requirements.
Log (A.~ y) = Log A -cb (11)

where A = the maximum yileld, and

y = absolute yield with non-zero level of nutrient applied.
However, Bray's (1944, pp. 318-320) anaiyses showed that other soil
properties will affect c and that it will vary depending on the crop.
No.atﬁempt was made to incorporate other soll properties into the
function. Finally, Bray (1944, p. 320) admitted that his ¢ applied only
for soils in the mid-range for potassium.

In a later paper, Bray (1958) examined various rates of applied
phosphorous on. wheat and estimated the relationship between yield and
the levels of soil and applied phosphorous. He .again found that his
estimated ¢ values changed as the level of soil and applied phosphorous
changed. However, soil type did not appear to affect them. Equations
wﬁere percentage ylelds were included in place ofl(A - y) in equation
(11) generally gave a better "fit" to the data.

Borden (1946) used Mitscherlich relationships to calculate the soil
nutrient status using percentage yield as the predictorx. As with most of

the response research up te this time, the concern was to broadly delineate
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soils on-the basis of the relative magnitﬁde.of the yield'respopae to .
~ "adequate" doses of fertilizer. Little or no interast was expressed in
accurately defining just what was an "adequate" level of fertilizer.

The "renaissance' in the area of production function estimation came
in the 1950s, and centered around the work of Heady and others at Iowa,
State University. Interdisciplinary research efforts between livestock.
researchers, agronomiats, soil scientists, statisticians and economists
seemed. to blossom in this period.

The paper by Box and Wilson (1951) developed.several concepts lead-
ing to more efficient estimates of production surfaces. They diacuﬁaed
multivariable quadratic response functions and the structure of the .
design matrix for most efficient estimation of the function.. They pointed
out that the likelihood of specification bias in.the modei.depends upon
the choice of experimental ‘design. '.l.'he-(x'x)-1 and what they refer to
as . the specification bias matrix provide an objective basis for comparing
designs for both precision and bias. This was a,considerable-advancé on
the trial and error computational methods such.as that of Mendum (1948).
A later paper by Box (1954) emphasized the importance of considering all
factors affecting yield, not simply one.

Johnson. (1953), in comparing how a Cobb=Douglas quadratic and two
variations of a Spillman function performed in describing corn-nitrogen.
response, found that the quadratic gave the .best "fit," After this, |
empirical papers seemed to abound. Papers by Heady and Pesek (1954),
Heady, Pesek and Brown (1955), Brown et -al., (1956) set out.generally to
compare various functional forms .such.as the Cobb-Douglas, exponential,
quadratic and square root. The quadratic or.squa:e root functions were

generally chosen: Although it was.not alwaya clear what criteria were
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used.to choose .between the»fi;c¢d¢equationa, it appeared .to be;largély
#;sgd;oq*theJRg values, .. g |
' All,theae'papera;included-detailed.e¢onom1cranalyseanof‘the results.
Iéoquants, isoclines and least .cost.fertilizer combingtioqs were calcula-
ted, The-fact that'iaéclinea turned out.to be non-linear was. frequently
mentioned as further justification fof'using the square root function.
'However. this is a property of:-this function and cannot be used to justify.
| the specification.

Brown and|0veaon (1958) worked with wheat~nitrogen data available
over'a'period'of yea;a»thOregon. They compared quadratic equations
.'derived by‘combining "like" response years to estimate a general equation-
from theicombined data. They measured the "cost of the wrong decision"
as the margin .over fertilizer cost of using the combined equation to
estimate fertilizer optima versus the individual equaticns of- '"like"
years. The average "cost of the wrong decision" from using a single rate
each year was small--$1.58 per acre. Havlicek and Seagraves (1962) carried
out ' a.similar analysis for nitrogen on.corn.in North Carolina. Using a
square root.function, they found the cost of the wrong decision to be
aboutf$1;02 per acre. They also examined the value of price and weather
information and -compared the quadratic to the square xoot equation.  They
foUnd that there was little to choose between the two equations.

Iﬁvthé late 1950s, two important books were published at Iowa. They
contained many important papers by statisticians, agronomists; soil..
éciehtists, economists and.others in the area of fertilizeﬁ response

analysis. They were edited by Baum, Heady and Blackmore (1956) and

Baum, Heady, Pesek and Hildreth (1957).
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. Heady, Pesek and Rao (1966) derivedia quadratic production.function
4for‘nitrogen and phosphorous on corn in iowa. From this, they derived
:\ehort- and long-run atatic eupply functions for corn, and demand functions
. for the two nutrients. In deriving the optimum economic levels of the two
I'nutrients, Heady, PeseR and 'Rao found the point estimates had rather wide
statistical confldence intervals. Three methode were euggested,to"reduce
these intervals: o
 a. increase the number of'experimente;
b. add more.variablee to the equation;
‘bc. improve the experimental designs. _

Another example of a typical response etudy of.the 19508 and_19506
where only applied nutrients were considered is that of‘Colfer andhKroth
(1968). Using seven.years of data on corn reaoonse to nitrogen and plant
population at two locations, they derived quadratic equations for each of .
the seven years and also a combined equation. Both combined equations

4gave'aubstantially reduced R? values, but most of the regression coef-
ficlents were significant. Soil tests were'available on the sites but
were not included in the analysis.

Colwell and Esdaile (1966) fitted square root resuonse equations to
49 nitrogen and phosphorous field experiments on wheat in\New South Wales,
Australia. For each location, fertilizer optima were computed. This
work was a forerunner to Colwell's later efforts at development of a gen-
eralized response equation involving incorporation of soil and}other
site characteristica. ‘ _ | | O v

The majority of the etudiea done .up to the late 19508 were aimilar
to. thoae previously mentioned Experiments were carried out at one or

‘two_aites over one.or more years and involved primarily the fitting.of
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response cprvéq.for one or two applied nutrients and the calculation of :
fggopomicjop;imagf Ab_soilitéé;iﬁg_tqchhiques advanced, and the limiqa-
,fiphs.éf;location}specifié¥fuﬁ§ti¢ns for deriving general fertilizer
recommendations ¢;me”to be‘fealiéed, more attention was given to -the ‘
deéélopment.of°geﬁeralized production functions., As Munson and Doll..
(1959, pp. 164-165) noted:
Few, (soll tést—crop yield response studies)
however, have considered economic levels of fer-
tilization in-conjunction with soil tests or the

simultaneous effect of more than one soil-test
nutrient in analyzing experimental results. .

Incorporation of Soll and Site Characteristics
Apart from the earlier work of Bray .(1944), Borden.(l946) and others

using relative yileld concepts, one of the earliest attempts to incorpox-
ate soil test variables into-empirical response equations .was that of .
Fitts -et.als (1953). They fit;fed_linear functions relating the change.
.in-yield from applying 40 or 60 pounds of nitrogen to the rate of soil.
) nitrification.' Utilizing seven-fears &aﬁa;'théy obtained significant
results. Their results could have been improved had they incorporated
plaqt'atand, weather and rates of fertilizer nitrogen in a qpmbined
.34uations
o In a more sophisticated analysis using a Mitscherlich equation,
Hanway:and Dumenil - (1955) derived a.relationship between yieid.increase.
A‘in»corn and the rate.of applied nitrogen and the level of soil nitrifi-
_ éation,'similar to equation (3). They derived economic optima for a.
range of soil nitrification rates but also failed to include weather
variables, although they did examine a range of fertilizer rates.
Pesek (1956) discussed the use of total nutrient variables in a

quadratic response  function of the form:
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. 2 . ,
y = cl(kq + NF) + cz(ka +:NF) t e, (my +PF)_

+ey Gy + 2%+ o Gk + Ny Gy 42 a2)

where y = yield increase;
~"u'; soil test value of _ltrogen,
: Yé’ solil test value of phosphorous;

N<;Pép= level .of applied nitrogen and- phosphorous, respectively.

In later work, Jensen and Pesek (1959a, 1959h) extended this model
and performed statistical tests to determine whether such yield equations
could be effectively generalized to include more than one fertility level.
They fitted 8ix separate quadratic equations to greenhouse yield responses
to nitrogen and phosphorous applications for three fertility levels on:
each of -two soil types.. Then generalized equations similar,to (12) were -
fitted_to the data.  The coefficients of the applied nutrient variables
in the generalized equations were compared with those of the separate
equations. - They accepted the hypothesis that the coefficients were.the
same and hence that it is possible to develop a generalized equation to
Predict yields over a range of initial soil fertility levels, However,
they cautioned that there.was.still,a need to adequately quantify the,
contribution of soil fertility as a production factor :in ,the éeheralized
equation,

Anderson (1956) theoretically quantified the biases that;cau.occur
in yield'predictions when the .differences in initial soil fertility
;levels between experimental plots and farmers' fields are not recognized,
Using this fact, Hurst.and Mason (1957) estimated a.single variable-

quadratic response function for total nitrogen which illustrated the
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significance .of these. biases. Using Pesek's (1956) method they generated
':an equation which also included initial soil fertility level.
| Ready and Pesek (1957) suggested that the relevant functional form
zwas the square root. equation .for soils which were deficient in nutrients

as . this allowed non—linear isoclines. Where soils are relatively rich
in nutrients, the quadratic was appropriate. They did not specifically
mention-the inclusion of soil. variables in the equations but appeared
'to suggest grouping soils on the basis of fertility and fitting separate-
functions. However, in a later paper, Heady (1957) did. suggest that soil
variables be included. | |
Stemberger (1957) utilized dumny variables for soil andvueather
effects on yileld response to applied nutrients. ‘He estimated a discrete
response model giving only point estimates and & discrete model subject
to diminishing returns along the lines of Hildreth (1956). The latter

gave more efficient estimators than the discrete model and was of the

form:

2
Logyijk-bo-i-s + w +bN + b N (13)

£ TV PNy T PNyt Shgne

-where 8y =’effect_of:rhe ith'soil;

W = ef'fect:'ofthe,_;‘lt:h weather condition;
‘Nijk = kth level of applied nitrogen.
He found that there was little difference in optimum_fertilizer lates as
derived from the discrete model versus equation (13). Stemberger also
compared the economic optima derived'by Heady, Pesek and Brown (1955) and
Johnson (1953) with that derived when the zero level of applied nutrients
was deleted from the analysis. The optima derived for the quadratic,

square root, quadratic-square root, Spillman and Cobb-Douglas functions
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wgre.all much closer together‘whén tbe,iero level was  deleted than was
thé case when it'wasviqciudéd.l Stémberger explained this by saying tha£
deletion of the chegk.yields ensured diminiéhing returns throughout,
ﬁhich implied'thg slope coefficients were estimated more accurately,

c. H.:Hi}dreth (1957) generated maximum likelihood estimates for A
ip a quei aiﬁilai to-Pééek (1956) shown . in equation (12). Hildrqtﬂis

mddei”ﬁaéz
| 5';=~f(x) +u - (1)

vwhéfe‘x‘-vN'+ AW -itofgl~of applied (N)'and.soil'(AW) nutrient; .
h A= fat;éi,df proportisnality;

u =:randdﬁ error;

f = quadratic function.
He oBtained different estimates of A, The "best" values were calcu-
lated by fitting the model.in equation (14) with various values of A
included and choosing the value.of A.which gave the minimum error sum
of squares. These chosen values were then used- to generate ordinary
least squares estimates of the;éther parameters. _

Brown et -al. (1962) used a similar model to Hildreth but utilized
measurements of soil nutrient levels before and after fertilizer was
added to obtain independent estimates of A. They found that Hildreth's
method of calculating A gave similar numerical estimates to their method
when-a'aquaie root function was employed, but not when a hyperbolic was
used.

In developing thgoreticﬁlvmodels.for nitrogen release, Reuss and

Geist .(1970) used models similar tO'Hild:eth;‘although'nb references
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were made'to his work, They pointed out that models with A included
are useful only if A 18 constant from year to year. Geist et al.
(1970) incorporatedlthe models oﬁ'Reussxand Geist (1970) on some
barley-nitrogen -experiments in Colorado. Using the coefficient of mul-”
tiple determination (R ) and the standard errors of the estimate (s ;#),
- they concluded that a model such as shown in equation (14) is "better" :
than models with organic nitrogen included as a separate variable or |
when it is not included at all, | |
There dces not seem to be any particular:aduantageain attempting?to
vmeasure a A factor when the aim is to develop a. generalized response
function which will accurately estimate the importance of currently |
available soil nutrient measurements on yleld response. ‘In addition,
the methods used to estimate A all involve using the response data num-
erous times, with the attendant biases this introduces into estimates o
of .the coefficients. Added biases result from the constrained least,
squares estimating procedure required when a particular A is chosen.sh_'
None of the previously mentioned authors recognized this.v
| Using data from farm surveys, Rust and Odell (1957) employed a quad—l
ratic equation to relate corn yield to rates of N, P and Kaapplied;in‘the‘
current and past years, an index of the kind and number'of,previous (
legume crops, and rainfall and temperature. The equation was fitted for
geven soil types. The primary objective in the study was to determine
the relative productivity of major Illinois soils. They found that

weather accounted for most of the yield variation. Rust and Odell were

3For a discussion of this, see Goldberger (1964, PP- 256-258)‘and
‘Toro~Vizcarrondo and Wallace (1968). o
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not-specifically }nterestedvin‘fertilizqr‘gecomgendationq but rather.
'éténdardizing ylelds for management levels which determine the amount;
of fertilizer applied. This was an attempt to classify soils empir- _
ically as opposed to the soil mapping techﬂiques which concentrated -
primarily on visual and physical characteristics.

Kamprath and Miller (1958) were reasonably successful in predicting
soybean yields on.a sample of North Carolina farms using soil phosphorous
as the only independent variable In a iinear regression equation. How-
ever, thevcoefficient of multiple determinacion (Rﬁ) was 0.28. No
attempt was made o include applied phosphorous or the other soil measure-
ments taken (pH, soil K, soil Ca) in a generalized function.

| Fitts et al., in an unpublished paper, used 60 location-year experi-
ments on corn in North Carolina to build up, using stepwise regression,
a quadratic equation which included soil and applied nurrients and
weather variablee..4 The criterion for choosing the "best" fitting
‘equation was- the size of the coefficient of multiple determination (Rg)o

Their f£inal equation was:

‘ 2 2
y ,ibO + b1 oM +.b2D + b3NA + b22D + b33NA

+:byqD°N, + b, DepH (15)

where OM = soll organic matter;

4See Fitts, J. W., D. D. Mason, D. Cooper, W. W. McPherson and J.

Havlicek Jr., 1959. Determining yield response surfaces and economically
optimum fertilizer rates for corn under various soil and climatic conditions
in North Carolina. Paper presented at zannual meeting of cooperators with
TVA, Knoxville, Tennessee. Contract TV-13434A, Project Agreement No. N. C. -
863.
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D --droughtsindex; 5; _
ESJ:#A - applied nitrogen,; ff‘
1‘ pH - soil acidity-alkalinity.
Equation (15) generated an Rz of 0:57, They compared this "gener- ‘
alized" function with individual location functions in a "cost of the |
- wrong decision analysis," similar to’ that of .Brown - and Oveson (1958)
_ The costs of the wrong decision were extremely low assuming the - indivi-
: dual location- functions were the true models.. | J
o Baird and Mason (1959), using similar .data to-that of Fitts et als,
‘battempted to correlate soil phosphorous and potassium meapgurements with
yield increases from the application of .75 pounds per acre of P205 and
K20. Significant correlations were obtained on the Portsmouth soils, but
not on’ the Norfolk soils.‘ No attempt was made . to, develop a. generalized
response equation. 4 3 |
| Again using the same data as Fitts et al., Nelson and Mccracken
(1962) developed -a . linear model to relate .corn. yield to soil properties._
Stepwise regression methods were used to, build’ up an equation., The |
three .most . important variables ‘were the drought . .index, - mineral index
and soil nitrate production. Other important soil variables were depth
of the A horiton“clay content of the B2 horizon, amounts of .acid extract-
able: phosphorous and potassium, and exchangeable aluminum. Their R2
values were generally higher than those of Fitts et .al. and ranged from
0 66 to 0 94, ¢ This Was due primarily to the .different- set .of data used |
by Nelson and McCracken and thedir use of treatment means instead of rep-:
i "

lication yields._ Seagraves attempted to combine a11 the 'soil, weather

and - applied variables from these North Carolina data into a generalized
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quadtatic model in .an unpubliahed papet.st He concluded that it was. mote
1_eatiefactory to-include interaction.terms for soil. nutrients, NO3 and. Ps,
' jthan A values (see equation (14)) He aleo compared one general equation
- for Norfolk and Portsmouth soils compared with separate generalized
h.equatione:fot each series in terms .of the fettilizer (soil teet) recom-

lmendatione implied,By.each. He found that- one term for the log of. Ps

'"instead of two terms P, and P 2 along with .the interaction term with P

'S 'S A
‘::allowed estimation of the optimum level of- Ps to . have in the soil. How-
t evet. PS was. acting as.a proxy (colinear with) for many . other aapecte of
eoil quality, 80 that this tecommendation could not be taken serioualy.
| He auggeeted a five-step procedure.""
(1) -Examine individual location‘tegteeeione;for applied nutrients
:'so a8 to understand which nutrients had:responsee,'group soil eeriee;'_.
eelectafunctional~forma.and'nutriente'to be considered for thatjeoil.
faetiee; | }

(2) Examine simple r's for soil andaweather variables;

(3) - Construct regression analyses of soil and;weather variables ,
'so-ae“to understand .multicollinearity problems; -
e (4) Partially study intetactiona among soil.and weather variables
"and‘the'applied.nutrients;

(5) Construct ‘general models with as few variables as poeeible,;v
Agiven!what was . learned from the partizl analyses of the data.

Voss and Pesek (1967) suggested using simple correlation coefficients.

_between independent variables and yield to decide vhat variables to

5See Seagraves, J. A. 1971, Agro-economic, analysis of data from:
fertilizer trials: regression procedures.. Proposed Econ., Res. Rep.,
Department of Economics, North Carolina State University, Raleigh.
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include in tﬁe model when working with corn in.Iowa. As with Seagraves'
eﬁproeeh,;thie eilowe,the data to help thoose the model, However, since
"teatefof~hypetheaee are invalidated|by.thia‘p:ocedure,“it would appear
,ite:eeipreferable to select a model in eonjunction’with soil scientists
~and'agt6nqmiata~and adhere to it. Laird.and Cady (1969) found en
"agronomic" modei to have better ptedictite_power tﬁan a full model with
ali poaaibie variablee-includeé;. fhe_latter may allow unimportant site
Variablea to~attaiﬁ aignificent”t-values on their estimated coefficients
, due only‘te high multicbllinearityiﬁith other (agronomically important).
.vatiebles which may in turn have‘non-eignificant coefficients. This perfi
kticdlar pioblem is discussed in .detail in Chapter III. s
N Reporting on fertilizer experiments in Sweden, Johnsson. (1963)
.regarded an. R of about 0.45 as "disappointing" when soil and etﬁef site
variables were included in a response equation. Walker and.Long. (1966),
.using stepwise regression procedures on soybean data from Tennessee,
aerived an.R? of 0.50 with a quadratic equation containing a total of
17 soil and applied variables and their interactions. Russel (1968)
obtained R? values of 0.50—0.70-on,wheat in Australia .using an equation'
with soll and applied‘nutriente-and weather,variables included. Bye%lee
and.Andereon,(1969) obtained an R? of 0.54 with‘a quadratic function on
wheet in southern Australia. - When-working with large numbers of obaet-
vations, one expects to have a lower Rz than with amaller,numbere.{ Aiao
R? is not a good criteriop.of stcceseAwhen ene is interested in'the
accuracy of - the eatimate of the ﬁarametere-of,the model, tatherfthanA
on the ability of. the model to predict. ‘ N

Cate and.Nelson (1965) and Cate" (1971) worked with the relative

yleld concept to determine "critical levele" of soil nutriente below
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which the probability of yield response to added fertilizer is high and
above which it is low. Their model resembles those of von.liebig and Bray.
_IhiCate's'words (1971, p. 31):

| «esit 18 reasonable to expect .a sharp break between
adequate and non-adequate soil test values, corres-
ponding to an abrupt cessation of further nutrient
absorption at the point of maximum relative growth
+ss+The critical level marks a sharp division between
soils in which the nutrient is a strong limiting fac-
tor and those in which the supply of the nutrient is
relatively adequate. (My emphasis.)

Cate then goes on to say (1971, p. 32):

The decision of the plant to respond or not should
be the main factor influencing the farmer's decision’
to spend or not, Soil fertility analyses provide
the information to link the two.

The interpretation to be made of Cate's work is that-he would rec- '
’ommend no added nutrients if the soil analyses were above the "critical
level." 1If the analysis is below the "critical level" he would recommend
the addition of nutrients. The latter appears to beg the question: how
much should be applied? In addition, many soil scientists or agronomists -
disagree with the contention that crops respond in,step function.fashion.6
' Most soil laboratories recognize that the fitting of Mitscherlich type.
relative yield curves to soil analyses is generally the "best.". Rouge
(1968, p. 12) points out that such relative yield analysis ",.,.does not
indicate the addition needed to produce the yield potential on a soil
that is deficient to some.degre2," He says that it is necessary to inte-

grate fertilizer rate studies with soil analyses before recommendations

can.be made. Both Rouse (1968) and Ferrari (1959) plot separate relative

6For example, see Bray (1944, 1958), Holford (1966), Jordan et al,
(1966), Colwell (1967b) and Rouse (1968).
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“yield curves for several-rates;of~appligdvnutrient35- Uging:thgeg,jfec-.
 ;6mmeﬁdgtions are taillored for apecific.aoii.aﬁéiysea. Anlékgﬁplg'ofj
'fthgéé'typea of .curves is shown in Figure 1, | g
In Cate's work, the amounts of applied nutrieptq uééd;tg.gédéféte'
. his "step functions' are.not held constant and are gengrail& ﬁok'épécifi-
cally mentioned.. It .could be hiaifgnctiona are‘a:ﬁy5:4d of'poinﬁsfliké
A, B, C,‘b,-Ei F,.G gnd‘H¢in Figure:l.7 | |

- Fulig?”(l965), e@pl@yiﬁg-an_exponeﬁtial model, .used information-on
previoﬁs yieid-outcomeéltb'speéify the optimﬁm rate of nitrogen on corn.

This was cqmﬁarédfto,abpiying a fixed rate of nitrogen each year, His

model, was: .
Y 4-=a~v+‘8 YNT +bR Y +¢ N (16)
3 = % T B Y. Tyy e '3t fey |

and.
Npes ™ Nyeg ¥ oot 3y Yeg +8p[Re g uf—l‘-E(gtfi'ut:i)]‘ (1?)
op =Ny oy (om aThgsly Cas

,wherel Ytj = yleld per acre in year t of jthstreatmeht;_

Npey .= total nitrogen available in year t.for treatment j; -

N = applied nitrogen in year t on treatment j;

Atj

7It has since been discovered by Professor L. A. Nelson that some of
the evidence Cate (1971) adduced in support of his "step function" hypothesis
of crop reaponse was incorrect., Cute cited lower RZ values for the majority
of his curvilinear relative yileld curves compared to his "step function" RZ
-values. On the basis of the refitting of one of the Mitscherlich functions,
it appears Cate may have underestimated the R? values for these functions.
The refitting of all of Cate's Mitscherlich functions, however, has yet to
be completed to confirm this., Private communication, Professor L. A.
Nelson, North Carolina State University, 1971.
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B
0

deviation from average rainfall;’
Y, = mean of treatment .j;

c ’?icarrvover~of available nitrogen from‘yea:‘tfl‘to‘t;i

=
[ ]

.deviation of Y e from.expected .value, |

'There -appears- to-be little -advantage in using the carryover analysis of
Fuller compared to placing a variable which is- equivalent to his ct |
directly into an equation together with the.amount of;nutrient‘applied.
Shraderlgg;gl. (1966) did this with an exponential msdel using corn-

nitrogen data in Iowa. Their model ‘was: "

B(N, + N

.ij =.a+ye "} K ' | : - (l9)

where ij = mean yield;of-kth nitrogen level of .the jth'sbil;

Nja= availableinitroéen.of jth soil;
Nk = applied nitrogen.

The inclusion of weather variables might have improved their model as

they found that the a and-y e j components varied significantly from~

year to year.

Holford (1966) found that when response data were groupedlon.the:
basis of soil types, the R? values for separate square reot equations-
involving sqil'and applied nutrients were much higher.thanﬂfor alcem-.
bined eqaation with the same variables. However, he examined. single
nutrients only in each equation., It is likely . that with more.location.
varigbles included in his equation the "fit" would have improved with
the comhined equation. The equations with relative yield as the dependent
variable gave a larger number of significant coefficients.and hadvhigher.

R2 than when absolute total or incremental yields were used. Relative

yleld.calculations standardize for many of the effects of location
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variables such as harvest dates, soil physical conditions,.crop varieties,
L'climate and other nutrient deficiencies without, actually using them, It
?“is ‘hence expected that such equations will have improved explanatory
' ;power. However, the deficiencies of the concept, as outlined earlier,'
:vremain.

ConLrary to.Hanway and Dumenil (1955), Jensen and Pesek (1959a,
. _1959b) and Reuss and Geist (1970), Colwell (1967a, 1967b, 1968) formu-:

flated a model which specified that crop yie1d~response to .added nutrients

A ﬁeis functionally dependent on the level of soil nutrients and other rele-

.vant "site" variables. These other writers contended that the -soil..
nutrient level shifted the origin of the response to applied nutrients.

Colwell's single nutrient model was:

Yiy = 8 (Ty) +8 (Ty) xijz + 32 (Ti) xij | o ‘7u»11(2o)-

th

where Yy, = yield at-the 17" ‘site with the 4®P ‘level of fertilizer;.

Ti.; soil test value for site i}

xij"'tbe 4™ rate of fertilizer applied at the ithpsite;rv_

| 8y = functional relationship. e

| The magnitudes of the response coefficients (i.e.. 80 (T ), gl (T ),
1»32 (T )) are a function of the soil test values, Ti’ as shown in (20) '

For exemple, we may have as the exact form: .

RO ¥2+a )+(b+blim )@f
+(eq +ey Ti/Z +ey 1)) xij | 3v(215

Colwell (l967a, P 279) stated that if an ordinary least squares analysis

was. performed using a model like (21), the. calculated residuals within
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sites wéuld be correlatgd and thiq would invalidate the significance-
tests. . HoweVéf, if all felevahtﬁgi;e Qariablea'are included in'the.g
functions, théré ia no reasqn to:expect autocorrelation of residuals
~within sites. Furthermore, Lair& and Cady (1969) have shown that”if'
appropiiate error mean squaféa are used when combining experiments, the
étatiatical tests are not invalidated, If the blocks are random, then
location (main) effects such as the coefficients of soil and weather
variables, are tested against thec pooled block within location error,
Treatments (applied nutrient coefficients) and treatment x location
interactions are tested against the combined eiperimental error if 19ca-
tions are considered fixed. If locations are rgndom, treatments . are
tested against treatment x location interaction, as Cochran and Cox
indicate (1950, pp. 394-396).

Colwell uses a combination of orthogonal polynomials and simultaneous
regressions to attempt to overcome the problem of non-homogeneity of.reaid-
uals between sites. He first fits an'orthogoﬁal response function to each

site of the form:

Y +aocu-o +.c 8 (22)

14 ™ So1 So5 * 11 14 v=1,1 8y-1,3

where vy = fertilizer treatment;

§,, = orthogonal polynomial coefficients;

13

ki

= regression coefficients for polynomials of order
k = 0, 1’ 2’ LN Y Y"'lo

The Cyy are then used as dependent variables in a series of k' regressions
with i observations in each, relating the k values of c at each site to

location variables such as soil nutrient levels, pH and rainfall, Ordin-

ary tests of significance are then made on these regressions and significant
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coefficiente are’ inserted back in (22) to estimate the’ generalized

-function in ‘a form 1like-(21).

