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FOREWORD 
The publication of R. A. Fisher's Statistical Methods for Research Workers in 1 9 2 5 was the 

occasion of something very like a revolution in methods of experimental design. But though 
the new methods, involving such ideas as randomization of plot9, factorial design and the appli­
cation of the analysis of variance in elucidation of the results, came quickly into use with annual 
crops, notably, of course, at Rothamsted, there was at first little experience of their use with 
perennials—indeed, bearing in mind the peculiar difficulties of experiments with long-lived, 
often very variable'crops, such innovations were regarded by some research workers with con­
siderable suspicion. 

. For some years, however, R. G. Hatton and his co-workers had been steadily developing 
a technique for experiments with deciduous fruit trees at East Mailing and had accumulated 
much information on the variation of such material, all of which was invaluable as a basis for 
future experimentation. Gradually, in a small way, the methods of design advocated by Fisher 
were coming into use at East Mailing, though, as yet, there were few results with which to 
demonstrate their applicability or greater accuracy. 

In 1 9 3 0 , one year after its establishment, the Imperial Bureau of Fruit Production arranged 
a Conference of all those within the Empire interested in horticultural science. This Conference 
was attended by many research workers interested in a wide variety of horticultural crops, 
deciduous, subtropical and tropical, many of them facing a field almost wholly unexplored. 
Their interest in the technique of experiments and in the application of statistical methods in 
their researches was then freely expressed, and in response to their demands the Bureau set 
about the collection of all the information then available on field experiments with fruit trees. 
The result was a Technical Communication published in 1 9 3 1 , the writer of this foreword being 
the author. 

The said writer devoted much of that publication to technique, but when he considers the 
immense advances in methods of experimental design that have been made in the twenty-two 
years that have elapsed, now set forth by Dr. Pearce, he wonders how he had the temerity to 
recommend the comparatively simple designs and methods of analysis then described. Never­
theless, that early enterprise on the part of the Bureau now appears to be amply justified and, 
if the hope of very much more accurate field experiments has perhaps not been fully realized, 
this is due more to the obstinate variability of long lived plants than to the inadequacy of the 
methods then recommended. 

During the last 2 0 years the whole field of research has widened, and many of the problems 
now under investigation are very complex. With these modern developments the statisticians 
have tried to keep pace, improving old methods and devising fresh ones to meet new demands. 
In the chapters which follow Dr. Pearce has collected and summarized statistical advance in 
the field of perennial crops. 

Twenty-five years experience of fruit experiments have convinced the writer that in the 
long run simple designs are generally to be preferred to complex ones; nevertheless in some 
circumstances the latter must be used and Dr. Pearce describes them for use when needed. 

Finally, a word of warning to those who, without full understanding, would attempt the 
statistical analysis of long term experiments by rule of thumb. By all means summarize and 
examine your results carefully. But, if a statistician is available; ask his advice both in planning 
and analysis ; it will nearly always pay in the end. 

T. N. HOBLYN. 
East Mailing, 

January, 1 9 5 3 . 



A U T H O R ' S P R E F A C E 

Before putting forward this publication, it may be as well to explain its purpose and how 
it came to be written. The writer has spent some years as a member of the Statistics Section 
at East Mailing applying statistical methods to problems of experimentation with perennial 
plants and, as might be expected, he has developed a number of ideas and learned a number 
of techniques, which, it was thought, might be worth introducing to experimenters generally, 
and this he has tried to do. The work is, in fact, addressed to the practical experimenter and 
not to the mathematician, who will find little that is novel. 

Nevertheless it does not set out to provide an elementary grounding in statistics. This 
average experimenter has probably had a brief course in statistics as part of his training and 
has been forced to learn more by the nature of his work. Consequently, he does not need to 
be told what a standard error is or instructed in the meaning of an F-test, but he does want 
to know why things are done and how various statistical techniques relate to his work, though 
others do not. For that reason some attention has been given to mentioning the occasions 
upon which a test may validly be used and giving warning of the occasions upon which it may 
not. 

Because of this desire to make clear the strategy of statistical methods, little has been said 
about tactics, which for this purpose means the actual handling of data. The writer has been 
requested by many correspondents to append to each design a worked example and a detailed 
description of the computing method by which it was obtained. This he has preferred not to 
do. For one thing, it has been done before and done better than anything he could hope to 
achieve: for another, he believes that in computing results no less than in designing trials 
there is a long view of what it is about and a short view of what to do next, and he has tried to 
help those who want to take the long view. Computing is not really difficult if the student 
will only get away from rule-of-thumb methods set out in a book and try to see what the 
figures—sums of squares, mean squares, variance ratios, significant differences and the rest— 
mean in terms of the experiment and its purpose. It is hoped that the four appendices will 
help horticultural experimenters to achieve this end. 

One difficulty in writing has been to arrange the material both for those who want a text­
book to be read through from beginning to end and those who want a book for reference. The 
proffered solution is to arrange the 66 Sections in a convenient order for continuous reading, 
but to include frequent references to other Sections, whether earlier or later, for the sake of 
those who will be reading parts out of their context. These references can be ignored by the 
systematic reader. If anyone is rash enough to attempt the book without previous statistical 
experience, he should interpolate Appendices I and II between Chapters i and 2, Appendix III 
between Chapters 2 and 3 and Appendix IV between Chapters 3 and 4. 
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FIELD EXPERIMENTATION WITH FRUIT TREES 
AND OTHER PERENNIAL PLANTS 

CHAPTER 1 

INTRODUCTION 
" I heard the Duke of Albemarle's chaplain make a mighty simple sermon : among other 

things reproaching the imperfection of human learning, he cried : ' All our physicians cannot 
tell what an ague is, and all our arithmetique is not able to number the days of a man', which, 
God knows, is not the fault of arithmetique, but that our understandings reach not the 

t h l n g - " Samuel Pepys, ' Diary ' (Entry for 5 . x i . 1665) . 

10. T h e Rise of S t a t i s t i c s 
During the past fifty years the research worker in agriculture and horticulture has seen 

many changes, not the least of which has been his own transformation from a practical fanner 
with a bent for science to a scientist with a concern for farming. For his new role he has had 
to acquire many new techniques and, of them all, statistics is to many the most puzzling and, 
it sometimes seems, the least relevant. For this, the statisticians are themselves partly to 
blame, for too often they have been content to evolve formulae without thinking what their 
conclusions mean in the field, though the uncritical acceptance of statistical methods by some 
research workers has not helped their more cautious colleagues in taking a balanced view of 
the matter. However, at least as far as the English speaking world is concerned, it does now 
seem to be accepted that statistics has its valued place in research, though there remains the 
task of finding the best synthesis of field worker and mathematician [cf. 1 9 1 ] . * 

In this respect horticulturists have been fortunate, for one of the first major statistical 
publications in their field, appearing in 1 9 3 1 , was T. N. Hoblyn's " Field Experiments in Horti­
culture " [ 7 8 ] , written by one who knew the practical difficulties and who advocated statistical 
methods while recognizing the importance of non-statistical considerations and appreciating 
the special needs of different species. For twenty years, as long as it remained in print, this 
was a standard work, some of the more modern developments being discussed in a joint paper 
by Mr. Hoblyn and the present writer [ 1 1 9 ] , published in 1 9 4 8 and intended as a continuation 
of the earlier publication.. A new edition is now called for. In form the present work has 
little relation to the earlier, but its author would like to believe that the practical spirit is re­
tained, though the problems dealt with are so widely different. 

1 1 . T h e P u r p o s e of Field T r i a l s 
The object of an experiment is to obtain data that will elucidate an obscurity or decide a 

course of action. Consequently a good experimental design can result only from a precise 
appreciation of the problem to be solved and no refinement of technique can be a substitute 
for clear-headedness, however valuable it may be in addition. This communication will set 
out in some detail those statistical techniques that the author has found useful in fruit tree 

* Unless otherwise stated, numbers in square brackets indicate the references in the Bibliography. 
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experimentation, but he would emphasize from the start that nothing he can write will diminish 
b y one iota the thoughtfulness and insight needed to conceive and conclude a successful research 
programme. His aim is to provide tools and not to decide the task. 

^ In the past it was considered sufficient if a trial evaluated the mean performance resulting 
from each treatment; but, since Professor Fisher revolutionized the approach, it has been 
required that each trial should estimate its own accuracy as well. The conditions for achieving 
this additional aim, namely replication and randomization, did not immediately commend 
themselves to practical experimenters, for they saw in the first the occasion of much work, 
and in the second an apparent refusal to minimize positional variation by .balancing. That 
these objections have some substance is undoubtedly true, but it is now generally conceded 
that these modern methods have won their place because they provide measures not only of 
treatment means but also of the reliance to be placed upon them. 

