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PREFACE

Recent advances in statistical method have given the research
biologist a new and valuable weapon to aid him in the accurate
interpretation of his data. Statistics i a branch of applied
mathematics, and a comprehensive understanding of the theory
is possible only to those of a mathematical turn of mind. In
consequence, a full appreciation of the fundamental mathematics
must remain the prerogative of the few. On the other hand,
there is no reason why those who are interested in statisticaeolely
as an aid to scientific research should forego the advantages of
applying statistical methods to rcsearch data deriyed from any
standardized experimental design. The interpretation of the
results by means of the appropriate statisticalMormulas should
then become a purely routine operation. Theavailable literature
is rather tochnical in character, and € ral years’ experience
with postgraduate students has shown {bat there is a real demand
for a more elemontary exposition of-statistical techmque This
book is an attempt to meet thiftdemand and is essentially the
detailed analysis of dsthbreutibsisprathtative series of experi-
ments typical of some ofthe commoner statistieal problems
encountered by the a‘{qra}e research worker. In certain exam-
ples, the original date \have been slightly simplified in order to
make it easy to follew the successive stages in the arithmetical
caleulations, It{ds hoped that these representative examples
may serve asapractical guide to the research worker in the design
and interprétation of his experiments. For the student who has
to study’ &e subject more deeply, they may even help toward an
easier ‘understanding of statistical theory as expounded in the
mole technical works.

Th compiling this handbook, the writer has made liberal use of
the relevant literature. To the authors of the various theoretical
and practical memoirg consuited, he wishes {0 express his deep
indebfedness. In particular, grateful acknowledgment is made
to Professor R. A. Fisher and to his publishers, Messrs. Oliver
and Boyd, for permission to reproduce some of the fundamental
tables from ‘‘Statistical Methods for Research Workers.”

TrINDAD, B.W.L, D. D. PaTerson.
January, 1939,
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: “I would go further and insist that Ioglcal
. investigation involves a statistical conm on of the

results.”
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CHAPTER 1 « M

7°%&
S

GENERAL PRINCIPLES < 0,

Scientific progress ecan be largely . attributed to a detailed
examination of what is happening in nature.ander & given set of
conditions. The material available for &xamination generally
represents the aggregate of g large number of individuals or units

with certain fundamental cha.ractenstlcs common to all. The

sum total of all the units of any,_¢ne kind is called, in statls‘mcal
terrmnology, the pop’dlﬁf‘iﬁabmﬂ‘ﬁbiﬁﬂﬂigﬂﬁn this sense need not
actually exist, but the term may refer to the aggregate of all
individuals that mlght have existed under the specified condi-
tions, For example,i ‘a, test of the yield of wheat from a series of
plats, the populatio E\ls the hypothetical one consisting of an
infinite number ef\plots of that particular wheat grown on the
same soil type'ind in the same season. While the individuals in:
any one popﬁ[atlon are similar in general type, they are not
necessarﬂy identical, and for any particular character under

obsermtlon, conmderable variation among the individual units

compnsmg the population may be anticipated. For example, in
{dag¥ relative to the height of men, the recorded measurements
will probably vary over a range of ai least 60 to 72 inches. Any
quantity or quality liable to show variation from one individual
to the next in.the same population. is termed a. yariable. An
individual observatmn or value of any va,na,ble is known as a
varigie.
. Observations may be quahtatwe or quantltatwe in character.
Observations on the petal color of the progeny of a hybrid strain

of sweet pea belong to the former category and vield data or
1

Q"



2 TECHNIQUE IN AGRIOCULTURAL RESEARCH

growth records in a field experiment to the latter. A further
gystem of classification is the one which distinguishes between
continuous and discrete observations. Condinuous variates are
those which can take any value or fractional value within the total
rangs exhibited by the population. Discrele variates are those
which cannot take fractional values but differ from one another
by regular and finite gradations. Germination counts would
belong to this latter class of variate as the data would be limiteds
to whole numbers. Quantitative observations more commaonly
belong to the continuous group of variates. In practxce, haow-
ever, it is not possible to earry out the measurements Yo an
mﬁmtemm&l fraction of a value, and evenin a contl.]mous series,
the reecorded varistes differ from one another by definite
gradations, the size of the gradation being determined by the
recognized standards of measurement for the particular character
under observation. N
In biological research, the variability be{:ween the individuals
in the populafion must be looked upon{as'an integral and unavoid-
able feature of the material from wiich observations are made
and must be taken mtq&gpsg@%ngpa}g, forranlating conclusions.
The aim of the research WOI’kEI‘ is to characterize the popula-
tion as a whole in order 0 compare it with other more or
less similar populationg a}nd to arrive at a correct appreciation of
their relative valuds ‘It is, of course, entirely madequate to
observe only a single individual from any particular series, as the
variate selecied@hay be widely different from the majority of the
other variafes. in the population. Ideally, to obtain an abso-
lutely e{“characterization, all the variates should be taken
into cansideration. This is usually impracticable, as the number
of pessible variates in most populations is virtually infinity.
A3 customary therefore to carry out obscrvations or measure-
Nwents on a representative sample consisting of a sufficiently
" large number of variates to demonstrate general attributes
~ which are approximately the same as those of the whole pop-
ulation. The larger the number of variates in the sample, the
greater are the chances that it will be truly representative of the
population as a whole, The consequence is that the data from
any particular investigation are often thoroughly formidable and
require to be reduced to some simpler form before the human
mind can grasp what they actually demonstrate. Statistics is

S



. GENERAL PRINCIPLES 3

the branch of apphed mathematics which deals with the facts and

figures accruing from any series of observations and makes 1t

possible to express the results in simple and logma.l terms that
* omit no essenmal feature of the basa,l data

CALCU'LA‘I‘ION OF MEAN AND STANDARD DEVIATION

In the statistical analysis of the data from any series of
quantitative observations, two factors are of fundamental
importance: '

a. The arithmetical average or mean of all the readmgs Thm
forms the measure of type of the observations as a whole.

b. The amount of variability shown by the syariates. The
range from the highest o the lowest values gwes 4 rough indica-
tion of this, but the most effective measure ‘of variability, <. e., of
the dispersion of the variates round the.mean, comes from cal-
culating a quantity known as the stand@d devialion,

It iz essentially upon these two factors that the statistical
interpretation of the data deper:tds It is only within the last few
decades that the d1sﬁé¥s%ﬂkﬁiﬂ'ﬂﬁ@%ﬁﬁ'é% ¥has been given proper
weight in formulating concluswns Previously, the calculation
of the mean values was $deemed sufficient statistical -elaboration
for all practical purposes. The need of taking into consideration
the variability f&ﬁg is probably most easily. illustrated by a
simple examplé.» In a qualifying examination for a business
appointment,‘a’ candidate who scored 95, 85, and 45 per cent in
the three’#xbminations set would have the same average as a
BECON! apphcant who gained 80, 75, and 70 marks, respectively.
Alth‘ot}gh they both achieve 75 per cent on the average of all the
rt{sults there can be little doubt that, on the available evidence,

“\the second man would be the more reliable individual to appoint
to the vacancy. The percentage he gains in each of the examina-
tions is never seriously behind that of his rival nor below the level
indicative of sound general knowledge and intelligence. The
former candidate, on the other hand, has done exceptionally well
in his first two subjects but is very weak in his third. This sug--
gests that either he was lucky in the selection of questions _set'. i_n
the first two papers or that there are some serious gaps in his
education. In either case, his general ability remains more open
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to question. These arguments might be summarized mathe-
matically by caleulating for each individual the range from the
highest to the lowest percentage obtained. For the former, this
amounts to 50 per cent as compared with only 10 per cent in the
case of the latter, proving that the latter is much less likely to
show sudden excessive aberration from his estimated mean grade
of 75 per cent. In the same way, in any series of observations,
the aceuracy of the mean as a measure of type is largely dependenty
on the degree of dispersion shown by the variates from which'it
has been calculated. <\
The mean, by simple arithmetie, is the sum of all the rheasure-
ments or variates in a sample divided by the total’nuinber of
observations recorded. {The standard deviation ig éalculated by
taking the square root of the sum of the squareg'of the deviation
of each variate from the mean divided by the‘total number of
variates less one.) The deviation of the \jarﬁtes is evaluated by
subtracting the mean from each one in tuth; the deviation may be
positive or negative. If the mean is)éstimated with sufficient
accuracy, the algebraic sum of thes deviations will be zero. In

.

calculating the standard de tipn},, 1t will be noticed that the sum
of the squares of the &’e‘ﬁg‘%ﬁ%“é diided by a quantity equiv-
alent to the number of yariates less one. (This divisor has been
termed the number of degrees of freedom. 'The use of the number
of degrees of freedom\ili'preference to the older system of dividing
by the actual numiber of observations is to the noviee one of the
most puzzling ideas of modern statistical methods. While the
origin of the,ceficept lies in rather absiruse mathematical theory,
the Basie: principle is that the mean square deviation should be
evaluated from the number of independent comparisons of the
varigtes with the mean, e, on the number of independent

déviations. Awmﬂmd—dﬂ'mei%'—ﬁem the total of
the variates, and the algebraic sum of the deviations is zero, it
follows that in & sample of » variates, when n — 1 deviations
have been caleulated, the value of the final deviation is fixed.
There are therefore only » — 1independent comparisons possible;
in other words, the number of degrees of freedom isn — 1.

The calculation of the mean and standard deviation is illus-
trated in the following example, in which observations on the
height of the male population in an industrial locality in Lanca-

shire. are recorded. A sample of 36 individuals in all was taken.




Example 1. Calculation of Mean and Standard Deviation,

GENERAL PRINCIPLES

Taprm 1. —HreigaT MEASUREMENTS

Height of men,
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Let ¥ = any one variate.
n = total number of variates.
M = mean,
o = standard deviation.
2 = sum of.
Then, mean,
7 -
"
2,448 . O\
36— 08im . A\
and standard deviation, R N
\jzw Ik »
G
n—1
= /#4245 K7s)
= 3.55 \

The sum of the deviations squared, . » 2(y — M)?is generally
termed the sum of squares or more brleﬂy the 8.8. The square of
the standard deviation, wwwﬁﬁmﬂxﬁt afysopimaies divided by the
number of degrees of freedonmis called the pariance. The defini-
tion of these two terms €hould be borne in mind, as they recur

- frequently in the suc(\éeding pages.

NORMAL CURVE OF ERROR

Ag a prelip na,ry to a working knowledge of the way in which

the mean, a{m} standard deviation are used in the analysis of
expenmé\xtal data, a little statistical theory will have to be
asmmllated It 1s hoped that the following brief exposition in
noalbeéhmcal language will provide the noviee with sufficient
\l\niormatmn of the principles upon which statlstlcal methods are
based.

Examination of the first column in Table 1 shows that many
of the values appear several times, 7.e., that many of the indi-
viduals measured were of the same height. This makes it
possible to group the readings in a frequency table, as shown
in Table 2. Frequency is & term used to denote the number of
variates having the same value or belonging to the same quantlta—

- tive class.
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TapLE 2.—FrEQUENCY TapLE oF HEIGHT MEASUREMENTS
RecorpED IN TaBLE 1
Height of men, Frequency, i.e., no. of

in. nmen in each helght class

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73
74

£
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It is obviously 4 mble to give a grapﬁical or geometrical
representation of thi %‘equeucy table by plotting the height along
a horizontal seale against the corresponding frequency on a
yertical scale’\"This has been done in Fig. 14 resulting in the
figure knc@z’ﬁ as 2 histogram, 4.e., one consisting of columns of
equal width but unequal height. Th total frequency is propor-
tlonal 10 the area of the histogram. V%ven in this small sample, it
ig emdent that the higher frequency values tend to be clustered
\mund the mean, while the low ones are located toward the
extremes of the height range represented‘/ This feature is charae-
teristic of many frequency diagrams. As the number of variates
in the sample is increased, the tendeney is for the outline of the
histogram to become more and more regular with a peak at the
mean value and & gradually descending range of frequencies on
either side of it. In this particular instance, with the unit of
measurement, of one inch, it will be impossible even in a very large
sample for the outline of the histogram ever to develop into &
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smooth curve. Nevertheless, if we imagine that the unit of
messurement is indefinitely reduced to a mere fraction of an inch
and an infinitely large number of individuals are included in the
sample, the irregular steps of the histogram will ultimately be
replaced by & smooth curve known as a frequeney curve.
Dépending on the particular variable under observation, these
curves will generally assume one or other of certain recognized

8

o’\' \

Leal
?

- Mean

7/

L]

Number of men or freguency
I

\ ¢ L
Yrudw. dbraulibrary . drgin

0 _ —l
+ 2\ Sftature in inches

T16. 1A, \ﬁaquency diagram for data of Table 2.

forms. The commonest form, and the one with which we are
1mmedlately eoncerned iz known as the normal eurve of error
(Fig. 1.B)., \he normal curve has not been obtained from actual
Tecords k{ t'is an abstraction conceived by mathematicians who
haves s,tudled this variation factor and have constructed the
ggx{atmn which aceurately defines the theoretical curve.

JThe normal curve is symmetrical about a vertical line—the
mean, The total frequency is represented by the area enclosed
between the curve and the horizontal axis. In any such curve,
the, width at the base, i.e., at its widest point, measures the
range of the variates from the highest to the lowest value. The
normal curve has an infinite range from 4 fo —«. The gen-
eral form of the curve indicates the amount of variahility in
the population; the more upright the curve and the steeper its
slope, the smaller is the variation. The deviation of any variate

£
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is equivalent to the distance along the horizontal scale that the
particular value is from the mean. It is from the sum of squares
of all such deviations that the standard deviation—the statistic
which measures the dispersion of the variates—is calculated. It
is evident that the flatier the eurve the higher will be the value
of the standard deviation,

Trom the normal curve of error for any normally distributed

population, it is posstble to estimate the probability of selecting,
‘from the population at random a variate above or below any
specified value. Before explaining how this is done, it is adyis-

i\
Ny

dbraulily L"ary.ol'g.i?r

R

-

1
Z ¥
\ \Fm. 1B, —The normal curve.

able to defing e¥actly what is meant by the term probability.
In mathematies, probability is expressed quantitatively by the
ratio of tHemumber of times an event happens to the total number
of trigls. carried out. For example, in tossing a coin a large
number of times, one would expect a head to appear on the
o&verage once out of two trials, The probability of obtaining a
head is therefore 0.5. Similarly, in throwing a die, the chauces of
obtaining a four are one in six, £.e., the probability is 0.16, An
alternative method of expressing this is to give the odds against
the event occurring. Odds against are given by the ratio of the
number of times an event is not likely to oceur to the number of
times it is likely to occur. The odds against obtaining a four
in throwing a die are therefore 5 to 1, and of obtaining a head in
tossing a coin are 1 to 1. In statistical work, probability is the

3
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form normally used. This is usually expressed as P = some
decimal fraction.

In the normal eurve, an ordinate raised at a distance or devia-
tion 4+« from the mean divides the eurve into two unequal sec-
tions (Fig. 1B). The area of the smaller portion, shown cross
shaded in the diagram and generally termed the tail, is propor-
tional to the frequency represented by all variates exeeeding
M + zin value. The total area enclosed by the eurveis propor—
tional to the total frequency of the population. Therefore the, >
probablhty of selecting purely at random a variate cxceqthug
M 4+ z in value is given by the ratio of the area of the tm] to that
of the whole curve.

Mathematlclans have proved that, {or all norma;l curves, the

ratm . {(where x represents any deviation from thé" wiean and o the

standard deviation) bears a definite relatip{q;to the proportion
into which the normal curve is divided by dn ordinate raised at &
deviation z from the mean. Thus, fox a, _deviation equivalent to

a, t.e., when = = 1, the area of the tail is always 0.15866 of the

W, dbraullbt aTy.org.in

whole curve, and for ; = %‘tﬁ’é ‘area of the tail is 0.00621 of the

whole. In statistical work)a deviation of —z is often quite as
significant as one of —kx;énd it becomes necessary to determine
the probability of selécting values outside the range M £ z. The
probability will then be equivalent to the proportionate area
which the twostails—cut off by ordinates raised at deviations of
+2z and —x from the mean—are of the whole curye. Asthecurve
is symmetfiesl, the tails are of equal area, and the probability is
Just twige. hat for a deviation greater than 111 one direction only,
Ta,bles ‘have been prepared which show for practically all values

; of < the propertionate areas cut off by the two ordinates raised at

I dewatmns of +z and —zfrom the mean. These are tables of the

| probabitity integrals.

'i_ Fisher’s Table of z, a copy of which is reproduced as Table I in
i the Appendix, is a modified form of the table of the probability
mte_gra.ls Table of z shows, for the normal curve, the theoretical

values of g for certain selected probabilities from 0 to 1. It is

proposed to use the data in Example 1 to demonstrate the way in
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which this table may be of utility in the interpretation of experi-
mental results. In this example, the mean height is 68 inches and
the standard devistion is 3.55 inches. It is desired to estimate
the probability of selecting at random from the population an
individual greater than, for example, 72 inches in height. In
solving this problem, it is necessary to assume, that the popula-
tion is normally distributed and that the figures given for the
mean and the standard deviation are true esiimates of these\
statistics,

AsM=068and M +2 =722 =44in O\
x 4 N s:\
== gax = 1127 ~\

Reference to the Table of x shows that the, néa&“ést recorded
valie of —15 1.126391 for P = 0.26. The probablllty of obtaining

a + or — deviation greater than 4 inches'(s 0 26 approximately.
In this problem, we are interested only,m e chances of obtaining
a deviation greater than +4 mches, fre., in a deviation in a posi-

s

tive direction only. The Gd ﬁgure is therefore exactly half
that quoted on the tagle a rﬂlg 8BAbility of selecting at
random an individual greater i;han 72 mches in height is approxi-
mately 0.13.

Bimilarly, it might{ Be necessary to estimate the chances of
gelecting an mdjwdhs}l outside a certain range, say M + 2o, i.e.,
outside the rangg| 60.9 to 75.1 inches. The deviation bere is 2o

50 that = = 2 The nearest reading on the table is 1.959964 for

P =10 ‘The chances of selecting a variate outside this range
are only\ “in 20. The odds against selecting such a variate are
thertfore 19 to 1.
o~ Population is a term used to define the aggregate of a number of
N\gimilar individuals, real or hypothetical, and it is seldom possible
to utilize the whole population in evaluating the mean and the
standard deviation. Instead of this, a reasonably large number
of individuals is selected at random as a representative sample of
the whole population, and this sample is used to provide estimates
of the mean and the standard deviation. The calculated values
of these statistics are therefore only approximations to the true
values required, and it is necessary to ascertain whether these
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estimates may be regardedasreliable ornot. Themostimportant
question is the accuracy of the mean as the measure of type of the
* population. This ebuld be tested by taking a large number of
similar samples, working out the mean for each, and observing
whether these individual means showed a wide variation or not.
Such a method would be extremely laborious and is quite unneces-
sary, as it is possible to calculate, from the data of the original
sample, the dispersion or standard deviation likely to be shown by
such a series of means.

N

STANDARD ERROR ¢\
. "N
If ¢ is & standard deviation calculated from a sample of n

variates, the standard deviation of the mean of the sapaplé = =
- \ ¥ ‘\/?_1

This value is really an estimate of the disperéféﬁ or standard

W deviation of a hypothetical population of m eams. It is generally -

termed the standard error. Itis lmporta to dlstlngulsh between
, the standard deviation of the mdx%ual varlates and the

o
standard error ~=

It is not alwa,ys practlcagle ?,oaﬁ{'l(])a\lraer‘éinm@t'ﬁe population from
which any sample of -variates has been selected is normally
distributed. Stamstmma{s have shown, however, that, even in}
populations not quite,8ormal in distribution, there is a tendency °
for the means evalhﬁ\,bed from a series of large samples to be
normally distribted. ¥he larger the individual sample, the
greater is the\likelihood of normality in the distribution of
the means. /At faifly safe to assume that, for large samples, the
publish tafbles for the normal curve can be used to determine
the probability that the mean of the sample will differ by more
thaQ a1y specified quantity from the true mean of the population.
{"\Seppose in Example 11t is desired to ascertain the probability
that the true mean lies outsule the range of 67 to 69 inches. The

0.591. Limtts of 67 to 69 inches repre-

standard error is
1y

sent a deviation ohkddfrom the mean value of 68 inches. As we
are concerned here mt.h Ahe dispersidn of means and not of

variates, the value of £ > reqmred for use in conjunection with the

Table of x is

z 1
standard error °F 0501 = 1.692, The nearest

Y

\

}‘x
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reading from the Table of z is 1.695308 for P = 0.09, The
chances that the true mean lies outside the limits of 87 to 69
inches are less than 1 to'10.

- Research data are generally recorded in_order to carry out &
comparison of two more or less similar variables A and B and to
ascertain whether there is or is not any fundamen’hal difference
between them. There will consequently be two series of measure-
ments or samp"ies, one from A and the other from B From each
of these samples an estimate of the mean and the standard devine
tion of the respectivé populations is obtamed Any real dlﬁer-
ence between A and B will be reflected in ‘the mean .valyEs as
measures of type of the populations as a whgle H&wever, an
apparent differgnce between the means may be due either to some
fundamental difference between the variables, A‘ and B or to
unavoidable variation between two similarddamoples from the
same popuia.tlon—generally termed errorsQf Jrandom sampling.
Statistical freatment is necessary to ascértain to which of these
two Iactors ibe difference between jthe’ means can be rightly
attributed. o\

S TATISHeAY TonIPIBANCE

In the statistical (:ompansofx of the means, the assumption is

ﬁrst made that the two&mples come frem the same _population,”
., that there is nor a,l difference between A and B.  As already

expla.med a numhe\of gimilar samples f;om the same populatlon
will give estimatesof the mean differing slightly from one sample

. t0 the next. "These estimates tend t&" be normally distributed,
' and a meashre of their dispersion is available if the standard

R,

. érrors »calculated It is furthermore true that, if & number of

such? sample means are recorded in pairs and the difference
betWeen each pair tabulated, the differences also will be normally

'“dlst.nbuted The standa.rd errors can be used to provxde an

estimate of the dispersion of such a, series of d)ﬁerenpes “As the
differences are normally distributed, this estimate of the standard
error of the difference between any pair of sample means can be
used in conjunction with the Table of x to assess the probability
of obtaining such a difference from samples of the same popula-
tion. I the probability is very small, the assumption can be
safely tade that the samples do not belong to the same popula-

* tion, i.e., that there is some fundamental difference between the
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variables A and B. The difference is then termed significant.
If, on the other hand, there is & reasonable probablhty that
g difference of the recorded magnitude could be obtained from
parallel samples of the same population, the difference is termed
nensignificant and iz attributed entirely to errors of random
sampling. v
Before giving an example of the practical application of this
technique, it is necessary to quote the equation for caleulating the
standard error of the difference between two means. \
Let Es = standard error of the mean of sample 4. O\
Kz = standard error of the mean of sample B, O K
D = difference between the two means, 1.e., M;. — Ms.
Then standard error of the difference Ep = /E} + ?—5’
Exzample 2.—As a sequel to the observations, on’the height of
men in Lancashire (Example 1), a similar sample was taken from
the industrial population of Yorkshire. ~Fhe results were as

follows: A
o} « Mean No. of
. AN, . Standard
Series www.dbraulibrifiERtg ipvariates deviation
N in. (n})
A. Lancashire......,......, AN . 68.0 36 3.55
B. Yorkshire. .......... O\ 66.5 36 2.34
oS .

The differcnce between means is 1.5 inches. Can a difference
of thig magnitude’be regarded as significant or not?
’\n

3.55
Y By = = 0.591
.\ VT
2.34
By = =22 — 0.390
~O VT

\/ Standard error of the difference B, = 4/0.591% - 0.390%
" = 0.708
Therefore S
difference D 1.50 .
B> —oq08 _ 2i2v

z ,
—r 1.8,
0- .

' z . v
- The nearest reading of - from the table is 2.17009 for P = 0.03.

This proves that in only 3 out of 100 times would a difference
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exceeding 1.5 inches be obtained purely by chance. This would
appear to be satisfactory proof that the difference is significant
and that the male population from the Jocality sampled in
Lanecashire is slightly taller than that from a similar locality in
Yorkshire. ' ) ‘ -

It is necessary to emphasize that this proof is not absolute, as
in some 3 per cent of such trials, a difference of this magritude
would be obtained purely as a result of errors of random sampling~
The particular data tested might by chance belong fo this 3 pex
cent. The general question arises, “ What level of probability
would be considered adequate proof of significance?{”) The
standard suggested by Fisher—and the one that ighormally
adopted—is that a probability less than 0.05 can be accepted as
sufficient proof that the figure tested represents/m yeal difference
between the variables. This is equivalent J40'odds exceeding
19 to 1 against the conclusion being & false one; which is undoubt-
edly a reasonasble guarantee of accuracy. This division ab
P = 0.05, or as it is sometimes termed)vat the 5 per cent peint,
is, of course, wholly arbitrary, and it is open to each research
worker to decide for Mg}aﬁgygg%g&f P will provide adequate
assurance of the correctnessi the Zonéiusions. The lower the
value of P, the greater wilkbe the certainty that conclusions based
on significant differences are correct but, at the same time, the
larger will be the 'é\k of classifying certain real differences as
nonsignificant. Jt 18 necessary o try and select a level of P
which most e{féc{ively balances the risk of falsely asserting
gignificance, gainst that of overlooking any real difference, and
for thispu’rp\ose, the 5 per cent point is generally considered to be
satisfg,e\{:orjr.

Reference to the Table of = (Table I in the Appendix) shows

p “~t:h~3:t~f0r P = 0.05 the tabulated value of EE =,. 1.959964 or approxi-

f

ﬁately 2.0. LIf}re accept Fisher's standard for determining

i significance,

i
!

~;?)-\ must be greater than 2.0.
D et Law

_ D>2XE

) A significant difference will therefore be one that is greater than
twice its standard érror. This makes it possible to apply a rapid
test of the significancé of the restlfs without reference to the
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Table of z. In Example 2, the standard error of the difference
between means is 0.708. Twice this quantity is 1.416; the differ-
ence is 1.5 inches and is therefore significant.

SAMPLING

It should be clear from the preceding discussion that statistical
analysis is merely a simple test, based on sound mathematical
hypothesis, by means of which ‘the chancés of reaching a false.
conclusion from any series'of observations may be limited ta, any
desired level of probability. This probability is evalua\téd“by
using certain calculated statistics in conjunction with thétable of
the probability integrals or the Table of z. The statistics are
caleulated from the cbserved data and as these date’form only'a
sample of the whole population, the statistics 8t8 buly estimates
of the reqiired values. The accuracy of thﬂ\c,onclusiohs is there-
fore dependent on correct sampling, and there are certain precau-
tions which must be observed in selecting'a sample,

a. The population from which the‘sample is drawn should be
homogenecus. The indjvidualivarintas, must all belong to the
same general type, .f;'o

b. The sample must be's random one. This means that the
individual varistes whith’ make up the population must be
independent of one ther and must each have an equal chance
of being selected\ For instance in Example 1, if many of the
individuals medgtred were relatives, the variates could not be
regarded as independent, and the sample would not be strictly
random. ¢(Farthermore, if the men were all taken from one village,
the ing]jkﬂd’uals in other villages in industrial Lancashire would
havetnio chance of being included, and the sample would be
refrésentative, not of the industrial population as a whole, but

“eply of the section domiciled in a particular village.

¢. The normal curve is reached by assuming an infinitely large
population and an infinitely small unit of measurement., In
practice the unit is generally made whatever is convenient or
customary. Particularly in small samples, it is important to
remember that the unit selected should be’considerably smaller
than the difference which it is desired to measure. _

d. Itis only when the ‘number of variates included in the sample
is relatively large that it can be safely assumed that the distribu-

g
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tion of the variates or even of the means is likely to approach the
normal.

%ALYSIS OF SMALL SAMPLES

.In certain types of research, e.g., in field experiments, it is
impracticable to include a large number of variates or replicates.
“Student” has pointed out that, when the sample is gmall, the
statistical tables for the normal curve do not validly apply. The™,
smaller the sample, the larger is the difference likely t0 be between
the sample mean and that of the true population, and the gféa%er
are the chances of an incorrect inferpretation of the results from
the use of the table of the probability integrals. “Stiident” has
worked out for small samples the distribution of‘8’quantity 2.
“Student’s” z* is a quantity representing the Jifference between
the sample mean and the true mean of the pogqlation expressed in
terms of the calculated standard deviatit{l'z\z.e.,

_ deviation of\mean

~ estimated standatd deviation

From this distribution, . Studdntis., Tablg of 2 has been com-

pleted to show the va.luea}jcorrespon(ﬁng to the probability

iniegrals, that can be eoxféetly applied when the sample is small.
The more modern development of this table is Fisher's Table of

¢, and it is propogsedibo limit further discussion here to the use of

the t table in th@\statistical analysis of small saroples. fis a

quantity representing the difference between the sample and the

population/ndeans expressed in terms of the standard error,

2

S " "_ ) deviation of mean
o ~ estimated standard error of sample mean

< "W«}}en a statistical comparison is being made between the means
6f two small samples, this expression for £ resolves into

Difference between sample means D
‘Tstimated standard errcr of this difference ' Ep

A copy of the Table of £ will be found in the Appendix (Table IT).
The values of ¢ recorded are for probabilities from 0.01 to 0.9 and
for estimates of the standard errors based on any number of

* This # should not be confused with Fisher’s z referred to later on in the
text.
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degrees of freedom from 1 to 30, and for . The values for «

are, of course, identical with those quoted in the Table of x for
the same probability, for, in an infinitely large sample, the normal
curve is reached once again. In any analysis, the required value
of { from the table is the reading corresponding to the total num-
ber of degrees of freedom from which the standard error oceurring
in the denominator has been evaluated. The first column (n)

shows the number of degrees of freedom to which the values o
the same line refer.  As the values of { for n exceeding 30 are onky
slightly greater than those of the normal curve, z.e., for n = o), it
can be assumed that for degrees of freedom over 30, thethble of
values for the normal curve applies approximately, {™

Example 3. Determination of Significance ef {a Difference
between Means of Small Samples.—Table 3 gives the weight of
chicks at 7 weeks of age as recorded from two'gamples A and B of
10 chickseach. InSeries 4 the chicks had beén reared in confine-
ment and in B on open range. It isudesired to ascertain from
these data which method of maintediante, 4 or B, is the better
one to use.

- The data (Table 3) yield » galowlated value,of £ of 1.92. In
determining the probability.that the difference between means is
significant, the correspongding theoretical value from the table has
to be looked up. Tke standard error of the difference is based on
9 degrees of freedonkfrdin each sample or a total of 18 degrees of
freedom for the whole data. The table reading required will be
the one opposite’;n = 18. The nearest readings are 1.734 for
P = 0.1 and 2,101 for P = 0.05. The probability that a differ-
ence of Qgﬁ‘magﬂitude could be obtained by chance lies between
0.1 and'9;05. On the accepted standard for a significant differ-
ence, B < 0.05, this would not be considered adequate proof that
thp;ﬂifference was a real one. The conclusion would therefore
ke’ that the alternative methods of rearing the chicks have
produced no difference in their rate of growth.

An alternative popular method of arriving at the same result
is as follows: A significant difference is one that gives a greater
calculated value of £ than the corresponding reading from the
table for P = 0.05. Therefore for a difference to be significant,

E’Q > t (from the table)
g5

D >txE
Applying this formula to the data of Example 3, the reading of ¢
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for n = 18 and P = 0.05 is 2.101. A significant difference is
one greater than 2.101 X 1.04 = 2.185. The difference between
means is only 2 cunces and therefore nonsignificant.

TaBLE 3.—CALCULATION oF STanDarD Enror

Beries A Beries B
Wt. of Devia- Wt of Devia- | 1yl
chicks, Mwef,n tion from Dtie:];?- chicks, eria,n tion from sD. .
oE. : mean ox. : mean{ Y 5
ra )
-+ ~\
9 [1394o=13 4 16 8 |19, =1 \3 9
17 4 18 15 m'\' 4 16
i4 I 1 11 \J 0 0
13 1] 0 11 \ 0 0
15 2l 4 9 A 2 4
10 3 9 12 1 1
11 2 4 | s _ o o
13 0 0 i \AC 1 1
13 1] RS 9 2 4
15 2 { 14 ‘ 39
130 \f_\ﬁwq_ dulgil | yﬂdi.l T —8 +8 44
0 .
da = V(S?‘/ - 2451/(1,, = V15 =221

Standard errof, E’A = Standard error, Bz = 22

.\ . 4/ 10 4/ 10

. = 0.77 = 0.70

Sta.ndar\ti\error of the difference between means

N

N
%
\ }

= /0T ¥ 0.70

= 1.04
difference between means, D = 13 — 11 = 2 oz. -
D 2
A 7 = 1.92

ARALYSIS OF CORRELATED SAMPLES —“STUDENT'S* METHOD

It is sometimes possible to reduce the effests of random sam-
pling errors by utilizing some known relationship between the
varistes of the two series 4 and B. For example, in comparing
the height of men and women, variation in the data due to
heredity will tend to be less if the measurements represent height
figures for brothers and sisters instead of enfirely unrelated

individuals,

4

In order to take full advantage of such a relation-
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ship between the variables, it is necessary to tabulate the variate
for A against the corresponding one for B, e.g., brother vs. sister,
and modify the statistical procedure in accordance with the
method evolved by “Student.” As the chicks in Series B
(Example 3) were known to be the offspring of the same parenis as
those in Series A in the order shown from 1 to 10, these data may
be used to llustrate “Student’s” method of analysis. The first
step is to tabulate, for each pair of chicks of the same family, thes
difference in weight due to the alternative methods of rearing,the
birds and then from these individual differences to evdlugte

~ the standard error of the mean difference direetly. O
Example 4.—Determination of Significance of Meagi Difference
by “Student’s’” Method. AN
TasLE 4 \
Weight of chicks, | Difference in N
0% weight be- (N Deviation
tween chicks Mean ™ : Square of
. X rom mean T
of same differeitee it deviation
Series | Series | parentage, ' w.dhraulib adjfirgnee
A B 4-B LW
e ) -+
9 8 (NJT 14285 =42 1 1
17 15 ‘ g 0 o
14 11 LA 3 1 1
13 11 N 2 0 0
15 9 6 4 16
100 | A 2 4 16
11 N1 0 2 4
s 130N 10 3 1 1
PN 4 2 4
e . 14 1 1 1
N\ -2 422 R a4
N, e e
+20 0
Standard deviation of differences = /%54 = 2.21
Standard error of mean differences = 221 = (.70
- 410
The mean difference = 2
D 2
f= o = o5 = 2857
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The standard deviation in this case has been evaluated from
10 differences, i.e., from 9 degrees of freedom. The value of

D
7, = calculated above must therefore be compared with the read-

ing from the Table of { opposite n = 9. The nearest reading is
2.821 for P = 0.02. The mean differcnce between the Series
A and B is therefore signifieant on a probability rather less than
0.02. This proves that the chicks reared in confinement have o\
increased in weight more rapidly than those allowed free range.
The modification of the statistical method in order to take into)
account the relationship between the chicks in the two geries
"‘has effectively reduced the experimental error. £
¢Btudent’s” method of analysis should be used only when
ﬂ the. corresponding pairs of variates are known, the psiring of
the data being with regard to some inherent chardeteristic which
is not influenced by the value of the mchw&ual observations.
In the previous example, if no system of jdentifying chicks from
the same parents was inaugurated at the beginning of the experi-
ment, it would be impossible o say b the end which variate in
Series B was related to any particular ‘variate in 4, and the direct
analysis of the differencey ﬁéﬂwhﬁ‘@ﬁﬁ‘éﬁmmdmg pairs could not
be effected. Furthermore,. "gtudent’s” technique will be
advantageous in reducing, ‘the experimental error only when
there is a positive cc:%é\l‘a,tlon between the two series, i.e., when
high or low valuesin Series A tend to be associated w1th high
or low values, respebtlvely, in B. As an illustration of this,
let us suppose(that the variates in B occurred in the reverse
order so that No. 10 in B corresponded to No. 1in 4, No. 9 in
B to NO\Q in A, and so on.  On this assumption, the revised
a.:nalyals using “Student’s” method would be that of Table 5.
Reference to the Table of £ for 9 degrees of freedom shows that

' the “value of EB corresponds {o a probability between 0.2 and 0.1.
D

" On this basis, the difference between the means of the two series
would not be significant. The probability in this instance is
higher than the value that would have been obtained if the
parental relationship had been ignored and the analysis carried
out by the ordinary method as detailed in Example 3. The
explanation of this is simply that, in the assumed pairing of
related variates, high values of 4 are associated with low values

[y
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of B and viece versa. The correlation between the variates in
the two series is negative rather than positive, leading to a wide
range of differences between corresponding pairs of variates and
a subsequent high estimate of the standard deviation of these
differences. When ‘““Student’s” technique can be validly applied

TamLE 5
Weight of chicks, A
0z, Deviation
A -B Mean from mean | SUUATE. gf
Geries | Series difference difference def{x\a.hiq )
4 B « M
-+ - XK
] 14 5 4284 = +2 2. 49
17 9 3 6 36
14 10 4| N2 4
i3 11 2 & 0 0
15 12 3 XD 1 1
10 9 1 C 1 1
11 11 o . 2 n
}g i; 2www.2dl: L:atpiﬂfirary,org,jn 4 0 12
15 8 A 5 25
—7 T1d 14| 136
\ﬂfg e,
*20

0 —
o . .. . 136
Standard deviation of differences 5 = 3.89
9.\
¢ 3.89
/10

_ 2\
%&m’dard error of mean differences = =123
Thgi'éfore
m~\J b 2

in the statistical analysis, it is generally the better one to adopt,
but it should not be used indiseriminately without consideration
of its effect on the estimate of the experimental error and on the
final conclusions.

COEFFICIENT OF VARIATION

It is often of interest to compare the variation shown by the
data from different experiments. It is rarely possible to obtain
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a correct idea of the relative dispersion of the different variables
directly from the ealculated values of the standard deviations.
The units of measurement may be entirely different in the varicus
experiments, and the figure for the standard deviation must be
considered in relation to the size of the mean from which it has
been determined. For example, a deviation of 2 from a mean of
10 is exactly equivalent, as regards variation, to one of 8 from a
mean of 40. For comparative purposes it is customary to express ¢
the standard deviation as a percentage of the mean from whigh
it has been calculated. In this form, it is termed the coefficiend)
of variation. O
The data from Example 2 have been used to calgulate the
coefficient of variation in the two series A and B. ¢ D

o\

Seri Mean Standard Coefiiclent of variation,
Ties height, in. Fviation /% per cent
: NS
A 68 3‘55::«' %XIOO=5.22
B 66.5 2.4 A8t X100 =3.52
www_dbrayjlfbl'ary.org.in '

 The dispersion of the yéviates round the mean is therefore
distinctly greater in Serjes’d than in Series B.

\ “\PROBABLE ERROR

This is a sta@i@ﬁc that wag formerly used as the measure of
the dispersion{gf the variates round. the mean. Its value Is
0.67449 X sténdard deviation, calculated in the ordinary way.
The prq&b’le error is such that, in the normal curve, ordinates
raised al*deviations from the mean equivalent to plus and minus
the/probable error divide the curve along with the mean ordinate
Soto four equal sections or quarters. Such ordinates are therefore
termed quartiles. In determining the significance of a difference
between mean values, the normal eriterion is twice the standard
error; this is roughly equivalent to three times the probable error
of the mean. The term, probable error, is rather misleading
as the quantity does not represent the most probable mistake
likely to oceur in any series of observations. Fisher states that
its only recommendation is its frequent use. Today, it bas been
largely superseded by the standard deviation, and mention of



24 TECHNIQUE IN AGRICULTURAL RESEARCH

the probable error has been made here only because it oceurs
frequently in many of the older books on statistics and may
consequently create some confusion among students not familiar
with the term. :

SHORT METHODS OF COMPUTATION

When the number of variates is limited and the observations ave
recorded as integers containing only one or two digits, and the
mean is a whole number, the direct method of calculatingythe
standard deviation by squaring and summing the_ individual
deviations does not entail an excessive amount gf>afithmetic.
In most statistical problems, however, the number of readings is
large, the mean is rarely an integer, and the vauiabes often include
three or more digits. Under these circumstances, the routine
arithmetic can be greatly reduced by modﬁ}nng the arithmetical
technique. It is proposed to describe~geme of these alternative
methods of computation and o mdlcaté the type of data to which
each one is particularly appropriate.© It should be clearly under-
stood that it is only the QBM;5W£§qgedure that is changed
and that the final estimate'ef any statistic will not be altered.
These alternative methods must not be regarded as providing
mere approxu:natlons <bo' the desired values. In fact, when
the mean is not a W&hole number, they may even ehmmatc the
fractional errors ghat would otherwise be unaveidable in tabulat-
ing the deviations, and tend therefore to be more rather than
less accuratQ than the direect method. It is proposed to use the
relatively"simple data from Example 3 to exemplify some of the
short g‘%ﬁhods commonly adopted in statistical computation.

Exa.mple b.—Assumed-mean Method of Calculating Standard

Dehatmn.

N\ Procedure.—Instead of calculating the true mean of the
variates, an approximate or assumed mean is selected arbitrarily
from & rapid survey of the data. From this assumed mean, the
deviations and deviations squared are evaluated and summed.
It facilitates the rapid and accurate estimation of these devia-
tions if a whole number, preferably a multiple of 10, is chosen as
the assumed mean. The assumed mean need not necessarily
approximate to the true mean, but on the other hand, the closer
it is to the true mean the smaller in the aggregate will be the
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deviations and the squares of these deviations. Unless the
assumed mean happens to coincide with the value of the true
mean, the sum of the deviations as totaled in column IIT will
not be zero but may take any value above or below zero. The
true mean is equal to the assumed mean - the algebraic sum of

TabLE 6—AseuMED Muanw METoOD OF CALCULATION

I II 11T v
Serles A. Devigtions from Bauare of
Weight of Assumed mean | assumed mean deviations/™\
chicks, oz. 2N N
) (M) . (v — Ma) ¥ =3 M.y
' -+ A
9 10 1 N1
17 7 4 49
14 ) 16
13 ’ " é\ 9
15 o\ 25
10 O 0 0
11 AT 1
13 ION 3 9
13 www.dbraglibrary org i 9
15 NN 5 25
2 -1 31 144
im’\ N,
\\ . +30

Mean‘é:Ma + Zy — Md) M)

n
7= 10 4 3% = 13
Y B .
Trie 8.8, = 2(y — M) — [-E_(,?f_ni"“_)]
+ N :; 2
’"\\: "\ = 144 —_ %—% = 54
\/

¢ = /535 = 2.45 (as originally caleulated)

the deviations in column III divided by the total number of
variates. A useful check on the arithmetic can be obtained by
caleulating the true mean directly {rom the original data. The
sum of the squares of the deviations from the assumed mean
(column IV) also requires correction before the true standard
deviation can be evaluated. The correction consists of subtract-
ing & quantity equivalent to the square of the sum of the devia-
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tions (column III) divided by the number of variates. This
quantity is generally termed the correction factor.

The assumed mean method of computation is most advan-
tageous when the variates contain three or more digits and when
the mean is not a whole number.

Example 6. Variable-squared Method.—This method is
really only a particular example of the preceding one. In the
variable-squared method, the assumed mean is taken to be zéro
so that the variates themselves represent the deviationg from
this assumed mean, and the standard deviation is therefore
evaluated from the sum of the squares of the individual.variates.

g
"

TasLe 7 ) \
Series B, Square .\
Weight of of ¢
chicks, oz. variates
() RS
8 NV 64
15 AT 225
11 N 121
wwviilbnauli‘bl ary.or &m
9 81
R >}f 121
\\ 100
9 81
o) 14 196
RZs) 110 1,254

O\
\o§"Mean = 1104y = 11 oz.
2
8" True 8.8, = Zy? ~ _(E_?{)_

QO _ t10¢
1,254 — 0
= 44
g = V%4 = 221 (as ongmaﬂy calculated)

Procedure—~The mean is calculated by the ordinary method.
Each variate is then squared and the sum of these squares entered.
As the assumed mean is zero, the variates represent the deviations
from zero, and the correction factor is consequently the square
of the total of the variates divided by the number of observations.
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This variable-squared method is of benefit when the mean is
an inexact decimal and when the variates do not include more
than three digits. When the variates contain more digits than
this, their squares run to over six figures and are cumbersome
to work with; and then the assumed-mean method becomes
preferable.

Decimal Fractions.—When the unit of measurement neeces-
sitates the inclusion of decimal fractions in tabulating the data, ,
undesirable inaccuracies in the routine arithmetic may be
avoided if the variates are multiplied by the lowest power of (I8,
say 10", that will eliminate the decimal. When the statistical
caleulations are completed, it is easy to revert to theloriginal
units by dividing the calculated statistics by the/game power
of 10. It is possibly advisable to add the rider that.for statistics
representing squared values, €.g., the variance, the torrect divisor
will he 10, a\)

Short Methods of Computing Standa;-i{ ~irror.—The key to
most tests of significance is the standapd’ error or the standard
error of the mean difference. Iny evaluating either of these
statistics, it is generally advisablé to leave the simplification of
the preliminary statiStieyld BXpMHIoRs 18 "the end. Thus in
Example 3, there is no need %6 work out the individual values of
o for the two series; the stardard error of the difference between
means iz mosé easil<o\ca,l€ulated from the respective variances.

N

- /5‘?6:?' 44 _ .
Bp = NEX 10 1.04 (as originally caleulated)

'\
In certain‘types of statistical analysis, the standard errors of
the twg'meéans are identical. Under those conditions,

™

N ' Ep = +/2 X standard error (of either mean)
) orz assuming that the two samples have the same number of
variates, n,

2 % variance of either variable
7

ED=

In mé,ny problems, the total of the variates forms just as good
a measure of type as the mean. It is often simpler to test the
significance of a difference between totals instead of between
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means. This ean be easily effected as the formula for the stand-
ard error of the total of = variates is known to be o X /7.
The technique is an exaet parallel to that used for mean differ-
ences, and the final conclusion will be exactly the same, which-
ever method is adopted. In Example 3, the respective standard
errors of the two totals of Series A and B are

54 X 10 and {44 X 10 '
9 9 \

and the standard error of the difference between thﬁgé\two
totals is 2%

i : H10=104 N

A\
This 18 just 10 times the standard error of the'\difference between
means as caleulated in Example 3. Theé difference between
totals must also be exactly 10 times the dlﬁ‘erence between means,

so that the value of ED a8 calculated from the totals of each
o o

Yt ¥ i
N

gseries is exactly the same as fI‘:Q’IEii the means, and the ¢ test as
applied to the totals,will dheséfonedead gnthe same conclusions.
/BASIC FORMULAS*
Standard Deviation, /\\
a. By Direct M \Mod of Calculation.
8.5 = 2y — M)?

"\'

0y o,
O Variance = = gt
Qe n—1

Mjﬁiere 8.8. = sum of squares.
4 ¢ = standard deviation.
n — 1 = number of degrees of freedom,

b. By Assumed-mean Method of Calculation.
Let
Assumed mean = M,

M= M + z (y ; a)
* The X2 in Example 1,
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taking into account the sign + or — of Z(y — M)

AP O B
n
- RS
n—1

where M = mean.
M, = assumed mean.

C.F. = correction factor. ¢
c. By Variable-squared Method. : O\
. PR N
CF. = LEy_) . QO
n
_ [Zy - C.F. ,\ ’
R Vs SRV
./Sﬁ:ldﬂd Error. )

AN
Standard error of a mean of n observq,p@rx\s,

B % \]vanance :‘\‘[: 8.8.
T RN n(n — 1)
Standard error of a‘tfé'%ﬁq}fiﬁ:aéﬁ’é@f%‘ﬁﬁﬁﬁ}

E =« X..?\/;,.= +/variance X 1
A\
Standard Error of a{{iﬁérence.

a. General. O
Standard errqr of the difference between the means of two
samples A aa\cLB containing n, and n; observations, respectively,

E»\= m _ variance of A + variance of B

[ Na

~ When standard error of each sample is the same, .e., when
A= EB = E then

En=\/§XE=,’2Xm%I}-G—e

Standard error of the difference between the totals of two
gamples A and B,

'Ep = v/vaniance of A X n; -~ vari f B X ny
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b. Correlated Series—If y; and y, represent corresponding
variates in two correlated series, each containing n observations,

Mean difference, D = E(ll—n_—y"g

— - 2
Standard error of the mean difference, £, = .\/ E—(g”—lﬁ-(n—y_’T)@—
By variable-squared method of calculation, ~

\/ A e e S

7 2N\
2= nin ~ 1) g >

ol
N

Statistical Significance. K2,

¢

a@. When the number of degrees of freedom- Qdaes not exceed 30,
. . . ., D ) .
a significant result is one in which s }Q’as recorded in the
&

Table of ¢ for P = 0.05 and n = the total available number of
degrees of freedom of the observed data.
b. When the degrees of freedoniexceed 30, a significant result

is one in which % >‘”&W£§‘1q§ég?&b§ai?t%reg'inable of z for P = 0.05.
This test is approﬁmatelxéquivalent to aceepting, as significant,
values of Z exceedJKgftWO.

¢. Alternatively; ‘$he probability that any result is nonsignifi-
cant may be determined by locating on the appropriate table
the rea.ding,\o:f‘t" or of £ equivalent to the calculated value of %
and nw:)j:ilﬁs the corresponding value of P given at the head of the
table, v
~O
N The statistical analysis of a very wide range of experimental
data depends on the correct application of these fundamental
formulas. The elementary student of statisties should make
himself thoroughly familiar with their application to the simple
examples cited before proeceeding to the more advanced sections
of the book. Without this preliminary grasp of the general
principles, the student’s progress in applied statisties will be
“in shallows and in miseries.”



CHAPTER II
ANALYSIS OF VARIANCE

In the last chapter the calculations have been limited to the™\

estimation and compamon of statisties from not more than
two samples or series. It is seldom that research data are a8
simple as this. In a single problem, many distinet senes or
groups of similar variates may be included. In tHese more
complex examples, it is advisable to carry out a deta.lled statistical
analysis of the combined readings from all series in order to
obtain a single estimate of the standard deviation based on all
the available data. . . . NV

The total dispersion of the data from sd&h a composite sample
represents the combined effect of two dlstmct factors:

a. The variation Sdear}hﬁn Wl&tgq within each series
or, in other words, the unavaldable errors of random sampling,.

b. The variation shown. by the means of the different series
in which the data can be\correctly grouped.

If the contnbutc}y\ sources to the total dispersion are all
independent, the.sum of squares from the complete data will be
equal o the Agfregate of the sums of the squares from each
of these confibutory sources. The process by means of which

the total\@maﬂce in a composite sample 15 accurately apportioned.
amonghe cillerent Jackors known to be responsible for 1ts ) RTOSS
valueilas been termed the analysis of variance,
< I:J ple 7.—Analysis of Vanance in Its Simplest Form.
The total dispersion or sum of squares (Table 8) is 118. As
the sum of squares is estimated from 20 variates, it will have
19 degrees of freedom. This total sum of squares has now to
be split up into ity components, #z., the variation within series
and the variation between series, The first component has
already been calculated in Example 3. The total of all the
deviations squared for Series A is 54 and for Series B is 44, giving

an aggregate sum of squares within series of 54 + 44 or 98. . This
A '

2



32 TECHNIQUE IN AGRICULTURAIL RESEARCH

sum of squares has 9 degrees of freedom from each scries or a
total of 18 degrees of freedom.

TaBLE 8.—DaTs FroM ExamMrLe 8 For WEIGHT OF CHICKENS

. Weight of Genera.l Deeviation 8quare of
Beries . .
chicks, oz. mean from mean deviations
- +
y: | 9 2404, = 12 0z, 3 9

17 . 5 25

14 2| Gy
13 1 N\
15 31 W 8
10 2 ™ 4
11 1 1
13 \N 1
13 1 1
15 ) 3 g
B 8 AN g 16
15 Y 3 9
11 o\ ¢ 1 1
11 N 1 1
gww.g bragl:ilf;rary,m g.in 3 9
12 A\ 0 0
11 4 1 1
10 & 2 4
Q\" 3 9
14 2 1
Total........[ 1240 —21 421 118

\\¢J e e
Vo Nl 0

O . . .
The yariation between series depends on the dispersion shown
by tl.‘gé eans of the series relative to the general mean of the
) E@Iﬁ}plete data. The appropriate calculations are appended:

\ Deviation
. Mean of General Bquare of
Beries series mean from general deviations
mean
- +
4 13 12 1 1
B i1 1 i
Total........ 2
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The deviations in the latter calculation are not deviations of
single variates but of the means of 10 variates. To obtain a
value representing the aggregate dispersion of the 10 varnates
in each sample, it is necessary to multiply by 10 the square of
the deviations as ealeulated from the means. The sum of squares
between series is therefore 2 X 10 = 20. As only two deviations
were used in its determination, this sum of squares has only
1 degree of freedom. The complete analysis of variance can now
be drawn up. :

N
TABLE 9.—ANALYSIS OF VARIANCE K \J)
Varianpe)\is.,
Factor g.g, |Degressof 88 J
freedom gy .
degrees'of freedom
Total. ..o ieeeeeenee e us | 19 4%
Betwesn SETies................. T 1 F =100 20.0
Within series, i.e., error......... 98 [-a8\" 5.44

The within-series variance measurésthe unavoidable variation
between similar units 1 thdHERERET sropsifulation from which
the data have been collected,~afd the square root of this value
provides the best estimate{of the standard deviation. As it is
from the standard deviati“&l that the standard errors of the means

of series are caleulatédy the within-series variance is generally
\ termed the error vagiunce. Thus
AS

A lo=+/544
A ) 5.44
Standard\error of the mean of Series 4 or B = /75"

Stqm\ih,i‘d error of the difference between the means of A and B =
& 4 544 X 2 _
Q FEX
To be significant, the difference between the means must be
greater than £ X 1.04 = 2.101 X 1.04 = 2.185, where { is the
reading from the Table of ¢ (Table I in Appendix) for P = 0.06
and n = 18, i.¢., for the number of degrees of freedom of the error
variance. As the difference between the means of A and B is
only 13 — 11 or 2 ounces, it is not significant.
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The following points should be noted. The whole of the
available data have been used to provide an estimate of the
standard deviation, which can be validly applied to determine
the standard errors of the means of any of the component series.
As these series contain the same number of variates, their
standard errors are identical, and the standard error of the differ-
‘ence between the means is therefore 4/2 X the standard error
‘{of any one. Furthermore, the aggregate sum of squares and the
aggregate degrees of freedom must be exactly equal to the total
sum of squares and degrees of freedom, as independentlylevatu-
.1ated. This forms a useful method of checking the arithmetic.

The between-series variance is of ten termed the trealmest variance,

as it is the result of differences in treatment, eig}fer natural or

artificial, to which the groups of variates haye\been subjected.

When the treatments are complex, the tredtinént variance may

m turn have to be split up into s0 many edeiponent variances in

order to complete the analysis of the daté.

The short methods of computation’¢an be used with advantage
in the calculation of the various fagtors in the analysis of variance.
Using the same datgwthg&gahiﬁ}ﬁ%ag the total and the treat-
ment sums of squares by\the variable-squared method is
given in Table 10, and.thé assumed-mean method has been
adopted in the next exfmple.