]'w.' Colwell .does not make it clear how his orthogonal polynomiale ‘com=

~L,~bined with simultaneous regxeeeione actually overcomes -the error hetero~

' .geneity~problem. Colwell (1968) and Colwell and Esdaile (1968) have used
‘”the .Procedure to estimate- generalized response functions for wheat and"

.'potatoes in Canada, and wheat in Australia, respectively.

L

' Methode'Eﬁployed~toAMEasure Weather

"The-propef specification of the effects of climetic variablas on.
yield response to added nutrients has come.to be. recognized as.an impor-.
tant -part .of -the development of "generalized" response functions,
lnvariably, studles that combined experiments over time and space showee
the; significant portions of yield varlance can be explained by weather
jfve:lability. Furthermore, the interaction between weather and other
'Vefiablee such as soil and applied nitrogen can materially affect the
ecohomic analysis. When weather 1is regarded as a random,vatiable, the
variance.of profits resulting from increasing rates of application of.
nitrogen generally increases 'rapidly. This fact can affect the recom-.

- mendations which might be made to farmers regarding "optimum" fertilizer
rates. Knetsch.(1959), Colyer (1969), Tollini (1969), Tollini and
'Seagravee (1970) and Colyer-and Kroth (1970) have 1llustrated this, If
farmers have any eversion~to risk, then the amount of,fettilizer they
apply may -be well .below the point where marginal cost equals ma:ginal -
revenue. This is-elaborated upon in Chapter 1V,

Several studies have ‘used ‘simple measures of rainfall and tempefeﬁ_

ture as their weather variables, often with considerable-succese.-:One,of
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the earlier attempts was R, J. Hildreth's (1957) who used total growing
,season rainfall as one of the independent variables in a linear function
-to represent forage response.; He then used rainfall recc ds to calculate
the probability that it will rain sufficiently to make it profitable to
’add fertilizer. | v

Rust and Odell ('1957.), .En_gel_stad and Doll (1961) and VBcndavalli et
al. (1970) all used rainfallland temperature nariables in stndies involv-
. ing quadratic,'squarevroot and Mitscherlich response functions., All
found that these climatic variables explained a significant part of yield -
variability. Oury (1965) found that better predictions of aggregate
corn yields in the United States were obtained with rainfall and tempera-~
ture as independent variables than by calculation of complicated aridity
indices. Doll.(1967) found that rainfall explained 67 percent of aggre-
gate yield deviations from the trend in the United States.

Drought indices have been used frequently in.response studies. Using
the Van Bavel criterion, Knetsch and Smallshaw (1958) denonstrated how to
calculate the number cf drought-days in a growing season. This involves
consideration of daily rainfall, moisture loss, evaporation and soil
water-holding capacity. Knetsch and Parks (1958) using the Knetsch and
Smallshaw (1958) data for Tennessee fitted a quadratic yield equation to
millet, involving nitrogen and drought-days as independent variables,

Iwo experimental sites were involved and irrigation used to simulate ' a
range of drought-days. In later papers, Knetsch (1959) and Parks and
Knetsch (1959, 1960) set up drought -indices which were calculated by
regressing the mean yield of various irrigation treatments against the
number of drougnt-days each treatment generated in each month. They

included linear, quadratic and interaction terms among the periods. The
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magnitudes of the coefficients derived from the regressions (excluding |
”the constant term) were used as weights in defining the drought index for
inclusion in the overall regrcasion involving nitrogen rates and the- index.
Significant coefficients and very high R? values were obtained They used
the equations to measure the probable benefits from irrigation, given the
tprobability distribution of the . drought index in the abaence of irrigation.
Havlicek and - Seagraves (1962) preferred the use of § prigri.weights on
drought-days or moisture‘deficits to derive a drought index rather than
’the regression procedure of Knetsch (l959) As’ explained by Seagraves
in an unpublished paper, the regression procedure measures .the index. with
error and also uses the same yleld data as .in the ultimate response T
equation.8 The R? values using the two types of indices were sometimes .
in favor of the & prigri weights and sometimes in favor of the regres-
sion weights, although.no statistical tests of differences were given,

The a'pgigr_ weights are also measured with .some, unknown error, although
Seagraves does ‘not mention this.8 The evidence for.g‘prigri.weights
hence does not appear conclusive. It‘would have heen interesting if they
had also compared simple rainfall and" temperature variables with the
: various indices.

 Ewalt et al. (1961) compared simple rainfall and two methods of com-.
puting drought-days to explain corn yields in Missouri from 1905 to 1959.
"The first drought-day measure used Penman's method of calculating evapoh

transpiration in the soil water budget and the second used Thornwaite's,

8See Seagraves, J. A, 1961, Quantification of. climatic factors for
crop response functions., Paper presented at the TVA- Symposium, Muscle
Shoals, Alabama.
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Penman' 8 method _generally gave slightly higher R? values when total
"drought-days and - rainfall in the growing season were ueed. When weekly
;measures were employed, the equation with rainfall gave. the highest R?.
:When monthly or. weekly measures were used, the. drought-day variables
exhibited multicollinearity whereaa the rainfall variable did not.
Another popular technique for measuring weather effects has been
iFiaher's (1925) polynomial method. He -developed the technique to explain.
the effects of weather on wheat yields at Rothamstead. Hendricks and
Seholl (1943) ueed»this ldea.to explain corn yields in Ohio, Indiana and

Iewa. The essence of Fisher's model was that yield (y) was a function

of a.weather factor (or factors) X, at n different periods:
y u. Ao .+ Alxl + AZXZ .+ vee + Anxn | (23)

8
function involving time, t:

 He reaaoned that the A, could be“expressed by a. k h degreeﬁpdlynomial

- 2, k'.
At é°'+ 8t +.e2t + a0 akt (24)

: and that if .we use a quadratic (k=2), the following equationa are
obtained-

51'¢a°‘+'éi”+'az-

.J- “ . 2.
Az ao + 2el + 2l.a2

. “‘2“
8y + na, + n'a; (?5)

=> .4. <.

-

When theaeuere‘aubstituted~iﬁtp (23), we obtain
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y-Ao+a(X +x2+...X)+al(X1+2X2+...nX)

, ,' + 5 (x + 22x2 e + nzx ), L L o (2:61)
“which can be Gritteni-
o Ao N aozo . o+ az,
" .),._' 'I‘ . ." . .A v""j‘\ T : ) “ : o X ’ 'l"' ’ . “
‘where |z tf | Z d 2, Z 12x
where {2..= } X & , . iX, , an A
TR % h 2y = 1 1A o 2 " 1 |

i-l

'Equation 27) ia estimated using regreaaion procedures and tha estimated

coefficienta are used in equation: (25) to eatimate A (i-l -2, ..., n).
the effecta of ‘weather on yield in each of the n. perioda.A Instead of ?f;
104 aeparate variables, the effact of annual rainfall and temperature on
yield can be repreaented by nine variablea.{ Runge and Odell (1958 l960)ﬁ
and Runge (1968). utilized Hendrick and Schoil'a method to explain corn
and- soybean .yields in Illinois.; | ‘ ' N 3 _-“
| Fitts et al. provided the above deacription 01 Fiaher 8 otthogonal
.polynomial method.9 Using the 60 location-year corn. experimenta reported
by Baird and Fitts -(1957), they compared~Fiaher 8 method with the drought
index.method outlined‘in\Knetach (1959) and Parks and Knetsch (1959; 1960).
On the basis of R? values, the models with Figher's index.incorporated_
were 'best." On the other hand, Colwell and_Eadaile (1968) found that
the Fisher variablea using 52 weekly rainfall data‘for each of 49 sites
were inaignifioant when included in. a aquare‘root:eduation to.axplain};

wheat yielda‘in Australia., Other variables in the equation-were pu;';.

~8oil phosphorous, soil potassium and clay content;

'9See footnote 4,
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Although by no means complete, the review of literature on the pre- ’
fceding pagee indicates the type and extent of problems that have confronted
:those studying crop-fertilizer reeponse.10 In the pages that follow,54'
'specific,attention is given to each . of - theee problems in the development

of a generalized production function for potatoes in the Sierra region

of Peru.

10For a detalled bibliography on the subject, see.Dillon (1968)
Hutton (1955) provides a review of empirical work in southern United
States prior to 1955 and Heady (1963) reviews United States work prior
to 1963,
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. CHAPTER III
'DEVELOPMENT - OF RESPONSE_EQUATION;
The Data El

The data. chosen for this study were from the cooperative potato
-field experiments carried out. in Peru by. Professor R, E. McCollum of
the North Carolina State University Mission to: Peru, Dr. Carlos
Valverde S, et al. of the Departmento de- Suelos y- Abonos, Estacion
Experimental Agricola de La. Molina,u nd Sven. Villagarcia et al.vof the
Universidad Agraria. : i | |

The- data from experiments. conducted in 1960-64 were taken from the
appendices.of the publication.by McCollumxand Valverde S. (1968, pp. 48-
55). Data from 30 experiments_at-20‘locations were used from this period.
The locations included 1 in'1960-61, 11 in 1961-62, 6 in 1962-63, and 2
in 1963-64. These were. all. factorial experiments involving various.
levels of -applied nitrogen (NA)’ ‘phosphorous - (P ) and postassium. (K ).
On each of the 30 experiments measurements were taken of soil. pH, per-.
centage of organic matter in. .the soil (N ), soil. phosphorous (P ) and
soil potassium (K ) The data from other experiments in McCollum and.‘
Valverde s, (1968) were. not included as soil analyses were not avail-
able, . Generally. each observation included in.the analysis consisted,
of -the mean of four replications in a randomized complete block design,
including the soil analyses. The original,data-by,replications.were‘
not available,' | 4

Unpublished;data containiné the results of 60.potato,field experi-
ments-over the period 1967-1970 for 45 locations werefobtained fromh
Professor R. E, McGollum and his colleagues at the Estacion-EXperimental

Agricola de La Molina in Lima, Peru, These,trials were madeiup'of central
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composite and factorial response surface deaigns. Most uere triala to
.~determine response to NA’ PA und K s but some examined the time of

‘ application and others. compared various souress of . nutrients.

) The~treetments,from;the”time of application;triale»where PA and'KA_
H_were-applied at planting (eiembra) and N, was. applied at planting end/or

A
.;prior to the firet cultivation (aporque) were used for the . analysie.11
All other treatments were not uBed An,enalyeie;of varience5wae'made
on the 20 experiments which compared various sources of nitrogen,'phoe-
:iphorous and potaseium on potato yield to determine 1f there were eignifi-
icant differencee between sources. Twelve-of the 20 experiments showed
no -significant. differencee among -sources in potato yield reeponse and
"these were.included. The: complete data, from.all the NA' PA:and KA-rete'
lexperiments were included in.the anelysie~also.. The number of'locations
used. for each year of the;1967-50'data were 12 in 1967-68;, 17 in 1968-69
and 16 in 1969-70.

| Other criteria for,eelection of experiments for inclusion in the
analysis were thatgeech had soll analyses made and that~reinfall and
temperature data wereuaveilable. These data were neceeeary.for develop-
ment of the generalized production function, Thevl§67-70 date included
yields and soil analyees for each block.in the experiment, unlike the
‘l960-64 dat:a, which, as previously mentioned, contained the mean analysis

of four replications only.lz'

11This was done after. consultation with Professor McCollum who stated
that these data would be comparable with the NA’ PA’ KA rate experiments.

12Electrical conductivity was also measured, but not comsidered rele-
vant.-in the later analysis as.salt problems were not evident in any of
these experiments.
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Overall, the experimental date.conEietedvof'35075‘obeervationa..
‘ Eaehtobeermetion“involﬁed:eight vefiablee--potato'yield' level . of soil
.'organic matter, aoil phoaphorous, soil, potassium, aoil pH, applied nitro-
-'Qgen, applied phoaphorous and applied potassium. Due to the. experimental
-deaigns employed and the limited number of .soil.analyses.per experiment,
ieaeh'of;the 31075'obaervations.does.not have unique values for each
, Qeriable; Fpr-exampie,,the 1960-64 experiments eachvheve the dame soil
~ test values applying to all treatments used in the experiment, Appendix
A Table.1l contains the means and-atendand deviations of all variables
used in the.analyaia.l3
‘Ciimatic data mere not available for each of the 65 locations. The
best that: could be done was.to use data from nine weather stations at
Cajamarca, Huamachueo, Otuzco, Huencayo, Cuzco, Puno, Asangaro, Huaraz
and. Huancavelica. The'data. from these nine stations were applied to all

experiments. in their vicinity. A total -of 22 different.sets of "region

by year" climatic data.were.utilized.

The Model
The aim is to develop a model which adequately tepreeents the response:
of ‘potatoes to soil.nutrients, soil pH, applied_nutrienta and weather., 1In.
consultation with Professor R. E. McCollum,,and-using the concept of
Colwell (1967a) that the response-coefficients of. applied nutrient vari-.
ables are functionelly,detendent on soil and climatic variables, the

following model was specified:

13Due to space limitations, the data-are not.presented here. A com~
puter listing is, however, held by.the author. '
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I ~
24b,, P24 k2

CUTTA TP R T R B by Ny

by PH +:be N 4bg By +byy Ky ¥ bgg R .

4y, TP b

Pgg. .14._NB-;:’H;.+.b- NN, + byo N R

71578 A" P18

N -T+b P +b P oN. '+ b.. K.eK

tb 26 "s'Fa ¥ Bps PNy ¥ byy KooK,

19 7s

bye ol PA“’bsa AP +b57 NAKA+b58 NyeR

Ky +b PR +b.

+ by, 67 Ta" 68 TA'R * byg

s9 Ny*T+ b ReTbee ,_-(gs)

yileld of .potatoes. in units of 100 kilogramé pe: ﬁectate,.
a dummy. variable for magnesium deficient locqtioqa;.
‘constant ‘term, |

-80ll organic matter percentage,

soll phosphorous in ppm of P,

801l potassium in ppm of .K,

soil pH,

applied nitrogen.in kilograms per hectare, -

-applied P205 in kilograms per hectare,

applied K20 in kilograms per hectare,

total rainfall in the six ménths October-March, in millimeters,

mean. of minimum daily temperatures in January and February in.
degrees centigrade, and

random error.
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The quadratic form was chosen. because it is simple to work with and
represented  the functional form most used in previous response studiea.l4
” It.is also amenable to.the usual tests of significance using ordinary -
least squares .regression-analysis aﬁd allows diminishing returns, which
is expected to occur in these data, As the square-root. function has
also proved to be adequate iﬁ.many studies, it is planned to fit an
equation like (28) but with the squared terms deleted and replaced by
variables raised to the 1/2 power and similarly with the interactions.15
'The-ﬁitscherlich function was not considered because it has the severe
disadvantage that when there is more than .one variable, it does not
allow variable input proportions. Furthermore, it becomes virtually
imposaiblé to estimate empirically due to the iterative methods which
must be employed, .

The expected signs of the coefficients in equation- (28), determined
in.consultation with Professor McCollum and based on the work of McCollum
and Valverde S. (1968) and Zapater (1970), are contained in Table 1, The
uncertain sign on pH-PA is due to the fact that at pH levels around five
or.less, the sign is expected to.be negative, For pH levels in excess of.
seven, it is expected to be positive. It ig uncertain between these
ranges. Uncertain responses to KA in the past led to the uncertainty of
the NA-K.A interaction. The sign of the R+T interaction depends on the

levels of R and T, as in the case of pHoPA.

14In a paper by Heady (1963), of the 31 empirical studies he reviewed, .
26, or 84 percent of them, either used the quadratic or stated that the
quadratic or square-rcot functions fitted the data "best," Abraham and
Rao (1966), Hutton (1955) and Hartley (1964) also pruferred the quadratic
and square-root functions.

15Mason (1957) illustrated the power of the square-root function
with Anderson's (1956) data.
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Coefficient. -

Variable. Expected sign

s R
by, N, +
b2 Ps , l. *
b, K, .
‘b4   :éﬁ e
b | N +
be P_A 4
b; H +
b'é R +.
by T . o
bn Né? ' -
by, ,PB.?‘ -
b33 ,Rﬁ%i -
bda' sz : -.
b55 NA% -
beg P&2 -
b7 N -
bag R? -
b 2 -



Table 1.(continued)

43

Coefficient: Variable Expected ‘sign-

bll. Na *pH +
b5 Ng Ny }
b18 NB°R +
b19,_ NB' T +

‘ b25 PB-NA Uncertain
b2 Pa'Pa -
P37 K"Ky -
b46 pH'PA Uncertain
b56 NA'PA +
b57 NA.KA Uncertain-
b58 NA- R +
b.,:.’9 NAAT +
b67 . PA.KA +
b68 PA- R +
b ReT Uncertain

89




b4
For several reasons, simple rainfall and temperature variables were
“included in. (28) instead of more complicated Fisher polynomials or drought .
-4‘indices. The first was. that the drought indices require soil and daily
;rainfall ‘measurements that were not available at each site. Second,.
éiFisher 8 polynomials require a serles of equally-spaced observations
» which were not available and furthermore they are of most use in raducing
the number of weather variables to a manageable number, As we were’ only
~using two variables, the latter need did not arise. Third, rainfall and
temperature variables are simple to work with, Fourth, probability density
functions are. relatively easy to determine for rainfall and: temperature.
Finally, Ewalt et al. (1961) found rainfall in any one.week was less
terlally correlated with rainfall in any other week whereas drought days
by weeks were highly correlated. When several weekly or}monthly weather
variables are used in.a regression equation, siuple rainfall and tempera-

- ture may hence involve less multicollineatity problems,

Econometric.Analysis.

- Generalized Least Squares Regression

The usual assumptions about the random -error term E. in equation

(28) are that:
E [e] = O u(é9)

E [ee'] -'02'1 -(30)'

'where 02 = constant population variance parameter of the € distribution.“
The ordinary least squares estimator of -the coefficients of (28) isi

obtained from the relation in . (31):
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bamxhay (31)

lwherelx;ri'a:3,075;x 35 matrix,
- Y;ia.a 3.675'x i vector, and

B g'ia\a .35-x 1 vector.
.The b eatimators have the propertiea of. unbiasedness and minimum variance
 .1£ sssunptions (29) and (30) hold. ‘
| The potato data for the 1960-64 period contained 420 observations of -
'the mean of four replicationa whereas the later 1967-70 data contained
 2 655 observations from individual block data. Hence, assuming the popu-
.Elation variance parameter 02 to be the dame in both, the properties of

the random error were;’

m, x1 ‘m, X, 1 :
E. fomdemeee] @ I . (32)
LW - _rO S .
m, x 1 | m x 1
L2012

vhere mj --420, m, = 2,655, n = 35 and

— - 2, !
€1 g° I : 0
m x1 I m, xm, ! xm
A e T AV T | O e i X e -
|
€y lx m o lx m, 0 : 402
m,.x 1 ! m, XxXm, | m X m
y) 1 2™
L= - i ' —
|
. Y
5 | T 10
8 0"  |eacae- [o——
0 :41 . :
(my + mpx(my + my) | e O
2

--0‘9-; - ‘ o .(34)



‘ _ “464
~The @ matrix . is positive definit:e and to obtain linear. unbiaaed |
' 'eatimatora of . the b' 8 in equation (31) wit:h .minimum variance,. Aitken a
Generalized Least Squares.was uoed.v The_ eqlut:ion vector, as .desclzfibeq

in Goldberger. (1964, pp: 231-238) ia |

b= [xt n'lxl'l [i{"..n" ‘Y]':A,' -: _'(35)
Now | .
SETR O S A
B B
I l‘0 I : o;-
0 T
odzr] ozt -
— (my +~m2?x(inl +my)
= [u] (Ml | o

Hence (:3'5) piasr ‘also be :‘wfittlé_n:
B [x'MH x]"»-l [X' MM Y]
or
B [x*'-x;v]"l [x*,'.-f*] (37')

where X#' = X'M,

Y* - MY.
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:vThe'results ofufittinglthe quadratic model F '(equation~28) using

Aitken 8 Generalized Least Squares are shown in Table 2. The-residual

‘mean square: from the combined regression analysis is:.not the appropriate

'error term to use. in tests. of significance on. the coefficients of F.. It

1°

is composed of the true residual error,‘oz plus‘any lack of fit error, '

o2
L

the residual errors.ﬁithin~each locationlmay be correlated,'which invali-

, arising from failnre to,adequatelyVspecify_the model. Furthermore,

dates the‘08ual-statistica1'tests.' These problems are discussed in
Cochran and Cox (1950. PP. 391—413)

Using Laird and Cady 8. (1969) method of assuming the blocks to be.
random and locations and treatments fixed, the analysis of variance
structure for our-data~is,as'shown<in Table 3. The main.effect of
locations (i.e., the variables involving only N » P ; K » PH, R and T
in the regression) is. tested against the blocks in locations error,

while treatments (N ’ P and K ) and location by treatment interaction

A
terms are tested against~the pooled error. Appendix A Table 2 contains'

the results of.the analysis of variance on the Peruvian potato data. The

t-values. in Tablelz nerevcalculated;uaing the . formula:

teay | T (38)

tx = .
. BA

where t* -nadjusted;t-value,
 t = te-value computed’ from. regression,.
Sp = gquare root of residual error mean~sqﬁare from regression, and.

'sA = gquare root of block.in location or pooled error mean squares,
as appropriate- (from. Appendix A Table 2).
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Table 2. Generalized quadratic production function F1 obtgingd from
o . potato experimente in Peruy, . 1960-708. : .. o

3

:H‘fyﬁfigﬁ;gj?' B ff' - gucoefficient, tvvalug97
s | 198, 1930%w o
E:bo " 1761, 3330###. | '¥  - 19,18
Ny B.8847# S 1zen
f,ée -0, 1955w . Xi = 4,67
K; 0.06462%%% "F\,-33-§§[
P 14.3607%4% | .:TQA14;§3
&;;“ ~0.1476 - {¥i;i4f
ER 1.01760 4 a 9,75+
R, 0. 85325 2.6
R 0,1024#%% 10027
T 26, 39054 %4 | | '15,12;
2 ~0,01432#k¥ ~10.87-
pé?" 0.001052#H# . 9:66
S 5 ~0,0000049#»4 -12,68
f952' =0, 1147%n% : ~15,33
ﬁ;?‘ ~0.0020894x# -17,23
7,2 ~0,00190 3kt | - 9,92
KA?' ~0.0045964%# ' -25:91
R 0.00000027 | L 0w
72 -0,12554k4 ~16.01-
,NéfﬁE 0,01794%*#x. 4;29:
NN ~0.0002581 "

’Naok, ~0,0005579*## -13,25.
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Table 2 (continued)l

© Variable ':"g';.g doefficient? ) "’_fa_j'rf ffff—#&lﬁé?ﬁ
NeT =0.,07517 4k B IV T A
P N ~0.0004347%:% ° =2,43
8 A \ ) - P
P .p, -0,002171%%% ©-13,18.
8 A ’ . " ._‘ ) . :. “
K;+K, -0, 0001531 %% . - =12,50
pHP, 0. 01664 %% : =17.58.
N 0. dkk ~19°88
N, 0.002317% 1284
[ e ' . 0, LT 4,56
IR 0.0008246%kk. . 436 ¢
UNgROT 0,0000519 3%k 4,62
'NAfT? 0.006960%%% S T.42
BARy .0,001701% B4
‘PR 0.00006971%*% . 718
L ReT ~0.001222%k% . 210,28
S L 047
C.V., 40,75 percent.

8Coefficlents are assoclated with soil nitrogen.(Ny) in percent
organic matter x 10, soil phosphorous (Pg) in p.p.m. x 10, soll potassium
(Kg) in p.p.m. x 10, (pH) x 10, applied nitrogen (N,), applied Py05 (Py)
and applied K,0 (Kp) in kilograms per hectare, rainfall (R) in millimeters
x 10, mean minimum temperature (T) in degrees centigrade x 10,

b***, *%, % {ndicate significance at the 0.01, 1 and 5 percent.levels,
respectively, using a two-tailed test.

“These are the adjusted %-values as-explained. in the text.
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‘Table 3. Analysis of variance structure for cdmbiﬁed‘analysi@'of'potaté
. experiments, Peru, 1960-19708 v , : A

. \

S . - EEORE ' -
4 : : T

' ~ Degrees of R B Bgnft

i Sources - freedom Expected mean.aqqa:e&;;
.Locations~ == - -1 g Yt g "+ b= -
C Ye TR TR

T R PRI
Treatments . L S =l g " +.2b m————
L e L 1 ) : ' '2, )
Blocks in locations™ - . &(b-1) .~ o tto”

” - c. o '1f *‘2* 2 .

Locations. x treatments (2-1) (t-1) o +bop o
Podled error . : 2(b-1) (t=1) 052'

%This table is applicable to cases where there is a balanced design,
In the case of the potato data, not all treatments appeared in every
location, hence the analysis of variance structure is not exactly as
shown in the table. See Appendix A Table 2 for the calculated ‘analysis
of variance.

bl, t and b are the number of locations, treatments and blocks

respectively; 052, oBz, and 02 are the variances associated with

L.T
experimental error, blocks and locations x treatments, respectively;
Yj and y are the location mean ylelds (j = 1, 2, ..., &) and the overall

mean of all locations, respectively; Ty and T are treatment mean yields

1
and the overall treatment mean, respectively.

®The lack of fit error, oL 2, would be included in. the locatipﬁa,

treatments, blocks in locations, locations x treatmehts.expected.meanf
squares, : , ‘ : T
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A two-tailed t-test was used because, although we had a set of
expected signs in Table l it was’ not felt theselwere held with sufficient
.1conviction to justify the one-tailed test.. Table 2 shows that all vari-

ables ‘but N,, Rz and N . A, which are not significant at 5 percent have

A
'coefficients significant at: the 0 01 percent level, - The R2 was 0.47 and
the F-test was highly significant. The signs on P and NA were negative.
while Table 1l shows they were -expected to,be positive. This is not a
;serious flaw in the case of NA as the squared term is negative as: expected,
'which means we have diminishing returns and a maximum point. With P 2
: have an unexpected positive sign which generates increasing returns and
;a ‘minimum point. This implies the data range for P was such that yields
did not- begin to decline at high levels, The N .NA term was nonsignificant
1a1though of the correct sign. This reinforces Professor McCollum's belief
that organic matter may not be a good predicter of response to NA in the
‘gh-altitudes of the Sierra region. The highly significant negative
,coefficients on N ‘R and N T were not expected. Upon further discussion
with Professor McCollum after ‘he was shown these results, he said they
‘were not unreasonable. High organic matter soils are often poorly drained
and tend to occur at higher elevations. High rainfall may not be advan-
~tageous in these instances.A The negative sign on N T is'not'as easy to
justify, but in retrospect, McCollum thought the sign could be positive
or negative. The coefficient on R2 was unexpectedly positive although
not significant. .
Generalized least squares was also used to fit the sduare root func- '
. tion (F ) to the data. The results are shown in Appendix A Table 3. All

variables were significant at the 5 percent level except ﬁi_ P gt R ;

VP -N and VN AR - The R2 of 0. 47 was highly significant. The expectation
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was that S would have a negative coefficient, all the .gsingle .variable
gquare,root“coefficiénts would be positive, all the linear.terms negative,
and all.the square root interactions the same.as shown in Table 1, On
fhi§~basis; the'square root function had correct signs on 25 of the 30

variables for which it was possible to denote an expected sign, As in.