12. T h e Idea of Signif icance 
Fundamental to these methods is the idea of significance, which is so often misunderstood 

that a note may be helpful, though excellent accounts are to be found elsewhere [e.g., 64a]. 
Suppose a difference is reported to be significant at the level, P — o-oi. This means that the 
reader has to choose between two incompatible alternatives—either to accept that the difference 
was in fact due to the treatments, or to assert that the result is just a coincidence, the figures 
happening to fall out like that by chance, the probability of such a coincidence being one in a 
hundred (o-01). In fact, a significance level informs a would-be sceptic of the probability of 
such results arising if there really is nothing in the experimenter's claim that they were brought 
about by his treatments. 

To clear up some misconceptions, the statement does not mean that there is a probability 
of 0-99 that the difference was in fact due to the treatments, for such a statement would have 
to depend upon something that could not have been investigated, if indeed it exists at all, 
namely, the inherent probability of such treatments proving effective. Nor does a significance 
level prove anything conclusively. It calls upon the reader to make a choice and tells him 
the low objective probability of one of the alternatives before him as a reason for choosing the 
other, the probability of which is indeterminate. 

The reader's choice will depend both upon the treatment and the preconceptions of his 
own mind. Suppose the treated trees have given a crop greater than that of the controls and 
it is this difference that is significant at the 1 in 1 0 0 level. If the treatment was an invocation 
and ritual dance to the goddess Pomona, a modern would doubtless prefer to believe in the 
coincidence, but not if the treatment had been the provision of sulphate of ammonia ; yet to 
the ancient world contrary choices would perhaps have appeared equally obvious. In fact, 
although the significance level is itself objectively determined, there is a subjective element 
in its interpretation. Cogent reasons or collateral evidence in favour of a treatment effect will 
reduce the level needed to carry conviction, just as contrary evidence will make belief more 
difficult. 

In general, if P is less than 0 - 0 5 , the evidence in favour of a genuine treatment effect is 
considered strong enough to be worth publishing. If P is less than' o-oi the effect is pretty 
well established, while with P less than o-ooi the evidence is considered very strong. By a 
convention that could well be more widely followed, the first of these levels is indicated by 
one asterisk, the second by two and the third by three. 

There is a tendency at the present time to decry this concept of significance by saying, 
quite truly, that reliance should not be placed upon any single trial but only upon a series. 
With annual species this contention is very reasonable, for it is easy to repeat an experiment 
in a later season and results may well prove different. The same applies, for example, to spray­
ing trials with fruit trees, but with cultural and varietal trials on perennials the investigation 
will often take an inconveniently long time in any case and the initial trial does itself cover a 
range of seasonal conditions. This emphasis on significance is not intended in any way to 
deprecate the use of modern designs to assign a standard error to the experimental results. 



13 . Aux i l i a r i e s to Field T r i a l s 
Such a field trial is not by any means the only way of conducting research and for some 

purposes it is unsatisfactory, chiefly on account of its being restricted to one locality. There 
is much to be said for a chain of sub-stations to confirm the conclusions reached at a main re­
search station, though, with the kind of crops here being considered, an investigation takes 
so many years to complete that any postponement of the final decision is to be avoided if 
possible. Some very simple issues, such as the performance of a new variety, can well be 
investigated in this way, the main research centre conducting its trial concurrently with the 
sub-centres. In this connection, interested growers, farm institutes and schools with demonstra­
tion gardens can all be asked to play a part. 

Yet another method of research is the survey, of which there are two kinds. In the one, 
the aim is to obtain factual information, e.g., to find out what crops are actually being grown 
on soils of a certain type, and this has little relation to the field trial. In the other, the aim 
is to find factors associated with high cropping, disease or other characteristics. This kind of 
survey is subject to two pitfalls, both avoidable given good planning. One arises from possible 
causes being themselves associated. For example, suppose it were found that wide planted 
orchards crop better than close planted ones, would this indicate a genuine effect of spacing or a 
tendency for good growers to leave enough room for spray machinery ? The other is the risk 
of spurious correlations arising when studying many possible causes. Given a series of data 
and a column of random numbers there is one chance in twenty of rinding a significant correla­
tion (P ~ 0 -05) between the two. Given twenty columns of random numbers it is to be expected 
that one of them would show significance at that level. Consequently if a search is conducted 
for attributes of farms that will show a correlation with the yields obtained, success must almost 
certainly result if the search goes on long enough. It is not, of course, suggested that these 
difficulties are overlooked by competent investigators, but they do show that a survey is not 
as easy of interpretation as novices sometimes suppose. The method can be valuable and, in 
its application to fruit trees, has been used by Wilcox [ 1 7 6 ] . 

The scope of this publication includes only field trials, but these other methods are mentioned 
to set the matter in perspective. Field trials, though they cannot answer every question, 
provide an exceedingly valuable method of research, especially when they are undertaken in 
conjunction with laboratory investigations of a more fundamental nature and with these other 
methods of research, which are valuable auxiliaries. 

14. C h a r a c t e r i s t i c s of P e r e n n i a l P l a n t s 
It may well be asked in what respect fruit trees and perennial plants in general are so 

different from other crops as to need special statistical methods. First of all, of course, they 
live longer and are therefore more susceptible to mishaps, so greater caution is needed in making 
plans about them. Also, they are in general larger than annuals and are of greater interest as 
individuals. Thus, the crop of a single cacao tree can readily be measured and considered, but 
wheat is usually studied only in aggregates of several hundred plants, if not of several thousands. 
This concentration on the individual means also that there is a further source of variation to be 
considered. The single cacao tree may be large or small from factors that reside in the tree 
itself, but an equal area of wheat is made up of many plants, some large and some small, whose 
varying sizes compensate for one other, leaving only positional factors such as soil to be con­
sidered. With the perennial, on the other hand, positional variation is rarely of sole importance. 

To talce these points one by one, the greater caution needed witti perennials militates 
against plans that will be ruined if some trees die, while it bids the experimenter bear in mind 
the time when his trial is finished but the trees will remain—ready, if foresight has been exercised, 
for a further trial. Also, the greater'size, of plants means that the experimenter cannot divide 
up his experimental area as he would often like to. If it measures 1 8 0 feet by 1 2 0 feet and 
his trees ought to be planted 2 0 feet apart and he proposes to use one-tree plots, then he must 
have 54 plots, nine by six. With smaller plants he could have divided up his land with much 
more freedom. 
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The final point concerns the sources of variation. This is a matter on which much has 
been written, the main conclusions being, to say the least, conflicting. It is, however, clear 
that theexperimenter with perennial plants must not proceed as if all his variation were posi-
tional'as'his colleagues working with annuals may justifiably_d,o—a fact pointed out by Hatton 

* as long ago as 1 9 3 1 [75J. Some of it almost always comes from the plants themselves. Recent 
work at East Mailing suggests that the proportion of total variation arising from non-positional 
sources is greatest— 

(1) in young trees that have not long been subject to the effect of their planting 
position. 

(2) with trees of variable genetical make-up. 
Consequently, it is a mistake to pay attention solely to the control of positional variation as 
is rightly done with short-lived plants. 

These considerations suggest that perennial plants pose a number of distinctive, statistical 
questions that need to be answered. They also suggest the approach in certain border-line 
cases. For example, is sugar cane, which though perennial is herbaceous, to be treated statis­
tically as a perennial or an annual ? The writer should here make it plain that he can claim 
no experience with- the crop and there is not a lot of guidance in the literature, but it is to be 
expected that sugar cane would behave sometimes like one and sometimes like the other. Thus, 
first of all, it is exposed to more hazards than short term annuals and one set of plants might 
be used for successive trials. It is true that damage to a plot of cane in one year, say by a 
lorry running into it, is likely to be repaired in the next year when the canes grow up again ; 
but there will always be the gap in the accumulated crops over any period of years that includes 
the mishap. Next, there is size of plant. In the area it occupies, a cane stool is small and 
a plot contains many of them, measurements being made on an aggregate of plants and not 
on individuals. Consequently, positional variation is likely to be more important than that 
inherent in the material and devices to control it may well be worth-while. Also, the experi­
mental area may be divided'up into plots more or less as the investigator chooses. In fact, the 
crop may be expected to behave like a perennial in respect of needing foresight in preparing 
for a change of treatments and in being ready for missing plots, but like an annual in respect 
of a need to control positional variation. The report of a recent conference [25 ] suggests that 
these points are in fact in the minds of experimenters. 

It might also be asked whether the fact that sugar cane is grown for something other than 
its fruit does not call for further modification of technique. There must, of course, be very 
different records taken with crops such as sugar, tea, rubber and wattle, but the bases of trial 
design do not appear to be different in any important way. 

15. Choice of E x p e r i m e n t a l Plants 
Naturally the trees of an experiment should be chosen so as to be as similar as possible, 

and this can be done only if the investigator has a good idea where his variation is coming from. 
As was mentioned in the last Section, with perennials there is a good deal of variation inherent 
in the plants themselves and this should be minimized as far as possible. 