The only point in the’caleulation of Table 10 thatmight require
further e]ucidation‘kls the division of the sum of the squares of the
treatment, totals:bjr 10. In Series A, there are 10 variatesbelong-
ing to a groQp having an average weight of 13 ounces. For the
series as~g{Whole, irrespective of the dispersion shown by the
individial’ readings within the group, the sum total of the
sqqa.i:és of the variates is 10 X 13%. This is equivalent to

ONOfTN\: T 1302 .
10X (1—6) = ﬁ = —%r, ag calculated. Similarly for Series B,

the required sum of the squares of the variates for the series as a
whole is

1102
2 —
1.0 X 112 = i
The division by 10 is therefore merely a correction for the fact
that the aggregate, and not the individual values, of 10 variates
has been used in' ealculating the squares. The process is a

parallel one to the multiplication by 10 when the means of the
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series are used in determining the deviations, as in the original
calculations,

TaBLE 10.—ANALYSIS OF VARIANCE BY THE YARIABLE-SQUARED MerHOD

Bquare of
socaoe | T | S| T | e
treatmenis T total
() ¢ {T) (72
A 9 81
17 289 O\
14 196 AN
y ) 13 169 e
15 225 N
10 100 K7,
11 121 W
13 169
13 169 O
15 225 &30\ v 16,900
B 8 64 \%
15 225
11 121 &0 T
n v w,dbrwfj afy.org.in
9 81
. 12 e 144
11 KRRV
10 . ¢\J 100
9 XN 81
4N 196 110 12,100
Total........ 240 2,998 240 29,000
£/
£ pATI
\:\ CF. = (Zy)
\'\ —— n
N\ = A0 5880
,..\\‘ = 20 -
) Total 8.8. = 2,098 — 2,880
000
Treatment 8.5, = 20, — 2,380 = 20

The division of the total variance to its two components—
thé within- and the between-series variances—exemplifies a
simple but very common form of the analysis of variance and one
that can be applied to a wide range of experimental observations.
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Basal data relating to such divergent subject matter as soil
moisture determinations, germination percentages, chemical
analyses, meteorological records, etc., will often lend themselves
to this particular technique. In the following example it has
been adopted az a test of the accuracy of the sampling method
used in the selection of material for chemical analyses from a
number of varieties of fodder grass. Duplicate samples were
taken from each grass, and the nitrogen percenfages were 2N
determined in the laboratory. Statistical evaluation was applied
to ensure that the variation within the duplicates was sadall
enough to show up any real differences between the grassbs in

regard to their nitrogen content. PAY
TasLE 12.—ANAu¥sIs oF VARIANCE 7/
Factor g |Reeresof| v iance
freedom
AN

TOEAl . oo oot 1,5819 11
Treatment............ovmunrineunenn. 14466877 5 293.3
Error. . ..o e, 115.0 6 19.2

db
As there are six va\;l‘gges, B&‘éll‘}g rv%'iﬁ beé 5“ degrees of freedom

for the treatments. The wmhm—vanety or error sum of squares

Procedure—To eh.m.ugaﬁe the decimals, the percentage figures
from the chemical an%f;yms have been treated as if multiplied by
100. Deviations and deviations squared from an assumed mean
of 110 have the}{"b‘een evaluated for each variate and for each
grass. "

Mesm =M, === 2y — Ma)

= 110—}-—*—1178

.‘ff‘ CF. = ﬁy—;—-—”g = 7363
) Total 8.8. = 2,318.0 ~ 736.3 = 1,58L.7

There are 12 readings in all or a total of 11 degrees of freedom.
' Between—vanety or treatment 8.8. = é—ﬂﬁ — 736.3 = 1,466.7

Iz calculating this component, the total deviation of the two
samples of each variety was squared; hence it is necessary,
before subiracting the correction factor, to divide the sum of
these squares by two.



38 TECHNIQUE IN AGRICULTURAL RESEARCH

is the third and firal component and must be equal to the differ-
ence between the total and the treatment sum of squares or
1,581.7 — 1,466.7 = 115.0, with 6 degrees of freedom. In the
last column of Table 11, this component bas been evaluated
independently.

THE F TEST FOR COMPARING COMPONENT VARIANCES

logical to assume that the dLﬁ’erence between the treatments
is of the same order as th the dlfferences between individusls of
the seme class. 'This is equwalent to stating that any dApparent

sampling, If, on the other ‘hand, the treatm\mt variance is
conmderably greater than the_ error vanance, ‘it follows that
normally found _grnong_u variates in thé\ sﬁme class, mdlcatmg
that there is some fundamental difiexence between the series.
When several different series or ire gﬁme_nts are included in the data,

the Table of t_and the errgr. J’%al—y g, not_palidly be used to
estimate szgmﬂcaﬁt_dzﬁez:emes_ﬁemgen_t_he treatment means_g___unless
the treatment varignee ts szgmﬁcantly greater than the error vari-
ance. This is most epsily determined by calculating the ratio
larger variance (\/

smaller variance” asalue generally denoted by the letter F. The

treatment varl.ancg_,mllmrmally he the larger one and the error
variance the smaller one. In any particular analysis, the larger
the calcu]ated va]ue of F, the more certain is it that the two

va,na,neés‘ concerned are_ s:ng_mﬁcanily _different, showing that

me}lts a8 typiﬁed by thelr regpectw_e INeAns. Tabies of F based

on its samplmg dlstrzbutlonJ are_available and record the theo-

retical values ol F for probablhtles of 0.05 and 0.01. As these

<

n; and ns of the two variances from whlch the caleulated value
of F has been determined, it is necessary, in referring to the table,
to ascerfain the reading of F corresponding to the appropriate
values of n; and ns, where n, represents the number of degrees
of freedom of the larger variance. 1In the Table of F, the values
of ny are tabulated along the top of the table and of n, down
the left-hand side. The reading required is the one in the column
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gorresponding to the number of degrees of freedom 7, of the larger
variance and on ihe line corresponding to the number of degrees
of freedom ne of the smaller variance. A calculated value of F
which exceeds the reading of F for P = 0.05 is significant, but !
if it fails to attain this level, apparent differences between
treatments must be regarded as nonsignificant and attributed
to errors of random sampling. Obviously, a caleulated value -
of F which exceeds the appropriate reading for P = 0.01 is highly
significant. A concrete example should enable the student to

grasp what this technique juvolves in practice. O\
For the data of Table 12, the required calculations would\be’
as follows: Y
9
Factor Variance Degrees of | Bjxgalculation, i.e.,
: freedom { Wi
,:',‘:V; where ¥V, > ¥a
_ _ e )

Treatment. ... .. ...oeene- 203.3 (V)| 86 15.28
Brror. . oot iceiansanan- 19.2 (V1) ):;6“(‘?11)

www,dbraql‘ii‘}rar .OTg.in

The Table of F (Appendix,Table VI) for ny =5, ns =6,
and P = 0.05 records a reading’of F = 4.39 and for P = 0.01 a
reading of 8.746. The caleulated value of F exceeds either
of these, so that the tﬁﬁ’e’rence between the treatments is not
only significant but is\also highly significant, as determined on a
probability consiclei‘ably less than 0.01. '

As the F tegf has given a positive result, the error variance
may now be @ised to compare the mean nitrogen percentages
of the vgﬁt&ué grasses!

Q =192

%’an&ard error of the mean percentage for each grass =
19.2

-5 = 3.10

Standard error of the difference between two such means =
102X 2 _
.\-j————z—— = 438

" It is advisable at this stage to Tevert to the true units of
measurement by dividing by the factor originally used to elimi--
nate the decimals from the statistical calculations. In this

AN
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example, the factor was 100 so that the standard error of the
difference between the mean nitrogen percentages of the various
grasses is 0.0438. The reading of £ for n = 6 and P = 0.05 is
2447, and differences between treatment means greater than
2.447 X 0.0438 = 0.107 are therefore significant.

This value has now to be used to assess the relative merits
of the six fodder grasses by comparing the varictal means in all
possible combinations, two at a time, in order to determine th
significant differences. When a number of different treatments
are concerned, this is most easily effected by tabulating)the
means in descending order and entering alongside ¢fich “the
amount of the difference from the previous value, thud;«

Fodder grass Mean nitrogen, Diﬁe?eﬁce from
A previous value
.'\\0

Pardgrags. ............. 1.450 '\ <
Elephant grass........... 1.285 ) 0.165
Guinea prass. . .......... 1,200 0.085
Ubgecane............... Lhais 0.085 "
Guatemala grass aww vi dbraulibda®pbrg.in 0.055 -
Coimbatore cane......... vy | 1.060 0.00

Any difference or eumiative difference greater than 0.107—the
critical difference ai'\‘al’ready calculated—proves a significant
increase over varieties lower down on the list. On this basis,
Pard grass is sighificantly better than any of the other grasses.
Elephant grassis better than the remaining four except guinea
. grass, Whieldin turn is significantly better than the Guatemala

grass ap&\the Coimbatore cane. There is no significant difference
betweart the last three varieties listed.
.. Buother very effective method of summarizing the results is to
Sexpress the treatment means as a percentage of any standard or
control treatment. Using guinea grass here as the control, the
~ results, again arranged in ascending order, might be expressed as
shown in Table 13, )
The standard error of each mean, as shown in the penultimate
column, has also been expressed as a percentage of the control.

. V19272

Its value is 1900 = 2.58 per cent. A difference between the

percentage values greater than 2.58 X 4/2 X 2.447 = 8.9 is sig-
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nificant. In most examples, especially when the number of
degrees of freedom of the error variance exceeds 10, the criti-
cal difference may be taken as equivalent to three times the '
standard error of the treatment mean, since the significant
difference i3 ¢ X /2 times the standard error and ¢ X /2 is
approximately three. It is now very easy to classify the treat-

TaBLE 13.—8umMMARY oF RESULTS

] Mean nitro—I Mean, % of . .

Fodder grass gen, % control Cla.ssxﬁcat’lgn
PArE grass. .. oveveenenennnss 1.450 | 121 +2.58 Very gcﬁ)d
Elephant grass . 1.285 107 + 2.58
Control—guinea grass. ....... 1.200 | 100 % 2.68 q:"d to aver-
UD& CADE. ..\ v veannnanenn 1.115 03 + 2584\ "E°
Guatemala grass............ 1.060 88 + 288 P
Coimbatore cane. .......... 1.060 88 42,58 oor

W

ments into those significantly better, equal to, or worse than the
control, as shown in the table. )

In some problems, there ML}?&H onvement standard treat-
ment, or the control may be so dlfferen from the rest of the treat-
ments as to be unsuitable 88 a basis of comparison. Some
authorities prefer to expngss the results as a percentage of the
general mean of all Rvanates, 23 shown below:

?ﬂnm 14 —8uvMmarY oF Rrsorrs

\ ¥ .
Foddergmsa Mean nitro- | Mean; % of Clasgification
PR gen, % general mean
O
Parh gralen e enennnenn 1.450 123 Very good
Elephatth grass. ......vovxoo 1.285 109 Good
Guméa. GTASS. .\ veevaaarnen- 1.200 102
\%beneml MR . cvnnnnnrrrs 1.178 100 Average

B OCAIE. .. usrancna e 1.115 95
Guatemals grags. ........v.- 1.060 90% Poor
Colmbatore cane. ... vvxn 1.080 90 :

The standard error of the general mean, which is computed
from all the variates, is less than the standard error of any
treatment mean, and it is advisable to take this into account
in comparing the various treatments with the general mean.

-
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From the analysis of variance table, the standard error of

1.92 .
the general mean is .‘/ngv: and remembering to revert to the

original units by dividing by 100, the critical difference for
comparing any treatment mean with the gencral mean is

v (19.2/2) +1(1197'82/12) X 2.447 X igg = 6.95, expressed as a

percentage of the general mean. The classification is much th
same 88 that obtained by comparing the treatments with ‘the
control, but the second method has made it possible to segrégate
the elephant grass into a class by itself, intermediate bet“ genthe
Pard grass and the average grade. N\

These alternative methods of elaborating sxgmﬁcant differences
have been discussed at some length, because experjmental reports
are full of examples in which a valid statisticalanilysis of the data
bas been effected, but the final summary,of’ the results leaves
much to be desired. The sole object of ‘statistical evaluation is
an accurate and intelligible appreciatien’of the information sup-
plied by the data. Evenin exper;mentq involving & large number
of treatment comparisaps, M&wﬂ;ﬁtﬁgﬁg}@h of conclysions should
‘offer no difficulty provided an“efficient technique is used for
grading the treatment means in accordance with the statistical
tests. K

o& 3
\\" THE = TEST

The F test is m}arely a recent version of the older and more
familiar z test'aginaugurated by Fisher. As there may be some
- readers whohave got accustomed to and prefer to use the older

form, it )s\admsable here to give a brief account of the z test and
to shoW Jow the Tables of F may be derived from the Tables of 2.
Flsh&r 8 2z i8 equivalent to half the difference between the
(Napierian or hyperbolic logarithms* of the variances it is desired

t6 compare, 7.6,
1 variance,
z2=xlog,{ ———
2 \variance,

where variance, is the greater, and the number of degrees of
freedom of the two variances are n, and ns, respectively.
z is normally distributed, and tables have been compiled to
show, for probabilities of 0.05 and 0.01, the theoretical value of 2
* Napierian logarithms are tabulated in the Appendix (Table V).
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for different Ievels of n, and na. A copy of the 5 per cent Table
of z is reproduced in the Appendix (Table IIT). The variances
are significantly different when the calculated value of z exceeds
the reading from the Table of z corresponding to the appropriate
values of 7, and ns.  In applying the z test to the data of Table 12,
the required calculations would be as foilows: '

D . * z by calculation, i.e.
Factor egrees of Variance lugf of difference betwee’n loés
{reedom variance %
~\ )
Treatments. .. .. 5 (n) 203.3 | 5.6812 18680
Error........... 6 (na} 19.2 2.9549 TEN

# Napierian logarithms are tabulated in the Appendix (Tahle VR N\Y

The reading from the Table of zforny = 5 andme = 6is 0.7394.
z by caleulation is much greater than this, &.that the difference
between the class means is definitely signiﬁcant, which is exactly
the conclusion previousty obtained by the use of the F test.

The Table of F was O‘P”g'i’[]iﬁ oqna piled in order to eliminate the
necessity of looking up the ;p{en‘aaflf‘ ofarithms, a somewhat

finicky operation. Now ™%

N\ variance

= W ___!
<\ 2 log. (vacriancez)

P\ F— (variancel)
D ~ \variance,

50 thatj}répresents the number whose Napierian logarithm is
equalte 2z. For instance, the reading of z in the above example
’Waié“b.7394; twice this value is 1.4788, 'This last number is the
Napierian logarithm of 4.388, which is the reading of F obtained
originally in applying the F test. The two tests therefore are
bound to give identical results. The F test is admittedly the
simpler one to apply. On the other hand, if the student is to
keep au fait with recent literature on agricultural research, it is
imporiant for him to be equally familiar with either method of
procedure, For this reason, in the succeeding examples the z test
has occasionally been used in preference to the F test.

and
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AFFINITY BETWEEN THE z AND ¢ TESTS

It has been demonstrated that the # and z tests are alternative
methods of determining whether the treatment groups of variates
differ significantly from one another. When only two treatments
are concerned, they must test whether there is a significant differ-
ence between the two treatment means. But the significance of

the d.lfference between two treatment means may also be deter-

D
mined by calcula.tlng t= z and comparing this value with the®

appropriate one from the Table of £ It follows that, with a
gingle pair of treatments, f and z (or F) are testing the same
quantity D, and, if statistical methods are to be geaarded as
efficient, they must glve exactly the same answér)' It will be
found that this is true in practice, so that, whaf }nly two treat-
ments are concerned, the application of bothNests is a work of
supererogation, as they are bound to lead o precisely the same
conclusion. In these circumstances, the\easier one to evaluate
from the data should be used. O

As an illustration of the truth of, these statements, it is pro-
posed to test the f ollommgtﬂma}'ltumqmm Table 9, by all three
methods (F, z, and §).

Factor < § Degrees of Variance Treatment

e freedom mean, 0F,
Between—series 4 andB. ... ... 1 20.0 Beries 4 = 13
Within-series A an}l B.o... ... 18 5.44 Series B = 11

—%—367&

H admg from Table of F = 4. 414

(P = 005, N = 1, N2 = 18)

{z _ 2.9957 — 1.6938 _ 0.6509.

2

Reading from 5 per cent z Table = 0.7424

13 — 11

= Voo 0
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The nearest reading from the Table of £ is 1.330 corresponding
to a probability of 0.2. By all three tests, the difference of
2 ounces between the mean treatment values is nonsignifieant.
Also, the excess of the readings of F and z over their respective
calculated values is of a degree that one would normally associate
with a probability between 0.1 and 0.2. It may safely be assumed
that the three tests are in complete agreement.

INTERACTIONS Q"

The division of the total variance to the treatment and errors,
components is the simplest form_ of the analysis of variance. The"/
experimental design has often to be made much more complexin
character so as to test gimultanecusly the effect of severglidistinet
treatment series_and their reaction on one another. (In such
comprehengive experiments it is necessary to Bplif’ilp, in the
correct proportions, the total {reatment varianoe among the
various components to which it ean be correctlgpallocated. This
detailed statistical analysis is an essentidh preliminary to an
accurate appreciation of the factors reapi:u,,néible for any apparent
differcnce between the treatments or @embinations of {reatments
under observation. Thtabiudinsekca@émployed introduce
no new principles; they represént merely an extension of the
procedure already described\Nn connection with simple data.
Thore is however, one te;m,li.nteraction——which possibly requires
a little explanation, “Its exact significance will be most capily
comprehended by diScussion of a concrete example. Consider
a field experimentdn which the yield data for two varieties of
wheat, 4 and B, bave been recorded for two seasons, I and I, the
firat season baing a wet one and the second a dry one. If both
varietieg ~I§ types that thrive under dry weather conditions,
highe;.fyields in the second season than in the first could be
e;:pqi:i\ed and the percentage increase in A would be approxi-
matély the same as in B. The relative diiference between the
varieties would be maintained, the best one in season I maintain-
ing its superiority in season IL. In other words, the response of
the two varieties to the change in climatic conditions would be
similar. On the other hand, if 4 is a type that does well in dry
weather, but B is one which is af its optimum in a humid environ-
ment, the chances are that the yield of 4 will rizse and the yield
of B will {all from the first to the second season. The relative
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yields of the two varieties will be considerably altered, and if the
difference in response to the change in season is sufficiently great,
the better yielder in the first season may even become the lower
yielder in the second. The increase in 4 will be more or less
compensated for by the decrease in B so that there will not be a
marked difference between the total yields for each season.
Under these circumstances, the varieties have reacted differently
to a change of climatic conditions, and in statistics, this difference
in response in one series of treatments to a change in a sce;;fd-
series is termed the inferaction, which in this example would be
defined as the interaction of season on variety. In such tases,
where one series of treatments is superimposed on a, seeond it is
necessary to take into consideration, not only the qtmlghtf orward
treatment comparisons, but also the way in w hic'h the combina-
tions of treatments react on one anather. Ji\the above example,
there are really 2 X 2 or 4 treatments, m@

Variety 4 in Seasén I
Variety A in Séasan 11
Variety B in8eason 1

wVafrthmBihm&emnnH

In a complete analysis of sueh data, the total variance between
the four treatments would have to be split up as follows:

o~
@, That portiou\a\ﬁeﬁbable to differences between varieties A
and B.

b. That portion’ascribable to differences between seasons I and
II. )

¢. That/portion aseribable to differences resulting from the
ré&pohse of each variety to the seasons.

The first two components are generally termed the maén effects
as‘they are evaluated from the average or total differences between
one series of treatments for all levels of the second series. The
third component represents the interaction; in this example, the
interaction of season on variety. The F or z tests when used
to compare the variety variance a with that for error will deter-
mine whether there is a significant difference between the two
varieties, as estimated from their mean yields for the two seasons’
records. The same test applied to the seasonal variance b will
show which season, I or II, has been the better for the wheat erop
in so far as the average response of only two varieties is capable
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of indicating this. Tinally, s significant interaction variance,
¢, as determined by the F test, proves that the varieties have
responded differently to the change in season and permits a
valid comparison of the mean varietal yields for each season.
From this comparison it should be possible to specify which is the
better variety t¢ sow in each type of season.

An interaction of this type is termed a first-order interaction;
it shows how changes in one factor X react to changes in a second
factor ¥ or vice versa. Where three distinet series of compari-
song are being tested, X, ¥, and Z, there will be first-order intef-),
actions of X on ¥, X on Z, and ¥ on Z and also a second-grder
interaction showing how X behaves under various combma.tlons
of ¥ and Z, how Y responds to changes of X and Zsox how Z
responds to changes of X and ¥. The calculation. a:ﬂd utlhty of *
interaction variances are exemplified in the succesding examples.

Example 8.—In a feeding experiment W?h tropical dairy
cattle, 40 cows known to be of approximately the same yield
potentiality were divided into eight g:rou.ps of five and one ration
allocated to each group. - The experunent was planned on the
faci!omai! gystem, a term}vdeno& rgl&lge ﬁ‘[?n J.g 1vghmh two or more
serics of treatments or factors are ine 1 all possible com-
binations. In this expenment Jour types of roughage were being
tested in conjunction w h “two rates of concentrate ration,
necessitating, on a 4 X(2 factorial arrangement, eight distinct
treatment combmatl\} These are detailed along with the
results in Table L3N,

The error suthiof squares measures the dispersion of the yield
data within ‘the different groups of five animals fed on one
partlculal\{ahon The elght individual rations are complex in
nature m\lltmg from the comparison, in & single experiment, of
four i;ypes of roughage and two quantities of concentrate (0 and
Y\ “The sum of squares for rations should therefore be resolved
into its components, viz., that owing to differences in the

b. Concentrate ration
¢. Interaction of concentrate with roughage.

g0? + 1102 - 1152 4 165% 4802
" 8.8, roughage = 10 a0

= 305 with 3 degrees of freedom

a. Roughage ration }maan effects.
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. _ 2422 + 238? 4802
5.8. concentrate = 50 ~

= (.4 with 1 degree of freedom

The interaction of roughage and concentrate accounts for the
balance of the ration sum of squares and degrees of frecdom.

8.8. interaction = 342.8 — (305 4 0.4) = 374 with 7— (3+1)

(concentrate X roughage) or 3 degreos of freedom
A N\
TaBLE 15.—MEaN YiELD OF M1tk v PiNTs por Dav ren ANIMAL
2 N\ 2%
Ration £\
Reference (‘:f‘g] coume
no. of animal Straw Hay Herbago/h® 98
. L 4 gilape
in group 2\
A* | Bt | A* | B% A{Q Bt | A* | Bt
1 81 8| 12 10,82 | 11| 1e] 17
2 10 | 9 13 12\N 710 9 17 19
3 11 8 11 AL 13 i1 13 17
4 10
5

10 4 31 | 12 i1 14 16
wwiww glbrau le'y.ergmn 12 17 21

46 44 g0 50 61 54 75 90
St S —— S Nt
% 110 115 165

X

P
* With concentrates. \\ -
+ Withent concentratis. .

‘With cancer}gt‘é,tés 2492
Without c(\mcentrates 238

Totu{szs. =824 1024 . . - 162 4 212 — 4807
"\

}grand total 480

. 40

) = 424 with 39 degrees of freedom
4 " N >3 e 2 2 . ) ] 2
~Ration 8.5, = 2+ 44* + 60° Do 7500 480

= 342.8 with 7 degrees of freedom

Error 8.8, = 424 — 3428
= 81.2 with 32 degrees of freedom

The F test is used to compare each of the component variances
with the error variance to ascertain whether any of the treatments
has had a significant effect on the results. As the variance of the
concentrates is actually less than that of error, this factor is
obviously nonsignificant and the caleulation of this F would be &
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work of supererogation. The caleulated values of F for the other
two factors—roughage and interaction—are greater than the
corresponding theoretical values at the 1 per cent point, and the
differcnees are therefore highly significant. This makes it valid
1o use the f tegt to compare {a) the milk yields obtained from the

TABLE 16.—ANALTSIS OF VARIANCEH

Degrees F (by | Table read-
Factor 8.8. | of free- | Variance | ecaleula- ing of ¥
dom tion) (P = 0.01)‘\
¢\
NS
Total.............. 424.0 39 L >
Roughage.......... 305.0 3 101.7 40.68 | 4.8Iapprox.
Cloncontrate .. ... .. 0.4 1 0.4 KD
Interaction: Coneen- .m'\\
trate ¥ roughage..| 37.4| 3 12.5 500V 4.51 approx.
Error.... ... 8i.2 32 2.5 | 0

different types of roughage and (b) the prijgortionate yields from
these fodders with and without conceqti'ates. For the evaluation
of the roughage, the comparable yields are the totals obtained
from the 10 cows fed oﬁ“’éﬁ‘,ﬁlﬂ"&gﬁﬁﬁﬂﬂéﬁﬂ@!‘%-mespecﬁve of the
concentrate ration used. These' totals are as follows:

PAN : Pints
Straw.......%& N e 90
Hay.......:,\ ........................... 110
Herbage (2,7 v v 115
Silagt—;\t,.j ................................ 165

A diﬂ'erg)\s@é\'ﬁetween any two of these totals greater than
R\ /25X 10 X 2 X 2 = 14.14 pints is significant.

Stfaa\;v is the poorest and silage very markedly the best roughage
“oi/the four. This is generally true whether or not concentrates
are used in addition to the eoarse fodder.

The nonsignificant variance for quantity of concentrate leads
to the rather unexpected conclusion that the addition of con-
centrate to the ration has not, on the average, resulted in an
increase in milk yield. The significant interaction permits the
use of the error varianee to compare the following treatment
totals from which the interaction sum of squares was estimated:

Q"
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|

Treatment fastor Straw Hay | Herbage Silage
- —
With concentrates................. 4G | 60 | el 75
Without concentrates............. . 44 1 al 54 90

Differences between these totals greater than

V25X 5X2 X 2= 10uare significant,

It would appear that the addition of concentrates improves the
value of the hay and herbage relative to struw: withoub, con-
centrates these two fodders just fail to give a significantly higher
yield than that obtained from straw. The legume silagey with or -
without concentrates, is better than any of the éiHer rations.
Furthermore, with the silage the concentrates edually depress
the milk yield, presumably on account of g4Mation too rich in
protein. This fact also explains why in the\analysis of variance
the effect of concentrates is apparently Qiﬁ "With the first three
forms of roughage, concentrates tend ¥oyherease yiclds, but with
the silage, they depress the yieldsj hence, in considering the
average effect of concentrates for.&ll Tour fodders, the variance is
nonsignificant. www.d brauliﬁbj'gry.org.in

This example effectively illistrates the advantage of examining
two or more factors in & single experiment and resolving the
analysis of variance intd its ultimate components. In this feed-
ing trial, the inclusion'ef both roughage and concentrate has made
it possible to asc€Ptain which is the best fodder and also to show
for each one the’ exact economy of adding concentrates to the
ration. N

\DIRECT CALCULATION OF AN INTERACTION

Whefn\mﬂy two values representing the same number of variates
‘ares¢oncerned in the determination of any particular component
{of the analysis of varisuce, the sum of squares for this factor can
be most easily calculated directly from the difference between
these values. If T, represents the total of all the # variates in
the first series and 7' the corresponding total for the 7 variates in
the second series, then by the variable-squared method,

Requlred 88 = m — w
n 2n
o (Ta — Ts)?
T
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Thus in the last example, .
8.8, for concentrates = &2;—6@ = 0.4

This method can be applied to components of the analysis of
variance in which more than two factors are concerned, provided
the totals from an equal number of variates are taken in pairs in
all combinations, the differences between each pair squared,
these squares summed, and then the sum divided by the total{
number of variates in the dats, Thus
8.8. roughage =

N\
2\ A
'\

90 — 110)7 4 (90 — 115)7 4 (90 — 185)2 + {110 -~ 1153 + (119 — 168 4- {118 — 188 2 -
10 ~

T
305 {as m;:xiu;.liy éaloulated}
L 4

In cxamples of this type where a relatively lgr};e number of
differences have to be calculated from an evenatmber of totals,
it is simpler to assess the sum of squared/from the differences
between all eombinations of these totals;}wo at & time. Thus
8.8. roughage = )

®d

19641100 — (115-+165H12+[( ) AR 2410011 88) — (1104115}
405

=305

This arithmetical techﬁiq{lé can be further extended to cal-
culate the interactionsum of squares between roughage and
concentrates. The\‘bo'tals which determine the value of the
interaction are tabulated below:

W
Treé?l;zﬁcnt factor Straw Hay | Herbage| Silage
N\
With ofiebntrates ... 0eeeee. 16 60 61 75
Withdut conegentrates. .. ...... ..., 44 50 54 90
oo (Difference. .....o.oovviiiirenes + 2 +10 +7 —1b

N |
The interaction really tests whether the addition of the con-
centrates to the ration has or has not had approximately the same
effect in each of the four fodders. If there is no interaction
effect, the diffcrence between straw with and without concentrates
will be exactly the same as that between hay with and without
concentrates, Comparing these data, the addition of concentrats
has changed the yield from
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@. the straw ration by 46 — 44 = +-2 units.
b. the hay ration by 60 — 50 = 10 units.

The effect of the concentrate has been muech more marked in the
case of the hay ration; in other words there is a differential
response or interaction when the influence of eoncentrates on the
hay and straw rations is compared. The magnitude of this
interaction or difference in response is proportional to 2 — 10 or
—8 units. Similarly, by taking the fodders in all the othérs
possible combinations, two at a time—straw and herbage, st{aw
and silage, hay and herbage, ete.—any difference in respdnse’to
concentrate can be measured., The sum of the squates ‘of these
values divided by 40 will be the interaction UL {of} squares.
Thus, 8.8. interaetion = (¥

(42 =10)24 @ —7)* 42— —16)2 (10 —7)?+ (10 = —’15’)==+<7~ —15)2
40

= 374 ‘&ts originally caleulated)

The alternative method of calculatw‘n in which differences are
assessed from the required totals taken in all possible pairs is also
applicable.

www,dbraulybLary.OL g.in
8.8, interaction =

{[(46 - 60) — (44 + 50— {(m + 75) — (54 + 90)]}?

+ {{(46 + 61) — (44 +84)] — [(60 + 75) — (50 -+ 90)]}2} + 40
+ {[(46 - 75) — (44.5-90)] — [(60 + 61) — (50 + 54)]}*

N 207 + 142 - 302

‘.\'.“"—" BT 374

ANA}.YSIS OF DATA DIVIDED INTO SUBUNITS

In wn}e experiments, it is advantageous to split up each variate
into semany subunits in accordance with a second series of treat-
men\ts——Serles B—representing subsidiary components of each

“of the variates of Series A. The statistical technique has got to
be modified if an accurate appreciation of the effect of all the
different treatment factors and of their reaction on one another
i3 to be obtained.

Example 9.—As a test of the influence of the erop on the insect
population of the soil, three soil types representing fallow, pasture,
and orchard land were examined. Five soil samples were selected
at random from each, taken $o the laboratory, and a census of the
insect population made (Berwick’s data).
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TapLe 17.~—InsEcT PoronaTion v Som

Saruple no.
Soil Insect order Total
112{3|415
Fallow |Coseidae,.............. ..., 11 20 1f U 1 &
Ants. ..o e 11 21 1| of 21 6
Thysanoptera...............| 2| 3 & 13y 1 7
Other insects, unclassified....| 4] 8| 1| 2 1] 11
P 810 3 4 5| 80 (fallow),
R
Pasture | Cocoidac, ... ... .oeenen .. 1| o 1 o 1| 5. O
Ants. ..o i e 4 3 T 430 48\
Thysanoptera............... 17 54| 25 27} 37)/160
Unelassified. ............ ... 20| 13| 15| 23 3% 110
Total. .o 42| 78 48| 6ajte7] 323 (pasture)
Orehard | Coceidae, . .. ..........ooue. 16| 23, 8 27] 132
ARtS. ..o, 56/\06 28] 16] 8 124
Thysanopterf, . oovevenenn.. 2N\d 2| 5 4N i7
Tnelagsified. ... ... qoM™0 1) 11] 12 44
Total. ....cooiiinnnans L84 53| 64| 65] £1) 817 (archard)
. ATATAYY d]?]_‘if]l"l ibrary.org.in
Insectiorder total
Coccidae. ... ... .z O\ e 143
Ants......... .i-i“- A I 178
Thysanopters. . ..covoeevnnn. I 184
Unclassifigdd. ..o oovovooeernreenaaines 165
Grapd®otal. .. .....coooiiiiii 670

In the golpi})ilation of these data, & count was first made of the
total Qﬁber of inseccts in each of the 15 soil samples. The 15
valyes,dbtained in this way were then each split into 4 by classify-
Jllg‘the insects observed under 4 insect orders. This subdiviston
\géve a total of 60 subunits or final variates for statistical analysis.
1t should be obvious, however, that as originally only 15 soil
samples were taken, the maximum number of degrees of ireedom
for the comparison of the effect of soil type on the insect popula-
tion considered as a whole eannot exceed 14. The division of the
original whole units to subunits in accordance with the fally for
each insect order represented does not inerease the number t::f
replicates available for the original whole-unit treatment compati-
sons. Two estimates of the error variance have therefore to be
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calculated. The first applies to the whole-unit treatment factors,
and is based on the dispersion shown by the original or whole
units. The second applies to the final treatment classes to which
the original variates have been subdivided and represents the
dispersion of the subunits after due allowance has been made for
all the measurable factors affecting the data. In the complete
analysis of variance, the total sum of squares for the 60 final vari-
ates has therefore to be apportioned to the following componengts;

Soil-type 8.8. "\

¢\

8.8, within similar sampleg; ey the
error 5.8, for the w hole-unlt treat—
ment comparisons ~f

Insect order 8.8 o\

Interaction: Insect order X soil type ’

Error 8.8, for the subunit treatment eom;@;rjsons

Whole-unit 8.8. comprising

In caleulating these components, the%ii'iable-squared method
has been used, and the respective (Suls of squares have been
expressed in subunit values throughout

www.d l.b]“al y.org.in
C.F. = E?jji = 7,481.7

Total 8.5. = 5.5. of 60, mbumt values — C.F.
= 12+ 2'—-1— 1+ - 102 + 12 + 112 - 122 — C.F.
=11 07 Wlth 59 degrees of freedom

Whole-unity, SS—-There were originally 15 soil samples or
whole umi;S\ “The required sum of squares is & measurc of the
total dl%oérsxon shown by these 15 values,

Whplg}-umt 8.8 =
A8 102 432 447 + - . . 53? + 642 + 657 + 51°
= 3,672.8 with 14 degrees of freedom

- CT.

The division of the sum of the squared values by four is neces-
sary, as we are working in subunit values throughout and each of
the whole units represents the total of four subunits.

This whole-unit sum of squares represents the combined effect
on the inseot population of differences between the soil types and
the unavoidable differences in the samples from the same soil.
These two components have next to be caleulated.
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Seir 8.8, =30+ 32362 317" oF

= 2,804.2 with 2 degrees of freedom

Within-soil or Error (a) 8.8.—This accounts for the balance of
the whole-unit sum of squares and number of degrees of freedom,
equivalent to 3,672.8 — 2,804.2 = 868.8 with 14 — 2 or 12
degrees of freedom It can also be calculated directly if the
variation in the five replicates from each soil type is assessed<
independently, thus

O\
Within-soil or error (a) 8.8. = P\
(82 4102 + 32 4 42 + 52 302) ”,}‘ \,
Z 26/t o\
(422 47284 - 107 3232) O
1 IS N
(842 4 5894~ - . 512 817
\’4 T 20
= 868.6"

1432 4 1782 +’1842 —+ 1652 —CF
W dl:[ra:lﬂlbl ary.org.in -
“2465.9 with 3 degrees of freedom.

Inferaction: Insect Order X Soil Type.—This is equivalent to
the aggregate treatu%;b.éum of squares less thesum of squares for
solls and inseet orders as already caleulated. The aggregate
treatment sum of squares is calculated from the values shown by
each insect orﬂer 1n each soil type.

Aggregate ~trea,tmcnt 8.8.
N 62—1—62+7*+-——1242+172+443 .
R\ 5 - CF.
o — 7,574.5 with 11 degrees of freedom

\intcracmon S.8. = 7,574.5 — (65.9 + 2,804.2)
= 47044 with 11— (2-+3) or 6
degrees of freedom

Error (b) 8.8. = total 8.8. — aggregate of $.8. of .
component factors
= 1,1070.3 — (3,672.8 + 65.9 + 4,704.4)
= 26242 with59 — (14 -3 + 6) =
36 degrees of freedom

Insect order 8.8. =
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In subtraciing the component sums of squares, it should be noted
that the whole-unit sum of squares includes the aoil and error
(@) factors; therefore these two values do not appear in this
caleulation.

TapLp 18.—ANATYHIE OF VARIANCH

Degrees log. of z (by
Factor 8.8, of free- | Variance | variance® | galous
dom i0 lation )
N
Total...oovrmrrennn 11,070.3 | 59 : AN\
Whole-unit®......... 3,672.81 14 g 4
Sotl. ..o 2,804.2 2 1,402.1 | 4.948T% 1 4817
Bryrgr (@), ........ 868.6 iz 72.4 | L. 9796E )
Insecet order......... "65.9| B 22.0 ,~~\
Interaction: Imsect i
order X soil...... 4,704 4 6 784 D[ 4.3619
Error (). .. vvenn 2,624.2 | 36 .53:\9 1.9865} 1.1877

#* Ag 2 is basad on the difference between the log&mthmm valuee, it simplifies the tabulation
of the logarithms if the variances are all divided er multaplled by the power of 10, which will
fix the decimsal point of the smallest variance offelplace to the right. Thus, in this example

the logarithms guoted are for t@ws&mIﬂﬁdalp&l&cgul ﬁrtmg the smallest variance,

error (2), to 7.24,

NS

Differences between the soﬂs in regard to the insect population
as a whole, are testei(i‘by the error (@) variance; and the other
freatment comparisens, which are a result of the divigion to
subuniis, by errp:% The reading of z at the 5 per cent point
for the soil angl gtror (@) comparison is 0.6786. 'This compares
with a calcx{la,ted value of z of 1.4817, and there is, therefore, a
very deﬁmte significance in the insect populatlon of the three
soils. AN
The eompara.ble totals are:

Nt
<‘; *  TFallow...,. e e e 30
Pasture. ... .ot e 323
Orchard. ... ... i e e 317

A difference between these totals greater than
V724 X 20 X 2 X 2.179 = 117.1 is significant.

The fallow soil has therefore a very much smaller msect popula-
tion than the other two types,
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Proceeding now to the other treatment comparisons, the
insect-order variance is less than that of error (b) and obviously
nonsignificant. The calculated value of z for the interaction is
1.1877 which compares with a theoretical value at the 5 per cent
point of approximately 0.44. This proves that the interaction is
significant and the £ test may be used to compare the treatment
totals from which the interaction variance was calculated. The
required totals are for each insect order in each soil type. . 2\

N\

Soil ¢\
Insect order \’\
Fallow | Pasture | Orchard
Coceidae. . ..o [ R "6 132
ADES. .ottt %) 48 124
Thysanoptera......... ..o on, \} 160 17
Unclassified . ......vveeeeeereesrareeneen, AV 11 110 44

4
£ §

N 0\

Esch of these values represelxtst the total of five subunits so
that the standard error of thé difference between any pair is
VTZH X5 X 2 = 27.0,, TRt mumber-of dggrees of freedom of
the error (b) variance is 36, and the value of £ for a probability of
0.05 is approximately.2.™ A difference greater than 2 X 27.0 or
54 is significant. I summarizing the results from such an inter-
action table, it isbest to consider the individual rows or individual
columns of va\ltﬁ in turn. From the columns, it is obvious that
there ig no,difféerence in the numbers of each order in the fallow
land, but'thére is a predominance of Thysanoptera and unclassi-
fied inSeets in the pasture land and of Coccidae and ants in the
or¢hard soils. Comparison of values in the individual rows leads
to\the same conclusion,

>3 "To the novice, this type of statistical analysis may appear
¢\ somewhat complicated. It is, however, merely a logical exten-
sion of the technique that would have been used had no subdivi-

sion to insect orders been possible, For example, if we ignore this
subdivision, the analysis becomes the simple one in which the

total sum of squares of 15 variates is split up between the treat-

ment and error components, as follows: "
7!
Total 8.8, = 82 + 10° + 3t + - « - e»«v4-.~:n.=.=+51-—"1_ls
= 14,601.2 with 14 degrees of freedom
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Treatment 8.5. = 30% + 3222 + 8172 _ 61722

= 11,216.8 with 2 degrees of freedom

Error 8.8. = 14,601.2 — 11,216.8
= 3,474.4 with 12 degrees of freedom

The sums of squares and the corresponding variances are
exactly four times those quoted in the original analysis of variance
for the whole-unit, soil, and error (@) components, respectivelyy
The reason for this is that the values quoted above are exprésséd
in whole units, while those in Table 18 are in subunits, cach
equivalent to one-quarter of a whole unit. The z-and ¢ tests
applied to either table would give the same result./

For example, using the second analysis, & signiﬁ@%int difference
between the totals for each soil would beNplie greater than

N
3,417;.4 %5 X 2 X 2179 = 117.1 (?sj\aginauy caleulated).

Thus the evaluation of the error (a) ¥ariance is an exact parallel
of the simple analysis ecited aboveéiwith the various components
quoted in smaller unitssww dbraglibrary org.in

A COMPLEX EXPERIMENT

Table 19 records th,a’dhily increment in diameter of two genera
of thread blight M#tasmius and Corticium of which three isola-
tions of the forméMand two of the latter are under observation.*
8ix plates of»xéach isolation were prepared and daily growth
measurempn’té"were taken over a 3-day period. It is desired to
use these'data to compare the growth rates of the two genera over
the cjiﬂ:‘e}ent days and asceriain also whether the various isolations
alje\'diferent fungi or mercly separate cultures of one and the

(samie fungus.

Tt will be seen that, in this experiment, the final freatment
units are 15 in number as represented by the totals of each scries
of six plates recorded at the bottom of each column in the first
half of Table 19. Therefore, the treatments account for 14
degrees of freedom. As there are 90 observations in all, the total
sum of squares has 89 degrees of freedom and there are 89 — 14
or 75 degrees of freedom available for the estimate of error.
More directly, with 15 treatments and six replicates of each, the

* Trop. Agr., 11: 62.
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TasLE 19.—DatLy INCREMENTS oF THREAD BLigETs Iy Habr-unimeres
Unrrs
Marasmius Corticium
isolations ivolations
FPlate M My M, [+ (49
N\
Ist | 2d | 3d | 1st | 2d | 34 (et | 2d | 3d [ st | 2d | 3d | 10t | 24 8q
day | day | day | day | day | day | day | day day |day [day |day [day |d day
2N
7S\
1 131 0115118\ 117 9117 |21 (14§30 |27 | 28|24 | 26 | 25
2 13 £ 14 | 11 110 | 10 | 10 [ 20 | 20 | 21 [ 26 | 27 1795 26 | 80 | 28
3 161 7118118 ) 9|11 | 26| 182025 | 2537 {19 [ 28 | 24
4 16115 | 14 | 10| 16 | 11| 20 [ 16 | 15 | 30 g\ 35 |23 |28 | 24
5 12117110 5| & 6|18 1820 (26128 26|23 )31 |26
6 1215712 |12 711 )11 |24 | 20| 20 N2=YV23 |26 | 26 | 28 | 22
Treatment p >
totals. ... 8L |77 | 75 [ 63 | 65 | 58 [125 [111 [{10){i66 (146 (182 |140 |167 |4y
R
R )
Dajly totala Isolation totals
Day wwwHbraulibr !r%hor gin
Mamamp§4 Corticium both genera Margsmiusl Corticium
305 574 My = 233 | Cy = 478
33 566 My = 188 | (4 = 454
309 552 Mi = 346
Ve 785 927 1,692 705 827
NS

deggee

of freedom,

.'\n
with%ﬁeﬁes or error sum of squares will have 15(6 — 1) or 75

The basic analysis is therefore:

- (Eotal 88 = 13 4 97 4157 + - - - 267 + 28 4 290 — L2

\ 3

Treatment S.8.

_B1: 4 7724 75 4 - - - 1407 + 167* + 147°

6

Error 8.8. = 4,364.4 — 3,790.7 = 573.7

The next step is to split up the treatment sum of squares into
its correct components. In assessing these, 1t 1s necessary to

1,692
0
= 43644
1,602t
o5 = 37907
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take into account the fact that the 3-day period is common to all
the 15 series and that there may be an interaction between the

. time factor and the different isolations or genera. The isolations
for each genus are entirely independent of one another; conse-
quently there can be no interaction between genus and isolation.
The allocation of the 14 degrees of freedom available for treat-
ment will be as follows:

CLOIITIS . © o e e oe v e oo 1
DAYS. ..o oeeae e 2 ,O\
Isolation: Marasmius. .. .. ... ccovvnvnanvnee 257
Corticium. .. ...oooovvvvoai v, ~\ 1
Interactions: Day X genus...............¢ A 2

AP

Day X isclations in Marasmins”. 4

Day X isolations in Cortioiim. . 2

Total..........cvoiennnns c\\ ....... 14

R4S

In calculating the respective sums\bf squares, the variable-
squared method has been used througbout. A slight complica-
tion 1s introduced in these cg,lcuiéitions by reason of the different
number of observations 11 486 N8 $¥Batment totals. In
evaluating certain sums of squares, this complication makes it
necessary to divide, in tjtn, the square of each treatment total by
the number of varia{'e{sit represents, then to sum the resultant

values, and to subtract the correction factor.

Factor\&/ 8.8

D" _765% , 927*  1,6927 _
Genus '§“\ ‘ =1 + 36 " 90 = 2,808.1

o\ _ B74% 4 5662 4 552 1,602%

Ba N B 30 90 83
L e 2.
\Marasmius isolation = 233* + 1867 + 346 _ 765% 751.4
18 Ad
& 2 a

Corticium iselation = 473 -1;454 - 9:; = 10.1

Interaction: Doy X Genus—In this caleulation, the aggregate
trestment effect for these two factors has got to be assessed from
the totals of each genus on each day. The interaction 1s this
aggregate sum of squares less the components already calculated
for the day and the genus factors independently.
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Aggregate day X genus 8.8. =
2697 1 253° 4 243° | 305° 4 313® 4- 309 1,692t
I8 T 12 T
= 2,920
Interaction = 2,920 — (8.8. genus + §.8. day)
= 2,920 — (2,898.1 + 8.3) = 13.6
Inieraction: Day X Marasmius Isolation.

Aggregate 8.8, (Day X Marasmius isolation totals) = O
817 4 ¥7* + 75% 4 632 - 657 4 582 4 1252 - 1112 4- 1102 ?;6_52
6 PR
_ 782
2692 -+ 2532 + 2432765

Day—for Marasmius alone =

18 R B

Marasmius isolation = 751.4 (as alreadyéalculated)
Interaction = 782.3 — (75&4 ¥ 19.1) = 11.8

Interaction: Day X Cortictum Isolation, \

1652 4+ 1462 + 1622'%—, 1402 4 1672 + 147’2 0927:
o - 36
= 1103 N
. dbrgﬁﬁbl*{arglﬁ"g-qn 309  g27°
) 12 36
Corticium isolation = 10.1 (as already calculated)
Intel{%cf}lon = 1103 — (2.8 4 10.1) = 974

TaBkn 20.—ANALYSIE OF VARIANCE

Aggregate B.8. =

Day—for Corticium alone

= 2.8

) Degrees :
.'\Eahtor 8.8, of free- | Varianece
\V dom
-
TotaliN .......... S 4,364.4 89
: Tregbment
‘"\Genus e .|2,808.1 1 2,808,1*
\ Day......................... 8.3 2 4.1
Marasmius isolation. .. ........ 751.4 2 375.7%
Corticlum isolation. . ... ... . ... 10.1 1 10.1
Interactions: '
Day X Genus....oooveonn .. 13.6 2 6.8
Day X Marasmius isolation. . 11.8 4. 2.9
Day X Corticium isolation...| 97.4 2 48.7*
3,790.7 14
Error... ... ... i 573.7 75 7.6

* Varlances which are significantly greater than the error variance as tested by the F' test.
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Summary of Results.—The rate of growth of Corticium is
distinctly greater than that of Marasmius, the corresponding .
mean values being 10.6 and 7.1 millimeters, respectively.

The low variance for the time factor indicates that on the
average the growth rate remained constant over the 3-day
period.

There is a marked difference in the growth rate of the three
Marasmius isolations, the mean values being

Mz = 6,47 mm. A
My = 5.17 mm. 8 N
M; = 9.17 mm. « M
The standard error of the difference between these nfea:;is
~
_ \j? 6 X2, )
18 N
= 0.46 mm. O

R4S
As the error variance is based on 75 degrees of freedom, a differ-
ence greater than two times the stahdard error of the difference,
1.6, 2 X 0.46 = 0.92 rmlhm significant. Thus all three
1solat10ns must be regarded as'aﬂ%eren Fuﬁgl

As the interaction Cortlclum isolation X day is significant, it

18 necessary to compare, the daily totals of the €'y and 5 isolations.
These totals are: \\

T \ 3 _ Ist day | 2d day | 3d day
Isolation (h;zl{-:mm )
Cy.... Q .......................... 165 146 162
Co NN 140 167 147
"\

\g difference between these values greater than
2 X 4/7.6 X 6 X 2or 19.1 half-millimeters is significant.

For the 3-day period, there is no difference in the rate of growth of
isolation C; but C's shows a definite increase in inerement on the
second day. ¥urthermore, C; has grown more slowly than Cs
on the first day but more rapidly on the second day. The
significant differences are only just significant at the 5 per cent
point, and further experimentation would be required before it
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could be safely stated that these differences are typical of the two
isolations.

Further claboration here of the analysis of variance technique
is unnccessary, as many additional examples will be found in
Chaps. VII and VIII on field experiments. These effectively
illustrate the method as applied to rather more complex data.

EXPERIMENTAL PRECISION ~

The quantity of information that may be derived from ‘any

cxperiment is inversely proportional to its error variance hed)it is
o

error” variance
Thus, if two comparable experiments yield errof ¥driances of 10
and 30, respectively, the information accruing‘froiu the former is
theoretically three times as much as fromthe latter, the equiv-
alent invariances being 1{g and 14,. 'Aﬁéasy method of deter-
mining the relative precision of two-éxperiments 4 and B is to

. error variance ofB ) ]
calculate the ratio —— + This ratio measures the
error variange of A .

proportional to its ¢nvariance, a term used for

degree of precision of 4 Jﬁiﬁﬁé‘f&‘i&%r In the numerical example
quoted above the relative precision woglﬁ 3 9%0 or 3:1, showing
that the first experiment is three times as precise as the second.

Tests of signiﬁcz%n?e depend on the estimation of the appro-
) .
priate standard }x\rors, obtained by calculating W' For any

particular c}qie}iment, the magnitude of the standard exror of any
treatment hean varies inversely with the square root of the
n éryof variates from which that mean has been evaluated.
Todhalve the significant difference or double the experimental
’p;’rf;!’cision would theoretically entail the multiplication of the

{slumber of replicates in each treatment by four. More generally,

' if it is desired to reduce the significant difference in a given

experiment to L of its former value, the numher of replicates

2 - ' .
would have to be increased g—g- times. On this basis, to effect 2

reduetion in the significant difference from 15 to 10 per cent of
the mean would necessitate the multiplication of the number of

2 : . .
replicates by % or 2.25. In practice this test tends to exaggerate
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the number of replicates required for any stipulated inercase in
precision, as any addition to the number of replicates increases |
the number of degrees of freedom of the error variance, which in
turn will tend to reduce the estimate of the significant difference,
This test, therefore, errs on the safe side.

If, from previous experiments, the approximate value of the
error variance, likely to be provided by future observations of
the same kind, ig known, it is possible to arrive at a satisfactorys
estimate of the number of replicates required for any specificd
level of precision. The test for a significant differencc hetween
two treatment means is based on the value of ¢, where_ ()

S

D, the difference between the mcansf

1= standard error of this differencs,*

If n* is the number of replicates of each tréatment and o? the
anticipated error variance as shown by {he’analyses of variance
of previous experiments, then .\

D “Dp % V7
(dd'v—f)tk(ﬂlﬁ/g‘al y 0]"8 ]]"l.\/2

£ ) D

L™

By substitution™of the appropriate values in this equation,
it is possible tg @alculate the number of replicates of each treat-
ment necessary/to prove significant any difference greater than
D. In pging’the formula, it is advisable to cxpress I and »
as percentages of the general mean; ¢ then becomes the average
coeffitsent of variation of previous experiments. The valuc of
Pt the reading from the table for any desired probability (usuaily
o, 05) and the number of degrecs of freedom from which ¢ was
originally estimated. For example, if the expected coefficient
of variation Is about 6 per cent, as evaluated from 24 degrees of
freedom, the number of replicates required to show significance
in treatment differences exceeding 5 per cent of the general
mean would be

and

* This # must not be confused with the symbol nin fhe Tabie of t {Table II,
Appendix), where it represents the number of degrees of freedom of the
error variance.
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2.064 1.414 2
( X s X ﬁ) - 1226

Thirteen replicates might therefore be taken as a reasonable
estimate of the number required for the speeified level of precision
for future experiments. It is only an estimate, as the aceuracy

~ of the test depends on the accuracy with which the coefficient of

variation can be predetermined from previous research. A
any marked change in the number of replicates will mean that

- tho value of ¢ used is not strictly correct for the proposed new

experiment. If it can be safely assumed that the nithober of
degrees of freedom of the error variance will exceed 30, the
equation can be considersbly simplified by usmg 8 value of ¢
equal to 2.0. The equation then resolves into.J\

8o \
n = Fz ".\\.
\N
On this basis, for the numerieal example cited, the number of

replicates required would be 8 >5<§6 = 11.52. The result agrees
sufficicntly closely Withﬁﬁh%ﬂjﬂiﬁéi&?‘ Ptk from substitution
in the more elaborate formula.

Actually, it is possﬂ{le by the apphca,tmn of these principles
to compile tables from which—provided an estimate of the
amount of dispp%on likely to be shown by any particular
variable is aygildble—the number of replicates of each treat-
ment. requirsd“for any specified level of precision can be read
off. SBuch’tables can be very belpful in drawing up experimental
pl&.ns)\g,nd one of the type suggested by Bird and Gutteridge*
hag: ‘[}een given in the Appendix (Table VII). For any
es(mmated coefficient of variability, this table records the mini-
“\mum number of replicates of each treatment series which would
be necessary to prove that any stipulated percentage difference
betweon the treatment means is significant. The table is com-
piled for a value of P = 0.05, i.e., for the 5 per cent level of
significance. Different values of the coefficient of variability
are tabulated along the top of the table, and the treatment
differences, expressed as percentages of the mean treatment
value, are entered down the left-hand side. For the numerical

* Sei. Agr., 14: 5488,
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example already cited, reference to the table shows that, for s
6 per cent coefficient of variability, 13 replicates of each series
will be necessary if a 5 per cent difference between treatment
means is to be significant. This was the numbcr of replicates
already obtained by calculation from the original formula, The
table may also be used in the reverse direction. In an experi-
ment in which a 9 per cent cosfficient of variability is expected
and eight replicates of each treatment have been included, onlx
differences between troatment meang of 10 per cent or more wilt
be significant. ne )\

It is necessary to emphasize that the table has been ¢ompiled
from values of ¢ applicable to data limited to only tweltreatment
series. If if is consulted in connection with expe,ri:trients involv-
ing more than two treatment series, it is therefore subject to
the limitations of accuracy already mentioned in connection
with the original formula. In these circumstances, the recorded
values will be only approximately corret, but the table will
still serve as a rough guide in the\designing of experiments
intended to attain any particular Jayel of precision.

Discussion of experimental preclsmn would not be complste
without some mentioff "6 Y‘Eﬁkaad%ﬁéfa‘fg’éﬁ 8f comprehensive or
relatively complex experlments properly designed so as to permit
of a valid analysis of xyariance of the data. The most obvious
advantage is thaf, i Qaﬁge-scale research, the number of degrees
of freedom associated with the error variance is high and, in
consequence,  the estimate of the standard deviation obtained
from the data yhas a much better chance of approximating to
the true ,vélae for the whele population. Sccondly, a complex
experm%ht’mcludmg several treatment series tn all combinations
greatiy widens the field of information that would be covered
by\a number of simple experiments in which each treatment
sérics was tested independently, FExperimental results are
considerably influenced by environmental factors. For example,
storage problems are affected by changes in temperaturs, live-
stock development by maintenance conditions, social problems
by race and climate, and so on.  In simple experiments including
only a single series of treatments, all the other influential agencies
have got to be standardized as {ar as possible. The standards
used are of necessity predetermined on a somewhat arbitrary
basis, By superimposing several distinet series of treatments
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in a single balanced experiment, it is possible to agcertain, not
only the best treatment in each series, but the particular com-
bination of factors which leads o the optimum result. The
analysis of variance technique makes it possible to work up the
resultant data on an accurate statistical basis. In most research
there is an almost endless series of combinations of treatments
that might be included in each experiment. It is obvious that
the observations have to be limited to a number which canda
effectively confrolled. The amount of complexity advxsa.ble
will depend largely on the experience of the staff in charge and
on the facilities available for taking the records and.¢arrying
out the statistical interpretation of results. I “eonclusion, ‘
therefore, it is advisable to stress the danger of bverambitious
experimentation. Complex experiments d¢ \definitely widen
the field of information, but only whenthey are effectively
designed and executed. : i x:\\'

N\
USEFUL FORMULAS IN ANALYSIS OF VARIANCE

Let ¥ = any variate. o\ o :
¢ = the number of treai&ments or series.
7 = the number” EI" #Qfﬂbﬁé’rﬂi %858 -bhe series, i.e., the
number of rc:phcates
M = the general mean for all the np variates.
M, == any t@%xﬁent mean.