Fl’ the signs on ?Né-R R /NB-T » R and /ﬁz'were not as expected. In
addition, /ﬁ;?;ﬁ'had the wrong sign in Fz, although it was correct in'Flf
Contrary to‘Fl, model F2 had the correct signs on the /E; and Ps coef-.
ficients. _ v

The - quadratic equation Fl and the square root F2 were rerun with
the rainfall and temperature variables R aﬁd T, and all their inter-
actions deleted. In their place, 65 location dummies ahd geven year
dummies were constructed. The purpose of this was to determine how the
climatic variasbles fared in explaining yield variance over space and
time.l6 The R? values increased from 0.47 to 0.84 for both equations
when the dummy variables were included. gowever, F3 and F4, the dummy
versions of Fl and F2 respectively, contained more soil test variables
that were not significant at the 5 percent levelvthan_Fl and F2. In

2

F3 these soil variables were Kb’ pPH, K.B ’ NA-PB.and NsopH. In.addition,

three of the 65 location dummies were not significant as well as NA-KA.

Only two of the seven dummies for years were significant. In~F4 the

}

80ll variables VE;; Kb’ and PB were not significant in addition to PA

and VNA'KA and two of the 65 location dummies. Only two of the seven

dummies for years were significant in<F4. The signs on the coefficients

16Equation F3 18 contained in Appendix A Table 4 and F4 is in.
Appendix A Table 3. Only the continuous variables are shown in. these
tables. The dummy variables are not included,
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N,, N °pH and P °N in F3 were the oppoaite to those in F1 Ian4 the

A A
| signs on /5;, y P, g PA and vYN ~p were the oppoeite to those found
in on

The incluaioa df-iecation dummies cauaed a-humber of the edefficients

'for soll variables to become nonsignificant, especially for the quadratic
.d‘FBN - This indicates that the soil variables were explaining part of
’:locational differences:. In the presence of the location dummies, there
.apparently is not sufficient variation left for the soil variables to
”explain. The large increases in the coefficient of multiple determination
vhen the location dummies were included suggests that the soil variables,
‘iainfall'and temperature, may not explain locational differences very
B well, ‘Some other soil or environmental factors are involved. However,

' as the R and T variablea and their interactions in Fl and F2 are signifi-
cant, they do affect yield response., Also, large increases in the J
coefficient of multiple determination are expected when the number of
‘variables is increased from 35 to 93. As long as the remaining variation
between locations has the effect of raising or lowering the response

function by a fixed amount (as the location dummies do), the inferences

drawn in later economic analyses will not be affected.

‘Tests for Specification Bias

Cady and Laird (1969) and Anderson and Nelson in .an unpublished
paper17 have examined the problem of fitting a model which may not - be

the "true" one. Cady and Laird suggested that various degree polynomials

17See Anderson, R. L. and L. A. Nelson., 1971. Some problems in
the estimation of single nutrient response functions. Unpublished
Mimeograph, Department of Statistics, North Carolina State University,
Raleigh.
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be fitted to the data and the one with the smallest lack of fit mean
square chosen, Anderson. and Nelson have observed that many response data
seem ﬁo reach.a yield plateau at relatively low nutrient levels and do
not decline until fairly high nutrient levels. They postulated that the
Mitscherlich-type function of the form shown in equation (3), Chapter 1T,
which allows yield to be positive at zero levels of. applied nutrieﬁt,
would more adequately represent ."true" response, at leagt over the rele~
vant economic range (approximately AB in Figure 2). They suggested that
if a quadratic model were fitted to data generating such a yield plateau,
the estimated maximum yield and its accompanying input level would be
biased upward, as would any ecinomic optimum. This is illustrated in
Figure 2, The quadratic would underestimate the slope of the response
in the region AB and overestimate it in the region BC, Particularly for
low value crops with a relatively high fertilizer/crop price ratio, this
would overestimate "optimum" fertilizer requitement:s.18

It was decided to use both the quadratic and square root equations
F1 and F2 to test the hypothesis that specification bias was present
when the quadratic and Square root equations were fitted when a
Mitscherlich-type response was the "true" model, If it was in Fl’ then
one expects the calculated residuals (;) from Fl (; =Y - Q) to be nega-
tive at zero level of fertilizer, positive in the range of A'C', negative
between C'E' and positive again thereafter. The square root function
should be similar but have a somewhat steeper slope at low fertilizer

levels,

18Note that the Mitscherlich may seriously overestimate maxima and
optima when the price ratio is very low, as it is asymptotic with no down-
turn  and with low price ratios the optima and maxima may occur to the
right of AC.
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To test for this specification biggjlthé calculated residuals from
 Fl;and thwére plotted against PA’ the.ié§él'of,applied phosphorous,
High levels of phosphorous are not likely to damage yields but this vari-
able was chosen simply because it contributed more go the explaﬁation of
yield than NAfor KA' Four intervals were chosen for PA: 0, 1-65, 66-180
and > 180 kilograms per hectare. Within each of these, the algebraic
mean of the residuals was calculated, a t-test was made on each of the
- means  to determine 1f they were significantly different from zero. Givgn-
the hypothesis that the Mitscherlich model is the "true' one over the
vrﬁnge ABC, this indicates the probability that we have fitted a quadratic.
to a set of Mitscherlich~like data. To do this, it was uassumed the
residual mean square of each equation was the population variance (02 )
of the computed residuals. Then the 95 percent confidence limits weré

placed on the residual means using this. Thac 18 if:

o g
= € = €
£, - 1.9 — S0Z¢ ., +1.96 —= (39)
1] Vo, 1 o
] ]
th , th =
for the J~ class mean (j = 1, 2, 3, 4) in the 1~ equation (eij), then

it was not statistically significant from zero at the 5 percent level,

where n, is the number of observations in class j.

]

Table 4 contains the results of this analysis for equations Fi to

F4 as well as for Pl

quadratics Fl and F3 had significant pogitive residuals in the 1-65

kilogram class. The square root equation F2 had a positive residual in

and P2, which will be discussed presently. The

the 1-6% class but it was not significant. FA’ the square root equation

with the location dummies, had the smallest positive mean residual and



Table 4. Algebraic means of regression residuals (e,. ) by class intervals of applied phqsphq:éqs (PA)

ii°
Number of b
Range of observations . Equation number
‘ (n,) - ] B
B, 3 F, | F, | F, | F, P, By
(kgso/ha-) . .
4] 822 -0.101 +0.892" -1.132 -0.123 -0.046 - -—
1--. 65 373 +12,092*%*%  +3,100 +4.696%- +2,367 +11,083%* +9.589%*
66 — 180 2900- -1.629 -0.250 -0.681 -0.585" -1.434¢ fl.442'
> 180 240 +1.233. -4.857 +4,806 " 43,815 —— +2.520

%These are the number of observations included in the generalized least.squares procedure.used.

The program called for all of the 420 observations for 1960-64 to be repeated four times. Hence,; the »

total of 4335 here is 1260 more than the 3075 actual observations in the original data.

b**, * indicate significance - at the 5 and 10 percent levels, respectively.

®These figures were derived using 2660 as the value of nj in equation (39) as Pj had 240
observations deleted.

LS
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it was also not significant. No other class besides the 1-65 kilogram
interval had significant residual means. The quadratics Fl.and F3 hence
appeared to have the worst specification bias on this criterion, However,
it is not clear that only having a larger and more statistically signifi~
cént residual mear in the 1-65 PA range implies that the radius of curva-
" ture of . the quadratic is a better or worse estimate of the "true" radius
bf'curvature than the square root. The implication from Anderson and
Nelson (see footnote 17) would be that significance of the residual means

in the other three classes is also required before it could be positively
stated that there definitely was specification bias of the type they
hypothesized. This was not the case in equations Fl and F3.
To further test if the quadratic did have this specification bias
the data were truncated the way Anderson and Nelson suggested.19 All
observations with PA levels in excess of 187 kilograms per hectare were
.deleted. .This was the level of PA at which yield was a maximum.20 This

is expected to alléw the quadratic to approximate the ABC portion of the
Mitscherlich in Figure 2 more closely, Ideally, the data should be deleted
beyond a point somewhere around C in Figure 2. However, due to the dif-
ficulty of accurately specifying such a point, D was used. The  deletion

should have the effect of shifting the point of maximum yield to the left

19See Anderson, R. L. and L. A. Nelson. 1971. Some problems in
the estimation of single nutrient response functions. Unpublished
Mimeograph, Department of Statistics, North Carolina State University,
Raleigh, pp. 15,24,

2oEquivalent: to the point D in Figure 2. It was derived using the
mean levels of variables entering the solution. The figure of 187 kg./ha.
1s much below the level of P, for maximum yields of 379 kg./ha. when
simultaneous solution for all three nutrients is performed.
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and of increasing the radius of. curvature of the function in.the range-
V_A'C'.'iA total of 240 observations was deleted.

' When the quadratic F, was. rerun deleting all data.which had Py ;~187;
the result was equation P1 in Appendix A Table 4, Table 4 in. the text
ﬁhqﬁn.that4P1 is not significantly better using the residual mean cri-
terion as far as this type of apparent specification bias 1s concerned
than Fl. When the levels of the variables which gave maximum yields were

calculated using the simultaneous methods for varying all three nutrients-
described in, Chapter IV, Table 5 ghows that P1 gave much larger values
than Fl. The expectation, given the hypothesis that the Mitncherlich-.'
was- the "true" model, was that the level of PA that gave maximum yields .
would be smaller for P1 than for Fl' However, Table 5 shows the reverse
to be the case. The radius of curvature of Pi in the range A'C' was. in -
fact less than in Fl. which was contrary to what was expected. after the
truncation. Hence the Anderson-Nelson (see footnote 19) truncation
method of .correcting this type of apparent specification bias existing

in Fl did not appear to be successful with this nmultinutrient. equation,
The' results could be different were a further truncation made on the deta.
There is no criterion as to where or when to cesse truncation. This makes
it a'gubjective procedure, particularly when more than one nutyient is
involved. .

The 1-65'clags in Table 4 1s the only one. exhibiting any significant
non-zero residusls. However, the economic optima are' likely to occur far
to the xight.of -this interval. The prior work of MeCollum and. Valverde.S.
(1968, p. 29) indicated optima of 272, 289 and.161 kg./ha. for NA. PA'and

K

A? respectively, Henge, even though there are large deviations.at loy-
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Table 5. Values of applied variables to attain maximum, physical . and:

" economic yields - for quadratic models, Fl’ F3, Pi'and;P2 and.

. .square root models .F, and F;8-

o Equations
Vartables. | F | E°| F FP| » P M M
Variables. | F, | F, 3 4 A 1 2
: - N | , ' Leve1 for maximum physical yields (kg./ha.):
‘N, 383 - 341 - 463 271 261 260
B 319 - WS - 502 277 244 281
LRy e - 20 - 190 133 126 140
. . o Leﬁélﬁférwecohomic-dp;imum~(kg./hg.):' o
YRy 36 - 304 - 44 251 246 239
EN 3% - 376 -, 441 250 . 221 .,253
K, 164 . - 185 - 173 .126 120 131

aSignificant and nonsignificant coefficients were included in the
calculations.

quuationa Fy and F, generated minimum physical yiélds and profits
rather than maxima due to the existence of increasing returns at the
mean levels of the soil and weather variables entering the simultaneous
solution procedure outlined in.Chapter IV,
levels of PA in Table 4 for the equations Fl’ F3 and Pl' it is not.clear
that this is necessarily bissing the optima when.the price ratio is so
small and the optima so large. Since at the upper PA levels Ehere are
no residuals significantly different from zero, the~reaidnalfmaans-test
provides no basis for chovsing between. the models.,

&nother possible form of specification bias -exists with F1‘A This-
is.that there is a phase of increasing returns at'low levels of fertil.-

‘1zer-such as the range YOB of Figure 2, This could be.the cause. of the

relatively poor fit of F1 to the data at:low levels .of PA as shown in
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Table -4. To test.this hypothesis, equat:ion»Fl was- refitted but with all

data having P, = 0 deleted.. This follows the technique of Stemberger

A
(1957)’andeAndérson‘(l957). It was thought that this may rﬁdﬁce.specir
fication Bias~if.there were a phase of increasing returns at low levels.
of ?A. 'As_fable 4 shows;‘the\equation.that;resultedA(P2) did have:
smailer residual means in the 1-65 and 66-180 PA ranges, However,ithq
1-65 PA mean was still significantly different from zero at the SIpercent'
level, Equation.sziS‘shown in Table 6, The-optima are shown in Table 5,.
.and these are much lower than those obtained in either F1 or Pl and indi-
‘cate'it may.be preferable on these grounds, The residual mean test gives

;no strong grounds for choosing betweeanl and P2, partfcu;arly.in-the
up?er‘ranges of PA where any large residuals are likely to be.biasing-
the optima..

hComparing F1 and P2 in Tables 2 and 6, we see that they have similar
sized coeéficients on ali but ‘seven variables. The  terms P gt P *N ﬁ PA’

PA KA and- PA-R in. P2 all have the same: signs as their counterparts in F1

but their absolute values are. substantially different. This is no doubt.

due to the fact that the truncation involved primarily thg variable PA"
and this affected the coefficients of variables wit:h,PB of:PA in them,

In PZP the variables NA and-N'a-NA had nonsignificant positive coefficients

but in-equation F1 the signs were negative and not significant. This

again.casts some doubts about. the ability of soil. organic matter percent-
ages (Na) to accurately predict the probable response to applie& nitrogen.

(NA)° The variable R? had a significant pogitive coefficient.in~P2.but

in F1 it was positive and not significant.

The radius of curvature of-P2 is larger.than-that of F1 in the rele~

vant economic range, and the residual mean test of- Table 4 indicates it
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; Tabl}a"’v_G. Generalized quadratic production function P2 obtained from
R potat:o experiments in Petu, 1960-19708 . : L

’

R R

Variable | Boostricten® [ tovaes
s . B =217, 3824 % . - ~28.50
::b i{ ~2084,2320%%% ,'\ : o f;é0;37f'
N Cosdnee CaLm.
b .. - '.'.0,3306*** . )  .. -564
K- o0, 07329%k% . fL25°85:
pH- '1'13 6744*** T e
N, - . 0.1839 o 'ﬁ'.". i.1é4
P, 1,1604%kk - nn
1,0122%%x ' o 18.97‘.
© 0,1052%k% — 19,77,
 34,7394%4k 1788
~0.01280%*x - . -8.80
0.001359 %% . 10.84
-0.00000594%%%. ~14,03.
pH* ~0,1022%%* | -11:85 .
| - =0.002427%%+. o -16{7§- 
P, -0,001688w# - =si02.
-0.004565 %k .20
R’ 0.00000301 %%+ 404
2 ~0. 16664k 519,00
N.epH, © 0,02091 %% ‘ . 4;35;
NN 0.0002613 ; '6.40'4

N_+R ~0.0005285H## " -11,33.
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Table 6 (continued)

' Varisble: ;. B coefficientd ' tevalue®"
N, T -0.07705% %% -19,97-
P-oN 0. 0011244#* ~5.25

8 A o -
P .p," -0.0008689 **. -3.67
o4, o o

K K, ~0.,0001659%%* ~10:90
8 A
pH'P, ~0: 02289 ¥k -15:29 .

, yAz,PA.:_ 0.001684%x% _5.§5
N, oK, o.ooogzn** 2,86
NiR . 0.00003912#% 3,15,
N,oT 0.006384%%s. 6,07
PRy 0.0008900%* 2:92-
P,*R 0.0001106%*%* 9.25.
ReT -0.0016964%. -12.86

R%'= 0,43

C.V. =.39,23

aSee footnote a in.Table 2.

b***, **, % indicate significance. at the 0.01, 1 and 5'pe:cént~1evels,
respectively, using a two-talled test. '
t
®These are adjusted t's .as explained in the text,
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has - slightly smaller residuals in.this range. - Thus, some of the -apparent .
misspecification at-low levels of PA was -perhaps caused by a -phase of

increasing returns. Removal of observations invqlving zero level of PA

improved the fit at low levels of PA’ but  only. marginally, and not so in

the statistical sense. . This marginal:improvement in the fit with P2 howf ,

ever, did have a marked effect on the economic and physical optima as
shown in. Table 5. The P2 optima are about 100 kg./ha. below those in

F, for N, and"P and about 40 kg /ha. below for K,

1 A A A*
are: within the, range of. the experimental data, except for PA' which only

Also, the P2 optima

juat exceeda the range, whereas in Fl’ -the optima for N and P far
exceeded the data range.21 ’

Table 5 shows . how some other. f.\mction:"l fo:ma fared .in- generating
phyaical and economic optimum fertilizer. levels._ The wide-variation in »
Table 5 indicates that model apecification can, alter the optima- coneid- :
erably. The square root equations. F2 and F4, although there was no .
Indications from Table 4 .that: they had any - Anderson-Nelson speeification~
blas, exhibited_increasing~returns'and;thus_provided no'eetimatea of |
optimum application levels. This cautiong against. complete relianeeﬂoa
the residual mean test as a.method of selecting among modele.with;dif-v
. ferent specifications.or data subdivisions, | |
| The two quadratic equations" F1 and" F3 gave,realisticfoptima as
'LTable 5 1llustrates, However, the optimum- levels for N and. PA eaceededf

- the data range-used to derive the equation F3 which has the location

'and year dummies :generated lower physical and economic optima for NA

lThe experimental maxima for: NA’ PA and K were, 300, 240 and 320
kg./ha., respectively, _
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butiunrealistically highe;{optima for PA and:’l(.A qompared to Fl' The-
'feégon fgr this appears to be the,deletiop.éf-the NAtR;and NA-T-terms
f:é& F3, which were significantly positive in Fl. This had the effect
of lowering the marginal product curve of NA’ thus lowering *he optima,
" The higher optima for PA ang KA are a result of flatter responses to

these.nutrients in F Pl’ as previously explained, gave unexpectedly

3.

higher'optima than F1 and cannot be considered a useful equation,
Thq-finql choice of equations seems to be between F1 and P2.~'As~

previously stated, the residual mean test did not indicate that P2 was

avélear improvement on F Furthermore, as we saw with the square root

1°
mo&els F2 and F4, speclfications which pass the residual mean test may -
fail other teéts such as computation of the economic and physical optima,
It .cannot be relied upon as an .adequate screening device with multinutrient
equations,

On the grounds that P2 generated optima which appear more "realistic"
to agronomists and soil scientists than Fl’ it 1s chosen as the equation
on thch subsequent analyses will be made. There is no test known to
the author which would enable a morsz objective choice to be made between
Fl and P,, It is entirely possible that other model specifications and/or

2

data truncations would be preferred to Fl or P2 which have not been con-.
sidered here. Table 5 indicates thaé the computed optima are sensitive
to the specification of the model and hence that the economic implications
of alternative specifications may be differenc to those derived using P2.
Hildreth (1956) has discussed the disadvantages of continuous models
when specifidation bias is present. These blases do not disappzar in

large samples. He developed a discrete model with built-in.restrictions

such ag diminishing marginal recurns. In such form-free models, Hildreth
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says the . inefficiencies disaﬁpear as sample size increases. However,
thege models require iterative solutions which become, difficult with
ﬁbfe than one variable. _’

Another@possibleJépproach which could be.employed'to attempt to

: increase the radius of.curvature of the quadratic would be to subdivide

. the.data. by level of application.and fit two separate quadratics to the
two halveé of the data. The two equations could then be spliced together
ﬁo generate ‘a single model. A recent example of the use of this grafting
procedure is the work of.Fuller (1969). He specifies A point C in the
data.space of the independent varisble where the production funection
assumes a different set cf response parameters., Using the example pf a
single variable quadratic function, he demonstrates how to set up restric-
tions on-the parameter space so that the curve and the derivative are con~
tinuous at the point C. The rescrictlons are linear in the parameters

and reduce the number of independent parameters in the model, The param~
eters of the grafted model are estimated by using a constrained least
squares regression model. The technique can be used to Join several
quadratics and could represent a curve with both increasing &nd decreasing
returns. Fullér also 1llustrates the use of the procedure for functions
in two or more variables. The choice of the point(s) where the functions
are to be grafted i1s not specifically discussed by Fuller and is an impor-
tant consideration in work of this nature. Quandt (1960), Robison (1964)
‘qnd Hudson (1966) discuss the estimation of these "join" points., It
wéulé'fe of interest to attempt to fit two or more. quadratics to these

potato data and graft them in the way that Fuller 1llustrates.
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The Problem of Multicollinearity

There was -evidence that there was multicollineq;ity_ampng_gome;pf

thq independent variables. Of the 578 possible'aimﬁlepﬁofrélatioﬁs“,
between the 34 independent variables, only 55 or 10 pe:%ent‘of;them;were@
not.significant at the 5 percent level. The great majority of thembwerq
highly significant at the 0.01 percent level.. Appendix A Table 5 contains
some simple correlation coefficients for a number of variables,

Another indication of multicallinearicy was the smallness of some:
of the eigenvaluea (roots) of the original X'X matrix. If the eigenvalues
are close to zero, tha absclute size of the @stimated coefficients is.
increased compared to their "true" values ani so is their variance. The
smallest eigenvalue was -32.3. This was small compared to the largest
eigenvalue of 5,08 times 1018 and 1s close to zevo in a relative sense
only.,

The fact that equation P2 had a number of variables with unexpected
signs .on their coefficients, which were gtatistically significant, is
also an indication that multicollinearity may be a problem,

Writers such as Engelstad and Dolil (1961), Colwell and Esdaile
(1966), Laird and Cady (1969), Colwell and Stackhouse (1970) and Seagraves
(see footnote 25) have experienced problems cf multicollinearity among the
location variables. The procedures used to covater this problem have gen-
erally been either stepwise regression techuaiques, whare variables are
sequentially added according to the magnitude of their concribution to
regression sum of squarescr deletion -f all nonsignificant variables,
Recently, Hoerl and Kennard (19704, 1970b) developed the ridge ragreszion

technique, which enables one te wsasure the zffect that multicollinearity

has on the estimated regression coeffi=tanrts. If we consider che model:
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Y=XB+c¢ (40)

where Y is an mx 1 matrix, X i1s an m x n matrix of full rank, 3 is the
n ®x 1 vector of population parameters and e an'm x 1 vector of axp. ri-
mental;erro;s with the properties E(e) =0, E(ec') = 052 Im’ tae least

squgree.eetimate of B 1s
a [ -1 '
B = (X'X) T X'V, (41)

IflL2 is-the squared distance between é‘and.s,'Hoerl'and Kennard '

(1970b) show that:
Za@-8) (6-8)
and E(Lz) o 052 Trace'(x'x)-l
AvA ' 2 1yl
or E(B'8) = B'B + g Trace (X'X) —,

If the eigenvalues of (X'X) are:

>
B
>
v
>
[ RY
=4
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[R%
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-2
-2
o
o
v
>
[}
>
AY
o

then the average squared distance from B to 8 is given by:

n e
E(L?) = o, Z Tl- oezlxno (42)

Hence, 1f the data results in an X'X matrix with one.or more small eigen~
values, the average distance between é and B will be large. This is what
occurg with multicollinearity in the data.

The ridge regression procedure tests the senstivity of the least.

squares solution to changes in the value of a small congtant, 0, added:
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to the diagonal elements of the X'X matrix, . Adding~0‘to}the;diagqnall
“elements moves the;éhgllgstuéigenvalué;aWay from ?ero, Thé»ridge solu~-

‘tion ig:
BR = [X'X+ 0 117t xy S (43)

Ridge traces, showing the solution to equation (43) for 12 valﬁgs of
] are,éhown in Figures 3 through 8 using the truncated data of'equation P2.

The twelve values of O were chosen in the range 2 to~67'x-1013;

For values
of 0 in excess of this, the 8% coefficients all went to zero. The compu-
tation in (43) was accomplished by augmenting the original Generalized

Least Squares X* matrix of equation (33) to derive Z where

X*m x .
n
z(m +n) xn. |7 T (44)
L/é I o
Y*
and W(m +n) x1 = --8_-
L

where. m = original number of observations (ml + m2) and
n = number of pdrameters to be estimated,

and solving

éxs(z'z)'l 2' W

or R | *-_]-1 ‘ . !
B = E(*v : /6]] :/;9_.?_{;_—, E*! : /é.ﬂ --%-_

-1
- [x*'x + o_I_J Xty

which is the same as equation (43).
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According to Hoerl and.Kennard (1970a, 1970b), if the~é*‘valﬁes
exhibit great,instgbility as 6 increases from zero, thié is an indication
that they have been affected by multicollinearity in.the data: They sug-
gest to choose as th; estimates the vector of 8* values where they become.
relatively stable with respect to © while not ‘sacrificing too much in
increased error sum of squares.zz' The error sum-of squares for the P2
ridge analysis is shown in Figure 8.

Compared with the examples given by Hoerl .and Kennard (1970a), the
ridge trace in Figures .3 through 8 exhibit a great degree .of instability.
Many of the -variables have their coefficients change sign; notably, NA’ |
T, R, R2, Ksz, ReT, Ns-pH and NB-R. The simple correlation coefficients
in Appendix A Table 5 show R and T to be highly correlated, also Ns and

pH, Ns and T, Ks and PA’ Ks and R, and'P, and K,. Explanations of the

A A
behavior of these coefficlents lie largely in their.corrélations.with
other variables.

It appears that at-a @ value of approximately 17 x 105v(i.e., a-
log10 © of about 6.3 in the figures) the coefficients reach some
stability. The error sum.of squares increases from some 19 x 106 to
about .25 x 106, an increase of 32 percent at this value of 0O,

Recently, Wallace in an unpublished paper developed a statistical.

criterion for testing whether constrained estimators such as B* are bet-

ter or worse than ordinary least squares estimators 8}23 At least.one

22Hoerl and Kennard (1970b, pp. 58-59) show that the residual sum
of squg;es for the solution to (43) is the ordinary least squares error
plus 04B*' (X'X)~1l f*, Hence the residual is a positive function of 0,

23See Wallace, T. D. 1971, Weaker criteria and tests for linear
restrictions in regression, Unpublished Mimeograph, North Carolina State
University, Raleigh., Forthcoming in Econometrica.
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of ‘the elements of the constrained solution vector B* is biased However,
all. elements of B* are estimated with smaller variances than the corres-
ponding elements of .the Generalized Least Squares solution vector B. The

»Hoerl and Kennard (1970a, 1970b) ridge regression technique aims to.mini-
_mize the average squared distance: between B* and B. for each value of 0 > 0,

As- they show (1970b, pp. 60-61).equatiou (42) can. also be written.‘
E[12(0)] = E[(E*‘-sw(e*.—,.sn, |

=0 I X/ +0)% +0%: (X'X +0.1)7% (46)
€ qmy LT Lo T

g%, The second element is the. square of .the bias introduced when B* is:
used instead of B. ‘The sum of these 18 the mean square error of B*
The Wallace24 second  weak mean- :8quare ‘error test was carried out on.
the equation where 0 wag- approximately 17 x 105 ' The value of computed -
u was 21,8. The critical F value at the 5 percent level from the unpub-
lished tables of Goodnight .and Wallace was 2, 70.?4‘ The - null hypothesis
;that the selected - ridge equation was ‘better in weak mean squared error
(i.e.,a smaller average squared.distance.between E* and 8 than between

B ‘and, ) than -the Generalized Leasgt Squares equation was rejected. Hence,
the estimates could not be improved using the ridge regression technique.
to correct for apparent multicollinearity.