With most species genetical variation can be important. Sometimes clonal material is 
available and this is the ideal, at other times inbred seedlings are the best possible. It some­
times happens that the source of material has to be considered, whether on account of viruses 
or possible sports in clones or on account of strains of seedlings. In any experiment the source 
of each plant should be known and, if it is not practicable to use plants from only one source, 
either each block should be made up in this way (see Section 5 0 ) , or a pseudo-variate must be 
used to eliminate possible differences (see Section'81). 

Most experimenters take some pains to standardize the initial size of the trees they plant, 
though, for some species at least, all plants initially botanically complete end up much the 
same size. Thus Rogers found this to be so for strawberries [ 1 3 9 ] , while several investigators 
have reached this opinion for apples [ 2 2 , 5 0 , 1 1 4 , 1 4 7 ] . With citrus, on the other hand, it was 
found by Webber [1.68] that initial size differences persisted at least for some years, while Lutz 
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[91 ] found the same for pecans. Although large differences in size are undesirable at planting, 
it is open to question whether the attention given to this point is not, for some species at any 
rate, excessive. Extreme differences are, however, to be avoided. 

In a trial of rootstocks or varieties it would in any event be wrong to select all plants within 
constant limits of size, because this leads to some varieties being represented only by their 
larger plants and others only by their smaller. Either (a) selection must be made from all avail­
able plants, or (b) each variety must be allowed to set its own standard, selection being made, 
say, only from those trees within 1 0 % of the varietal mean. 

Care should always be taken to exclude from the experiment trees that are misshapen or 
damaged by pests. With some species defective graft unions especially must be looked for. 
Also, as Bradford [21 ] has pointed out, at quite an early age some important characteristics 
of a tree, e.g., crutch angle, are already determined and these may well affect ultimate de­
velopment. Quite apart from size grading, already referred to, trees must be excluded that 
are too small to give the shape of tree desired or are in some other way going to be formed only 
with difficulty. 

When all Unsuitable plants have been excluded, the final choice should be made at random. 
With trees the allocation to field positions should also be at random. 

16. T h e P lace of S ta t i s t i c s 

In deciding upon a design it should be remembered that statistical considerations, though 
very important, are never paramount. Whatever design is used, it must be thoroughly practic­
able, for it is no use producing a scheme on paper that will give endless trouble in the field. 
If trees are going to need 2 4 feet to grow in, it is no use planting them 2 0 feet apart to allow 
of sufficient replication. Pollinators and shade trees are often a nuisance, but if they are needed 
they must be provided, and in sufficient number to be effective. Statistical requirements are 
sometimes given such weight that results are based on abnormal trees growing in abnormal 
conditions, and this is a bad mistake. 

Neither may statistical considerations be allowed to modify the treatments. If clean 
cultivation on the farm means ploughing, the experiment must not test hand digging. Again, 
a knapsack spray on a small tree might have a different effect from commercial spraying in an 
established orchard, while a broadcast application of fertilizer is not the same as drilling it in. 
Of course, some trials of a fundamental nature are better conducted using one leaf in a Petri 
dish than a whole plantation ; but in.trials that purport to test farm operations there should 
be no substitutes unacceptable to practical men. 
^ "Also it should be borne in mind that mathematical concepts are introduced only as a means 

of defining and investigating horticultural questions and never for their own sake. It is, of 
course, true that mathematical ideas can rarely be adequately expressed in words; but where 
a question has been translated from the language of the botanist into the language of the mathe­
matician, the answer must be of a sort that can be translated back again. It is no good coming 
to the conclusion that the cubic effect of this interacts with the parabolic effect of something 
else, the data being in square-root transformation, and supposing that the answer will without 
further explanation help an investigator who wants to know how much superphosphate he 
should give when bushes are planted 8 0 0 to the acre. 

Along with this, the trial must be statistically valid and reasonably sensitive to treatment 
effects. This requirement can no more be relaxed than the others and it is sometimes a severe 
test of the designer's skill to reconcile them all. In particular, care is needed in avoiding the 
attitude that a good statistician can analyse anything, and consequently almost any design 
will prove valid if only good enough advice can be obtained eventually. Such confidence can 
easily be misplaced, especially if the randomization has been restricted to meet practical ends. 
Some of the more complicated designs were evolved in the first place expressly to make the 
reconciliation of statistical and practical considerations possible and these can be very useful, 
but it is better to avoid complexity whenever this can be done. Above all, it is foolish to indulge 

1 in the sort of statistical virtuosity that supposes any complex design to be better than any 
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simple one and the laying out of a trial to be an exhibition of knowledge. The true aim of the 
designer should be to obtain the desired information as easily as possible, so complexity of 
analysis should really go into the debit side of the account, though even so it can sometimes 
be well worth while. » 

To sum up, a design must be satisfactory in several respects. Before any trial is proceeded 
with it must be possible to answer " Yes " to three questions : Is it practicable ? Is it statis­
tically sound ? Are the treatments really what they purport to be ? A failure in any of these 
respects is disastrous. 

[From this point it will be assumed that the reader is conversant with the general features 
of an analysis of variance for an orthogonal design, whether factorial or not. Such analyses 
are described in Appendix I and the first part of Appendix II.] 



CHAPTER 2 

SOME SIMPLE DESIGNS 
" And as in races it is not the large stride or high lift that makes the speed; so in business, 

the keeping close to the matter, and not taking of it too much at once, procureth dispatch." 
Francis Bacon, Essay XXV, ' Of Dispatch'. 

20 . Comple te Randomiza t i on 
The simplest of all possible designs is one in which no attempt is made to allow for position, 

the treatments being allocated to plots completely at random, as: in Figure I. This is one of 
the oldest of modern designs [63a]. It will at once be objected that this ignoring of positional 

B A A B 

A B A A 

B B B A 

. FIGURE I.—Design with complete randomization. ( 

effects is very dangerous for there is nothing to prevent the plots of one treatment grouping 
themselves together at one end. This is, of course, quite possible though unlikely, the lack of 
positional control being reflected rather in a larger value for the error variation ; but since with 
long-lived plants positional variation is not usually as important as it is with annuals and since 
there is the certainty of more error degrees of freedom to be set against this possible loss, the 
argument is not conclusive. Indeed, when there are few treatments to be compare.d_in.a-small 
trial, complete randomization is often very useful. In such instances, the increase in error 
vaTiatiOTTcan hardly be large because tiie total area of the trial is small anyway, while the 
gain in degrees of freedom is of especial value when plots are few. Thus, in the trial in Figure 
I, the value of F would have to exceed 4 - 9 6 for the treatment differences to be judged significant 
(P = 0 - 0 5 ) , whereas this figure would have been 6 - 6 1 had randomized blocks been used instead. 

Among other advantages of complete randomization may be mentioned the ease with 
which measurement may be made of the variation between plots having the same treatment, 
a matter that is often of great importance as Section 73 will show. When there are no blocks 
to complicate the issue, it is necessary only to work out the standard error of the plot-to-plot 
variation for each treatment separately to see if they are all about the same. It will also be 
noticed that the analysis of results is not made much more difficult by some treatments being 
represented more frequently than others, though certainly equal replication is the ideal. If 
the reader does not see the method at once, he can derive it from Appendix I. 

For those who are not prepared to risk all plots of one treatment coming together, but 
who see'the advantage of conserving error degrees of freedom, a good compromise is to use 

2 
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A A B A 

B B B A 

A B A B 

'FIGURE II.—Design in which the number of replicates exceeds the number of blocks. 

2 1 . Randomized Blocks 
To design an experiment in randomized blocks, the total area is divided into as many 

blocks as there are to be replicates and each block is divided into as many, plots as there are to 
be treatments. Within each block the treatments are assigned to the plots at random, each 
treatment occurring once and only once in each block, as in Figure III. This also is a long-
established method [63a]. It is.not essential for the blocks to arljoin one another 
1 With perennial species this is quite the most usual design and it will be profitable to dwell 
kipon its advantages, for these illustrate very well some tundamental points of trial design with 
long-lived plants. The advantages have also been discussed by Rigney [131]. 

First of all, it is an orthogonal design. The plots may be classified in two ways, by blocks 
and by treatments. By orthogonality is meant that if the plots are grouped according to their 
blocks, each group will be made up in the same way in respect of treatments (each occurring 

c D F E B D 

A E B F A C 

A F B A C E 

E C D D B F 

FIGURE III.—Four randomized blocks of six treatments. 

blocks fewer in number than the replicates, as has been done in Figure II. Here the experi­
mental area has been split into two blocks each containing three plots of A chosen at random 
and three of B. The value of F needed for significance is now 5-12, there being one degree of 
freedom for blocks, one for treatments and nine for error, making eleven in all, so the loss of 
sensitivity as compared with complete randomization is not serious. The design is of the so-
called "orthogonal" type, so the method of analysis given in Appendix I is suitable. 
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once in Figure III, but each occurring three times in Figure II).* Equally, if they are grouped 
according to treatments each group will be made up in the same way in respect of representation 
of blocks. In fact, the trials shown in Figures II and III may both be described as based on 
orthogonal two-way classifications. As a consequence, the simple method for analysing results 
set out in Appendix I may be used, and the significant differences (see Section 7 2 ) between 
treatment means will be a minimum for the degree of replication employed. In general, all 
computing is very much simplified. 