By Direct Ca‘lculation.

Total'S8. = =(y — M)? with np — 1 degrees of freedom
Treatm.gn\t 8.8 =Z(M,— M2 Xn with p—1 degrees of
freedom
’\Error 8.8. = total 8.8. — treatment 8.8. with p(n — 1)
' _ degrees of freedom

By Variable-squared Method.
Let 7, = any treatment total.
oF. = &2

np

Total 8.8. = Zy? — C.F. with np — 1 degrees of freedom
Treatment 8.8, = %t—? — C.F. with p — 1 degrees of freedom

Trror S.8. = total S.8. — treatment S.8. with p(n — 1)
degrees of freedom
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If the assumed-mean method is used, the same formulag
apply provided the symbols are taken to represent corresponding
values on the table of differences from the assumed mean.

Interactions.—When the treatments are complex in character
and include two disfinet geries of {actors A and B, there will be
ps X pp possible treatment combinations or treatment types.
The treatment sum of squares should be split up into its several
components.

Let 7. = the total of the variates helonging to any one trea,t-

ment type. O\
T4 = the total of the variates belonging to any tre’atmbnt
in Series A, irrespective of the B factor. ,
Ts = the total of the variates belonging to any trcatment
In Series B, irrespective of the 4 faptpr

Zy? A\
— —— & \
CF. = o Xl

N
Aggregate treatment 8.8, = 217

-,C-:F: with paps — 1 degrees

.‘.

WWW dbrﬁéﬂ ary.org.in
Treatment A 8. S <~ C.F. with pa ~ 1 degrees

Dr

of freedom

Main
effects y } of freedom

Eff C.F. with ps — 1 degrees

Treatment, B\'\ 88 = 2
A

) of freedom
Interaction S\S = aggregate treatment 8.8. — (treatment 4

N 8.8, + freatment B 8.8.) with (pa — 1
;\\“ (ps — 1) degrees of freedom

S'éﬁjunits —When each of the variates in one series of treat-
\{nents——Serles A—can be split up into s¢ many subunits in
accordance with a second series of treatments—Beries B—two
estimates of the error variance should be caleulated. One of
these estimates cah be applied to test the Series 4 group of
treatments and the second the Series B group.
Let Y= any integral variate in Series A4, ¢.e., any whole unit.
¥ = any subunit value to whick the Y variates can
he subdivided.
pa = the number of treatments in Series A.
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n = the number of whole units in each of these treatments,
1.e., the number of replicates.-

Py = the number of treatments in Series B, 4.¢., the number

of subunits to which each whole unit or ¥ iz divided.

(2Y)? Zy)2
OF. = —2X° G
n X paXpr n X paXps
I. Total 8.8, = Zy* — C.F. with n X pa X ps — 1 degrees of fresdom_
=
1. Totn,l whole-ymit 3.8. =p—Y —CF. with n X pa4a — 1 degraes of
B

\ freedom

=7

IT(a). Series A, treatment 8.8. = —2— _ CF. wi
{a). Heriea reatinen 2 % 0n C.F. with p‘Q \-"1 degrees of

‘O freedom
Tirror (g) 8.8, = [II — YI{e)] with paln — 1) degreea of freedom

2T
1I1. Series B, treatment 8.8. = —2- — (, th ps —
eries reatmen X pa ,:’,5"‘“ ps — 1 degreea of
™ freedom
sz S 3

IV. Interaction:series 4 X B = N S C.F, — [II{a)} + 11T with

.t.’:f??.i — L){pz — 1) degrees of freedom
Error (b} 8.8. = T TRl ®EL b E¥)yrishy

U8 paln — 1(ps — 1) degrees of freedom

Significance.—lIn ﬁn analysis of varlance, any component
variance is significantly different from the error variance when
F, theratio of the\}ﬁh'ger variance to the smaller variance, is greater
than the reading from the Table of F (Appendix, Table VI) for
= (,05. NFhe reading required is the one for values of n; and

3 ONL thé\tablo equivalent to the number of degrees of freedom
of t larn’cr and the smaller variances, respectively. Alterna-
twe[} the component variances are significantly different when
Qhe difference between 14 log, of the individual variances is
“\‘greater than the reading from the 5 per cent Table of z (Appendix,
\ Table III) for the appropriate values of ny and nz.  The £ teste
and the estimated standard errors, as a method of determining
significant differences between treatment means or treatment
totals, may be validly used only when the F or the 2 test, applied

to the relative treatment variances, has given a significant result.*

K



CHAPTER III
GOODNESS OF FIT AND CONTINGENCY TABLES

The Chi-squared (x?) Test

Discussion in the preceding chapters has been limited o,
problems in which information regarding one or more popula~
tions is obtained by means of selecting ropresentative samples
from which appropriate measurements are taken. Thekg) obser-
vations are then used to provide estimates of certainvstatistics,
which make it possible to distinguish between real @hd fortuitous
differences in the data on some predetermined leyalof probability.
There is another type of problem which frequently crops up in
scientific research and that is the one’im\ﬁ‘rhich the observer
commences with a cortain hypothesis based on some general law
of nature or evolved by inductive reasgning. The experimental
data in this case are collected in ordér¥o test whether the particu-
lar material under observation\¢bmes within the jurisdiction
of the general law, ot Wéig L& ]’ngléarﬁfgggﬁgeived hypothesis is
in agreement with the actual Tacts as recorded in the experiment,
It is not practicable to.fake an infinite number of variates and
once again the obs r(éd data represent merely a sample of the
whele and, in cc:g}equence, these obsérved values will not
normally tally sxactly with the theoretical or expected ones
that may be defglﬁced from the original hypothesis. The question
that ab ouc@‘}mri'ses is, ““What are the limits which the deviation
between dbserved and expected values must not exceed if it is
to be, ';Eegarded as caused by errors of random sampling and not

. byrsome fundamental discrepancy between the hypothesis and

A

the” facts?” The chi-squared {x?) fest is the one applied to
determine the goodness of fit between the observed and the

expected values
x2
2 _ il
- (%)

where ¢ = the difference hetween the ohserved and evnected
values in any one class.
m = the expected value in any one elass.
Z = “the sum of ” for all available classes.
70

f
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Any estimste of x* is therefore based on the magnitude of
the difference between the observed and expected values in each
class and on the number of classes or independent comparisons
available. This latter factor measures the number of degroes
of frecdom which can be eorrectly atiributed to the estimate
of x%. The theoretical distribution of x* has been worked out,
and this can be used, on neuch the same principle as that described
in conncction with the normal distribution, to determine ghe
probability of exceeding any caleulated level of x? purely as a
result of the ordinary errors of random sampling, ,\Iﬁdwing
the theoretical distribution, statisticians have been’ able to
compile tables from which this probability can bé readily deter-
mined. For any particular number of degresg’of freedom n,
the larger the estimate of %%, the greaté&x(is’ the discrepancy
between the observed and the expected walues and the smaller
are the chances that the hypothesig/feom which the expected
values have been determined iggoireet. It is customary to
sccopt a probability less than 0.05%5 sufficient proof of s signifi-
cant diserepancy between theshypothesis and the observed facts,
and it may be assumed thag, for probabilities in excess of this,
there is no rcason to gugég%ltfeﬁﬁﬁ%ggf%ﬁ% hypothemis. This
is, of course, s purelparbitrary standard which will generally,
but not infalliblys\provide an accurate interpretation of the
results. &K\™

Fisher’s Table of x2 (Appendix, Table IV) gives the value of x*
for selected’probabilities P ranging from 0.99 to 0.01 and for -
degrees \of‘freedom n from 1 to 30. In using the table, it is

. & + 2
of %mgrary importance to compare the calculated value of x
withithe table reading corresponding to the correct value of n,
“the number of degrees of freedom represented by the data. The

. Orequired reading is that corresponding to # on the table equal to
U  the number of independent ways in which the observed values
may be compared with the expected. The x? test is valid only
when the individuals sampled are independent and when there

is a reasonable number of individuals—say not less than five—

in each expected class. Provided these relatively si.mpl(f restrie-

tions are carefully observed, there is probably less risk of &

- nonvalid use of the table than in the case of certajn'oth_er sta-

tistical tests subject to the assumption of a norma.l distribution..

of the variable concerned.,
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Consider the following very simple example. I a penny is

tossed up a very large pumber of times, one would anticipate,

- assuming that the penny is properly balanced, that the number

" of heads and the number of tails recorded ‘Would be approxi-

mately the same. A penny was tossed 960 fimes ant% 516 heads

appeared. Is this in agreement with the hypothesis that the
penny is not biaged?

A (516— 430) | (444 — 480)* _ 2(36)?
X = E(FE) =~"3g T 480 150

= 5,400
The number of degrees of freedom is, of course, only 1, ag“when
the number of beads has been counted, the number of fails is
fixed by subtzaction from the total throws. Reference’ to the
Table of x? for n = 1 shows that x? equal to 5.40.¢erresponds to
a probability lying between 0.05 and 0.02. (Adtial readings are
3.841 for P = 0.05 and 5412 for P = O.QQ,.) Applying the
accepted standard for a significant discrepancy (P < 0.05),
it must therefore be assumed that the hypothesis that the penny
is evenly balanced is wrong. o\
BINQMBPM [IOin

The first theoretical- distribution to be established by sta-
tisticians was the binomdal distribution. As the name indicates,
this distribution iaba;é@g on the binomial theorem, and before
demonstrating its dsé in statistics, it is possibly advisable to
revise very briefly the binomial expansion. The number of
combinationgnof'n articles taken & at a time is given by the
symbol nqki\vhere

N _nn =D = Dm=8) - - - (n—k+1)
.’~.‘§C’“ IX2X3X -k

N\ _The binemial formula gives the expansion of expressions of
“Abe type (x + )", where nis an integer, -

@+ 9P =27+ Cromty + Ca a2yt 4 0 amyp 4 - - -

n~ =1 xy”_l + y”
The .‘C;:, fa.ct_,ors from each term of the expansion are known
es the binomial. coefficients. .0 and ,C,_, both reduce to

ncso that the coefficients in the above expansion are 1, n, ,Cs,
RPN A B




/7N

N\

GOODNESS OF FIT AND CONTINGENCY TABLES 73

Example 10.-~As an example of the application of the binomial
theorem in statistical work, let us consider the simple case in
which six pennies are tossed repeatedly and the number of heads
appearing on each occasion is noted. After s reasonable number
of trials, it is possible to draw up a frequency table showing the
number of times or frequency 0, 1, 2, up to 6 heads were obtained.
In 960 trials the following result was recorded:

No. of heads Frequency O
0 6 A\
1 74 N\
.2 219
3 200 .8
4 252
5 108
6 AL
Total........... £ 47 960

Mathematicians have shown $hai¥if the probability that an
event will happen is p and tha} it will not happen is ¢ (when
g+ p=1 andif a randgm' ’_inlq n in number is taken suffi-
ciently often, the fz%gﬁ"’en%aﬂﬂfs{ﬁbﬁﬁro%uéhowing the number
of occasions in whichthe event should appear 0, 1, 2, . . . n
times in any one tr}a!xis given by the expansion of the binomial
(g + p)*. In the{example cited, presuming that the coins are
properly balaneed, there is an equal chance of a head or a tail
appearing atjeich toss, so that p and ¢ are both equal to 5.
As six coirg Bre tossed in each trial, n, the sample or trial rumber,
is six. ~On the hypothesis that there is no bias in the coins, the
freq@n“cy distribution showing the frequency with whieh 0,
1,ul1p to 6 heads should appear will be represented by expansion

) -

(of ‘the binomial
(6 19 = 096 X 093 + 22 X 090 + - - -

| 6 X 3509 + (19)°

= 3451 + 6 + 15+ 20 + 15 - 6 + 1) -

Ag there are 960 trials in all, the frequency with which 0, 1,
2, . .. 6 heads may be expected can be caleulated by dividing
960 in the proportion of the binomial coefficients given in the
 patentheses. In Table 21 . these expected irequencies are
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tabulated alongside the observed, and x? has 7(::een evaluated in
order to test whether there is any significant difference between
them. o

Tapra 21—TEE EVALUATION OF x?

: Expacted 22
No. of Obaerved frequency o z
heads frequency (m)
—_ + X
0 6 15 9 5.41 (N
1 74 %0 16 2.84.8
2 219 25 & Rt
3 290 300 10 RS
4 252 225 27, {.3‘24
5 108 90 181" 3.60
i) 11 15 4 ¢ 1.07
- %60 960 —I5NH45 | 16.65 = x?
O 0

In the ealculation of x%, se¥énd compsrisons between the
observed and the expected, figiNgneies- poegvailable. By the
time the first six frequencies inéach column have been entered, the
lagt one is predetermined 4athe total frequency in each case must
add up to 960. Thig dhdans that the final value of x is also pre-
determined by the preceding six entries. There are thus only six
independent, comparisons, and the number of degrees of freedom
of x% s calelated, is only six. Reference to the Table of x?
opposite #=8 shows that for x* = 18.65, P lies between 0.02
and 0.0 There i therefore a significant diserepancy between
the obtetved and expeeted values. The most likely explanation

. of.this'is that some of the pennies are slightly biased.

d Jn tossing an ordinary die, there is a 1:6 chance of a six appear-

N\Ang in any one throw. In tossing five dice a number of times,
the frequency distribution showing the number of occasions

in which six appears 0, 1, 2, . . . 5 times in any one throw

should conform 1o the expansion of the hinomisl

06 +36)°= 06)° +5 X G616 + 32 X (B60Q +- - + ()8

1
= G125 - 8,125 + 1,250 + 250 + 25 + 1)
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The sum of the terms within parenthescs is 7,776, and the prob-
ability of obtaining n suecesses, .e., five sixes in any one throw

is thercfore only 7—;71% In contrast to this, the probability of
H

obtaining not more than one six in any throw 1s

3,125 431256
—7;776 = (.804,
Q"
equivalent on the average to four out of every five trials.

The binomial distribution ean sometimes be used with adyan-
tage to provide statistical evidence of the sigmficance el\other—
wise of results of an observational nature. If the qhances that
an event will or will not oceur are equal (p = ¢ =/34), then in a
large number of trials, n at & time, the number@‘ﬁbuccesses will
be distributed in accordance with the bmomlal Sxpansion

1,1y g
(§+§)_ ( + -n+1)__

12‘ }
In & single trial the probability of obtaining # successes and
failures is bk i = = Similatl
mo failures s o or v BRI bR ~ 27 UMY

the probability of obtain{ﬁg not more than one failure is 1 %,

_I_.
2n
and in general, the p\mbablhty of obtaining not more than x
failurcs is the &su.m,}‘ the first £ + 1 coeflicients divided by 2~

In a series of Bi;ﬂra,ge {ests with grapefruit in which half the
fruit was wr ped in cellophane, it was noticed that in 16 out of
20 trials the@amount of pitting was obviously greater in the case
of the qurapped fruit. Can it be safely assumed that the
wrapping of the fruit has been helpful in reducing the intensity
of ¢ #the pitting? If the cellophane has had no effect, in any one
\te%f the wrapped and the unwrapped fruit have equal chances
of showing a greater degree of pitting purely as a result of the
unavoidable errors of random sampling. From the binomial
expansion (14 + 14)%®, it would appear that the probability of
obtuining, purely by chanece, a proportion of 16 to 4 in favor of

14+ 204190 + 1,140 4 4,845 .
PED or approxi-

mately 0.006. It can therefore be stated that the cellophane
has reduced the amount of damage by pitting.

the cellophane is only
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The binomial expansion provides a rclatively simple test of
certain types of research date. It is partieularly useful in prob-
lems in which no numerieal values are available. The sarithe
metical work involved is slight, and for this reason it is sometimes
used to carry out a rapid statistical examination of bulky records,
It is by no means so critical a test as the ¢ test, and when the data,
permit, the £ test is the better one to apply.

Example 11.—In the following experiment involving 10 pletg\
of maize, half of each plot was sown with seed which had heeh
treated for smut with formalin, and the other half was SoWH Wibh

untreated seed. The results are recorded in Table 22. ()

|\
Tavre 22—Y1mouos oF Maze rRoM TREATED AND Untp#atep SEEp

< M
Averape weight of grain per Difference W A
. half plot, kg. weight in ghane Square of
Flot p}a\f{\}f differcnces
Treated (T | Untreated (I) (TQ—v )
—i . 4 . ) + —
150 144 KN 8 36
2 177 175 'I . 2 4
3 163 RLTATRATTS ’au ]tl ary.fég.m 169
4 185 175 10 100
5 139 \‘ 138 3 9
6 149 ,{:‘x 133 16 256
7 200 N 206 5 2%
8 170 N\ 158 12 144
e 135 ™ 128 ' 7 49
10 160" 161 1 1
SO +60 —6 793
\Y N,
N\ +63
N 32
RS 8.5, = 793 — GTO_
A = 396.1
Mean difference = 6.3 kg,
, 396.1
Standard error of the mean difference = , %10~ 2.10
' 6.3
= 270 = 3.0

- If the yields for the corresponding half plots are compared,
it will be noted that in only 2 out of the 10 plots was the weight
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of the grain smaller in the case of the treated seed. The prob-

ability of this occurring purely by chance is I—%M or
0.055. By the binomial method of analysis, it would appear
that the diffcrence in favor of the treated seed is barely significant.

As the actual weights of seed per half plot have been recorded,
it is possible to apply the ¢ test to the data. The caleulated value
of ¢ works out at 3.0, and reference to the Table of t shows th
for 9 degrees of freedom, the probability of exceeding this value
purely by chance is less than 0.02, proving that the mean differ-
ence in favor of the treated seed is definitely signifi¢ant.” In
this example a more critical analysis of the data. has resulted
from the usc of the ¢ teat. e\

CONTINGENCY TABLES )"

Observations relative to a given population can often be
grouped in several alternative ways. Jt hen becomes posmble
to draw up a contingency tableshowing the propo te
number found in each of the selected elasses and subclasag

Example 12.—In an orchard«f*,000 trees a record was taken
of the number of bha&e&"t@bﬁﬁﬁhﬁﬁ@ﬁyﬂé&l&nd in each of these
classes the proportion of high to low yielding trees. The results

. are appended in a 2 X<2 contingency table,

28 3
'{Agm: 23.—(CEnsus oF AN ORCHARD

L Shaded | Unshaded | ‘Total
High melclelgr.‘ .................. 850 323 205 232 555
) - . w )
Low yadlders. .................... 250007 | 195778 45,
R\ . © (d) _
APotal B 600 . 400 1,000

A cursory examination of these figures shows that shade
appears to favor an increase in the proportion of high yielding
trees. It is possible to use the Table of x? to ascertain whether
this apparent difference is purely fortuitous or whether the
proportions within each class are actually influenced by the other
factors concerned. 'This has been termed the fest of independence.
In applying this test, it is necessary to ealculate the number of
trees in each eubelass that mlght be expected on the assumption
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that the two main factors of shade intensity a.nfi ?zi_eld capactty
are entirely independent. This is achieved by dividing the total
number of shaded trees—and then of unshaded trees—in the
proportion of high to low yielding trees in the orchard. The
expected values are therefore:

Shaded bigh yielders..cvveeeeneses- 600 X 1‘?‘05_3*0 = 333 o
Shaded low yielders........ baesenen 600 X i%(%% = 267
Unshaded high yielders............. 400 X 1‘%‘;’0 = 222) ¢ 400
Unshaded low yielders. .. N 400 X -1%{% = 178 -
Tota,l.‘.\ 1,000

Another way of arriving at exactly the sameyresult would be
to divide the fotal of the high yielders 7 then of the low
ﬁeldérs in the proportion that the shaded and unshaded trees are
of the total. If is fairly obvious that,if'a single expected value
is calculated, the remaining three ean“be filled in by subtraction
from the totals actually recox:deii’in the regpective rows and
columns. Thus the experted my shaded light yielders is
600 — 333 = 267. Wﬁ%ﬁ%ﬁ%ﬁﬁﬁ value delermines the
remainder, the number 6 éegrees of freedom of x* will be unity.

-3 |
= po w}}el:a % represents any expected value and x the
difference betg?'én. this and the corresponding observed value.

CNZe 173, 17 172 172
El.eference to the Tablé of x* shows that for » = 1, the probability
€ of this value of x? being obtained purely by chanee lies between
9.05 and 0.02. This proves that the shade has had a definite
m.ﬁu.ence on the proportion of heavy to lght yielders. In this
pa.lttaculacr orchard, shade is apparently beneficial to the trees.
I% is necessary to emphasize here that 2 is not in any way a
meagure of the amount of the influence of one class on another; it
merely sho_w's. whether the two classes are independent or not.
Thus, if a similar experiment i another orchard had been carried
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out and the caleulated value of x2? eorresponded to a probability
of 0.01, this does not prove that the effect of the shade in the
gecond orchard is more marked than in the first.

If the expected values are not otherwise required, it is possible
to calculate x? for a 2 X 2 contingency table directly from the
equation '

(ad — be)2{a +b + ¢+ d)

BECRRICRCICE DI Q
where a, b, ¢, d, represent the values in the various subclasse\s BS
annotated in Table 23. For the last example, ™

(350 X 195 — 205 X 250)(1,000) _ , 5.
X" = SRS 445 X 600 X 400 A

Example 18.—In more complex contingeney tm}}le\s, the calcula-
tion of x? is a little more involved, but the teghntque is merely an
extension of the principle described for the’2" X 2 table. As an
example of this, let it be assumed thatfin’a second orchard the
classification of the trees had been @xtended to include a third
grouping according to three degrces of pruning, viz., heavy, light,
and unpruned, and the resultb .Wére as follows:

TA:‘BLE 24
WH'igh yielders Low yielders
Pruning system g — Total
Y \éhaded Unshaded ; Shaded | Unshaded
J /o
Hea.vy...“f.'.f:\.:” 140 90 86 84 400
Light......; ’\v ..... 76 69 83 72 300
Unprunedgn®.. .. ... 74 71 81 74 300
Tota.l’\ .......... 290 230 250 230 1,000

;’Eh’e expected values are calculated as before by allocating each
column total between its three subclasses in proportion to the
totals of these subclasscs, z.e., in proportion to the row totals.

Thus, in the first column the e¢ntries are calculated as follows:

o

- 400
280 X 15gg = 116
300
-290><1000 = 87
=200 X o0 — g7

10[}0
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and similarly with the succeeding columns, The entries in the
last row and last column can be filled in by subtraction from the
column and row totals, respectively, so that the number of
degrees of freedom is onty 6. In genersl, if the contingency table
is composed of r rows and ¢ columns, the number of degrees of
freedom from which x? is determined will be (r — I)(e — 1).
With complex contingency tables, it is advisable to draw up a
second table showing the expected values and the share of. »@\
corresponding to each (Table 25). N

x? is 12.89, which for 6 degrees of freedom corresponds o a
probability less than 0.05 and is therefore significant. Fxamina-

tion of the distribution of the % values shows that e high num-

bers are located in the first column and pa.rticul&d}zn the heavily
pruned, high yielding, shaded subelass. This combination of
factors has apparently increased the propo;*(\ieh of heavy yielding
trees and is presumably the best cultqraf'l\practice to follow.

PROBLEMS IN GENETICS
Example 14.—The x* distribution is particularly useful in
genetical research as“8 Hh&pRevlibtestggevhether the recorded
data are or are not in agreement with some hypothesis generally -
based on the Mendeliags'\fheory. For example, in & cross between
ivory and red sna@ag’ons, Bauer obtained the following in the
F. generation: o

O™ TasLE 26
\" 4 ' No. of plants
'S Phenctype

\\" Observed | Expected
O "Red .............................. 22 24.25
O Pk 52 48.50
3774 PR 23 24 .25

Total, voeevnracaricearan s 97

It is desired to ascertain whether these figures show that
segregation is oceurring in the simple Mendelian ra,ti? of 1:2:1.
The expected values have been calculated on this basis,

2.950 | 3.50°  1.95% _
x* = 3195 + 50 T 3425~ OOF
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There are 2 degrees of freedom, and the Table of x? shows P
to lie between 0.80 and 0.70. The hypothesis is therefore in
agreement with the recorded faects.

Example 16.—In an experiment with poultry, a cross between a
white rose-combed cock with feathered shanks and a black single-
combed nonfeathered hen gave the following results in the F,
generation.:

Tapie 27 N
No. of birds ':;2\' )
Phenotype Vi
Observed | Expected () ™
N 4
White, rose comb, feathered.......... 115 1aR)" | 0.453
White, single comb, feathered......... 38 36 0.131
Black, rose comb, feathered........... 35 AN36 | 0.028
White, rose comb, nonfeathered. ... ... 25 £ a6 3.360
White, single comb, nonfeathered. . ... P L 12 1,333
Black, single comb, feathered....... .. RN 12 0.083
Bisck, rosc comb, nonfe=a.“|ﬂ‘1'éi“ér:li.b.r.a.u,]313[;l 5Ye1g &) 12 0.333
Black, single comb, nonfeathered. .. wf = 4 4 0.000
5 KN 256 256 | 5.701 = x*

The expected values f{a}‘e again been calculated on the assump-
tion that each of the“three characters is segregating on a simple
3:1 ratio. Therefare 7 degrees of freedom, and P is therefore
approximatelyM)8. The results prove that the three allelo-
morphs are ifherited independently as unit characters in which
rose con'lbi:ﬁ;hite color, and feathered shanks are simple domi-
nants 0 single comb, black color, and nonfeathered shanks.

Example 16.—In another experiment with poultry, a cross
between walnut- and single-combed birds gave progeny with four
didiinct comb phenotypes (Table 28).

It is obvious that there must be more than a single factor differ-
ence between walnut and single comb. The observed numbers in
each phenotype are approximately equal and £his would oceur
where two factors are involved in a cross between a double hetero-
zygote and its double recessive. x! has been calculated on this
basis and corresponds to a probability slightly below 0.05. This
proves that the data are not in agreement with the hypothesis,
which may be fundamentally wrong or may merely require some
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modification in order io bring the observed facts in line with the
expected. In either case, a more detailed analysis is required.

TanLe 28
Phenotype Obgerved no. | Expected no. zi
g Walnub.....oovvvviionnananas. 94 80 196 ~
[ =T S 62 B0 324
¢. Rose....... ereaaeee i 75 80 25,
d Single.......cociiveiiia 89 80 \' RY.
FA Y 320 . V626

x* = 626 + 80 = 7.825

{

o
.
N\ S

On the original hypothesis, if P and R represéi}\t the pes and
rose genes for dominance, and p and r the cor{espondmg recessive

genes, the eross should be of the type ¢

PpRr X pprr = P Ry pRr -+ pprr
Walnut X sig1e” %’ ‘ ar SIE npRose Single
{(in approzimately. e;i:!ua.l numbers}

In this event, the rose and the péa combs are simple dominants
_to single, and the walnut comb is the result of the double domi-
nant in the germ. plasm. A0On this assumption, it is possible to use
the observed dats to a@dertain how the unit characters are segre-
gating, which is equ}v\alent to apportlonmg the total x* among its

components. THeXthree available comparisons are:

NP vs p
\h Rvs.r
\ 111. PR and its reciprocal vs. P or R alone
. ‘ TasLE 20 —Awnavryare oF x*
wO o
\\ Class Type Obgerved | Expected | 2# - xt
I | P present 156 160 16 1 0.10 }
P gbﬁent 164 160 16 | 6.10 0.200
11 | R present . 169 160 81 0.506% 1.012
R absent 151 160 81 1 0,506 ’
ITI | Double dominant or| 183 160 520 | 3. 306}
Tecessive 6.612
Single dominant 137 180 520 | 3.306
Total.. 7.824
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The total value of x? is the equivalent of that originally cal-
cuiated. ‘There are 8 degrees of freedom in all, one for each of
the components. The respective probabilities read from the
Table of x? are, approximately:

Class I......0cvvinnn e eae e 0.60
Class II..... A 0.30
Class ITI. .. ...covvenn . F 0.01

The pea- and the rose-comb factors are therefore segregating m\
accordance with expectation, but the third class is not. TheraJs
a marked preponderance of the double dominant and double
recessive phenotypes. This indicates that the combin@tion of
PR and pr oceurs more frequently than Pr or pR and,legtds to the
conclusion that linkage between the pea- and the rose-comb
factors exists, . ~\

Example 17.—In a cross between purplo-sweet and white-
starchy corn, the following proportional fm\quenmeq {after East
and Hayes) from 11 different plants. \Wé—n‘e noted in the F.
generation. The expected values harve "been calculated on the

9:3::3:1 ratio of & Smﬁmm;y.m rg.in

Tasre 30.—DISTRIBUTION DF_PHE‘:b{QTYPES ¥ THE F; GENERATION OF A
Maize Cross

2\ Phenotypes
¢ L\7
b
Purple stafehy | Purple sweet | White starchy | White sweet Total
Plant no. A\, ob-
L — sarved
O
o N Ex- Ob- Ex- Ob- Ex- Oh- Fx-
{ "bgi\rad pected | served | pected | served [ pected | served | pected
2 =~ —
K
N\ 102 99 22 33 31 83 i1 1 174
WN\2 B4 81 [ o7 27 25 27 8 9 144
N3 % ag 33 23 31 as 13 11 176
N« 80 12 21 24 21 24 6 8 128
5 82 51 27 ¥ 24 prd 11 9 144
i3 81 72 19 24 21 24 7 8 128
7 104 108 42 36 3t 236 16 12 182
8 az 81 29 2r 25 27 8 9 144
g 84 gl 27 27 25 2% B 9 144
i0 91 a0 35 an 26 30 8 10 160
il 32 45 20 15 19 15 9 5 80
Total,.,.... 821 a09 312 303 279 303 104 101 1,616
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The totals of the phenotypes are obviously in close agreement
with the expected 9:3::3:1 ratio. For these totals,

241 3
2 —_
909 5+ 303 5+ 5 503 T 107 ~ 2418

X
For the available 3 degrees of freedom, the value of P is approxi-
mately 0.50, showing satisfactory agreement between data and
hypothesis. N\
It is again possible to effect a more critical analysis by resolving
x* into its component parts. The two classes, purple to. w‘hRe
grain, and starchy to sweet should each show the normal3* Pratio
and provide the first two components of x2 The ﬁmal compo-
nent or class which tests the third way in which thé genes recom-
bine is not cbvious from the data. In the phenotypes it is not
possible to separate the homozygous dominant from the hetero-
zygous, It may be assessed by subtractim'g\ he aggregate of the
first two ecomponents from the total x’{as.\oi'igina.lly calculated.

TAJBL]!‘- 1. —ANALTSIS OF x*

2
Class Type R \ ‘Obsewed Expected f,,; x3
I |Purple......... N 1,233 | 1,212 0.364} 1455
White........ \ Dy oA 383 404 | 1.001 .
Il | SBtarchy.... . ... ....... 1,200 1,212 |0.119 0.476
Sweet. . ,‘.'.. .............. 416 404 | 0.357
T | x2=2.48 (1455 +0.476) = 0.487
N S 2.418

Tha P value for any of the components of x? lies between 0.50
ma.na 0.20, proving that purple to white grains and starchy to
\s’weet are segregating on a simple 3:1 ratio without linkage.

An alternative way of computing these three components of x?
comes from the use of the following mathematical expressions
given by Fisher. If a, b, ¢, and d represent the numbers in the
four phenotypes ammged in order according tothe 9:3: :3:1 ratio
and n represents the total number of observations, then the
values of x? are equivalent to

AE
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Class I, {at+b—3c— 3d)
3n

Clasg II, (@ + ¢ —3b — 3d)°
3n

Olass 1L, (a + 9d ;n3b ~ 3¢)?

For example,
(1,233 — 3 X 383)2

2 = = A
Class I, «x 31616 1.455 N
2 N
Class II, x® = 1, 2-'.?0>< 1%’1238) = 0.476 ¢(\N
'\
[(928 + 9 4 104) — 3 X §91]*
2 = =
Class 111, x 9 % 1616 9.48,7
Total m%"Z 418

The results thereforc agree with those calculatcd by the other
methods, \\

Analysis of the data can be carriad~ but in still greater detsil,
adding to the accuracy of the finél Conclusions. The records
show, not only the totals of eachrphenotype, but also the actual
numbers of each phenodhrewdbtamed fiem 11 separate plants.
Fach family should accordﬁng to hypothesis split up in the
9:3::3:1 ratio, making(it possible to calculate a total x? with
11 X 3 or 33 degreesbf freedom and then decide whether the
general conclusmn\‘based on the whole of the available data
applies equally €ffectively to all the individual units concerned.
Furthermore, by breaking up the total x2 for each family into ifs
three comenents by the method already applied to the tofals of
the pherotypes, a test of the way in which each family is segregat-
ing 1s\'br wvided. For the first family

\." x* = %o + M3 -+ 383 + X1 = 0243
\ Resolvmg, this into it components,
, . (134 — 126)%

Class T, =T = 0.121
(133 — 129)®
2 o 2109 T 1890
Class 11, X 3% 176 0.031
(201 — 189)2
S el il AP
Clags IIT, x 95176 0.091

Total = (0.243
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Similar calculatlons, applied to the remaining 10 families,
provided the full x* analysis of Table 32.

TabLe 32 —DETANLED ANALTSIS OF x2

Components of x?
. x2 for each
Family 1 I III family
(purple ve. white) | (starchy vs. sweet)
1 0.121 0.032 0.090 0.243
2 0.334 0.037 0.000 0.37, )\
3 0.000 0.122 0.263 0.485,
4 1.042 1.042 0.057 2,141
5 0.037 0.148 0. 606 {091
6 0.668 1.500 0.500 | ,{7)2 668
7 0.111 2.9252 0.232/h\ ~ 2.585
8 0.334 0.037 0.048  0.420
9 0.334 0.087 0,000 0.371
10 1.200 0.300 A 0r278 1.778
11 4.267 5.400 1 0.022 9.680
Total... . 8.448 10.907 ()71 2,197 21.552

E

Each of these companeﬂwawilﬁ&m;} alegtae of freedom, so that
the total x2, 1.e., 21.552, has 33, d@grees of freedom. The Table of

x2 does not record probabilities for degrees of freedom n exceeding
30 ‘When » is greater Qh@\s 30, the distribution of +/¥? is approx-
imately normal, and<tbe z of the normal distribution may be
taken as equivaleni\ic numerical value, irrespective of sign, to-
V2E — /20 —</%." This expression is used to evaluate z {rom
the data, and {he probability that x2 is insignifieant may then be
ascertaingdffem the Table of z. The larger the value of n, the
number, &\degrees of freedom of x? the more accurate dots this
test become In the Iast example,

.\*,sz V2 — 1 = /2 X 21552 — /2 X33 —1 = 1497

From the Table of z, P = 0.}4, approximately, proving that the
hypothesis and the data as a whole are in agreement.

The column totals, each having 11 degrees of freedom, show
that segregation of the-unit characters is occurring according to -
expectation in the 3:1 ratio for purple to white and starchy to
sweet. The totals for the individual families prove that the first
10 have behaved strictly according to expectation. In the last
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family, however, the expected 3:1 ratios do not occur, the prob-
ability value for this component (9.689) being less than 0.05,
This does not upset the general hypothesis. The family in
question may have been subjected to some peculiar influence,

e.g., ingeet or fungal attack affecting seed formation. That some
abnormality occurred is suggested by the fact that the total
number of grains recorded for this plant is very much loss than
the average for the other 10. Actually, when & eritical proba-
bility of 0.05 is being used, a single deviation as large as that
shown by family 11 is to be expécted, at least once, in a frequeney
array showing the contributions to x2 for each degree of freﬁdt)m
out of a total of 33. \

Thus, the complete analysis does make it possib(le ‘to give a
more critical interpretation of the data, as it not on}y takes into
consideration the general results but also tracesteits source any
deviation from normal among the variousMomponents from
which the total x? is determined. N

Another distribution to which the x2 t\st applies is the Poisson
series. Like the binomial, it is an example of & discrete distribu-
tion, in which entries generally OQGUI' in the form of integers, and
therange of possible \@Lp@,ga@,xmﬁg{iﬂy ‘Lherefore, the Poisson series
contrasts with the normal digtribution which theoretically may
include any intermediatesvalue from — « to + o, Inrescarch
work, the use of the Pmséon distribution is limited to certain spe-
clahzed problems, m\whu,h P, the probability of the event occur-
ring, is very small\ Its application presupposes the recognition of
data which can Qbr"recﬂy be classified as belonging to the Poisson
series. Yulgypoeints out that the advanced student may find this
distributiafiyof considerable theoretical interest, but further dis-
cussiond }%é would definitely be out of place. This brief explana-
tory fiote has been included only beeause the student will find

"&hls distribution discussed in more technical works on statistics.



CHAPTER IV
DIAGRAMS | ~

Before the present regime in. which the research worker, 1
expected to give mathematical proof—or its equivalent—ef the
accuracy of his eonclusions, a diagrammatic presentatiohof the
data was one of the chief means used to interpret results. With
the recent advances in statistical technique, theré’has bheen a
tendency to regard the diagram as an obsoléfe)tnethod which
mathematical treatment has rendered no Jonger necessary,
whereas, in fact, the two methods are suppletnentary. Efficient
statistics supply adequate evidence that ~t\§hé conclusions are valid
and not based merely on apparent (ifferences in the data due
entirely to chance variation outsidg the control of the operator.
Diagrams record the data in angasl asimilated form and make
it possible to obtain a clearsgrasp of the facts that the mathe-
matics have proved to.;be' ‘correct, For reference purposes,
diagrams are particularly useful, as they demonstrate at a glance
the salient feature c’{f'%he results of previous experiments and
show up points of.;embla,nce and difference between these and
the eurrent yeair’.S' data. Furthermore, they will often indicate
certain featufes, sometimes of fundamental importance, that have
been oantire:l;w,> overlooked in the statistical analysis. Statistical
elaboration iz only effective where the data are sufficient to yield a
competent estimate of the standard deviation. The design of an
exp{a’riinent, especially in new lines of research, may be such that

{ tathematical proof of certain apparent differences is quite
impossible. The diagrams should show which of these are likely
to be important and guide the research worker in the planning of
later experiments 50 as to obtain sufficient data for a statistical
examination of these characters. Treatment effects discovered
by means of a diagrammatic presentation of the data should,
wherever possible, be supplemented by mathematical proof.
When this is fortheoming, the results can be safely regarded as

conclusive,
80
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The first essential of a good diagram is lucidity; the important
features should stand out boldly, so that, merely by perusal of the
caption, the observer can not only comprehend what the diagram
purports to represent but also inferpret for himself the significant
features. In this direction the skillful use of colors can often be
very effective, but even with plain black-and-white diagrams, a
certain amount of care in delineation will generally suffice to
emphasize the required points. The commonest mistake is the
inclusion of foo many contrasting and possibly interacting factors{
in & single diagram, which instead of clarifying the issue only
leads to confusion. The obvious remedy is to spread the'duata
over two or even three separate diagrams, possibly on a,reduced
scale. DBy suifable subdivision of the data over theé“warious
diagrams, it is possible to emphasize the particular relations
between the various factors that are considered ¥o be of greatest
importance. \

P AN

GRAPHS -\

The most commonly adopted typef of diagram is the graph,
which in its simplest form shows the'behavior of a given character
in relation to two conjrastumg.{afthens pletiad on squared paper
along axes at right angles. I such a graph, the ehoice of a
suitable scale for each axisi§important, and as a general rule it is
advisable to aim at obtgjnihg 3 curve which is located somewhere
in the vicinity of the'diagonal between the axes. Any change in
slope will tend to bo,accentuated if this plan is followed. Con-
sider Fig. 24 ingwhich the effcets of varying the cutting rotation
on the yield pf\berbage over a 12-month period are shown. Ifis
obvious thgt\there is a marked inerease in fotal yield from serics
A to D; &1sd that for all four treatments the rate of increment tends
to deckease after November or December, In Fig. 2B, so many
fa,stfal}s have been superimposed that a very eritical examination
18wequired before the significant features can be detcrmined. In
neither of these diagrams has an attempt been made to level out
the variation between individual readings by tracing a smooth
curve more or less arbitrarily between the plotted points.
Adjacent readings are joined by a straight Line. This has the
advantage of eliminating the human factor in plotting the final
curve, shows the actual values from which it was determined, and
may even make it apparent that certain fluctuations are nof
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fortuitous but rather the result of some external agency. A
useful alternative to the line graph is the columnar one in which
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the recorded values are each represented by an area in the form
of a rectangle whose sides are parallel to the axes of th.e gmplf.
This type of graph is often preferred where the vertical axis
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shows some quantitative return relative to some time interval ag
plotted along the horizontal axis. Figure 34 is an example in
which both methods of presentation have been used effectively.
The rainfall is portrayed in the columnar form, the final figure
being a histogram. The total rainfall is proportional to the area
of the histogram. Comparison of the two graphs shows that on
the average an increase in the rainfall coincides with a drop in the
dry-matter percentage. This indicates an apparent negative
correlation between rainfall and dry-matter percentage. The\

30
- DRY MATTER
525 IN
o HERBAGE
Z20

RATNFALL

Inches

"
&Y

l.fbl'a;ry.org.in

Aug. Oct. Dec. ™% Feb. Apr. June  Aug.

Fis. 84A.—Dry-matter percunggaa and rainfall in inches for period August,
(935, to August, 1036,

e

&
dry-matter figures'are too few to allow the value of the correlation
coefficient to he’ealeulated with any accuracy, and additional
records wouldnbe required if an estimate of this coefficient was
considered g3dential.

An ,a&fnpt is sometimes made to demonstrate in a single
figuré 'éxa,ctly how a given character reacts to changes in three
exje}nal agencies. With certain types of data, this can be

“aghieved by dividing the columns of the histogram fransversely
in proportion to the effects of the third factor under consideration.
An alternative is to build a solid model of rectangular blocks, so
as to depict changes in the interacting fastors along three
dimensions at right angles. Figure 3B shows a model of this type
in which the effect of spacing, sowing date, and quantity of
fertilizer on the yield of cotton is depicted. It is chvious that the
optimum date of sowing lies in August. With early sowing there
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is little difference in yield as a result of the particular spacing
used, bub in the later sown plots wide spacing is apparenily
preferable. The heavier dressings of manure definitely incresse
yields if applied in July or August but have no advantage over the
control if the fertilizer is broadeast too late in the seagon. Thig
method of presentation is certainly spectacular and effective when
the model can be inspected. It has the disadvantage that the
figure is rather Iaborious to construet, and unless the interaction,
effects are very marked, it is of little use for reproduction in print.

N\
2N\
"N
L W

1l

n
o8

Frg. 3B.—Model shf)wing the offect of different spacings, sowing dates, and
Qitfbgenous fertilizers on the yicld of cotton.

>  GROWTH MEASUREMENTS

In graphs in which growth measurements--weight, height,
girth,\spread—are plotted against time intervals, there are four
alfernative methods of presentation. The growth is normally
wreasured alon g the vertical axis and the time along the horizontal
one. The vertical scale may show:

a. The actual measurement.

b. The Napierian logarithm of the measurement (log.).

¢. The inerement from the previous measurement.

d. The relative increment from the previous messurement.

The inerement ¢, or more accurately the absolute ingrement, is
assessed by subtraction of the reading at any period from the
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succeeding one. The rate of increment is estimated by dividing
this figure by the number of units of time between the two
readings. Where readings are taken at regular intervals, the
period between successive readings may be made the unit of time;
then the rate of increment is equal to the increment, and the
division by the number of time units becomes superfluous. The
rate of increment represents the average rate during any particu-
lar time interval and should be plotted against the mid-point of

this time period on the horizontal scale. N
Tapre 33.—Montary WeieaTs oF A Growing Pig £ "\
£ O
A If.ate 0 e . Rela.tlve Relative
ge of . Inere- inere- | Napierian L
\ Weight, ; m(,rg-» } incre-
pig, ke ment, ment, |logarithm meat/ ¥, | ment, o
weeka kg. kg. per | of weight R fghjs per w’eclz
week ;
4 8 2.07'9}\
6 1.5 R\ 55.97 | 13.99
8 14 £'2Y6391
8 2.0 45.20 | 11.30
12 22 O8N 8.0011
wgpw . dbragliggrarly.org.in 34.29 8.57
16 31 N\ 3.4340
10 .0 2.5 27.96 6.99
20 41 AN 3.7136
¢ {0e/ 2.5 21 .82 5.45
24 51 A \\ 3.09318
s\ 12 3.0 21.13 5.28
28 63\ ¢ 41431
O 12 3.0 17.44 4.36
32 |\ 4.3175
A\ 13 3.25 15.99 4.00
36\ 88 4.4774
AN 14 3.5 14.76 3.69
< \}40 102 4.6250

The relative in¢rement takes into account not only the time
factor but also the size of the individual for which each increase is
recorded. Thus, an increment of 10 feet in the height of a tree
originally 20 feet high is obviously less than one of 15 fect in a
second tree, but, if the second tree was 50 feet high, its rclative
increment is actually only abeut half that of the small tree. The
relative increment is measured by the difference hetween the
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Napierian logarithms of successive readings, The difference
between these logarithms, multiplied by 100 and divided by the
number of units of time represented, measures the percentage rate
of increment relative to size at the middle of the period bracketed
by the two readings.

The date from Table 33 recording growth figures of a young pig
over the first 10 months of its life have been used to plot the four
types of graph (Fig, 44 and 4B).
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Figh44.—(Growth curves from a young pig.

The first lile%@ obtained by plotting the weight directly against
the age is imythe form of an ascending curve indicating that the
older the\pig gets the greater is the weight increment in a given
periods, “Line b is a simiiar type of graph in which the weight
figures are replaced by their logarithmic values; the slope of this

\’”byrire therefore measures changes in relative increments, and in
this example it is apparent that as the pig gets older there is a
fairly steady decline in the rate of increment relative to weight.
The percentage increase in the large pig is distinetly legs than in
the small one,
The other two graphs (¢ and &) are for the absolute and relative
increments, respectively, plotted against the time. These
graphs are rather irregular in character, and it will normally be

found that, where the data are subject to unavoidable variation,
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the former two methods of graphical representation will provide a,
better indication of the nature of the growth. The increment
graphs may add to the information. For example, in this figure,
line ¢ appears to be linear in form, proving that the increment is
increasing more or less in direct proportion with the age. The
relative increment, however, approximates to a falling curve
which is gradually flattening out. The drop in relative incre-
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Fia. 4B.<{ﬁcremant curves from a young pig.

ment is much mgré marked in the first 5 months than in the
second. Assumaing that expenses in the form of raticns, ete.,
increase rqt{g‘}sl'y in proportion to the age of the animal, the
optimum\ﬁme to sell would be when this curve of relative incre-
ment j;e)l’}is to fall away more steeply for the second time. This
stag& has not yet been reached with this particular pig.

\V; FREQUENCY DISTRIBUTIONS

Another diagram of rather & different character is the one
obtained by plotting a frequency distribution, of which a simple
example has already been given in Fig. 1. As a more adequate
illustration of this type of diagram, the data from Table 34 have
been used to plot Fig. 54. These data represent the frequency
distribution of length measurements of 1,000 cacao beans
arranged in millimeter classes. :
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TaBLE 34 —FrequeNcy TanLg FOR LENGTH oF Cacao
Brang v 1-am CLasses

Length of beans, No. of beans of each length,
oo, frequency
12 0
13 o,
14 .
N\
. 3 W0
16 6 I\
17 1z O
. A
. 372
19 ~:"‘68
20 198
. A
22 AWV 162
-23 S 163
o4 www.dbrgqﬁﬁ’ary.org.in 110
25 ) 62
i) 43
21 \\ 23
280 5
Q 29 2
R .
7 380
‘{§ 31 0
,,\‘:;' 32 1
Y Total 1,000

LT Y +

The resultant frequency polygon (Fig. 54) exemplifiecs many
of the features characteristic of diagrams of this type. The peak
of the polygon, ¢.e., the class containing the largest.number of
individuals is termed the mode of the curve. This must be
distinguished from the mean or arithmetic sverage o.f all the
readings. In the normal curve which is syimnetr}cal, tI{e
mode and the mean coincide, but the polygon in Fig. 54 is
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slightly skew and the two ordinates are quite separate, represent-
ing values of 21 and 22 millimeters, respectively.

Another very obvious feature of this frequency distribution
for ecacao beans is that individuals showing extreme deviations
from the mean, in either a positive or negative direction, are
comparatively rare, but as the class values approach the mean,
the number of individuals recorded in each class tends to get
progressively greater. Actually, if the number of varistes is
reasonably large, most curves of this type conform roughly,
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Frao. 545 Frequency diagram for length of eacao beans.
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to the expapgion of the binomial (¢ +- b)*, where @ and b are unity
and n 1{'\the number of classes into which the data have been
grouped™® When an infinite numbcer of continuous variates are
tal;ghj"and the unit of measurement is made infinitely small,
othebormal curve, on which many statistical tests of significance
depend, will ultimately be reached.

In Table 34, the length of each cacao bean has bheen recorded
to the nearest millimeter. The figures quoted for the length
of beans in the first column represent the mean of each class
and cover a range of sizes +0.5 millimeter from the recorded
value. Thus, the two beans shown to be 13 millimeters in length
may actually measure any length between 12.5 and 13.5 milli-
meters. This raises the question of the correct allocation of

Mode
Mean

Frequency
(X~
L=

o]
i3
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beans whose size is exactly midway between the means of two
classes. Should a bean exactly 13.5 millimeters in length be
included in the 13 or the 14 millimeter class? Mathematiciang
stipulate that where this occurs a frequency of one-half should
be included in each of the two classes. Provided the method
of messurement is sufficiently aceurate, the number of individuals
showing values exactly midway between eclasses should be
relatively small. Half frequencies may not even appear in thé\
final frequency table, as an even number of half frequencies in
any class would make the total frequency of that class an integer.

In Table 34 the length of the beans varies between 13(and 32.
In many experiments, the range between the highgs't‘. and the
lowest value is much greater than this, and it magbe advisable
to reduee the number of classes by making.each one cover a
wider range of measurements. As an illugttation of how thig
may be done, the data for the length o beans have been
grouped below into 7 instead of 21 classes. Fach new class

includes all values ranging +1.5 mil]ircietera from the mean of

TavLe 86, —LENGTE oF CAQA;S:BEANS m 3w, Crassezs

Frequency table ™ N'dbr?(gélgﬁrt%i?%%iﬂe standard deviation
<~ Deviation of
cl Meanof| Tre- (I elass mean |Frequerey X 7%
3551 olass queiw}(’ F X m; from genersl | deviation (m — 3
T ) L6p mean fm — M) | V7
> (m — M)
— A\
SO P B
12-14 \:;} 4 52 9 36 324
15-174\\16 21 336 6 126 756
18—?0} 19 231 ] 4,389 3 693 2,079
2230 22 | 496 [10,012 ¢ 0 0
TR06 | 25 215| 5,375 3 645 1,935
\ 27-20 28 30 840 6 180 1,080
30-32 31 3 93 9 27 243
Total,. 1,000 21,997 6,417
(General © B8, = 6,417

21,997 _ 647
mean (M) = 1,600 ¢ = A{059

= 22.0 = 2.53
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the class, The class interpal, i.¢., the difference between the mean
values of successive classes, is now 3 millimeters, or three times
as great as that originally used. The method in which the
recorded values have been regrouped is also indicated in Table 34,

The data from this second frequency table have heen plotted
in Fig. 58. This illustrates the general rule that coarser group-
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. 5B.—Frequency dj,agmm];fpndﬁrtgﬁryfongcm beans arranged in 3-mm.

RN clasees.

ing normally gives a miich more regular type of frequency curve,
because the unc 1'\tx‘milable variation between adjacent fre-
quencies tends to%& leveled out. In this graph, the mode and
the mean a;ctu\a:]ly coincide. There is, of ecourse, a limit beyond
which an inérease in the size of the class interval is likely to lead
to a losg~ifi"accuracy, especially if it is intended to use the fre-
quen(gkt&ble to caleulate the standard deviation of the variates.
In,_this example, the number of classes has been reduced below
168 ‘aceeptable minimum; seven readings will rarely suffice fo
N\ fix a frequency curve with any accuracy. If the class interval
is not too large, the loss of accuracy caused by grouping is
negligible. This rule holds good, provided the class interval
does not exceed one-quarter of the value of the standard devia-
tion, In this experiment, as we shall see, the class interval is
actually greater than the standard deviation, proving that the
grouping is too coarse. Statistical calculations based on such a
frequency table would therefore be open to the criticism that an



DIAGRAMS 101

additional and avoidable grouping error has been added to the
estimate of the error variance.

EVALUATION OF STANDARD DEVIATION FROM A FREQUENCY
TABLE
Where the data are exiensive, the grouping of the variates
into a frequency table greatly reduces the routine arithmetic
necessary to a statistical analysis. This relatively simple table,
has been used as a means of demonstrating the various ways in

A
\
Tapres 36.—CALCULATION oF BTaNDARD DEVIATION IN OLass Imsn\mm

Mean of Fr Deviation in IR
class qu’;ney class intervals Fxa 5 x
(m) @ ¢
- 4+ \
13 4 3 A :1\\ ’-—]2 38
16 21 2 PN S a4
~ 231 1 AV -3 231
22 496 > 0. 0 0
25 215 o~ 218 215
25 8% w.dbrawlibragy orgin 80 120
31 3 "‘ N 3 9 27
Total........ 1,000 44 0 713
X

)
¢ {in class intervals) = ’%—g class intervals = 0.844 class

interval
"= 0.844 X class interval
7 = 0844 X 3 mm.

NO7 S os3mm. (as originally ealculated)
Snmlarly, the 8.8, = 713, in class intervals
AN = 713 X 3t mm.

= 6,417 mm. (as originally calculated)

which the standard deviation can be estimated from data
arranged in the form of a frequency table. The direct calculation
of the sum of squares of the deviations from the mean is shown
in the second half of Table 35. In caleulating M and s, it must
be remembered that two factors have got to be considered, the
mean of each class (m) and the number of individuals in that class

.(f)-
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Thus,
_ 2 X m)
- n

M

and

.= X n =07
n—1

The column recording the deviations of the class means from
the general mean (m — M) will always be in arithmetical proc
gression, and this makes it possible to work throughout in class

AN
Tasre 37 —CALCULATION OF STANDARD DEVIATION BY ASSUMED-MBAN/AND
VARIABLE-8QUARED MeTHGDS >
P N\ = 3
“ (M.,}.__ . mq’ﬁéble squated
Cleas Frequeney P
mesn 15}
{m) N )
(m = Ma) | FX{m— M) fX(mwﬁfg)\" IXm Fxm?
L&
A \/
13 4 | =7 -2 { N8 52 676
18 n |- — Bt N 336 5,376
1 21 | -1 ~231 SO 53] 4,359 23,291
2 408 + Hfa&&‘g‘mar l.sﬁsg.m 10,912 240, 064
25 218 —+ Equ‘d +1,875° yﬁ,37 3,375 134,375
28 30 +8 2o 1,920 840 23,520
3l 3 411 Fe 163 o3 2888
—12 426 xw@ 42,240
e \' N s ot
Total | 1,000 +14 \s 41,907 10,405 21,997 490,285
|Gl maoan () = M+ B =Ml X
NS 1567 21,997
o N - ik = i
"\.;_\ 2“"‘1,000 mne. 100 .
\ 3 = 330 mam. = 2120 mm,
— H
O 88 i on - pam - BUX @M 1gg _ 5y gy — ZUXTIE
N® 1,097 . 20
. N\ = 10,405 — ‘]T.@—ﬂ- = 460,233 -1—.0%
\ b ) = 6417 = §417 mm,
¢=VE—:4_1._?_—.353 o = 253 mm.
9y~

intervals instead of in actual units of measurement (Table 36).
This is particularly useful when the classintervalisnot aninteger.
When the clags inferval becomes the unit, the deviations will be
in the form of a regular sequence of positive or negative numbers,
1,2, 3, 4, etc., on either side of the mean class with zero deviation.
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These deviations in class interval units represent the true devia-
tion divided by the class interval,

It is possible 10 use either the assumed-mean or the variable-
squared method for estimating the stendard deviation from a
frequency table. The former is probably the best general utility
method, as it eliminates the need of calculating Z(f X m) to esti-
mate the general mean and avoids the rather cumbrous multipli-
cations of the variable-squared system. The application of both,
methods to the same data is shown in Table 87, and is self-

explanatory. oA\
e "N

CORRELATION DIAGRAMS \Y .