To further test.whether the existence of multicollinearity wag-

leading to. inexact estimates of -the coefficients, the data were divided

24See Goodnight, J., and T. D, Wallace. 1971, Operational techniques
and tables for making weak MSE teatg for restrictions in regressions. Pre-
liminary Unpublished Mimeograph, North Carolina State University, Raleigh.
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into two éﬁual-halvgs at random and model P2 fitted to both haivesa This‘
'was‘sugge;ted'by the unpubiished work of Seagravesozs The results of fit~
ting the two equations, called Ml and M2, are ‘shown in Appendix A Table 6.
A test ‘of the equality of the two vectors of coefficients from Ml.and M2
using the F test described by Johmston (1963, pp. 136-138) was performed.
The calculated F was 0,95 and the critical F at the 25 percent level was
1,16, Choosing the 25 percent level givez a much more powerful test than
lower levels of significance do. This test fails to reject the hypo;hesis
that the vectors of coefficient: in.the two halves of the data are equal,’
Hence, this is convincing evidence that muliicollinearity is not affecting
the parameter estimates of P2 significantly,

In equations F1 and P,, the coefficlent estimates on NA and NBfNA
were not significant, The coefficient on N5°NA also had an unexpected
sign in equation on The only cther coefficient that was not significant
in the equations was that on R2 in equation qu Rz‘also had an unexpected
sign in both Fl and Pza

the coefficients on these three variables were awong the most unstable

In the ridge analyses of Figures 3 through 8,

ones and their signs also changed. 1Ir is possible that these three vari-
ables are affected most by multicollinesrizy,

T-tests of the difference between all worresponding coefiicients of
the unconstrained models Ml ind M2 were pe:foimed, as shown in Appendix A
Table 6. The variables NA and Ns'-NA had dissimilar coefiicients, as

illustrated by their very large t-values, as did NAoR and NAJ‘I‘° The

5See Seagraves, J. A, 1971, Agro-ezonsmic analysis of data from
fertilizer trials: Regressicn procedures, Propcsed Econ. Res, Rep.,
Depaxtment of Economics, Noxth Carolina State University, Raleigh,
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t-value on R2 vas not significant but it was . greater than one. Hence,
this again suggests it may be that the correlation of variableg NA' Ns.NA
and R2 is causing disturbances in the‘parﬁmeter estimates for thege and

other variableg such . ag NAoR and NA~T.

namely R, T, T2 and R*T, did not show up in the t-tests on Ml and M2 as

having digsimilar coefficients. These two methods of diagnosing multi-

t-tests performed on Ml and M2 in Appendix A Table 6 1s not statistically
valid as the t-tests are not independent, This, of course, 1s also truye
of all the ugual t-tests in regression. The overall F-test on the two
halves of the data failed to reject the hypothesis that the vector of
coefficients in Ml was identical to that in M2. This is a statistically
valid test,

To illustrate the economic significance of the equations fitted to
the two halves of the data using P2, the physical and eéconomic optima for
NA’ PA and KA were calculated for equations Ml and M2° These are shown
in Table 5 of Chapter III. The optima were only 7 kg./ha. different for
NA.in the two equationg and about 30 kg./ha, apart for PA and 11 for KA°
The economic significance of apparent multicollinearity 1s of 1little
importance for NA and KA, but it may be for PAo This is contrary to
éxpectations as it wag only the variableg involving NA which appeared
different between Ml and M2.

To perform a more valid test of the significance of the difference

between single coefficients in the two halves of the data, three more
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regression models were fitted. The specific variables vwhose. coefficients

were chosen.to be tested for multicollinearity effects were N,, N8°N

A A

-and Rz. ‘A constraied regression model was used whereby the coefficients
on all variables but the one of interest were constrained to be equal

"1in the two halves of the data. A single t-test was then performed on.

the difference between the coefficients of the variable of interest in

- the two Halves. Thé procedure 1s described at the beginning of the section

on multicbllineqrity in Appendix A.

The above.t-values on the three coefficients were:

t-value
NA | 1.35
Ns NA 0.49
R 0.39

Ail,of these t-values are not significant at the 5 peréent level.,
This evidence that the coefficients of NA’ NS-NA and thmay not be
affected byfmulticollinearity in the data is more valid than the pre-
~vious t—tests on Ml and M2 in Appendix A Table 6.

The conclusion from all of this is that the evidence remains con-
flicting about the extent to which multicollinearity among the data may
bé affecting the parameter estimates in equation P2, if at all, There
may be'"disturbances" in the parameters of P2, bur there are no unambig-
uous diagnostic methods of detecting these, as has been illust:rat:gdu
Furthermore, even if the diagnosis were positive and definitive, there
are no prescriptive devices available which allow objective measures of

the degree of improvement in the resulting equation. The imposition of

& priori.constraints on the parameter gpace 1s one possible prescription
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for multicollinearity, but as there were no independent parxameter esti-
mates available, this was not a possibility here.

For the above reasons it was decided to utilize equation Pz,as the
best estimate of the potato-fertilizer production function in the .Sierra

region of ‘Peru.
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, CHAPTER IV
GENERATING FERTILIZER RECOMMENDATIONS
P»Tnelﬁrimary purpoee of this study is to éevelop a'baeia for=making
.aound fertilizer recommendations to potato farmere in the Sierra of Peru.
_The ﬁrst atep in.this would appear to be to uee the reeponse equation
sz to determine the economic optima foz a range of -soils. .Optima-here
‘means the derivation of input levels'uaing.marginal;analyaia.to generate'

the maximum net reveanue or profit per hectare,

Derivation of Economic Optima for Fertilizers

- To determine the optimunm- level of N o PA and K to apply to potatoea,

their marginal products must be set equal. to their respective price ratios
and a.eimultaneous.aolation obtained, - From P2 in Table 2 the marginal

product equations were:

'§§-. = + 0,1839 - 0.004854 N, + 0,0002613 N_ - 0,001124 P_
A. S . ‘ ‘ 8 . 8

+0,001684 B, + 0,0006271 K, + 0.00003912 R

+ 0.006384 T | | N X
= 1.1604 - oroqaajs éAi-.o.oopsségips - 0.02289 pa;

_+‘6.001584 N, + of_ovo‘o§39o»_1<.A + o.oobllcs.n : ©(48)
N o og.0122 - o.‘00913‘0..}“1<.A - o%ooolcsgixa +_0;90062?iiNA'

+ 0,000890 2,. T 49
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If we le;: 
‘._'a = +.0,1839 44_’0._09026’1_3 N, - ‘o{qdllzf.‘ P+ »'6.0_00039‘12 R
4-.0.006384lT’ | N ) »(5'0) |
B = 1,1604 - 0..0008689 P~ o."‘02239 pH +.~_0,0Q01106 RA. ~(51)
Y = 1.0122 - 0.0001659 K- | , " 62

and dnsert (50) into (47), (51) 4nto (48) and- (52) into (49), we obtatn
the following system of three equations in three unknowﬁs, When solved, -
these equations give the optimum level of the three nutrignts;NA, PA and .
KA for any given values of Ne' Pa’ Ka’ PH, R and T and the price ratios

PN P P

A A Ky
P * p ?*» p °
y y y
Py
= 0.004854 N, + 0.001684 P, + 0.0006271 Ry =2 - (53)
y
PP
0.001684 N, - 0.003376 P, + 0.000890 R, = —PA -8 (54)
y
| g
0.0006271 N, + 0.00089 P, - 0.009130 R, =<2y (55)
y

In matrix form we have

AX =

where A is the symmetric coefficfent matrix
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-0.004854  0.001684 0,0006271]

0.001684 . -0.003376  0.000890

£0.0006271 - 0,000890  -0,009130

X is the solution vector’

and G is the matrix of constants:

b
——) P

X=A ™ C (56)

vhere ATT 1g the matrix:
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— —
-257.40 ~136.56 - 30.99}

[-136.56  -376.48 - 46.08

- 30,99 - 46.08 -116.1ﬂ-

The costslof'fertili?er in Peru vary éqcordihg ;o.the distance'from
Lima, . Appendix;B Tabie 1 contains the range of:prices ﬁhiéh.wqre,béiné
paid for fertilizer in March 1971. Appendix B Table 2 contains various.
conceivable price ratios that could be used to solve equation (56), using
IOw; medium, and higﬁ fertilizer prices combined with low, medium and
high potato prices.

The opt;mum levels of NA’ PA, and KA for an average year on an
average soil were 251, 250 and 126 kg. /ha. respectively, a ratio of
10:10:5.26 This assumed a potato price of S/.200 per 100 kilos and:
avefage fertilizer prices of 9¢1, 10+3 and 5¢8 8/. kilo for NA’ PA and
KA’ respectively, as shown in Appendix B Table 1. In‘tﬁe 1961-62 period,
NA and PA were pric;d'much lower at dpproximately 7 S/. kilo for each of
them, K, has remained the same at about 6 S/. kilo according to the Food
and Agriculture Organization (1963).,

These optima for NA and PA are lower than those.derived by McCollum

and Valverde S. (1968, p. 29) of 272,289 and 161 kg./ha. for NA’ PA and-

KA’ respectively. McCollum and Valverde S. used a. lower potato price

26The-average'values of the weather and soil variables used for this
calculation were obtained from the experimental data, namely R = 568 m.m.,
T=6,83° C, Pg = 7.98 p.p.m.,, N = 3,73 percent, pH = 5.93 .and Kg = 127
p.p.m. These were used to calcuiate o, B and v in matrix C of equation
(56), It should be noted that the coded values of R, T, Pg, Ng, pH and
Kg were inserted in the above equations. The coded values are the ones
shown in this footnote times 10.
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of 8/.150 per 100 kilos and prices of 12, 8¢4 and 6 S/. kilo for N A

and- KA’ respectively. ‘Hence, since 1965-66, the price of, N has fallen

about 3 S/ kilo while the .price of P has risen about 2 S/, kilo with K

A
falling slightly. The limits -of the McCollum»and Valverde s. data were

A

160 kg. /ha. for all three nutrients whereas in- the data used here it
was 300, 240 and 220 kg /ha. for NA’ PA and K A’ respectively. Part of
the data used by McCollum and Valverde- s. (1968) to derive their quad- .
ratic response equation was also used in.the present ‘analysis, Of;the~
3,075 original observations used here, 420 were from 1966-64,rwhich were
part of the data used.by them, ‘
The' current (1971) recommendations .of -the National Cénter of Soil
Analysis at La Molina, Peru.are about.130, 40 and 105-@;./ha. fdr'NA?

PA and'KA respectively for an average.soil. These ‘are much>belqw_the

optima derived here and the,optima-of:McCollumgand'Valverde.S. (1968).

There 1s no evidence that at the levels of NA'derived-in this study,

potato quality would be affected sufficiently to affect the price

. 7
received and hence the computed optima,2

Sensitivity of-Optima to. Price Chan anges

How- sensitive are these optima to changes in the prices. of potatoes
and fertilizers? Table 7 contains the computed optima for nine- combi-
nations. of three price ratios. The minimum and maximum value .of each -
ratio has been combined with the minimum and maximum of the other two
to generate'the solutions in.Table 7, together with the existing or

average 'price ratios for all three nutrients,

e 27Private communication, Professor R, E. McQQllnml"Nprth1Carelinafl'
State University, Raleigh, North Carolina. I
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Table 7. Sensitivity of. fertilizer optima to changes in price ratios®

b Ontimum- level of nutrient.
‘Price ratio to apply (kg./ha.)
*-”E f_’g _ f_KA N, P, kA
P, - F, B,

Average AVEragqf; Average: 251 251 126
© Min, Min, Min.. 256 - 260 129
Min, Min, © Max. . 257 258 124
" Min. Max, Min. 248 232 125"
Min, Max, Max, 246 230 120
Max. ¢ Min. Min, 240 251 127
Max. < Mia, Max, 239 249 121
. Max., - Max. Min, 230 222 123
.Max. Max. Max. 229 220 118

-8Using the procedure outlined in. Chapter IV of the text.

bRefers to.the value of the relevant range of .price ratios used in the
analysis, See Appendix B Table 2 for the actual values of the ratios,

From Table 7, the optimum amount of NA falls by about 16 kg.)ha.

when-its price ratio goes from its minimum to its maximum value with the

price -ratios of PA and KA held constant. For example, with t:he,PA and

KA price ratios at their minimum values, the optimum level of.NA falls

-from 256 to 240 kg./ha. as its price ratio rises from its ninimum. to

its-maximum-value; TthA optimum'is~relativé1y insensitive to changes .
in:.the price ratios of,PA and KA’
when their price ratios move. from their minima to thelr maxima, holding

It .falls by a maximum of 11 kg./ha.

the NA price ratio‘cOnetant. It .is possible that the prices of the-three

nutrients will move.almost in unison. When they all- change from their

minima to their maxima, the optimum level of NA falls by 27 kg. /ha. from

256 to 229, or about 10 percent,
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The optima for PA are more sensitive to changes in the price ratioa
than those for NA
30 .kg. /ha. when its -price ratio goes from its minimum- to its maximum. with

Table 7 shows the optimum level. of P falls by about‘

the ratios for NA and K, held constant. The fall is only 11. kga/ha. when

the price ratio of PA is held constant and the ratics of: NA and. gA rise:
4from their minima to. théir maxima. When the price ratios of.all three
‘nutriente increase from their minima to their maxim#,‘thq opt;mum,leﬁe;‘
of P, falls by about 40 kg./ha. from 260 to 220, '

The optimum amount of K to use fallas by-only 5 kso/hao as the
price ratio of KA rises from its wminimum to its maximum value with the
other price ratios held constant, When the ratios - for NA,and PA are
held at their minimum values, Tzble 7 shows the optimum level of KA_to
go from 129 to 124 kg./ha, as ite price ratio rises from 0:018 to 0.064,
Thg'optimumLKA_falls by 6 kg./ha. from 129 to 123 whep the price ratio
for KA_is held at its minimum value and the NA and PA ratios change‘
from their minimum to maxfnum. values.,

When we consider the change in optimum levels of NA' PA and-KA‘that
would occur should prices change from their present levels vo the
extrémes..shown in Table 7, the cenclusion is that the oprima are quite

;insénsitive to price changes. At-avetage.prices and on,an'average soll
qhe;respectivg optima were 251, 250 and 126 kg./ha. An -extreme chang&
from the average price regime would change - the NA cptinmum by.a maximum
of 22 kg./ha., the PA optimum by 8 maximum of 31, and Ky by a maximum
of 8; \ '

This analysis jindicates that recommendations will not ‘alter substan-

tially when the prices of fertilizers and/or potatoes change within the

bounds shown in Appendix B Tables 1 and 2. This conclusion was also made
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vby McCollum and Valverde S. (1968, pp. 28-29) using rhe 1960-64 potato
ﬂdata. Aleo, Table 7 ehows the ratio of. NA' PA' KA to remain at approxi-
’mately 10:10:5 for all price regimes, which compares with the 10:10:6

ratio4derived_by McCollum and Valverde 5. (1968).

Sehsitivity of Optima to.Soil and Weather Variables

It ie of -prime importance to determine how fertilizer recommendations
behould change when the levels of N , Ps’ Ks and pH in the soil change. In.
thie-way,-eome'idea can be obtained of the necessity for soil testing
Before making fertilizer recommendations. If the optima do not alter sub-
etantially when the soil analys;s change, this is an indication that gen-
_eral ‘recommendations may be appropriate.

It is also important to know how recommendations would change when
~ the weerher-turqs out to be below or above average. Farmers in the Sierra
: of'ferﬁ eannot predict what the weather will be months in advance. It
remeins of eoncern, though, just how far from optimum their fertilizer
decisions may .be when they plan for an av:rage year and a non-average
one results, 28

Table 8 shows the sensitivity of the optimum levels of NA

KA to various combinations of: the soil test variables, for "average"

, PA and

weather, The- three values of pH, Ps and Ks in Table 8 represent the
mean, and the mean plus and rinus cne standard deviation using the
experimental data. The intaraction term NB-NA in P2 was such that the

optimum level of NA was virtually independent of NS° Hence, Ns wes not

28Specific attention will be given to the risk:aspects 6f_fertilizer
decisions in the next section. ' . -



Table 8. Opt:lmum and recomended levels of applied nutrients.for various soils with "average"
weather - _ T
Optimum and - recommended levels of app]ied
Level of soll variables nutrients (kg./ha.). . Yield
Solution Ps pH KB- : N b P N KA " metric-
number P.p.m. units PepP.m. Opt. Opt. Rec. Opt. " _Rec. tons /ha,
1 1.14 4.82 . 22 319 387 190 163 190 37.31
2 1:14 4,82 127 313 379 130 143 115 41.28
3 1:14 - 4$.82 - 232 308 371 190 123 35 44,30
4 1.14 . 5.93. 22 284 - 291 196 152 190 31.86
5 . 1.14 5.93 127 279 283 190 131 115 36.04
.6 1.14 5.93 232 273 275 190 111 35 39.26
7 1.14 7.04 22 249 196 190 140 195 26.32
8 1.14 7.04 127 244 188 190 120 - . 165 30.70
9 1.14 7.04 232 239 180 190 99 105 34.13
10 7.98 4.82 22 291 354 115 158 190 31.04 -
11 7.98 4,82 127 286 346 115 138 115 35.10
12 7.98 4.82 232 280 338 115 118 35 38.21
13. 7.98 5.93 22 256 258 115 147 190 26.42
14 7.98 5.93 127 251 250 115 126 115 30.69
15 7.98 5.93 232 245 242 115 106 35 33.99
16 7.98 7.04 22 2232 163 115 135 195 21.72
17 7.98 7.04 127 216 155 115 115 165 26.19
18 7.98 7:.04 232 211 147 115 94 105 29,70
19 14.82 . 4.82 22 263 321 70 153 190 26.45
2¢ 14,82 4.82 127 258 313 70 133 115 30.60
3 14.82 4,82 232 252 305 70 113 35 33.80
22 14.82 5.93 22 228 226 70 141 190 22.67 .
23 14.82 5.93 127 223 218 70 121 115 27.03
24 14.82 5.93 232 218 209 70 101 35 30.42
25 14.82 7.04 22 194 130 70 130 195 18.80
26 14.82 - 7.04 127 188 122 70 109 165 23.36
27 14.82 7.04 232 183 114 70 89 105 26.96

06



. Table 8 (continued)

%Note that several of the optima exceed.the range of the data for Ny-and Pp of 300 and 240 kg;/ha.,'
. o= A A
respectively. : ' o

bAs the optimum level of NA to apply is virtually independent of Ng, the level of organic matter in
the soil, the recommendation for Nj is not relevant here. As a guide, for soils in the range 2-4 percent
organic matter, the recommendation was 120-160 kg./ha. For soils with < 2 percent organic matter, it was
160-180 kg,/ha. and for those with > 4 percent, it was 100-140 kg./ha.

T6
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included in Table 8, All possible combinations of the above values of
Ps‘ pH agd-KB;genefated 27 optima in Table 8. .

All-the,qptima are sensitive to changes in the,sbil charactgristica.
: For}a goil low in Ps and'Ké,but:very alkaline, like number 7 in Table 8,
the -optima are 249, 196 and- 140 kg./ha. for N,, P, and K

A’ “A A
- generating a yield of 26,32 metric tons/hectare. On a rich, acid soil like

» respectively,

21, the corresponding optima are 252, 305 and 113 kg./ha., with a yield
of 33,80 metric tons/hectsare: The soil generating the highest yield is
number»3 in Table 8. With high acidity, low PB and high KE. soil 3 gen-
erates a yleld of 44,30 metric tons/hectare when 308, 371 aud 123 kg./ha,
of NA
The Cate-Nelson analysis performed by McCollum and Valverde S. (1968,

» P, and K, are applied in an "average" year.
A A

P. 27) on soil phosphorous and potatoes In the Sierra indicated a critical
level of Ps of about 7 p.p.m. The implication from this was that little
or no PA was required if the sofl Ps was above 7 p.p.m. Table 8 shows
that even for soils with about, 15 P.p.m, of P8 it 1s profitable to add

in excess of 110 kg./ha., of Py

0f more significance 1s how the current recommendations of the

National Center of Soil Analysis at La Molina, Peru compare to these
-computed optima. Table 8 contains such a comparison;29 The recommenda-
tions for phosphorous are well below the computed optuma, particularly

for soils with average and high P8 levels. For example, the PA recom-

mendation for soils with a Ps of about 15 p.p.m. is from 315 to 44 kg, /ha.

29The recommendarions were obtained by Mr., S. Tuten of the North
Carolina State University Mission to Peru from the Soil Department and
National Center of Soil Analysis, Agricultural Experiment Station, La
Molina, Peru. They apply from April 1971.
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below7the computed optima. For soils low in P, such as 1 p. p;m.,-the
recommendation is below -the optima by 200 kg./ha at low pH but above it

fslightly at high pH levels. Generally, the recommendations are'cloaer
to the computed optima for PA as the pH rises. Any build-up of P dn
.the soil will be ‘adequately taken account of by annual soil. tests, Such
‘teste'will indicate'available phosphorous and the optima will change
;accordingly.ao

On soila with low K values of about .20 p.p.m., Table 8 shows the ‘
current recommendations to be too high by about 30-65 kg./ha, On average
K soils of about.127 p.p.m., the recommendation is about 6-30 kg./ha of
KA too low on acid soils. On more alkaline soils with 127 P.p.m, of Ks,
the recommendatione are'ahove,the computed optima by 45-50 kg./ha; 'The |
recommendations on soils with high levels of KB such as 232 P.P.m. are;
about 70-90 kg./ha. too low on the acid soils and;ahout 5-15‘kg./ha.;toof
high on more alkaline soils. | | |

It appears that no regard. needs to be taken ‘of . the level of soil '
organic matter (N ) in generating nitrogen recommendations if P2 ie
accepted as the correct model.31 Current.nitrogen recommendations . to ,
farmers are far too low. On solls with less than 2 percent organic‘matf
ter, the recommendations are between 5 and 160 kg./ha. too low, depending

on the pH, Na’ PB and KB levels. On soils with 2 to 4 percent organic

matter, they are between 20 and 200 kg./ha. too low, and on fertile soils

3OIt should be noted that the computed optima for P, in Table 8 often
exceed the range of the .data used to derive the response equation Py of
240 kg. /ha.

31The NgNy coefficient in Py was not significantly different from
zero and its inclusion in P; did not alter Ny optima by more than a few
kilograms when. Ng; was changed..
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with greater than 4 percent organic matter they are 40 to 220 kg. /ha. too

_more alkaline and high in P and K .

recommendations are closer to computed optima when soils - are
~ Present recommendations for PA do not.varymaaLsoil‘pH changes,: Table
'8 ahowa that as soils become more alkaline, the -amount of . PA recommended

should fall, When pH goes from about 4 8 to 5.9, ‘the optimum level of P
32.

A
falls by about 100 kg. /ha.

The PA recommendation for a pH of around 7
should. be another 100 kg./ha. below that again,

Recently, the.KA recommendationa have been made to depend on the
soii'pH in addition to Ké.. When pH exceeds 6.5, the KA recommendations,
:ate increased. The analysis of Table 8 shows that the opposite should

occur. —As pH rises, th: level of K, should fall, However, an interaction

A
term between KA and pH was not included in equation P2 to enable a definite
conclusion to be made on this. >

Table 8vahowa that the optimum levels of NA' PA éndzxA vary signifi-
cantly depending on their respective soil nutrients. For example, soll’l
had-an. optimum N, of 319 kg./ha. whereas for aoi1p27, it was 183, The :
level of N was the same for both. Soil 1 had an optimum PA of 387 kg, /ha.
| whereaa for 8011’9 it was only.180, even. though the level of P waa aimilara

in both. Soil 1 had anoptimum KA of 163 kg./ha. whereas on soil‘'25 with-

32The level of pH which generatea maximum physical yields varies sub-
stantially with the level of P (P and N; are the only two variables
entering the marginal product %unction of pH). For example, at an Ng
level of 3.7 percent, the pH for maximum yields is about 6 when P ia
held at 100 kg./ha. When PA 1s 250 kg./ha., the optimum pH 1s about 4.3,

33Profeasor McCollum did not believe there was a biological basis
for a pH'K, interaction. Furthermore, in their previous work, McCollum
and Valverde S. (1968, pp. 25-29) only mentioned pHe Py inte:actiona,

with no mention of pHe KA
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the same’ K ’ 1t was 130, This 111ustretee the need.for the-Soil Teeting
Center to take account of the level of all eoil nutriente An generating
recommendations. . The optimum~1eve1-of each-element depends not only on.
1te level in the soil, but on. the level of other relevant: elements with
which it has'interactione.. The - proceduree used in making recommendations
lehotld recognize»the;eiﬁgltaneous.neture of - the eolutione.to-equetione_
etch'ee (53), (54) end:(SS) Table 8 shows how much. recommendetiehe»and'
yielde -can change when such a general approach is adopted. |

" For a soil" 1ebotetory to utilize the methods outlined in this - etudy
tnémeking recommendatione from the soil analyses would involve a eeriee of
about 15“ca1culatione.‘ First, -they would calculate o, B and y from
equations (50), (51)‘end (52) end subtract them from their respective
price ratios to form.the C;matrix. Then nine multiplications are required
to compute the Afl C solution. - All this would take a clerk about 5 minutes
perjeample. Knowledge .of the eppro;imate average values of R and T based
on the‘eltitudebfrom which each soil sample came would make recommendations
based on.this procedure even more relieble than use.of regional average
figures . for R.and'T,in equation (50). The quadratic form has a decided
advantage ‘over the equate root form for these eimultaneoue solutions,

The Arl’mettik need enly be calculated once. -It will not change when the
valueetof:the_eoil.and~weether variables alter, or when the price ratios
cheege.h For noh-cemputetized laboratories, this is a valuable asset..
\The A:l matrix must be recalculated for the square root equation when the
;ﬁiee ratios change, although not when soil and weather variables do.'

.% A relevant question is why the current recommendations of the La
Moliha laboratory differ so markedly from those generated by P2. Then

laboratory recently revised its recommendation prncedures on the-beeief_v»
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of more research and experiedce. Whereas previouély no.account was taken
of soil pH in generating récommehdationé; now La Molina ﬁsea;pﬂliniﬁotas-
slum recommendations. Also, potassium recommendations were ihcreésed;
recently. While the results of this study do not.auppq:tﬁthégeachangea,
iﬁ is an indication that La Molina is constantly reviewing its_prbcedures.
This study may be of some asaistanqe in this proceaa..lAtnpresent they do
bnqt~appear.to have ‘analytical procedures to address theméelveq to simul-~
taneous.conaideration of all factors in crop response, . .

Appendix B Tables 3 and 4 ‘contain the optimem levels éf NA. PA_and

KA to apply when weather is below and aboye avéraggs When weather is
‘d:y and cold (below average), the optima and the resulting potato jields
é:i'e .all cohsiderably reduced. When_th;a weather 1s relatively wet and.
warm the optima are increased, eepecially fpr PA’ and yields are about.