The next thing to notice is that the design is robust- [ 1 1 9 ] . In the course of years, accidents 
are bound to happen to a trial in a way that is unusual with one that lasts only a short time. 
Thus, some of the treatments may lead eventually to death or abnormality of the trees, while 
disease may cause havoc in one or more of the blocks and whole plots may be lost. Even if 
all the trees remain, some of the treatments may prove disappointing so that the experimenter 
is no longer interested in them. In such circumstances, the robustness of randomized blocks 
is very useful, for whole blocks and whole treatments may be omitted from the analysis of 
results without disturbing the basic design, which remains an orthogonal two-way classification. 
Also, the effect of missing plots is by no means serious (see Sections 8 3 and 8 4 ) . Of course, the 
loss of data must diminish the sensitivity of the trial, but a wise experimenter draws up his 
design in the first place with something in hand knowing that losses are possible. 

A third good property is flexibility [ 1 1 9 ] , that is to say, the potentiality of being available 
for a further set of treatments when the original set is no longer of interest. A fuller discussion 
of the subject will be left until Section 3 2 , but it may be remarked here that randomized blocks 
are perhaps the most flexible of all designs. 7j 

Against these advantages it can. rightly be urged that a trial in randomized blocks, when 
treatments are numerous^giyesjrise to a large experimental error on account of the positional 
variation being Imcontrolled within the large area of a block. For this reason, many designs 
have been suggested in which^each" block -shall contain only some of the treatments and so be 
smaller. Some of these will be discussed later in Sections 3 1 and 3 5 ; but since with perennial 
plants much of the variation is inherent in the trees themselves, too much attention can easily 
be given to, the control of positional variation when this is rarely of paramount importance. 
Nevertheless;)large blocks are to be avoided if possible. 

22 . La t in S q u a r e s 
In a Latin square the plots are disposed in rows and columns and the treatments are applied 

so that each occurs once and only once in each row and in each column. For this to be possible, 
the rows, columns and treatments must all be equally numerous. Figure IV will serve as an 
illustration. Latin squares have been studied since the 1 8 t h century [ 5 5 ] and have long been 
used as an experimental design [ 6 3 6 ] . 
I It will readily be seen that the design is based on an orthogonal three-way classification 
•of rows, columns and treatments. Thus all the columns, the plots of each being considered as a 
group, are constituted alike in respect of the representation of rows and treatments. Similarly, 
the rows and treatments are each constituted alike in respect of the remaining classifications. 
It follows that the method for analysing results set out in Appendix I may validly be used. 

Latin squares have one notable advantage over randomized blocks in often permitting 
the trees on the outside of the experimental area to be used equally with those inside. Suppose 
that the four faces of the trial are quite different, one perhaps facing a wood, another being 
exposed to the prevailing wind without shelter and so on. These differences are associated 
with rows and columns, the effects of which are to be eliminated anyway. Consequently there 
is no need to waste land with external guard rows as would be necessary with most other designs. 
It is assumed only that each headland is homogeneous, i.e., the wood or whatever it may be 

* It should here be explained that no satisfactory definition of orthogonality can be given except in 
terms of the ideas set out in Appendix III. Strictly an orthogonal design is one that gives rise to such a set 
of parametric equations that, when once the general parameter is known and given a suitable choice of the 
equations of constraint, each parametric value is given separately by a single equation. 
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1 0 

D B E C A 

A D C B E 

B E D A C 

E C A D B 

C A B E D 

FIGURE IV.—Example of a 5 x 5 Latin square. 

Latin squares are fairly robust. Thus, the loss of data can be dealt with quite easily (see 
Section 8 3 ) , as can the loss of a complete row, column or treatment. The latter case has been 
studied in some detail [ 1 8 4 ] , . the method of analysing results being also derivable from Appendix 
III. 

Latin squares are more flexible than is sometimes supposed, but this will be considered in 
the next Section. They do, however, suffer from the disadvantage of being usefjdJQr_pnly_a 
limited number of treajxnents, say four to seven. Smaller squares, do not give enqugherror 
degrees of freedom, though a 3 x 3 square used in duplicate or triplicate (see Section 2 4 ) often 
provides a good design ; while in larger squares the control of positional effects is attempted 
by rows and columns that are so long and narrow as to be virtually ineffective. The plots 
themselves need not be square. The chief restriction upon the use of Latin squares is the re­
quirement that rows, columns and treatments must all be equal in number. 

2 3 . T h e C h a n g i n g of T r e a t m e n t s in a La t in S q u a r e 
It should first be emphasized that a change of treatments in the way to be described is 

permissible only where there is no likelihood of the two sets of treatments interacting. Thus, 
if the original treatments have left some trees growing well and others nearly stationary in 
growth, it is not to be expected that they will all react alike to a subsequent set of pruning 
treatments and it would be most unwise to effect such a change of purpose. Of course, if a 
period were to elapse during which the trees were treated alike, or if efforts had been made to 
even them up by reversing treatments, the position might become very different. On the 
other hand, the fact that the original treatments might be expected to leave a permanent residual 
effect independent of the treatment following would be of no importance because the differences 
would be eliminated in the analysis of variance. -

This subject has been studied exhaustively for squares of size 4 x 4 , 5 X 5 and 6 x 6 
with conclusions important for all who design trials with long-lived plants. Before these results 
can be presented, however, it is necessary to explain what is meant by a "transformation 
set ". • - • 

L 

extends the whole length of the headland, and that the effect on a corner tree is the sum of 
the effects of the two headlands meeting there. 
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To take an example, all 4 x 4 squares can be generated from one or other of these two 

A • B C D II. A : B C D 

B Â  D C B A D C 

C D B A C D A . B 

D C A B D C B A, 

by permutation of rows, columns and letters. Now it happens that squares generated from the 
second, i.e., those of Transformation Set II, are much more flexible than the others [57]. 
Further, restriction of randomization to secure a square from a chosen transformation set does 
not bias the tests of significance [64b]. Consequently, an experimenter with perennial plants 
who foresees the possibility, however remote it may be, of losing interest in his original set of 
treatments and wanting to add a new set is advised to abandon the usual method of selecting 
Latin squares [66e]. Instead he should take Square II, permute its rows at random, then 
permute at random the columns of the resulting square and then assign the letters at random 
to his four treatments. 

Supposing he does so, what alternatives has he if he does want to change ? Writing small 
letters for the new treatments and capitals for the original ones, the most interesting possibility 
is a Graeco-Latin square, thus : 

Aa Bb Cc Dd 

Bd Ac Db Ca 

Cb Da Ad Be 

Dc Cd Ba Ab. 
Each new treatment occurs once in each row, in each column and upon each original treatment. 
There are four such treatments, so the " partition " will be said to be of the type ( i 4 ) . If the 
scheme had been 

Aa Ba Cc Dd 

Be Ad Da Ca 

Cd Dc Aa Ba 

Da Ca Bd Ac, 
two new treatments (c and d) occur once on each of the original classes and one (a) occurs twice. 
The partition is thus of the type ( i 2 , 2 1 ) , usually written ( 1 2 , 2 ) . 

The 4 x 4 squares of Transformation Set II permit partitions of all possible types, namely, 
(1*) , ( i 2 , 2 ) , ( 2 2 ) and ( 1 , 3). 

Similarly, if 5 x 5 squares are chosen from those of Transformation Set II, i.e., by permuta­
tion of rows, columns and letters starting from 

A B C D E 

B C E A D 

C E D B A 

D A B E C 

E D A C B, 
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they will permit of all possible types of partition [ 5 8 ] namely, ( i 5 ) , ( i 3 , 2 ) , ( i 2 , 3 ) , ( 1 , 2 2 ) , ( 2 , 3 ) 
and ( 1 , 4 ) . 

Unfortunately there is no 6 X 6 Latin square that will permit of a partition of type ( i 6 ) , 
the most useful kind [ 6 5 ] . However, those of Transformation Set X* permit of all the other 
possibilities [ 5 7 , 5 9 , 6 0 ] , namely, ( i 4 , 2 ) , ( i 3 , 3 ) , ( i 2 , 2 2 ) , ( i 2 , 4 ) , ( 1 , 2 , 3 ) , ( 1 , 5 ) , ( 2 3 ) , ( 2 , 4 ) and 
( 3 2 ) . Such squares are those generated by permutation of rows, columns and letters, starting 
from 

A B C D E F 

B 

C 

D 

E 

F 

C 

F 

A 

D 

E 

F 

B 

E 

A 

D 

A 

E 

B 

F 

C 

D 

A 

F 

C 

B 

E 

D 

C 

B 

A. 