P

Where several factors are being tested, i$ is often possible to
use the same series of individuals to providey tméasurements for
two or mote different characters. These characters may be
interdependent to a greater or less extent)-an alteration in one
tending to produce some corresponding\clange in the other. In
physics and chemistry, the relationshiy is often so complete that
a change in one factor produces gu exactly proportionate change
in the second. In mosg biological roblq%ns, the affinity is much
less evident, but if'38 posm?)ft&%l “obiaini some idea of the general
nature of the association by plotting a dot diagram. In making
a dot diagram, the characters are not plotted against changes in
some variable extérmal factor such as time intervals, but the
values recordedifor one character as measured along the abseissa
are plotied agamst the ecorresponding readings for the second
eharactor alopg an ordinate at right angles. Each plotted point
is located! \By the coordinates of the two characters for one indi-
viduah ™1t is therefore essential to keep a record of the indi-
wduals to which each particular meagurement refers. If a
mhange in one character produces & proportionate change in the
“Second, the plotted points will be in a straight line. I the
varistion in one character has no influence on the readings
recorded for the second, the dots will be scattered irregularly all
over the diagram. Depending on the degree of association
between the two factors, the arrangement of the dots may be
anything between these exiremes. Figure 6 has been plotted
from the data in Table 38 recording the rainfall and mean yield
of maize over a 25-year period. It is very obvious from the
scatter-of the 25 dots that high yields are on the average 8sso-
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ciated with seasons  of high rainfall. In interpreting such a
diagram, it is generally advisable te divide it into four guadrants
by drawing the axes intersecting the scales at the mean values
of their respective factors. These quadrants have been num-
hered I to IV in sequence. Practicaliy all the dots lie in the first
and third quadrants; this is typical of data in which bigh values
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\”‘Ff(; 6.—Dot diagram for rainfall and yield of maize over a 25-year period.

in the one factor tend to correspond to high values in the second.
In other words, there is a pesitive correlation between rainfall
and yield. Since the dots cluster fairly closely round the median
line as plotted arbitrarily, it ean be assumed that the correlation
is high and that rainfall and yield are closely linked. An arrange-
ment of dots similar to the above but located in the second and
fourth quadrants would indicate the same degree of association
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between the two factors, but of the opposite sign in which an
increase in the values of one character tends to be linked with a
decrease in those of the second. Such an arrangement would
show a negetive correlation. If the dots lie more or leas evenly
in all four quadrants, it can be assumed that there ig no correla~
tion between the two characters.
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CHAPTER V
CORRELATION

" Seientific research generally entails the eonsideration of a
pumber of interacting factors, and it is often of primary impoep N
tance to know exactly the extent to which these various factors
influence one another. The correlation or degree of asSotia-
tion can be measured mathematically by calculating the-eorre-
lation coeficient. In estimating this, a table shouldiba drawn
up to show, for any recorded value of one factor, theteorrespond-
ing value of the second. Table 38 is of thisype and records,
for each year from 1883 to 1907, the mean yield'of maize in Ohio
and the corresponding rainfall for th "c}op season. These -
data have been used to exemplify the éomputation of a simple
correlation coefficient, \

. CALCULATION OF A COMF ATION COEFFICIENT
aulll

vt bt rary.org.in

Example 18,—The el\:tries‘in'the last column of Table 38 are
obtained by multiplying the deviation for any x variate by the
devistion of the corrqsp&lding ¥ variate, taking into considera-
tion signs, + or —j of these deviations. The total of these
product deviations\is termed the sum of products or S.P. Where
there are n pairkof readings, the sum of products will have n — 1
degrees of freedom. Just as the mean sum of squares is known
as the yafiatice, so the sum of products divided by the number
of deg‘% of freedom has been termed the covariance. The cor-

relation coefficient r, between the two variables x and g, is given
by the expression _
4 covariance zy

?‘ =
+/variance z X varance 4

As the re&(.l'mgs ave in pairs, the number of degrees of freedom
of each variance and of the covarianee is the same, and therefore

B 8.P.

VBB zX88.y
106
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TantE 38.—YIELD oF MAIZE, AND NuUMBER OF INCHES 0F RalN mv OmHIO
Frou 1883 to 1907

Rainfall Maize
Total for Product
Yoar [season, in.| Deviation . | Yidd, | Deviation . | devistion
Devi- Devi-
{above from mean N bu, par from mean . dz X dy
. ation? B ation?
base of rainfall (-9 aere yield (et
8in} {dz) i (w) (dy) v
e O\
N ¢
28N
S -+ AV
1883 14 e | W00 18 4 8 0N 40
2 4 18 3 IR D 6
4 18 14 1 AN 4 )
3 81 12 3 759 27
3 o 13 2 { Sa 8
6 38 11 4 NN 18 24
[ 36 7 v 4 12
5 25 10 5\ \ 25 25
4 16 12 5\l 9 12
2 4 14 { & i 2
3 9 16N \ 1 1 3
] 64 12N 3 9 24
-8 64 W11 4 16 32
1w | zse  p e 5 | 28 85
2 4 of\ 16 1 1 2
1 TS ] . 2 4 2
3www.db1‘%ﬂlbral )Z,or i 1 . 3
0,4 O 14 1 1 0
NN 0 16 1 1 0
;{\ 9 17 2 4 [
(NG 9 16 1 1 3
\ 6 36 18 3 8 18
O\ 2 4 37 2 1 4
N\ 1 1 16 i 1 3
/ 0 ¥ 15 0 0 1]
-~54 |54 —28 428 —11 4330
S —t S
0 828 375 0 172 +319
. 225 .
Mean rainfall = — = 9in.
25
. 375
Mean yield = —— = 15 bu.
. .25
319
+ — 4085

Correlation coeflficient (r) = \/W

This is the expression that has been used in ealculating r for the
data recorded. ¥The value of the correlation coefficient is there-
fore dependent on the dispersion of the variates within each
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factor independently and on the extent to which the deviation of
-any given variate is reproduced in its opposite number.

\When s positive correlation exists, positive deviations in =
will normally coincide with positive deviations in g, and the sum
of products will have a high positive value. In a negative cor-
relation, a positive deviation in z will normally be associated with

" anegative deviation in ¥, and vice versa, and the sum of products

will have s high negative value\ When the variation in the two.
factors is entirely independent, positive and negative deviations
for any pair of variates will oceur purely by chanee, and or_the
average of a large number of readmgs, the product deyigtions
will tend fo cancel one another, giving & relatively, IQW figure
for the sum of products. The correlation eoeﬂicl,eﬁt may take
any value between +1 and —1. It is not affected by the units
in which the variables are measured. If r is zeéxd,"the two factors
are independent; while the nearer r approachésto +1, the greater
the degree of correlation. The sign of 7.%ill be the same as that
of the covariance and determines whether the cotrelation is
positive or negative, 7.e., whether an.increase in the one factor
is associated with an increase or\Wwith a decrease in the second.

SIGRIFICANCE OF X ‘COREHLbETOR B BYFICIENT

Here again, the data used to calculate r represent only a sample
of the whole popul tiQh,’and the value of r obtained is therefore
only an estimate, of the frue coefficient of correlation. To
€NnSUre even reasonable accuracy in this estimate, a relatively
large number of Variates are required. It has been demonstrated
that for n.% 100 a value of r of +£0.3 may be obtained purely
by chaJQse from two eharacters known to be entirely mdependent
In wany expenments the number of readings available is often
of Tiecessity very much fewer than this, and with small samples
_1$'is essential to: pply a critical test of the significance of the
estimated correlatmn coefficient. In a correlation based on =
pairs 011' va.r:ates 1the_ btandard error normally attributed to + is

. —

v V- B
coefficient may not be nfi%ally distributed and that, when the
sample is small or the correlation high, this standard error does
not provide a fair estimate of mgmﬁcance With the relatively
small samples that in biological research have perforce often to

- Fisher points out that the correlation
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be used to estimate the correlation coefficient, the expression
for the standard error has to be modified to

Y1 — ¢
vVn =2

The number of degrees of freedom attributed to » has been
reduced to » — 2, and the square 100t of 1 — 2 has been intro-
duced. This modified expression is therefore bound to give'a
higher value than that eslculated from the standard forpduld,
and, if used in conjunction with the Tsable of t, 1t provides
a critical test of the significance of a correlation, coeﬂ’iment
evaluated from & limited number of pairs of observataons In
this test, the Table of ¢ represents values of the corxe‘latmn coefli-
cient in terms of the standard error. Thus )

'r\\'

—?‘9)/'\/?1——2
rX\/n—2
R

1f refercnce to the Tabl&@ﬁbﬁﬁldﬁgﬁqgmﬁﬁ freedom equivalent to
n — 2 shows that this calculated value of # corresponds to a value
of P less than 0.05, the «garrelation coefficient may be considered
significant. Applyifig.this test to the data in Table 38, in which
the number of pairs, of readings is 25,

0.85 X v/23 - 773
V1 — 0.852

For Zﬁegrees of freedom, the Table of £ shows that the prob-
abilityef exceeding this calculated value purely by chance is very
much less than 0.01. The reading of £ for n = 23 and P = 0.01
“:ﬁ only 2.807 as compared with the figure of 7.73 computed from
the data, This correlation coefficient of --0.85 is therefore
definitely significant, and it can be safely stated that, in the
partieular county to which the data refer, high yields of maize
coincide with seasons of relatively heavy rainfall,

¢ (by calculation) =

A\
t@y ealeulation) =

EASY METHODS OF EVALUATION

The short methods of computation by squaring the variates or
the deviations from an assumed mean can generally be used
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with advantage in caleulating the correlation cocfficient. The

estimation of the .sum of squares of x and y presents no new

features. By the variable-squared method the sum of products

is equal to

2(o) — 222

By the assumed-mean system, the same expression holds good if

the symbols x and ¥ are taken to represent deviations from their

respective assumed means. The applieation of this system te)

rather more complex data is shown in the next example.  {)

Example 19, Calculation of » from a Frequency Table by

~ Assumed-mean Method.—Ideally 7 should be compglﬁed from a
large number of pairs of observations. Where thisdspracticable,
the arithmetical work can be greatly reduced y* grouping the
variates into classes in a correlation luble sh'om\hg the frequency
with which readings for = given class in z.aré\distributed over the
various classes of y, and vice versa. Table 39 is a correlation
table of this type. The records againghow the yield of maizc and
the rainfall over the same 25-year period. The data in this ease
have been eollected from, fpunaamseniethegiving a total of 100
pairs of observations. It should be noted that such a correlation
table bears a marked rgs@mblance to a dot diagram. In this
example, the arrangetnent of the frequencies over the gguares
enclosed by the table is"certainly not a random one, No entries
are located in tth areas representing low yields and high rainfall
or high yields sd low rainfall. Most of the entries lie in a strip
running diagenally from the first to the third quadrant, indicating
a positiv\eioorrelation between rainfall and yield of maize. If, on

- the othérhand, the frequencies in a correlation table appear to be
scattered indiscriminately over all the squares, it is practically
‘eerfain that no significant correlation exists, and the estimation of
7 becomes a work of supererogation. Inm using the correlation
table to form a rough idea of the existence or nonexistence of
correlation in the data, it is not only the number of squares that
are .ﬁlled up that must be considered, but also the frequency
attributed to each. Where the majority of the higher frequencies
show some definite arrangement, o few single frequency entries
outside this arrangement are not likely to upset the general trend

. of results. In this table, correlation is apparcntly present, and
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the data have been used to estimate r by the assumoed-mean
method. The caleulations are shown in full and should he
self-explanatory.,

' d 11
Mean yield (M,) = assumed meanof y - Mg——l) =13+ -

100
, = 13.11 bu.
B XA o, 112 ~
B8y = 2(f, X d¥) --\_\—————-n— = 377 = o = 375.8
oA\
Mean rainfall (M,) = assumed mean of z E(f’ﬂ-ﬁ’-) O .

1+ —22.£96.73 in.

002
_ \*
2 §e
88 7 = 2(fu X d2) — —-——-ﬁ[z(f*: " _ 1 953 % = 1,945.7

AY;

The final column in the correlation tqh@:}ecords the produet
deviations from the assumed means. YFo) compute the true sum
of produets based on deviations from the real means of x and y,
the total of this column has to ba torrected. The correction

factor here is &N X

www.dhwgulibrary org.in

The total deviation of z X the total deviation of ¥ :
{{from their respective assumed means)

+\J 73
O
This value has gob % be subtracted from the total of the last
~ column of the t8blé, taking into aceount the signs, positive or

negative, of th various values,

S a3 x ) - 2 X ) X 30 X )

nythis example,

I ,
9, SP. = appx X 27 .,

Correlation coefficient r =

V' 1,945.7 X 375.8
= +0.55

) * This value has been caleulated from the rows and from the eolumns
independently as a check on the arithmetia,
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In this example n — 2 equals 98, and the Table of ¢ gives only
the theoretical distribution of ¢ for degrees of freedom ranging from
1 to 30. Above this number of degrees of freedom, ¢ approxi-
mates to the values given in the Table of zfor the normal distribu-
tion, and when # is large, the Tsble of # or the reading from the
Table of ¢ for n = « may be validly used to test the significance
of r,

X +0.55 X /08
t calculation) = —_— '
by ) 1 — 0.55¢ RAY.
= 6.55 QO

The Table of ¢ shows this value to be significant on s pf‘oii‘ability
much less than 0.01. With large samples, this tést“is almost
identical with th¢ use of the ordinary standard errér of ». The
correlation of --0.55 is certainly significant proving once again .
that an increase in the rainfall tends to pro(kice arise in the mean
vield of maize. O

STATISTICAL COMPARISON OF CORR:ELATION COEFFICIENTS

When two or more independentestimates of the eoefficient of
correlation of a given w&aﬁ%’%g&%}ﬁ, it is often of some
importance to ascertain whether they are significantly different or
not.  The distribution of«may not be normal, and the ealculated
standard errors in corjunetion with the Table of £ should not be
used to determine whether the difference between the individual
estimates of r iy g;i‘gniﬁcant or not. It is possible, however, to
eXpress any v,a\h;c of r in terms of 2z, and as 2z is known to be
distributed agtmally, the standard tests of significance based on
the nonn\abﬂistribution as elaborated in the Table of  may then
be validly*applied.

) . s
., r(interms of 2) = log. (1 + 1) 2log.., 1 =)

1f » represents the number of pairs of observations from which
- . 1
r has been estimated, the standard error-of z is equal to Va3

Bignificance of Difference between Two Estimates of r—In the
preceding examples, two estimates of the correlation between
rainfall and yield of maize have been worked out, #z.,

* Of. z used in the comparison of two variances (p. 42).
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= 40.85 from 25 pairs of observations
= +0.55 from 100 pairs of observations

The corresponding z values, as obtained by substitution in the
above expression, are

2, = 1.2561

z: = 0.6184

Difference = 0.6377

The standard error of this difference # - 2; is from fieke™
principles the square root of the sum of the squares of the(indi-
vidual standard errors. 7, and np are 25 and 100, respet}tlvely,
and therefore

Standard error of the difference % — 22 = »\] 59 97
= 0.236

To he significant, a difference between 'v:ﬂgés that are normally
distributed must be greater than twige:m standard error. ‘The
difference of 0.6377 & 0.236 is therefore definitely significant.
The actusal probability can be rea'd'from the Table of z:

z (by calaulﬂm}whb%a%{gr 12,702

Reference to the Table of z shows that this caleulated value of
2.702 corresponds\bo\a probability less than 0.01. ‘This proves
that the correlation between rainfall and yield of maize tends to be
bigher in theJ6éality where the first series of records was taken
than in the\bther centers. A possible explanation of this might
be dediicéd from an examination of the major soil types in the
different areas.

_~€omparison of Several Estimates of r from Same Population.—
~\When a number of independent estimates of any correlation
“coefiicient are available, as computed from diffcrent samples from
the same apparent population, it is often advantageous to deter-
mine the mean value of r for the whole of the recorded data. This
not only provides a convenient method of summarizing the
rfesults but may also prove satisfactorily the existence of correla-
tion in cases in which one or more of the independent estimates
are nongignificant. The mean coefficient of correlation is
obtained by expressing each estimate of » in terms of z, calculat-
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ing the mean 2 from these and changing this mean back to the
corresponding value of r.  This technique is valid only when the
total number of correlation coefficients combined together to
provide the mean value is small in comparison with the number of
variates in the individual samples. Hayes and Garber,* from
data covering a number of consecutive years, record a positive
correlation between the yicld of wheat and the size of the indi-
vidual grains. It is possible to use the data, quoted below, farl
three separate harvests to ealculate the mean value of thls
eorrelation eoefficient. )

79\ *
h

No. of seleetions or Correlati &N
samples from which errelation

. 2879
Year: each r was caloulated “03%‘3“’“ 1llog, (1 > loge (1 — r)]

()
1914 70 40,431 \\ '+0.4611
1915 70 +0.519 N\ +0.5759
1916 . 70 40.356 [N\ +0.3723
Total. N 1.4003

~

o — meaumhmm&éhﬁ al'r‘%gc?r?g ™ +0.4698

The corresponding vall%e‘af r is calculated from

. Ne® —1  2.7183% — |
A e®F 1 27i83E F 1

r may be evalpated dircctly from the above expression with the
aid of ordingry-logarithms, but it is simpler to obtain the value
of e?Z by.dgdertaining from the table of Napierian logarithms the
numbeg;&s\'ose Napierian logarithm is 22. In the above example,
2z ?<f0f9396, and reference to the table of Napierian logarithms
{hc}iws that this is the logarithm of 2.559.

2,559 -1
7ar, the mean value of r = 35 11 - +0.4380

. 1
zyr 18 normally distributed, and its standard error is —————
" Y ’ Vp(n — 3Y

where p is the number of independent estimates of r, and » the
number of individuals in each sample from which these estimates
were derived.

* ¢ Breeding Crop Plants,” McGraw-Hill Book Company, Inc., New York.
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. 1
The standard error of 2 in the above example = Wh——&
1
V201

2 is much greater than twiee its standard error and therefore
significant, provmg that there is a definite positive correlation
between the seed size and yield of wheat, with a mean value of r,
over a 3-year period, of +0.4380. \

The transformation of z to r can be simplified if Fish
Table VB (“Statistical Methods forResearch Workers”), shdwing
values of r for different values of 2 from 0 to 3, is available:

The size of the different samples, from Whlch tBe warious
estimates of » have been obtained, is not always thé/same, and
when this ocours, it is necessary in caleculatingaw o take into
aceount the number of variates in the samplesyfrom which each
individual z has been determined. In tl@&é circumstances the
best formula to use is

"

- zi{ns — 3) + 2lne ';:3} '1‘ - 2y(n, — 8)

%oy -+ [ENY ¥ —3p

W dbra‘u]lhl. ary org. in
where p samples with ny, pg, . - . 1, vanates, respeciively, are
available, giving v&lue&n;f T equwalent tory, s, . . . ¥p OT 2,

B3, . o+ respect\zjy This will ensure that the final
estimate of 2 is weighted correctly in accordance with the num-
ber of mdlwdua.lrs i1 the various samples from which it has been
determined.

The standard error of zx will be eqluvalent to

O 1 1
VAVttt et —3p V3%~ 3p

\ The collection of data for the determination of the correlation
coefficient between yield of wheat and size of grain was continued
for two more years, and the full data are recorded in Table 40
along with the requisite ealculations for the computation of the
mean value (rx) for the 5-year period.

Standard error of 2y = —-1—: = 0.0584
V293
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za is much greater than twice its standard error and is therefore
gignificant., '
€% = U8B = Joo 2 259

1959

The mean coeflicient of correlation is therefore +-0.3863, a value
which is definitely significant, In calculating this mean value, it
is assumed that the independent estimates of r, as evalustod
annually, all belong to the same general population, and that ahy
 differences between them represent the ordinary errors pf\'ré:n}[om

TasLe 4).—VALUES OF 7 AND z FoR CORRELATION BETWEAN. YIELD OF
v ER}
WeRAT anp SuzE or Seep, 1014-1918,.

N

Correlation coﬁ’:‘ Correspondin

No. in sampla efficients far Sponading
Year () each z30) values of

: N\
1914 70 OF . +.4611
1915 70 N +.519 +.5759
1916 0 8  +.356 +.3723
1917 w3P dbtaulibrary 5rf8th +.6624
1918 ey QP y+.r%§9 +.0620
Total. .. ......... 308

Ay = \‘.’ ‘ )
(0.4611 4+ 0.575\9 + 0.3723)67 + 0.6624 X 32 4 0.0620 X 60

]’ 308 -3 X5

119.410

= ~h074075
s;zgi;iﬂing. It may happen that one or more of the estimates show
“an’unexpectedly large deviation from the average value, and it

N\ Ihight bo interesting to know whether these extreme values of r -
can be regarded as differing significantly from the other estimates.
The x* Method of Testing Homogeneity of a Group of Correla-
tion Coefficients.—The best index to show the degree of difference
between a number of independent estimates of r is

xt = Z[(¢ ~ zu)%(n - 3)] for all the samples.

This x2 will have p — 1 degrees of freedom, where p again repre-
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sents the number of independent estimates or samples from
which zur has been evaluated.

Reference to the proceding numerical example recording the
corrclation between yicld of wheat and size of seed shows that the
correlation coefficient for the year 1918 is much lower than for any
of the other years. Does this particular estimafe lie outside the
range of values covered by the ordinary errors of random
sampling?

Tasrs 41 —CALCULATION OF %2 FROM ESTIMATES OF 7 RECORDED
my TasLm 40 £
AN
. NS ¢
Estlm:.tes of 2y z — zu n (¢ — 2u)*(n= 3}
a 0.4611 | 0.4705 | +0.0563 | 70 | 0712
22 0.5759 40.1684 | 70 1.900
z; 0.3723 —0.0352 70 0 0.083
A 0.6624 40.2540 | 38117 2.078
% 0.0620 —0.3455~53" 7.162
Total..... I 11.435 = x*

The Table of %2 shows that, jf’er’ the available 4 degrees of
freedom (p — 1), a value of xAdrivldsseotF&Pbuds to a prob-
ability of approximately 0.02, proving that there is a significant
difference between the individual estimates of z.

The standard errgr\o\f zis _t 50 that the standard error

vVn—3
. AN . {1 1
of the dLﬁe?gri'\ce between z; and 2y, 2., or 23 is &0 4+ 5= 0.178.
A diﬁerej{{e}between the estimates of z greater than

.‘\'f Ny 2 X 0.178 = 0.356 is significant.

“The estimate of » for 1918 is significantly lower than that for any
of the other years except 1916. Tt would appear therefore that in
1918 some factor, possibly some climatic peculiarity, has reduced
below normal the degree of correlation usually expected between
the yield of wheat and the size of seed.

It should be earefully noted that it is not valid to select one pair
of z values out of a group of similar estimates and compare them
by means of their standard errors until the x2 test has demon-

Q!
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strated that there is a significant difference between the estimates
when the group is considered as a whole. The x2 test therefore
determines whether the population, from which the various sam-
ples and estimates of r have been obtained, is homogeneous or not.

_ PARTIAL CORRELATIONS

The correlation coefficient between two variables 4 and B
measures the extent to which A responds to known changes in B,
or viee versa. In any research problem there will usually bel
other agencies, C, D, E, etec., with which 4 is also likely tobe
correlated to a greater or lesser extent. In order to obiain“an
accurate understanding of the various phenomena at work'en the
character A, it is not sufficient to base the conclusions on the
separate correlatlon coeficients—A B, AC, A.D—calcula.ted
independently. The effeet of the one agency iy be such as to
mask or caneel the true influence of the secohd. For example,
heavy rainfall or high summer temperature§ may both be posi-
tively correlated with high crop yields\“It is quite possible,
however, for wet seasons to be nagg,ﬁiirely correlated with tem-
perature, and this would almost geptainly lead to an apparent
absence of correlation between. yleld and temperature, Where
any character under vexurdhiibhrisylawwn to be affected by
various external factors, (it is essential, in determining any
particular correlation, to\make due allowance for all the other
influential factors c@ered by the data. This is best effected
by calculating what, is termed the partial correlation coefficient
to distinguish«ifArom the fotal correlation coefficient based on
data from twe\factors only, as already discussed in the preceding
paragraph§\YA partial correlafion measures the correlation
betweemany two variables, 4 and B, when the remaining factors
C, D,\B, etc., are kept constant. The elimination of the influence
of, th\e balance of thevariablesiseffected in the mathematical caleu-
“lyilons. The first step is to work out the total correlation coeffi-
cients for all possible combinations of the variables taken in pairs.
Aet X1, Xy, X; represent three interacting factors, and riz, 713,
" 13 the respective total correlation coefficients between each pair.
Then the partial correlation ris.g between X, and X,, with X,

held constant, is given by the equation

Fiz — T3 X Pa3

V(A — (1 — rds)

fi2.3 =
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s | B g8 Example 20. Estimation of a Partial
¢ | ¥ | oeo | Comelation Coeficient.—Yule records
gi{s | 299 . .

2 T+ | the following data showing the total
% g g g correlations over a 20-year period
S | ® &< | between:
| wy | e
12 LYYl 1 The yield of hay in hundredweights.
a d221{ 2 The total rainfall in inches.
” : 3. The accumulated spring tem-,
E _‘EE gg g _ perature. A
B R R ria = +0.80, 9
E 4 fiz =~ “*'04:0, L W
S| 2, |zas m= =05
g a% E = E It is desired to ascertain/vom these the
413 true effect of rainfall and\di temperaturs
Bl .4 ggg| o the yield. In defermining the two
& fa: % 2 z. 3 partial correl&tign‘:& from the equation,
1 = ++ 1 | it is a good plawvto work in logarithmas
a ) . throughout dnd construct a table of the
2 842 | 3%§ | typeappeided.
=] S E E Soe | wihbedbdeuomingtors.iof the algebraic
o] €2 | T 11| expression is bound to be positive, so
g - .tlze.t the sign of the partial correlation
E T o o wi[ Wil be the same as that of the numerator.
g - £ 2% | The table is otherwise perfectly straight-
3 g i | forward and merely details an casy and
CL_ 21O accurate method whereby the value of
N % | the right-hand side of the partial correla-
2 j%" 8 F % | tion equation ¢an be computed.
S o sc o The determination of the significance
S “\ . 2 of a partial correlation is similar to the {
) ey 2w 2 | test used fora total correlation coefficient
oo a | with the proviso that the number of
degrees of freedom from which ¢ is com-
3 €% 8 | puted must be reduced by a quantity
BE T 7T | equal to the number of factors that
B f 1 1 | have been eliminated in estimating the -
B & 2 7 | partial correlation. Tn this example, »
—the number of readings in each series
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—is 20, and only a single character is held constant in each
partial correlation. Therefore for 7,4,

0.759 X /20 — 2 — 1
+/1 = 0.750°

Reference to Table of £ opposite 17 degrees of freedom shows that
this value of ¢ corresponds to a probability markedly less than
0.01. This partial correlation is definitely significant. AN
similar test applied to the other two partial correlations ry;, s and
7251 shows them to be nonsignificant as determined on aroh-
ability of 0.05. 7.3,2, the correlation coefficient hetween yield and
spring temperature with the effect of rainfall elifninated, is
obviously negligible. This is rather in contrasg ¢ the total
“correlation coefficient 715 for the same two fachérs, whose value
of —0.40 approaches the significant level (B\= 0,07, approxi-
mately). It is even possible that the partial’and total correla-
tions are significantly different, andyas a test of this, the
transformation of the r values to z hdgbeen carried out.

log. 0:60 - log, 1.40

¢ (by calculation) = = 4,802

T3 = —0.40

Wb dbraglibrarg org.in = 1.5763

Ti3.2 = +0.097 22 _T_'"log;; 1.007 ; log, 0.903 = 0.007¢
- _

’\'\‘"t Difference, 2; — 2, = —~0.5211

The number of dégrees of freedom is 18 and 17, respectively, so
that the standard/error of this difference is +/14g + {7 = 0.338.
The differenpe~does not exceed twice its standard error and is
therefore figt significant.
From these results, it beeomes obvious that the elimatic factor
whi,gh,‘is of primary importance in influencing yield is the rainfall.
AFhis conclusion illustrates another important point in the inter-
bretation of correlations, viz., the need of starting with some
fogical hypothesis which will make it possible to separate, for any
given eorrelation, the causative attribute from the dependent one.
In this example, there is no doubt but that it is the rainfall which
ig influencing the yield of the erop. With other data in which .
close affinity can be proved between the attributes, a satisfactory
evaluation of the results may be impracticable on account of the
impossibility of defining whether it is X that is responsible for



192 TECHNIQUE IN AGRICULTURAL RESEARCH

changes in ¥ or vice versa. For example, a positive correlation
. between root development and number of tillers might mcean
either that plants with numercus tillers develop a bigger root
system or that.a good root system encourages tillering. The
mechanical computation of correlation coefficients is of little
practical value without the necessary knowledge of the basic
character of the attributes which alone will lead to a valid inter-
-pretation of results. A lack of understanding of this principle
has been responsible for some misuse of the correlation weaponif, >
the past, and, in some instances, has led to apparently strikinghut
{false deductions. These in turn have tended to attach-fe the
correlation coefficient 2 certain degree of disrepute which is
entirely unwarranted. There can be no doubt that,if the hands
of the expert, the proper application of the correlaﬁpﬁ theory has
added greatly to scientific knowledge, particulasly’'in sociological
and biological problems; also even with the)hovice, errors of
interpretaiion may be safely avoided if de {ittions from the corre-
lation coefficients are limited to examiples in which the basic
premises are known to be accurate. | WV

It is possible to extend the partiaktorrelation equation to cover
data in which more than three in%éi'a%tp factars have to betaken

into consideration in cstithBRE Eortalation effects. Take the

simplest case in which the‘data show the corresponding n readings
for four variables, and the partial correlation required is that
between the first, two factors with the last two held constant,
viz., #12.50. 'The fitst step is to calculate, for the four variates
taken in pa.irg; Bl the total correlations ris, r1s, 14, 23, Fag, Tse
From thesepby substitution in the original equation, the three
partial «cQreélations ries, Tis.4, ris can be caleulated. These
represeént the correlations between factors 1, 2, and 3 taken in
pgi{é,”wheﬂ factor 4 has been eliminated. These values ean now
bé./used as simple correlations—as designated by the index
wlimbers preceding the point in each r—between three variates

1, 2, 3, in order to assess the partial correlation between 1 and
2, when 3 is held constant.
Thus,

__Tiea — Tias X Tasa

F1o,34 =
' V= ris (U —13;.,)
If, on the other hand, it had been desired to ascertain the correia-
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tion between factors 1 and 3, when 2 and 4 are eliminated, the
equation then becomes

Tis.4 — 124 X Tasa
V{1 — e (1 — 738.0)
The number of degrees of freedom of either of these partial
correlations is n — 2 — 2 or, in general, where p factors have

been eliminated, n — p — 2. Tests of significance are exactly
as described for total correlations, with the exception of this

T13.24 =

are based. It will be readily understood that this procq'sé' of
climinating unwanted factors one by one, in the interpretation
of complex data, can be extended theoretieally to anynumber of
interacting factors. It is wise, however, to bear¢if’mind- that
cach additional factor will be responsible fo{s ‘marked and
progressive Increase in the magnitude of the anithmetical caleula-
tions. The following tables have been eomipiléd to facilitate the
calculation and interpretation of correljxti& coefficients: .

“Tables of 1 — r? and v/1 — r3% by'J. R. Miner, Baltimore.

Table VA.—*“Values of r for 'dl”ﬂ’erént values of P and n,” and

Table VB—“Tablewufdyraifibreatwessbf z from 0 to 3,”
“Statistical Methods,for’ Research Workers,” by R. A.
Fisher. AN\ :

nY
INTRACLASS CORRELATIONS

In the computatién of the coefficient of correlation from experi-
mental data, thepairs of readings from which r is determined can
usually be correctly allocated to two well-defined elasses x and g,
e.g., in thé torrelation between yield and rainfall, parent and
child, ‘hga’i_éht and age, ete. If the records are complete, it should
not kiespossible for a variate that rightly belongs to the z group to
bteome included in the y group. With other types of data, it
iy be impossible to tell from any character difference which

reading of any pair belongs to the  and which to the y group. 1t~

then becomes immaterial how the allocation of the pairshetween
z and y is made. Thus in determining the correlation between
baired chromosomes in the somatic cell, it might be i.mpossible.to
differentiate between the individuals in any one pair. Or again,
twin ram lambs are obviously identical types, and in-measunn.g
the correlation between such twins, no classification to type 1s

Q"
decrease in the number of degrees of freedom upon which they®
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practicable. On the other hand, if one of each pair is a ewe and
the other a ram lamb, the observations would naturally be
grouped according to sex, z for the female and y for the male.
Ezample 21. Computation of Interclass and Intraclass Cor-
relation Coefficients for Twin Lambs.~—When the pairs of read-
ings cannot be aceurately separated into two distinet z and y
clagses, the method of calculating the coeflicient of correlation is
slightly modified to evaluate what is termed the intraclass
correlation as distinct from the interclass correlation as previcusly™\
discussed. As g means of illustrating the difference in procedure,
the interclass and the intraclass correlation coefficients havel Bath
been worked out for the following data for the weight 68 twin
laxabs at 8 months of age. In the first caleulation, the@seadings
are taken to be for ewe lambs and the y readings forlfam lambs,
when the interclass correlation is the one requiredd ) In the second
calculation, all the twins are assumed to belang\o the same sex,
when no z and y classification is practicable and the intraclass
correlation is the one to apply. X

3

TasLk 43.—CALOULATION OF INTERCI!ASS Gommm:on COEFFICIFNT
FoR TWiN Lamss OF Orposrs Sex

W ws:u:-raullnldly Ot
Females (z) “ Males ()
Deviation | “\ Deviation 4 X d
. from mean'l, oo . from mean v ¥
Weight, kg. of ‘N{ dZ | Weight, ke. of y d?
. {dx) (dy}
-+ -+ -+
26\“ 3 9 29 2 4 G
33\ 4 16 32 1 1 4
220 9 81 24 7 49 - 63
(e 1 1 29 2 4 2
) 24 5 25 28 3 9 15
33 4! 16 37 6 36 24
35 8| 36 34 3 9 18
_ 32 3 9 33 21 4 G
27 2 4 345 4; 18 8
32 8 e 2 2 al 6
290 —20  420]206 a10 —16 416136 |—14 4188
\"'W“‘-"_ —— gt e
Mean = 29 0 Mean =31 0 124
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Intereclass
8.P. +124

correlation, 7,y = —F——r ————— = }0.741
" \/SSxXSSy Ve T
1-— 72 41 — 0.7412 '
Standard error of 1y = Y ¥ = == ={.2375
Y an—2 +10—-2
. 0741 .
¢ (by caleulation) = 0335~ 3.12
For & degrees of {reedom, this value of { is significant on a probs
ability less than 0.02 O\

In estimating this interclass correlation, the sum of squapes ofz
and the sum of squares of y are caleulated separately by squa.rmg
the deviations from their respective means. Whege no such
grouping is praeticable, the corresponding « and, ,y\readm_gs are
interchangeable, and in Table 44, as an indjeation of this,
the first entry of any pair has been designa.t %' and the second
@’. In estimating the intraclass correlatic 1{4s the dat4 are non-
divisible, the sums of squares and products are based on deviations
from the general mean of the whole 2Q variates, 1.e., of 2n variates.

In testing thesignificance of an intriclass correlatlon coefficient,

it is neeessary to tfﬁ%?ﬁ?&?&b’}mﬁa&ﬂ?&ﬂﬁ% expression
_log. (1 + '.-“) .oz, (1 — 7) + 1 log,

n—l

¢\ .. . . .
With an intraclass mélé,{non, there is an unavoidable negative
bias in the estimatien of  and a correction has to be applied by
adding to z the(¥dlue of the final term in the equation, ©z.,

¥4 log. ~ i 5 For the above example,
N g 163 —log, 037 , 1, 10
N T ) +5logy
~\V = 0.7940
\ 3

8tandard error of z as determined from an intraclass correlation
A
= \/W =Al55 = 0.343

* Clontrast this with the expression used for estimsting the standard error
of # for an interclass correlation, viz.,

™

1
Standard error =Y, —5

™\
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2 is normally distributed, so that, to be significant, it must exceed

twice its standard error.

In this ease ry o is therefore definitely

Taprm 44 —Capconation oF INTRACLASR: CORRELATION COEFFICIENT
ror Twin Ram Lamss

x! x”
Weight, fDevia’siom Weight, Dreviation . do X d
ke, rom general 2, ke, from general i
@) mean @ niean ¥
{da) (ds) ’ \:\
o N\
- + - + &0+
2% 4 16 29 1 LIS 4
33 3 9 32 2 47 i}
20 10 100{ 24 6 06 60
28 2 4 29 1 1 2
24 8 36 28 2 N 4 i2
33 3 9 37 \ 71 49 21
35 | 25 34 Y 4 16 20
32 2! 41 33 > 3l s 6
27 3 9 35 o 5] 25} 15
32 2] 4j 295 1 10 2
2% | -2 415 | 28 | BM00homi org® | 146 |17 +181
N . Nl
R +114
< % General mean = 21?9_%—%—@ = 30 kg.

Intraclass\'éo\relation coeflicient, 7.

.’\ P

N

ad

S\

&

Total 8.8. = 216 + 146 = 362

_ 0.7940
0343

(:

_ 4114

8P, X2
T total B8,

X2

T 362

wi‘gﬁiﬁcant, the aetual probability as determined from the Table of
z being between 0.02 and 0.03

= 2.312)

= -+0.63

) Example.22. Computation of Intraclass Correlation Coeffi-
c}ent for Triplet Lafnl')s.“The estimation of the intraclass correla~
tion need not be limited to examples in’ which the readings are
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recorded as n similar pairs. It provides an equally valid method
of testing the correlation when the data are arranged in groups of
3,4,5, . . . psimilar individuals, each group forming, as it were,
one family. Buppose, in the last example, that the data recorded
had been for triplets and not twins and included the weights for
the third member of each family as shown in Table 45. The
deviations are again taken from the general mean of the 3# read-
ings and the total sum of squares is calculated in the ordindry
way. The sum of products is obtained by adding together the
product deviations of the threce members of each fa,mlly taken in
all combinations two at a time. .\

7
<

Tarue 45.—CaLcuLaTioN oF INTRACLASS OORRELA'R(ON COEFFICIENT
rorR TrirLer Lawss \

" Prq@xtct‘deﬁations
-
Weight | Deviation A
of th.u:d from general & d X\ do X dyn e X dor
lamh, kg, mean, &N
(="'} {dor) o
o Hbl ﬂull:_” al ey S.;ll
- + .- + - + |- 4+
30 0 [L.&o 4 0 0
34 Ar NG 6! - 12 8
23 7 N} 49 60 | - 70 42
28 2 ) 4 2 4 2
26 47 16 12 24 8
35 \ 5| 25 21 15 35
36 4l 6| 36 20 30 24
30Ny o © 6| 0 0
32[9\ 2 4 15 6 10
026 4 16 2 8 4
\J300 | —17 17166 | —17 +131 | —14 155 | O -+133
+114 414t +133

4 " ZM 200 4 310 4 300
General mean 2z + Egﬂ + 22 + 30 + = 30 kg.

Total 8.8. = 216 + 146 + 166 = 528
= 4114 + 141 + 133 = +388

If p represents the number of members in any famlly, the intra-
class correlation,
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8.P. for p_(p_2:_1) serios of product deviations

total 8.8, X “'3—;—1

r =

In this exémple where p = 3,

. S.P. from three series of product deviations

fotal 5.8,
4388
= 5oy = +0.7349
Where the number in each family (p) exceeds 2, the best es‘r,k \
mate of z is obtained from . A
_by 1+ (p=Dr 1 no N
Pogle =7 5 tgloe iy (X

1y
When p = 2, i.e., when r is a measure of the intraglass correlation
for » pairs of similar individuals, this formpula, reduces to that
already given in connection with the data foriwin lambs. The
same correction for the negative bias in\the cstimation of r is

required. For the ahove eﬁ%?&%&‘auh};i-éry.org.in
1,14 (3 —1)07349% " 10

1
z =3 log. T = 07389 + 5 log, 5 = 1.1685

The standard error of z is, apfp}oydmately,
: . AN

R 3
\/2(1:: oDl —2) ~ \/2 X2X8
QO = 0.306

The estimatexfﬂ‘ue of z is much greater than twice its stand-

ard error, pit ng that the correlation of 0.7349 is definitely
ignificant S,

Anot]g’@ method of arriving at exactly the same result is to
ParTy QUL an analysis of variance of the data. The total sum of
squares for the 3n variates has already been caleulated, viz,, 528
with 29 degrees of freedom. This total sum of squares ean be

validly split up into its two tomponents the sum of squares
between families and the error of sum of squares, i.e., the sum of

* When = is small, this expression docs not aceurately evaluate the vari-
ance of 2, .

N

n\
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squares within families of three similar individuals. FEither of
them can be calculated in the usual way, and by subtraction from
the total sum of squares, the second component ean be assessed.

TABLE 46.—ANALYSIS OF VARIANCE OF DaTA FOrR TRIPLET Rams

14 log,
Factor 8.8, Degrees of Variance | of vari- z
freedom
ance "\
Total . ooeeeinenein. . 528. 29 O
Between families, .. ..... .. 434 67 9 48.30 | 1.9387 1 1685
Within families, €.¢., error. .| 93.85] 20 4.667 0.7702‘ '

This value of z is significant on a probabilifz ieés than 0.01.
The two estimations of z—from the intraclags“eorrelation and
from the analysis of variance—are 1dentlea NJThus the 2 test as
used in any analysis of variance is essanti@lily a test to find out if
the data show any significant correlafion between similar indi-
viduals, 7.e., between members of the same family. If positive
correlation ¢ X]bts, the readings for anhy one family will tend to be
similar and, in consequence, the variance within families will be
lesa than that between\"fm&\fiﬁbﬁa“ﬂﬂé & Xetfrifoves whether this
difference in variance—if\other words, the correlation—is large
enough to be consideréd) significant or not. If no corrclation is
prosent, the va,rlaz;ce\ ithin families will be of the same order as
that between families. On the other ha,nd, in the case of g
negative correlation, a high reading of 2’ will on the average be
associated i’$he same family with a low reading of z”, and the
varign ce\\;v}hm families will tend to be greater than that between
Iamlhea\ The # test can again be used to test whether this differ-
engéan variance is significant, i.e., whether the negative correla-
tion'is significant.

N\ Unless an estimate of the actual correlation coeflicient is
required, the analysis of variance is not only the more accurate
method of statistical interpretation but is also easier to evaluate,
especially for high values of p.



CHAPTER VI
REGRESSION

The regression ¢oncept is closely allied to that of correlation'if."
that it is concerned with the way in which changes in one chétae-
ter or yariable are reflected .or dependent upon simultahedus
changes occurring in some other associated variable or yatiables.

~ The regression function is, however, of wider applicgft-ijoﬁ ‘than the

|

- correlation coefficient and, particularly in biological ¥esearch, can

often be used effectively in problems in which.plie/latter statistic
would have little significance. In many ,c\m'gelaj:i_qn__pggblems,
the reaction between the associated variablégds not mutual in that
one factor is the causative agency whieh\produces by any change
in value some measurable response in the second factor, the
converse being an apparent absardity. 4 For example, rainfall
and yield are often correlatedcand iz corrclation is obviously
j the result of the inﬂuencewé:fhgﬁiéglfg,ul aﬁgﬁoff\{él}ield and cannot
- be due to that of yield g rainfall. Yield is then termed the
- dependent and rainfall(the independent factor. In general, if &
" is the dependent anid y the independent factor, the recorded
values of z, for ahiy one valuc of y, will be certain to show the
ordinary varigtién occurring in any random sample taken from
that particutar-population. In other words, the recorded values
of x for«egch value of y will tend to cover a range of readings,
say jg’r,§‘rom their mean. The regression funciion is the one

| whigh;‘expresses the average value that may be expected from the
svatiates in one factor for any given value of the correlated factor.}

\/If the data were sufficiently extensive, it might be possible to
" estimate the mean value of z, the dependent variahle, for each
value of y and to use these means to plot a graph of = against .
With adequate data, this graph will be in the nature of a continu-

!
| .
| ous curve showing how # responds to measured changes in y or,
i expressed more technically, the regression of z on 7. The simplest

form that the curve can take is a straight line—the line of Znear
regression, ‘This line is accurately defined by the regression
130 . .
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equation which may be expressed as
X=M.+ bay(y — M)

where X = the average value of the z variates that may be
expected when the value of the ¥ variable is fixed
at y. .
M, and M, = the means of the z and y variables, respectively.
by = the regression coefficient of z on y, 1.e., the number
of units the x variable will change, on the average;

N

for a unit change in the y variable. O\

When the reaction between the correlated variables is appars
ently mutual, 7.c., when they cannot be effectively allocatad.to the

Q"

dependent and independent elasses, the regression of A OI'T may

also be validly eomputed and may be of considerahle’ statistical
significance. This second regression will usuallpvgive different
values from that of z on y, the equation, in 3.ﬁnear regression,

7

becoming RS
Y = M, + bulz 2NM.) .

where ¥ = the average valuc of -;,rfcji’ the given value of z.

b= = the regression cocfheient of ¥ on x,
b g WWWJE«E’E\U itbra ,Ol.'g,].l'l

ESTIMATION OF COEFFICIENT OF REGRESSION

Example 23.—In expei;i&mntal work, the data are seldom com-
plete cnough to fix the\regreseion graphs exactly, but they will
often suffice to fifa curve which will approximate sufficiently
closely to the tragone to indicate the general trend of the results.

Table 47 i§/a correlation table for 100 oat plants in which the
nurmber piciﬁms per plant has been recorded against the corre-
sponding Vield of grain in grams and the value of the interclass
corx;eLaﬁ'on coefficient has been determined. In thizexample, it is
pfesumed that the dependent factor is the yield x as influenced
by“the independent factor ¥, i.e., by the number of culms per
plant. In the last three columns of the first half of the table, the
average yield of all the plants in each of the six eulm classes (2 to
7) has been computed and these figures used to plot Fig. 74. The

plotted points determine, for the recorded data, the location of

the regression graph of yield z on number of culms per plant ¥.
There are some obvious irregularities, but the points apparently
tend to be located along a straight line—the liné of linear regres-
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Tasie 47, *—(Continued)

Computation of 8.8, z

Deviation from as-

sumed mean yield of

dgm. {de}..vv. ..., —3— 2(— 1 0 [+ 1| + 2{+3|+ 4
Fe X oo it —3 —24! —25 0 |14+21 +22/43j4 4| —52

+50E —2
Je X 9 48 25/ o | 21 44! 9 168 1720\
Product deviations & \)

Individual frequencies N

¥ deviation from i, ’

agsumed mesn of -y Wy W

B K G, —2|-18|—25 —10 | F2 NI +1|+ 3
Product deviation \

de X S X d)..... +6/+36/4+25 0 ’:+‘§“+14 +3+12) o8
W

Data for tregxresaion graph y on %

_ > 3

No. of plants in each o\ P
ield classm, d.e., fu. 1 |12 y ol 28 121 |1 1
TO};;.OI ng 8;?’ (:ui;:ixin W)f?’\g_sdb r‘azulibl ATy . l'lg.in 1 100
each yicld class, A
Ef K y) oo 24N30 (75 {102 (86 |51 |7 358
Average no. of culms(i™

per plant for gac
vield clags, "ffxﬂ)a.o 2.5 8.0 3.64 4.1| 2.64]5.0| 7.0
*Atter Ldydand Loighty.

\:wi Mean yield, M. = 4 — 2{yp = 3.98

O 88.z=112— 2" _ 17106
:..\’::' S X = 100 B .
@ 2t Mean culm no. M, = 4 — 43{4 = 3.58
L 427
—42 X -2
= 07.16

+ 97.16
+/171.96 X 96.36
(Brplanation continues of fool of page 184.)

= +0.755

Correlation coefficient » =
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gion—which runs in the median position between the plotted
poinfs. If the regression can safely be assumed to be linear, it
is possible fo calculate a statistic from the original records by
means of which the line of best fit to the plotted points can be
accurately determined within the limits of the prescribed data.
The Live of best fit is the one which conforms to the principle of
least squares, which stipulates that the sum of squares of the
deviations of the plotted points from the line must be at a mini-

Mx N
i . . Bj'// .\’ \'\
g’ / L [
6 a‘ - e ol
T g ~ S )
S oy
k1] » q >
= . N\
5 Iy - NG
@ % / 2
o | N A a0
_ -, 2%
= 4 .l <
S -
o / M culm No.3.56 |4y
=) N td
3 ~
g s
2 _# AR dlh-r‘anh rary org.in
, ~
,// ‘”\
H //' \'\
o \
A
1Y) 5 ;“
a I N\ Z 3 4 5 & T 8

Yield in grams
Fig. 74 —Imgresamn graph of yield of grain on number of culms In oats.

mum, Eﬁhe statistic required to fix this line is the coefficient of

regregswn b or, more precisely, where z is the dependent and y
gie}mdependent variate, the coefficient of regression of x on y,

Regression coefiicient of yield cn no. of culms

_S8P. gy 97.16
T 88y " 9636
Regression coefficient of no. of culms on yield

SP.ay  +97.16
S8z T 17196

b = +1.01

byz = = +0-57
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_ o _ B.P. xy
bo =1 X =55y

The regression coefficient of yield on number of eulms

b = 8.P. zy _ 19716
i S8y 96.36

= +101

This indicates that a deviation of 41 from the mean numberof

culms is equivalent, on the average, to a deviation of +1.0L grams

from the mean yield; or, expressed in the form of an égn’atﬁm,
N\

d. = 1.01d, A\
where d, represents any given deviation fromi the mean eulm
nurnber and d, the corresponding deviation ftom the mean yield
that might be expected on the a.verage\uf a large number of
readings.

By entermg the vertical and honzo\tal axes M, and M, inter-
sectmg in the point fixed by the cool'dlnates of the means of zand
¥, it is possible to use this equafion to locate aceurately the line

* of best fit to the plotted poiits, 7.c., the regression line of z on y.
In fixing this line, the cpefghiaetes ithe pejnts corresponding to
deviations of +3 and <8 from the mean culm number have been
worked out from tbe"e\luation, making the corresponding average
deviations from the mean yield

Ny

K% +3 X L0l = +3.03
These @{f}\‘the coordinates of the points 4 and B in the diagram.
Thertfore, within the limits of the recorded data, the straight
line"d'B represents the linear regression of yield on eulm number.

Atscan therefore be used to determine what the average yield

\\ of grain is likely to be for any fixed number of culms per plant.
It is probably better to work in the absolute units in which the
variates are measured instead of in deviations from the means.
As

d==bzyxdg

then, by substitution, using the annotation given earlier in this
chapter,

(X — M.} = baly — M)



136 TECHNIQUE IN AGRICULTURAL RESEARCH

and
X =M+ b,y — M)

Thus, the general equation already given for the regression fune-
ion is again derived.  For the calenlated values for the regression
of yield on number of eulms (Table 47),

X =398 4+ 1.01(y — 3.58)

= 1.01y 4+ 0.36 N
A

Thus, if the number of culms y is known to be gix, the avefage
vield thai may be expected is

s
L

1.01 X 6 + 0.36 = 6.42 gm. \

These values represent the coordinates of the peint ¢ on the
regression graph (Fig. TA). \\
Mathematically, the same data may he- ﬁsed to caleulate the
regression of culm number on yield, ¢@y¥0f ¥ on x. This has
actually been done, and the regressiotl, is ag&m apparently linear
(Fig., 7B) with a regression coeﬂim&nt byx = 40.57. The equa~

tions for this second regression {unctlon are
W dbrauhbl ary org.in

m@‘-‘ sz

or, in absolute valuesagi\itﬁe varistes,
F My + byz(z - Mz)

where Y repn nts the average number of culms for any fixed

vield. Theorétically, for any given yicld #, the average culm
number ?h\\suld be

LNV 358 4 0.57(x ~ 3.98) = 057z + 131

IQ?EB ‘obvious from the nature of the data that the yield of grain
cannot determine in any way the number of culms developed by
the plant, and therefore thege mathematical expressiong have no
real meaning when applied to this particular problem. This
effectively illustrates the futility of applying statistieal formulas
more or less indiscriminately to any data. Some basic knowledge
of the fundamental character of the various attributes under
examination is essential to an accurate Inferpretation of results.
In the application of the regression theory, it is important to
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distinguish between the dependent and independent variates or
to know to what extent they are mutually responsive.

The various facts discussed in Example 23 illustrate some
general truths applicable to linear regressions. The coefficient of
regression is the tangent of the angle that the regression line
makes with the appropriate z or y axis of the graph, depending on
whether the z or the y variable is the independent factor. For.
any two complementary regression lines, the line with the smaller

My . - 2\AD
1 ' 'g >—=aN
) ~.."' y
; ¥ o8 1 L0
el 7
3 / //."’.\ %/’
g 7 w
5 IS P
b ‘/
w g’ ‘ﬂ\ r/' { \'
£ }’ g
34 7
“ o Lf Mean cufm Mo, 358 | '
S - - My
v g : 3
= 2 &
§ /‘J of‘\fr V’:‘.dhl‘a’l, library.org.in
2 = gj@‘ﬁ 74
el A
@ /J:POF o z
i A5 \?ﬁ\
PR
ANY¥
O " L 4 - %
5] 25 2 3 4 5 [4 T 8

O\Y Yield in grams
Fia. TB.QE'gression graphs; yield of grain on number of culms in eats and
number of culms on yield of grain in oata. ‘

*
&

Lm:ln\l ation 1o the x axis has x as the independent variable, and b,

‘g bhe tangent of the angle that this line makes with the z axis,
Similarly, the line with the smaller inclination to the y axis has y
ag the independent variable, and ., represents the slope of this
line to the y axis. Thus in Fig. 7B,

byx = i‘;all a.
For any one pair of variables, at least one and possibly both
coefficients of regression will be less than unity. They will have
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the same sign, both positive or both negative, the sign being the
same as that of the covariance. If the graph on which the regres-
sion lines are plotted is divided into four quadranis by axes
intersecting at a point whose coordinates are the means of the
two variables, the regression lines in a positive correlation will be
loecated in quadrants I and 111 and in a negative correlation in
quadrants II and IV. The more closely the regression lines
-approach one another, Z.e., the more acute the angle betweend
them, the closer is the corrclation between the variables, until, at
a correlation coefficient of 1, the two lines coincide, In,\'cbnl
trast to this, when r is in the region of zero, the rogressioh.Jines
intersect at approximately 90 degrees. They will always cross
at the inforsection of the axes through the means M. £50d M, In
Fig. 7B the angle between the regression lines is @éte, indicating
fairly high correlation; the graphs lie in theMirst and third
quadrants, and the correlation should be positive, 1ts actual value
by ealculation being 40.755. o\

NN

SIGNIFICARCE OF REGRES'S'ION FUNCTION

In addition to defining the rcla,tibﬁ’ship between two variables,
the applicaticn of the re\g\;’e&,@ﬂﬁ%mﬁ%@&%o:ﬁgiﬁertm types of
research data will often amplify the resultant conclusions by
demonstrating any progressive change occurring in the data or by
produeing a valid redétion of the error variance. For example,
in experiments withhcrops that are repeatcdly ratooned, such as
semiperennial Ragtute or fodder crops, there will often be a
tendency for .the yields from successive harvests to show a
gradual declin®. This may be a result of the senescence factor in
the plantoi”of & gradual reduction in soil fertility or of both,
The sighificance of any such gencral trend in the variates ean be
effectively assessed by means of the regrossion function.
\EBxample 24. Use of Regression Function in Interpretation of
Results.—Table 48 records the yields obtained from an experi-
ment with a fodder crop of guinea grass in which the grass was
harvested once per month over an S-month period. Do these
figures indicate any significant drop in yield from the first to the
last crop? In this experiment, it is the time factor or age of the
ratoon that is thought to be affecting the yields, and the regres-

sion of yield, z, on age, ¥, provides an effective test of any signifi-
cant downward trend in the yield data.
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TaBre 48.—Yi1erp Data For GuiNnes Grass Ratoox Crors

Monthly yields of guinea grass Age of
herbage, kg, per Yo acre rop, e 2 z
(@) months ¥
W)
83 1 7,225 1 85 -
73 2 5,329 4 - 146
65 3 4,225 9 195
41 4 1,681 16 164\
20 5 400 25 100
36 6 1,296 36 | (lalp
16 7 256 49 |2
24 8 576 64\ 192
Total....... 360 36 20,988 204 { 1,210
Mean....... 45 4.5 m’\'\ :
z
8.8. 2 = 20,988 — % = 4788 "
: Y,
S8,y = 204 — 20 <M

S.P, ay = 1,210 <280 X 36 _ —}10%

www.db;éfjlibrary_org_in
s

It now bhecomes néaé\ssa.xy to test whether this repression
cocfficient is signiii};nt or not. The sampling variance of by is
determined fromithe number of degrees of freedom of the regres-
sion coefficionit;the sum of squares of the independent variable ¥,
and the sympof squares of the deviations of the plotted points on
the reb(os'sion graph from the line of regression. This last is
compated by adding the sum of squares of the deviations of each
redorded value of z from its mean value X as determined from the
\'"lgegression equation

X =M, + baly ~ M)

23

by = =g = —0.762

The sum of squares required will be
2z — X)?