.1 to 4 tons higher than ﬁhen the weather is average. The calculated
optima for P, fall by about 80 kg./ha. when the weather goes from average -
to“beloﬁ-average, and increase by 80 when it goes from average to above.

querage;34’

Table 9 éummarizes the contents of Table.8-and»Appendix B.fables 3
and 4, It;shdws;how sensitive the calculaﬁéd optima are to the soil

35

characteristics and weather, For example, with aVerage.weather, the

34However, as most of the P, optima of Appendix B Table & exceed the
240 kg./ha. range of the experimental data, the quoted rise from average .
to above average weather in recommended PA may not be valid,
351t should be noted that the figures in Table 9 are the average of
nine values for P, and K, and 27 for Nj. These represent the optima for
the element in question for a range of values of the other elements.
Hence, Table 9 masks the changes in optima that occur for an element as
the levels of the other element and the pH change.
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' -+ 'Level of soil

Optimum level of applied

nutrient (average of 9 computed optima

_ ,nufrient over a range of values of P, K. pH)&
7 (pepem.) Rainfall and temperatureP
. Low Average High
Ns' Op timum NA (kg. /ha.)
A1l 189 251 313
levélsj
b osamr, Gene
1.4 205 7 283 362
7.98 172 250 329
14,82 139 218 296
Ka: . - - Optimqp KAf(kg'/haf)'.“ .
22 135 . %7 158
127 114 126 138
232 - 106 118

o9

%The values from which these averages were calculated are shown in

'Table 7 and Appendix B Tables 3 and 4

27 values,

T'he'Ns optima are an average of

bLow, average and high growing season rainfall and minimum tempera-

tures were 432 m.m. and 5.13° C, 568 m.m. and 6,83° C, and 704 m.m, and

8,53° G, respectively. (These were all coded by a factor of 10 in the

analysis.)
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- level of PA to apply should be about 226 kg /ha.,for a.so0il high in P '
‘and about. 280 for a soil low in P t For KA’ the amount applied should
rise from about 100 kg./ha. when soils have 230 p p.m. of K to 150 when
:soils have only 22 .p.p.m. ‘of K . |
~_ The NA optima do not change as the level of N changes.- However,
they do change substantially when the weather becomes ‘warmer.and wetter
'aa Tahle.9 11lustrates. The optimum rises from 190 kg;/ha. to some. 250
when weather changes from below average to average weather. It riges
‘aaother 60 kg./ha. tn 313 when theAweather is above average.
The absolute changes in the optima for P A and K as we go.from.high
to low analvars aoils are the same whether the weather is normal or
.otherwise.. For P the optimum rises by .66 kg. /ha. and . for K it rises

A
_by 40 kg./ha. regardless of the weather. ‘The optimum level of PA
changes with the weather due to the indirect effects of its interaction»
with N X which has weather interactions, and the R-PA term in. equation
‘2. The optima for KA change only as a result of -interactious between’v
‘it and:NA and PA which have weather interaction terms. -

For a given soil analysis, Table 9 shows that the optima change
significantly with the weather for all three nutrients, With a. soil
analysis for P8 of about 8 p.p.m,, the amount of PA to applyrfa118‘from -
330 kg./ha. for above average weather to 250 for average and 170:f6r
below average weather. For a soil analysis of 127 p.p.m. for Ks,.the
corresponding optima are 138, 126 and 114 kg./ha. The decrements are
the same when going from one weather situation.te another regardless-of

the soil analysis, The decrease in optimumPA is about 80 kg./ha. going |

from average to below average weather for all three soil,testkvaluee in.
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A
thwa‘that;thg'ﬁalue of'iﬁprovéd weathei predictions-. could hence be §ery
36

Table 9. For NA_the drop is about 60 and for K, only .12, This analyeis-

A
' In'the next section an attempt will be made to ccnsider the specific

fﬁigh;fparticulagly for N andeAf

effects of weather uncertainty on profits and the associated variance of

profita.

' Weather~ﬁn¢eftainty and Fertilizer Decisions

Mﬁny &fiter;‘have recognized that the calculation'of.economic.optimg
alqﬁg tﬁe linea of the previous section do not go far eﬂough when the aim
is to generate recommendations about fertilizer use., Four main sources of -
uncertainty have been alluded to in the literature which qualified state-.
ments ébout optimum fertilizer levels.

The first uncertainty involves the statistical confidence limits
around the estimated parameters of the response equation, associated with
the degree of experimental error, and how this affects the calculated
optima, One of the early papers on this was that of Box and Hunter (1954)
who demonstrated the theory and procedure involved in simultaneously
placing confidence 1limits around maximum points on response surfaces.

This paper was followed by Carter and Hartley (1958) who demonstrated
how' to place confidence limits around the marginal product curves of a
Cobb-Douglas function. Doll et al. (1960) did the same thing for marginal
product curves, isoquants and isoclines of a quadratic funcrion. They

noted that the confidence bands widened as the curves were further from

36In an excellent paper, Byerlee and Anderson (1969) used Bayesian
statistics to measure the value of perfect versus imperfect information
on rainfall for South Australian wheat. A similar approach could be used
here although it is beyond the scope of the present study.
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their mean pointe.. This 18 a property of gtatistical. confidence regions
Aas they are’ a positive function of L the-deviation of independent variﬁ
-ables;from?their means., Doll et al. (1960) suggest it mey he reasonable
‘coiAAAQmé tnet yield and variance are positively correlated in the bio-
1ogical sense which etatistical confidence bands of the above.type do
not reflect.
| Many other papers have examined the statistical uncertainty around
eetimated parameters and the calculated optima. Among the most notable
are.the papers by Lu (1961), Fuller (1962, 1965), Havlicek and Seagrevee
-(1962), Hoffnar (1963), Walker and Carmer (1967) and Anderson and Dillon
{1968).

| A second type of uncertainty relating to fertilizer recommendations
ie the &egree of confidence in the functional form chosen for the empiri-
cel'anelyeie. Johnson (1953), Havlicek and Seagraves (19625, Cady .and
Laird (1969), Anderson and Nelson (see footnote 17) and others have
| aliuded.to this problem, It was previously discussed in.detail in
Chapter III under the heading of specification bias.

The third uncertainty entering the process of generating fertilizer
optima 1s that due to the vagaries of weather. Parvin (1954) was one of
the first to point out the need to consider not just expected profits in
"average" years, but also the variance due to weather over time. Empiri-
cal studies by Knetsch and Parks (1958), Knetsch (1959) and Smith and
Parks (1967) on corn and millet in Tennassee considered the drought index
in quadratic response equations as a random variable. Using historicel
probability distributinns of this index, they calculated expected profits

(E()) for various levels of abplied nitrogen, assuming all other
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parameters and variables to be constants. They recommended the nitrogen
rate which generated the highest E(I).

H’éolyer (1969) and Colyer and Kroth (1970) computed the E(l) and

P 8
variance of profits due to weather ( [ [ni-E(ni)]2 = onz; where 1 is
: i=1

‘thé’hhmber of years the experiments were conductel for various levels of
'ﬁitxégéﬂ on cérn in Missouri. This is termed the E-V map., They estab-
| n2 increased monotonically wifh

EZH) and the level of nitrogen, up to cthe point of maximum yields, It

lished that on non-irrigated plots, o

, theﬁ declined. This confirmed the earlier beliefs of Doll et al. (1960).

. Tollini (1969) and Tollini and Seagraves (1970) did a similar
analysis to Colyer and Kroth on corn in North Carolina. Unlike Colyer
and Kroth, who used only eight years of experimental data to calculate-
their E(II) and onz, without actually measuring weatier, Tollini and
fSeagrayes employed a cross-sectional moisture index in a response equation
and applied historical probabilities to compute E(II) and onz.
that the variance of profit increases as the level of applied nitrogen

They found

increases. This may explain a significant amount of "under use" of fer-

tilizer by farmers if they have a disutility of risk.37
The fourth uﬁcertainty aspect in discussing fertilizer'optima.con-

cerns. that which exists at the farm level. It arises‘becguse the

researchef really cannot know all the on-farm uncertainties facing the

“farm decision maker. Johnson (1957) suggested that unexplained residuals

37"Under use" is defined here as levels of fertilizer use where the
marginal return is greater than the marginal cost of applying additional
fertilizer. Other cuases could be a high proportion of tenant farmers
bearing all fertilizer costs but receiving only a portion of the returns,
capital rationing, pessimistic weather expectations, differences in man-
agement skills, different responses due to differences in the skills and
high personal discount rates.
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in experimental data may bear little or no reaemblance to unexplained
/residuals in a farm situation.' He - says the size of experimental reaiduals
;and their correlation with unexplained residuals on farms is crucial ‘as
farmers form subjective estimates of the uncertainty of experimental
results. ‘In other words, hs says that farmers are more interested in
_On-farm residuals than experimental residuals, which is obvious, ' Odell
(1958,‘1959) found that yields of crops on- farms were roughly 80-90
psrcent.of-those achieved in experiments using similar treatments-and
weather. Davidson and. Martin (1965) and Davidson et-al. (1967) found that
:thie ratio fell as experimental yields increased and also as the -area of
crop per.farm rose.  While these studies did. not specifically say that
the variability of farm yields is larger than experimental yields, they
-did seem to. 1imply that.
- Earmere reapond.to uncertainty in a variety of ways. Souetimes'they
formulatettheir own. subjective probability estimates of possible;cutcbnes
,oflvarious farm activities, which may differ from those derived frcm
‘historical.probabilities of weather and the like. Their reaction to
‘uncertainty may be to impose internal capital constraints on their
activities. . They may also react in a manner consistent with various
game-theoretic models such as those of Wold, Hurwicz, Savage and Laplace.
Examples of the use of game-theoretic models to "tailor" recommendations
to farmers are the papers by Swanson (1957), Havlicek (1960), McQuigg
and Doll. (1961), Walker et-al, (1964) and Swanson and Tyner (1965). All
these models have implied asgumptions about the shape of the E-V utility
surface, some of which are quite unusual. Another possibility is to esti-
mate,an indifference curve in the E-V space.as Officer and Halter (1968)

did. There is some question as to whether the latter is consistent with



‘ 103
?generally held concepts of utility theory, particularly the concept of
non—measurability of . utility. ' + V' '

" In the context of potato farming in the Sierra of Peru, attempting
to determine .the’ E-V tradeoff would be a hazardous task which is beyond,
the .scope. of this study. Swanson s (1956) technique, of incorporating
”fertilizer activities into a, linear programming analysis, which has
'oapitalgirotation'anu:minimum-income constraints, requires intimate
:knomiedge‘of.the individualjfarm and farmer. This and gameétheoretic:~
models are hence'not»utiiized in the subsequent analysis,

It is also not.planned to consider the,uncertainty generated .by
statistical considerations in this section. As noted in Chapter III,
the data were used at least 20 timee~before.equation.szwas~choeen as
the .appropriate empirical response. function. The inherent biases that
result from such sequential estimation procedures are well known and
have been recently‘discussed by Ashar (1969). The usual.statistical
tests and confidence limits on parameter estimates and linear combina--
tions of them (such as marginal product equations) are invalidated as a
result, Furthermore, if the works of Brown and Oveson (1958), Knetsch
(1959) and Havlicek and.Seaéraves (1962) are any guide, in practice the |
costs of the.wrong decision on optimum fertilizer use as a result of
;inexact'parameter estimates may be slight. For these reasons, attention
will .only.be given here to the effect of weather uncertainty on fertil-
.izer decisions. The uncertainty effects of nitrogen, phosphorous.and
weather are the.only ones considered here as .these were_the_only

interactions assumed in the model.


http:will.only.be
http:before.equation.P2
http:noted.in
http:generated.by

R |
OSay
—_— Rt

NN

3 &R

T n £ o

(L] U~

&

o [T

o H Oh

/ d [ g

0 L]

/ Q o
@ o

Y]

o , 5
e S I - - BN . RN . TN @ D . N -

. o
e - &

o 3]

o - -]
/ ] m
<]

/////// .y



106

NT a 6.‘87 C
0.2 = 0.42° C

Op = 0.652° C

0.282[

0.256 [

3 1
g 0.154f

0 .
2 0.128f
0.026}

//
//////////////w%//%%//
T iRy

R
I\

5.0 5.5 6 0 6 5 7.0 7.5 8.0 8.5 959 '

abie, Huan

equenc

igure '10.. Fr

. o4
1930-1970



107

Table 10 Expected profits  (E(T)) and variance of .profits (onz) for an
average solil at various rates of QA applied to potatoesd

2 b

NA:PAzxA ‘E(I) o A
~ (kg./ha.) (s/.) ('000 §/;)

000 0 14884 13,882 0.010503
20 20° 10 20314 . 14,3099 0.004307
40 40 20 25293. 15,555 0.002524

60 60 30 29823 17,350 0.001675
80- 80 40 33902 19,785 0.001181
100 100 50 37531 22,858 0.000732
140 140 70- 43438 30,923 0.000387 -
180 180 90 - 47545 41,545 0.000175
220220 110 49850 54,724 0.000032
260 260 130 50355 70,459 ~0.000071
300 300 150 49060 88,751 ~0.000149
340 340 170 45963 109,600 . ~0,000209
380 380 190 41066 133,006 ~0,000258
420420 210 34368 158,969 ~0,000315
500 500 250 15570 218,564 ~-0,000378

aThe-levels of Ng, Pg, Ko and pH were set at 3.73 percent, 8 p.p.m.,
127 p.p.m. and 5.93, respectively (all coded times 10)., R and T were 568
m.m; and 6.83° C, respectively. These were the experimental data averages
as ‘shown.in- Appendix A Table 1, Average prices were used for fertilizers
and -potatoes as shown in Appendix B Tables 1 and 2.

2

bA_is the loss or increase in E() per unit.change in.on .
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2 822 822 a22 . a22 . a2.2 9 n2.2 2
OH - 40'990 [bloR‘+ bon + b3oTz + b40R2 + bSNBcR + b6N5°T
8222 . 0229 a9 N2 22 v e
T DyNjog + b0 + bgop, o + B10Pa%k + 2(Byby0p . + LI
Ny NN i v N &N
¥ P1P0ReR2 * B b op g + BB op B BN B1PgNpoRut
N oo -  m N Yoo oaa noa
¥ P50k ry + P1P10PTR. g * Bobaop. g2 + B2P407 g2 + B PN o0,
T BgbgNgOp.p + ByboN,on o + BoPgNyIp.p + DybgOn, om + Byb10Pa%7. R
"\l n N '\J NN “ Ny
¥ B3Pyop2,52 + ByhsN o2 o+ B3PeNgor2,p + Byb N0 o
' | (59)
N Ny NN JAVEL V)
P3PgNaoq2. + bybgora, o + P3%10Pa%72. 5 * BybsN,0p2 ¢

The bi

N oA JAVEA ) 0N NN
b4PgNop2,p + B4P7N\952. 5 48" 1°r2.17 * B4Pg0p2, o

NoA . & 2 N & N
¥ B4P10Pa%72.5 + BsPgN opn + P55 NaMa%R.r + PPN Nop o

NNy NN NN JAVEEAT)
BsPoNeORurr + PsB1gP,Nyop.p + P6P7NeNaOr.g + BBl Nyor, o

[\ N v 2 NoA
¥ BPNyOr. gy * Pgb1oPNyon, p * PPN A%R. + DPgN0p o

NNy nony NN NN
¥ 222 10PANA%R R ¥ BBy, pr * Pg®10F ANa%1.r t BobygPy0pr,p) e

are the estimated coefficients of terms with R or T in them in

equation P2. Table 6, They were:

=7
o

T ue oo oe
\O\IUIW

°

= 0.105172 (R),. b, = =4.739410 (T),

= 0,166596  (T%), B, = 0.00000301 (&%),

= 0.0005285 (N_+R), 86 = =0.0770512 (N_.T),

= 0.00003912 (N,-R), 3‘8 = 0.00638416 (N,-T),
N

0.0016959 (R-T),

[=F

10" 0.0001106 (PA°R).
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The.ozjterms in (59) are the computed variances of . the 'rainfall and tem-
perature_dis{ribﬁtiohs-from Huancayo and the ¢ terms are the reépéctive
¢o§atiaﬂée térms from the variables 6f the production function with the
appfopfigte'numerical values from the Huancayo data utilized. For
éthple, °§I-- (URI)z and T ™ IR After inserting the coded numerical
rvaldes‘shown in Appendix A Table 1 1ﬁto (59), 1t reduced.down.to a more"

manageable quadratic form

| dnz = 38,691,440 ~ 1,403,418 Ns~+ 109,472 N ‘+ 161,344 PA

A

2 2 252 .
+123N,° + 387 2, - 3116 N_.¥

+ 19,793 N; A

- 3880 PA.NB + 289 NAfPA. (60)

Table 10 shows the respective values of E(II) and on2

(58) and (60) for an average soil using average prices for potatoes and

from equations

fertilizers. The profit equation for Table 10 with the sssumed numerical
values for the variables shown in footnote a of Table 10 inserted in (58)

was -

. _ 2
E(N) = 14,884 + 143'NA + 62 P, + 154 K, 0o4854NA

- 0,3376 i’Az - 0.9130 K, 2 + 0.3368 N

A P

AA

k3

R (61) .

+ 0.1254 NA'KA +0.1780 P A

A

The variance equation for Table 10 was

2 2
op = 13,881,752 ~ 6755 NA + 16620 PA + 123 NA + 387 P

2
A

+ 289 NAfP (62)

A.
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Table 10 ahowé that for an average.soll, with average prices, the
. varianqe-ofrprofits gégina to monotonically incfégse.at an increasing
rate as the level.of éé:tilizer-applied increases. The level of expected
profits (E(M)) at firstxincfeésea until the 6ptimum-quahtitiea of fertil-
izefs are reacﬁed. Thistsccura when 260, 266 andliﬁo kg./hq. of N,, PA
,éﬁd.kA are‘applied, which Are almost exactly the rates derivgd earlier
fof the average soil in solution 14,.Tab1e 8.. Tﬁé E(l1) at ﬁhese<fertil-
izer levels 1s S/, 50,355. Figure 11 grgphicalljli;lustrateé the contents
_of Table 10. | o
The A column in Table 10 measures the change in E(I) for each unit

change in ¢ 2 It represents the trade-off.that must be made between

me
increasing profits by adding more fertilizers and the attendant increase
in the variance of those profits. If potato farmers on average -80ils
were completely averse to the additional risk associated with the use
of fgrtilizers, then they‘would not apply any NA, PA or KA' In .the
Sierra of Peru these added risks associated with the use of more fertil-
izers aé»ahown in Table 10 may help to explain why only about an average
of 10 kg./ha. of nutrients is being applied, even though the marginal
‘met.return from increased fertilizers is substantial.

In making recommendations to potato farmers on average soiis, risk
* considerations could conceivably drive the recommendation from about

sy P, and K

A’ "A A
The current recommendation of the Nationsl Center of Soil Analysis et

260, 260, and 130 kg./ha. of N » respectively, down.to zecro.
La_Molina, Peru for this type of soil is 140, 115 and 115 kg./ha., respec-
tiQely. The implied X .value of 0.0105 for a zero level of fértilizere is

wéll'above the average of 0.0002 obtained by Officer and Halter (1968,
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Pe’ 273) -for five. Auetralian farmers using utility enelyeie.v It ie. of
couree, not etrictly velid to uee the Officer-Halter average A value as
‘a meaeure of deeired riek aversion levele in the Peruvian context. not
'only becauee they varied substantially from farmer to farmer in that
,etudy, but also they can.be expected to vary.between farmers of different
countriee; In addition, their eample was. very small, However, if we use
the A-value of 0 0002 they darived as. the preferred poeiti:n for Peruvian
poteto farmere we arrive at a. recommendation of about 160 160 and 80
kg./ha. for Ny PA and KA from Table 10

Figures 12 and- 13 have been drawn from Appendix B Tablee 5 and 6 to
illuetrate the E-V trade-offe for eoile with low and high levele of .
~ organic matter, For soils low in organic matter, Figure 12(b) shows
‘that variance is a monotonically increaeing function of the level of
fertilizers. The maximum level of E(II) occure at.about 260, 260 and:
130 kilos per hectare for NA'
eoil.38 There is a greater absolute variance in the less fertile soil

A and KA’ as was the case for the average

at each level of fertilizers than in the average soll and also a greater
increase in variance as fertilizer inputs increase. The recommendation
one would make on a low organic matter soil is the same as for an average
goil when farmere have absolute risk aversion; namely zero. If farmers
on these soils have a.lower degree of risk aversion similar to the A
value of 0.0002 found by Officer and Halter (1968. p. 273), the appro—
priate racommendation would.be about 160 160 and 80 kg./ha. of NA PA'
and KA’ respectively, the same as for an average soil. '

38Thie is because the optimum level of N, is independent of 'the level-

of NS due to the coefficient on the N-NAterm in.the fitted equation P2
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Figure 13(a) shows that the level of fertilizers generating rhe maxi-

mum E(H) for a high organic.matter soil is about 260 260 -and 130 kg /ha.
.of N

A
ia marked phase Figure 13(b) of decreasing variance as the level of fer-

s PA and K A’ the same as in both previous cases, However, there is

tilizers and E(N) riees. This occurs up to a level of about 120 120 and
66 kg./ha. of<NA, PA and KA For farmers who are completely averse to
additional risk, one would recommend this latter level. of fertilizere.
This.generares minimum variance and an expected profit from fertilizers
of about S/. 36,000, which is S/. 15,000 below the.maximem expected profir.
The reasons for the decline in variance are the negative signs on
the N8 NA and PA N, interaction terms in equation (60). At high levels
of NB these terms dominate the positive effects of increased levels of
N, and PA on variance. The cause of the negat:iveN8 NA and PA,Ns terms
in equation (60) is the negative signs on the N8 R and N8 T coefficients
df'the;fitted.equation,Pz. These were. opposite to the g_Rgiggi.expected
eigne, but.after the equation was fitted Professor MeCollum thought the
negetive*Né-RbtermAwas logical and the sign of the N8 T term was really
uncertain anyway.
This analysis 1eade-to the apparently anomalous conclusion that
~ when risk is to be averted the amount of fertilizers to apply should
increeee as the level of N8 in the soil rises. If farmers on high N8
80oils have less than absolute risk aversion, like the A value of 0.0002
of Officer and Halter (1968, p. 273), Figure 13(c) and Table 6 in Appendix
B show the recommendation would be about 200, 200 and 100 kg./ha. of_NA,
PA and KA compared -to the figure-of,120, 120 and 60 with complete

aversion to risk.
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The E-V patterns found. on soils with organic matter levels greater
than about 3 5 percent .are all similar to those shown in Figure 13. That
-is. the variance of profits with respect to fertilizers has a U shape.
;This is contrary to the relationship found in most studies of this kind.
‘Colyer (1969), Colyer-and Kroth..(1970), Tollini (1969) and Tollini and
Seagraves (1970), a114established that ¢ 2

n
vE(H) as - the level of nitrogen on unirrigated corn was increased. Colyer

increased monotonically.with

'and Kroth found 0. 2 began to decrease after maximum yields were: attained.-

I
.Tollini and. Seagraves found it continued to increase. b _

' However, Colyer and Kroth (1970, pp. 489~490) obtained similar‘
resultslto ours for irrigated corn., As plant population~was increased:~
they found onz at first fell and then rose to give a U shape, particularly
at high levels of applied nitrogen; Of course, the irrigation reduced the
. variance due to rainfall, which is included in the present analysis, so
their results are not strictly comparable to ours, Also the interaction
of plant population and moisture.is more'complicated‘than that between
nitrogenAand moistureldue to,thehaddediiariability of  weed population
with the former, | | |

Internal capital'rationing is another'possible way in which'farmers?
behavior is altered'byirisk;,_They naplapply:fertilizer according to-a

rule .such as:-

‘-. . P }
S s 6 (W) (63)
A NA '

and § is the internally imposed constraint. If we had knowledge of the
appropriate § for each farmer, specific recommendations could be. made.

However, we do not have this information.


http:nitrogen.on
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One ofAthe main conclusions‘of4th;s ana;ysis is that'gonqideratiéne
of weather risk when making fertiiizé: fecqmméndations.should'beliésé.
imbor;ant.on sqils.which are high in organic matter., Onfsoilé with an
NB i;vel.in excess of about 3.5 percent, the added risk in ué%ﬁg the,
recommendations. which geﬂerateimaximum profits (see Table 8) wﬁuld be .
minimai,~gi§en the U-shaped variance map.. The implications of this is
that on highiy fertile soils, aversion of risk due to weather is-not a-
valid_reéson for,ﬁﬁe "under use!" of fertilizer by.farmers.39 Where cli-
’matic.variab;es.haVe negative interactions with soil and applied nutrients,
gsuwasa;ﬁeicase here, variance of proﬁita'can'be reduced by using mofg_
rather than 1e§s fertilizer on certain’éoils,'”Othef reasong-ﬁuh;;be
sdught to explain farmer behavior in theséAinstances.éo . 

On the other hand, this analysis shows that for average aﬁd below:
average soils there is support for_ﬁhe widely held view that risk aversion
could be.one of the main causes of "under use" of fertilizer, Variance
~bf profits was a monotonically increasing function of NA, PA.and KA and
E(T) on these soils. To.the extent that the ‘previously mentioned studies
by Colyer (1969), Colyer and.Kroth (1970), Tollini (1969), and Tollini
and Seagraves (1970) were applicable to average aoils; the present analysis

for potatoes. in'the Peruvian Sierra supports their conclusions for these

soils.

39

4oSee;footnote 37 for some other possible explanations. To the extent
that high organic matter soils are often at high elevations or are poorly
drained; the E-V equations do not adequately reflect the risks of growing
potatoes under such unfavorable circumstances. The overall risk of crop
-failure could make high levels of purchased inputs unlikely in such places.

See footnote 37.
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CHAPTER V »
VALUE OF THE GENERALIZED FUNCTION AND SOIL.TESTING

Qn?the\presumption that the hypothesized model in equation (28) of
vChapterﬁIfI is in fact the "true" one, an evaluation of the benefits
tﬁat éould;accrue to farmers and the Peruvian economyAfrom,using‘Pz.|tﬁg
‘empirically-derived (truncated) form of (28), can be made, $biévisAa#.
ippdrt;nt'considération;in‘View-of-the extenqivé;fesegféh;which_is pr;-
ceeding on .potatoes in Perg and~the_fagt that it i;1the ﬁrinciéalﬁcrop
iﬁathgt~country;4l | | |

A small number of writérs have.gtfémpted to.caicula;éﬂthe 9co§;sbof
the wrong decision" after deriving respoﬁée‘fupctioge.f‘Hévliéék,and
Seagraves (1962) computed these "costs" assuﬁ#ng‘tﬁaﬁ,37~location;&ear
functions for corn in North Carolina were‘"éorrect." The optimgm level
of nitrogen was calculated for each location using a genéralized'function
including soil phosphorous and a moisture deficiency index.{ fhiqlwas \
then used in the respective location-year functiﬁns toicalculate.net
revenue, ihis net revenue was compared to that generated by using thé
levél of.nitrogen.that.was optimum employing each of the 37 separate-
functionﬁ.. They found the average "cost" of uging the generalized
function to be quite low, at $1.02 .per acre. They recognized that this
Jcbst" would hecome the advantage of a generalized function if the

hypothesis was that the generalized function was the "true'" model,

41In 1967 the value of potato production in Peru was S/. 3.443 bil-
lion, which was in excess of S/. 1.3 billion more than the next most
important crop, alfalfa. Potat@ps were second to corn in area cultivated
at 272,000 hectares, more than 95 percent of which was grown in the Sierra
reglon where all the data used in this study were derived. Source:
Ministerio de Agricultura (1970, p. 32).
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Colwell (1968) performed a similar analysis to Havlicek and Seagraves
using generalized response functions for wheat and potatoes in Ontario,
Canada.. However, Colwell only chose an arbitrary "average" recommendation
“to compare with that generated by'inserting the relevant soil testjvalues
into his generalized functions. He~foundAthat the gross gains from the
use of the soil test fertilizer recommendations were negligible when in
the vicinity of the "average recommendation, and only became appre~:
clable when the divergence-was large. fHe-emphasized the .need. for sepaf.
.ration of-the benefits derived from soil ‘testing from those due to the
applicationlof fertilizer. -For example, in a region that is uniformly
very.deficient in a particular nutrient, the benefits from fertilizers:
will be high. However, since the district is uniform, the benefits from
soll test recommendations will be almost identical with that ftom a proper
.estimate of the "average" fertilizer requirement.- Here, soil- testing may
not be economically justified,

.The aim in this chapter is first to generate - two sets'ofnrecom—i
mendations--one using the generalized function_Pé in.Table 2; and the
other using the‘procedures of the National Center of Soil Analysis‘at
La Molina in Peru, Then, using a multivariable probability distrioution
of soll analyses derived from a sample of records from the Center, cal-
culate\the‘enpected benefits per hectare from using the-:P2 recommenda-. -
tions compared to existing recommendations., The difference_measures the
expected value of the generalized function, This is more ambitious than
any of .the previous stmdies of this kind as 1t uses actual recommendations
rather than simulated ones; it involves recommendations.for three nutri-
ents rather than one; and to'compute expected benefits, a four-variable:

probability distribution is'employed.'
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Second, a general recommendatibn 1s to be derived for an."average"
.'géil,;andﬁthe,éxpecﬁed profits from uéing this regardless of soil test
‘an;iyééq ére té be comﬁared with the expected profits from using P2 to
':generafeirecommendatiqns based on soll testa. The difference measures

: thEIQalue of carrying out soil tests.