Apart from the work of Norton [101] on the 7 x 7 squares, there is little known about 
larger squares than those considered here. However, Fisher and Yates [ 6 6 / ] cite " orthogonal 
squares '' of size 8 x 8 and 9 x 9 , which may be used as a starting-point for randomization to 
give transformation sets capable of all possible partitions including Graeco-Latin squares. 
A 7 x 7 square giving a transformation set of maximum flexibility is the following : 

A B C D E F G 

B F E G C A D 

C 

D 

E 

F 

G 

D 

C 

G 

A 

E 

A 

G 

B 

D 

F 
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F 

C 

B 

B 

F 

A 

G 

D 

G 

E 

D 
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C 

F 

B 

C 

E 

A. 

All the designs considered here are derived from orthogonal four-way classifications (rows, 
columns, original treatments and new treatments). Consequently they cause little difficulty 
in the analysis of data, the method given in Appendix I being sufficient. Simplest of all are 
the Graeco-Latin squares, i.e., designs of the type ( i n ) , in which all the new treatments are 
equally replicated. 

The randomization of these designs, if it is to be done correctly, requires some thought. 
If a Graeco-Latin square, to take an example, is written down and then its rows and columns 
are permuted at random, the two sets of treatments being allocated at random to their respective 
sets of letters, the resulting analysis of variance gives unbiased tests in respect of both original 
and new treatments. The problem here is to convert an existing Latin square into a Graeco-
Latin square or similar design. Merely to fill in the letters for the new treatments as well as 
may be is not enough, because it might lead to an unconscious grouping or dispersal of them 
over the experimental area. Instead, it would seem better to return to the basic square from 

* Strictly there are 22 transformation sets of 6 x 6 squares, but, as a matter of convenience, conjugates 
are here ignored. Numbering thus follows that given by Fisher and Yates [65, 66c]. 
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which the existing trial had been derived and to add the new treatments to that. Then it 
only remains to re-enact the permutations previously gone through to produce again the original 
design but this time with a further classification added, finally allocating the new treatments 
at random to the letters representing them. In order to be able to do this conveniently, it is 
a good plan to keep a note how each Latin square was derived from the basic square. 

24 . Mul t ip le La t in S q u a r e s , T ied o r O t h e r w i s e 
By a multiple Latin square is meant two or more Latin squares, not necessarily adjacent, 

having the same treatments and analysed together. Sometimes it is possible for them to stand 
side by side and for the rows to run through, and it is here suggested that this state of affairs 

D A C B C D B A 

B C A D D C A B 

C B D A B . A C D 

A D B C A B D C 

F I G U R E V . — D o u b l e 4 x 4 Latin square (no tying). 

B B D A C C A D 

A D B B D A C C ^ 

C A C D B D B A 

D C A C A B D B 

F I G U R E V I . — D o u b l e 4 X 4 Latin square (tied). 

is well described by saying they are " tied ". Thus in Figure VI the squares are tied but not 
in Figure V, the difference being that the columns are all randomized together in the one case 
but in two sets of four in the other. It will be noticed that each Latin square is of Transforma­
tion Set II, as recommended in the last Section. 

In the main, these designs have the same advantages and disadvantages as simple Latin 
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squares, the important difference being the greater number of replicates. As to tying, if the 
squaresdo not lie side by side, this is impossible ; but generally it is advantageous on account 
of the additional degrees of freedom for error. Such designs are orthogonal and the method of 
analysis of Appendix I applies without modification when the squares are tied. In the other 
case, analysis is rather more tricky, because the columns are randomized within the squares, 
which are only part of the whole experimental area. The correct analysis (for / untied K X K 
squares) is set out thus : 

Source of variation 
Squares 
Rows within squares 
Columns within squares 
Treatments . . . . 
Interaction, Treatments x Squares 
Error, by difference 

Degrees of freedom 

J(K-i) 
J(K-i) 

K-x 
(J -i)(K- 1) 

J(K- i)(K - 2) 

Total JK2-i 

Two points to notice are these: The rows and columns are compared within squares, so 
their sums of squares are obtained by subtracting the squares term (not the correction term) 
from the rows or columns term (see Appendix I). Also, if the squares are close together, it is most 
unlikely that squares and treatments will interact (i.e., the treatments can be expected to act 
relative to one another in the same way in all squares) and the interaction can be merged with 
error. Incidentally, the error sum of squares can be checked by working out the error for 
each Latin square separately. Their sum should equal the error obtained for the untied multiple 
square. Q 

2 5 . Sp l i t -p lo t s 
In essence, a split-plot design is one in which the plots of one experiment are used as the 

blocks of another [187c]. Thus, a cover crop trial might be laid down with four-tree plots and 
these might be used as blocks for a trial of four pruning treatments, one tree of each plot being 
assigned at random to each of the pruning treatments. This process of splitting can be con­
tinued almost indefinitely. Thus, the plots of the first trial having been split into sub-plots 
for a second set of treatments, these sub-plots, if large enough, can be further split into s u b ­
plots for yet a third set of treatments and these sub2-plots can be again split into sub3-plots 
and so on. 

With long-lived plants it is sometimes advisable to regard the various year's results not 
just as a series of figures to be added together to give an aggregate result over a period but as 
subjects of individual study. One of the best ways of doing this is to regard years as a further 
set of treatments split on to the smallest sort of plot laid out in the field. In doing this, how­
ever, it should be clear that the variability of the plant material is about the same in all years, 
otherwise difficulties will arise from the error being heterogeneous (see Section 73). The subject 
is discussed more fully in Section 74. 

Split-plots are used for three main reasons. For one thing, they enable emphasis to be 
put where it is needed. Thus, an experimenter might want to test out a range of six orange 
scion varieties and might want to use a range of four contrasting rootstocks, not because he 
wants to study the rootstocks themselves—their general characteristics being well known—but 
because he wants to detect any interaction there may be of stock and scion. If he lays down a 
series of randomized blocks, each of 24 trees, one for each combination of stock and scion, his 
control.of positional variation is likely to be poor on account of the large block size. Instead, 
he might prefer to divide blocks of 24 trees into four plots of six, one plot for each rootstock, 
and to divide each such plot into six one-tree sub-plots for the scion varieties. The varieties 
are now compared in one-tree units within areas of six trees, instead of areas of 24 trees as 

L 
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formerly, so their comparison is improved. The rootstocks, on the other hand, are applied 
to a certain number of six-tree plots instead of six times as many dispersed trees, so their com­
parison is worse. In fact, emphasis has been placed where it is wanted. Again, however, 
the warning must be given that with perennial plants there is a large component of variation 
not derived from position, so the emphasis that can be given is not as great as with some other 
species ; while, as will appear below, split-plot designs have certain technical disadvantages. 

Another reason for using split-plots is convenience in the field. In Figure VII is shown 
the lay-out of a trial that illustrates this very well. It was part of an investigation at East 
Mailing to discover a control measure for cane-spot in loganberries. Some thought that a 
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| : : . : : c - . •I 
| : - . : : - . B : •I 

F i g u r e VII .—Design with plots doubly split to facilitate field operations. 
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a . b . C are cultural t r ea tmen t s . Dots indicate burning off. 
F i g u r e VIII.—Split-plot design formed by addition of a further set of treatments. 
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remedy could be found by spraying and others by seeking a better training method, while others 
thought that Phenomenal berry might be much more resistant. Now, spraying must be done 
on large areas ;' training can be applied only to whole rows on account of the wire-work needed, 
but varieties can be planted as desired. Hence, it was decided to adopt a double splitting with 
sprays on the plots, training methods on the long, narrow sub-plots, and varieties on the s u b ­
plots, as shown in Figure VII. Incidentally, this trial was designed before the principle of 
randomization had been fully accepted. It is of interest to note that, if emphasis had been 
the deciding factor in designing the trial, the splitting would have gone the other way, with 
varieties on the plots, training methods on the sub-plots and spraying on the sub2-plots. 

A third occasion for splitting plots is the addition of a new set of treatments, the original 
set remaining of interest. Thus, the East Mailing strawberry trial illustrated in Figure VIII 
was originally intended to compare three cultural methods, A, B and C, but the question arose 
later whether or not to burn off the plants. This was investigated by grouping the blocks of 
cultural treatments into pairs and burning off one but not the other, thus converting the trial 
into one in split-plots, as shown. (Actually, there was a restriction of randomization here 
also—quite a valid one this time provided it is taken into account when analysing the data— 
since in each row of the original blocks, three were burnt and three not.) Another way to 
use split-plots for the addition of treatments is to divide the original plots instead of grouping 
the original blocks. 