As the degrees of freedom of the covariance is # — 1 and as the
calculation of b uses up 1 additional degree of freedom, n — 2
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degrees of freedom may be validly allocated to the coefficient of
regression, '

Bz — X)?
(n—-2) XB8 y .

Standard error of b,y = \j
In applying this expression to the data for the guinea grass, the

first step is to work out @or each value of ¥ in order to estimate |
Z(z — X2

From the regression equation, : O\
R 2N ~
{X'= 45 — 9.762(y — 4.5) K
and therefore . : : O\

X = 8893 — 9.76y
From this equation Table 49 has beg); compiled’

Tarrp 49 —CarcvLaTiON oF Z(z — X)* 13‘0’1},\)&*1'4 oF TaBLE 48

z ¥ X T X {(x — X)2
wrw . dbraglibrary orfg.in

85 1 79,1\}"_“;?. | 5.83, 33.99
73 2 69.41 | 3.59 12.89
65 3 59 .65 5.35 28.62
41 4 480 | 8.89 79.03
20 5 %20.13 | 20.13 405.22
.3 6 ¢\ 30.37 5.63 31.70
16 10,0 2061 | 461 21.25
24 8" 10.85 13.15 172.92
4 "\\ . Z(z — X)* — 785.62

A qmc\k'ﬁr method of arriving at the same result is to substitute
the appropriate values in the identity,

O - Xr=882-1,x88.y
Therefore, Z(z — X)? = 4,788 — (—9.762)t x 42
= 4,788 — 4,002.4 = 785.6 (as calculated
above)
It is important to note that, in using this short method, b is not
only squared but is also multiplied by the sum of squares of y

which may be a relatively large number. Therefore, to ensure
accuracy, the value of b must be taken to several places of
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decimals. As an alternative, the equation can be expressed in

another form as follows: b, is assessed from SSPS i’y g0 that
8.8. 2 — b}, X S.8. y reduces to

_ (_SP ay)®

88 z S5y

Q"
and when the necessary sums of squares are available, thig Iast
is the simplest equation to use in estimsting Z(r — X)*,\’ \J)

' 785.6 £
Standard error of b, = \/m = ’1:'2155
"The significance of b., can now be deterninad By calculating ¢,
¢ = by \\
standard erroref'b,,
9.762 N
= 1785 ~ 35 Ll
www.dbraulibrary.org.in
Refercenie to the Table of £ qpﬁdéitc n = 6 (the degrees of freedom
of the regression function)“shows that this value of ¢ corresponds
to a probability less than0.01. b, is therefore highly significant,
proving that the latel tatoons show a definite falling off in yield.
Short MethodﬁI\\Ctamputing Sum of Squares When Variates
Are in Arithmetical Progression.—In Table 48, the variates of the
independent™actor y form a regular sequence of numbers in
arithmetica) progression. This is not an uncommon feature of
researtiidata from which correlation or regression coefficients are
evailm}ed, and the following simple method of calculating the
S}i(ﬂféf squares is worth noting as it effectively reduces the amount
<‘g§f~ routine arithmetic involved:
For any variable ¥ whose n variates are arranged in a regular
sequence at equal intervals of ¢ units,

s.s.y="'@1-§—1~)x#

Thus for the data of Table 48,

B8y = %%1) X 12 = 42 (as originally calculated) .
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COMPARISON OF INDEPENDENT ESTIMATES OF COEFFICIENT
OF REGRESSION

Example 25.—The experiment from which the guinea grass
data (Table 48) were extracted also included yields from 10 crops
of elephant grass, as recorded in Table 50.

TaeLeE 50 —Yi1ELDS 0F TEN Ratoon Croprs oF BErmreant (GRass

Monthly yields of elephant graes, iﬁg of
kg. per }4q acre. munf};s T2 i =y :\~

(33) _ (y) N “
55 1 3,025 BN 55
52 2 2,704 | {4 104
40 3 1,600 ] 120
36 4 1,206 " 16 144
54 5 2,986\ 25 270
22 6 484 36 132
29 7 U841 49 203
24 g |\ 576 64 192
Ll’g W W, dbra&%ﬁlcr‘y.or%%ﬂ 13é ;gg
850 N 55 14,166 385 1,582

88 z = M 166 — 3‘?3‘ = 1,916~¢

\
8.4 y\— 335 —5’1%= 82.5
Alternatwely,\by the short method,
O _ 10{10% — 1) _
\\» 88y =——5— =825
R 350
A SP.ay = 1582 - 20X _ g3
O~ 343
b, = 5 = —4.158
Sz — X0t = 3437
(x )2 =1.916 — S5 = 490

Standard error of b, = A ’%805‘3 = 0.861 S

¢ (by calculation) = gégf 4.836
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The probability of exceeding this value of £ purely by chance is
less than 0.01, as determined from the Table of ¢t forn = 8. This
proves that with the elephant grass also there is & progressive
decline in yield with successive crops from the same stools.

The value of the coefficient of regression for the guinea grass
yields is more than double that of the elephant grass. For the
former variety the yields range from 85 to 15 kilograms, whilefer
the elephant grass the range is only 55 to 18 kilograms, Tfmight
be of advantage to ascertain whether or not these da,ta indicate
that the rate at which the yields are dcclmmg is greaterfin the case
of the guines grass, To test this, it is necessary v determine
whether the difference between the respective, tegression coefli-
cients is significant or not. The coefficients of ‘pegrehmon which it
is desired to compare have heen estimated: from two distinct
series of readings, one series for guinez;ﬁg%ass and the second for
elephant grass. In a simple analysis\ef variance applied to the
vield data z of this fodder grass expfriment, the within-series or
error variance would be evaluated from the aggregate of the sums
of squares computéﬁ""ﬁ‘d}ﬂ‘ Eﬁréé'ﬁé%" §ridlependently. For the
yield data alone, AN

Error 8. S = 4 788\+ 1,916, with 7 + 9 degrees of freedom
(&4: Wl‘th 16 degrees of freedom

Similarly, theéywhole of the recorded data should be used in
caleulatingyflis sum of (z — X)? from which the standard errors
of the estitnated coefficients of regression will ultimately be com-
putek YTherefore, for this experiment,

E(x — X)? = 785.6 + 490.0, with 6 + 8 degrees of freedom

o Xl {Guinea (Elcphant N

grass) grass)
= 1,275.6 with 14 degrees of freedom

The standard error of any coefficient of regression bay is eva,luated_l

— X2 “\
from the expression .\I—E(z-x—x—s—)s— The best values of \;g_.

2(z — X)* and of n — 2 to substitute in this formula are the \\-/
aggregate ones obtained from the whole of the available data, as

calculated above. These aggregate values of Z(x — X)?and of
n — 2 may be validly used in calculating the standard error for
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any of the separate coefficients of regressions computed from the
data. In this experiment, there are two estimates of the coeffi-
cient of regression, viz.,

(a) bzy for guinea grass = —9.762
) b.y for elephant grass = —4.158°
Difference, D =  5.604

It is desired to ascertain whether this difference between the twe \
regression coefficients may be regarded as significant or not,, (By
substituting the appropriate numerical values in the explession
for the standard error of a regression coefficient, \ o

1356 '!9%."
{a) St@ndard error of by, = UxE= \

11
’ [1,2756 .\ /91.11
E ’ . \= -
(b) Standard error of b,, i % 8\53‘ 5

From first principles, the standard errorvof the difference is the
root of the sum of the squares of the idividual standard errors,

“

and therefore Www,db:-g@{fbfary.org.in
W PIIT eLil
Standard error of? 3 Voh + w5 = 1.809
SN D 5604

The available ngtaber of degrees of freedom of Z(@ — X)? from
which ¢ was calgilated is 14.  The nearest reading from the Table
of t at this lewel.of n is 2.977 for P = 0.01, proving that the differ-
ence between’ the regression coefficients is highly significant.
This shows that with successive ratoon crops, the yield of the
guinca.grass is falling away more rapidly than that of the clephant
grass - -

\ ’ LINEAR REGRESSION COMPONENT OF VARIATION

When one variable z shows some measurable response to
changes in a second variable ¥, the dispersion of the x variates
must represent the combined effect of the variation induced by
the independent factor y and the ordinary errors of random
sampling oceurring in the dependent factor . These two eom-
ponents of the total sum of squares of z represent, respectively,
the regression of z on ¥ and the deviations from this regression,
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both of which may be accurately computed. The second
component, ¢.¢., the sum of the squares of the deviations from the
regression line, 1s obtained by using b.y to evaluate Z(z — X)2,
where X is the cxpected value of z-—as determined from ihe
regression equation—for each recorded value of . If has already
been shown that
(8.P. ay)? S
B8y O\
The number of degrees of freedom of this component of ¢he total
8.8. z will be n — 2, where = is the number of vanateﬁ.from which
the 8.8. £ was computed. The first component——"the Tegression
of z on y—must account for the balance of the to‘tal 3.8, z and of
the totul available degrees of freedom 7 — R
Therefore \ }

. L _ 7 {8.P. =p)
3.8. linear regression = 8.8, z [S 8. v ]

_ (8P oy o (8.P.)
W a&;&,@ ibr ﬂl‘ﬁSCSSdP independent factor
with (n —;ji) “ (n — 2) = 1 degree of freedom
The following data fof bhe yield z as recorded against the age y
of a erop of guinea ,g'f'a\s.s have been extracted from Table 48 to
excmplify the practieal application of this technique.

8,852 = 4,788 with 7 degrees of freedom
(88, y = 42 with 7 degrees of freedom
(8P ay = —410

In thus example, the yield z is the dependent factor; hence the
Sum \Of squares of z reprosents the aggregate of the sums of
sqhares attributable to the linear regression component and the
\\ Héviat-ions from this regression. The full analysis of the sum of

squares of z is appended: '

Sz —X)?=88.2 -

Degrees
Factor 5.8, of free- | Variance | F
dom
—_— 2
Linear regression. . . ( i‘;m —4002.4 1 _4,002‘4} s
Deviations from ro-
gression.......... 4,788 — 4,002.4 = 785.6) 6 130.9
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The sum of squares of the deviations from regression 785.6 is
identical with Z{z — X)? as already calculated in estimating the
standard error of b, for the guinea grass data. Infact, the above
analysis provides an alternative method of testing the significance
of by, the cocfficient of regression of yield on age. If by is signifi-
cant, the linear regression variance will be much larger than the
unavoidable errors of random sampling as measured by the devia-

tions from this regression. The F or the z test may be validlg ™

used to determine whether the two variances are significantly
different, i.c., whether b, is significant. Here, F =~ 30.50%as
compared mth a reading of 13.74 from the Table of F for n =1,
ny = 6, and P = 0.01. by is therefore significant ,0n 3 proba-
bility much less than 0.01, precisely the same conglusion as was
originally obtained by ealculating ¢ from the gtandard error of
bsy-  Both fests are bound to give exa,ctly t@e same result, and
in any particular example, the easier ({1@ to evaluate should
be used in preference. {

N W

REDUCTION OF ERROR ¥ A C[E'bBY MEANS OF REGRESSION
T"a

S wWwWw, rary.org.in

In agricultural research, complete control of all the external
factors likely to have an infidence on the recorded dafa is not
generally possible. Whéthe simultaneous variation occurring
in any such external agency can be effectively computed, the
linear regression cemponent of the error variauce of the dependent
factor may be regarded as a fair measure of the influence of the
independent faetor on the estimate of errar, The variance of the
deviationg from. this regression may then be validly used to deter-
mine the\s?gmﬁcance of differences between treatment means.
‘The data for the foddor erop experiment with guinea and elephant
grags: \(Tables 48, 50) effectively illustrate the advantages of this
(technique in practice. Consider first the ordinary analysis of
variance of the yield data alone, #, ignoring for the present the
age factor,

Total 8.8, = 20,988 - 14,166 — L0 — 7.148.5, with 17 de-
I8

grees of freedom
360 350 7102

3 + 40 I8~ 4445, with 1 degree of

Variety 8.8. =

freedom

W
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This enables Table 51 to be compiled.

TapLe 5l.-—ANALYBIS OF VARIANCE OF YiErd Dara vor Fopoke Cmass
Exeeriment (Tapuns 48, 50)

D og of
Factor 5.8 f:(f;?l(c})sr‘;f Variance| F
Total. ..ot 7,148.5 ] 17 )
Variety..... [P 444.5 1 444 .5 "\I\Uﬁ
Within variety, f.e., error,. ..., ... 6,704.0 16 419.Q M _

The Vancty variance is ohviously not mgmﬁcantly greater
than the error variance, which would mdmat.e*?hat there is no
gignificant differcnee between the mean yieldslof the guinea grass
and the elephant grass. The respective ,:@a.n values are 45 and
85 kilograms per plot, and the differeh¢® between the variety
means is therefore approximately 25'pér'cent of the general mean.
It is at first surprising that a mean.difference of this magnitude
is not significant, butclodbrinbbeating éfithe data shows that
the reason is the rapid falgiﬁ’ig’ off in the yields with the increas-
ing age of the crop. This'in turn is responsible for excessive
dispersion of the Varla't\es resulting in an unduly large estimate
of error and leadi g\to the nonsignificant result quoted above.
It iz possible to, diseount the.effect of age on the yield data by
extraetmg the “inear regression component from the error
variance, as to leave a reduced estimate of error, equivalent
to 2(z -\§’) , 5.2., the sum of the squares of the deviations
from xogression. In this example, Z{z — X)? as already evalu-

ated\(Example 25) is 1,275.6 with 14 degrees of freedom. The

1,275.6
M{eauced error variance 1is therefore 14 = 91.11. The

standard error of the difference hetween the mean yields of the
guinea grass and the elephant grass now beeomes

8111 |, 9Lil
\f—s“ to =458

The mean difference is 10 kﬂograms so that ¢ by caleulation is
10
153 = 2.208. Reference to the Table of ¢ at the available 14

degrees of freedom of the reduced error variance shows that this
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value of £ corresponds to a probability between 0.05 and 0.02,
proving that the guinea grass has given a significantly higher yield
than the elephant grass. Thus, the elimination of the influence
of age on the yield data has been effective in reducing considerably
the estimate of error.  This can be expected only when the regres-
gion is signifieant, 7.e¢., when the linear regression component of
the variance is deﬁmtely larger than the deviations from
regression. Q)

N

ANWALYSIS OF COVARIANCE AN

The analysis of covariance is a term used to define the (ebatisti-
cal technique by means of which the complete an&lyms of the
simultaneous variation occurring in two or nzo;re “correlated
variables is eﬂ'ected Tt is a mote exact, I rathéhiore intricate,
method of discounting the influence on researehrésults of changes

oceurring in SOILe measurable but uncontroﬁhble extornal factor

the other component factors of bhe total analysis Df varianee,
Furthermore, the regréé‘siwldé’q&a]ﬂﬁ'iﬁé{ fi58d"™o provide & revised
estimate of the treatment means, adjusted so as to compensate
for the variability of the\independent factor. It is proposed
to use the same data, {Examples 24, 25) to exemplbfy a, “gimple
analysis of covarianéer” The first step is to make outsa table,
of the type given oRpage 149, showing the sums of squares and
the sums of pro\duets for the total and for cach of the components
in the analy€i$)of variance of the dependent factor z and of the
independent factor . Some of the required sums of squares and
sums oﬁpmducts have not been previously worked out, but it is
premmed that- the student can by now earry out any of these
routme caleulations for himself from the original data of Tables 48
Cand 50. For exaraple, for the age factor y,

C L (variety totals)? .
8.8. variety = ey of variates in e;ch total Cr, de,
Grand total?
n
_ 362 55 91
T8 10T 1’
= 4,444
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Total 8.P. = Zay — _E_x_%__?y
= 1,210 + 1,582 — ?19%?1

= —T797.44

In this way, Table 52 showmg the full analysis has been
compiled.

TABLE 52.—ANALYSIS OF VARIANCE AND COVARIANCE FoR Fopber GRAZE O

ExperimanNT ReEcorpep mv Exameries 24 awp 25 A
Degrees| 8.8 Deviations Degreas QO
Faotor |of free-| - 1 | Sbe | from e Reduced
dom Yield ) Age {xy) | rogression Goxn | variance
@ | @ RIS R

Fotal. .. 17 |7,148.44]128.94 | 797 .44 2 2@ ] 18

Variety . i 444 44 4.444) — 44.44] 07 ]
Brror...| 16 [6,704.0¢ (i24.5 [-753.0y ‘2‘149 7 15 ] 143.3

Residual Z(z — X)4Y 66.9 | 1 66.9 “
AT wd'ul au};hn;" F o] .-g in

The last three ecolumns ipj?fsible 52 require some further
explanation. Z(z — X)? istalculated from the identity

§, L BP oy
N TTT88y
and is evaluated sepérately for each line, ¢.c., for each factor in the
analysis. Itgepresents the balance of the sum of squares of z for

eachfactor aﬁ;er the regression component for that particular fact)ozr
Ty

has b%l{"&educted the regression cornponent being 3 S8y

The‘regre%lon component in each case accounts for 1 degree of
fresdom and the number of degrees of freedom of each Z{z — X)?
13 Therefore one less than that for the corresponding sum of
products. It will be noticed that, for the variety factor, the
deviations from regression and the number of degrees of {reedom
are both zero. With only two treatments, this will always be the
case, as obviously with two values, the line of best fit is the
straight live connecting them, and the deviations from this linear
regression will therefore be nil. When there are more than two -
treatments, the Z(z — X)? for the treatment or variety compo-
nent will generally show a numerical value, as it represents the
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deviations of the treatment means from the line of regression
fitted to them.

Before carrying out an analysis of covariance with a view to
improving the estimate of error, if is advisable to make sure that
the regression coefficient of z on y is significant. If the regression
is nonsignificant, there is not likely to be much advantage in
proceeding further with the covariance calculations. The best
value of the coefficient of regression comes from the error line of
the table, and in carrying out an analysis of covariance, this lines
should be caleulated first and the significance of b.y, tested. In
this example, the appropriafe by = 1;2350 = ~6056, Iis srgmﬁ-
cance may be determined in the usual way by ca,lclﬂatmg the
standard error, but it is probably simpler here to use the F test
to compare the variances of the regression and fhe deviations
from the regression, The variance attnbg@ble to thig linear

2 {
regression is 112543—5- = 4554.3; or alterr}atfi\«’ely 6,704 — 2,149.7.

4 554, ) ..
F is therefore %{%%fwﬁbT‘Suli@M‘MMg from the Table

of F for n, = 1 and n, = 15 and\P = 0.01 is only 8.68, proving
that e is definitely significants”

It will be noticed that,dn the analysis of covariance (Table 52)
there is a residual =& X)? to which the single remaining
degree of freedom ﬁx\the penuitimate column can be validly
allocated. 'This residual variance actually is a measure of the
difference betweén the regression coefficients of the variety and
error compon\mts It ig this residual variance which has to be
compare (with the corresponding variance for error by the F
or 2 {zesté‘m order to defermine whether there is any significant
diﬁ:‘e\mﬁce between the treatment means of the dependent variable

(atter they have been adjusted or corrected for age inequalities
by means of the regression eoefficient b, In this example, the
comparable reduced varianeces are

Residual, i.e., difference between regressions|{ 66.9 2.142

Brror........ooiaiiiiii e 143.3 %

i
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For these data, n; = 15 and n, = 1, corresponding to a reading
from Table of F of approximately 245. The difference between
the variances is therefore quite insignificant. It must therefore
be assumed that, when the mean yields of the two fodder grasses
are equalized for the age factor, there is no significant difference
hetween them.

This conclusion is apparently contvary to that obtained
when the actual mean yields were tested by the error variafite
with the linear regression component deducted. However,
both coneclusions are logical, and in order to demonstrat@.j?hy\this
is 80, 1t 1s necessary to ealculate the values for the variety means
corrected for age. If y, represents the mean age tecorded for
any given treatment, from the regression re]a{iq'nship of yield
on age, the expected ecorresponding averase)deviation—from
M., the general mean of the dependm\t Jvariable z—will be
boy(y: — M,). 'The valuesof by(y: — M)represent the amounts
by which the respective freatment-edns have o be corrected
in order to put them on an equal Bfe basis as determined by
regression. The corract®IMEEAYARI&NN be given by

o <Uyly - M)

where 2, = any treatodent mean of the dependent factor.
b.y, = the coefficient of regression from the error line of the
ana.ly\a'@ of covariance.
y: = théapean value of the independent factor correspond-

Jing to ..
M, /= the general mean of y, the independent factor.
The\:Edjusted mean yields for the fodder grass experiment
willpe:
~O Guines, grass = 45 — (—6.05)(4.5 — 5.05)
\V : = 45 — 3.33 = 41.67 kg.
Elephant grass = 35 — (—6.05)(5.5 — 5.05)
=35+ 2.72 = 37.72 kg.

When the mean variety yields are corrected for the age factor,
the difference between them is reduced from the original 10
kilograms fo 3.95 kilograms. It is this difference which the F
test comparing the residual with the reduced variance in the
eovarianee table has shown o be nonsignificant.
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The eomplete analysis of covariance proves that the apparent
superiority of the mean yield of the guinea grass over that of the
elephant grass ean be largely attributed to the difference in
the mean age of the crops recorded. When the mean yields are
adjusted to an equal age basis by means of the regression of yield
on age, the guinea grass shows no significant increase in yicld
over the elephant grass. The analysis of covariance has provided
an accurate inferprefation of data which otherwise might havey
been responsible for rather erroneous couclusions. This ig.a
very simple example of the covariance technique, but the appliea?
tion of the same principles to more complex data will be
found elaborated in Chap. 1X in connection with unlformlty
trials in field experimentation. O

TEST FOR LINEARITY OF REGRESSION'LiNE

In all the preceding examples of the application of the regres-
sion principle to experimental data, it ha\s ‘been assumed that
the regression is linear. While this & undoubtedly the form
most widely applicablevin sgdtuathibabaesEiréh, it is by no means
the only form that the regressionicin take, as the line of best
fit to the plotted points on the\rdgression graph may be in the
nature of some definite curwe rather than a straight line. For
correct statistical evaluatkln it may therefore be important to
be able to recognize thdse oceasions in which the linear regression
function will not provide an accurate interpretation of the
tecorded data, a{zd “$his can he determined by carrying out a
relatively simpleXtest of the straightness of the regression line.

In most p}:@blems involving the regression function, there will
be severaNalues of the dependent factor recorded against each
value of the independent factor. The variates of the dependent
fac’aot tan therefore be grouped in arrays in accordance with the
class of the independent factor with which they are associated.
The following data have been extraeted from Table 47, which is a
correlation table for the yield of oats z rccorded against the
number of eulms y. The number of variates in each array is
the number of individuals or frequency in each row of the cor-
relation table, 7.c., in each culm class.

The total sum of squares of the yield data—S8.8, x—is the
aggregate of the sums of squares hetween arrays and within
arrays. The sum of squares between arrays can easily: be
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Tasre 53.—Y1ELD OF GRAIN ANﬁ NuMBER bF Curme Fog 100 Qar PrawTs

Data frem Table 47 Direct caleulation of deviations from regression
Mean .
No, of : Pradicted
sz variates | Total m:]:a;m mean
i vield of ield §
aITAY mif:;r;ny artay arrey, YI:MhM mz —= Xa| (Mo — Xa)2| flmz — Xsl“\
THedR ,. Ta
() quency) (T=) .2, 7 BTTAY
{f (Xa) \
(tra) . 28 AN
e )
2 12 a1 239 2.38 0.41 -4, 0001 0.0013
3 a3 109 3.31 3.38 —0.08 . nom N ooz
4 42 160 4.68 4.40 0.13 0. 9168 0.7098
5 8 43 5.87 5.41 —1.04 ..Nblﬁ 0.0128
6 g 17 5. 67 6.42 0. 75 W\ 5625 1.6875
7 1 8 800 7.43 0.5% 0.3249 0.3249
Total...[ 100 298 8.8, Devintigna foom Tegression = 2.9475
\'\ &/
B8 . r = 171.96 Mean yield (AM.) = 398N
S8 y = 9636 Mean culm no. (My) = 358 ) .
S.P. oy = 67.16 wwrw . d bt BEgtyorg.in

caleulated from the above ‘da'té‘i’, zllowance being made for the
different number of variatesiih the separate arrays.

| oyf T2\ _ grand total®
2.8, between a,rray{\ L( f) —

NUB1T 109t 1002 43t 17 8 308
o "t te s tT T w
N = 100.92, having 5 degrecs of freedom

8.8. within arrays = 171.96 — 100.92
(\ i.e., error = 71.04, with 89 — 5 degrees of freedom

|

The BN of squares between arrays is itself & complex compo-
\ nent in that it represents the aggregate effect of the regression of
vield on the number of culms and the dev1at10ns from thig

regression.

2
5.8, linear regression = %fgl

_ %‘213%3 = 97.97, with 1 degree of freedom

Deviations from regression = 100.92 — 97.97
= 2.95, with ¢ degrees of freedom
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The within-array variance provides a fair estimate of the
uncontrollable sampling errors of the yield data with the influence
of the independent factor eliminated. If the regression is truly
Yinear, the variance of the deviations from the regression should
not differ significantly from that of error. This may be tested
in the usual way, by calculating F or z. The full analysis is
appended. .

Tanre 54 —ANALYsIS OF VARIANCE OF YIELD Data %

N

o'\' \

Factor 8.8 Degrees of Variafice
freedom L\
Total,, oo oeee et 17196 99 K2
Between arrays: _ ~
Linear regression.............. 97.97 1 ’
Deviations from regression, ..., 2.95 4:\\ »10. 738} Fo=1.024
Within arrays or error............ 71.04 \9{: 0.756

The variance of the @%@%ﬁhﬁfﬁgﬁf m@'ﬁssmn is obviously
not significantly different from that of error, proving that it may

safely be assumed that the regreslen of yield on nuraber of culms
ig linear in form.

The similarity betweerh. the covariance technique and this
test for the straightnessof the regression line is fairly obvious,
especially if the axra?s}m regarded as the equivalent of the treat-
ment or variety grohping of the covariance table. It is possible
to caleulate the$um of squares of the deviations from regression
directly, and *tlis has been done in the second half of Table 53,
as it ma; help the student to a clearer understanding of the exact
§1gn1f}a@rﬁe of this component of the analysis. The deviations
compaiient represents the sum of squares of the deviations of

(hemeans of arrays from the regression line, due weight being
given to the number of varistes from which each mean was
evaluated, Any one deviation from regression is the difference
between the recorded array mean and the expected value X, as
determined by regression. From the general regression equation,

X = M. + ba(y — My)
Therefore, substituting the appropriate symbols from Table 53,
Xo =M.+ bw{my ~ M)
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For the first line of the table,
X, =3.98 + 1.01(2 — 3.58) = 2.38

In the same way, the values of X, quoted for the other lines were
determined. The deviations from the recorded array means are
next calculated and squared.  As each represents the deviation of
& mean of f variates, the squares have to be muiltiplied by the
appropriate value of f for the array, giving the figures recorded,
in the final column of Table 53. This column totals t0.2.95
approximately, the value already obtained by the indirect method
of computing the deviations from regression. The du-ect thethod
not only is a useful check on the arithmetic but may also demon-
strate which arrays or culm classes are chiefly, tésponsible for
nonlinearity in problems in which the regressiaf) JIs & curve,

Regression equations which accurately defihg curved regression
lines can be derived, but these are of httle}practlcal importance
in agricultural research. Even the gaﬁml regression equations
which express the r@ﬂﬂ‘%@%ﬂpa&’ﬁlﬂlzﬁ gdependent factor on several
corrclated factors concurrently arg also of only limited applica-
tlon. These aspects of apphed statistics are beyond the scope
of an elementary book on ‘ghe subject.

It is hoped that the examples worked out in this chapter are
adequate to ensure an\understandmg, not only of the affinity
between the correl 1}!\011 and regression concepts, but also of their
essential differenses.” Both are concerned with the simultaneous
variation ocegming in two or more variables. The former
measures tHe)intensity of association between the correlated
variableg~gs a whole, and the correlation coefficient is a pure
numbe}\indépendent of the magnitude of the units in which the
variates are measured. Regression values, on the other hand,
,g'eﬂﬁct the units of measurement and deal essentially with the
telationship between mean values predieting the number of units
that the dependent variable may be expected to change on the
average for a change of any specified number of units of the inde-
pendent factor. Correlation may therefore be said to measure
the relative effect and regression the absolute effect of one

variable on another.
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CHAPTER VII
/)f FIELD EXPERIMENTS
)

INTRODUCTION

Recent advances in statistical method have practically
revolutionized the technique of field experimentation, s:t! that
today this branch of research has become an exact~ sgience in
comparison with its previous rather empirical statug\® Improve-
ment has taken place simultaneously (a) in the ﬁeld technigue
and (b) in the final evaluation of the data Ja the laboratory.
While this book is more directly concermed with the latier
aspect, the two are interdependent tg'\Sach an extent that
some discussion of the f@mrdg.wm@g_gggqﬂeasomble under-
standing of the latter. It has theréfore been thought advisable
to include the following general xégtimé of the principles and prac-
tice of field experiments before proceeding to an elaboration
of the statistical treatment,of ‘the data. _

It has long been rec&gmzed that there is no easy road to
success in agricultu%%experunentatmn Every problem fackled
is, of necessity, a soniplex one on account of the following:

a. The numfer of intcracting factors that has got to be
consideped in summing up results,

b. Soil héterogeneity.

¢. Séasdnal heterogeneity,

Aeld: trials are not generally of the nature of fundamental
{Ted¢arch but are normally planned essentially from the utility
Viewpoint as & means of improving cultural practice in one
direction or another. The ultimate measure of improvement
18 the resultant net profit per aere, and thism turn 1s dependent
Oh & large number of interacting factors as yield, quality, hardi-
ness, manurial reguirements, market demand, ete,, all of which
must be given due consideration in evaluating results. With
the exception of a few of the more primitive colonies, the general

standard of cultivation practiced today is relatively high, and
156
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any advance on the existing methods is not likely to be of the
perfectly obvious 100 per cent elass but rather of the form
of 8 5 to 10 per cent increment. Thus, even if one particular
treatment A is better than another treatment B, the difference
is relatively slight, and in order to obtain satisfactory proof of
this, field trials have to be carefully planned and accurately
executed. It is essential to give the various treatments tested
_as nearly as possible similar conditions. As we shall see late
-in” Held experiments there are certain influential factors over
.which man has little or no control, and this makes it even{ihore
NedessaTY 10 ensure equality In those others over which full
coififfiand can be exerased. _Assuming that the original design of
the expeiinient 1§ téchmcally sound, then agouracy uf execution
a8 Tegards-suetrpraciical detals as plot size, plant population,
culfivation, harvesting, units of measuremeént; developmental
studies, ete,, is the sine qua non of succesftl experimentation.
Such accuracy can be guaranteed only Where skilled supervision
and labor are available apd, in ﬁq&%%ﬁ?, the field experimgnf.
is a relatively expensive form of regearch. Moreover, the resilts
from any one experiment are of fimited application and hold good
only for the particular soil &nd the particular season in which
it was located. To establish the truth of any general law, a
number of separate experiments in various soil types and over
several seasons would.have to be carried out and the aggregate
data used to prowe any particular hypothesis. Field experiments
should thereforesbe the final stage in the solution of any given
‘agricultural (problem and should be resorted to only after the
simpler and\léss expensive methods of eliminating any obviously
uns&ti‘fé,e:t}ory practices have been utilized. For example, in
plant breeding, a variety trial should only be used as a test of a
lirsijtéd number of the best strains surviving after so many years'
{1Ed selection from probably several hundred original types.
Similarly, exacting field trials as a step toward improvement in &
primitive agricultural community, where the general principles
of good cultivation are contirually flouted, would definitely
be out of place. Under such conditions, the obvious line of
advance is the establishment of a higher standard of field practice
and a more intelligent appreciation of the elementary laws of
crop growth. The value of any experiment must be -gauged
from the possible inerease in national crop output, and in each
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problem,, the simpler methods of achieving any given objective
should be explored before expensive field trials are inaugurated.
. The c¢xtremely variable naturc of both soil and season forms
" an unsavoidable obstacle to the easy solution of problems by field
. experimentaiion. Soils vary in fertility not only from acre to
‘acre but even from foot to foot in any one field or plot. This
' makes it impossible to produce identical soil conditions for the
‘various treatments, and numerous yniformity trials effectively,
illustrate the magnitude and ubiquity of the variation in yield
arising solely from soil fertility differences. An appaferit
inerement in favor 6f any one treatment may be entirely due”to
the fact that the plots of that particular treatment h@fjpen to
be located on relatively fertile soil pockets, and theMincrement
may have liftle or no relationship with the trug.ilétential vield
values of the treatment. Similarly, with sedsdny the prevailing
~ elimatic conditions in any one year may unduly favor one or two
: particular treatments at the expense of{ﬂle remainder, when,
. actually, some slight change in climate’might be sufficient to
. cause a radical change in"the’ 9(%%1’\'?‘(9%18{&%'83&' the treatments
| tested. From experiments with(dd varieties of wheat over a
i period of 9 years, Engledow @I’l’({ Yule have demonstrated that,
" as & direct consequence of“seasonal variation alone, varietal
yields may fluctuate over@range of +734 per cent of their mean
vaiue. Therefore, Wl@r,e’ the change in weather is at all marked,
it is by no means i@ossible for the conclusiong of one geason’s
. work to be practigally reversed in the next.  This brief discussion
of the variousproblems with which the field experimentalist has to
. coniend ahp}ﬁd be sufficient to prove that, as Engledow aptly
quotes,fﬁAJ’ice soon came to the conclusion that it was a very
- difficulb Eame indeed.”
i is now necessary to examinc the precautions that may
{bataken in order to offset, to some extent, the effects of the various
environmental agencies at work and io arrive at an accurate
appreciation of the relative merits of the various characters or
ireatments that it is desired to compare.

GENERAL PRINCIPLES

Experience.—The first essential of good experimentation is
sound crop husbandry. This presupposes a detailed knowledge
of the crop, the soil, and manurial requirements, the correct
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cultural technique, and accurate grading and evaluation of the
; produce. The chances of success are very much greater when
" a specialized experience of the crop has already been acquired.
Where this expcrience is entirely lacking, e.4., when a crop is
first introduced into a new locality, large-scale experiments
should not be attempted, as the field practice may be so artifieial
a8 to provide no fair test of the various factors under observation.
The yield data represent only a part of the value of any experi-
ment and should be augmented by regular field notes, recordihg
the general progress of the crop and the more obvious differénces
between treatments at any particular stage of growth. Such
notes can only be of eritical value when the ohgervér hag the
necessary basic experience of the crop. "

Experimental Site.—The area of land seleﬁtéd'for the experi- ;

ment should conform to the general soil andep¥ironmental condi- .
tions under which it is intended to grqu*he crop commereially. |
To quote an extreme example, field expetiments with sugar cane

in England would be, &%ﬁ%‘bﬁ%r?&ﬂgg‘?ﬁ?mmic value. Crop

trials in unsuitable soils or in an abnormal environment may
give results of a certain acadé‘mic interest but are liable to be
wrongly interpreted and"ﬁﬁSapp]ied by the practical farmer,
especially if they are of.a spectacular nature.

It is of the utmgst Nmportance to select the most uniform
piece of ground v@l&ib]e in order to minimize the effects of soil
fertility differences betwcen plots. A fair estimate of uni-
formity may/be’obtained from inspection of the previous ecrop,
especially i ‘siich observations are supported by the experience
of the .126‘31%.:31113 farmer. Soil pits dug at frequent intervals are
also Jelpful in determining whether the soil and subsoil are
reagonably homogeneous or not. The importance of this ques-
;ti‘on‘ of initial soil uniformity cannot be too strongly emphasized.

< \The theory that the improved technique used in field experiments

today has made it immaterial whether the land is uniform or not
is entirely false. Although with modern plot arrangements, the
effects of soil heterogeneity can certainly be reduced m the
analysis of the data, they. cannot by any means be eradicated,
and the more uniform the experimental site, the greater are the
chances of obtaining a true evaluation of results.

Specification of Problem.—The nature of the prl?blem should
be exactly specified before any experimental plan is drawn up.

[
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The choice of the particular treatments to be tested is especially
important, as a relatively slight difference in the range covered,
e.g., in the quantities of fertilizer applied, may make all the differ-
ence between conclusive and inconclusive results. This pre-
supposes an estimate of the magnitude of the difference between
treatments that is likely to be obtained. The influence on the
results of unconirollable environmental factors makes the proof
of small differences of the 2 to § per cent elass of little practical™
significance. In a new line of research, it is advisable to select
a range of treatments that theoretically will be bound toSshow
relatively large treatment differences and then graduslly to
modify this range in succeeding experiments so ag{to\bracket
the optimum treatment. The advantages of complex experi-
ments, where several different series of charaeters are included
in a gingle large trial, have already been Q&cussed {page 66).
Complex experiments require more experd’siipervision, careful
recording, and a valid statistieal i_nterp;'etation of the data. The
amount of eomplexity advisable willddepend enfircly on the
experience of the staff inwéﬁ\;r%}:ggj gaﬁ‘);:pﬁlégfgciﬁties available
-in the way of labor, funds, and ‘technical equipment. A simple
~experiment efficiently consumﬁ}ai;ed iz much to be preferred to a
" complex one in which the zésults are of doubtful accuracy because
of possible errors of exgeution or interprotation.

The need for a high §tandard of aceuraey in the ficld practice
80 as to give each\plot as nearly as possible identical environ-
mental conditigns 1n the way of plot size, eultural attention,
plant populabieh, grading of produce, mcasurement of yields, .
ete., ha‘%a:h'e&dy been mentioned. All these details should be
specified\when the experimental plan is first drawn up.

Replitations.—For any particular trestment, a single large

. ploty even if it is several acres in extent, cannot give yield data

of any value for comparative purposes. The experimental area

should be divided into a number of similar plots, and so many

plois allocated at random to cach treatment. The greater the

number of replications of any one series, the greater are the: ”
chances of obtaining an accurate result. There should be suffi-
cient replications to ensure a fair messure of the mean and the
standard deviation. It is not generally wise to reduee the num-
ber of replications of any one series below 4, and 6 to 10 replica~
tions are preferable. In the statistical interpretation of the

- ."ESI’.
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resulis, the analysis of variance technique will usually be adopted, j

so that the standard deviation, on which the statistical compari-

son of mean differences is based, will be the square root of the v
error variance. It is advisable to plan the experiment so as to'
vield an error variance based on not less than 10—and preferably

on 20 or more—degrees of freedom.

Type of Plot.—No particular size or shape of plot can be
deseribed as best in all circumstances. For a given number &+
of replications, the larger the plot up to 1{g acre, thesmote {,a*‘;;pl
.accurate are the yield data likely to be. In plots abdvethis ‘\’ -
size, the inereage in soil heterogeneity within the ‘plot will L
generally more than offset any advantage derived fréiﬁ”mcreasing .

" the plot area. Where the land or the other facilities are limited, ¥
a large number of small plots is generally tob&preferred to a few o d
‘ large ones. A good average size for geQera,l utility purposes
1s 144 acre. D

The shape of the plot may be mad_é:}nyth'mg from asquare or!
rectangular to a long narrow lﬁ}gill%il:y%‘pgigjmensions should be -
chosen so ag to give a correct ﬁet& laymﬁ; and at the same time
utilize most effectively the.&Xperimental site chosen. Where
border effects are likely to-gedur, i.e., where the erop in one treat-
ment is likely to interf€re with the proper growth of the crep
at the edge of the gdj&cent plot of a second treatment, a non-
experimental bordﬂ\iﬁf sufficient width must be left round each
plot to ensurc thih these interference effects will not be reproduced
in the yield data. This border is cultivated in exactly the same
way as theyplot to which it belongs, but the erop it carries is eut
out befdré the cxperiment is harvested, leaving, for measurement,
an eﬁ’%ive plot unit equivalent to the area within the border.

In. ’tbjs connection, it should be noted that the square plot is the
~Aréa having the smallest perimeter. :

\/ Repetition.—The conclusions from any single experiment are
only valid for the particular season and the particular soil in
which the experiment was located. This makes it necessary to
repeat the experiment over several years and in various soil types,
40 as to ascertain the exact range of environmental conditions
for which the results can be stated to hold good. The standard
test of significance is based on chances of 1 in 20, so that theo-
retically, over a large number of experiments there is a distinet
possibility that a few of the conclusions will be inaccurate. This
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is an added reason why repeat experiments are necessary to
supply adequate proof of the accuracy of any result of practical
gignificance. The scientist cannoi afford to make serious errors
in his recommendations, Such mistakes in the past have some-
times led to a loss of confidence in his work by the very com-
munify which his researches are intended to benefit.
Arrangement of Plots.—The plots must be arranged in the field,
in a manner that will render possible a valid statistical interpretas
tion of the yield data. Statistical treatment is essential )if
real differences between trestments are to be separated\from
purely fortuitous enes resulting from soil heterogeneij;y:io}: other
uncontroliable external agency. Statistical significanee is based
on the assumption that the estimates of the meain.é and standard
deviations obtained from the data approximatatorthe true values
that would have been obtained from an infinitely large number
of plot replicates, i.e., from the whole ppﬁulation. This makes
-it essential that the location of the plots of any one treatment
; should be a random one. WQ% %{;ﬁﬁlﬁ:ﬁ'{%&& [ﬁ is known that
there tends to be a close eorreldtion between the soil fertility
of adjacent plots, and in conséqiience, there is a much greater
chance of demonstrating & redlbdifference between two treatments
A and B if they are locgt@d on contiguous plots than if they are
widely separated. There are varicus standard layouts which
satisfy both these ;e}l{\lirements.
Fisher’s diagramn in the Statistical Laboratory at Rothamsted
effectively sunmiarizes the principles from which modern experi-
mental methidds have been evolved.

\

.'C I
\.f \ Replication
| \ o
Ran.do?ribution Local control
Validity of estimate of error Diminuti{of error

Copy of diagram in atatistical laboratory, Rothamsted.
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It is proposed now to describe a few of the standard designs
used in field experiments and give examples to demonstrate
an appropriate statistical analysis of the data in each case. Tt
will be assumed that the student is familiar with the basic.
formulas and arithmetical procedure as deseribed in Chaps. I and
IT in connection with the analysis of variance. In field experi-
ments, the statistical principles remain unaltered, and the yield
data are evaluated by the particular form of the analysis ‘of
variance appropriate to the experimental design. O\

Example 26. Varietal Test of Wheat.—In this experimetit
three varieties of wheat were sown on plots of V4o aeré”each.
Six replications of each variety were used making, 38 plots in
all. The location 'of the six plots of any one vatiety over the
site of the experiment is pro tempore assumed %6 be a random

one. : \\
TaABLE 55.—Y1ELD OF (JRAIN IN Kruocmaii ¥R 140 Acre ProT

' dbr. rﬂ@L@Ef’ i
Serisl no. of plot ' "|eet2auY I,F?l ¥ OTg-n Total serosa
y: | ,.":3 B ¢

1 ~8 | 9 16 33
2 IR 11 17 42
3 )12 10 14 36
4 s 7| 12 27
5 O 16 11 18 5
8 & 11 9 13. 33

Variety total s, ... ... 69 57 90 | Grand total 216

The. sﬁ}tfstical analysis is similar to that adopted in Example
7, théwariable-squared method of calculation being used.
N\ "

N \ N 4 . 2
“Cotal 8.8. = 82 + 142 4122 - - - 1224 187 4 13? _Zig 184
24572 4 907 2167
Between-variety 8.8. = 69° + g +907 T 93

Within-variety 8.8, 7.c., error 8.8. = 184 — 93 = 91 |
This last component of the analysis may b'e calculated inde-
peadently as a check on the arithmetic. It will be,

692 + 572 4 902
/2 4 142 4 -+ - - 182+132_—_T=91
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Tapre 56.—THB ANALYSIS oF VARIANCE

Degrees of .
F,
Factor _ 8.8 troedom Variance
j e 184 17
Between varieties. .. ............. - 83 2 46.50} 7658
Within varieties, {.¢., error........ a1 15 6.07 ’

The reading of F from the table for ny = 2, ny = 15, and
P =001, is 6.36, proving that, in this experiment, the Varl’e{}
variance is significantly greater than that for BITOL. A d]ﬁerence
between variety totals greater than N

o v%07xex2x21m._m19
is sxgm.ﬁcant . The variety totals are \

. -’"i: ' 4 = 69 R
>k B=51 2O

$

WWW . dbral%;bl Fary.org.in
50 tha.t variety C has yleldcd more than either 4 or B.

RANDOIE[IZED BLOCK LAYOUT

There are wvarious altqrnatwes fo. the purely random!zod
plot layout as descpibed’ above. These alternatives genera]ly
lead to a valid reduct%n in the estimate of the crror variance, as
they are planned $o/as to make use of the fact that contigaous
plots tend to e \pomtlvely correlated in soil fertility. The ran-
domized blggk\layout is the simplest of these controlled arrange-
ments. The land selected for the experiment is divided up into
 a number of sections or blocks of similar dimensions. The
" number of blocks must be equal to the number of replications
{i’}g’mtended to use for each series, Thus, if there are to be
- five plots of each treatment, there will be five blocks, Ree-

ta or square blocks are probably tho best in order to make
~ the block area as compact as possible. This will reduce the soil
fertility differences within the block 0 & minimum. The
relative position of the blocks to one another is more or less
immaterial; where the topography of the ground makes it
advisable, they may even be separated by strips. of nonexperi-
mental land. Soil _uniformity within any one bloek should
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be the primary consideration. Each block should be divided
into the same niimber of plots of a given size and shape. The
number of plots in the block must be equal to the number of
different treatments to be compared, so that if four varieties
are under test, there will be four plots in each block. A single
plot of each treatment must be included in each block, Thus
every serics is represented once in every block and, to this extent,
the arrangement of the plots is a controlled one. The allocation.
of the treatments to the particular plots within a block shbuld
be a purely random one, determined by drawing lots or by other
chance method. This randemization of treatments within each
block is absolutely essential if the ordinary.statisfical tests of
significance are to be validly applied. The total fidmber of plots
in the experiment is the number of treatnients multiplied by
the number of replications, .., the numberyof plots in a block
multiplied by the number of blocks, ¢° o

Example 27.—It is possible to usé(the data from the wheat
variety trial (Table @%_ﬁ%rﬁﬁﬁ&}g&i@oﬁgﬁrﬁtaﬁsﬁcm.technique
applicable to a randomized biock design. Actually, in this
experiment, the arrangement of ‘the 18 plots was not completely |
randomized, but the plotsfmre grouped together in groups of |
three in juxtaposition, giving six similar blocks. Each treatment
appeared once in each block, the arrangement of the three treat-
ments within any ohe block being a random onme. The serial
numbers in the fist column of Table 55 represent the six blocks -
and the jyiclds-of the three plots in each of these blocks are
entered in/thé same line. Thus, the final column of Table 55
records the block totals. The data in this form are therefore
represehtative of the yields from a randomized block layout’
n;lqcflé‘ up of six blocks and three varicties. :
“\“The dispersion of these 18 variates, i.e., the total sum of
$quares, is composite in character and is the result of

a. Differences between varieties.
- b. Differences in soil fertility between blocks. _
¢. Unavoidable variation between similar variates, i.e., ervor
© varianee. S

These component sums of squares can be assessed in the usual :
way, and the appropriate number of degrees of freedom allogz:ated -
to each. The total and variety sums of squares bave already
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TapLr 56.—THE ANALYSIS OF VARIANCE

Degrees of .
Factor ) 5.8, Freedom Variance | F.
TOtal. e v eneeeaareannnian 184 17
Between varieties, .. ..... ..o 001 93 2 4&50% 7 658
Within varieties, t.e., error,....... a1 15 6.07 ’

The reading of F from the table for ny = 2, n, = 15, add>
P = 0.01, is 6.36, proving that, in this experiment, the vamaty
variance is significantly greater than that for error. A djﬁerence
between variety totals greater than '

- V/6.07 X6 X2 2131 = 18.19,
s s Signiﬁca:llt.__{ The variety fotals are \«_-;‘ Q "_. c

S e N ' - w\J
L ’if" i b 4 69 K ’\
ot B = 57

WWWQb?al?lOBI:.aI:y org.in

S,
77%a
3

;‘Vv'

+ 80 that variety C has ylelded m@re than either 4 or B.
RANDOMIZED BLOCK LAYOUT

There are various sMdrnatives to the purely random.lzed
plot layout as descrkbe}l above. These alternatives generally
lead to a valid reduetion in the estimate of the error variance, as
they are p]anned 50 as to make use of the fact that eontigious
plots tend to\be’ p()bltlvely correlated in soil fertility. The ran-
doiiized bloqk Iayout is the simplest of these controlled arrange-
ments. (The land sclected for the experiment is divided up into

" a number of sections or blocks of similar dimensions. The

: number of blocks must be equal to the number of replications
g.. «s;t 15 intended to use for each serjes, Thus, if there are to be
\AIV& Dlots of each treatment, there will be five blocks. Rec-

_ r square blocks are probably the best in order fo make

the block area as compact as possible. This will reduce the soil

-+ Tertility differences within the bloek fto a minimum. The
... relative position of the blocks to one another is more or less
immaterial; where the topography of the ground makes it
advisable, they may even be separated by strips of nonexperi-
mem‘ﬁal land. Soil uniformity. within any one block should
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be the primary consideration. Each block should be divided
into the same number of plots of & given size and shape, The
number of plots in the block must be equal to the number of
different treatments to be compared, so that if four varieties
are under test, there will be four plots in each block. A single
plot of each treatment must be included in each block. Thus
every series is represented once in every block and, to this extent,
the arrangement of the plots is a controlled one. The allocation. >
of the treatments to the particular plots within a block should
be a purely random one, determined by drawing lots or b)&oo\thér
chance method. This randomization of freatments within each
block is absolutely essential if the ordinary. statistiealifests_of
significance are £ beé validly applied. The total sufber of plots
in the experiment is the number of treatméits) multiplied by
the number of replications, Z.e., the numberof plots in a block
multiplied by the number of blocks. 77>
Example 27.—It is possible to use\fhe data from the wheat

variety trial (Tablew553[h§_% exemplify) the statistical technique
applicable to a randomize llq'cjﬁ' %’s’ingn. Actually, in this
experiment, the arrangement ofithe 18 plots was not completely |
randomized, but the plots afere grouped together in groups of
three in juxtaposition, gising six similar blocks. Each treatment
appeared once in eachyblock, the arrangement of the three treat-
ments within any ‘ene block being a random one. The serial
numbers in the fitst column of Table 55 represent the six blocks
and the yields“of the three plots in each of these blocks are
entered in ghe’same line. Thus, the final column of Table 55
records\th8 ‘block totals. The data in this form are therefore
repregéidative of the yields from a randomized block layout’
mad’q:'up of six blocks and three varieties.

~(The dispersion of these 18 variates, <., the total sum of
) squares, is composite in character and is the result of

a. Differences beiween varieties.
b. Differences in soil fertility between blocks. ) 5 .
¢. Unavoidable variation between similar variates, t.6., error .

variance.

These component sums of squares can be assessed in the usual |
way, and the appropriate number of degrees of freedom alloeated o
to each. The total and variety sums of squares h,'“__:_,‘;"?_, alr?ady




166 TECHNIQUE IN AGRICULTURAL RESEARCH

been worked out in Example 26.
% 2 . a . 332 2162
Block 8.8, = 22+ 4 F iy P

TasLE 57 —ANALYSIE OF VARIANCE OF RaNpomizEp Brock Lavour

Factor B.5. Dhe‘(;g:ﬁe:;ff Variance F
A
Total.........vveriinnnt. 184 17 \
Varety..o.oiiviiennnaan, 93 2 46.50 | «—£24.48
Blocke,.....oooovenenn. .., 72 5 14.40 | 2)
% ¢ 14) o 19 10 1.90

Comparing this analysis with that given in Ta,lﬁl,é 56, the most
obvious difference is the very much smaller erver variance here,
showing that the variation in fertility betwseen blocks is responsi-
ble for a relatively large share of the totdl'dispersion. In fact,

. if the F test is used to compare the block variance with that for
error, the difference between themwill be found to be definitely
significant. Even thouﬁﬁ”’ﬂ‘h@&@%?@f‘%éﬁom of error have
been reduced from 15 to 10, the élimination of the block compo-
nent of the dispersion has“greatly increased the chances of a
positive F test. The exror*variance in Table 57 really measures
the unavoidable vari&tion between plots in the same block—
the aggrepate within*block variation—after due allowance has
been made for yArictal differences. It should now be clear why
it is importgn¥-to have the individual blocks as compaet as
possible. [Ph¥ elimination of the block sum of squares from the
estimateob error will not usually be advantageous unless there is a
reasofiable similarity in environmental conditions between the-
plotsin any one block, and this is likely to occur only where the

eontiguity factor exists. Very large blocks, usually a direct

“result of the inclusion of a large number of treatment COmMpArisons
in a single experiment, tend to annul the benefit that might be
derived from using the block arrangement.

Standard error of any variety total of six replicates

= /190 X 6
= 3.38
Reading of { (n = 10, P = 0.05) = 2.228
Signifieant difference between variety totals is one greater than
- 3.38 X 4/2 X 2.228 = 10.63

2

3
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On this bagis, the treatments can be correctly graded on the
following order: €, A, B. The hlock layout has reduced the
estimate of error sufficiently to prove that the difference between
the A and B varieties, which was nonsignificant on the original
analysis, is actually a real difference in favor of A.