A total of 144 classes was established representing the range-ofﬁ
.sbil.téaﬁ y#lués:to bé expected for the four va;iables pH, Ns; Pé'aﬁd

'Ks} The relevant intervals were:

pH: < 5'5, 505 - 6.5, > 605’
Ns (percent o.m.): < 2.0, 2.1 - 4.0, > 4.0,
P (pem):<4 ,5-8,9-15 >15,

KS (popoml): <-6o » 60 - 120’ 121 - 230’ > 2300

these were all cross classified using a random BAmplq 6f,1;541 édilttest
arésults'from La Molina for potato_sqils in the Sierra.42 The mean. value
of each of the four.soil variables for each of the 144 cells was calcu-
lated, together with the relative frequency of occurrence, The means
are shown in Table 11, which also contains those of the soil variables
from the experimental data, T-tests of the significance of the differ-
ences between the experimental and the La Molina data were made. The
computed t-values are shown in Table 11, All the means were signifi-
cantly different at the 0.01 percent level. The sample of data from

the National Center of Soil Analysis at La Molina had significantly

larger means for all four soil variables. This indicates that the

42These data were kindly extracted by Mr. S. A, Tuten and his staff
at the North Carolina State University Mlssion to Peru, Lima.
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Table 11. Means of the soil variables from experimental data and the
National Center of Soil Analygis (NiC.S.A.) at lLa Molina,

Peru
Co - i Experimental N. C.S vo a
Variable " Units data data t-value™ -
N percent o.m, 3,73 4,26 6. 57wwud
P8 P.p.m, P 7.98 10.78 10.09#%%x*
K p.pom. K 127 158 9., 69k
PH - standard | 5,93 6,65 20,99k
. - units . h
_Numbgr-of;obse:vations 4,335 1,541

“The t-values were calculated using the formula

a’-‘1"-{2
and using a pooled estimate of 92 in calculating the denominator.

b*** represents a significant difference between.the means at the
0.01 percent.level,
potato farmers who utilize the soil testing services in Peru generally
have better quality and more alkaline soils than those on which the
experiments were conducted, The Joint probability distributions of
the two samples of data were also quite dissimjlar.

Using the class means from La Molina, the optimum levels of NA’ PA
and KA to apply were calculated using the procedure outlined in Chapter
IV, equations (47) through (56). Then, the appropriate recommendations
using the procedures of the National Center of Soil Analysis at La

Molina were derived for the same soil wutrient means., These are shown

in Appendix C Tables 1 through 3.
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Particularly for NA and PA’ the recommendations generally fall well
be}ow the computed optima, as was the case in Chapter IV, Table 8 and
Appendix ‘B Tables 3 and 4. For KA’ the optima are closer to the recom-

lmendations and often exceed them as K.E falls, The recommendations gen-
erally are further below the optima for NA the higher the level of Ns.

The same occurs with PAas Ps rises. Hence, the Soil Analysis Center is
more conservative on fertile soils than on infertile ones. This 18 an

elaboration of the analysis of Chapter IV,

The expected profit function (using equation P2) as shown in equation
(58) of Chapter IV was calculated for each cell of Appendix C Tables 1
through 3, first using the computed optima for N , PA and KA’ and then
using their recommended levels.43 Rainfall and temperature were set at
the Huancayo average values of 577 m.m. and 6,87° C, respectively,
together with the means of R.T, T2 and R2. The results of these profit
calculations are shown in columns (2) and (3) of Tables 12 through 14,

The value of the generalized function P2 in making fertilizer recom-
mendations on the basis of soil tests is shown in column (5) of these
tables. It is calculated by subtracting column (3) from column (2).

It can be seen that the benefits of using the generalized function could
be quite large. On some soils it could be as much as S/. 24,000 per
hectare. Generally, the soils high in Ns and Ps, where recommendatious

tend to be far below the computed optima, derive the largest benefits

from the use of the generalized function PZ'

43It should be noted that a number of the computed optima for P, in

Appendix C Tables 1 and 2 exceeded the range of the experimental daéa
of 240 kg./ha,



Table 12.

Expected profits -using co
probability of their oceo

mputed optima and recommendations for N
urrence on soils with pH < 5,52

» By agg»KA and the |

Expected profits with Np, Py
and K, at: (S/.ha.)

Value of
One genreral generalized Value of Probability
Soil Optimum Recommended recommen-— function soil of soil
analysis levels levels dation (S/.ha.)°® :estingd analv~<-
(€)) (2) (3) (4) (5) (6) D)
1 63014 44738 49129 18276 13885 -001298
2 68254 53956 56723 14298 11526 . 000649
3 66461 57183 59261 9278 7200 001947
4 - - - - - 0
5 56454 32728 44597 23726 11857 .000649
6 - - - - - 0
7 65731 55975 58145 9756 7586 .001298
8 - - - - - 0
9 - - - - - 0
10 - - - - - 0
11 - - - - - 0
12 - - - - - 0
13 44765 27221 41549 17544 3216 .000649
14 41267 28088 39958 13179 1309 000649
15 47800 39494 46510 8306 1290 000649
16 94655 83241 83292 11414 11363 .000649
17 64597 46166 52852 18431 11745 .004543
18 68814 51520 56785 17294 12028 .006489
19 71078 58936 63268 12142 7810 .012980
20 78050 64748 70156 13302 7894 .001947
21 59581 41727 49543 17854 10038 . 006489
22 61545 47363 54505 14182 7040 .002596
23 65677 53058 58339 12619 7338 .003894
24 75729 61810 69538 13919 6191 .001298

XA



Table 12 (continued)

Expected profits with Np, Py
and KA at: (S/.ha.)

Value of

One general generalized Value of Probability
Soil Op timum Recommended recommen- function soil d of soil
analysis levels levels dation (s/.ha.)® testing analysis
1) (2) (3) (4) (5) (6) @
25 - - - - - 0
26 57481 36445 47848 21036 9633 .001947
27 63445 50134 57621 13310 5823 .001947
28 63673 45312 56679 18361 6994 .000649
29 41788 23470 39559 18318 2229 +000649
30 - - - - - 0
31 48388 35709 47194 12679 1194 .000649
32 54317 43127 52588 11190 1729 .000649
33 64501 46187 54773 18315 9729 .007788
34 68498 50142 58505 18356 9993 .026609
35 74242 56541 63114 17701 11128 .026609
36 83551 66780 74362 16771 9189 .011033
37 59426 36238 47207 23188 12219 .003245
38 60846 43344 52621 17502 8225 009086
39 66704 51136 58293 15568 8411 .012980
40 76565 59637 68579 16928 7986 .007139
41 52728 28416 43361 24312 9366 .001947
42 55593 33176 46288 22417 9305 .005192
43 57836 39731 51095 18105 6741 .004543
44 70158 52677 63509 17481 6649 .003894
45 45914 31070 42887 14844 3027 .003894
46 51336 41477 48500 9859 2836 .020119
47 52043 43656 50193 8387 1850 .013529
48 68810 60735 64344 8075 4466 +004543

%21



Table 12 (continued)

aExpect:ed profits were calculated using the resgective valués of soil characteristics shown in

Appendix C Table 1 and the mean value of R, T, R%, and R,T at ‘Huancayo. Blank entries occur when

colum . (7) is zero.
bSee-Appendix C Table 1 for the details of the anlyses -corresponding to the numbers.
®This is columm (2) minus columm (3).

dThis is colum (2) minus columm (4).
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Table -13.

Expected profits using computed optima and recommendations for_N 5P
probability of their occurrence on soils with 5.5 < pH < 6.58 ’

A

A

and K and the

Expected profits with Np, Py

and .K, at: (S/.ha.

)

A Value of '
‘One general generalized Value of Probability
Soil Optimum- Recommended recommen-— function soll. of soil,
analysis- levels . levels dation (s/.ha.)® testing - analysis
(@) (2) (3 (4) (5) (6) @
49 52391 £4472 49206 7919 3185 .003245
50 52790 46057 50166 6733 2624 .001298
51 64425 59255 61360 5170 3065 .005192
52 66535 58285 64635 8250 1300 .000649
53 45167 39138 43755 6029 1412 .001298
54 - 50466 44543 48412 5923 2054 003245
55 54055 51236 53298 2819 759 .004543
56 65409 60080 62579 5329 2830 .000649
57 - - - - - 0
58 44753 37201 43651 7552 1101 .007139
59 46618 44788 46580 1830 38 .001298
60 60160 57003 56958 3157 3202 .001298
61 36640 22395 35650 14245 990 .001947
62 40572 28442 40008 12130 564 .002596
63 44829 37476 43121 7353 1708 000649
64 - - - - - 0
65 54128 43718 50794 10410 3334 .005192
66 57460 48903 54565 8557 2895 .014278
67 65627 59716 63006 5910 2621 .009735
68 69841 60555 66644 9287 3198 004543
69 44025 36657 42939 7368 1086 .001298
70 49164 41801 47877 7363 1287 .002596
71 56907 51546 55535 5361 1372 .009735
72 66579 58079 64741 8500 1838 .007139
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Table 13 (continued)

Expected profits with Np, Py
and K, at: (S/.ha.)

A Value of S S
One general generalized Value of Probability
Soil Op timum Recommended recommen- function soil of soil -
analysis levels ievels dation (S/.ha.)c testing analysis -

(1) 2) (3) (4) (5) 6) €]

73 45338 35421 43792 9917 1546 001947
74 #5717 38743 45217 6974 500 .007139
75 51763 47721 51483 4042 280 .007788
76 63956 57507 61970 6449 1986 .005841
77 38404 25621 37582 12783 822 .000649
78 39819 30696 39293 9123 526 .003245
79 47388 41901 46427 5487 959~ .005841
80 59228 52365 55785 6863 3443 .001947
81 58504 46227 54977 12277 3527 .004543
82 61649 49607 57782 12042 3867 .012980
83 67052 57349 63668 9703 3384 .012980
84 75759 61353 72381 14406 3378 .005841
85 51356 39220 48751 12136 2605 .001298
86 56140 46176 53666 9964 2474 .005192
87 60913 52691 59193 8222 1720 .012980
88 67084 56550 64990 10534 2094 004543
89 - - - - - 0
90 51541 40427 50004 11114 1537 .003245
91 53079 46156 52384 6923 695 .011033
92 63105 53888 61687 9217 1418 .007788
93 38681 28551 38234 10130 447 .000649
94 54648 49310 50069 5337 4579 .002596
95 47882 42028 47161 5854 720 .013629
96 73693 71098 64168 2595 9525 .014278
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Table 13 (continued)

ctive values of soil characteristics shown in

aExpected profits were calculated using the resge
and R.T at Huancayo. Blank entries occur when

Appendix C Table 2 and the mean value of R T, r2 N
colum (7) is zero.

bSee Appendix C Table 2 for the details of the analyses corresponding to the numbers.

®This is column (2) minus columm.(3).

dThis is colum (2) minus column (4).
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‘Table 14.

" Expected profits using computed optima and recommendations for FA’ PA‘and KA énd»the
probability of their occurrence on soils with pH > 6.5 B

Expected profits with Np, Py

and-K, at: (S/.ha..

)

A Value of S : . }
One - general generalized Value of Probability
Soil Optimum Recommended recommen- funct:ionc -soil d - of soil
analysis levels levels dation (s/.ha.) testing analysis
(1) (2) (3) (4) (5) (6). (7)
97 32963 24979 30874 7984 2089 .011682
98 35489 26864 33135 8625 2354 015576
99 43091 38400 41255 4691 1836 .010384
100 50088 44110 47408 5978 2680 +003245
101 40289 35115 39858 5174 431 «005841
102 35291 29553 33001 . 5738 2290 005192
103 43751 39621 43341 4130 410 .010384
104 57073 52567 55480 4505 - 1593 .001947
105 27874 22297 25879 5577 1995 .001298
106 35474 31879 34221 3595 1253. . 006489
107 37696 36968 35414 728 - 2282 .007788
108 38488 32951 27780 5537 10708 .001947
109 26804 21418 21162 - 5386 5642 .001298
110 31987 23640 31407 8347 580 .000649
111 39204 37783 36774 1421 2430 «000649
112 - - 52386 48271 36928 4115 15458 +004543
‘113 37519 27831 35746 9688 1773 .033099
114 43199 35365 42278 7834 921 046728
115 49183 43703 48271 5480 - 911 +024662
116 57757 50272 55802 7485 1955 .008437
117 35900 28503 34525 7397 1375 .017523
118 38429 32419 36878 6010 1551 +029854
119 41879 36878 39261 5001 2617 .021417
120 54163 48421 52520 5742 .009086

1643
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T&ble 14 (continued)

Expected profits with NA, Pa
and K, at: (S/.ha.)

Value of : :
One general generalized Value of Probability -
Soil Op timum Recommended recommen- - function soil of soil
analysis levels levels dation (s/.ha.)® testing “analysis:
1 (2) 3 4) (5) (6) @)
121 32956 28023 31434 4933 1522 .009086
122 36135 31104 35007 5031 2128 .020119
123 43499 41854 41992 1645 1507 .014278
124 46997 42496 41157 4501 5840 +007788
125 32443 25609 29810 6834 2633 .002596
126 35837 31033 31758 4804 4079 .016225
127 45707 44495 36144 1212 9563 .009735
128 59839 57209 41358 2630 18481 .014278
129 45048 34961 44373 10087 675 .015576
130 49444 38818 49000 10626 444 .023364
131 54681 47886 54323 6795 358 .017523
132 62980 55399 62078 7581 902 .009086
133 43270 34817 42777 8453 - - 493 +003894
134 44440 "35854 43483 8586 957 .018172
135 48294 39127 46721 9167 1573 .013629
136 63411 54502 60823 8909 2588 005841
137 37628 31082 36770 6546 858 .002596
138 40938 34867 39847 6071 1091 007139
139 46409; 43781 44936 2628 1473 .006489
140 56711 52005 51788 4705 4923 +004543
141 46073 41282 32936 4791 13137 +000649
142 38555 33633 34718 4922 3837 +00973s5
143 46766 45938 37695 828 9071 .012980
144 73230 70163 55148 3067 18082 .020119

Total 1,000105
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Table 14 (continued)

aEx-pect:ed profits were calculated using the res ective values of soil characteristics sh

Appendix C Table 3 and the mean value of R, T, R?, T and R.T at Huancayo. ‘
bSee'Appendix C Table 3 for the details of the analyses corfe'spondiﬁg to the numbers.
®This is column (2) minus columm (3).
d'l'his is column (2) minus column (4).
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To ‘compute . the expected value of the- generalized £unction per hectare

N v

(of potatoes (E(P )) in the Sierra region of Peru, which is the losa from

PR

uaing the La. Molina recommendations, equation (64) was used‘

ek

E(Pz) - 1§i [E(HOi) E(“m” B, JCON
,where' 1 éfthe‘number of soil classifications used in.the sample;
E(ﬁoi) = expected ‘profits using the optimum levels of. NA’ PA and

KA from column (2),Tables 12 through 14;

E(HRi) = expected profits using the recommended levels of NA PA
: and KA from column (3), Tables 12 through 143 o

P, = probability of the soil analysis from column (7) of Tables
12 through 14,

As previously mentioned, the probabilities (P ) for the gsample of 1541

" soil’ test analyses from the National: Center of Soil’ Analyais do not
resemble the distribution of soil analyses~in the experimental data used.
to derive P2, and the sample means are also significantly diiferent., The
experimental data were not a random sanple of sites as the experiments
were set up to cover a wide range of soil types rather than to randomly .
sample the population. Also, the choice of soils for the experiments
depended on the cooperation of the farmers in the area, which again
affected the randomess of the sample. However, farmers who send soils
into the La Molina Laboratory also may not be a random selection so that
neither sample may be completely random. With these qualifications, the
results of the estimation of equation (64) should give an idea of thei

magnitude of the benefits to be derived from using equation P, for gen-

2

erating fertilizer recommendations for potatoes in the Sierra of Peru,

The added assumption of constant prices is also made in this analysis,
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ewhich ia unlikely in view of the 1arge increaae in production which would
ioccur if fertilizer uae were increased to. the levela implied by the :
1analyais. R

f‘»The expacted value of the generalized function from equation (64)
:using Tablea 12 through 14 was S/. 8 593 per hectare of potatoes.' In
1967, 226 735 hectares of unirrigated potatoea were grown in the Sierra
44 .

_region of Peru.. The: average yleld was. 5. 845 m. t, /ha. with a groas value
_of S/ ll 910 per hectare. Of courae, potato farmera, in the aggregate,,
would not be uaing the recommended nutrient levela of the Soil Analysia
Center.' Not even all of thoae who utilize the servicea of the Center '
.would follow the recommendationa preciaely.é; l

The- expected value of the current recommendationa can be eetimated

,by the following.

"t
LN

. 144
E(R)= e E(II )-P
im1

: (65)

where E(R) = expected value of current procedures for generating recom- .
mendations and the other parts of (65) are as explained
earlier for equation (64).
The E(R) was S/. 43,724 per hectare. This would not represent the
'net'profit from the potato enterprise if current recommendations.were used.

Otherfcoata of production of potatoes would also have to be deducted,

44Miniaterio de Agricultura (1970, p, 254).

45The average fertilizer application rate is only six to ten kg./ha.
of plant nutrients in the Sierra according to a private communication
from S, A, Tuten of the North Carolina State University Mission to Peru,
Lima. On the coast of Peru, an average of 90 kg./ha. of plant nutrients
are used, although it is all irrigated with an average-yield in excess
of 13 m.t./ha.
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making the figure léss than S/, 30,000 per hectare.’ By'utilizing the

| géngraiiz§d~f#nc§ion P2 ihstead of current recommendations, fhe net

a*;rbfité.of farmeéa in the Sierra of Peru could be increased annually

'By 57338,593 pér hectare, or by more than 30‘péicept, which is the ratio
of E(Pé) fo thé estimated net profits from using current recommendations
ﬂéf S/.330,b00, (assuming constant prices). The benefits of using the
oﬁtima from equatioh P2 compared to the present farm practices of 6 to
10 kilos of nﬁtrients per hectare could be about four times the value of
'thélgeneralized function, as ylelds could be quadrupled from their pres-
ént leﬁels~at a small increase in fertilizer cost compared to the added
réturns. However, if yields were quadrupled, potato prices would be

: éubatantially reduced, particularly if the area sown did not. change.
Furthermore, it is extremely unlikely that farmers in the Sierra of Pgru
would increase fertilizer use to the levels implied by that figure due
to'capital'ponstrainta, risk, sharefarming agreements and the like.

- To measure the value of soil testing (E(S)) in generating recom-
mendations compared to the use of one general recommendation based on
:;n average soil of 219, 177 and 111 kg./ha. of N,, P, and K,, respec-
.Eivéiy,-thg following was estimated:

144

BES) = [ [E(op) - E(g)] -y (66)

where E(nGi) = expected profits using one general recommendation on all
i soils from column (4) of Tables 12 through 14, and the
rest of (66) are as explained for equation (64) .46

6The gereral recommendation was based on the average soil from the
La Molina data, The characteristics of this soil are shown in column - (4)
of Table 1l.



135
The expected value of soil testing for potatoes was . calculated to be
S/ 4 053 per hectare, per annum over the Sierra region of Peru, The
value of soil testing, as expected, was greatest on soils far ramoved
from the average, such as soil numbers 144, 141 and 128, The range was

ftdm'S/. 18,481 per hectare on soil number 128 to only S/. 38 per hectare

"' on soil 59,

The figure of S/. 4,053 18 only 47 percent of the value of the gen-
eralized function calculated earlier.A This value of soil testing is
quite low compared to the prospective annual increase in profits from
increasing fertilizer use frcm the present levels of about 10 kilos of
nutrients per hectare up to the above blaﬁket recommendation levels
(about S/. 35,000 per hectare).

It would appear from this that the highest pf(ority ought to be
given to increasing fertilizer use on all potato farms rather than on
doing individual soil tests and generating farm-specific recommendations,
' Of course, as Williams and Couston (1962) point out, soll tests can often
make farmers more confident about increasing fertilizer use, even though
they may not follow recommendations precisely. Soll tests uence may be
of prime value in a general extension program aimed at increasing fer~
tilizer use. It seems clear though that it is not necessary at this
stage to exhort farmers to have soil tests for the sole purpose of
"tailoring" recommendations to each farm, Increasing general fertilizer
use on all £atma would appear to have the greatest rewards at the present
time,

The Food and Agriculture Organization (1966) recommend the planning

and design of simple experiments with as few treatments and replications
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as possible in cultivators' fields to enaﬁle maximum cooperation and
coverage of farmers, This may be another useful way of increasing gen-
eral fertilizer use as an alternative or complement to a soil testing

program.
| As‘previously mentioned, if potato farmers in the Sierra of Peru
followed the recommendations in this study, it is likely that production
would be substantially increased. It was decided to attempt to estimate
the effect of adoption of the blanket recommendation for an average soil
on production, prices aud econcwic welfare.

To do this, it was assumed the existing supply curve is perfectly
elastic at the current farm price level of S/, 2,000 per metric ton.
This assumes the supply curves for the land, labor and capital inputs
required for potato production are also perfectly elastic, The existing
supply curve for potatoes is shown as SOSO in Figure 14,

To estimate the new supply curve Slsl in Figure 14, the cost struc-
ture for growing 1 hectare of potatoes under an advanced but non-
mechanized system, over a range of yiclds and fertilizer inputs was
calculated.

First, the optimum levels of NA’ PA and KA were calculated for a
range of potato prices assuming the fertilizer prices remained constant
at the average values in Appendix B Table 1. These are shown in Table
15 along with the predicted yields associated with them. Fertilizer
wag assumed to be the only varisble input in the analysis, as the labor
and materials costs of land prepararion, seeding, pesticides and har-

vesting were considered as fixed custs per hectare and independent of

yleld. 7The non-labor compenent of these costs was estimated to be
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Figure 14. Possible effects of increased fertilizer use on potatoes
in the Sierra of Peru, on production, prices and welfare
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Table-15. Feftilizer input levels, potato yields, supply and demand
estimates for a range of potato prices in Perud

Optimum level

of fertilizers Yield of Quantity ‘Quantity

Farm prices N P K
of potatoes A A A potatoes supplied demanded
(s/. per (metric
metric ton) (kg./ha.) tons/ha,) (1000 metric tons)
2,000 219 177 111 28,10 6,371 1,325
1,500 212 168 109 27.98 6,344 - 1,432
1,000 199 . 150 - 104 27.70 6,281 1,586
800 189 137 101 2743 . 6,219 . 1,670
600 . 173 115. 95 26.84 . 6,086 1,765
400 40 70 83 2510 5,691 1,885
200 42 65 47 19,62, 4,449 2,037
100 ¢ 0 0¢ 13.10 2,970 2,129

%This assumes an average soil with the characteristics shown in
column (4), Table 11.

bThe market price of potatoes was assumed to be S/. 175 per metric
ton higher than each of the farm prices to allow for marketing costs.
The market prices were used to construct the demand curve and farm prices
were used in the supply analysis.
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4,561 soles per hectare at 1965 prices by Coffey in an unpublished-
paper.4? ~To allow for.prgcg inflation aince'1955, Coffey'a:figure,fbr‘
‘.mgfériélafgoaﬁsiﬁas.infléted by a factor of.6.71. This represented the

» 71‘pércent increase in the consumer price index since that timé;aa_

49 The

Present day labor costs were assumed to be 4 soles per manhour,
combined labor and materials fixed cost per hectare at 1971 prices came

to 9,102 soles.

The annual cost of land was estimated by calculating the per hectare
costs of a traditional, non-mechanized system of growing potatoes . (at
1971 prices), as outlined in Coffey's unpublished work50 and subtracting
this from the gross returns per hectare on an average crop of 5.845
metric tons., The gross return per hectare at a farm price of 2,000 soles
per metric ton was 11,690 soles. The costs of potato production per
hectare for this traditional system were estimated at 5,570 soles at-
1971 prices giving a residual of 6,120 soles, which was attributed to

the annual cost of land in potato growing. This residual can be correctly

47See the unpublished paper by J. D, Coffey, 1965, "Estimated Costs,
Yield, and Resource Requirements for Crops and Livestock for the Cuzco
Sierra Region of Peru." Faculty of Social Sciences, Universidad Agraria,
Lima, Peru, p. 47.

48For the period 1965-1969 the source was Banco Continental (1970,
pP. 6) and for 1970 it was Banco Central de Reserva del Peru (1970, p. 5).
For 1971 an estimated increasec of 5 percent in the index was used, based
on a private communication with Professor J. A. Seagraves, North Carolina
State University, Raleigh, North Carolina.

9Source: Private communication, Professor J. A. Seagraves, North
Carolina State University, Raleigh, North Carolina.

50See the unpublished pape= by J. D. Coffey, 1965, "Estimated Costs,
Yield, and Resource Requirements for Crops and Livestock for the Cuzco
Sierra Region of Peru." Faculty of Social Sciences, Universidad Agraria,
Lima, Peru, p. 4l.
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assumed to be.the opportunity cost of land, as in equilibrium the marginal
v&lue,prbdﬁct df la@d in'all;usesumuét;pe‘AQUai;. Hence,rthere,ia‘nq éie—
ment of rgnts.t; p;Eatb lgnd iﬁcludéd iﬁ thé calculatedvannual cdat'of
}and of 6;120 éoléé per hécﬁare, éven though it was éatim&fed'as.a
reeiddal.‘ E |

When this figure of 6,120 soles is added to the previously deriveg
fixed cost of growing one hectare of potatoes under an advanced tachnology
of 9,102 soles, we obtain an estimate of 15,222 soles as the total fixed
cost of growing one hectare of potatoes. Again, this does not-include
the cost of fertilizers, which is considered the only variable cost in
this analysis.51

Appendix C Table 4 contains estimates of the average variable, average
fixed, average total and marginal costs of growing potatoes per metric ton
at various ylelds per hectare for an average soil using the above cost
figﬁrea. Figuré.ls has been drawn from this table and shows that below
a price of approximately 700 soles per metric ton, average total costs
per metric ton (A.T.C.) would not be covered. The supply curve under an
.advanced management system with about 400 kilograms of fertilizers applied
per hectare and yields of 27 metric tons is assumed to be perfectly elastic
at this farm price of about 700 soles per metric ton. This, of courase,
assumes perfectly elastic supplies of land, labor and other productive
inputs, at the above per unit prices of 6,120 soles, 4 soles and 9,102

soles, respectively, and perfectly elastic supplies of fertilizers,

SlThe labor costs involved in marketing are specified as a fixed
cost per hectare by Coffey rather than varying with yield., The cost of
Jute bags 1s not included in costs as the farm price has been adjusted
to take account of this.
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The curve SlSl has been drawn in Figure 14 to represent the produc-
~'tion which would be forthcoming if the area devoted to potatoes remained
at the present figure of 226,735 hectares, while the yields per hectare
variéd_with.the price of potatoes, as shown in columns‘(s)-and (6) of
Table 15. It indicates that if the supply of land becomes perfectly
inelastic at 226,735 hectares (the present area of potatoes), the supply
curve of potatoes will not be perfectly elastic above 6 million metric
tons. However, given our estimate of demand, represented by DODO to be
explained presently, this portion of the supply curve is not relevant.

To estimate the demand curve for potatoes in Peru, use was made of

the concept of the arc elasticity of demand. The formula used was:

Q0 B Qn P0 + Pn

n = . - (67)
Q0 + Qn P0 Pn
where Qo = current demand in 1967 of 1,325,000 metricbtons;
anﬂ demand at the new price of Pn;
P0 = present retail potato price of S/. 2,175 per metric ton;
P = potato price for which the new quantity demanded Qn 1s to be
n
calculated} _
52.

n = price elasticity of demand for potatoes ii Peru of -0.3.
The various values of Pn as shown in Table 15, each with a figure of
S/. 175 added to cover cash marketing cost:s,s3 were inserted into equation
(67) and the quantity demanded, Qn’ was calculated, This is shown in

column (7) of that table.