Analysing the data from split-plot designs can be awkward, though the basic method is 
nearly the same as that of Appendix I. To take the trial in Figure VIII as an example, the 
first thing is to work out the analysis for the plots, thus (plot values are the sum of the three 
sub-plot values, not their mean.) : 

Degrees of 
Source of variation freedom 

Rows . . . . . . i 
Columns . . . . . . 5 
Burning v. Not burning . . . I 
Error i (by difference) . . . . 4 

Total between plots . . . 1 1 

This presents no difficulty at all, the one thing to remember being that all the sums of 
squares are one-third what they would have been in the absence of splitting, because each plot 
value is obtained by adding three observations. The error sum of squares could have been 
obtained independently by the formula given in Appendix I for orthogonal three-way classifica­
tions (rows, columns and burning treatments). 

The analysis of the sub-plots also presents no difficulty. The " blocks " are the " plots " 
of the first analysis, so this line can be taken over and everything is as for a randomized block 
design except for an interaction of burning and cultural treatments, which in the absence of 
splitting would have been lacking. The second analysis reads therefore like this : 

Source of variation 
Blocks (taken over) 
Cultural treatments 
Interaction 
Error ii (by difference) 

Total between sub-plots . . 35 

The error can be checked in two ways. In one, a combined error is obtained by regarding 
the design as a whole as an orthogonal three-way classification* (rows, columns and combina-

* If the main plots had been in a two-way classification, this sub-plot classification also would have been 
two-way. 

Degrees of 
freedom 

11 
2 

2 

2 0 



r 

1 7 

"B" C >' D A' 'E ' 

B C J D A f 

B c F D A E 

C D A F E B 

C D A F E B 

c D A F E B 

D F C B E A 

D F C B E A 

D F C B E A 

— 
A E F B D C 

A E F B D c 

A E F B D c. 

:A : A IA 1 
•c; C IC 1 
: E i E IE | 
; D ; D I D | 

: F ; F 1 F 1 
•: B • B I B 1 

First set of treatments 

Second set of treatments 
A B C 
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FIGURE IX.—Criss-cross design of Cochran and Cox. 

In this design, illustrated in Figure IX, the experimental area is split up into a number of 
rectangles, / in number, which are not necessarily oriented alike and not necessarily contiguous, 
so alleys may be left between them if need be. Suppose that there are K treatments in 
one set and L in the other, then each rectangle must be divided into KL ^lots, K by L, so that 
one set of treatments can be randomized on to the columns and the other on to the rows of the 
rectangles. 

tions of the two kinds of treatment) and then subtracting Error i to leave Error ii. The other 
way is to think of Error ii as having two components, thus : A randomised block experiment 
has been carried out in six blocks, each of three treatments, on burnt plants to give an error 
with 1 0 degrees of freedom. A similar trial has been carried out on unburnt plants to give 
another error with 1 0 degrees of freedom. Addition of these two error components will give 
Error ii. 

In designing trials with split-plots, it is important to arrange that each separate analysis 
has enough degrees of freedom in the error (see Section 54). Certain special difficulties in the 
analysis of split-plot designs will be examined later in Sections* 7 1 and 7 2 . In the event of 
data being incomplete or otherwise unsatisfactory, the methods to be described in Sections 
83 and 85 can be applied more simply if it is remembered that the error of the second analysis 
is easily divisible into parts, as explained at the end of the last paragraph. Thus, for example, 
if an observation is missing, a value can be.fitted to minimize the error component affected 
without regard to the other components constituting the Error ii. 

26. The Criss -cross Des ign of Cochran and Cox 
Sometimes it is a help if treatments can be applied in strips terminating at a headland. 

This is especially true of cultivation treatments, which frequently cause difficulty if there is 
nowhere for the tractor and implements to turn. A design has recently been suggested [35*1], 
the criss-cross design of Cochran and Cox, which appears to the author very well suited to the 
comparison of two sets of such treatments in one experiment, though he has not yet had an 
opportunity to use it in practice. 
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The analysis of data from such a design is quite easy. There are in all JKL plots, arising 
from all combinations of / rectangles, K "first treatments" and L "second treatments". 
Consequently, the (JKL — i) degrees of freedom can be split up just as in a factorial group of 
treatments and the sum of squares likewise (see Appendix II), with the following result: 

Source of variation 
a. Rectangles . . . . . 
b. Treatments I 
c. Treatments II . . . 
d. Treatments I X Treatments II 
e. Treatments I X Rectangles . 
f. Treatments II X Rectangles . 
g. Treatments I x Treatments II X Rectangles 

Total 

Degrees of freedom 

K — i 
L - i 

(K - i)(X - i) 
(/ - i)(K - r) 
(J - i)(L - i) 

(/ - i)(K - i)(L - i) 

JKL-i 

Each of the sources of variation, b, c and d, may be tested for significance by using its interaction 
with rectangles as error, i.e., by using e, f and g respectively. There are thus three errors in 
an experiment of this kind. 

27. Factorial Designs 
In all the preceding work except the last two Sections, it has been assumed that the treat­

ments form a single series, say, of five varieties or of four pruning methods, but this is not always 
so. Thus, an experimenter might want to try out his pruning methods on a range of varieties, 
or he might want to investigate several manurial treatments on both clean cultivated soil and 
on cover crops. 

In such instances it is highly desirable that all treatment combinations should be repre­
sented. Thus, if it is a question of which pruning method to use in conjunction with various 
cover crops, it might well be argued that a dwarfing method of pruning is not likely to be of 
any use with a vigorous cover crop that is itself likely to inhibit tree growth. Nevertheless, 
it is as well to include the combination, as otherwise the method of Appendix II is not available. 
This insistence upon a complete set of combinations can become a fetish ; but, even so, instances 
where it may wisely be abated are not common. 

A note on nomenclature may here be useful. If, for example, three levels of nitrogen 
are used in conjunction with three kinds of potash on two varieties of rootstock, there are three 

factors (nitrogen, potash and rootstocks), two of them at three levels and the other at two. This 
can be expressed as a design with 2 . 3 2 or 1 8 treatment combinations. 

The chief advantage of including two factors together in one trial lies in the opportunity 
so given to find out if they interact, i.e., if the effect of one factor is the same at all levels of the 
other.. Even if no interaction is likely, a factorial design is sometimes useful as a means of 
economy, especially when the levels of the factors are few. Thus, it may be proposed to compare 
spraying against a disease with no spraying, and for this 1 6 trees, say, will be needed. In 
another trial it is intended to compare two methods of injecting nutrient solutions and again 
1 6 trees are set aside for use. If the nutrients are unlikely to affect the incidence of disease or 
the disease to modify the effects of the injection, it would be more economical to use four repli­
cates of the four treatment combinations, thus using only one set of trees. Despite these ad­
vantages, factorial designs should not be adopted without good cause. 

A method of analysing data from factorially designed trials is set out in Appendix II. 
The meanings to be ascribed to main effects and interactions have been discussed by Finney 
[ 6 2 ] and by Williams [ 1 7 9 ] for the less simple cases. 

[From this point it will be assumed that the reader knows how to analyse data from any 
non-factorial design, a matter discussed in Appendix III.] 



CHAPTER 3 

SOME MORE COMPLICATED DESIGNS 
" A" mighty maze ! but not without a plan." 

Alexander Pope, ' Essay on Man', i, 6. 

30 . N o n - o r t h o g o n a l Des igns in G e n e r a l 
The designs considered above have all been orthogonal, though not always in the sense of 

the rather restricted description given in Section 2 1 . Before preceding further, a fuller definition 
may be attempted : 

Two classifications are mutually orthogonal if the various groups of plots formed by one 
classification are composed of the same proportionate number of plots of the other. Where 
all pairs of classifications are mutually orthogonal, the whole design is said to be orthogonal.* 

A C C C B B 

B C B A C C 

C C C B C . C 

B A B C A B 

F I G U R E X . — E x a m p l e of an orthogonal design. 

Thus in the trial shown in Figure X there are two classifications, namely, blocks and\ treat­
ments, so if these are orthogonal so also is the whole design. First, it will be seen that each block 
is made up in the same way, one-sixth of its plots receiving Treatment A, one-third Treatment 
B and one-half Treatment C. Further, the plots of each treatment are all divided in the same 
way, one-quarter occurring in each block. The design is therefore orthogonal and may be 
analysed by the method given in Appendix I. 

The basic advantage of orthogonality is simply the independent way in which the effects 
of the various classifications may be sorted out. Thus, in Figure X, if one of the blocks happens 
to be situated on bad soil, the same proportion of plots will be affected in each treatment, while 
if one of the treatments proves more effective than the others, normally all the blocks will be 
affected to about the same degree. With a non-orthogonal design (for example, that in Figure 
XI) this.is not so. Thus, Treatment A in that plan does not occur in Block III, so if a block 

* It should again be stated that the only satisfactory definition of orthogonality is in terms of the para­
metric equations (see footnote on page 9). 
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is on worse soil than the average some of the treatment means will need adjustment, but not 
others. Likewise, if a treatment proves different from the rest, some but not all of the block 
means will need to be adjusted. 