In most agricultural experiments, it is advisable to express the
final statement of results in the units of measurement normally,
adopted commerctally. This is most easily effected by calculat>
ing a single conversion factor by which the treatment totald and
standard errors will have to be multiplied. If one assumesthat a
bushel of wheat weighs 62 pounds, the factor required.ﬁg\éonvert

the wheat variety totals into bushels per acre will be
40 _ 225 A
5 X N 0.242 )
o
The results ean now be recorded as \ 4
Variety A............. 16.7.%:0.819 bu. per acre

Variety B. wwidbraultbilid op 0519 bu. per acre
Variety C........... 218 £ 0.819 bu. per acre

and a clear statement of th¢ final conclusions should follow.
As a significant differemee between means is approximately one

greater than three titdes the standard error, it is possible for
thereader to apply\a,}imple test of the aceuracy of the deductions.
Using the variable-squared method of computation, the follow-
ing formulag’sifmarize the caleulations involved in the analysis
of varianc€of data obtained from a randomized block experiment.
Let as\:-\ yield of any plot. :
\¢'= number of blocks, i.e., number of replications of
NN each treatment.
\m \» p = number of treatment gomparisons, f.., number of
: _plots in any one block.
T = grand total of all plot yields.
T, = total yield of the n plots of any treatment.
7T, = total yield of the p plots in any block.
Then, _
_ Total $.8. = Za? — n_i;(—z',*—n with np — 1 degrees of freedom

T2 Tt .
— ——— with p — 1 de of freedo
- XD with p Zrees edom

Treatment 8.8, =
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Block 8.8. = T with 'rs; ~1 degrees of freedom
? nXp -
Error 8.8, = total 8.8. — (treatment 8.8. -+ bloek 8.8.) with

(n — 1)(p — 1) degrees of freedom

If the assumed-mean method of eomputation is adopted, the
same formulas apply if , T, T, T, represent the values recorded
in the table of deviationg instead of the actual plot vields add®
totals. O\

_ LATIN SQUARE O )

In this layout, the number of replications is ma:dé, equal to
the number of different treatments included in th@yexperiment.
If n is the number of replications (or treatments),\then the total
number of plots in the square will be n2.  Thaplots are arranged
in a single large block .so as to give thessame number in line
counting across or along the field, i.e.,\'thg number of rows of
plots is made the same as the nwmberof columns. The dimen-
sions of the individual plots may\be” anything from square to
relatively long narrow s‘t’ffﬁ%}dgﬁﬂ’%gaé‘ ap&of the Latin square
will be square or rectangulax I@Lceordingly. The term ‘““square”
applied to this type of.experiment is therefore used in the
conventional sense of {he 'word.

Tn the distributi r&of the treatments over the n? plots of the
experiment, eachytreatment should appear once in each row and
onece in each columm, but the allocation of the treatments within
the rows and\eolumns is otherwise at random. In order to
ensure the;%ajidity of the F or z test used in the analysis of
varianceof the data, it is important to effect a correct randomiza-
tion,of\the treatments within the rows and columns, so that the
u}tigna:te plot arrangement represents a random sample from ail

{ Possible squares of the size selected. Espeelally with large
Squares, there may be some difficulty in evolving a square that
will {ulfill these various premises, and the easiest method of

© obtaining a satisfactory layout for any experiment is to make
use of one of the standard forms given by Yates* for Latin squares
from 3 X 3upto 12 X 12. Then, by a random reshuffling of the
rows, columns, and treatments, a valid layout will be obtained.
The transformation of a 4 X 4 standard square for trestments
designated A, B, C, D is given at the top of page 169.
* Emp. J. Ezp. Agr., 1: 236,
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ABCD BCDA BACD BCAD
BCDA CDABE CBDA ABDC
CDAB ABCD ADBC( CDRBRA
DABCGC. DARC DCAB DACBEB
Standard Reshuilling Reshuffling Reshuffling
sQuare of rows in of columng of the 4, B,
the order 2, in the order C, D treat-

3,1,4, a8 se- 1,423 ments on
lected at the basis fN

random : ¢, B4, B

The advantage of the Latin-square layout les in the faet-that
the plots can be grouped into » similar blocks in ‘tyvb' distinct
ways: (¢) in accordance with the rows and (b)yln gecordance
with the columns. Each of these componengs.eanl be evaluated
in the analysis of variance and, in consequenge, it is possible to
eliminate from the estimate of error the'effects of soil fertility /.
changes in two directions at right anglés! As control of the
soil heterogeneity factor, the Latib, kquare will: generally be
found to be an improvamept bq&y;g_éﬁgdomized' block layout. |
It has the disadvantage that 138 Touch less flexible in character.
For example, the number qf:.i‘eplicatians is limited by the number
of treatmeni comparisons;and where only three or four treat-
ments are to be compéred, the total number of plots in a single
square will be only @or 16, respectively, which will not provide
the minimum npﬁher of degrees of freedom advisable in order
to ensure a fairestimate of the error variance.

The analy§is of variance of a Latin-square experiment is
fundameftally the same as that of the randomized block layout.
The ,{miy"modiﬁcation is that the block sum of squares is virtually -
dyplicated in the rows and in the columns, and the sum of squares
attributed to each of these components separately is subtracted
"\ ffom the fotal sum of squares in estimating the error.

Example 28. Statistical Analysis of a 5 X 5 Latin Square for
Data Taken from a Manurial Experiment with Sugar Cane.*—
The five treatments were as follows: :

A No manure
B Complete inorganic at rate of 80 Ib. N, 375 lb. P;0s, and 60 1b.

K:O per acre
¢ 10 $ons farmyard manure per acre -

* Prop. Agr., 3: 45.
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D 20 tons farmyard manure per acre
E 30 tons farmyard manure per acre

Tasrk 58~YmELD oF PLant CaNE ™ HArF-EUNDREDWEBIGHTS PER 14g-
acrE Pror aROUND AN AssumEp Meaw oF 40 Havr-cwr.

Column
R Row Treatment
o totals totals ~\
I b 111 v v
N
o\“\
r - - H- H - - H -+ G+
A E b ¢ B .
12 6| 4 8 1t —17 M4 =34
D B A E ¢ ¢ &
I s 2[ 10 4 sl NN% sl 5 4m
n B 4 ¢ D E N\
9| 7 6 IS g +10 | ¢ -1t
Fak 9
AN
- o D E B M
3 2 7 ENS +2; D— 4
v Fid ¢ wwwadl blta,ﬂﬁbrarwor 5.in
7| 3 w0 3 +7| E +31
Colunn total.....| +85 —4 « +2 +3 | Grand total
+ 5
o

The treatment, roW \and column totals are all tabulated,
and the sum of squa}% belonging to each of these components can
be calculated as.tignal. For example,

mwﬁg;lv+3h%wt+m+7z 5

— oy = 89.2
L 5 25

There 's\\'e five separate rows, so that the nurmber of degrees of
freedom of the row S.8. is 4; the same applies for columns and
tre‘atments

\ 4 TaprE 59.-—ANALYSIE OF VARIANCE
Factor 5.8, I:‘iegerﬁi?rff Variance F
Total.....ooovi i, 800.0 24
Rows................ Chsaeaanaes 89.2 4 22.3
Colaroms, .............ooinal.. 10.0 4 2.5
Trestments.....cc.covuevnnn.. .. 555.6 4 13&9% 11.48
Brror........oo i 145.2 12 12.1 )
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The treatment variance is obviously significant. The stand- :
ard error of any treatment total is A/12.1 X 5 = 7.778. To
convert this standard error or the corresponding treatment

totals into tons per acre, it is neeessary to multiply by the

30 3
factor 77— W XE= 30 The standard error expressed in tons per

3 .
. acre = 7.778 X 55 = 1.167. The treatment totals given. ifi\

Table 58 represent the total deviation of five plots round\an
assumed mean of 40 half-hundredweights, so thats “before
multiplying by the conversion factor for tons per_ acrg; these
totals must be expressed in absolute units of ha]f-hu,n‘dredwelghts
per plot by adding to each 5 X 40 or 200 hali- hl,gndredwelghts
The mean yield of treatment 4 is therefore o

(—34 + 200)% = +7.778 X @5?24.90 + 1.167;

the others are treated similarly,

11 1.1 &) .
o UL dUTTEN AT l)r WAL H-l]

Trestment ..j N ‘Tons per acre
A No manure 24.90 £ 1.167
B Comglete inorganie 33.45 +£1,167
¢ MAitons farmyard manure | 28.36 + 1.167
D 20 tons farmyard manure | 29,40 + 1,167
E (| 30 tons farmyard manure | 34.65 + 1.167

N \
Using th’l'ee times the sta.ndard error,* Z.e., 3.5 tons per acre,
as the\measure of a significant difference, it 1s obvious that the
most"ﬁectwe treatments are the complete inorganic mixture
an\d the heaviest application of farmyard manure. The 10-ton
”‘dressmg of farmyard manure just fails to show a significant
\1ncrease over the control, whick is, however, definitely worse
than the remaining three treatments. The five treatments can

therefore, be graded as follows:

Poor........ No Meanure
Average..... 10 and 20 ton dressings of farmyard manure
Good....... Clomplete inorganic and 30 tons farmyard manure

N MLV WV 3
* The exact critical difference is 4/12.1 X 5 X 2 X 2.179 X % = 3.59

tona per acre.
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The calculations involved in an analysis of variance of a Latin-
square experiment are summarized in the following formulas:
Iet x = yield of any plot.
n = number of replications of each treatment or number
of rows or number of columns.
T = grand total of all #® plot yields.
T:, Tw, To = total yield of n plots of any treatment, row, and
column, respectively, O

Total 8.8, = Zz* — %;—2 with #? — 1 degrees of freedgi:i} 2.

g W

zr: T "\
Treatment 8.8, = T with n — 1 degrees of freedom
2 2 (¥
= 207 _ % with n — 1 degrgésiof freedom
L3 9 S
Column 3.8, = Ei‘ — {—2 with n — 1,\(:{%1"&:86 of freedom

Error 8.8, = total 8.8. — (treatment, S‘S” + row 8.8. + col. B.8.)

with (n é — L) g{ degrees of freedom
W W brau’h lary .or

Replication of Latin Squares,~<In the Latin square, the number-
of replications is limited tot$he number of treatments tested,
so that in small experiments the number of degrees of freedom
on which the error variance is based becomes unduly depleted.
This difficulty cantBe overcome if two or more Latin squares -
are used instead™of 8 single one. A separate randomization
of the treatmen%s must be effected for each square. The sta~
tistical analysis becomes slightly more elaborate in order to
take intos\account the fact that there may he considerahble
vana.tg&» in the average soil fertility of the different squares.
This.ig especially frue if the squares are located sorne distance
B pﬁrt In fact the treatments must be regarded as eomplex
ih nature consisting of actual treatment in combination with
gite, ¢.¢., of treatment and Latin square, and the interaction of
these two factors should be evaluated.

Example 29, Statistical Analysis of a Cacao Manurial
Experiment Consisting of Three 3 X 3 Latin Squares.—The
fertilizers used were as follows:

A No manure
‘B 124 1b. superphosphate per tree
C 3 Ib. superphosphate per tree
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Tasip 60.—Lavour avp Yisrp w Pops perR TREE FroM 3{5-scem Prors

Square I Bquare 11 8quare IT]
Row Row Row
totals : totals totals
B|iC|A C|Bj|A AjC|B] -
41|25)1b &1 271 28| 3 58 1111517 48
almlc 4¢3 Blale| L0
20(32124) 76 ] 4|17| 87 80 |24)14]33|\ s
cla|B| Bidlc ¢ | B
22112121} &5 22| 417| 45 po2febiis! 47
Column . Total of Total of\™ Totol of
total, . .1 §3169[60]) T = a8 | 49 |28| II =067 491667 Il =
212 1817y 171
A\ Nt
tmentAotal
Treatment Square | Square | Square ment toials
[y I I '
A 47 11 40 8
B R ! a3 - 61 214
C \ \\ 71 )] 70 202
Square total.....epM. .. .. 212 131 | 171 | Grond lolal = 514
)\ X

The csflqlﬁh%ion of the total sum of squares from the 27 plot
yvields ds>perfectly straightforward, and amounts fo 2,117.0.
Froni\the table of the treatment totals

) 21914 2020 514,
\ Manurial treagment 8.8. = 98+ 5 + -5 = 904.4
2 et 1712 5147 /
Square 8.8. = 2+ 1391 + —— = o = 364.6 J

7
Interaction: manures X squares )

_ (472 ¥ 942 + ak 612 + 70° _ %43) — (9044 + 364.6)

= 156.0

In estimating this interaction sum of squares, the totals for
each treatment in each square, s recorded in the. second

X

Q"
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half of Table 60, are used, nine separate values in all. These
values account for 8 degrees of freedom, of which 4 have already
been used up in the square and menurial treatment sums of
squares. This leaves 4 degrees of freedom for the interaction of
squares.

As allowance has already been made for differences in fertility
between the three squares, the row sum of sqaares must be ealcu-
lated for each square separately, and the three separate values(\
and degrees of frecdom must he added together,

.\\\
2 2 2 2 Z
Row 8.5, = [ SL+76+55 _gg) +(58 304437, 131)
N 9 3 N9
437 + 71% £ 57% WD _
MGESELN 7

As there are three rows in each square, there\wiﬂ he24+24+ 2
degrees of freedom attached to this e imate. In a similar
manner the eolumn sum of squa:res ¢an be caleulated. It
amounts to 242.4

WW W dbrauhb; ary org.in
TapLE 61 —ANALYms OF YARIANCE

N Deg"ees 14 log.
Factor 880N\ of free- | Variance varisnee
| dom 10
Total. ....ovvnn. s W 21170 [ 26
Manurial freatments. 7 o04.4 | 2 452.2 |1,905%7
Squares........¢ MY 3646 2 i82.3 [1.4515
Interaction: thares X
treatmentsy.”. ... ... 156.0 4 39.0

Rows. . /SN ...... 388.5 6 64.7 10,9336}z = 0.9237
Columng™............. 242 .4 6 40 .4 {signifi-
Erporsd. ..o 61.1 6 1.2 {0.0099) cant)

The column and interaction variances just fail to be significant
on & probahility of 0.05. The 2 test shows the rest of the factors
in the analysis to be significantly greater than the error variance,
The elimination of the soil heterogeneity effects in the evaluation
of the variance of squares, rows, and columns has been beneficial
in reducing the estimate of error.

A difference hetween totals for each manurial treatment greater
than +/10.2 X 9 X2 X 2447 = 33,16 is significant. This
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proves conclusively that there is a marked incresse in yield as
a result of the application of a phosphatic manure to the cacac
trees, and that the double dressing of 3 pounds per tree shows no
advantage over the single one.

GENERALIZATION OF RESULTS

The conclusion, as derived from the preceding statistical™\
calculations, that 114 pounds of phosphate is the optimum raté
for fertilizing cacao, only validly applies to the particular\fhré’e
soils or localities in which the squares were laid out. It is poksible
to use the same analysis of variance to achieve a mgre‘compre-
hensive conclusion which, on the average, can be sad to be true
for all cacao estates situated in the same generslerop zone, and
not only for sites showing similar soil and envitonmental factors
to those actually occurring in the expcri}neht. Let us suppose
that three typical cacao estates at widely different centers had
been selected at random for this expetiuient and that one square
had been established, e cashestabey obiyfellows that the .soﬂs of
the three squares represent g _random sample of the d]ﬂerel}t
solls in which eacao is likely to-be planted in the Iocali.ty. A.fa,xr
estimate of the error variance likely to occur on this v?lde va:rfety
of soils will then be given. by the treatment X square interaction,
and results which aié significant, as shown by the comparson
between the trcatshent variance and that for this interaction of
squares X trea@r@éﬁts, are valid for the whole cacao crop of the
locality. A\ tollows:

The 1'9Qui'ped variances teken from Table 61 are as follows:

3 Degrees ¥5 log, of
ot Factor g.8. | of free- [ Variance | variance
<™ dom 10

2.2 1.9057
Manurial treatment............. 904.4 2 45

Interaction: ' 4 20 0 0.6805
Sruares X treatments.. .. ... 156.0 T 555
Difference..,........coveer-n- .

sfrerence in the logarithmie colul_nn
The 2 fest shows that the dift e treatment totals of nine

L . th
is dignificant, A difference betweenl e fotals of nine
plots greater than 4/39 X 9 )(2 X 2.776 = 73.6 i8 signific
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This again proves that the 114-pound dressing is the best rate fo
use but, in addition, it has changed the practical signifieance of
this result from one of rather limited application to one of general
validity,

A similar type of statistical treatment will often be of value
in the interpretation of the complete data from several years’
experiments with the same material. In such serial experiments, ¢
it 18 exceedingly important to know whether the conclusions are
likely to hold good for all erdinary seasonal vagaries, or Whether
strictly speaking, they only really apply to the particulan types
of season prevailing in the experimental years. A comparison
of the treatment variance with that for the treatment X season
interaction is the mosf cffective method at preseht available for
gettling the former query. N

GROUPING OF TREATMENT CO@‘PARISONS
. In experiments in which one of they teeatments is in the form
of a control or standard type, it is of’ben ingtructive to deterrmine
whether, on the average, Mth&fdﬁf@f't?eﬂ.tmems%an be regarded
as better or worse than the control. If the treatment variance is
considered as a whole, it may even happen that the individual
treatment differences are.ot sufficiently great to give a positive 2
test, whereas the iso {Qon of one particular treatment compari-
gon in the form of control vs. the average effeet of the rest may
indicate some ‘Qeﬂmte response in the yields. The modus
operands is perfgetly simple, being cssentially the resolution of
the total treatment variance among the various {actors deter-
mining it$\Value. Consider Example 28 in which the relative

treatment yields for the total of five plots are as follows:
N\

<. ) Treatment Ha]f-hundredweighta
v No manure ) —34
B Complete inorganic fertilizer +23
o 10 tons farmyard manure —11 139
D 20 tons farmyard manure — 4 .
E 30 tons farmyard manure +31
+ &

The total treatment sum of squares represents the aggregate
effect of the difference between the fertilized and nonfertilized
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plots plus the variation due to the different types of fertilizer
used. The totals for the nonmanured and manured treatments
are for § and for 20 plots, respectively, so that the sum of squares
for the first component

34” 392 5

Manure v5. no manyre = — +4 == 20 25 N
= 306.25
: 2 2 2 A\
Then, B.8. type of manure = 2B+ 1 ;’ 4 1312 %%;\.}
= 249.35

Total treatment S.8. = 306.25 + 249.35 | 73
= 555.6 (as originaliy: caleulated, see
! Table 59)

: A\
The fertilizers in turn can be divided ige\tvm distinet classes—
organics and inorganics—and it ig\informsative to carry the
analysis a step further and resolve the gum of squares for manures

into i
o 1ts components. S de'EUJIlbl.a]“y org.in

8.8. organics #s. inorganic y 230 | 16% 397
3. orga L rgaw“ A % i~ 30

‘= 46.82
8.8, quantity of \\i :
\ 112 4- 424+ 312 16* . 124935
farmy&rd manure = T 5
O — 202.53
) ’\u
AL W TARLE 62 ——ANALYSIS OF VARIANCE
XS
~' Degrees }é’(}l;lg, z (by
miﬁ\ Factor 8.5. of free- [ Variance variance cal.cula-
\ ) dom 5 tion)

Manure vs, no manure . ..| 306.25 1 806.25%*% 1.7109 | 1.6156
Organics v4. inorganics . .,( 46,82 1 46.82 | 0,7718 | (.6765
Quantity of farmyard ma-

202.53 2 101.28** 1.1574 | 1.0621
Error (from Table 59)...) 145.2 12 12.10 | 0.0953

** Significant at the 1 por cent point. Tt sheuld be natad that, in writing up experimental
results, it is not generally considered mecessary to tabulate the calenlated vaiues of Forz
The customary practice is to mark varisnces which are significant ai the § per cent point
with one star, and those significant st the 1 per cent point with two‘r;ctars.
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After allocating to each its correct sharve of the total treatment
degrees of freedom, the F or z test ean be used o test the signifi-
cance of any of these components of the treatment variance,
The first and third components are significant, but there is no
gignificance in the comparison of organics vs. inorganics, Manur-
ing of cane, as judged by the average result of the four drossings
tested, leads to a definite increase in yield; a heavy application
of farmyard manure produces a much bigger response thanda
light one; a complete inorganic fertilizer produced a yield jngre-
ment equivalent to that of & heavy dressing of farmyard matidre.

N\

7 %4
S

ORTHOGONALITY ~

WL

The analysis of variance technique as applied to research
data is valid only when the experimental JeSign is orthogonal.
Yates defines orthogonality as “that propetty of the design which
ensures that the different classes "cj___eﬁggj;_s s to_which the experi-
mental material is subject shall be capable of direct and separate
estimation without any emtandbomgiirdry Avgdimdamental prin-
ciple of the orthogonal layout igithat any real differences between
the treatments in one seriesghould not affect the relative values
for any of the other series(in the experiment., 'To ensure this, it is
advisable to use thc samne number of replicates for cach ireat-

ment_in _avnydggﬁ_‘\@riés. This should effect a halanced and

orthogonal experihaentsl design. Apart from any question of
orthogonality, (8qual numbers of replicates are desirable in
order to kegp-the statistical calculations ag simple as possible. -
In a simple*randomized block cxperimeni with five-blocks and -

two 't'm ments, each treatment occurs onee in each block; any

fertility differérice between the blocks as a whole will be reflected -

) .pgqb_qrﬁi_gp_a:ggly_ in_all the _treatments, so that treatment differ-
ences are not affected by varistion between the blocks. Simi-
larly, each block contains one plot of every treatment so that
any difference between the blocks is not affected by treatment
differences. Treatment and block variances are entirely inde-
pendent and can be ecaleulated separately. The layout is
orthogonal, and the analysis of variance technique can be validly
applied to the data. S T T

If, by accident, two plots of one treatment and none of the
second were included in one of the blocks, the whole balance
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between treatments and blocks is upset, as shown in the following
diagram: :

Blocks
Treat- No. of variates in
t
men I I 1o v v esch treatment
A z E T T E 6
B x T b Fy 4 .

N7

Suppose, for example, that the soil fertility in block\III is
distinetly above average, the mean yield of treatment™d will be
above and that of treatment B will be below their trize potential
values. The resultant conclusion regarding therelative merits
of the two treatments might be erroneous., \Fhe error variance
from a randomized block design is really, &' measure of the inter-
action between blocks and treatmentdy* Normally, in a layout
of the above fype, the interaction mght be assessed directly irom
the differenee in the" X "= yiBErsr dain block. Here, how-
ever, treatment differences aré entangled or confounded with
the block differences, and thE interaction or error variance might
also be affected by the ndistake in block ITI. The results would
probably be markedly\falsﬁed The layout iz therefore no
longer orthogonal, and the ordinary analysis of variance technique
cannot be validlyyapplied. A modified and very much more
complicated ‘method of statistical analysis, entailing the fitting
of constantsy would be required. Alternatively, the between- and
within-tréatment variance could be caleulated and used to comrpare
the {ren ‘ments, taking into account the different number of
vam,aﬁes in the two series. Although this method is permissible,

P Tnakes no allowance for the variation in fertility between
blocks and would almost certainly give an unnecessarily high
estimate of error and detract from the precision of the experiment.

The same criticism of nonorthogonality would be true if the
above mistake oceurred in a factorial experiment in which the
numbers I to V represented a second treatment series super-
imposed on the A and B treatments and if several replications of
each treatment type were included. The data could still appar-
ently be analyzed by the ordinary analysis of variance procedure,
but the nonorthogonal layout might lead to a false estimate not
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only of the treatment variances but also of the error variance.
The example cited represents a relatively slight deviation from
orthogonality, and the results by the ordinary method of analysis
might not be greatly different from the correct values for the
experiment, This could not be considered as any excuse for
knowingly applying a faulty statistical techmique. The more
extreme the degree of nonorthogonality, the greater will the
falsifieation of the results by a simple analysis of variance tend to.
be. Lack of recognition in the past of the principle of orthogonais
ity has led to the incorrect use of the analysis of variance, Hedb-
nique and subseguent eIToNneous interpretation of experiméntal
data. In planning new experiments, the novice would, be well
advised te adopt only standardized designs in Whlph a’ correct
balance between the different components ofithe analysis of
variance is ensured.

N
INCOMPLETE RECOKQS

In field experiments, it is sometimies impossible, for one
reason or ancther, to obtaa the orrect eld data for cerfain
plots. This may be the resu oégrgf %‘]g actial yield ﬁgures,
mistakes at harvest, serious damage to isolated plots by vermin
or flooding, or other extertial agencies. 'The experimental
precision is bound to _b_e_\somewhat_,lmpaxred as, of course, the
ongma}/orthogonai egig is upset even when only a single variate
ig missing, I an ¢ rate appreciation of the relative treatment
effects is to be thamed the statistical technigue has to be
mod:ﬁed O

rather’ mcﬂiclent method of tack]mg thls case would be to ignore
all treutment yields in the block in which the missing plot was
{otsted and to carry out a straightforward analysis of variance
of the data from the remaining n — 1 blocks. This method is
simple but has the obvious disadvantage of reducing the number
of replications of each treatment by unity, of lowering the
. ‘number of degrees of freedom of error, and of markedly decreasing
the precision of the experunent ’
A second but inaccurate method whick has been used in the
past is to make allowance in computing the eomponent sums of
squares for the fact that one of the treatments and one of the -
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blocks has one replicate less than the remainder. This makes
the arithmetical caleulations slightly more complicated than
would have been the case had the observations been complete.

It has the much bigger disadvantage that, owing to the non-

orthogonal nature of the data, it is statistically unsound and
may lead to false conclusions.
—.-The best method of tackling the problem is to apply Yates’

missing plot technique® in which the remainder of the data is\

used to provide a logical estimate of the missing yield. In
this way, the required degreé of orthogonality is recovered,\gmd
a simple analysis of variance of the completed data can(hen be

effected, provided an appropriate modification in the‘number of

degrees of freedom allocated to error and in the estlrﬂ.atlon of the

standard errors of the various treatments is m&orporated It

is proposed to use the data from Table 55 with one variate
omitted to illustrate the practical applicatient of these last two
alternatives and demonstrate that eyen®this slight deviation
from normality must be given due weight in the statistical
interpretation of the results.

Example 30. A‘fi&Ws‘i‘é”’%‘f“'DﬁH i Randomized Block -

Experiment in Which One of‘the Plot Yields from Block V Is
Lost.—The data are otherwme the same as recorded in Table b5.

TABLE 63.—Y!ELD‘~\OF WHEAT 1N KILOGRAMS PER PLOT
&

S '\ Varieties
Blocka’ >, Block total
) A B ¢
. £ '\ oo
O 8 9 16 33
Vo | 14 1 17 42
R\ 111 12 10 14 36
O v 8 7 12 27
\ v 6 | 1 o 27
vI 11 9 13 33
Variety total. ... ......... 69 57 72 Grand total 198
Variety mesn............. 11 .5. 9.5 14.4

i

In a randomized block experiment an estimate of the potential
yield of the missing plot can be obtained from the formula

* Emp. J. Ezp. Agr, 1: 120-142.
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=NXTv+pXTs_T
(n—1De-1

when £ = missing-plot yield. .
n = number of blocks or replicates,
p = number of {reatments.
v = block in which missing plot is located.
T, = total of remaining p — 1 plots in block ».
& = treatment in which mlssmg plot oceurs,
T, = total of remaining # — 1 plots in treatment 5. ),
T = grand total of all available np — 1 plots.
Applying this equation to provide an estimate of the missing

yield in Table 63 for variety C in block V, ‘:.‘
_B6X27T4+3X 72 — 198 _~“1§
- 10 OB
PN

This value happens to have workeg \eut at exactly the yield
figure recorded for this plot. in the™ ongmal data of Table 55.
The component sums of squ cluding the estimate of the
missing plot will be the sa%flgvf&%a%lﬁgrm %«fﬁﬁc d out in Table 57
for the original analysis of wariance. When & single plot yield
is missing, 1 degree of freeifom is used up in the estimation of
the missing variate, Whlch reduces the total available degrees
of freedom to np¢ -\2 This in turn cuts down by unity the
number of degrees\f freedom normally attributed to error in an
experiment Qi thrs particular layout. The appropriate analysis
of Vanance\t)f the data on thig basis is appended.

&
TABLE.QS& < ANALYSIS OF VARIANCE DERIVED FroM “ MissiNe-pLoT”
\ TECHNIQTE
5 2.8 Degrees of
\ ) Factor {from Table 57) freedom Variance
Total. ... 184 16
Blocks..............co0on.... 72 5
Varieties. . ................... a3 2 46, 50**
Error.......coovveiiiinn. 19 9 2.11

** Significant at the 1 per eent point. Tt should be noted that, in writing up experimental
reaults, it is not generally considered nevessary to tabmlstc the calewlated values of F or 2
The enstomary practice i3 to mark varianees which are signifieant at the 5 per cent point
with one star, and those significant at the 1 per cent point with twe stars.

*
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The variety variance. is significantly greater than the error
variance. Actually the use of the missing-plot technique tends
to give a treatment variance slightly in excess of its true value,
but the exaggeration is negligible.

For the comparison of treatments, other than ireatment
with the missing plot, the usual formulas for caleulating the
standard errors apply, viz.,

B ferror variance \/;2
= ———— e == — a
' L n oA

Thus, in comparing the means of treatments 4 and B, O

N

By = (P52 =080 D

A significant difference between t"l;é means of\fréatments A and
B is one greater than 0.84 X 2.262 or 1:90{/)Variety 4 is there-
fore better than variety B. ) O
In order to compare treatment s th any other treatment, s
revised value of Epvhas tohesaleplpted.in An approximate but
satisfactory estimation of this y&ue will be obtained provided:

a. The number of replica:tioons of treatment s is assumed to
be » — 1, even though tKevestimate of the missing-plot yield has
been used in dete 1@1@ the mean of the treatment.

b. Only one-ha.]%
extra plot of t-hgz gecond treatment in block ».

Then 2.\
O

AN

2 0.2

[ia
' E°=\/a—_—1+m
'0\'~

for-comparing the mean of treatment s and any other treatment
\nean. Thus, in the example cited, for the comparison of treat-
ment ¢ with either 4 or B,

»
&
&l

e

711 | 201 _

A significant difference between means is one-greater than
0.90 X 2.262 = 2.035. On this basis, variety C is better than

elther 4 or B.
&

tead of one replication is accorded to the

e



184 TECHNIQUE IN AGRICULTURAL RESEARCH

In order to illustrate the necessity of applying the misging-
plot technique, it is proposed to use the same data to carry out a
direct analysis of variance, ignoring the faet that the layout has
become nonorthogonal.

1982
Total 8.8. = 8§ 4 142 - + » - 122 132 — q7 =
145.9 with 16 degrees of freedoma,

337 -+ 42° - 36% - 27% - 33% | 277 1982
Block 8.8. = 3 + - T IO
- 44.1 with 5 degrees of fréedom
692 + 567F | 728 1982 ( N}
Variety 8.8, —-6—-1-'3* 37 =

. 65.7 with 2 deg‘rées of freedom

Error 8.8. = 145.9 — (44.1 + 65.7) =

' 36.1 with-Odegrees of freedom
- 36.1 Q.

. The error variance 1s 5 = 4.01. (O this basis the standard

error of the difference bgiween, PQ&W %Y@netles A and B is
,‘[4(? 1 X 2 = 1.16. This tqst would seem to show that the

dlﬂ"erence is nonsignificant, Whereas by using the more accurate
missing-plot techniquef this difference has already been proved
gignificant. The en\ba\lglement of the block and treatment
differences, as a résult of the missing plot in block #, invalidates
a simple analysig.of variance of the available data.

Estlmatloﬁ‘of a Missing Plot in a Latin Square.—1In a Latin
gguare th. one missing plot the same general principles, regard-
ing the®ost analysis of variance to use, hold good. In this case,
the Lormula, for estimating the missing-plot yield z is -

o) o Tt ot o) = 2
= De =D

where T = the total of the remaining n — 1 plots in the column
with the missing plot.
Te = the total of the remaining n — 1 plots in the row
‘with the missing plot.
The notation is otherwise as detailed for the randomized block
layout. : :
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Then the standard error of the difference between the mean of
treatment s and any other treatment mean

o? o

En= +n_%

n—1

Analysis of Variance When Several Plots Are Missing.—An
extension of this method of estimating the yield of a missing
plot can be used for data in which several plot yields are misging.
This is effected by putting in an arbitrary approximation.forall
the misging-plot vields except one and applying theformulas
already given for estimating the value of this one. 'Fhisjvalue is
then entered and used in the defermination of the(value of the
second missing plot; and so on in sequence for ¢ach plot in turn,
the total for the table being altered in accordatice with each new
value obtained. 4D

The whole proeess should be repeated)a second time with the
first estimates entered, reestimating again for each plot in turn.
This will give yields that are ac L};;s}j‘:e gf_ithin 0.01 of the required
values. ‘ P\ YOrRim

The same general rules regarding the analysis of variance and
the calculation of the stafilard errors, as already discussed for a
single blank entry in_thie"data, hold good when there are several
missing plots. 'When there are more than three missing plots,
the treatment véijance may be significanily exaggerated. In
more extremd, Gdses, it is questionable whether elaborate sta-
tistical coraputation ean effectively take the place of actual field
data. ) '

Exa,ﬁfpé 31.—As an example of the procedure, the analysis
for \.{.h‘e following 5 X 5 Latin square, with three missing-plot

svields (z, y, and z), is given in detail.

:Entering the mean value (Table 65) as an arbitrary estimate
of the yield of plot y and of plot z, substitution in the formula
for & missing plot in a Latin square gives

v’
' 5(77 + 744 86) — 2 X 480 _ oo
o= iX3 '

Sufficient aeeuracy will be obtained if the calculations are -t_aken
to one place of decimals beyond that used for the plot yields.
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Using this value for z and the same arbitrary value of 20 for z,

Then, substituting this value for y,

1

1

5(62+86+S47) — 2 X 478.7*

12

. 5(75.7 4+ 832+ 79) — 2 X 475.9*%

12

5(768-!—74-1—832)—2)(4757*;

12

= 17.2

=198

Q"

O\
Repeating this process for each plot in turn so as to correc\t “the

preliminary estimates z1, 1, %,

s

™
RO

18.2

Similarly ¥ on recaleulation becomes 17\} and z on recalcula-
tion beecomes 19.8. \
-Obviously there will be little advantage in quoting the missing-

plot yields in smaller units thagithe actual ones, and in the
WWW. dhl aullbral y.org.in

TagrLt 65.—LavouTr oF 5 X 5‘SQUARE aNp YrELD oF Svcan CANE IN
HUNDREDWEIGHETS PER ‘4p-ACRE PrLoT ror 5 VarmETIE: 4, B, C,

‘N°'D, anp E.

4 N D c B

14 gEz\ 20 18 23

D \% B A E ¢

19 78 21 16 23 18

\Y

A\ A c D E

23 15 20 18 23

Nl D B B A
21 x \({u- 24 21 Y W—W

E ¢ B A b
23 16 23 17 P 1 ;

Total of the 22 available plot yiclds = 440 cwt.

Mean of the 22 available plof yiclds

20 cwt. per plot

*The revieed total for 24 plots when the latest estimate is entered in

fhe table.
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fo]l'owing analysis of variance, the nearest integer for these
estimates has been used, viz.;

=18
y =17
z = 20
TagLB 66.—ANALYSIS OF VaARIANCE oF CompreTeEp DATA
AN
Degree of
Fact Eree i
etor 5.8, freedom V%‘i’f’@e
Tl .ot e e e e 220 214
ROWE. s et e e e e 2 £ 0D
Colummns. . . . oe e e 17 L)
Varfeties. .. ... 181 ~"‘;.\4 45.2%
7 o o) (P U 20 9 2.2
A

## Qignifieant at the 1 per cent point. ¢*L
i A deduction of 8 degrees of freedom for the threg’nxﬁsing plota.

The treatmeni variance is clea,;fj;‘.’éignjﬁcant. The variety

means for the comp]‘%gg_fd%pgmgégaﬁfg;g?ﬁs:

Aol 15.8! ~

B.. &N 22.6'%

G ... 186«

1.)} ,,,,,,,,,,, 19.0 ¢

OF. 23.0 2
P .\ [
Varieties ”{Ej‘and E have apparently given high yields and A 2 low
yield. \° :
. It 'W'&Id be interesting to test further whether D is significantly

b,etﬁe'i‘ than A and E than D. The appropriate standard errors
“for’ these comparisons are required. Here again, the number
\of replieations aceorded to each mean is based primarily on the
total number of actual yields obtained for that treatment in
the field records. Furthermore, any treatment mean is accorded
only two-thirds of a replication for each field plot located in a row
or a column where the opposite treatment shows a missing plot;
and only one-third of a replication if the second treatment is
missing in both row and column. On this basis, in a eomparison
of varieties A and D, the number of replications of 4 is equivalent
to 314 and of D to 3, so that :
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Standard error of difference between means of A and I =
22 22
4 fﬁz +5 = 1.18
Significant difference is one > 1.18 X 2.262 = 2.69

The difference between means is 3.2 cwt. and therefore signifi-
cant. Similarly, for the comparison of varieties D and E,

N\
standard error of difference between means = }— + i ‘§ = ,1 1%
\

The difference between the mesns is 4, and there,fbre also
significant, The varieties ean now he aecurately g:adeti

B and E High yielders N

¢ and D Average yielder’
A Low yielder \
z \\o

»
LY o

\4

‘,,/\

W, dbl;,d!}l:ibrary .org.in
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CHAPTER VIII

SERIAL AND PERENNIAL CROP EXPERIMENTS

SERIAL EXPERIMENTS

"N

Before it is advisable to recommend the modification of
existing field practice, any important experimenth should be ,
vepeated for at least 3 years in order to be sure‘{;haf the results
hold good under varying seasonal conditions,\.Phe final recom
mendations should be based on the accumnilated data of all
the experiments. There are various ways of effecting a com-
prehensive interpretation of such senal experiments. As the
yield data for each year will normally be analyzed as soon as
the records reafzh meti?ﬁﬁﬁ;ﬁ%g&@ethOd is to make a
résumé of the individual resglts and use this accumulated evi-
denee to assess the real differences between treatments. For
example, if one varietywas the best in three successive years,
this could be regarded as conclusive proof of its superiority.
I, on the other hgmﬁ this variety was the best in the first 2 years
but below average'in the third, any statement of its performance
would requirb.§ome scasonal qualification.

This mé&thod of assessing the results is perfectly velid, but
it doednot make the fullest use of the available data. It is
posgible to construct a single analysis of variance for the com-|
bitied records for the three seasons, and ascertain from this the i

{“exact significance of the various component factors. In such an
analysis the seasonal component will generally account for a
good share of the total dispersion of the variates.

Example 32. Statistical Analysis of Combined Data from
Two Sugar Cane Variety Trials for Years 1933 and 1934,
Respectively.

The variance for season includes that due to the difference in
soil fertility between the two experiments as a whole, so that the
sum of squares and degrees of freedom for blocks are the aggregate

values for the two experiments taken separately. It will also
180 )
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TaBLE §7.-—Y1ELD oF CaNE IN QUARTERS PER 1{op-scRET ProT

Exp. I (1933) Exp. IT (1934) Varie.
. . ty
Blocks | Vatle Blocks  |VeTle"| ¢ota]
Variety ¥ ty for
total total Exp. I
for for and
1]2/38 |45 |Esp.|1|2|8]|4]5]|Exp. I A
I IF
—— ——— e [ e | —— | —————e ff e o
_ AN
St. Croix 13{ | 41) 44/ 45 45/ 44 219 | 38| 35/ 41| 39| 45/ 108 | 417
B.H. 13{5...1 52/ 61 58| 66 49 286 | 50| 51} 48/ 64 63| 26| 562
Uba......... 44 54) 51| 52| 60| 261 | 46 37| 47| 49| 48, 2% | 488
B.726....... 56| 50| 60| 56| 60| 282 | 47| 57| 55| 65 {gﬁ 270 [ 552
Co. 213...... 51) 56| 61) 64 63| 205 | 43( 51| 56562 278 | 573
Block total. . 1244/265(275(283276) 1343 {224/231|247|2%31274| 1249 | 2592
oY
R

be necessary to cstimate the interactio
geason to asecertaln whether or ngt -the
any differential responsewbe diu
between 1933 and 1034. A

o8

Ny

TABLE 68<‘:ANALY“SIS OF VARIANCE

3 L]
n between variety and
arieties have shown

\PHemapy 418 Blimatic conditions

Fac%o}\\ 8.8 2:5;33? Variance
=) N S 3526.7 | .40
Varieties. . . . 2 YOI 1721.7 4 430, 4%+
Seasons. .\:}f: ...................... 76.7 | 1 176.7*
Inferactigh\Season X variety..........., 36.3 4 9.1
Blocksey.b . ... ... e e e 614 4 8 76.8
Eroom,™. ... 977.6 32 30.5

M‘ N
3
\"‘Sigm'ﬂmmt at 5 par cent point.
*+ Bignificant at L por cent point,

The only significant components in this analysis arc variety
and season. The interaction is nonsignificant, and it can be
assumed that the varieties have maintained the same relative
position for the 2 years. The conversion factor required to
express the variety totals in tons per acre is one-twentieth.
The mean yields then become:
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Tons per acre

Co.213...........cii 28.65 + 0.873
BH. 1%, ........... ..., 28.10 + 0.873
B.726.......... ... 27.60 + 0.873 -
Uba............oo oL 24.40 £+ 0.873
Bt Croix 124................... 20.85 £+ 0.873

proving that 8t. Croix is the poorest with Uba next, while the
other three varieties are all equally good and definitely supetior
to these two. O
The variance for season is also significant. As thesz test
has given a positive result and there arc only two seasons, there
is no need to calculate £ It can he stated without further
preamble that the 1933 season has been bettérfor the cane
crop than that of 1934. 'The use of the varlety ¥ season variance
as an estimate of error, so as to widen the seopé of the conclusions,
has already been discussed in the previt{l&%hapter (page 175).
The analysis of variance of the contbined data for experiments
repeated for 2 years or more is in ]ipé.x’vith that given in Example
29 for three Latin ﬁq}%?{ﬁ?rauﬁ‘ﬁ%‘if%‘%ﬂ?}}}e reeords the results
from 1 year’s experiment copsisting of three Latin squares, but
the statistical analysis would be exactly the same if the data
represented 3 years’ expeviment with the same treatments and
one 3 X 3 Latin squafeyh each season. In the latter eventuality,
seasonal effects would be entangled with the fertility differences
between the soils)in the separate, squares, and the variance for
scason would féally measure the combined effects of these two
factors. Ibwould not be possible in the analysis of variance to
segregafe the seasonal effects and those due to fertility differences
betwéch the squares. If, however, the 3 years’ experiment
;‘e{:;nésented, in each season, merely a new randomization of the
~treatments on the same site and on the same plots, it could be
safely assumed that the seasonal factor was the one chiefly
responsible for the variance attributed to season in the analysis.
However, such a layout would tend to make the eonclusions
rather less general in application than those obtained from

a 3 years’ trial using three different sites.
EXPERITMENTS WITH PERENNIAL CROPS

Perennial and semiperennial plants such as orchard and
plantation crops, sugar cane, bananas, tropical fodder grasses,



A

192 TECHNIQUE IN AGRICULTURAL RESEARCH

ete., present to the field experimentalist, additional problems not
encountered in dealing with the ordinary annual arable erops.
The extreme type of these perenrials is found in the fruit orchard
where the yield data come from a limited nmumber of relatively
large trees. The trees themselves are generally far from uniform
in their genetical composition and, consequently, also in their
potential yield capacity. In any old orchard there will almost
certainly be several age classes, Lven where the trees are, alh
of the same age, it will be found that some bear early and reabit
their maximum quickly, while others may be slow in maturing
but continue to yield heavily for a much longer period? The
trees are widely spaced, and therefore only a relagively small
number ean be included in a single plot, as a,pé}rt from the
question of acreage available, if the plots aresmiade too large,
the major soil fertility differences within the blocks will counter-
act the advantage gained by increasing @he\\number of trees per
plot. FEven where the number of trees js'xeduced to a minimum,
the plot size at an average spacing of 25%cet will be in the neigh-
borhood of 1§ to 14 acre, and the affeets of soil differences within
plots will be considerablecwmliﬁé%@gﬂﬁfﬁ{ BER plant is extensive
and makes the inclusion of nongxherimental border trees essential
to avoid edge interferences, The skill of the field staff as regards
pruning, harvesting, spfaying, ete., has a decided influence on
the total yield give (‘\lf"yt any one free. The crop is a perennial,
and the differentisl résponse of the individual plants to the vary-
ing weather conditions from year to year introduces a further
uncontrollablé " variation factor. The yield data alone do net
necessarily,:m}!asure the whole effect of any particular treatment.
The qu%it_{r of the produce is often fully as important as the
quantif,y. The rate of growth, root spread, susecptibility to
digedse, efc., may be greatly improved without any immediate
efféct being reflected in the yield data.

In designing an experiment for a perennial crop, the following
factors all require careful consideration :

Plant Uniformity.— Wherever possible, seedling trees should be
avolded for experimental purposes. The vegetative method
of propagation is mueh more likely to produce similar types
of tree, and the planting material should come from the same
parent stock. Where grafting or budding processes are involved,
every effort should be made to standardize both the rootstock
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and the scion. Where the experiment is to be superimposed
on established plantations, s locality in which the trees are all
of one age class should be selscted. :

Size of Plot.—On account of the wide spacing required by
most orchard crops, plots of larger size than those recommended
for annual crops will usually be necessary. Xach plot should
contain 10 or more trees; with an average orchard spacing, this
will give a plot size of approximately 1§ acre.

Layout.—Probably the Latin square is to be preferred,.as® .
any one experiment will extend over a considerable area, of\léh&, ’
and this arrangement most effectively reduces the error ‘due to
soil fertility differences, N

Cultural Treatment.—The trees should be given parallel
treatment as regards pruning, harvesting, soil cultivation, etc.
Even the difference in skill and care between t#d expert pruners
or pickers may be sufficiently large to proddee*a significant effeet
on the ultimate yields. : o

Border Rows.~——Nonexperimental guard rows between plots
will generally be required to obviateredge interference and prevent
any one treatment Tr8ik SR WE 8H0Wth of the trees on
adjacent plots. The mos$ efficient system, but one which utilizes
a large area, is to establish.a separate guard row around every
plot, so that between phe effective plot units there will always
be two guard rows. &In this system, each tree in any one border
row is given the sgme treatment as the plot-to which it belongs,
but the yields\of’the border trees are not entered in the experi-
mental records.” V.ith wide-spaced orchard crops, the area of
land occupie® by the guard rows will often be greater than that
of the getual experimental plots. In this connection it should
be noted that the greater the number of trees in the experimental
chit;\ishe smaller will be the proportion of land under border
Sows. To quote an extreme example, to isolate effectively a
plot made up of a single tree will require 8 border trees on a
rectangular layout, or four border trees on a friangular or
quincuncial layout. Whereas, on a square plot of 16 trees, only
20 guard trees will be necessary, reducing the proportion of
border to experimental plants from 4:1 to 5:4. Similarly
the shape of the plot is important. A plot consisting of a double
row with 8 trees in each will require 24 guard trees as compared
with 20 for the same number of trees on a square layout. A single
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row of 16 trees would need ne less than 38 border units. These
features are illustrated in disgrammatic form below,

O\ o L+] o O_
[+ - ] »
¢ & o o
LT ° ©°
Rectangular Quincuncial A 74 ©
layout layout /
Single tree plot. e 9 /' @
6 o © o a o o /n S .
[ [ o »/ e < \A
e
° ) ) n/ﬂ - My
N
o o o q/j~, o
. 4
o ° o - o
o ¢ ©o © © o eY® o o
Hquare plot. , (Rectangular plot.

In eerfain circumstances, where the land or the number of
trees of a given age class ig ljm’i.te’d,' it may be necessary to
compromise in order to.ehtabiathe zaquisiiennumber of replica-
tions.” One method of doing this is to allow for only a single or
common guard row betweei plots, choosing a type of treatment
intermediate in character” between those being tested. For
example, in a vaa‘iety(‘t,ést an entirely different species might be
selected for the guﬁrd rows; this hag the added advantage of
effectively outlining the experimental plots. When the use of
a single guard™ow is considered practicable, the nonexperimental
ares, Wiu\]i(;\'}educed by almost 50 per cent. Another com-
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promise is to plant guard rows along only the two sides of each
plot, so that every tree is surrounded on at least three sides by
similar units.

Records.—Most authorities recommend the separate recording
of the yields of every single tree in the experiment. Many
purely commercial growers keep such records in order to allow
them to eradicate nonprofitable yielders, In experimental
work, individual tree records make it possible to ascertain the
variation within plots and may even demonstrate the advisability
of eliminating particular blocks showing undesirable heterd-
geneity. Yield data for each trce often prove invalyable“in
planning further experiments. It is sometimes v)Qgs}ble to
use such previous records to work out the analysissof\covariance
in order to effect a valid reduction in the estimte”of the error
variance by means of the regression function (Chﬁp. IX).

Most trees have a definite fruiting period{sluring the year, and,
in consequence, the yield dafa can bs\ grouped according to
year as well as aecording to treatmpot, and block. In orchard
crops where there iz a tendency to. yvield heavily every second
year, statistical analmappﬁaﬂmltﬁ@@mbmed yield of plots
for two consceutive harvesty has ‘obvious advantages.

The yield data alone represent only a small part of the total
information that shoulthbe collected. In many experiments
other factors are egually important in estimating the effects of
freatment, e.g., gl}& increment, spread of the tree, annual
wood growth, friit-bud productivity, and the percentage of
shedding, eté\“Observations regarding the general tone and
vigor of th¢rtrees, the prevalence of fungal and insect attack,
and othérf'similar cultural details are also of value. All these
pointésérve to emphasize the fact that experimentation with a
perennial crop must be tackled in earnest from the outset. It is

{ #Mengthy, expensive, and often disappointing task. Before
tonclusive results can be expected, the experiment must be
carefully designed and efficiently supervised from start to finish.
Whatever system is followed, the cost of experimentation will
be considerable, and it is essential to justify this outlay by
serupulous attention to detail, which is the only way of approach-
ing the ultimate objective. :

Classification of Produce.—The bulk yield per plot is of only
limited utility. The produce after harvest usually has to be
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classified into first, second, third, and scrap grades: the statistical
analysis may be limited fo the total yields or to yields per plot
of marketable produce, but an estimate of the percentage of each
quality in the salable fruit is also essential if correet conclusions
are to be formed. With many crops chemical analysis may be
deemed necessary in order to assess the relative quality of the
produce.

STATISTICAL ANALYSIS OF DATA FROM PERENNIAL CROPS™\

Most experiments with perennial crops will have to continue
for a period of several years in order to permit of an atclirate
comparison of the various treatments. An analysis "6f each
season’s data separately is perfectly valid, and the &ecumulated
evidence thus obtsined may be satisfactorily ¢oneclusive. As
a general rule, however, the complete data fornthe whole of the
experimenial period should be coordinatedyin a single table,
and to this extent the records resemble %hose for serial expori-
ments. With perennial crops there 3§ an important difference
in that the randomization is not changed, and the yield data
for each successive ye%axgbg%jibgmsym%_ﬁlots and the same
plants. The statistical analysi§has to be modified accordingly,
because a scries of successive harvests or pickings from any
plot does not entail any{ncrease in the number of replications
on which the measu);égf plot variation will be based. This
principle must not*Ge Torgotten in the applieation of statistics
to the results. ©Ow the other hand, the total yield from any
plot is divisible/into so many separate subunits according to
season, andrit-tuay be important to assess the relative response
of treatmiéht’to season. The analysis of variance should there-
fore be'of the error {a) and error (b) type, in which the former is
used! to assess the aggregate difference between trestments for

) otlje\*whole period covered by the experiment and the latter to
measure any differential response of the treatments to the varying
seasonal conditions.

Example 33. Statistical Analysis of Two Years’® Yield Data
from a Perennial Crop.—To illustrate the difference in the
statistical technique, it will be assumed that the dats from
Table 67 for a serial experiment represent instead the plant cane
and first ratoon crop from successive harvests from the same
plots in 1933 and 1934. The analysis of variance appended
is one appropriate to such a premise.
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TasLE 69.—YIELD oF PLANT CANE axD FirsT Ratoonw Crore oy QUARTERS
PER Y¢-acRE ProT

Blocks
Variety Harvest Total acroas
1 2 3 4 5

451 45

St. Croix *2{..| 1983 | 411 44 4] 219
1934 | 38| 35| 417 30| 45§ 108
Total | 79 791 8| 84! 89| 7

BH. 18{5..... 1933 | 52| 61| 58| 66 40 286 <\
1934 | 50| 51 481 64| 63| 218 O
Total | 102 | 112 | 106 | 180 | 112 | &62,.

Uba.......... 1033 | 44| 54| 51| 52| 60| @6
1004 | 46| 37| av| a9 a3y
Total | 90| 91| 98| 101 108" 438

B.72%......... 1933 | 56| 50| 60| 56¢ 60| 282
193¢ | 47| 57| 55|68 26| 2w
Total | 108 | 107 | 116 |21 | 108 | 562

Co.213....... 1033 " ¥19P 3UPTREY OFR AN 63 | 205
1934 | 43 | 5156 | a6 | 72y 278
Total | 94 [ for| 117 | 120 | 185 | 678

Blockiotal. .. ... '4'6’8\ 496 | 532 | 566 | 680 | 2,692 grand lotal

- L L W

N

Block X season Vo ndl B
tofal . ....... 21033 | 244 1265 | 275 | 283 | 276 | 1,343
/1934 | 224 1 231 | 247 | 273 | 274 | 1,249

A Sinip’}\e randomized block analysis of the values shown in
italjes, w.¢., of the aggregate yield-of each of the 25 plots for both
awests, would determine the best varieties on the average result
ofthe two seasons’ crop. The yield of the ratoon crop, relative
to that of the plant cane, is of considerable significance, as the
number of years the erop should be left in the field before repla;u‘fr
ing becomes necessary depends on this factor. This makes it
advisable to earry out a more detailed analysis of the complete
data. in order to obtain an accurate statistical evaluation of tl'le
relative behavior of the varieties for each harvest. It will
be assumed that the student is capable of using Table 69 to caleu-
late any particular component of the analysis appended, the

v
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units in which the results are expressed being the plot vields
of one season. This means that the sums of squares and vari-
ances of all the factors in the analysis, including error (a), are
expressed in subunits.

TAasLE 70.—ANALY8I8 OF VARIANCE

Faetor S8 Df-egmes of Variance
reedom .
N
Total for individual harvests............ 3,526.7 49 SO\
.-1933-1934 aggregate yields............. 2,676.7 24 N
Blocks.,.............o i 6367 4 o [NABYL B+
Varieties. ................ P el 1,VEBLLT LN 480 4%
Bror (@) . oot 408.3 16 255
BOASON. .. ...t 176.7 | NI 176.7*
. Interactions: 4
Season X variety.................... 36.3 % 4 9.1
Beason X blocks...........oovvvu.... 677 4 16.9
Error (B)...ocoiuieiiiiieia /569.3 18 35.6

*Bignifieant at 5 per cent point. " 4

** Bignificant af I per cent point. " o™ .
www.dbradhbrary.org.in

If this analysis is compargd“with that given in Table 68, it
will be seen that the differendes only one of allocation of the total
dispersion between its vgrious components. The aggregate sum
of squares for erro @)ﬁ ‘and error (b) is identical with that given
originally under tl:lre\error factor. The sum of squares for blocks
added to that ferthe interaction of season X blocks is the same
ag the block st of squares in Table 68. The other factors

“are unchs}ngécf. o

In aﬁs@séﬁng results on this new allocation, error (a) should
be usg}d\for the comparison of valucs derived from the aggregate
plot yields for the two seasons, which in this example will be

{ tht block and the variety totals. In calculating the standard
€rror of these totals, it is important to remember that the analysis
is in subunit values and that each total represents the aggregate
of so many subunits, Error (b) is the correct estimate of variance
for the other factors in which the comparable means depend
-on the way the total plot yields are apportioned between the two
harvests. The hypothesis that the data are from two successive
harvests of a perennial erop introduces only a minor change in
the final conclusions. On the new basis, the block sum of squares
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is significant. The relative values of the five varieties remain
unaltered.