52This estimate was taken from a recent study by Torres (1970,
Pp. 41-42),

53These were the costs of jute bags which were assumed to last
about two seasons,
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The demand and supply curves are drawn in. Figure: 14 which ehows the
effects of an autonomous ahift in the eupply curve : due to, edoption of
the blanket recommendations.of.this etudy on prices, production and ..
welfare. The equilibrium point would be shifted from F in Figure 14 to

. The reduction in fam- price would be '8/..1,310, or from S/. 2,000 per
metric ton to S/. 690, The 1ncrease in total utility for consumers of
Epotatoes ‘would be the shaded areas B plus D. This assumes the,marginaln
'utility of money is:the same for all consumexrs. The added resource coaﬁs
‘associated with this gain 'in utility, excluding the costs of any feeearch,
extenaion_or education required to shift the supply curve|£roﬁ'soso to
8.5, are areas (C plus D) minus (A plus C). If we assume.FG is - linear,

1"1
‘an approximation of. these areas can be made as follows:

Gain in utility = G.= B+ D- (68)
Added resouteee “R = (c +&D)'~.(A + C)
' or R;-:D j:A.. ".(69)
Net gain in economic welfare " W n G - R, and . from equatione (68) and
(69) this 1s - - |
w'-e.<n¢+_n> - (-4
=B+ A

or as:an_epp:eximetidd;_ 

:ié-'fwtr "::'-'.P:‘) QG+ 35 By - 2@
. O + 17 0‘ 1 1

e 1 993 million soles
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where P 2,000 soles per metric ton;

0

o]
L}

690 soles per metric ton;

1,718,000 metric tons;

o
[
n

1,325,000 metric tons,

QO
o
L

The annual net welfare gain of approximately S/, ;,993 million is
equivalent to about 46 million U. S. dollars. This givés a general idea
of the possible net benefits to Peruvians genérallyvfrom a program aimed
at boosting fertilizer usage on all soils wiﬁhout racourse to a soll test.
Of course, there would be a reduction in total revenue to potato farmers
in the Sierra as a result of such a program dug”to the inelastic demand
for potatoes in Peru, Those on marginal land with lower opportunity costs
than was assumed in the above analysis would be most adversely affected
by such a price decline., There would tend to be a redistribution of
income away from owners of marginal potato land that has few other alter-
native éroductive uses.,

~ If there were such a dramatic increase in fertilizer use in the
Sierra and there were not a completely elastic supply of land and labor
at the existing estimated prices of 6,120 and 4 soles per unit, respec-
tively, then their prices would be bid down by the large substitution of
fertilizer inputs for land and labor. To the extent that this occurs ,
the SlE portion of the new supply curve in Figure 14 would be lowered.
The net welfare gains, represented by the areas A plus B in Figure 14,
would be increased. However, this gain in overall welfare would be at
the expense of a redistribution of income away from potato farmers due
to reduced factor rewards. Hence, there is an inverse relationship
between the size of the gain in welfare and the amount of redistribution

away from potato farmers in this situation.
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If the supply of fertilizers is not perfectly elastic at toda&’s
pfices;.asﬁwas assumed-in the analysis, the new supply curve Sl 1 would

'ahift up to the left and the welfare gains would be reduced. Empirical
vestimation of fertilizer supply elasticities in Peru would be an impor-
jt:ant: topic for future research to enable a more accurate -assessment of

the welfare implications of expanded fertilizer use to be made, |

With theae qualifications, it may be a worthwhile policy to under-
take a program of research, extension and education of potato farmers in
the Sierra aimed at boosting fertilizer usage. For an annual return in
the vicinity of $U.S. 46 million, expenditure of significant amounts of
regources could be justified to achieve the degired increase, Fertil-
izer use would have to increase about 40 fold from the present level of
around 10 kilograms to in excess of 400 kilograms per hectare to darive-
the above benefits.

The above analysis only glves an estimate of the possible economic
benefits that may accrue from a program aimed at substantially increasing
fertilizer use on potatoes in the Sierra, It would be an important topic
for future research to investigate in detail the present supply function
for potatoes &nd determine the ‘1ikely changes in land uge that may occur
if potato prices fall to the levels implied by the previous analysis,
Also, the use of a point estimate of the demand elasticity to draw the
demand curve when employing the concept of arc elasticity introduces some
biases in the above analysis. Only after a more refined analysis is made
can definite statements be made about the impact of expanded fertilizer

use on economic welfare,
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~ CHAPTER VI
CONCLUSIONS
One of thé.conclusions of this study was that it is possible to
devgioﬁ éAgeneralized crop-fertilizer production function~involvin§.many
goil, weather and épplied nutrient variables, compared to the hypothesis
tﬁdt no ;elationship exists between'these variables., The quadratic,model
vﬁaé\foupd.to.be‘better than the square root function on the experimental
vﬁotdté'déta;fiom-Peru which were used in this study. The quadratic gener-
*3tediﬁu¢h more>realistic figures for nitrogen, phosphorous and potassium
fthaical'and economic optima than the square-root models.
vThére was some evidenée, usiqg a regression residual mean criﬁerioﬁ,
that_the quadratic»entailed some epecification bias'in the'rational'eco- |
ndmic'region.. 6ne suggested . truncation procedure  £0 correct for thig;
iﬁ@@lving deletion of data with large amounts of one applied nutrient,
was'hét successful, A second truncatiop wﬁere ail data with zero 1e§ei
of 6ne'appiied;nutrient were deleted reéulﬁe& in‘mgrginal impfovement in
the specification bias. However, the computed physical and economic
optimélfor this model were witbin the range of the data and appeared more
‘realistic to soil scientists familiar with the reéiqn.l The computed
 optima for the non-truncated quadratic model were mostly outside the data
range for nitrogen and phosphorous. On these grounds, the quadratic
model, with zero levels of applied phosphorous deleted, was chosen as the
best representation of the generalized potato-fertilizer production func-
tion in the Peruvian Sierra. Many other types of truncations could have
been attempted to improve the fit of the quadratic model as measured by

the algebraic size of the regression residuals over various intervals of
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the production surface;v The analyais could have utilized nitrogen, potas-
‘sium or- the total amount . of nutrients as the variable on which to baee
the truncation instead of phosphorous. - Previously the data truncation
procedure had only been employed with single nutrient production func-
tions.~ Obviously, where multi-nutrient responses are involved, the
problems of data truncation are much more.complex. Tﬂere 18 no cléar
relationship between an improvement in the residual mean test and an.
imprdved‘quel gpeéification for economic analysis.
Thefé;waé some indication from a ridge regression analysis, the sim-
Qléiédrrelation coefficients, and incorrect signs on.some coefficients,
that ﬁulticollinearity may - have been affecting some parameter estimates.
@esﬁs of the difference between coefficients for two (randomly selected) .
halves-éf the dafa indicated'otherhise, however., An F-test supported
tﬁe hyﬁothésib that the two sets of coefficients were equal. T-tests.
‘on the difference between gingle coefficients for the two halves, with

all other éoefficients constrained to be equal for both halves, also
supported the hypothesis of equal coefficlents.

A 6ng suggested method of fmproving the estimates when apparent multi-
collinearity exists, namely constrained least squares using éhe constraints
suggested by the ridge'analysis, was no improvement on the quadratic model
vwiﬁh zero applied phosphorous data deleted, using the weak mean square
error test. From all this, it appears that ridge regression analysis
waé.not successful in identifying coefficients sensitive to multicol~
linearity in the data, nor in choosing a set of constraints on the

parameter space to improve the estimation of the model.,
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The quadratic model with the zero levels of applied phosphorouévdata
deleted was used in the economic analyses. It was,found_that‘ébil'phos-
phofoua, potassium and pH affect fertilizer recommendations considerably.
These data and analyses did not consistently show that soil organic matter
directly affects nitrogen recommendations. In some other models examined,
soil organic matter did affect response to added nitrogen, while in others,
including the chosen model, it did not. All computed optima were rela-
ﬁively ingsensitive to realistic changes in the various price ratios.;

Nitrogen recommendations generated in this study for soils with less
than 4 percent organic matter are 5 to 200 kg./ha. higher than currentl
recommendations, depending on the level of soil phosphorous, potassium
and the pH level. On high organic matter soils they are 40 to 220 kg./ha.
higher, due to interactions between soil organic matter, pH and other
soil nutrients.

Phosphorous recommendations from this study are 30 to 250 kg./ha.
above the current recommendations on soils with average to high levels
of soil phosphorous. The computed recommendations are further above the
.current recommendations the higher the soil phosphorous level. On high
pH soils the two recommendations are closer. On acid, low phosphcrous
goils the computed optima are 85 to 200 kg./ha. above current recommen—
dations but up to 10 kg./ha. below them on alkaline soils low in phos;
phofbus.

On soils low in.potassium the computed recommendations in this study
are 30 to 65 kg./ha. below current recommendations. On soils medium and
high in potassium with a pH less than 6, they are 5 to 90 kg./ha. above

them. On soils with a pH greater than 6 and with medium to high
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potassium levels, the computed recommendations.are below the current ones
by 15 to 55 kg./ha. |

| The Soil Testing Center at La Molina, Peru, shquld'takglintd account
the level of all nucrients‘in making recomméndations, notujuﬁt-the one of
1ntérest. The procedures used should recognize the simultaneous nature
of . the econAmic golution for several nutrients, as shown in Chapter IV.
Such methods could be utilized in making recommendations bssed on soil-
testé.. It 'would not require the use of a computer, and each recommen;
dation would take about five minutes to calculate after the soil tests
are made,
| On average soils with about 3.7 percent organic matter, the analysis
showed that risk (measured by the variance of profits due to rainfall
and temperature variations over time) increased as the levels of applied
nitrogen, phosphorous and potassium were increased in a fixed ratio of
10:10:5. It may be reasonable for highly risk averse potato farmers on
these soils not to apply any fertilizer, This compares with the figure
of 251, 250 and 126 kg./ha. of applied nitrogen, phosphorous and potas-
sium, respectively, which generates maximum expected profits on thesge
soils, and the current recommendation of about 140, 115 and 115 kg./ha.
respectively.,

For high organic matter soils, the analysis shows that risk due to
weather variability falls as the level.of applied nitrogen, phosphorous
and potassium is increased up to about 120, 120 and 60 kg./ha., respec-
tively. This indicates there may be no necessity for modifying recommen-
dations generated for soils in this range because of risk effects. Even
completely risk averse farmers would be adviged to put on at least these

amounts.
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Hence, on low and average organic matter soils there is support for
the widely held view that risk aversion could be one of the main causes
of "under use" of fertilizer. On highly fertile soils on the 6ther.hand,
aversion of risk due to weather variations does not appear to be a valid
reason for any "under use" of fertilizér by farmers. Other reasons must
be sought to explain farmer behavior in these instances. Some possible
explanations are a high proportion of tenant farmers bearing all fertil-
izer costs but receiving only a portion of the returns, capital rationing,
pessimistic weather expectations, differences in management skills, dif-
ferent resoonses due to the differences in these skilla and high personal
discount rates.

One of the primary implications of the study was that the use of
fertilizer recommendations as generated by the study, instead of current
soil test recommendations, could increase annual profits on the avéfége-
by 8,600 soles per hectare, assuming no price changes rgaulting from
increased production. This is about $U. S. 200 per hecﬁare and it is
one measure of the value of the generalized function.

The use of the generalized function for generating recommendations
for each farm based on a soil test compared to one blanket recoﬁmendatidn
with no soil testing could result in increased annual profits of 4,000
soles per hectare, which is $U. S. 94 per hectare, again assuming no

-price changes. This. represents the value of soil testing. The marginal.
net benefit of raising fertilizer use from current levels to the blanket
recommendation of this study for an "average" soil ic estimated to be.

some 35,000 soles per hectare, or $U. S. 815 per hectare annually, which

is about eight times the value of soil testing. However, these figures
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must be regarded as upper limits because potato prices wpuld be substan-~
tially reduced if all farmers in the Sierfa'of Peru increased fertilizér
uﬁe to the levels implied in this analysis. This would involve quad- .
 rupling ﬁroduction if the area in production remained constant. Indeed,
it is unlikely that the average fertilizer use would be increaaed‘tq
:these levels due to capital -constraints, risk aversion and the liké'oﬁ
i tﬁe part of farmers. |

The above estimates 1ndicate,thét the value of soil testing iavaﬁall
éompared to the value of .a general increase.in fe:tilizef.uae4on:a11,*
potato farms. Soil testing may not bg relévant on most farms until.fer-
tilizer use is increased considerably. This ié hot to say that a soil
testing program would not have a valuable role to play in achieving this
general increase in fertilizer use. It merely implies that the returns
from generating farm-specific recommendations are small compared to those
to be derived from a general increase in fertilizer use.

An analysis of the likely impact of the widespread adoption of fer-
tilizer recommendations generated in this study showed.that the price of
potatoes could fall from the present level of S/. 2,000 per metric ton
to about S/. 690. This assumed that all farmers applied the optimum
amounts of nitrogen, phosphorous and potassium fertilizers, which are
rather heroic assumptions. The net gain in economic-welfare from such
a shift in the supply curve of potatoes could be some.S./ 1993 million
or $U, S. 46 million annually, excluding the resource cost of the
extension, research and education program required to shift thé supply
curve. This assumes a completely elastic supply of all inputs at ﬁheir
current prices. There would be a reduction in total revenue to potatd

farmers in the Sierra of Peru upon such a price reduction due to the
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inelastic demand for potatoes in .that, country. Those on marginal farms
with few alternatives te potatoea and. hence cloae to zero, opportunity
costa for their land and labor, would be most,adversely affected by this
price decline., There is a ourong possibility of a significant redistri~
bution of income away from the pootot farmers if .fertilizer use were sub-
.stantially increased. Consumers of potatoes would be the main bene-t
ficlaries of such a program. The more inelastic the supply?curveo of'
land and labor are, the greater will be the size of this welfare gain,.
due to lowered unitary costs of the remaining land and labor resources
in potato production after the substitution of fertilizer for them.54
However, at the same time, the more inelastic these input supply curves,
the larger the redistributive effects on potato farmers would be due to
reduced land and labor returns. Hence, there.is an inverse relationahip
here between possible welfare gains and redistributive effects ofza pro-
- gram to boost fertilizer use.

More detailed :research is required.to opec;fy accurately tho oupply
_function for potatves in.the Sierra. Only after a more.refihed analyoiev
can definite statements be made about the impact of ekponded:fertilizorv
Juse on economic welfare and income distribution, |

In this study, no attempt was made to compare the'goneralizedfpro-
duction function with individual functions for each site, It;is possible
that much explanation is lost with a generalized function compared to
slte-gpecific functions. Howevar, tho'advantage:ofua generalized function

is that it can be utilized for a wide range of .soils., Site-specific

54This would be offset to some Axtent by -a possible increase in the .
per unit cost of fertilizer.
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functions,have a much more limited sphere of eppiicebility.l There is a
need for research on the optimum size of geographic areas or soil type
gtoupinga in which to employ a single generalized production function.
Another fruitful research topic for future attention would be to
utilize the technique of grafting quadratic functions. fitted'to differ-
ent parts of the potato response data, as described by Fuller (1969).
This may be a more efficient way of estimating the "true"'production
~function, especially if the. "ttue" function exhibite @ Mitscherlich

shape at low levels of applied nutrients.
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Appendix A

Developing the Appropriate Response Equation
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Problems in Model Specification

Appendix A Tables 1 through 4 are concerned with the specification

of the correct model,



Appendix A Table 1.
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Means and,standard:déviations of variables from the
- experimental -data for potatoes in Peru, 1960-1970

o ' ~ C Standard
Variable - . Units Mean deviation
y metric tons/ha. 17.5 9.81
Ns "‘perdent o.m, 3.73 2,87
Ps p.p;m. P 7.98 . 6.84

K, p.p.m. K 127 105
pH standard units 5,93 1.11
NA kg./ha. 127 62
P kg./ha. 103 66
A
kg./ha. 96 60
KA _
R m.m, 568 136
T C 6.83 1.7

Number of observations

4,335
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- Appendix A Table 2. "Analysis of variance on Peruvian potato data, 1960- |
: 1970 . ‘

‘Source d.£. | Sum of squares Mean square

<

Loc.~treat. combinationea
(L.e., loc. + treat.

T (loc. x treat.)) 391 34,740,106, 88,849
Blocks in locations 194 458,605 2,364
Pooled error 3;724 6,460,099 1,73

Corr. total 4,309° 41,658,902 9,668

848 every treatment did not appear at each location, the analysis
involved an unbalanced design. It war not possible to separate out
location, treatment and location x treatment mean squares.

bThe 420 observations which represented the means of four repli-
cations were repeated four times to ensure a correct analysis of vari-
ance. This accounts for the apparent discrepancy between the number of

observations in the regression (3,075) and the number here (4,309).
(Twenty-six cards were also inadvertently omltted from the analysis of

variance.)
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Appendix A Table 3. Generalized square root production functioﬁs.Fz and
‘ 'F,, obtained from potato experiments in Peru, 1960-

19702

Equation F2

Equation F4

Variable g coefficient:b t:-valuec ﬁ coefficientb t—valuec
s ~ 192,9097#k¥ ~27.78 -4 —
by ~5232,6547%k* -22,26 ~1485.6661%% -2.96

/N 138, 0343k 9,28 99 ,0824%* 3.97
VE 2,6255% 2,08 - 4.9225% -2.45
/K 7.3063%k% 18.60 1.5461 1,66
/Bﬁ 577.9596%** 18.67 305.7868% 2,49
/ﬁ; - 0.3996 - 0.12. 7.5563%*% 8.19
Vf; 27.,9784%kk 9.88. 16, 8862#%k 8.76
{E;~ 12,3574%k% 19.99 6.6288%% 9.60
/R 15,6957 %k 6.56 -4 S
/T 408, 2980%k* 16. 34 -4 ---4
N, - 1,4129%k% - 6.34 - 1.2036% ~1.99
P - 0.07462 - 1.33. 0.1327 1,55
K, - ® 0,04165%k* -10.17 - 0.004606 -0.55.
pH ~ 38,2886k ~20,40 . - 18,2306+ -2,42
N, - 0.1750%%% - 5.03 - 0.1319%% ~3,57
B, - 0.09837#% - 2.41 0.02637 0.58
K, = 0.7321%%x ~17.98 = 0.,3321%%k* -6.56

R 0. 00600 0.49 ---4 -4

r - 111,9581%#x -19,72 -t ---d
/N_+pH 7.3206%k% - 9,15 - 8,5876%x . -3,18


http:functions.F2
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Appendix A Table 3 (continued)

o Equation F2~ Equation F4
‘Varigble B coefficientb t-value® %‘céefficientb | t-value®
”‘F‘I - 0.2328%x - 2,36 - 0,6161%*x = 6.70
R ~ 0,5118%%* - 6,14 — ---d
/ﬁ:-_r‘ =15, 8833%x% -23,54 ~--d -4
VBN, 0.05982 .19 0.1771x 3.41
RN - 0.6405%% -14,78 - 0.3152%%x% - 6.71
VKK, - 0.1639%#x -11.04 . - 0.08387#*x - 5.22
/;?ﬁ; = 3,5174%%x -17.09 - 1,9580%%x - 8.47
CFON 0. 4022%k% 11,38 0.2398H 6.76
JITATK; 0.1612%kx 4,64 0.05175 1.48
o 0.01737 0,64 -4 ---d
T 0,5992% 3.91 -4 -4
/F;TA' 0. 3007 %% 8.84 0.1777%%% 5.08
R 0.05101% 2,24 --.4 ---d
VET = 1, 4346%Hx - 7.88 I _d
R? = 0,47 % < 0,84
C.V. = 40.88 percent C. V. = 22,65 percent

aSee footnote a in Table 2 of the text.

b***, k%, * indicate significance at the 0.01, 1 and 5 percent Iévels,
raspectively, using a two-tailed test.

®These are the adjusted t's as explained in the text,

dVariables R and T and their interactions were not included in Fy4e
Coefficients of the dummy variables for F4 are not included in the table.
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Appendix A Table 4., Generalized quadratic equations F3 and P; obtained
from potato experiments in Peru, 1960-19702

Equation F

- Equation P

1. | 1
1Vafiéblei P coéfficientb t-value® | %.coefficientb t-value®
s ---d -4 - 196.2254%k% -27.80
;'BO ~305,5729% - 2,48 ~1784.0217%%%* -18.81
:NQ 3.9450%% 3.96 8. 4492 %K% 11,64
p, - 0.3909%k% - 5.55 - 0.1646%k - 3.84
Ky 0.0103 1.91 0.06399%** 22,16
pH 6.8144 1.73 15.5504%k* 15.46
N, 0. 7hbbnn 17.24 - 0.1440 - 1.09

P, 0.8549k#k 10.74 0.7329%%% 6.40
K, 0.4156kk% 10.27 0.8882%+* 23,14
R ---d ---4 0.094764%* 9.27
T -4 — 27.01080%+% 15,07
N 2 ~ 0.009977%* - 3.47 - 0.01418%k*  -10,37
ps2 0.0008651*#% 5,15 0.0009530%%* 8,56
kgz' - 0.0000002 -~ 0.30 —  0.00000498%k* -12,02
pH? ~ 0.06338% ~ 2,04 = 0.1256%k% ~16.35
NA? = 0.001758%** -13.72 - 0.002085*** -17.10
P’ ~ 0.0008868%*% - 4.41 - 0.001596%%* - 6,89
xAz = 0.001912%*x ~ 9,08 = 0.004717%%*%  -26,04
R ---4 — 0.00000092 1,32
1 -4 .4 - 0.1296%%k ~16.10
N_*pH - 0,02505 - 1,84 0.02197%kx 5.04
N N - 0.003321%%% - 6,57 - 0.0003667 - 0.65
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Appendix A Table 4 (continued)

. Equation F, " EQﬁaﬁioﬂ:Pl.
Variable . % coefficientb t-valueq"~' % coefficient:b t-valuec‘

N R __d -4 - 0.0005342%kk  -12,25
T -4 ---d - 0.07330%k ~19.66
P;-NA, ~ 0.0003099 1.66 ~ 0.0004860%* - 2,68
BB, - 0.0009690%k ~ 5,40 — 0.002140%k% -12,04
K K, ~ 0.0000618%#* - 4,35 - 0.0001500%%%  -11,78
pu?pA - 0.01020%#% - 8.98 ~ 0,01515%kx ~15,02
NA'PA © 0.001199%%* 6.63 0.002410% %% 13.14
N, K, 0.0001105 0.60 0.0008024%%* 4,40
N R el - 0.00005403# % 4,69
N,eT ---d ---d 0.00672 3% 7.04
P,*K, 0.0009726 %4 bo47 000143244 6.91
PR ---d --1d 0.00009692#¥ 9.07
R.T ---d — - 0.001252#+ ~10.30
R® = 0,84 R 0.8,

C. V. = 22,87 percent C. V. = 41,13 percent

8See footnote a in Table 2 of the text.

b***, %%, * indicate-significance at the 0,01, 1 and 5 percent
levels, respectively, using a two-tailed test.

®These are adjusted t's as explained in the text.
Uhese variables were not included in Equation F3. The coefficients

for the 65 location and seven year dummy variables are not shown here in
order to save space,



174
Tests for Multicollinearity among the Data

The folloﬁing discussion and Appendix A Tables 5 and 6 are concerned
with diagnoses and prescriptions for the problem of multicollinearity.
The following constrained regression models were fitted to the sub-

divided data:

Bo
By
: 1wt oyt ' H v .
R R R T S N R L -
T !
1t tigetigt? 1t ] te t
te
Bk_J
This generated two regressions:
! o x! ' 1, 1t
Y 080 + x181 PSP, xk—lekrl + kak (2)
[ te e [ ..‘ 1ttt
Ym Xo'Bp v X Byt e X B T RB 3

where Y', XB, Xi, X1y eees Xﬂ = the first half of the data,
', X' X' Xé'; coes Xi' = the second half of the data, and

Xk = the'variable of interegt (Enﬁ".NAv NB{NA and 32).
The variables xo, Xl, Xz, v xk-l’ whose coefficients are not being
tested, are constrained to be equal. The coefficients on the varidble-
of interest, Xi and Xi', are not. To test the hypothesis that Bi and
Bé' are the same, the t-test in Graybill (1961, p. 133) was used. The

hypothesis tested was

! = =
r'B T, 0
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where

r'8 = [0 0s 1 ¢ -1] g = g! - gt (k)
L] [ ] . ° . k k L ] . .

The t-test statistic was:.

. .16
¢ - ' B ‘ (5)

\/ (' (215 o
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Appendix A Table 5. Some simple correlation coefficients among indepen-.
dent variables, - '

N P K pH Nyo| B, K,

R | T

y 0.2 -0.08 0.26 0.04. 0.32 031 0.0 -0.17 0.0

1 02 022 -0 0.07 0.2  0.13 0,08 -0.35
P, 1 0.17  0.02® 0.03% -0.07  0.03 -0.12 0,03
K, 1 0.06 0.17 0,33 -0.24 -0,28 ‘50.07
pH 1 0.04 -0.06 .-0.01% -0.04 0,22
N, 1 0.20  0.19 -0.13. .-0.06
P, 1 6533 -0,20 -0,11
K, L -011 -0.11
R 1 ~0.42

T 1

¥These were not significant at the 5 percent level. All other coef-
ficients were. These coefficients are based on 4335 obgservations on each
Pair of variables, many of which are repeated observations, Hence, the
significance levels are biased downward,



Appendix A Table 6.

Generalized quadratic production functions My and My, from

into halves for potato experiments in Peru, 1960-19702

randomly dividing data

Equation Ml Equation M2 -t—va%ue
o 5 ~ 5 p of "différence
Variable b coefficient t-value b coefficient t-value in coefficients

S =~ 207.6948%*x -19.21 = 223,8510%*x -20.67 0.69
b0 =2345.4784%%% -15.88 =1913.7096%*%* =13.29 1,36
N, 9.5176%%x 8.98 7.6630%x% 7.21 . 0.80
Ps = 0.4083%%x* - 4,86 = 0.3065%x - 3.68 0.57
K, 0.06868%** 15.84 0.07648%%x- 17.25 0.82
pH 14.4360%*x 9.14 13.2454%%% 8.29 0.35
N, 1.3868%*x 5.82 =  0.7571%* - 3.42 3.68%%
P, 1.2479%%x 5.93 1,1936%** 5.53 0.10
K, 1.0733%%x 14.71 0.8617*%* 10.74 1.11
R 0.1424%%% 9.08 0.08299%*x 5.53 1.78
T 35.9808%%% 12.97 34,1503%%% 12.40 0.31
st = 0.01369%*x* - 6.71 = 0.01263*%* - 6.02 0.21
P32 0.001478%** 8.41 0.001316%** 7.25 0.42
K.s2 - 0.00000583*** - 9,91 - 0.00000594*%* - 9,63 0.84

LLT



Appendix A Table 6 (continued)

Equation Ml Equation M2 t-value
of difference

Variable b coefﬁ.c:i.ent:b t-value® % coefficientb t-valué ° in coefficients
pH? - 0.1038%xx 8.47 —  0.1008%** - 8.21 0.11
N2 - 0.002397#x*  -11.76 - 0.002684%** 12,67 0.54
p,? —  0.001712%* - 3.61 - 0.001842%4* - 3.82 0.11
K’ - 0.004826***  -18.05 - 0.004219%**  -15,28 0.88
R 0.00000112 1.06 0.00000411%* 3.90 1.30
T2 —  70.1663%%% -13.30 - 0.1685%** -13.51 0.08
N_-pH 0.01913%x 2.86 0.02056%* 2.99 0.09
NN, —  0.002875%* - 3.20 0.003427 %% 6.58 2.66%*
N_-R -  0.0005715%** - 8 53 - 0.0004848%%x%x  — 7,38 0.60
N_-T ~  0.08039%%% ~14.67 —  0.07448%x% -13.66 0.50
PN, - 0.001429%*%*% - 4.66 - 0.0007142+% - 2.29 0.91
PP, - 0.0002928 - 0.87 - 0.001353%** - 4,01 1:24
R K, - 0.0001542%** - §.53 - 0.0001763%** - 8,30 0.44
pH-P, ~  0.02611%*x ~12.30 —  0.02144%%xx ~10.06 0.86
NP, 0.001193%* 2.87 0.002056 %%+ 4.63 . 0.79

8L1



Appendix A Table

6 (continued)

. Equation Ml Equation Mz t-value
~ 5 e ~ 5 P of difference
Variablev b _coefficient t-value b coefficient t-value in coefficients
NA-KA 0.00004234 0.14 0.001196** 3.60. 1.42
NA-R = 0.00005445%* - 2.89 0.0001086*** 6.43 3.60%*
N,-T 0.001434 0.96 0.01054%xx 6.97 2.38%
PA-KA 0.001349*x 3.14 0.0008242 1.84 0.47
PA-R 0.0001194%*%* 7.16 0.0001004**%* 5.83 0.44
R-T = 0.001793%x% - 9.53 = 0.001652*** - 8.81 0.35
8% = 0.45 % = 0.43

C.V. = 39,16 percent

C.V. = 39,31 percent

aSee footnote a in Table 2 of the text.

b
tailed tesgt.