A F G B E A D 

G A F E F B B 

C D C D C E A 

E G B G D F C 

I II III IV V VI VII 
FIGURE X I . — E x a m p l e of a balanced incomplete block design. 

In practice, non-orthogonality introduces a number of complications. For one thing, the 
analysis of variance must follow the general method of Appendix III and not the simplified 
method of Appendix I, though for many particular designs abbreviated methods of analysis 
have been devised. For another, treatment means require adjustment on account of the treat­
ments not being distributed evenly over the other classifications. In factorial trials this can be 
especially awkward. One consequence of this adjustment is that the treatment means thus 
obtained.are subject to more error than in an orthogonal design, because the adjusting quantity 
is derived from the data and therefore is itself imperfectly known. This need to adjust means 
leads to a further disadvantage, for it makes impossible any preliminary assessment of the results 
until the analysis has proceeded at least as far as the solution of the parametric equations. With 
an orthogonal design, on the other hand, a few simple means are all that is required. Another 
complication is that corrections by covariance, the fitting of missing plot values and the over­
coming of mishaps generally is a more difficult business, yet with perennial plants the need for 
such techniques arises more commonly than with annuals. Nevertheless, in special circum­
stances, non-orthogonal designs can be useful, if not indispensable. 

3 1 . Ba lanced I n c o m p l e t e Blocks 
This useful design is of interest in showing clearly the principle of '' balance '' which is 

desirable whenever orthogonality is unattainable. Thus, the trial in Figure XI is laid out in 
seven blocks [b = 7) but these are " incomplete", only four (k = 4) treatments out of seven 
(v = 7) occurring in each. Examination will show that each treatment occurs an equal number 
of times in the trial. Thus treatment A occurs four times (r = 4), in Blocks I, II, VI and VII, 
as does Treatment B in Blocks III, IV, VI and VII. Also, each pair of treatments concurs an 
equal number of times in the trial. For example, Treatments A and B concur together in Blocks 
VI and VII, and Treatments A and C likewise concur twice, in Blocks I and VII (X = 2 ) . It is 
this equalizing both of occurrences and concurrences that is the essence of balancing. Possible 
designs have been listed by Fisher and Yates [66g]. It may be noted that X always equals 
r(k — i)l{v — . 1 ) and bk always equals rv. 

As has been mentioned, non-orthogonal designs always lose something in accuracy on account 
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of the adjustments needed to the treatment means. For balanced incomplete blocks, the effi­
ciency is vX/rk, or 0 - 8 7 5 in the present instance. This means that the four replicates of the trial 
in Figure XI would give as much information as (4 X 0 - 8 7 5 ) o r 3 2 replicates in randomized 
blocks. 

The usual reason given for accepting this loss of information is that it will be recouped by 
the smaller size of block diminishing uncontrolled positional variation, but this argument will 
not impress the experimenter with trees if he believes that a good part of his experimental error 
is due to his plant material rather than to position. With trees, however, the design is sometimes 
useful, because blocks of large plants cannot be.adapted in shape and size to the experimental 
area as can blocks of small ones. Thus, iii Figure XII, which represents an application of Figure 
XI to a trial for controlling red spider on apple trees, there is no way of keeping the chosen 
plot size and fitting in four compact blocks of seven plots for a randomized block design, espe­
cially when a large degree of guarding at the north end was insisted upon to keep the sprays 
off some vegetables to be harvested for human consumption soon after the application of treat­
ments. On such occasions, when the block size is restricted, balanced incomplete blocks provide 
a useful resource. 

One occasion for restriction of block size is the use of the guard rows of an existing trial 
for a subsidiary experiment. Thus, in Figure XIII it is supposed that plots of an extant experi­
ment consist of four trees arranged in a row, separated by single guards. The guard trees 
indicated by X fall into groups of four, all the trees of a group being treated alike as far as the 
main trial is concerned, though each of them has a different treatment on its two sides. If 
the treatments of the proposed subsidiary trial are unlikely to interact with those already being 
applied, these groups of four trees make a natural system of blocks for the new experiment, but 
what if there are to be more than four treatments ? In such a difficulty, balanced incomplete 
blocks may provide an excellent solution. Of course) no treatments should be applied to the 
guard rows that might disturb the original trial. . 

The method of analysis given in Appendix III may be used or, alternatively, the shorter 
method given by Yates [ 1 8 6 ] . Where the efficiency is low,'' recovery of inter-block information'', 
a process described also by Yates [ 1 8 8 ] , may be worth while ; but hardly when the efficiency 
exceeds 0-9, which usually it does. 

In randomized blocks, k = v and b = r — X, making the efficiency i-o, a result which is 
obviously correct. Although the word " randomized" does not appear in the name of the design, 
the allocation of treatments to plots within a block should be as rigorously at random as when 
blocks are complete. Also, since the blocks do not all contain the same treatments, it is advisable, 
having drawn up a basic scheme, to randomize the blocks before use, as has been done in deriving 
Figure XII from Figure XI. 

32 . O t h e r Des igns of La t in S q u a r e T y p e 

In Section 2 2 it was explained how a Latin square could, as it were, consume its.own head­
land effect by eliminating variation between rows and columns, but- it was mentioned also that 
Latin squares themselves are not often used for this purpose because of the restriction that rows, 
columns and treatments must all be equal in number. Now that non-orthogonal designs are 
being considered, it is pertinent to ask if any of them have this same property. 

The problem is, as a matter of fact, closely allied to the changing of treatments in a ran­
domized block design. In both, the investigator finds himself with a two-way orthogonal 
classification, whether of rows and columns or of blocks and original treatments: in both, he 
wants to add a third classification so as to give optimum accuracy to the comparison of the new 
classes. As with the Latin squares (see Section 2 3 ) , it is assumed that the new set of treatments 
is unlikely to interact with those originally applied. It may be a matter for surprise that ran­
domized blocks, which are the simpler design, are so much more complicated to change over to 
a new investigation than are Latin squares, but it should be remembered that the rows, columns 
and treatments of a Latin square are necessarily all equal in number, but it is only coincidence 
if the blocks are as numerous as the treatments in a randomized block design. Where this does 
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F I G U R E XII.—Plan of spraying trial with seven treatments laid out in balanced incomplete blocks. 
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happen to be true, it is quite easy to effect a change, namely, by regarding blocks as rows, original 
treatments as columns and using a Latin square. 

All the other designs to be suggested are non-orthogonal and in all the data can be analysed 
by the method of Appendix III. Where other references are given, they are to abbreviated 
methods suitable only to the particular design. Most of these references discuss the efficiency 
of the design they refer to. 

One possibility is to use a Youden square [ 1 9 4 ] . In this design, the treatments are ortho­
gonal to the rows and balanced in the columns, as in Figure XIV, which is only Figure XI 

G F B E D A C 

C A G B E F D 

A D C G F E B 

E G F D C B A 

F I G U R E XIV.—Example of a Youden square. 

B A C ,D B A 

D A B A C C 

A C D B C D 

B A A D D 

C C B B D A 

D D C A B 

F I G U R E XV.—Example of a balanced three-way classification. 
3 
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modified to ensure that each treatment occurs once in each row. Equally the treatments may 
be orthogonal to the columns and balanced in the rows, the difference being only one of nomen­
clature. Writing blocks for columns and original treatments for rows, this lay-out of Figure 
XIV would serve equally well for seven new treatments applied to seven blocks each of four 
original treatments. It would serve no less well if there had been four blocks each of seven 
original treatments. 

Again, it is possible to use a balanced three-way classification [ 1 2 0 ] , illustrated in Figure 
XV, in which each row and each column contains one, or in some trials more than one, complete 
replicate of the treatments and a certain number of additional treatments, which are balanced 
in both rows and columns. 

Again, a Latin square can be taken and a Youden square added by its side, the columns 
being randomized together as in tied Latin squares [35c], a design illustrated in Figure XVI. 

B B A C D C D 

C A B D C B A 

D C C A A D B 

A D D B B A C 

L Y L L Y Y L 

C o l u m n s m a r k e d L f o r m a L a t i n s q u a r e , 
t h o s e m a r k e d Y a Y o u d e n s q u a r e . 

FIGURE XVI.—Example of a Latin square and a Youden square tied together. 

For that matter, it would be quite permissible to place several Latin squares and one Youden 
square side by side and to tie them all by randomization of columns in one group. 