Example 34. Statistical Analysis of Three Years’ Data from
Manurial Experiment on Tea.—This experiment was designed
to test the effect, on the yield of tea, of sulphate of ammonia
and muriate of potash, alone and in combination. The former
was applied at the rate of 0, 1, or 2 hundredweights, and the latter
at 0 and 1 hundredweight, per acre per annum. There werel
therefore six treatment types in all as shown at the headsof
Table 71. The layout was on the randomized block prideiple
with a total of five blocks. The plot size was 1{¢ acre,” The
resulfs are summarized in Table 71, the yields quoted ;éﬁi‘ésenting
the total of five plots or replieates. RS

Tasre 71.—TrpaTMENT YiELDs 0F TEs v Pounos oF Dry MarTEn
peR Five Prors x.\\f :

QO . Season X
AN N
Treatments N SﬁsB:: t); nitro- o
| Bcasonal £ tale total

I Motal ||
e dbraulibiary orglin

=
a:

Noko [NoKs | N1Ko [N1K: [NoKafNRi | Mo | Ml M| &l

1933 254|° 251| 258 ﬁﬁ?» 250) 263] 1,542 505 515 5;:] Lk i
1934 466 480 4L WSE[ 476 512 2,849 05| 956 9881,413(1,436
1935 286, 2091 32b\ a5h|  306| 3813 2,035 577 6Bl VTl 008(1,027

.

Total,....|1.006! 08K M0851.007|1,131{1,1566{ Geand  [1,987|2, 152|2, 2873, 1923, 234

\"""'V'f"‘K e BT T
198( 2,152 2,287 6,426
oy, &/

As tﬁé\mdividua] plot yields are not given, it is not possible

{o, Qz;léulate the block and block X season interaection from the

Aate in the table. The sums of squares for these factors have

\ne}en assessed from the original results and will have to be taken

on trust. The analysis of variance is otherwise quite straight-
forward. For example,

91 13,2348 64267
8.5. pcn1;a,sh=3’19 i;) — = 90 = 19.6

1,542¢ 4 2,840% + 2,035% 6,426*
5.8, seasons = T 50

= 29,043.3
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Interaction: season X potash

_ 7712 + 1,413% 41,0082 + 7712 4 14362 4 1,0272 _

15
6,4262
~’9—0- — (19.6 4+ 20,043.3)
= 10.0
TasrLE 72.~—ANALYSIS OF VARIANCE '\
Factor 5.8, Degrees of ! éi’i’a}xcc
freedom |- 7%
TOtal. ..o 36,460.8 80 .
Agoregate yields for 8 years......... 4,209.5 20/
BIockS. ..o 1,880.0 “y 407 5+
NEEOPER . oo 1,605.0 2 P58 5*4
Polash ............ ... ........ 19.6,N 1 196
Interaction: N X K......... .. ... 8O 9 2 408
Evrror {a)... .. . 950 20 48.7
Beason................ ..o 29,043 .3 2 14,521.7**
Season X blocks................. |sN°008.1| & 113 6%+
Seasomn WX N............ bl }"','Fl.b.E?:':“hBr g -oregn 4 215 .3%*
Beason X K................. . ’ 10.0 2 5.0
Season X N X K.......... N 223.3 4 55.8
Error (6)................ AN ... 1,204.0 49 30.1

*# Bimnificant at the 1 pi@nt’point.

The analysis,sﬁows that the seasonal factor is the one responst-
ble for the majot portion of the dispersion shown by the variates.
The 1933 /Beiison has evidently been a very poor year and the
1934 2. %fry zood one for the tea crop. The arrangement in
randontized blocks has been of constderable benefit in reducing
i}hgf Leffects of soil heterogeneity, On the aggregate result

\'"‘(;Jf the 3 years, there is a marked response to increasing doses of

nitrogen. As the season X nitrogen intersction is significant,
this response has evidently not been the same in all the 3 Vears.
A difference between the season by nitrogen totals greater than
VB30I X 10 X 2 X 2 or 49.1 is significant. This shows that
there. has been no response to the sulphate in the first year, a
fair response in the second year, and a very marked response in
the third year. The inereased yield is apparently a result of a
gradual improvement in the general vigor and growth of the plant
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and not merely a temporary response to the additional nutrient.
The potash has been entirely ineffectual.

ANALYSIS OF GROUPED DATA WHEN DIFFERENT ASSUMED
MEANS ARE USED FOR EACH GROUP

The advantage of using an appropriate assumed mean in order
to reduce the amount of arithmetical calculation in the computa-
tion of an anpalysis of variance has already been noted. With
accumulated data from perennial erops or from serial experis
ments over several years, the variation in the average {ield
from geason to season is often so great that it will annud mich
of the advantage of using the ordinary assumed-mean techmque
For example, for the yield data of Table 71, an aséumed—mea.n
value of 360 pounds might be selected as a sm_table approxima-
tion to the true mean, but the variation imydeld from 1933 to
1935 is such that the deviation of many of $he recorded yields
from this assumed mean will run to threeddigits and the squares
of these deviations to five digits. It 3g)obvious that such large
deviations would be avoided if a‘different, but appropriate,
assumed mean was used dpratheaiaoef sach year. This may
actually be done and, provided a suitable modification in the
statistical procedure is introduced, the detailed analysis of
variance, as tabulated Table 72, may be derived with con-

TanLa 73. —TREA‘I‘M Y]I‘-LDS or Tes v Pounps oF Dy MATTER PER
FivE ProTs, MaROUND AssUMED-MEAN VArume APPROPRIATE
g To EacH BEASON

X

\ Seagon X mitrogen | Season X
e &Ed Troatments fea- total potach total
= = =
\ mean
¢ N | MoK | NiFa | NoKa | NeEo | NeKa M | N N K| &
7\
. S W
T
- e e - A He H- He e e e+
133 280 6 ¢ |2 s |t a8 T B e
03] 470 [t |m 1 18] 4 1% + 25 18 isi al 26
1935 | 320 4 |2 T R 115} 4 137’ 8 &
Cirand
Total.........|—4¢ |—69 | o1 108 tobad J113 | -] hasn a2 484
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siderable reduction in the amount of rouvtine arithmetic. As an
illustration of the statistical technique, the data from Table 71
have been rearranged in Table 73 with the yields recorded
around assumed means of

260 Ib. for the year 1933,
470 Ib. for the year 1934,
320 1b. for the year 1035,

When the evaluation of any factor in the analysis of varignde
is derived from treatment fotals representing aggregatevalues
for all three seasons, the arithmetical procedure is exaptly the
same as that adopted when only one assumed Iqea,n"has been
used. Remembering that the yields recorded~.1‘eﬁi'esent the
totals for five plots or replicates and that theré are therefore 90
variates in all, the \/

_ Grand total? _ 1362
General C.F. = 5 -—?0 = 178.4
2 2 X 2
8.8, nitrogen = 113 + g?} :k..l& — C.F. = 1505.0
WD ‘li:l:frary,org,jn
8.8. potash = 2 ibgat{ - C.F. =198

Interaction: N X K A
_ 44 469" + 5% 4 472 + 812 4 106°
\o\.. 15

=809

These sGms of squares tally exaetly with those already evalu-
ated fof _the same factors in the original analysis of variance
giver in Table 72. It is not possible to use the same technique
pg}\b’{raluate factors in the analysis of variance dependent ou the

~\distribution of the treatment totals between the three seasons.
N\ For example, the season sum of squares is not

182 + 292 4 1152
30

— CF. —
(1,505.0 + 19.6}

— CF,

as the three totals used represent values around different assumed
means. It 1s best to evaluate this sum of squares from the season
totals given in Table 71 or, alternatively, to compute the actual
treatment season totals from Table 73 '
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. 1933 season fotal = 6 X 260 — 18 = ] 542
1034 season total = 6 X 470 + 29 = 2,849
1935 season total = 6 X 320 + 115 = 2,035

Grand total...................... 6,426

2
SBeason 8.8, = 1,542 + 2,2?}92 T 2088 6’:[2)62 = 29,043.3

Inferactions.—The treatment X season interactions may be

computed directly from the data of Table 73, For exa.mple,\
N

Interaction: season X K A\

= total season X potash effect — (8.8, season +S‘ S ‘potash)

"‘.\

But \/

Total season X potash 8.8. = season 8.8,¢ \\ﬁlthm-season
potash 8.5 (aggﬁ%gate of three seagons)

Therefore, k
W, dbrauli]g]ial:&orgin
Interaction: season X K = OV
a.ggregate mﬁhm—sea.son potash 8.8.—8.8. potash

The potash sum of s ares has already been computed, and the
first term can be evz}}u ted from Table 73, as follows:

Wzthm—season‘?otash 8.5.

’\ z 2 182
S\S\,K 1933 season = 49 _ 18y
e \) ! 15 30
2 4 962 202
 ANVBS8. K, 1034 season = i—T5—6 - o =116
Y 24672 115 -
A 8.8. K, 1935season=§—j_5—67- ~ 35 = 12.0

Aggregate mtmn-season potash 8.8. = 29.6

Interaction ; season X potash = 206 — 19.6
= 10.0 (as originally calculated)

In the same way the season X nitrogen interaction may be

calculated.

A\
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Within-season nitrogen 8.8.

He 2 b4 z

8.5. N, 1933 season =E-—+_1‘:’)—+2— - -13% — 148
_ 2 2 P g

S.8. N, 1934 season = w - 25% — 3504
2 1 2 2

8.8, N, 1935 season = 63° + 4:110 + 1872 1;3 = 2,001.1

Aggregate within-season nitrogen 8.8, = 2,366.1 A~
Interaction; season X N = 2,366.1 — 1,505.0 = 861.1, A\

Similarly, the second-order interaetion, N X K }(Lé\eason,
may be calculated by subtracting the total of all thetreatment
components of the analysis of variance from the aggfepate within-
season treatment sum of squares which, on cal¢ilation, will be
found to be 2 699 9.

Interaction; N X K X season
= 26999 — {1,505.0 + 196—{-809*}—}611—[—100) = 223.3

NG

This use of several assume dﬁa values in a single analysis of
varianee is not limited" {8 d8ta ralgren%lsrﬂ crops but may be
adopted with advantage in many complex experiments in which
the data ean be allocated tp certain distinet groups showing a
wide range of values. Ib\m partieularly uscful in the final cal-
culation of serial expg(mlents, as it makes it possible to usc the
assumed-mean mgthod in the analysis of each year’s dats
independently a.ﬁd then to combine all the accumnlated data
into a single oomprchenswe analysis of variance with the mini-
mum amownt.of recaleulation.

O



CHAPTER IX

RECENT DEVELOPMENTS IN FIELD
EXPERIMENTATION

COMPLEX EXPERIMENTS \

The tendency in field experiments today is-toward sommewhat
complicated designs in which several problems are investigated
in a single large-scale cxperiment. The advantagesto'bé derived
from the analysis of relatively complex data covei‘i)}g‘ an extensive
field of research have already been discusséd”at the end of
Chap. II. In agricultural research, thesnumber of different
problems requiring attention is practigally unlimited, and the
utility of complex field experiments’will largely depend on the
careful selection of suitable combinations of treatment series.
To facilitate the statisbEruLlIBHINSHI"and ensure a valid
interpretation of the data, if\fs often of advantage to adopt a
factorial design in which, several treatment series oceur in all
possible combinations;{ihis should preclude an unbalanced or
nonorthogonal layou{i. Tor example, in an experiment in which
two varieties 4 an} B and three fertilizers X, ¥, Z are fo be
tested, the treatménis would be six in numbers, vz, AX, AY,
AZ, BX, BY,)yand BZ, each one being replicated n times and
located in fbe field in accordance with any of the standard plot
designg\\This arrangement does not necessarily mean that
the treatments in the experiment have to be,limited to those
embréfccd by the factorial scheme. In a randomized blo_ck

< 'Ta:yout, additional treatments entirely separate from the factorial
Series may be validly included. The analysis of variance of the
treatments within the factorial scheme would not be affected
by the extra treatments, except in so far as the increased number
of plots in a block makes for inefficient control of thi.a soil hetero-
geneity factor. The secondary treatment comparisons should
be dissociated, in the analysis of variance, from those in the
factorial scheme, and the type of factor selected should be inde-

pendent of those in the primary treatment series. The more
206
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complex the design, the greater the need to prepare a skeleton
analysis of variance before starting work in the field. A pre-
liminary analysis of this nature should show whether the pro-
posed plan is likely to provide a satisfactory answer to the various
problems in their correct order of importance.

The analyses of complex experiments are again merely special-

ized examples of the analysis of variance.

It is not possible to

quote a standard form which will be truly representative of all

types.

merl

8.

Each experiment will have to be considered on its owp
The succeeding two examples should Mlustrate ttre

various components requiring evaluation in the statlbtlca}\treat-
ment and should demonstrate how the complex layout does tend
to enhance the results.

Ezample 36. Analysis of a Fodder Grass Experi;:l;’e-nt in Which
Treatments Comprised Four Cutting Rotations and Three Varie-
ties of Grass in All Combinations Giving 4,38 Possible Treat-
ment Types.—The layout was en the randomized block principle

with four blocks of 12 plots each The tPeatment series were as
follows: -

A Cropped every 45 dags or&times per year
B Cropped every 90 daysior 4 times per year
C Cropped every 120 dé3

www . dbra u'l‘ihl"ary .org.in
Rotations

or 3 times per year

D Cropped every 180\E}ays or 2 times per year

Varieties

Elephant grass
Guatemala grass
Uba cane

TaBLE 74. ‘-—YLELDs;F‘OR First YEAR IN Lw, oF DRY MATTER PER };-ACRE

e OT
A Py
\ "/ Elephant Guatemals s
A& grasa FTRES & cana
BL ‘k" . Block] Roiation
; ,\0.0,.9 total total
& ) A|B|C|Dja|Ble| DJal B| ¢ | b
1 95 187 222:100/146.262 246| 277|115 208! 220( 430)2,598] A4 = 1,307
11 70 163|12aI a7 133;181!263 2931143 230( 341 B371l2,4000 B — 2, 582
I Ficd 14,3|134 133]154 221 104 260117) 234] 258 4842 413 O = 2,663
v 80179173 113/146 248 100 325120 253 297 4603,5%4)D — 3,352
323,672/ 664|462/579, 905[393 1,155(205]1,008|1. 1161, 745]p, 994
e et | N v R e |
Treatment, Grand total
total.... ... 2,101 3,532

4,361
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TaBLD 75.—ANALYSIS OF VARIANCE

Degrees .
Factor 8.8 of f:e& Vari-
' dom | ®0¢¢
Total. oot e, 460,970 47
Blocks. ..., ccoiiiiiiiii . 2,866 . 3 955
VAFEHES . o v ieir et 163,388 ,. 3 2 (81,604
Rotations. . ...oveevveennenennn... 164,650{ & 25 3 |54,883%%
Interaction: 0d gm’ O\
Variety X rotation............. 95,920/ ¥ 6 [15,988%%
e 1) S 34,137 33 | 1,034

R
** Significant at the 1 per cent point. A\, 3

p°¢ 3
N

The treatment variances are all obviously ’stl‘g'\niﬁcant. An
cffective method of summarizing results is to«draw up & two-way
table showing the various treatment meadg which the analysis
of variance has indicated as being significantly different. In
large-scale factorial experiments several separate tables of this
type may be require% “',I‘ggga%k}%{iaﬂ }'elf_%l_'gnbly be {ecorded in the
recognized commercial units,~and * the” appropriate standard
errvors should be entered. The*numerical value of the standard
error depends on the number of plots associated with the treat-
ment mean to which, xith'efers. Beparate standard errors will
gencrally have to be‘evaluated for the two types of main effects
tabulated in the ntarginal entries and for the entries in the center
of the table frguiéwhich the interaction variance has been derived.

A

TABLK:‘?&‘—’—MEAN YieLps oF Dry Marrer 1w Tons pEr ACRE
-

R : Cutfing rotation Varietal
o) : mean
{“: - A| B ¢| b _
Elephant grass. ., ............. 2.05/4.27) 4.170 2.88/3.34 + 0.167
+.335
Guatemala grass.............. 3.60i5.75 5.68] 7.34§5.62 + 0.167
Ubacane. ................... i3.15(6.39 7.10|11.10[6.93 + 0.167
Rotation mean. .. .......... 2, 0615 . 47] 5.66 7.11
\i .236/




208 TECHNIQUE IN AGRICULTURAL RESEARCH

The appropriate two-way table for this fodder grass experiment
is appended. :

Using three times the standard error as the critical difference,
it is obvious from the right-hand marginal entries that the
varieties can be arranged in the following order of merit on the
average result of four different cutting rotations:

a. Uba cane

b. Guatemals grass

¢. Elephant grass ¢O)

"N

The rotation means show that the 90- and 120-day s,arip;;' (B and
C) are intermediate in yield potentiality betweend, the short
rotation of 45 days, and D, the long one of 180-da¥ys. Serics D
has given much the highest yield of dry matter per acre, as
assesscd from the average or aggregate response from all three
varieties of fodder grass. In contragt{te this general cffect,
the significant interaction shows that\with the elephant Zrass
there is a significant drop in yield from the € to D series, while
with the two other vapipticarthardbisrs significant rise which is
particularly marked in the caferof ‘the Uba cane variety, The
(difference in the length of the cutting rotation between the B
and (' series has not causéd hny significant alteration in the mean
yield for any of the,{liree varieties. For each of the grasses
separately, a 90- to\ﬁo-day cutting rotation produces a signifi-
cant increase in yield over the 45-day rotation, ¢.e., Beries B and €
are better than Séries A.

This completes the summary of results. Any of the con-
clusion&{cﬁéd may be immediately verified by reference to the
two-wayNtable of mean values. In writing up experimental
regu\lks’; tables showing the significant treatment mean values
with the appropriate standard errors are the only ones essential
o an effcctive presentation of the data and conclusions. In
more complex experiments it might also be advisable to include
the analysis of variance table as the simplest method of demon-
strating the experimental design, the nature of the error variance,
and the response of the nonsignificant treatment series. For
future reference, the actual yield data might sometimes be
included as an appendix,
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SPLIT-PLOT EXPERIMENT

In an experiment of the complex type, it is often advantageous
to use a standard field arrangement with relatively large plots
for one series of treatments, By subdivision of these whole
plots into so many similar subplots, a second series of treatments
may be superimposed on the first. The number of subplots in,
each whole plot should be made equal to the number of treatments
in the second series, and each of these treatments should o¢eur
once and once only in cach whole plot, the allocation oved the
subplots being a random one.  This will ensure a balanged Tayout
covering all possible combinations of the treatmenisin the two
series and permitting of a straightforward and yvalid statistical
interpretation of the results.é=¥or certain types’of experiment
this split-plot design may greatly simplify thefield practice. For
example, in comparing different depths of ‘ﬁloughmg, relatively
large plots are practically a necessity\if)the ploughs are to do
accurate work.’ Similarly, treatmeqt?s»ﬁhat bave to be harvested
on differcnt dates arc much more.a¢éessible, if a reasonably large
plot can be cut at on%‘ﬁ‘i’n%‘?_‘.;i%‘.* L.b'rar'y'org'm

In contrast to the compléte randomization of treatment
types as described in the-previous example, the split-plot system
provides a more criti¢al ‘comparison of the subplot treatments
but a less critical "epmparison of the whole-plot units. One
reason is that thé humber of replications and consequently, the
number of depreod of freedom pertaining to the estimate of error
is much gregter in the former than in the latter. Furthermore,
the largeGige of the whale plot gives less efficient control over

y deﬁ?iitely preferable to a randomized block layout. (In any case, f
tite less important, treatment comparisons should be allocated toj
the whole plots, and the treatment series for which a really
eritical test is desired should be located in the subplots.: Alter-
natively, in experiments in which all the treatment comparisons
are of equal importance, the whole plots should be used for those
likely to show relatively large treatment differences.

Just as in perennial crops, a number of successive harve_sts
does not increase the number of degrees of freedom upon which
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the estimate of error of the aggrepate plot yield is based, so the
subdivision of the whole plotg does not entail any multiplication
of the whole-plot replications. Where subdivision of the whole
plots is practiced, the correct type of analysis is the one involving
two estimates of error, (¢) and (3). In working out the analysis
of variance, it is best to express all the values in the smallest
units or subplots to which the whole plots have been subdivided.
Example 36. Statistical Analysis of Data from a Complex
Cotton Experiment* in Which Certain Treatments Appear. 'in
Subplot Units.—In this experiment, four sowing dates, “three
spacings, three rates of irrigation, and two rates of Ritrogenous
manuring were superimposed in all combinations giving 4 X 3 X
8 X 2 or 72 different treatment types. The individual treat
ments in each series were as follows: &)

Y
Sowing date Spacing Iw'.g}tion Fertilizer
L July24..... (@) 25 cm, between holéé e Light {0) Conirol
II. August 11...{ () 50 cm. between hales| ¥ Medium | {(N) Sulphate of
I Sept. 2...... (©) 75 gmy-hotispstiibles; ¢ Heavy | ammonia at rate
IV. Sept25..... of 600 rotls per
2\ N feddan

The layout consistdd %f four bloeks, each containing four large
whole plots to a,ccpﬁ}nodate the four different dates of soWing on
arandom arrangement within each block. Every whole plot was
subdivided it hine subplots to take all combinations (3 X 3)
of the spaGiig and irrigation series, again located at random
over the(aﬁbplots in each whole plot. Each of the 144 subplots

. was il irn subdivided into two half subplots, one-half of each
: pa.l\r being given a nitrogenous fertilizer and the other half being
Jused as a control. There were therefore in the cxperiment 16
Nwhole plots, 144 subplots, and 2838 half subplots, entailing in
; the analysis of variance three separate estimates of error, each
. one applicable to its own particular treatment comparisons,
i Each of these three sections can be regarded as an independent
¢ experiment and analyzed on the randomized block principle.
; For example, for the subplot troatments, the 16 whole plots are
i exactly equivalent to 16 randomized blocks, As already noted,

*J. Agr. 8ci., 22: 616.
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it is better to work throughout in the smallest plot units and to
draw up, in a single table, & composite analysis for the whole
data. This makes it possible to assess first-, second-, and third-
order treatment interactions and to derive the full benefit from
the complex layous.

To reduce Table 77 to a reasonable size, only the mean yield
per half subplot for each of the 72 different treatment types has
been recorded. Each of these yields represents the mean of the
four replicates irom the four large blocks included in the experi-
ment. This fact must be remembered in using Table 77 to' work
out the a.na.lysm of variance. \ O

™
< 3

. ? ‘\ ?
TarLE 78 —ANALYSIS OF VARIANGE\

W Degrees
Factor BB | of free- | Variance
p x\ o dom
Total whale plot....... .. R e ,;.. o 4,681 18
Blocks.....,...cooueaaai.. -
Sowing date. . ... W ¥w.dbran a’“l‘b‘“ £ 0;1?(1)05“’?T g 1,043.0%*
Error (g)........... P \ W\ JR 402 9 44 .7
Totel subplot. ... ... ... . 0N .o . ... 7,609 143
Wheole plot, z.e., the suhp‘iq’s blocks. ... .. 4,531 15
Spacing. . ........ . \. N 562 2 281.0**
Irmigation. ... ...« \ ............... L 1,022 2 511.0.
Interactions: Sp;m}ng. X irrigation....... 7 4 1.8
Sowing date ¥ spacing............... 660 8 110.0%*
Sowing d{tc X Irvigation............. 134 6 22.3%*
Sowmg\x spacing X irrigation........ 103 12 5.3
EI'ror ............................ 6580 06 6.15
Total %ﬂ;} wbplods ....................... 18,898 287
Subp]ot.s i.e., the half subplot bloeks,...| 7,609 143
NItrOBen. . .. oo e 6,559 1 | 6,5h9.0%%
\ ) Interactions: N X sowing date. ......... 1,316 3 438 7+
N Xspacing. ...........c......oi... 305 2 152.5%*
N Ximigation.,.................. ... 360 2 180.0%%
N X spucing X irrigation.,........... 27 4 6.8
N X sowing X irrigation......... .... 108 (i 18.0**
N X sowing X spacing............... 74 6 12.3*
N X sowing X spacing X irrigation. . . 86 12 7.2
Error {€)..... oo 552 108 5.11

T This walue is morely an arbitrary one put in to complete the analysis. It cannot he
ealoulated {rom the data in Tabls 77,

* Bignificant at b per cent point.

#*#* Qignifieant at 1 per esnt point.
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As an 1Hustrat10n of the way in which the components of the
analysis of variance have been obtained, the calculation of a few
of them is appended.

8.8, sowing date

(368.2% 1~ 446.9° 4 401.62 + 284. 77) _ (1,501.4)°
I 5 T agg | X 16t
= 3,129 ~
—_ 2
S.8. nifrogen = (9225 — 578.9)" X 167 = 6,559 \
- 288 ’ O
Interaction; nitrogen X sowing date, . O
Aggregate nitrogen and sowing date 8.8. ~‘
_ [(118.62 + 249.6° + 170.0° - - - - 128,52 § 156.2%)
36 \/
1,501.4
; \* \g"_zﬁl] X 161
= 11,004
Interaction, -
nitrogeng X sowm@daﬂmmdhﬁﬂiy»m@mﬁﬁ} +3,129)
01,316

Alternatively, this interaGtion can be caleulated directly from
the differences between &mpa.ra.ble totals.

I+ M with N =595 TIT + IV with N = 396.0
I + I with 0, (=-288.6 IIT + IV with 0 = 290.3
leference‘D = 237 9 Dy = 105.7
T+ IV withiN — 405.8 IT + IIT with N = 516.7
I+ IVwith 0 = 247.1 II + III with 0 = 331.8
W Dy = 1587 D, = 1849
LT with N = 4894 I -+ IV with N = 433.1
A 111 with 0 = 2804 IT+ IV with0 = 2085
Ds = 200.0 D; = 1346

Di—Di= 1322

Ds— D= — 262

Dy — Ds= 744
8.8, mteracnon nitrogen X sowing date =
(132.2¢ -+ 26.2% 4 74.4%) X 1611
= 1,316
288
11 This factor iz necessary to compensate for data tabulated as mean
values of four replicates.
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A similar technique might be used to caleulate the higher order
interactions, but where a number of factors are involved, it is
simpler to use the former method in which the aggregate sum of
squares for the faectors separately is subtracted from the total
treatment swm of squares for all combinations of the factors.

Thus, 8.S. interaction, sowing date X spacing X irrigation=
[31.42 +34.8 + - - - 3322 +26.0° _ 1,501.42] 5 16 —

8 288 Q.
(3,129 + 562 + 1,022 + 7.+ 660 + 134) =, 103

The following résumé of the chiel fesults has been, taken
verbatim from the original artiele. v

Yield both with and without m'trogen applicati\ hﬁS ontimal value
for August sowmg »

The returng in yield for mtrogen application dechne with advancing
sowing date, AN

Spaclng has little effect Wear]y sowing b\t‘has large effect with late
sowing, irrespective of mtm& applieation,/

Water supply with early sowmg and hitrogen a,pphcatlon has large
effect.

Water supply with early %‘ﬁrﬁi& W%ﬂ?ﬂf %t &kt has little effect.

The effect of water supply teng® to disappear with advanecing sowing
date irrespective of nitroghn application. Various combinations of
factors may be utilised go Eive maximal yield, thus giving considerable
latitude in sowing d&te Without sacrifice of yield. The inter-relations
of the factors stugdied indicate the limits between which, by suitable
practice, the yleld of cotton may be improved or controlled.

The result@ are therefore both comprehensive and conclusive
and bexw-ltness to the advantages of complex experimentation
where\ h the field and laboratory control is sufficiently skilled.

N ANALYSIS OF COVARIANCE IN FIELD EXPERIMENTS

One of the chief difficulties in obtaining conclusive results from
ﬁeld trials is the impossibility of finding even approximately
uniform plots. No matter how technically perfect the design
of an experiment may be, there will still remain very definite
differences from plot te plot in soil and environmental fertility,
In germination, in disease and pest incidence, and in the ulti- /
mate plant population from which the yield data are recorded.
Modern methods of layout have greatly reduced the effects of this
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heterogeneity on the final interpretation of the results. Even
today, however, in experiments in which the general design and
execution are beyond reproach, the plot variation is often suffi-
clenfly great to mask  certain res] differences between the
treatments under comparison. { In many experiments this plot
variation is obviously correlated with certajn external factors as
plant population, soil fertility, age of the crop, number of tillers, ¢
ete. { When a fair estimate of the coefficient of correlation between
the yleld data and the particular external factor influencing regultd
can be computed, it may be possible to use this informa.tib\n to
produce a valid reduction in the estimate of experimental error
and to demonstrate real treatment differences that,would other-
wise have been swamped in plot ‘variabilitysFor example,
preliminary uniformity trials might be used to asshs the fertility
values of certain plots required for subgequentexperiments. On
the assumption that these values do no Shange greatly for the
suceceding experimental crop, by thedahalysis of covariance it
is possible to use the data from ‘the uhiformity trial to adjust
the yields in the experime T g te for soil fertility
differences between %gwﬁfgﬁwﬁ%gﬁsﬁcﬂ comparison
of the corrocted treatment yiells can then be carried out and an
accurate estimate of theirFespective merits obtained. Similarly,
many experiments are spoiled because, owing to uncontroliable
cnvironmental factqr§ he plant population is far from uniform,
It is often possible\té make a count of the number of plants per
plot and to useNkis to correct the yields for population. Tt is
not sufficient merely to divide the yield hy the plant number, as,
of course\:wi‘dely spaced plants develop very differently from
closely ~$p§ced ones and results based directly on the yield per
plantwould be biased in favor of the thinly populated treatments.
Tlie statistical treatment depends on the use of the regression i
coefficient to determine the average yield that might be expectggii ;
for any given number of plants and on the dispersion of the treat- .
ment means relative to this linear regression. In the fo‘HoWIIlg
examples, it Is assumed that the reader is familiar with the
elementary facts relative to the calculation and ‘siﬁﬁﬁcance of tEEe
coefficient of regression and to/ts application in’a simple analysis
of covariance as detailed in Chap. VI. ) ’

Example 37. Analysis of Covariance Applied fo a Cotton
Varietal Test.—In the following small experiment, five rows of
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each of three selected varieties of cotton were sown. The rows
were arranged on the randomized bloek principle. The quantity
of seed of each variety available was limited, so that it was impos-
sible fo equalize the plant number per row and make up for
deficiencies in germination, mortality incidence, ete. A count
of the number of plants per row surviving at harvest was accord-
ingly taken, and the results are appended.

Q"
TasiE 70.—PopuraTioN NUMBER aND YIELD oF Corron LiNT 1N ngcms
PER How RGN
7N
(Z) ) . ’.’ \}
Yicld of lint, oz. per row RO
7 Varicty
Number of block, \¢h> . mean
Variety Variety
| || oy | tetet
A 11] 818\ 6| 5 39 7.8
B b 64 10| 8 4 a3 6.6
C Al A6 B3] 4 a4 4.8
Row or block total. .. .. W % A 28 T 13 | Grand total 96

M)
Nog 6f plants per row
SN Variety
A Number of block ] mean
Varkbd) Variety
) total
O 110 |IH | IV |V
\\ A 1612|138 |10 8| 59 11.8
R\ B 12014118 |15 10| 69 | 13.8
NN c 7113|100 7] 6] 43 8.6
\”Ro'w or block total. ... .. ... 35 | 39 | 41 | 32 | 24 | Grand total 171

Consider first the z analysis of variance of the yicld data
alone. The variances for variety and error are, respectively, 11.4
and 3.74, giving a caleulated value of F = 3.05. The cor-
responding reading from the Table of F at the 5 per cent level
is 4.46, proving that, for the yield data alone, there is no signifi-
cant difference between the three varieties. There is, however,
considerable variation in the number of plants per plot, which
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presumably is partly responsible for the high estimate of the
error of z. 1% is proposed therefore, to carry out an analysis
of covariance, so as o determine whether the varieties are
gignificantly different when the mean yields are adjusted on a
basis equalizing the number of plants per plot. The first step
is to calculate the cocfficient of regression of yield on plant
number, and verify that it is significant. The best estimate of
the coefficient of regression comes from the error line of the
anglysis given in Table 80, 1.e., after the variety and bloek

effects have been eliminated. _ e\, }
7'\
_8P.ay 361 _
bow =G5 /= I7g = 07648 P
AN,

The significance of by may be determined by calculating the
standard error and comparing the calculated value of ¢ with
the appropriate reading from the Table\qf‘ 4. Here, the alterna-
tive method by splitting up the errervvariance of z to its two
components—the linear regression and deviations from this
regression-—and refermtmi&hm"ﬂé&ﬂp @fgfinis probably eagsicr.

. . - (SP :vy)2
Linear regression S.S.m\—s—w-
 e\) 3612 .

W= = 27.6 with 1 degree of freedom
8.8. deviations, from regression = 20.9 — 27.6 = 2.3 with
7 degrees of freedom

O
218 _ g36

G =2
A0 F=our

The rea,dmg from the table for ny = 1, ng = 7, and P = 0.01 is

\b;ﬂy 12.25, proving that the coeﬂiclent of regression of yield on
plant number is highly significant. The analysis of the reduced
variance may now be validly applied to adjust the yield data for
variation in plant number and increasc the accuracy of the
statistical evaluation, This final analysis is limited +o the
treatment and error components, as it may fairly be assumed that
the block effects have already been taken out in the original
analysis of Table 80. The procedure then becomes identical
with that already given in Table 52 (Chap. VI).



’
R

DEVELOPMENTS IN FIELD EXPERIMENTATION 219 +-

TasiE 81—ANALYsIs oF R¥DUCED VARIANCH

Degrees! Re-
Factor 8.8, 2/18.8. y|8.P. zy Iz — X2 of free- | duced
: dom | varisnes

Variety,...... 22 .8 63 8 27.6 11.73 1 11.73

Error......... 20.9 47.2( 36.1 2.29 T 0.33

Total (variety o Q
+ error).,..| 52.7|1116.0] 63.7 17.73

)

Residual B(z — X)2 = 3.71| ;\5.’?1'\

The F test shows that the residual variance compared with
that of error is significant on a probability appreaching 0.01.
This proves that there is a significant differdfice’ hetween the
variety means correeted for plant number. The corrected mean
values must now be ecaleulated from HP7 boy(ys — My), the
notation bemg that previously usedsih Chap. VI In this
example, b, is 0.7648, as already calculated

TasLe 82.—Tapig %Sé@}gm@mg iFpr Prant NUMBER

Mean no. Mean
Variety | of plants S’; - gfﬂ bw(y; My yield CO;;‘:I::;ed
() Y (s
4 11.8 \-H] 4 40, 306 7.8 7.49
B 13.8.\) +2.4 +1.835~ 6.6 4.77
¢ 2G| —2.8 -2,141 48 6.94
’3\ -

The sta}xda.rd error of the difference D between any pair of these

DS
comcted mesan ylelds \/ E’( + W)
\where E = error variance of Z(x - X
n = number of plots from which each mean is calculated.
D, = difference between the corresponding pair of means
for plant number,

0

= .10.33 Z ?ﬂi = 040
Sta,‘ndard grror A — B = 3z + s .

t (by caleulation) = = 6—4—0 = 6.80
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Reference to the Table of ¢ for n = 7 (the degrees of freedom of
the reduced error variance) shows this value to be significant
on 8 probability less than 0.01, proving that variety 4 is a
hetter yielder than B when allowance is made for differences in
plant population,

Testing now, 4 — C;

t= —0:;.5—5“32_ = L2 3
| 0 33( T 2) O
7NN “
and for C — B; A
2.17 O
= --—-W - 381 ’\\
\jo 33( + 47_2) :

For 7 degrees of freedom, the first, 01'\ these two values of ¢
iz nonsignificant, and the second i is sagmﬁcant on a probability
approaching 0.01,

In conclusion, therefgre diimuhﬂ!sérsmtgdrthat when conditions
are equalized as regards the pupu]atlon factor both the A and the
C varieties are markedly\guperior in yield to B. This is a
strikingly different result from that obtained from g straight-
forward analysis \vanancc of the yield data alone. Not
only is a negative\result changed into a positive one, but the
relative positior{of the three varicties is very different from what
might be a.l{tlc:lpated from the actual mean varietal yields
(Table 82)~

It isy R\osfmbly of interest to show how the expression for the
standard error has been derived. D) represents the difference
hofween the actual mean yields of the two varieties less by

A the difference between the corresponding pair of means for

plant number. The first part of the standard error % is the

variance of the first component of D, and the second part
D X E

S Sy The standard
error of the difference between these two components is therefore
equivalent to the square root of the sum of these two variances,
i.¢6., the standard error of D is given by the formula quoted.
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UNIFORMITY TRIAL AS A CONTROL OF FLOT VARIATION

With orchard and perennial erops in general genetclcal hetero-
geneity, seasonal Huctuations, age differences; the - limited
number of individuals on each plot, and the unaveidable extensive
acreage of any large-scale experiment, all combine to make the
uncontroliable variability between units an €ven more serious
hindrance to sucecessful yield trials than in the case of annual

N

AN
Tasie 83.—Y1ELD OF CanNE v HUNDREDWEIGHTS PER }QO-AGQE\'?LOT

N
Ratoon crop (z) Plantéana (v)
. ’\\
Blocks Manures ~ﬁgnures
Block Block
total | N total
. o M| 1M N0 s | 1| Mr
N,
1 25 |23 J4p |43 (%4l 45 |51 {28 |48 | 182
I 16 (30 (48 psnpfue Jor 140 |40 {61 |17
Iir 2 % §3 1&_ ife |86 [42 |23 |15
) T 1
v s Y 8l o Vel (7 | & |3 | ais
ki 37 |51 1 283) 28 | 14l 71 |74 |21 {81 {197
“ ¥ CGrand ' Grand
A total ' total
Trealment total. ..., . 153 jreR, (131 [210 [ 712 238 (280 172 232 | o22
EN/ Genersl General
\\ INEATL mean
Treatment mean. ... ¢INJ6.6) 37.6] 36.2) 42.0| 85.6 | 47.6) 56.0] 34.4] 46.4] 44.1

CTops. W\n perennials, preliminery uniformity trials as a
means,of ‘estimating the relative fertility values of the ultimate
experimental units may often be utilized to considerable advan-

mtage The above data from a manurial experiment with sugar

\ gane provide an excellent illustration of this, the plant cane erop
being used to measure the potential fertility of the plots and
the mean yields of the various treatments given to the ratoon
crop being adjusted accordingly. The fertilizers applied were
farmyard manure and a complete artificial in all combinations
of the two rates of dressings 0 and 1, resulting in the following
four treatments: :

0 = control: no fertilizer applied.
M = farmyard manure at the rate of 20 tons per acre.
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I = complete inorganic fertilizer at the rate of 90 pounds
N, 3875 pounds P;05, and 50 pounds K50 per acre.

MI = combined farmyard and inorganic fertilizers at the

rates quoted ahove.

The yield of eane for the two crops in hundredweights per
Yso-acre plot and the analyses of variance and covariance are
appended.

The analysis of variance of = was first used to test whethers
there was any significant difference hetween the troatment
means of the experimental crop. The biggest treatment varidnde

"N

TABLE 84, —ANALYSIS OF VARIANCE AND COVARIANCE:. ™

Analysis of Analysis of [, { Analysis of
varisnee vaTiance _ . ,? . tOvarisnce,
Degrees of z of ¥ \Y/ Ty
Factar of
’ freedom| "Ny
Mean ¢’ .\Mean Moean
8.3, SQURTO Sis\ square B.P. a.pP.
Total.........ooceunnn.. 19 [2,488.80  WN4,302.8 +2,209.8
Blocks.................. wWwlw 3bBrgulibrary sesgin + 395.0
Treatments: SO )
Farmyard manure.,.,.. 1 252, 8[\852 .8 520 24| 520.2 |4 4285.4 +423.4
Inorganies............. i 245.0] 245.0 6498 640.8 (— 590 0]—309.0
Intersction X x M. .... i ;'33,8 23.8 16.24 16,2 |— 23,4_— 23.4
BITOr. iueeinaiinin... 12{J5.488 4| 124.0 |2.611.8 | 217.7 {11,008.8 }159.1
¢

t For the plant cane cropMhe grouping into trestments s, of courss, imaginary, but it is

better to varry out the a:nn{gais &0 29 to develop parallel series for z, y, and ay.
A%

is that for the response to farmyard manure. This gives a calcu-
lated valu of z of 0.5227 as compared with the reading from the
Table of @ (for 7, = 1, and n; = 12, and P = 0.05) of 0.7788.
The t;ez’a}tment means must therefore be regarded as not signifi-
cantly’ different even though the mean values show considerable
varation, especially when the no manure ireatment is comparcd
with the others. The explanation of this apparently lies in the
relatively high error variance as a consequence of the large varia-
tion between the yields of similar plots. It was therefore decided
to use the regression of z on ¥, 4.e., of the ratoon crop yields
corrected in accordance with the yields recorded in the uniformity
trial or plant cane erop. The first step is, of course, to test the
significance of the regression coefficient,
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b.y (from error variance) = %’??—gs_s. = +40.731

Standard error of by = \/1’488‘4 ~ 0.731* X 2,811.8

11 X 2,611.8
. = 0.115 (11 degrees of freedom)
t (by caleulation) = g%% = 6.36

which corresponds to a probability considerably less than 0.01.\
Therefore, after due allowance has been made for treatment.ind
block effects, there is a marked positive correlation beteen the
yiclds of the individual plots in the ratoon and plang-cane crops.
It is now permissible to use the (z — X)2 analysito determine
any significant differences between the various, ~1sfeé§tments.

Where the treatments are complex, as No\this experiment,
it is advisable to carry out the (z — X)2-gnalysis for each type
of comparison and interaction separately,*

Tarrg 85.—ANALYSIS OF REDUcED VARIANCE FOR FarMYArp MANURE~
Mamw Efgrcr

W d braj}l!' ’b‘l'éryk( rg.in Degrees of Vi
Factor . | 8.8.z | B.EY|8.P. ay|2(@ — X)¥] freedom ance
A Iz - XN
Farmyard manure| $82:8] 520.2) 428.4 0 0 .
Error.........,..41,488.4/2,611.8/1,008.8{ 93.4 11 8.5
Total........ #5114841,2/3,132.0[2,337.2[ 97.1 12
Residual /N 3.7 1 3.7

The veduced variances for the residual and error components
are not significantly different, proving that there is no appsarent -
ms’.péhse to the dressing of farmyard manure, even when the c.lata

{ftom the uniformity trial are used to provide an equalized
estimate of the treatment means. As already expl_ained in
Chap. VI, with only two treatments, the reduced variance for
the first line of the above table is bound to be zero and need not
be calculated.

F (Table 86) is 110.7, & value which is significant on a proba-
bility less than 0.01. The error variance can therefore be uged to

" compare the corrected mean values for the 10 plots with and the
10 plots without inorganics,
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TABLE 86.—ANALYsts OF REDUCED VAriANCE FOR INORGANIC MaNURES-—
Mam Errecr

' Degrees M
Factor 8.8.z |88y 8P ay | Z(x — X)? of free can
dom | BCuaTe
Inorganies. ... .. 245.0{ 649.8/— 3099.0
Error.......... 1,488.4/2,611.8/+1,008.8 83.4 11 8.5
- Total........ 1,733.4|3,261.6/41,509.8 1,034.5
Residual. ... 941.1 1 G4\ 1
A,
'\
TasLe 87 « N\
Treatment xe Boylye — M y“)"\.\., CO;‘:ﬁ;@d
No inorganies................. 32.1 | 0.731¢(51 ,iv 46, 1) 27.9
With inorganies............... 39.1 | 0.731(4074"" 46.1) 43.3
Difference. .. ............... s \ - 15.4

Standard error of difference between\corrected yiclds

www.db;ayl‘ rar .gl'g.in 11.42
~~’X}%‘5€E T SEILE

~

N=1.46
. 1554

t (by ealculation) =&~ = 10.55 (11 degrees of freedom)

\\1.46
This value of ¢ i significant on a probability less than 0.01.
Actually, as theré/are only two treatment mesns involved, the
t test is redugs[&ﬁt, since it merely represents another method of
arriving a{?}iactly the same résult as already cobtained by cal-
eulatingf
A similar analysis for the interaction 7 X M shows it to be
sigqjiﬁcant at the 5 per cent point. The final conclusions are
that, when the original fertility of the plots is equalized, the
application of inorganics to the ratoon crop has produced a
pronounced inerease in yield. The use of farmyard manure
alone gives only a small yield increment over the control but
‘when applied in combination with artificial fertilizers it does not
augment the yield from the artificials alone. It is possible that
the full effect of the farmyard manure may not become apparent
until the second ratoon crop, sad further yield data would be
necessary to test this point,
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In this example, therefore, the use of the data from the unj-
formity trial has changed a negative result into a positive one
and has made it possible to select one out of the four alternative
dressings tested as being much the best. The actual and cor-
rected mean yields for the four treatments are tabulated below,
and they effectively illustrate how this has happened.

Q.
Corrected
Treatment lea‘;l mean yield, { N
A ewt. per plat
Control: no manure. .............. ... 26.8 25‘5'
Farmyard manure... .. ... e 37.6 ¢"@0.4
Inerganic fertilizer.. ... ........ .. ... 36 .20\ 44.7
Farmyard manure + inorganic fertilizer | 42)J 41.8

.«\\‘
LINEAR REGRESSION COMPONENT OF THE
TREATMENT VARJANCE

In crop cxperiments the treatmments are often quentitative in
character and repienen RIFHHEBRY Y988 1B8f a certain factor on
some regular incrementalfsbaie, such as zero, single, double,
and treble quantities of's certain fertilizer. When this oceurs,
it iy possible to segreate the linear regression component of
the treatment vakian€e. This component is a measure of the
general effect on’the crop of the increasing doses of this particular
treatment fadtor. If the response is sufficiently definite and
uniform, t]g{e“regression and error variances will be significantly
differont; g determined by evaluating F orz.  When the response
is regnlar and the difference between the treatment means is not
ve;ry;.’;grea.t-, it is even possible for the regression varance to show
,\si}g‘hiﬁc&nce, when the F test applied to the treatment variance
4s a whole has given a negalive result. The following exarc-[ple
effectively illustrates the application of thiz method to yield

data obtained from a manurial experiment with sugar cane. )
The reading of 2 from the table for the 5 per cent distribution
i8 0.6250, so that on this basis of comparison there is no significant
response to the manures applied. Examination of the treatment
totals shows a definite increase in yield from the control up to
the heaviest dressing of farmyard manure, and the etft?cta of the
manures have evidently been swamped by plot variability. Asa
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TaprE 88.—Y1ELp oOF PranT CaNE IN HALF-HUNDREDWEBIGHTE PER
}50-acRE PLOT AROUND 4N AssvwEp MEAN oF 40 HaLr.cwr,

Dreasing of farmyard manure, tons
per acre
Bloecks Block total
0 10 20 30

- +| - 4+ - +| = + - A
1 12 5 0 7 24
2 4 2|3 1 4 A
3 8 31| 3 0 8§ (W
4 115 6 7 O
5 6 7 7 91 AN 20

Treatment total. .| —17 +2 +7 +10 | Grend’total +2
\

TABLE 89.—ANALYSIS OF VARIANCE oF YIniD Data

N
Degrees ¢* :
Factor B8, | of free- Va’r’iénce éloge of ‘-ma—a{;lﬁ
dom J{\©
Total................ uﬁ&ﬁq&i]]L‘aLﬂ]ﬁlﬁI‘g y.org.in
Blocks. .............. 394.3 | 4
Treatment. . ........, 88.2 Ny 3 29.4 0.5392}
Breof................ 1738\ 12 14.4 04823%” = 0.3569

-more exact test of j;]}s\manurial response, it is proposed to caleu-
late the regressionof the treatment vields (z) on quantity of
manure applied ), the dressings being taken as 0, 1, 2, and 3
units, and alloWance being made for the fact that each treatment

sénts five plot yields.

total rep\\és
O 0 rIEpoyg g
S:.S\r:~y=_.__5____, —'2—0=1
8P, oy = OXZID +(1x2)5+ (2X7) +(3X10) 6 ;f)z 6

= 73.98

(S.P. 2y)* _ 8.6
B8y 1

The reading of z for the 5 per cent distribution is 0.778S.
The regression variance is therefore significant, proving that
there has been a definite response to the farmyard manure;
the heavier the dressing of manure, the greater the yield of cane.

I

8.8. linear regression =



<
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TapLE 9. —Duranen ANALYSIS

Degrees of Vari- 1 variance
Factor 8.8, freedom ange 2 log, of T
Total.....ouun.... 656.8 | 10
Blocks............ 304.3 4 8§,
Linear regression,..| 73.9 1 ; Hd s o 1 0001
- -1
Deviations. ....... 14.3 2y 2 7.1 z =0_8173\
EITOr...vveunen.. 173.3] 12 H 14.4 | 0.1823

' 4 '\. \Q

CONFOUNDING OF TREATMENT EFFECTS {

At the end of Chap. VII, the need for an orthegonal design
in agricultural experiments was emphasized, and it was shown
that, when this principle was not observed, it 'was possible for
certain treatment effects to become entangled’ with one another
in a way that comsiderably complicates the statistical analysis
of the data. Confounding in field e@ments is & term used to
define a plot arrangement in which 4 1 portion of the lesg 1mportant
treatment effects—usually thel
is purposely confouhddd ok, angled #ith that of blocks. It
really represents a controlled deviation {rom the standard
experimental designs. Gonfounding is most practicable in rela-
tively complex faetonai experiments embracing several different
problems concur ]y The technique consists of splitting up
each block inté\so many equal subbloc%a].bc___gj;pg_the

various treat e»nt combmatmns to those subblocks in & way that

\trhatmcnt effect Incorrect “allocation to the subblocks will

result in a nonorthogonal layout, which may eompletely upset
the results. Yates* has enumerated the possible alter{latcwe
subblock arrangements in order to achieve the confounding ‘ff
specified treatment effects in certain standard types oi: experi-
ment. One of the simplest forms of experiment in which con-
founding is practicable is the one in which there are2 X 2 X 2or

* The Design and Analysis of Factorial Experiments, Imp. Bur. Sod Sci.
Tech. Comm. 35,
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2% treatment series, e.g., in a trial including two varieties 45 and-
43, two spacings By and B,, and two dates of sowing 7 and ..

If no confounding was introduced, the number of plots in a block

would be eight to cover the eight possible treatment combing-

tions, »iz.:

(1) 4: B, ¢4

Eg ji g: gj (Subblock a) N\

(4) 4, B: C, ,\\\’

(8) 4, B, C:
(6) A Bl s ()
(7) A; Bs C, (Subblock 5) '"‘j\g‘
(8) 4, B; ¢, ¢
N
If the experiment consisted of four sudh“blocks of eight plots,
the skeleton analysis of variance would bt as follows:

www dbraulibrary org.in Degrees of

Factony,™ freedom
Total............. A7 s 31
Blocks...... . .. W .. 3
Treatments: ¢ \

Main Eﬁact} Variety (A)........... ... 1
o  Bpacing (B).......... ... .. 1
) :’;\ g Sowing Date (C). ... . .. ... 1

Intethctions: 1st order. A X B..... ... 157
,§w’ AXC.......... 1
R\ Bxao.......... 1
NN 2dorder. A XBXC..... 1
QO Error................ e 21

If, in the same experiment, the blocks were each subdivided to
two subblocks of four plots each to take treatments 1 {o 4, and
5 to 8, respectively, the second-order interaction, 4 X B X C,
becomes completely eonfounded with the subblock sum of
squares, and the appropriate analysis would then become as
follows: :
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: Degrees of
Factor freedom
Total. ... oo, 31
Blocks, ¢.e., subblocks. . .............. ..., 7
Treatments:.......................... ...
Main Effects: Variety (A)............ ... 1
Spacing (B)............... 1
Sowing date (€)........... 1 QY
Inferactions: A X B................. ... 1 6 .
AXC .o 1} <\
BXC. ... 10
Error. ..o {18

By a different allocation of the treatments héiween the pairs
of subblocks, it iz possible to confound eithér the 4 X B, the
B X C or the A X € fitst-order interactions with the blocks
instead of the second-order one 4 X B €. . There would then
be 3 degrees of {reedom for the m’aiqix\treatment COMPATIsons,
two for the unconfounded first-grder interactions and one for

the second-order 1nt“{;‘£a{gggpé ul

ral'y.or&% én

The alternative groupings.are appen

Factor confou'ildf;(i Subblock a | Subblock b
\< / A, By G4 B G
Ny« . A;l Bl Cs AJ_ B: C;
A.?( € interaction A, B: G| 42 B Ca
¢ \ 4 A; Bs Oy Ay By O
(N
Y Ay By Gif Ay By gz
- . . Ay By Cil 4 By Oa
R .\V\ A X B interaction 4, Bi Ci| A2 Bs O
4 '\" g Al _Bg Cs An Bg CI
a \4 4 _
\ 4 A B, Ca| A: B1 C4
N . Al Bg C: Az B 01
BXC mteractmn A, By Ci| A1 By Cs
' Ay B: Ci| As Ba €

Partial Confounding.—In any 2° confounded experiment, it will
be necessary to include several replications of each treatment
—:  sories in order to provide an error variance based on an adequate

number of degrees of freedom.

In the example cited, there are

Bt 2
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four replications of each treatment combination, arranged in
four pairs of subblocks. In each pair or group of subblocks,
each treatment series will occur only once. It is valid and
sometimes advantageous to adopt the practice of partial con-
founding in which the separate subblock groups are used to con-
found different treatment effects. In a 22 confounded experiment
with four eomplete replications or eight subblocks in four
pairs, a partial confounded arrangement which gives a nicely
balanced design is one in which each type of interaction~3 N
AXB, AXC BXC AXBXC—is confounded im\a
different pair of subblocks. There will then be 1 degrge “of
freedom available for each main effect and each inperfiction,
leaving 17 degrees of freedom for error. In comjmting any
particular interaction for an experiment of this.fype, the plot
yields from the subblock pair with which this“interaction is
confounded are ignored, and the data from, bhe remaining six
subblocks are utilized to assess the infera¢tion. It is important
to allow for this fact in the ultimate calculation of the standard
errors of the various freatment series, Mhe replications attribut-
able fo the treatmen@wm.afmg};ﬁgtdﬁgmny interaction has
been calculated will be only thiee-quarters of that of an uncon-
founded experiment of the “same type. In this example, for
the main effects which argunconfounded, there will be 16 replica-
tions but for the firgt-drder interactions ouly 6 instead of & and
for the seeond—orc{e}\\tnteraction A X B X C three instead of
four replications,. \.)

The 3 X 3X‘8 Confounded Experiment.—The 2 X 2 X 2
experiment, &nifers from the obvicus disadvantage that all the
tre_atme;bt{effects in the analysis of variance are derived from a
single @e@ree of freedom, and in consequence, only large treat-
mentdifferences are likely to be significant. It is, furthermore,

ftwe’that, in any experiment in which a particular factor is
meluded at only two levels, there is s very small chance of
oblaining any accurate idea of the optimum level for this particu-
Iar factor., For this purpose at least three levels of each factor
are required, and in experiments in which great aceuracy is
aimed at, an even wider range of values may be included. For
these reasons, the 3 X 3 X 3 or 3% factorial experiment, involving
27 treatment combinations, must be regarded as decidedly
superior to the 23 design. On a nonconfounded layout, a
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3% design makes it necessary for each block to have 27 plota.
Such large blocks are generally'far from uniform, and tlieypbend
to obviate much of the advantage of the ran,domized block
arrangement as a means of reducing the effects of plot hetero-
geneity in the statistical evaluation of the results. This dis-
advantage can be overcome if every bloek is split up inte three
subbloqks of nine plots each, so as to confound part of the second-
order interaction. There are four alternative ways of allocating{
the treatments to the subblocks in order to obtain the required
degrec of confounding. One of these selected at random is,éi“\fen
below. This allocation was used in a tomato marurial ‘experi-
ment in which the fertilizers tested were sulphate of “atamoonia,
sulphate of potash, and superphosphate, each aK‘bﬁi‘ee rates 0;
application, #iz., 0, 1, and 2 hundredweights per.acre.