*kk Xk  * indicate si

“These are the adjusted t's as explained in the text.

gnificance at the 0.01, 1 and 5 percent levels, respectively, using a two-

6LT
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Appendix B

Calculation of Economic Optima
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Appendix B Table 1, Total costs of fertilizer in Peru, March 19712

Cost per kilogram (S/.)

Materials plus transport
Lowest Average H;gheet
'Elemen; (F?gfgfégi;a) (FL) (FM) (FH)
. NA 8.358 8.758 9.118 9,758
- P, 9.500 9.900 10.260 10.900
K, " 5.000 5.400 5. 760 6. 400

aSource: Ing® Ramiro Fernandez 0., Jefe del Dpto. de -Fertilizantes,
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Appendix B Table 2, Price ratios®’

Prices .fﬂﬁ ””fzﬁ , ffg
ugadb py ?y Py |
F /P 0.08758 0.09900 0.05400
F /By 0.04379 0.04950 0,02700
Fy /By 0.02786 0.03300 0.01800
FM/PL 0.09118 0.10260 0.05760
B/ 0.04559 0.05130 0.02880
Fy/Py 0.03039 0.03420 0.01920
Fy /P, 0.09758 0.10900 0.06400
Fy/Py 0.04879 0.05450 0.03200
Fy /Py 0.03253 0.03633 0.02133
Range 0.027860- 0.033000- 0.018000-
: 0.097580 0.109000 0.064000

“This is based on the price ratio required to solve the optimum
input levels from the fitted equations; namely prica of elament in
S/. per kilogram divided by price of potatoes in S/. per 100 kilograms,
as these wera the units used in the equation. Source: see footnote
a, Appendix B Table 1.

bSae code in Appendix B Table 1 for fartilizer (F) prices. Pr,
Py and Py refer to the following potato prices--S/. 100, S/. 200 and
s7. 300 per 100 kilos, respectively.

“Most likely price ratios.



Appendix B Table 3. Optimum. levels of applied nutrients for various soils with "below average"

weather?
, Tevel of soil variables : Op timum Jevels of applied nutrients
—% , 1 T N = P K Yield
Solution 8 ' .8 A A A metric
- number_ P.pP.M. units - P.P.M. kg./ha. kg./ha. kg. /ha. tons/ha.

28 1.14 - 4,82 22 257 308 ' 151 18.89
29 1.14 4.82 127 251 " 300 131 23.08
30 1.14 4,82 232 246 - 292 111 26.30
31 1.14 5.93 22- 222 213 140 15.45
32 1.14 . 5.93 . 127 217 205 119 19.83
"33 1.14 5.93 232 211 197 - 99 23.26
34 1.14 7.04 22 187 117 128 - 11.91
35 1.14 7.04: 127 182 109 108 16.50
36 1.14 7.04 232 176 . 101 88 20.13
37 7.98 4,82 22 229 275 146 13.57
38 7.98 4.82 127 223 267 126 17.84
39 7.98 4,82 232 218 259 106 21.16
40 7.98 5.93: 22 194 ' 180 135 10.96
41 7.98 5.93 127 189 172 114 15.43
42 7.98 5.93 232 183 - 164 94 18.95.
43 7.98 7.04 22 159 84 123 8.25 .
44 7.98 7.04 127 154 76 103 12.93
45 7.98 7.04 232 149 68 82 16.65
46 14.82 4,82 - 22 201 242 141 9.93
47 14.82 4,82 127 195 234 121 14.29
48 14.82 54.82- 232 190 226 101 17.69
49 14.82 5.93 22 166 147 129 8.15
50 14.82 5.93- 127 161 139 . 109 12.71
51 14,82 5.93 232 155 131 89 .16.32
52 14.82 7.04 22 -131 51 _ 118 6.28
53 14.82 7.04 127 126 43 . 97 -+ 1105

-54 14.82 7.04 . 232 : 121 735 77 14.86

;f ;?"Below average" weather refers to rainfall of 432 m,m.'andfa-mean minimum temperature 6f 5.13° c.
The "'optima were derived by the;prccedures described in Chapter Iv. ’
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Appendix B Table 4.

Optimum levels of applied nutrients for various soils with "above average"

weather?

Level of so0il variables

_Op timum levels of applied nutrients

Yield
Solution Ps pH Kb NA PA : KA metric
number P.D.MW, units P.p.m. kg, /ha. kg. /ha. kg./ha, tons /ha,

55 1.14 4,82 22 381 466 175 41.43
56 1.14 4,82 127 376 458 155 45.20
57 1.14 4.82 232 371 450 135 48.09
58 1.14 5.93 22 347 370 164 33.98
59 1.14 5.¢3 127 341 362 143 37.95
60 1.14 5.93 232 336 354 i23 40,96
61 1.14 7.04 22. 312 275 152 26.44
62 1.14 7.04 127 307 267 132 30.61
63 1.14 7.04 232 301 258 111 33.82
64 7.98 4.82 22 353 433 176 34.21
65 7.98 4,82 127 348 425 150 38.07
66 7.98 4.82 232 343 417 130 40,96
67 7.98 5.93 22 319 337 158 27.59
68 7.98 5.93 127 313 329 138 31.65
69 7.98 5.93 232 308 321 118 34.75

- 70 7.98 7.04 22 284 242 147 20.89
71 7.98 7.04 127 . 279 234 127 25.15
72 7.98 7.04 232 273 226 106 28.45
73 14.82 4.82 22 326 400 165 28.67
74 14.82 4,82 127 320 392 145 32.62
75 14.82 4,82 232 315 384 125 35.60
76 14.82 5.93 22 291 304 153 22.89
77 14.82 5.93 127 285 296 133 27.04
78 14.82 5.93 232 280 288 113 30.23
79 14,82 7.04 22 256 209 142 17.02
80 14.82 7.04 127 251 201 121 21.37
81 14.82 7.04 232 245 193 101 24,76

a"'Allmve average" weather refers to rainfall of 704 m.m. and a mean minimum temperature of 8.55° C.
The optima were derived by the procedures described im Chapter IV,

Y871
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Appendix B Table 5. Expected profits (E(II)) and variance of profits (onz)
for a 801l low in organic matter (Né) at various rates

of NA’ PA and K, applied to potatoes?®
 NA=PA=KA¢ E(I) OII2 | AP

(kg. /ha. ) (s/.) ('000 5/.)

000 9,961 28,086 04001191
20 20 10 15;561 32,619 0.000957
40 40 20 20,311 37,790 0.000774
60 60 30° 24,810 43,601 0.000628
80 80 40 28,859 50,052 0.000508

100 100 50 32,458 57,14 0,000363
140 140 70 38, 305 73,237 0.000217
180 180 90 42,352 91,891 0.000106
220 220 110 44,598 113,101 0.000019
260 260 130 45,043 136,867 -0.000052
300 300 150 43,687 163,191 ~0,.000109
340 340 170 40,530 192,071 ~-0.000158
380 380 190 35,573 223,509 -0.000200
420 420 210 28,815 ' 257,503 -0.000250
500 500 250 9,897 333,161 -0.000310

% he levels of all variables were the ahme as desnribed in footnote
a of Table 9 of the text except Né was 0,86 percent here.

bSee footnote b in Table 9,
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-Appendix B Table 6, Expected profits (E(1)) and variance of profits (onz)
for soils high in organic matter (Ng) at various rates
of NA’ PA and K, applied to potatoesd® °

WEEL L B o ? AP

(kg. /ha. ) (s/.) ('000 s/.)

0-0 0 15,590 32,284 ~0,001560
20 20 10 21,049 28,785 ~0,001752
40 40 20 26,059 25,926 ~0,002053
60 60 30 30,618 23,705 ~0,002599
80 80 40 34,727 22,124 ~0,003884

100 100 50 38,386 21,182 0.175529
140 140 70 44,354 21,216 0,001608
180 180 90 48,520 23,806 0.000460
220 220 110 50,886 28,953 0.000073
260 260 130 51,451 36,657 ~0.000120
300 300 150 50,215 46,918 -0,000237
340 340 170 47,179 59,736 -0.000315
380 380 190 42,341 75,110 ~0,000370
420 420 210 35,703 93,041 ~0.000429
500 500 250 17,025 136,574 -0,000487

- .~ N

aThe levels of all variables wers the same 25 described in footnote
a of Table 9 of tha text except Ns which was 6.6 percent here,

bSee footnote b in Table 9.
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Appendix C

Soil Test Probability Distribution,’ComputedZOptima-
and Present Recommendations



Appendix C Table 1. Means, computed optima and recommended levels of N,, Py and K, for soils with
PH < 5.5, average weather, and a range of values of Ns’ Ps and Ksa

Class intervals Number Class means Amount of fertilizer to apply (kg./ha.)
{(p.p.m.) of ob- (p.p.m.) N P K
Cell serva- A A A
number Ns PS KS tions pH Né Ps I(.s Opt. Rec. Opt. Rec, Opt. Rec.,
1 <2.0 <4 <60 2 4,5 1,0 4 55 317 170 402 175 159 180
2 <2.0 24 61-120 1 4,8 1,5 2 a8 313 165 383 190 149 160
3 2.0 <4 121-230 3 5.2 1.8 3 142 295 165 340 180 135 110
4 2.0 3y >230 O - - - - - - - - - -
5 <2.0 3-8 <60 1 4.5 2.0 8 40 302 160 384 115 159 185
6 2.0 5.8 61-120 © - - - - - - - - - -
7 2.0 5-8 121-230 2 5.0 1.3 5 170 291 170 345 170 130 105
8 <2.0 5-8 >230 O - - - - - - - - - -
9 2.0 935 <60 0 - - - - - - - - - -
10 2.0 9-15 61-120 O - - - - - - - - - -
11 <2.0 9-15 121-23) 0 - - - - - - - - - -
12 <2.0 9-15 >230 0 - - - - - - = - - -
13 <2.0 >15 <60 1 4,5 2.0 40 60 170 160 229 20 131 175
i4 <2.0 >15 61-120 1 5.3 1.5 30 100 183 165 205 20 122 160
15 <2.0 >15 121-230 1 5.4 2,0 32 170 169 160 181 200 106 105
16 <2.0 >15 5230 1 5.1 1.7 60 320 56 165 61 20 59 0
17 2.1-4.0 <4 <60 7 4.8 3.3 3 48 313 135 382 185 158 - 180
18 2.1-4.0 <4 61-120 10 4.7 3.0 3 94 314 140 387 185 150 160
19 2.1-4,0 <4 121-230 20 5.1 3.3 3 171 297 135 347 185 131 105
20 2.1-4.0 <4 >230 3 5.1 2.5 2 286 295 150 343 190 109 25
21 2.1-4.0 5-8 <60 10 4.8 3.1 6 53 301 140 367 160 155 180
22 2.1-4,0 5-8 61-120 4 5.1 3.6 6 102 289 135 338 160 142 160
23 2.1-4,0 5-8 121-230 6 5.0 3.4 6 152 289 135 343 160 133 . 110
24 2.1-4.,0 5-8 >230 2 5.2 .3.6 5 350 237 135 315 170 9, 0
25 2.1-4,0 9-15 <60 0 - - - - - - - - - -
26 2.1-4.0 9-15 61-120 3 4.5 3.2 11 - 93 288 140 366 110 146 160
27 2.1-4.0 9-15 121-230 3 5.0 2.7 9 197 274 150 325 110 122 100
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Appendix C Table 1 (continued)

Class intervals | Number Class means _Amount of fertilizer to apply (kg./ha.)
(p.p.m.) of ob- (p.p.m.) N P K.

Cell serva- P T e = 2 e : 2 i
aumber Ng PS Ks tions pH Ns s I(.s pt. C. Opt. C. Opt. C.
28 2.1-4,0 9-15 >230 1 4.6 3,1 13 240 269 140 337 100 115 " 30
29 2,1-4,0 >15 <60 1 5.4 3.3 18 50 233 135 258 30 140 180

30 2.1-4.0 >15 61-120 O - - - - - ~ - - - -
31 2.1-4.0 >15 121-230 1 5.4 2.3 21 170 214 160 234 20 114 - 105
32 2.1-4.0 >15 >230 1 5.1 3.2 33 234 172 135 198 20 96 25
33 >4.0 <4 <60 12 5.1 5,7 2 48 309 120 362 ‘190 156 180
34 >4.0 <4 61-120 41 5.0 6.5 2 95 311 115 367 190 148 160
35 >4.0 <4 121-230 41 4.8 6.6 2 159 314 115 380 190 137 110
36 >4.0 <4 >230 17 5.0 5.9 2 393 295 120 344 190 .90 0
37 >4.0 5-8 <60 5 4.6 6.8 6 41 310 115 387 160 159 185
38 >4.0 5-8 61-120 14 4,9 6.9 7 104 293 115 351 160 143 160
39 >4.0 5-8 121-230 20 4,8 6.3 7 173 292 115 354 160 131 105
40 >4,0 5-8 >230 11 4.9 6.0 6 363 283 120 336 160 9 -0
41 >4.0 9-15 <60 3 4.6 7.2 11 58 289 110 362 110 152 180
42 >4.0 9-15 61-120 8 4.5 6.1 12 89 286 120 363 105 147 -160
43 >4.0 9-15 121-230 7 4.8 8.5 11 170 278 100 336 110 129 105
44 >4.0 9-15 >230 6 4.8 5.2 11 352 266 125 321 10 93 0
45 >4.0 >15 <60 6 4.6 6.6 42 52 162 115 213 20 130 180
46 >4.0 >15 61-120 31 4.9 7.3 44 94 143 110 174 20 117 160
47 >4.0 >15 121-230 21 5.0 6.8 37 172 164 115 193 20 107 - 105

48 >4.0 >15 >230 7 4.9 7.1 :

46 318 123 110 148 20 73 0

®Blanks indicate there were no soil samples in the relevant ranges from the<Lanblina 1aboratpry.
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Appendix C Table 2. Means, computed optima and recommended levels of Na» P, and Ky for soils with-
5.5 < pH < 6.5, average weather, and a range of values of Né, Ps and_KE?

Class intervals | Number Class means ‘Amount of fertilizer to apply (ke./ha.)

(p.p.m.) of ob- (p.p.m,) N P : K .

Cell N P serva- A A , A__
aumber s s Kg tions pH NQ Ps K.s Opt. Rec, Opt. Rec, th., Rec.
49 <2.0 <4 <60 5 6.1 1.9 2 42 276 165 275 185 146 185
50 <2.0 <4 61-120 2 6.0 1.5 4 83 269 165 271 180 137 170
51 <2.0 <4  121-230 8 5.9 1.7 2 182 275 165 281 185 121 105
52 <2.0 <4 >230 1 6.1 2.0 4 300 255 160 246 175 95 10
53 <2.0 5-8 560 2 6.3 1.8 6 50 253 165 238 160 139 180
54 <2.0 5-8 61-120 5 6.0 1.5 6 90 260 165 260 160 135 160
55 <2.0 5-8 121-230 7 6.3 1.7 6 166 247 165 229 160 117 105
56 <2.0 5-8 >230 1 6.1 1.7 8 444 231 165 215 ‘115 64 0

57 <2.0 9-15 <60 0 - - - - - - - - - -
58 <2.0 9-15 61-120 11 6.0 1.7 11 88 240 165 237 110 131 170
59 <2.0 9-15 121-230 2 6.5 1.2 11 176 219 170 187 110 109 105
60 <2.0 9-15 >230 2 6.2 1.4 13 480 205 170 180 165 52 "0
61 <2.0 >15 <60 3 5.9 1.7 17 43 221 165 220 30 137 185
62 <2.0 >15 61-120 4 5.8 1.7 22 108 200 165 200 20 121 160
63 <2.0 >15 121-230 1 5.5 1.5 35 125 156 165 162 20 111 115

64 <2.0 >15 >230 O - - - - - - - - - -
65 2.1-4.0 <4 <60 8 6.0 3.2 3 46 276 135 279 185 145 180
66 2,1-4.0 <4 61-120 22 6.0 3.0 3 89 273 140 276 185 137 160
67 2.1-4.0 34 121-230 15 6.0 2.7 2 187 272 150 273 190 119 105
‘68 2.1-4.0 <4 >230 7 5.8 2.9 3 256 271 150 ZBQ 180 107 30
69 2.1-4.0 5-8 <60 2 6.5 2.8 6 35 248 150 222 160 140 190
70 2,1-4.0 5-8 61-120 4 6.2 2.9 7 79 251 140 240 160 134 170
71 2.1-4.0 5-8 121-230 15 6.1 2.9 6 153 255 140 248 160 122 110
72 2.1-4.0 5-8 >230 11 6.0 3.4 6 298 251 135 245 160 95 20
73 2,1-4.0 9-15 <60 3 6.0 3,1 10 55 247 140 245 110 138 ifn
74 2.1-4.0 9-15 61-120 11 6.2 3.3 12 96 230 135 215 105 127 160
75 2.1-4.0 9-15 121-230 12 6.2 3.1 12 181 226 140 208 105 111 105
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Appendix C Table 2 (continued)

Class intervals | Number Class means ‘Amount of fertilizer to apply (kg./ha.)
(p.p.m.) of ob- (p.p.m.) N P K

Cell 1 y P K| S8TVa | o | N | P T TR THes
number s s s | tionms P s s Re Cpt. c. | opt. c. | opt. Ce
76 2.1-4.0 9-1i5 >230 9 5.1 3.3 11 401 222 135 205 110 70 0
7 2.1-4.0 >15 <60 1 6.0 2.3 16 50 222 160 216 35 135 180
78 2.1-4.0 >15 631-120 5 6.1 2.8 23 95 188 150 170 20 120 160
79 2.1-4.0 >15 121-230 9 5.9 3.0 28 178 170 140 157 20 102 105
80 2.1-4.G >15 >230 3 5.8 2.8 33 358 143 150 128 20 65 0
81 >4.C 54 <60 7 6.1 5.5 1 49 282 125 280 190 146 18G
82 >4.0 <4 61-120 20 5.8 6.1 3 101 281 120 293 185 137 160
83 4.0 4 121-230 20 5.8 5.9 3 177 277 120 287 185 123 105
84 >4.0 <4 >230 S 5.9 3.6 2 33C 270 125 271 135 93 0
85 >4.0 5-3 <60 2 5.9 6.5 7 58 264 115 269 160 141 180
86 >4.G 5-8 61-120 8 5.9 5.0 6 98 265 125 . 270 160 134 160
87 >4,0 5-8 121-230 20 6.0 6.7 6 176 259 115 256 160 118 105
88 24.0 5-8 >230 7 5.9 5.8 6 268 257 120 257 160 102 25

89 >4.,0 g-15 <60 0 - - - -~ - - -~ - - -~
90 >4,0 9-15 61-120 5 5.9 6.3 10 104 249 115 251 1i0 130 160
91 >4.0 9-15 121-230 17 6.0 6.2 12 159 235 115 228 105 117 110
92 >4.0 9-15 >230 12 6.0 6.1 12 345 226 il15 214 105 81 0
g3 >4.0 >15 <60 1 6.4 6.7 19 50 200 115 168 25 127 175
94 >4.0 >15 61-120 4 5.8 6.8 44 103 114 115 96 20 106 160
95 >4.C >»15 121-230 21 5.9 6.7 27 170 177 115 164 20 105 105
96 >4.0 >15 »>230 22 6.1 7.0 44 403 89 115 47 20 45 ]

3Blanks indicate there were no soil samples in the relevant ranges from the La Molina laboratory.
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Appendix C Table 3. Mean$, computed optima and recommended levels of N,, P, and K 'fogﬂsoils with
pH > 6.5, average weather, and a range of values o% NS, Ps an K.s

Class intervals Number Class means Amount of fertilizer to apply (kg./ha.)
(p.p.m.) of ob- (p.p.m.) NA PA KA
Cell serva- Re € Rec
number Ns PS l(.S tions pH NS PS l(.s Opt. Rec, Opt. c. Op . s
97 <2.0 <4 <60 18 8.1 1.6 2 47 213 165 102 19G: 124 185
98 - <2.0 <4 61-120 24 8.2 1.7 2 82 208 165 91 190 116 180
99 <2.0 <4 121-230 16 8.0 1.7 3 167 206 165 97 185 101 115
100 <2.0 <4 >230 5 7.9 1.3 4 303 198 170 90 175 75 30
101 <2.0 5-8 <60 9 6.9 1.8 6 53 234 165 186 160 132 185
102 <2.0 5-8 61-120 8 8.0 1.8 6 104 197 165 87 160 111 170
103 <2.0 5-8 121-230 16 7.3 1.7 7 152 212 165 139 160 108 160
104 <2.0 5-8 >230 3 7.3 1.7 5 348 210 165 134 170 72 20
105 <2.0 9-15 <60 2 7.4 1.4 15. 50 182 165 100 40 121 185
106 <2.0 9-15 61-120 10 7.5 1.7 10 101 196 165 111 110 114 170
107 <2.0 9-15 121-230 12 7.7 1.5 11 163 183 165 84 110 99 115
108 <2.0 9-15 >230 3 8.7 1.8 13 280 145 165 0 100 67 .35
109 <2.0 >15 <60 2 7.5 1.8 25 40 138 165 44 20 114 185
ilo <2.0 >15 61~120 1 6.7 1.0 17 65 194 170 149 30 124 180
111 <2.0 >15 121-230 1 7.3 2.0 18 170 167 160 85 30 97 115
112 <2.0 >15 >230 7 7.9 1.6 30 404 102 165 0 20 41 0
113 2.1-4.0 <4 <60 51 8.0 3,1 2 45 217 140 © 111 185 125 185
114 2.1-4.0 <4 61-120 72 7.7 3.1 3 92 220 140 129 180 119 170
115 2,1-4.0 <4 . 121-230 38 7.7 3.1 3 168 216 140 123 180 104 115
116 2,1-4.0 <4 - >230 13 7.7 3.0 3 316 209 140 112 180 75 30
117 2.1-4.0 5-8 <60 27 7.7 3.0 6 50 210 140 118 160 125 185
118 2.1-4.0 5-8 61-120 46 7.8 2.8 6 92 205 150 @106 160 115 170
119 2,1-4,0 5-8 121-230 33 8.0 2.9 7 163 191 140 78 160 99 115
120 2,1-4.0 5-8 >230 14 7.5 3.2 7 289 200 135 112 160 80 35
121 2,1-4.0 9-15 <60 14 7.5 2.8 11 52 196 150 111 110 122 185
122 2.1-4.0 9-15 61-120 31 7.7 3.2 11 94 187 - 135 90 110 112 170
123 2.1-4.0 9-15 121-230 22 7.5 3.2 11

169 190 140 102 110 100 115
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Appendix C Table 3 (continued)

Class intervals | Number Class means ‘Amount of fertilizer to apply (kg./ha.)
(E:p.m.) of ob- (p.p.m.) N P, K
Cell . P, serva- : ! A A A

number N ; P z K cions pH N P { R Opt. ] Rec. | Opt. | Rec. | Opt. | Rec.
124 2.1-4.0 ¢g-1 >230 12 8.2 2.9 10 298 165 140 36 110 68 .30
s 2.1=4.0 15 <60 % 6.9 2.6 25 53 157 155 95 20 118 185
126 2.1-4.0 >15 61-120 25 7.3 3.2 24 98 147 135 62 20 106 170
127 2.3=4.0 >15 121-230 i3 7.5 2.1 32 176 104 140 0 20 83 115
128 2.1-4.¢ >15 >230 22 7.9 2.9 33 459 a5 140 0 20 31 0
129 4.6 <4 <60 24 7.4 5.9 3 48 233 125 159 185 131 185
130 >4.0 <4 61-120 3% T4 6.2 3 95 231 115 156 185 122 170
BRcH 4.0 <4 121-230 27 J-4 5.2 3 170 227 125 149 185 107 115
132 >4.0 34 »230 14 4.2 5.3 3 307 222 1258 151 175 y3 30
i3s3 >4.0 5-8 <60 5 7% 5,3 5 46 230 125 170 160 132 185
134 >4.0 5-3  6$1-120 28 7.6 5.8 6 96 213 120 124 160 117 170
13¢ 4.0 5-& 123-230 21 7.8 6.0 6 160 203 120 102 160 163 160
136 »4.0 5-8 »230 § 7 b 6.3 6 394 204 115 118 160 62 0
137 »>4.0 9-15 <60 4 7.2 4.2 10 54 207 130 133 110 125 185
138 >4,0 6-13 61~-120 11 74 Z.8 11 91 199 120 117 110 116 170
13¢ >4.0 9-15 J21-230 10 7.5 5.5 11 169 192 125 103 110 100 115
140 >4,0 9--15 >230 7 7.6 5.2 15 394 168 125 67 105 54 0
142 >4.0 >15 <60 b 7.5 9.1 40 60 91 100 0 20 103 175
142 >4.0 >15 61-120 15 7.2 5.3 25 94 147 125 67 20 107 170
143 >4.0 >15 121-230 20 7.6 5.6 30 172 111 125 2 20 84 115
144 >4,0 >15 >230 31 7.4 6.1 42 395 77 115 0] 20 41 0

aBlanks indicate there were no soil samples in the ralevant ranges -from the La Molina laboratory.

€61



Appendix C Table 4.

194

Estimated average fixed, average variable, average

total and marginal costs of growing potatoes in the
Sierra of Peru, at 1971 prices®

Total Average Average Average
' variable variable fixed total Marginal
Yield costs costs costg® costs costs

(1) (2) (3) (4) (5) 6)

(m.t./ha.) (S/. per ha.) (8/. per metric ton)

13,10 0 0 1,162 1,162
203

19,62 1,321 67 776 843
210

25,11 2,473 98 606 704
. . 481

26,84 3,305 ‘123 567 690
‘ 688

27.43 3,711 135 - 555 690
896

27.70 3,953 143 550 693
1186

27.98 4,285 153 544 697
1670

28,10 4,452 158 542 700

aCost:s are calculated for one hectare, They are based on the unpub-
lished data in J. D. Coffey, 1965, "Estimated Costs, Yield, and Resource
Requirements for Crops and Livestock for the Cuzco Sierra Region of Peru,"
Faculty of Social Sciences, Universidad Agraria, Lima, Peru, p. 47,

bIt is assumed fertilizer is the only item in variable costs. The
levels of fertilizers to attain the yields in column (1) are shown in
Table 14. The per unit costs of fertilizers used are shown in Appendix
B Table 1, column (4).

“These are based on a cost per hectare of §/. 15,222 taken from
Coffey's unpublished 1965 paper cited in footnote a above, after allow-
ing for price inflation since 1965.