Subblock a Bubblock b A _Bubblock ¢
M N Ky Py (10) Nx K By < 19) N, K Py
(2} No K; Pr (11) N2 Ko 6. (20) Ny Ko Py
@B N Ko P, (I2N.EKE P (2) N: Ko Py
(4:) Ny K; P; wwﬁlﬂ}rﬂﬁ%?ﬂ:«rg.ir@m NK P
(5) No Ko Py (14), :Ng“Kl P, (23) N; K; Py
6) Ny Ko P, (159N, Ku Py (24) N, Ku Py
() No K: P2 _{8) Ni Kza P (25) No Ky Py
(8) Nz Kg PI'\i..t(IT) Nl KEI Pl . (26) Nl KO PEI
9) Ny K Pos® (18 N: Ko P, (2) Ni Ko Py

TasLr 91.——YIEI{J§:0];‘ TowmaToRs IN Baskers {10 L) PER }o-scRE PLOT

I Trear- |Subblocki Treat-’ Subbiock| Treai- | Subblock

\\‘ ment ment |———1 ment
O\ type | Ta |TTa] #ype | Ib (X} fype | Ic [IIc
~O ; sl el 10 |10|18] 19 |10} 8
N/ e | gl al 22 7] 3y = {718
s |12 6} 12 ol 71 21 | 6| 5
4 |10] 7| 13 gl 4l 28 L 7] @
5 5| & 14 w| 8 g8 [15]11
6 5(10] 15 5] 7] 2 || 6
7 6! 2| 16 [14] of # | 5|7
g ol s| 17 liz] 8| 2 | 9|15
9 izl 18 | 7[ 6] e 9 8
Subblock total .......... 78 | €1 82 1 62 BRCARL)
Grand tolal 438
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There were 54 plots in all in the experiment, giving the equiva-
lent of two blocks (I and II) of 27 plots each to take the 27
treatment combinations. Each large block was subdivided
into three subblocks a, b, and ¢, and the 27 treatments allocated
to the subblocks as shown above. The arrangement of the nine
treatments within any one subblock was, of course, 2 random one.

Tapre 92 —TrEATMENT ToTALS

Noj N1 | N: | K total Po| PP | K ioéa-l
—— (= AY ‘\
K, 38 1501388 135 | K. 45 | 49 | 41 |85
K, 42 ) 59 1 46 | 147 K 56 | 42 { 49\ 147
K- 38 | 66 | 46§ 160 K; 54 | 47 A9} 150
N total...... 118 |184 130 | 432 |Ptoial...... 155 138 {139 | 452
P, P, ,:\\Pz N total
No 45 BN 34 118
N, 69 48 67 184
Ne vt L, dbia, 1151. SVaPy PRT 38 180
Piotal.......c....... 155 |o3u88” |0 139 488

If the large blocks I and{ ha.d not been subdivided so as to
confound part of the spgo}:d-order interaction, the allocafion of
the total 53 degrees of freedom would have been as follows:

Factor .0 Degrees of freedom
Total........» \ A 53
Blocks..... 7 o 1
Main eﬁge\s .............. 2
. K. .............. 26 for main effects
P 2
{ﬂeractmns
Istorder: N X K........... 4
NXP........... 412 for 1st-order interactions
KXPo..o.. 4 '
2d order: NXPXK ....... 8
Error. ... i 26

On the confounded arrangement, one-quarter of the second-
order interaction degrees of freedom are completely entangled
with the blocks. This leaves a balance of 24 degrees of freedom
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for treatments. The main treatment effects and firsi-order
interactions are not altered and can be caleulated in the usual
way. In most experiments of this fype, the unconfounded
portion of the second-order interaction——6 degrees of freedom—
can be bulked in with those for error without serious loss of
information. This is permissible as it is only in exceptional cases
that the second-order interaction will be significant. If, for any
reason, it is considered essential to evaluate this factor, it can

calenlated, but as the ealeculation is somewhat involved, it is hot
proposed to attempt to describe the technique  here,{ The
appended analysis of variance can therefore be considered ade-
quate for an accurate interpretation of results. . (‘.'z >

"N

TaRLE 98 —ANALYSIS OF Vammpmj\g

M Degrees of .
Factor ) ?Q‘ freedom Variance _
L
TOMAL. .+ o ess e e et MVizzo! 53
Blocks, f.e., subblocks. ............. cReae 41.0 5
Treatments: www,dbraldl]jl'é} Ore.in
Main effects: N............¢ g:\.'f....‘y.. 7.3 2 63.65%*
Koo vt 7.0 2 3.50
P........, o R 1.1 2 5.06
Interaction: N 3 K., st oeoniioins 7.4 i :];g
PXEGIN . o oiaieninnns 15.9 )
N X EX\, .................. 60.3 4 |15.08*
1175 %) . S PR 143.0 30 4,77

* Fignificant at 5 per cent point.
bl Signi&"\ag. at 1 per cent point.

Th}quanﬁty of nitrogen and the interaction of nitroge.n and
phosphate are the only significant factors in the analysis. A
<\‘;difference between the three nitrogen totals' greater .{'.han 26.75
is significant, proving that the single dressing of nitrogen has
given higher yields than the control or the doul.)lfa dressings. As
the F test for the N X P interaction is positive’a difference
greater than \/4.77 X 6 X 2 X 2.042 or 15.44 between any of
the nine N X P totals is significant. Reference to the N X P
troatment table shows that in this experiment the response to f_;he
single dressing of nitrogen is better than to the double dressing

. . + 1 . i’ .’;.
except in the presence of a light application of phos?hatlc mapure. 2
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The other three ways in which the treatments may be allocated
to the subblocks in order to confound two of the second-order
interaction degrees of freedom are shown as follows:

Bubblock ¢ Subblock & Subblock &
No Ko Py No Ky Py No Ky Pe
Ny K1 Py No Ki P2 No Ki Py
Ny K: P, Ny Kz Py Ne K; Py
Ny K, Py Ny K, Pe N: K, Py

N: K; P N, K, Py N K; P, A
N: K;: Py N: K: Py N1 K: P \'\\
N: Ky Ps N: Ky P, N: K, P, .\

N: K, P N: K;: Py N: K, P, ”(”:}'
N: Kx Py N; K; P, N2 K. ng*

or
Ne K, Py No Ko Py No Kg\P.
No Kbu Py Ny K, Py Nei‘ki Py
No K: Py Ny K: Ps "1\}0‘]{2 P
N, XK; Py N, K, P ::.Nl K, P,
N; K; Py Ny K; Poy¢ N} K, Py
Ni K; P» Ww‘ﬁqbﬁbfl:'{ary‘%‘jfig Py
N: K; P, No Ky Po N: K, P,
N:e Ki Py Ny K; Py N2 K; Py
N; K, Py im’\Nz K Py N: K; P2
or \\
NO KO Pﬂ ND Ko P1 Ng Ku Pg

ND KIPZ No K1 Po Ng K1 Pl

N(ﬁz P, Ny Kz P, Ny K; Py

:"-ET’I K, p, N1 Ky Py Ny Ko Py

"§Nl Kl P]. N]_ Kl Pz N] K]_ Po

, Nl K2P0 N1 K2P1 N1 Kng
...s’:\'” N, K, P, Na Ko Py N: K, Py
\\:' NgK]‘_Pﬂ NzK]Pl N2K1P2
N; K; P, Ny K; Py N, K; P,

In the tomato experiment there were two complete replications
of the 27 treatment combinstions, and the same allocation
of the treatments to the three subblocks was used for each
replication. Actually, when there is more than one complete
replication, it is generally considered better to select, from the
four optional arrangements, a different allocation of the treat-
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ments to the subblocks for each available replication. This is
really partial confounding, as a different portion of the second-
order interaction will be confounded in each complete block or
replication. Provided the second-order interaction varisncs is
bulked in with the error, the analysis of variance of the data
will not be altered by this partial confounding technique, T$ will
be noted that it is only the second-order interaction that has
been eonfounded, and in agricultural experiments in general, it
is usually advisable to leave the main effects and the first-order
interactions unconfounded and lLimit the confounding td the
higher order interaction effects. "\

SUBDIVISION OF THE TREATMENT RESPOI!SE§3W |
A 8¢ EXPERIMENT AR
When any factor is included in an experimen¥.at three different
levels, it is possible to split up the treatment variance to two
components representing (¢) the lineaf/response due to the
difference between the extreme levels :a}ld (b} the curvature, or
deviation of the intermediate leyél from this linear response.
Each component aggounts for.one of the available degrees of
freedom. Yates giv:sw‘a gﬁggjlj e method of evaluating those
components for the main effgets.
If ao, a4, 2 represen{vﬁhe individual plot yields of the factor A
included at the thre€ levels 0, 1, and 2, respectively, :
R
. Zas — Zao)?
Linear response = ‘(—"i‘z“fn__ﬁ'

‘.\ ¢ . (Ea«z — 2Zm + Eau)s
o Curvature = 6

wherg%répresents the number of plots in any of the treatment
totals*evaluated in the above expressions. The linear response
.. formula is, of course, merely another version of that already
eiven in Chap, II for evaluating any treatment sum of squares
dependent on only two totals.
Applying this technique to the main treatment effects of the
tomato manurial cxperiment (Table 92) for the main effect K,

Linear response = (190 = 139 _ ¢ 95 with 1 degree of freedom

2 X 18 _
Curvature = (150 — 2 6XX1‘11'87 + 1387 0.75 with 1 degree

of freedom
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The aggregate of the two eomponents adds up to the total
sum of squares for the main effect of potash, ag given in the
original analysis of variance Table 93. The linear component
accounts for the major portion of the response to potash. With
an error varianece of 4.77, this linear variance is still nonsignificant.
It is not impossible, however, for the linear response to be stgnifi-
cant when the main effect as a whole is nonsignificant. Where
there is any apparent response fo increasing rates of any factor,
this subdivision of the treatment variance should certainly be
carricd out.  With the nitrogen and phosphate factors (Table 82),
the higher levels have given lower yiclds than the lower leyels,
and the analysis to the two components will not be of any value.
The formulas still apply, however. For example, \

%

, (130 — 118) 25 total mai
Hp = NP 2O =N 4l main
N, linear response TX 18 N ‘4 effect, N —
a _ (130 — 2 X 184 4 118" » 137.3 (as
urvature = B X18 o originally

133.3 caleulated)

" It is also possible to split, ap ehgilratyondeminteraction effects
between the linear response and :(é]hr{rature factors. This process
is not of such general utility,“and as its exact significance is
rather difficult to explain Josimple terms, it is not proposed to
elaborate it here, \ )

A 33 EXPEI}I;&NT WITHOUT REPLICATION

The 33 factorialxéiberiment is a particularly useful design, as
it allows threefactors to be tested in all combinations at a
sufficient thber of different levels to show up any definite

treatment reésponses. It is especially adapted to fertilizer experi- -

ments,.jq,é the three main types of fertilizer—N, P and K—can
aILb\é,,\included and their interactions and optimum rates deter-
miged. A very useful form of the 3% experiment is the one
limited fo a total of 27 plots with the second-order interaction
confounded in the subblocks. As there arc 27 different treatment
combinations, this means that there will be no replication of any
one treatment type. The estimate of the error variance i3
derived from the remaining 6 degrees of freedom of the second-
order interaction after eliminating the two confounded degrees
of freedom, Such an experiment cannot be expected to give the

Q!
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same degree of precision as would be obtained when two or more
replications of each treatment series is included. Tt does make
it possible to lay down a fairly comprehensive type of experiment
on a small acreage and at relatively low cost. Several such
nonreplicated experiments at different centers would probably
be much more informative than a single large-scale experiment
costing about the same amount but located on only one soil
type. A\

COMPLEX CONFOUNDED DESIGNS O

The principle of confounding can he applied to mafiy ‘other
factorial designs including 2%, 3%, 4% 3 X 2 X 2, etgytreatment
combinations, Many of these forms have been éfaborated by
Yates.* With high degrees of confounding;\\the statistical
analysis tends to become somewhat involved,especially when the
factors are included at varying levels as jn'e'3 X 2 X 2 experi-
ment. The principle has also been adapited to the Latin square,
though its application in this directioh)is of necessity very much
more limited. A very useful form bf.this in a 3% factorial experi-
mentisa 9 X 9 Latin squarthimwliedr skergstond-order interaction
is confounded with both the z0ys and the columns of the square.
T4BLE 94.—A 9 X 9 QUast-L&ey SQUARE FOR 4 3° FACTORIAL EXPERIMENT

wiTH T 2p-ORDER INT}ERACTION {CoNFOUNDED IN THR Rows awb
AN CoLumns

Ao B Cy |4y By C1dady Coldg By Cy|Ap By ColAg By Coldg By Cgl 4y By CplAp By 0
NS .

101 2,’,0\2000112210011221022 129

Zz X
7 A
=P

00 101210011 11212a0221022

211110 222 1210246200001 102

M10fl0120 211020222121 001 102200

211|110 032 121020 222102 200001

021 229 12=%5 002201 1000103212 111

L2202 132290 100002201 212 111¢10

2zo0 122021201100092111010212’

¥ The Design and Analysis of Factorial Experimenis, Imp. Bur. Soil Sei.
Tech. Comm. 35. .
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A square of this type is termed a quasi-Latin square.  Any of the
alternative arrangements already enumerated for the confound-
ing of the 4 X B X C inferaction in & 3° design may be used to
construct such a square. Yates gives the following design. The
three factors concerned are A, B, and C, each at the three lovels
0,1, and 2, It will be assumed that the numbors tabulated in
each plot represent, from left to right, the levels of the threc
factors in the order 4, B, C, as entered in full in the first row_
Thus, the treatment in the bottom right-hand corner plot s
23102 2 AN
Provided a new randomization of the complete rows 4nd the
complete celumns is effected on each occasion, this dc:;igai may be
used as a standard form for fixing the layout of a ﬁeld ‘eXperiment
of this type. If one assumes that the second—or%r interaction
effects may safely be bulked in with the errgr’sum of squares,
the analysis of variance is perfectly simple, i&iilg of the type:

\ Degrees of
WV frecdom
Total......... e db'l'a ulﬁ:i'r'al‘y orgrin 80
Rows...... ... ... ... o8 . .. ... 8
Columns............» f ..................... 8
Treastments: Mainsffeets, . .................. 6
lst-:oﬁer Inferzetions . . ... ..... 12
Error...“...\\..” .......................... 46

Confounding m "Split-plot Design.—Another useful form,
involving ¢ oundmg in a Latin-square layouf, is the one
applicable 40{4he split-plot experiment in which there are six
Whole-plé\htrcatmentb, A, B, C, D, B, and F in a 6 X 6 Latin
square,;, eombined with subp]ot treatments of the 2 X 2 X 2
fgcwnal type. There will then be eight subplot trcatment
‘@ﬁlbinations, which will be most easily comprehended by using
gsymbols appropriate to a 2° fertilizer experiment with each of
the three main fortilizers at two rates. On this assumption, the
subplot treatments would be of the type

N n, p, k, npk
(II) 0, np, nk, pk

By splitting these eight eombinations into two groups of four
as shown above in the lines I and 1I, the second-order interaction
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N X P X K is confounded with the groups. This fact can be
utilized in the split-plot experiment by subdividing each whole
plot to four subplots and allocating one or other group of sub-
plot treabments to each whole plot in accordance with the
appended design, : o

Al i ot B B ct
D]‘_ CII AII BII .EI F!
B P i Mo e 41\.\\
¢t o F Do RPN
- BY ot AT D‘“ B
BT AT BT AN " o

Each square on the diagram repmée}lts a whole plot, and
the lctters specify the whole-plot treatment, The prefixes
I or 1II attached to he latteumsrdioate the particular group
of subplot treatments which{should be randomized among the
four subplot units to whichbthis whole plot is split up. With
this design the secondsorder subplot treatment interaction
NXPXKise r@uhded with the columns, and the third-
order interaction,between the whole-plot and subplot treatments
is confounded with the rows. The statistical analysis, ignoring
the two confolhded treatment effects, will be of the type tab-
ulated on ‘page 240.

The géneral principle of confounding certain subplot treatment
effectivih a split-plot experiment is worth noting, as it makes it
Qos{si}')le to adopt a relatively small whole-plot unit, lessens the

{"8% of the whole-plot blocks, and increases the number of whole-
plot treatment replications. It therefore overcomes Some of the
disadvantages associated with the gplit-plot design. .

The practice of confounding applied to field exi?'el'ﬂnﬂ_nt"Ei }.Ja.s
been discussed at some length, as it appears to l?e the d}rection
from which the greatest immediate improvement I exper{men!;al
design may be expected. The advantage of c_oniom{dmg %leﬁ

in the practicability of planning an efficient experiment involving
several treatment series in all combinations on a relatively small
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Degrees of
freedom
Whole plots....... e e i, 35
Rots. oo e e e 73
Columns. .. e e 5
Whole-plot treatments (W). ..o oo i 5
Brror (@) .. o e 20
Totalsubplots.. v oo oo 143
Subplot treatments:
Mameffects. ... ... ... . .'.\,,\ 3
First-order interactions N X P, N X K, P X K...(0\® "3
Interactions: ;‘
Whole-plot. treatment (W) X subplot treatmejlt
W X main effects............. ... ... . 7 \ ........ 15
W X first-order inferaetions.......... J0\Y e 15
Error (b)........... .. N 2T 72

area. The introduetion of the subblqck\arra.ngement associated
with the confounded experiment ensures better control of the
soil heterogeneity factgr, thaw. ﬁﬁ@; Otheryise be possible with
the large blocks necessary tana nonconiounded experiment of
the same general type. 011 “the other hand, confounding is
only practicable in complek experiments of a rather specialized
character, and it is a, sys em that can be wholeheartedly recom-
mended only when thé'man in charge is sure of his technique both
in the field and{also in the statistical office, where the final
evaluation of the’data will be effected.

A\ VALEDICTORY REMARKS

I ls\conmdercd that further diseussion of more complex
expenmental designs would he definitely out-of-place in an

mentary textbook on applied statistics. It is hoped that
\'ufﬁclcnt examples have been given to demonstrate that for
established forms of experiment the statistical caleulations
may he reduced to a simple routine which leaves no excuse for any
ambiguity in the interpretation of the results.

In 1849, in the preface to his “Experimental Agriculture,”
J. F. W, Johknston wrote:

It is only by means of eonjoined experiments in the field, the feeding
house and the laboratory—all made with equal care, conscientivusness and
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precision—that scientific agriculture ean hereafter be with certainty
advanced. If we have been long in getting upon the right road, we
sught to advanece the more heartily now we have found it.

The following quotation from the title page of the earlier
numbers of the Journal of the Royal Agmukuml Society of
England is also very apt:

These cxperiments, it 1s true are not eagy; still they are in the power
of every thinking husbandman. He who accomplishes but one, -of
however limited application, and takes care to report it faithfully,
advances the subject and consequently, the practice of agriculture, N
acquires thercby a right to the pratitude of his fellows, and of thoée who
come after, . , . The first care of all societies formed for the \improve-
ment of our seience should be to prepare the forms of sueh expenments
and to distribute the execution of these among thelr’m}uﬁbers

~

This lagt sentence effectively summarizes, Ihe author's aim

in preparing this elementary exposition, of\stamstlcal methods,
which it is hoped may ultimately prov} of some value in the
distribution and correet appllcatlon “of certain of the e:ustmg

forms of riment.
oI expe WO dbl. a,LﬂLbraL y-org.in
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APPENDIX

-STATISTICAL TABLES
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Rspmduoed bykmdpermmsiun anmR A, Fiuherandofhinpuhlkhm,ﬁm Oliver & Boyd.

Edinburgt,

f The value of P for each
example, for £ = 1.30035&{5 25,

L

ity 15 obtalned by sdding the solump value to that of the row. For
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APPENDIX

Tasre II1.—5 Per Cont Pomwts oF THE DISTRIBUTION OF 2*

Values of Ry
1 2 3 4 5 8 i 12 24 o

1 2.047912. 6870/2,7071 (2. 7194(2, 72762 7380(2, 7454{2_7588/2. 7008
1 1.4722|1,4765[1.4787|1.4800(1 . 4808|1, 4819|1. 48301, 4840(1 4851
3 1.1284|L, 11372, 105L{1,0 .0953(1.08001.0842(1. 0781t o716
41 0. 90000, 942010. 927210, 9168{0. 908310 8903(0, BR850. 878710.8839
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Sy 0.6393[0. 8811 |0, 5434 Q.ﬁle@&m&xﬁ 0. 46760, 4337|0.3910(0, 3366
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23 0.8151/0. 5540(0. 5140(0. 4854[0. 46360, 4325{0, 3050(0,3478(0.2818
24 0.,8123[0%508(0. 5108|0, 4817{0, 4505(0. 4283.0. 3904/0 . 3426(0, 2740
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mmdunﬁ by kind permission of Professor R. A. Fisher and of his publishers, Meesrs,
}mm & Boyd, Edinburgh.
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APPENDIX 251

Examples of Napierian Logarithms (Table V, pages 252-253)

log, 3.542 = 1.2647
log. 35.42 = 1.2647 -+ log, 10
= 1.2647 4 2.3026
= 3.5673
log, 0.03542 = 1.2647 — log, 10%
' = 1.2647 — 4.6052
= 1.6505 ' \<\

1
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Tapim V.—Narigrisn Logarrrams*

Menrn differences
0128455739123‘56739
1.0 {0.0000j0099| 0168;629610302(0488)0585[0677|0770(0862 |10 19 20|28 48 &7le7 7o 56
1.1 | 005310441 13133/1222|1310|1308(1484(1670(1655(1740| 6 17 26l25 44 52081 70 73
1.3 § .1823/1906} 1989 2070[2151|2231|2311[2390,2469 2546| 8 16 24[32 40 4556 a4 72
L3 §.2624[2700| 2776/2852[2027)3001|3075/3148:322113203] 7 15 22|30 a7 44(52 59 a7
1.4 | .3366(3436| 3507(35773646(37163784(3853(3020(3088| 7 14 21|23 35 41|43 55 az
1.6 | .40550121) 4187|4253(4318(438814447 la511)4574(4637| 6 13 10]26 32 30)48 52 55
16 | .4700{4T62| 4824|4836 4047 |5008|506815125/6188(5247| 6 12 18(24 30 36142 48 AN
1.7 | .5308/5368 5423|5481 (5539|5608|5653 [5710/5766(5522) 6 11 17|24 20 34|40 45°5)
1.8 §-.5878]5033 bJS8 BO43 [B0OR|6152(6206/6250]6313:6366) 5 11 1|22 o7 32(38 43 49
1.9 { B41616471| 6523|6575 (6627 |6678]6728/6780/6831(a3811 & 10 15/20 28 31|36 L )ue
: N
2.0 § .as31[eas1| 7031l70R0l7120(7178/7207 |r27s(Ta24 872 5 10 1slo0 24 20184 39 44
8.1 § .7418(7467) 7514|7561 7608,7655[7701 [7747|7703(7838| 5 9 14|19 23,3833 37 40
2.3 | .TES5[7080 79758020 (80655100 8242(8245| 4 0 13|18422 27|31 36 40
2.3 | .8329|8372| 8416[8459]8502(8544 B671(8713[ 4 & 1317 21 2630 34 a8
2.4 | 87553706 3833|8870 (8920|8081 00830123 4 82206 20 24|20 23 37
2.5 | 01839203 5242(0282(0332(9361 |9400[n439/0478(0B17| 4 & 12(16 20 24[27 31 3%
26 | .OGB5|0804| 9632(5870[0708(0746/0783 0821 |0855(0805 %\.s 11(15 19 23|28 30 34
2.7 | .0933/9960|1.0006(0043 0080{0116;0152 |p128|0225 0280 7 1115 18 22|35 20 33
2.8 [1.0296(0332| 0367{0403/0435/0473|0508 0542|0578 oéx 4 7 11|14 18 21[25 28 32
2.9 [1.0847(0682] 0716{0750[0784|0818 09I0e53{ 3 7 10|14 17 20:24 27 3%
3.0 [1.oo88{1019| 1053|1086[1119(1151 4 T 10;13 16 2023 28 30
8.1 11.1314(1348| 1378301410[1435 W0 E&é@ﬁ?ﬁ‘g“a 1013 18 19[22 25 20
3.2 1116321663 1804/1725[1756/1787|1817{1848(1878|1903) 3 & aliz 15 1sl22 25 2a
2.3 1.1939(1969(1.2000|2030 [2080(2000 2179|2208/ 3 6 9|12 15 18(71 24 27
8.4 H.2233[2267| 2206 2884 2470(2498| 3 & 912 15 17|20 23 26
8.5 [1.25282666] 2585 26600 ATE427821 8 6 8[11 14 17|20 23 23
2.6 [1.2809[2837 2865 2047 3020{3066| 3 & 811 14 16[19 22 28
8.7 (L.3083[3110 3137 3218 3207(3324| 3 5 8|11 13 16]l0 21 24
8.8 (1.3350[3376; 5403 3481 3558(3584) 3 5 8(10 13 18:18 21 23
8.9 (1.3610/3635 8661 3737 3813|3838} 3 5 8|10 13 15[18 20 23
A\ X
4.0 |1.3865[3885], 8913 3987 4081j4085! 2 5 7/10 12 15|17 20 22
4.1 [1L4110j4134] /%150 4231 4303(4327| 2 5 7(10 12 14|17 19 22
4.2 J1.43514875] “4308 4480|4 4540(4863| 2 & 7| 0 12 1416 19 71
4.8 p.4588{4808| 4633 4702 477014793[ 2 5 7| 9 12 14[16 18 21
4.4 [1.28764830( 4861 4939 400650180 2 5 7| 9 11 14h16 18 20
4,5/11,8041 [5083] 508E 5151 5217(5239| 2 4 719 11 i3(15 18 20
{18\ .5261 {5282 5304 5360 5433(5454| 2 4 6] 9 11 1315 17 19
&7 [1.5476|5497| 5518 5581 BB44(5665| 2 £ & ® 11 1315 17 19
4.8 [1.5686[5707) 5728 5790 5R51|6872] 2 4 6| 8 10 12|14 16 19
4.9 [1.5892|5913| B93s 5op4 6064/6074 2 4 6| 8 10 12{14 16 18
5.0 J1.e05e 8114] 6124 6194 6253162731 2 4 6| 8 10 12(14 16 18
5.1 [1.6202[6312] 6332 8300 44318467 2 4 6| 8 10 12/14 16 18
5.2 |L.6487 [6508] 6525/654418663|6582 pe39l6658| 2 4 & 8 10 11013 15 17
B.3 {L.BB770096 6715/6734[8752i87m1 805/8827[6846) 2 4 6| 7 9 1115 15 17
8.4 {1.68646882| 6901|6919/803s]s05m 00317017020 2 4 5| 7 0 1113 15 &7

* Reproduced from *'Logarithmie and Other Tables,

mission of the publishers,

” by Frank Castle, by kind per-

Macmillan Company, Ltd., London.

{(Ezplanation is on page 251.)
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Taptm V.—Narmriay Logarrrmus, *-—(Conlinued)

0 1. 2 s8¢ |T & 9 MTm differan ey
2348 6|7 8 9
6.5 M.7047] voee{ 7osal710zfriz0l7138)7
LBBI7LTA 7292) 721012 4 8l7 B 111
5.6 11.7228| 7246/ 7263|7281[7200(7317|733417352| 7370 vaarl 4 sfTonn 1§ :: ::
6.7 IL.7405( 7422 7440{7457 F4v5i7a02i7500l527) 7oe4] 7501k 3 & 9 1012 M 16
5.8 (L7579 THO6| 7613(7630{7647|76647681 7698 7718| 7733 9 10(12 14 15
8.9 |L7750| 7788 7783(7800[7R17 8 10{12 13 13
6.0 [1.7018| 7934 '
6.1 r1.8083{ 8089 ; ::g :i ::'“
€3 |I. 8
L.8246) 8202 8 8 10f11 18,14
6.8 J1.8405| B421] 8437]8453 ]84 5 o11\IS 14
6.4 11.8583] 8570l 3504|3610|8628i8641 8656 lEo72 3 Qs 14
6.8 [La718| 8733 R74n(S764 )
.81 1
6.6 11.8871(1.8856{1.8001{3816 B 9 1: 1: ::
6.7 hooz1f 9036] 9051(0066 %10 12 13
68 [1.0160| 0184| 91999213 [a2a8/n242/9287 272 slto 12 13
6.8 {1.9315| 9330 03440380 910 12 13
7.0 lt.o480| 0273 p488/9502 6|10 11 13
71 9615 9629(na43 8o 11 13
7.2 97585 ©769/0782 979603100824 H83s 8/10 11 12
7.3 DROZ] GROS[0D20 810 11 12
T4 0028] 00420055 00630082(0006 mﬁ 8 91112
7.5 0162 0176/0130[0202(0215(0229 - ¥ 891112
18 0205 0308 0321 334 0347 oaso uars B 910123
77 0425 0459 8 ¢ 10 12
7.8 0558] 0567]0580[0502 0605 8 910 11
7.9 0681 0604[0707[0 190732 074410 57 891011
8.0 0807| 08190832 791011
8.1 0931 0943|0956[0968|0980 7| ¢ 10 11
8.1 1054 106610 1114 7| 9 10 11
8.3 1175 118 1235 781011
8.4 1294] T 1353 78 911
8.5 1412{ 34241436(1448(1450(1471 78 v11
8.5 1520( 1541/1552(15664(1578 1687 78 ¢ 10
87 {Ted8| 1es6l10668[1870{1691]1702 7|8 810
B8 17500 1770|1782{1798/1864(1815 78 910
8.8 1872| 1883(1894(1905(1917|1928 7|8 910
9.0/ 1983| 1994i2008 2017|2028 78 910
9.1 2094 2105(2116]2127(2138 7| 8 @10
93" 2203 2214 88 910
‘83 2311| 23s2 3 &7 010
8.4 2418 2428(2430/2450(2460| 67 810
9.5 2528| 2504(2544[2558(2565) 67 89
.6 26231 263812640|2650(2670 67809
8.7 2782] 2742)3752 67 8 9
9.8 2834 2844(2854[288 67 8 9
9.9 2035| 294612056[2006(2070 gY &9
10.0 i
NaprorisN LogariTEMS OF 10
- T ] & | 8 [ & & J 6 ] T [ 8 |9
Toz. 10+ | 2.3026| 4.6062) 6.9078] 9_2105/11.5120/18.815516. 1181[18. 4207(20.7988

* Roproduced from “‘Logarithmic and Other Tables," hy Frank Castls, by kind per-
mimion of the publishers, Mawmillan Company, Lid., Lond o,

(Baplonation ia on poge 261.)
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Tamzy VI—

Values of n, $he number of degrees

Pm 095 1 D01 | D05 | G | D05 0;01 0.05 | 001 | 0.05 10.01 | 0.06;0.01 | 0.0 | 0.00

161 [4052 | 200 4,000 [ 216 15403 | 225 [5,625 | 230 |5,764| 284 [5.850; 237 5,925
18.51 [98.40 [19.00 |90.00 118.18 (3917 [10.25 90,25 |19.30 |99.30(19.33(09.33 |19.25(38.34
10,18 |34.12 | 9.55 me’* 2.28-(20.46 | 9.12 [28.71 | 5.01 |28.24| 8.04(27.91| 8881278
771 {2020 | 664 [15.00 { 6.5 [16.8% | 530 1505 | 6.26 [15.52| 6.1615.21| 6:09{14:98
661 1626 | 5.79 [13.27 | 541 (12.06 | b9 |1139 | 508 [10.97| 496110.67(\088(10.45
590 1374 | 534 (1092 | 476 | 078 { 493 | 815 | 450 | .75( 4.28] By, w21] 826
559 1295 | £71 7955435 | 845 | 412 | .85 | 567 | 746 350 \w1u) 2.90| 700
532 {1196 | 446 1 8.65 ) 407 | 758 | 388 | 7.01 | 3.60 | 6 63| 258D 6.37| 3.50| 6.i9
512 |1056 | 4.26 | 8.02 | 3.86 | 6.99 | 3.63 | 6.42 | 348 | 608\B=7| 550 3.20( 5.62
496 (1004 | £10 | 756 | 371 | 6.55 | 3.48 | 5.00 | 3334 5.843.22| 539| 3,14 51
454 | 0.6 | 308 | 7.20 | 3.50 | 622 [ 336 [ 5.67 | 3.20°\5.32] 3.00| 5.07| 3.01 458
475 | 935 | 3.587| 6.93 | 5.40 | 5.05 | 3.26 | 5.41 | BANVE.08) 3.00 4.82] 2.02) 4.6
467 D oar | 3560 | 670 | 341§ 54 | 318 | 5.204 Y | 4.88] 202, 4.62) 2.88] 4.4
460 { 586 | 3.74 | 6.51 | 334 | 5.6 { 3.1 {6238 | 4.60; 255 4.48f 2770 .98
454 | 868 | 368 | 636 [ 220 | 5.42 | 3,05 6307 2,60 | 456 279 432] 2.70{ 4.14
440 | 853 | 363 | 623 | 3.24 | 5.20 | 3.01 N77 | 2.85 | 4.44| 2.74( 4.20] 2.68| 4,03
445 | 840 | 350 1 8.4 [ 3.20 | 518 Y A 434 270| 410 2.82] 3.03
ea1 | 828 | 85 | 60b T .&afag!,}i‘r S PLE | 250) 2| e8| 205
438 | 8,18 | 352 | 593 { 3,13 | 5013[°2.00 | 4.50 | 2.74 | 4.17| 2.63| a.94| 255| .77
435 | .10 | 349 | 5.85 | 3.10 {454 | 287 | 4.43°| 271 | 4.10( 2.60] 3.87] 2.2 3.71
452 | BO2 | 347 | 5.7 | 307 | 487 | 2.84 | £37 | 2.68 | 4.04) 2.57| 3.81] 2.49] 3.65
430 | 794 1344 { 5724908 | 452 | 282 | 431 | 266 | 3.99] 2.65| 376! 2.47] 848
428 | 788 | 342 | 5.66\3.03 | 475 | 2.50 | 426 | 2.64 | 3.04] 2.53] 3.71{ 2.45] 354
426 | vz | 340 J@%l/| a0 | 4v2 | 278 | 422 | 2.82 | 3.00| 2.51| 3.67| 2.93| 8.60
424 | 797 ] 338 \}.:57 208 | 468 | 2.76 | 418 | 2.60 | 8.86| 2.40] 3.63| 241| 3.46
422t 7ha | 2m7 {B53 | 208 ] 46e | 274 | 434 | 250 | 3582} 2.47) 3.50| 230 542
21 | 768585 | 540 | 206 | 480 | 273 | 411 | 287 | 370 2.45| 3.58] 237] 339
4320 | Ped 234 | 5.45 | 295 | 467 | 271 | 407 | 256 | 3.76] 2.44| 2.63] 236 536
418\ Re0"] 333 | 5.22 | 293 ! 454 | 270 | 404 | 252 | 3.73) 243| 2.50] 235 333
4,17 56 | 952 | 530 ] 2.92 ) 451 ] 2.60 | 403 | 2.53 | 3.70) 243| 8.47] 2.34| 330
415 | 750 [ 330 | 534 | 200 446 | 2.a7 | 397 | 251 | 2.88) 2.40| 3.4 232( 3.5
V813 | 744 | 398 | 520 | 2.68 | 443 | 265 293 | 2.9 | 5.61{ 239 3.38] 230 321
3§ \N\J 410 | 735 | 325 | 5.21 | 2.85 | 434 | 2.82 | 2.86 | 2.46 | 5.54] 235 3.39) 2.26( 315

AN D ag7 1727|8220 505 | 2.53 [ 420 ) 250 | 350 ) 244 | .49 22| 3.26] 224| 5.10
e’ 405 [ 721 | 320 1 500 ] 281 | 424 | 257 | 876 | 2.42 | 3.44] 230) 3.22) 2.3 3.05
N B0 403 | 707 { 338 | 5.06 [ 276 | 420 [ 356 | 372 | 240 | 3411 2.20| 3.18{ 2.20] 302

80 400 | 7.08 | 315 | 408 | 276 | 413 | 2.52  3.65 | 2.7 [ 3.34] 2.23] 3.12| 217 295

80 396 | 606 | .01 | 488 | 273 | £04 | 245 | 856 | 2.38 | 3.25] 2.21) 5.04| 219 287
109 394 | 690 [ .00 | 452 | 270 | 298 { 246 | 3.51 | 230 | 3.20] 2.10] 2.90| 2.10] 252
200 389 | 676 | 804 | 470 { 265 | 388 | 241 | 341 { 2.8 | 3.11] 2.14] 2.90| 205! 273
2,000 3.85 | 6.66 | 3.00 { 462 | 2,61 | 8.80 | 238 | 3.34 | 2.22 | s.04( 2.10| 2.52] 2.09] 266
w  §3.34 664 | 290 | 480 | 260 [ 378 | 237 | 382 | 221 | s.02| 2.00 2.80) 2.01] 2.2

Values of na

22

&ggg&‘ﬁggﬁgﬂﬁgzﬁﬂga;ﬁéHStnmqo;mﬁmuu
P
H

* Reproduced from “Rtailstionl Methods,” by kind permtsdon of the suthor, Profossor G W. Snodesors
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of freedom of the greater variance

8 1% 13

6 |

005 [ 001 j0.05 [0.01 | 0.05

0.01 | 0.05

0.02 | 0.05 &0

239 [5081] 242 |5,056 244
19.37 (09,36 (19.36/99.40(19.41
884 |27.40 | 8.7827.23] 8.74
6.04 1280 | 5.98(14.54] 501
4582 (1027 | 4.74710.05| 4.88
4.15 | 810 | 4.08| 7.87) 4.00
3.73 { 684 | 3.63| 6.6 .57
344 | 6.03 | 334} 5.52] 3.98
323 | 547 | 3.13| 5.26| 3.07
307 | 5.06 | 2.07| 4.85] 2.01
2.95 | 4.74 | 2.86] 454] 270
285 | 4,50 [ 2.78| 4.30| 2.60
2.77 | 430 | 2.67| £10| 2.60
290 | 414 | 2.00] 3.94] 2.53
2.64 | 400 | 2.55| 3.50| 2.48
250 | 3.89 [ 2.49( 3.60| 2.22
2.55 | 3.70 | 2.45| 5500 238
251 | 8.71 | 241| 5.51] 2.34
248 | 3.83 | 2.38] 3.43) 21
245 | 356 | 2.35| 3.37] 228
2.42 | 3.51 | 232 8.31| 2.28]
240 | 245 | 2.30) 3.26] 293
238 | 341 ¢ 2.28) 3.91\2.20
236 | 326 | 2.26| W17| 2,18
234 | 232 | 2294 3.13] 216
2.32 | 220 [ 2220 3.00f 2.15
2.30 | 3.26 20| 3.08] 313
3.3 Das s.03) 212

228 ({3507 2.18] 2.00! 2.10
27 N34 | 2.6 2.08 209
S 512 | 2.14] 2.94] 2.07
\2.23 | 3.08 | 2.19| 2.89| 2.05

3219 | 202 | 2.00) 2.92| 209

2.17 | 208 | 208} 2.77] 1.9
2144 202 | 2.04f 2.73F 1.97
218 | 288 | 2.02| 2.76| 1.05
2.10 | 232 | 1.98] 2.63| 102
205 | 274 | 1.05] 2.55] 1.88
208 | 280 | 1.92| 251| 1.85
198 | 260 | 1.87) 241 1.50
195 | 2.83 | 184 234 .76
154 | 2.51 | 1.83] 2.2 175

8,106 245
$9.42(19.43
27.05] 8.69

8.160: 248 18,208
08.44119.44 (00,45
26.83| 8.0626.69

14.37| 584
9.49) 4.60
7.79| 392
64T} 3.4
5.67] 3.20
B.11i 2.98
471} 2.82
4.40 2.70
4.16) 2.60
2.06) 2.51
350 244
3.67| 2.30
3.5 2.3
kLR
3371 2.26
3.300.2.21
3.3ha.18

na7| 215

3.12) 2,13
8.07) 2.10)
2.03| 2.0
2,08 2.08
2.08] 2.05
293| 2.0
2.00] 2.02
2.87] 2.00
2.84| 1.99
280 1.97
2767 1.5
2.60| 192
254 1.39
260 1.87
2,56 1.8
2.50) 151
241 171
236/ 1.7
2.28) 1.69
2.20] 1.65
218 1.84

14,15 5.80[14.09]
9.68] 4.56
52! 3.87
6.27| 3.44
5.48] 8.15
492} 2.93
.59 277 -
421 2.65-
3.98| 2.54
3.7 248738
3.62| 230,

348238
831
LEo
¥8.19| 2.19
3.12) 2.15
3.65) 2.12
298] 200
2.04) 2.07
2.89) 2.4
235 202
2.81) .00 2.
277 199
274 197
271 196
2.468) 1.4
2.68) 1.93
2.62] 1.91
255/ 1.39] 247
2.51| 185 2.40
246] 1.52] 235
242 1.30] 230
2.30) 1.78| 226
232] 175 220
224 1.r0| 2.1
219 1.68[ 208
2.00| 1.62) 197
201 £.58| 1.89
19| 157] 187

Colleglate Press, Tows, 1037,
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Tanrte VII—TapLE oF taE Minmov NUMBER oF REpLicATES NEcESssRY
TO DEMONSTRATE SIGNIFICANT TREATMENT DIFFERENCES AT THE
5 Per CeNT Pornr

Cocflicient of variability: (ﬁ per cent)

1|12(314(516{7|8|9(10{12|14]16{18{20|25 /30
3| 1 | 9/31/70{123(193|277(377[492,623(769, .

2|2 |4 919 31| 49| 70| 95/123|156{193|277/377,492/623]769 AN
~ |8 {38 5 9 15 23| 31| 42| 55 70| 86|123|168(219'277|342|584M760
812 |3 46 of 14 19 25 31 30| 40] 70| 05(123/156/193301 432
A5 8 50 7| 9| 13 17| 21 25/ 31[ 45/ 61) 79|1000423/193|277
5|6 3 4 5 7| 9 12| 15 19] 23| 31| 42 55|/} 86(134]103
5|7 8| 4 6 7 9 12 14 17) 24| 31) 41 51| 63 98142
318 3l 4] s 6 8 of11] 14 19| 25081 39| 49| 76|100
89 8l 4 4 5 6 8 ol 11 15 20023 31| 38 60| 6
o 3 3 4 5 6 7 8| 9 18p27 21 25 31| 49 70
g 111 3 3 4 4 5 6 7 §N|"14 18 21] 26| 40| 58
2 {12 3 B3 3| 4 5 5 6 A9 12| 15 19| 23| 24| 49
= 13 8 3 4 4 s 8 M6 & 11} 13| 16| 20/ 20! 41
g |14 3 3 3 4 4.5 6 7 9 12 14 17 25 38
815 30 3 wilrBdbdaubibrdty &g fin 11| 13 15 23| 51
g 16 3333'.445621\911142027
Y 3t 80 3.3 4 4 5 6 7 9|10 12 18] 25
g 18 3 N3 4 4 4 5 o 8 9 1|17 2
E19 3.8 3 3 4 4 5 6 7 9 10 15 21
2 (20 3 3 8 3 4 4 5 6 7 8 o 14 19
g |25 N 3 3 38 3 3 4 4 5 6 7 913
g [s0 R 8 3 3 3 3 4 4 5 5 7T 9
& |40 e 3 3 3 3 4 4 s 6
also | L 3 3 8 3 3 4 5

v
Ze
(2
2/

£

o



INDEX

A

Algebraic expressions for basic sta-
tistice, 28
(Bee also Formulas; Analysis of
variance}
Anglysis of variance, 311
algebraic expressions for various
forms of, 67-69, 167, 172
complex, 584,
skeleton, 206, 228
Assumed-mean method of statistical
analysis, 24-26

using several assumed means,

201-204
Average, anthmetma%ﬁ a7
{See also Mean)

B

™
Ny

Binomisl coefficients, 75,: 2\
tests of significan m, 75
Binomial expansidg,
in testing stat_zst.lcal sxgmﬁcance,
75, TE N/
comparedwith £ test, 76
Borders,Mehéxperimental, 161
in /e &nnial crop experiments,
o) MO3-195
...\: “\' C
) 3
Chi squared (x?), 70
detailed analysis of, 83, 87
formulas for calenlating, 86
" pumber of degreea of freedom of,
71
for econtingency tables, 81
gignificanee of, 71
when n (degrees of freedom) is
large, 87
tsble of, 260

ww . dbr auhb,ral }é,nal

Chi-squared test, 70f.

for homogeneity in & group of cof®,
relation eoefficients, 117 NS

Class interval, 100, 102 RS \
gize of, 100 “
Coefﬁclent, of correlation ‘106

(See also Correlht}on)
of variation, 2293
caleulation-of, 23
estimation of experimental pre-
cision'from, 65
Complex Sxperiments, b8, 208f.
adw}stages of, 66
ama:lys:s of variance of, 2065.
.\ gonfounded, 237-240
Confounded field experiments, 2277,
§m§ of variance of, 220-235
for 37 factorial design, 231-235
for 2* factorial design, 22§
evaluation of confounded effects
in, 233
partial confounding in, 280
with gplit plots, 238
Contingency table, 77
ealeulstion of x!from, 77-81
formula for, 79
test of independence from, 77
Continuous varistes, 2
Correction factor, 26
Correlation, 106f.
comparison with regression, 155
dependent factor in, 121, 130, 137
intraclass, 123
(See also Intraclass correlation)
negative, 105, 108
partial, 119
{See also Partial correlation)
positive, 104, 108
Correlation coefficient, 108§,
caleulation of, 107
by short methods, 108-11%

257
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Correlation coefficient, mean of in-
dependent estimates of, 115
standard error of, 116
number of degrees of freedom of,

Discrete variates, 2
88 in Poisson distribution, 88
Distribution, binomial, 72
frequency, 8, 73, 98

109 normel, 6, 9, 16
partial, 119 ) Poigson, 88
significance of, 108
when degrees of freedom exceed E
thirty, 113
standard error of, 108-109 Error, 12 .
in teyms of Z, 113-116, 121, 125 (See also Standard error) .
Correlation coefficients, caleulation  Error variance, 33 ¢\

of standard errors in, 113, 118, in nonreplicated fautomal expen—-
121 ment, 236
- x® test for homogeneity in, 117 reduced by analysis of, eovsma:nce,
comparison of, 113 149
estimation of significant differ- subdivision of, for\data in sub-
ences in, 114, 121 units, 53-56
Correlation diagrams, 103 (See also, variance)
Correlation fable, 110 _ Errors of ragdﬂm sampling, 15, 31
calculation of eorrelation coeffi-

S

“cient from, 110-112 ) F
Covariance, 106, 148-151, 214 N
adjustment of treatment nreansdigr- auﬂ,lmi‘gf airgaiiances, 38
- 151 \ “eompared with z and ¢, 44
degrees of freedom in, 149 \ y "~ table of, 254255

redluction of error variance by,{50
tests of significance in, 156451
Covariance, analysis in ﬁ&k&expm-
ments, 214-227
adjusted treatmept./means in,
215, 219, 293¢

F test, 3839
Factorial experiment, 47, 179, 205
without replication, 236
with 3% treatments, 236
Yinear regponse in, 235
Field experiments, 1564

standard ermx of, 219, 223
coefficient, of vegression in, 218
Critical difference, 41

e

A D

Décitnals, elimination of, 27
Degrees of freedom, number of, 4
Devistion from mean, 4-5, 8
(See also Btandard deviation)
Diagrams, 89f.
~dot, 103-104
quadrants in, 104
essentials of good, 90
in form of solid models, 93
{See also Graphs) ’

accuraey of field technique in,
157-160

" border effects in, 161

{See ulso Borders)
comaplex, 206
(Se¢ also Complex experi-
ments)
degigns in, 163, 180
orthogonality in, 178180
{Se¢e also Randomized block;
" Latin square; Split plot;
Confounded)
grouping of treatment compan—
song in, 176
important factors in deﬂlgnmg',
156

Ll
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Field experiments, with perennial Grouped dats, analysis of, 201
crops, 191 with different assumed menns
{See also Perennial erop) 201204 '
plots in, 161 Grouping of variates in f
{See also Plots) table, 99-100 ey

replications required in, 160
season, effect of, on, 156, 158, 189,
191
serial, 189
(See also Serial experiments)
site, cholce of, for, 159
soil heterogeneity in, 156, 158,
162, 260
treatments, choice of, for, 160
Fodder grasses, tropical, 36-37
nitrogen conternt of, 36
Formulas, algebraic, 28
for analysis of variance, §7-6,
167, 172
for standard deviation, 28
for standard error, 20
of 8 difference, 29
Freguency diagram, 7, 98
Frequeney table, 77
calculation of standard devmﬁuJ
from, 101
by sssumed-mmean method 102~
193
by the va.nable—sq\ tg method,

groupmg of varia&es in, 9%
coarse, 100

for length{oficacao beans, 97

from toséhxg 8 penny, 73

\\ a

Genetms problems in, 811,
“ esaleulation of x* in, 82, 85-87
algebraic expressions used in,
- 86
Goodnaas of f¢, 70
use of x*? to determine, 7Dﬁ‘
Graphs, 90-81 .
columnar, 91 .
.- plotting of curve in, 90
selection of seale for, 90
showing negative correlation, 92

Growth measurements, 93
{See also Increment)
Guard rows, 193
{See also Borders)

H
Histogram, 7, 92 ™ \_
Hyperbolic loganthms, 42

1~

Incompleie reﬁ*b}is, 180
analysis \of\ ¥ariance of, 181-188
davd error of treatment
Ineans in, 183185, 188 -
(\,S'se alse Misding plot)
Inorement 93
“absolute, 93

rauhbl‘&&%ﬂf,l in

relative, 93-04
percentage rate of, 95
Independence, test of, 77
Interaction, 46
calculation of, 48, 50—52 88, 213
first order, 47
confounding of, 228
second order, 47
confounding of, 228, 234-236
Interval, class, 100
Intraclass correlation, 123
caleulation of, 126
for several families, 128 .
compsred with auvalysis of vari-
gnce, 129
in terms of z, 125, 127-128
atandard error of, 128
Invariance, 63

L

Latin-square experiment, 165-175
adventages and dmadvantages ofy .
169
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Latin-square experiment, analysts of
variance of, 169-171
formulas for, 172
quasi, 237
veplicated, 172
analysie of variance of, 172-175
standard forms of, 168
Linear regression component of
variance, 144, 147
caleulation of, 145146, 153
of treatment, 225227
deviations from, 225
in 3 factoriel design, 234
Logarithms, Napierian or hyper-
bolie, 42
table of, 252-253

M

Main effects in treatment variance,
46
formulas for calculating, 68
Mean, 3, 97
aceuracy of, 12
calenlation of, 46 - “
estimates of, 13 T\
adjusted by regression, {:
standard error of, 424\
general, 41 N
Means, comparison (of; 13
{See also Sigéiﬁcance)
Mendelian theoty, 81
Missing t)estimating yield of,
181\
in ]'{a.ﬁﬁ square, 184
7\ formula for, 184
in randomized block design, 181
formulia for, 182
(See also Incomplete records)
Mode, 97 .

N
Napierian logarithms, 42, 252

Normal curve, 6, 8-9, 16, 97
tail of, 10

Ny
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O

Ohservations, qualitative and guan-~
titative, 1
Qdds against, 9, 15
Orthogonality, principle of,
180, 227
a3 applied to confounded ex-
perimenta, 227-235

178~

P O\
7N\ *
Partial eonfounding in field“experi-
ments, 230 N
Partial correlation coéffieient, 119
computation ofy120"
formula for the; 119, 122

Q.

degrees of{rpedom of, 120, 123

detennina'@on of gignificance of,
120,123
in terms of Z, 121
Partial regression, 155

Rerennial-crop experiments, 191-201
www.dbrathtirderyravy im 193-195

important factors in designing,
192-195
plant uniformity, 182
records, 195
size of plot, 193
statistical analysis of data from,
196-200
Phenotypes in a poultry cross, 82
Plote in field experiments, 161
arrangement$ of, 162
correlation in fertility of adjacent,
162, 164
number of, 165
randomization of, 165
size and shape of, 161
split, 209
(See alse Randomized bloek;
Latin square)
Poisson distribution, 88
Population, statistical, 1
variation in, 2
Poultry, genetical problems with,
82f.
Precision, experimental, 63
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Precision, number of replicates for
different levels of, 6465
table of, 256
Probability, 9
b per cent point, 15
integral, 10
Probable error, 23

Q

Quartiles, 23
Quasi-Latin square, 237
analysis of variance of, 238

R

Randomized block experiment, 164
analysis of variance of, 166
formulas for, 166
error varianee in, 166, 179
Range of variates, 4, 11
Regression, 130f.
coefficient of, 131

261

Results, in field experiments, 167
by caleulating conversion fac-
tor, 167, 190
generalization of, 175
summary of, 4042
by two-way table, 207-208

8

8.8, (gee Bum of aquares)
Sample, representative, 2, 11, ;\\
Samples, statistical analysivof la:rge,
12 g ¥
statistical analysis of snall, 17
by “Student’ﬁ” fiethod, 19-20
uee of 1 ippdRS
Sampling, corréct, 16
Seasonal effepts in field experi-
ments, 156, 176
Serial ‘éxperimenta, 189
gtatistical analysis of, 180191
Significance, between & number of
ireatments, 4042

calculation of, 13f\ii’é’?i;dl§§?!.‘hb Tary Shfsffsamples, 18

degrees of freedom of, 13953
estimation of significanee of,

138-141, 148\
independent estifngtes of, 142
gignificant % difference  be-
tween, 144/

standard ecfer of, 139-142
as taugent of line of linear
efitession, 187
eqqa%sﬁ of, 131, 135
«Jor curved regression lines, 155
o~graph of, 130-131, 137
"\ line of best fit to, 134
line of linear, 130-131, 136
"deviation from, 144-147, 153
messurement of trend of varistes
by, 138
" partial regression, 155
reduction of error variance by, 146
(Sez also Covariance)
test for linearity in, 152-155
Replicates, number of, for different
levels of precision, 64
table of, 256

statistical, 13, 30, 68
Signifieant difference, 14-16
between meana of small samples,
18
standard level of probability for,
15
between totals, 27
Split-plot experiment, 209
analysis of, 210
with confounding of {reatments,
238-240
Standard deviation, 3
caleulation of, 4-6
by the assumed-mean method,
24-26
from s frequency table, 101
by the variable-squared method,
26
of mean, 12
Standard error, 12
caleulation of, 19
of difference between Ineans,
19
of coefficient of regreasion, 139
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Standard error, of correlation coeffi-
cient, 108
of difference between means, 13—
14
of difference between totals, 27
short methods of ealeulating, 27
«Stndent’s” method of statistical
analysis, 19-22
Subunits, anzlysis of data divided to,
52-5%, 196-200
Sum of produects, 106
gshort methods of calculating,
110-112
_ correction factor in, 110
Bum of squares, 6
evaluated in class intervals, 101
short methods of computing,
24-28
for variates in arithmetical
progression, 41

T
i 17

number of degrees of froedomiofy
18 0N
table of, 248 \\’
Tables, statistical, 247—256
x% 260 O,
F, 264255 A~ }
Napierian lu‘g@nthms, 252-253
number, ©F) Teplicates for sig-
'Diﬁ;i}ce, 256
i 2,483
€247
%, b per cent points, 249
Tréatment variance, 34
analysis of, 45f.
grouping of treatments in, 176
with varying treatment repli-
cations, 60
interaction component of, 46
calcutation of, 48
linear regression coraponent of,
225-227
in 3% factorial design, 235-236

PN

NS

compared with F and z, 44 S

TECHNIQUE IN AGRICULTURAL RESEARCH

Treatment varianco, main effects in,
16
in 33 factorial experiment, 235-236
Treatments, factorial arrangement,
of, 47
atatistical comparizon of several,
4042

U

Uniformity trials, 158, 215 O\
to eontrol plot variation by ¢6vari-
ance technique, 221—225
(See also Covanancg}

V.“}

Valedictory r ks, 240

Variable, 1 eQal‘

Variablegau: red method of ealeu-
lating standsard deviation, 26

Varianee, 6

www.dbl‘aphgpﬁﬁm Of 31ﬁ
N

%ent factora of, 33
for data divided inte subunits,
53-56, 196-200
by wvariable-squared method,
a5
linear regression component of,
144-146, 155
between series, 81
eatculation of, 3233
within series, caleulation of, 31
treatment; of, 34
linear regression component of,
225227, 235-236
Variances, compatison of by 2z or F
tests, 43
Variate, 1.
continuous or discrete, 2
subdivigion of, 52
Variation, 2
coeflicient of, 22-23

W

Whole plots, 209
{See also Bplit plot)
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Whole units, subdivision of, 52-58, Z
209*214 . z, 42
(See also Subunits) compared with F and {, 44
o simple method of calculating, 56xr.
X table of 5 per cent distribution of,
249
T, 1(0~11 z, “'Student’s,” 17
table of, 247 z test, Fisher's, 43
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