Other possibilities are the Latin square with a row and column added or a column added and 
a row missing [ 1 1 8 ] , the added rows and columns each containing a complete replicate of treat­
ments in random order. In the former of these designs, which are illustrated respectively in 
Figures XVII and XVIII, it is necessary to select one of the treatments at random to occupy 
the plot where the added row and column cross. A similar design is the Latin square with a 
row and a column missing [ 1 8 4 ] , of which an example is given in Figure XIX. 

Attention has also been given to the Latin square with several rows and columns missing 
[ 1 9 2 ] , but without discovery of any new designs of high utility. 

Some other designs that have been suggested are special cases of those already mentioned, 
namely, the Latin square with a column missing [ 1 8 4 ] , and tied multiple Latin squares with a 
column missing [35c]. Also, if it be remembered that a single replicate arranged as a column 
is strictly within the definition of a Youden square, there are the Latin square with a column 
added (see Figure XX) and tied multiple Latin squares with a column added. 

Nothing has been said here about the degree of randomization needed with these lay-outs ; 
but to make certain, if there is any doubt in the experimenter's mind, it is as well to construct 
a lay-out conforming to the description given and then to permute its rows and columns at 



25 

X 

c D B E A E 

A E D A C B 

D E A A B C 

A C D C E B 

B A E D C D 

E B C B D A 

X 

X . . . X i nd i ca tes a d d i t i o n a l r o w a n d c o l u m n . 

F I G U R E X V I I . — E x a m p l e of a La t i n square wi th a row and a column added . 

D A B B C E 
C B E D E A 
E D A C A B 
A CDE B D 

X—X indicates additional column 

F I G U R E X V I I I . — E x a m p l e of a La t in square wi th a column added and a row omi t ted . 
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random and finally to allocate the letters at random to the treatments. Generally this will be 
"overdoing it", but it is impossible in these cases to randomize too much and disastrous to ran­
domize too little. 

F E C B D / 
E C A D 

C F B A E 

D A E F B 

B D F C A 

/ / / 
FIGURE XIX.—Example of a Latin square with a row and a column omitted. 

X 

c C B D A 1 
D A A C B 

A B D B C 

B D C A D 

X 

X . . . X a d d i t i o n a l c o l u m n . 

F I G U R E XX.—Example of a Latin square with an additional column. 

33. S u b s t i t u t e d P l o t s 
Before field trials of new varieties of fruit trees can be initiated, the varieties are usually 

multiplied as rapidly as possible from the original seedling. This process may be easier with one 
variety than another, so, rather than postpone the trial, it may be necessary to start with the 
varieties in unequal supply. Plainly it would be unwise to leave gaps in the plantation, because 
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this would affect neighbouring trees and it would be a pity to fill in the gaps with trees of which 
no use is to be made. A good solution is to replace some of the plots of the variety in short 
supply by additional plots of a variety already in the trial, as has been done in the plan shown 
in Figure XXI, illustrating a design in randomized blocks with one substituted plot. The trial 
was for the purpose of comparing at East Mailing some Australian cherry rootstock varieties. In 
this trial material was very limited and it would not have been reasonable to have reduced 
replication any further. 

c A D B C A B D ! 
o • • e • • o • 1 o 

J 

B A C D B D C B ! 

• • • • • « • • o 

A.B.C.D ARE ROOTSTOCKS 

• EXPERIMENTAL TREE 

O GUARD TREE 

F I G U R E XXI.—Example of a trial with a substituted plot. 

The method of analysis has been given in full [ 1 1 3 ] for randomized blocks. No one appears 
to have studied the question specifically for Latin squares, but a general mathematical study 
of the subject has recently appeared [ 7 4 ] . In any event the method of Appendix III is always 
available. 

34 . C h a n g e - o v e r D e s i g n s 
With some treatments, such as manuring and pruning, the residual effect can be as important 

as the direct effect observed in the season of application and some device for investigating this 
is very desirable. It is odd to have to record an apparent neglect of the whole question among 
workers in horticulture, but in animal experimentation the position is different and mention 
will here be made of their methods, without going into much detail, in the hope that they will 
prove of value with plants. 

The basic method is to use orthogonal Latin squares as set out by Fisher and Yates [66/]. 
Thus, suppose there are four treatments, three squares are needed thus : 

A B C D A B C D A B C D 

B A D C C D A B D C B A 

C D A B D C B A B A D C 

D C B A B A D C C D A B 

Let the columns represent twelve plots, arranged in three blocks of four, and let the rows 
represent four successive periods. It will be seen that each treatment eventually occurs on each 
plot and occurs an equal number of times in each period. Further, each succession of two treat­
ments, i.e., A followed by B, D followed by C, occurs an equal number of times in the trial. 
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Methods of analysing data will not be dealt with here, though these should be studied before 
embarking on the design. They have, however, been described in some detail elsewhere [34, 
90, 107, 108, 178]. 

3 5 . Confounding 
Many useful accounts have been given of confounding [e.g., 61,187a], the purpose of which is 

to obtain smaller blocks by sacrificing information about one or more of the effects and thus to 
improve the comparison of the rest. For example, given an N, P, K manurial trial with all 
factors at two levels, it might be thought worth while to sacrifice the three-factor interaction 
in order to reduce the number of plots in a block from eight to four and thus to improve the 
accuracy of comparison of the effects left, i.e., the three main effects and the two-factor inter­
actions. Obviously the value of this device depends upon the efficiency of reduced block size 
as a means of reducing error. Where it can be expected to work, the confounding may be 
advantageous. With trees, however, this cannot be relied upon. 

X W X Y Z O X Y X Z W X Y W Z Z 

z W Y W Y Z X Z W W Y Z X W X Y Z 

w x W Z W W X Y W X Z O Y X Y Z 

X Y Z Y Y Z W X Z Y Z X Y W Y W X 

I II III IV 
F I G U R E X X I I . — E x a m p l e of a design with 2 4 treatments in blocks of 2 s plots. 

Further uses for confounding arise in the need to fit in sets of treatments to blocks of pre­
determined size (this is similar to the problem described in Section 31) and in carrying out trials 
with " tentative " treatments (see Section 60). It also enables a block to correspond with a 
day's work, for example in plucking tea or tapping rubber [53] or in picking or spraying fruit 
(see Section 50). 

The most important case of confounding in practice is that when all factors are at two levels. 
Suppose, for example, that it is desired to carry out a manurial trial on the presence and absence 
of five elements, A, B, C, D. and E, and suppose further that the interaction A X B x C is to 
be sacrificed in order to reduce the block size from 32 plots to 16. Then the elements can be 
considered in two groups—those involved in the confounded interaction [i.e., A, B and C) and 
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those not (i.e., D and E). The first group can form in combination eight treatments in all, of 
which half involve the presence of an odd number of elements (i.e., A, B, C, ABC) and the others 
the presence of an even number (i.e., O, BC, AC, AB). The second group give rise to four treat­
ment combinations (i.e., O, D, E, DE). Combining the second group with the two halves of the 
first group will give two sets of 16 treatments, thus : 

ist Set: A , AD, AE, ADE, B, BD, BE, BDE, C, CD, CE, CDE, ABC, ABCD, ABCE, 
ABCDE. 

2nd Set: 0 , D, E, DE, BC, BCD, BCE, BCDE, AC, ACD, ACE, ACDE, AB, ABD, ABE, 
ABDE. 
If the First Set are randomized on to the 16 plots of half the blocks, chosen at random, and 

the Second Set are randomized on to the 16 plots of the remaining blocks, a design will be pro­
duced in which the interaction, A x B x C, is " confounded", i.e., it has been sacrificed in the 
interests of block size. Of course, given five factors some less important interaction than that 
of A x B X C would usually be chosen for confounding, but this example has been given to 
illustrate the method. For further illustration, Figure X X I I shows a trial of four factors in 
which the interaction X x Y x Z has been confounded between Blocks I and I V on the one 
hand and Blocks I I and I I I on the other. 

The analysis of data for such a trial is not really difficult, for the method of Appendix I 
may be used despite the design being, in the strict sense of the definition already given, non-
orthogonal. The blocks require more degrees of freedom than in a randomized block design, 
because there are more of them, and the confounded interaction does not appear at all. Thus, 
the analysis of the trial in Figure X X I I would be thus : 

Source of variation. Degrees of 
freedom. 

Blocks 3 
W , X , Y and Z i each 
W x X , W x Y , W x Z , X x Y , X x Z and Y x Z i each 
W x X x Y , W x X x Z a n d W x Y x Z (not X x Y x Z ) . . . . i e a c h 
W x X x Y x Z i 
Error (by d i f f e r e n c e ) . . . . . . . . . . . . 1 4 

Total 3 1 

The error may be checked both as to its degrees of freedom and its sum of squares by work­
ing out the results as if the design were of two randomized blocks each of 16 plots and, from the 
error thus given, subtracting the new figure for blocks, adding the old figure for blocks and that 
for the confounded interaction. Thus, in the given example, if randomized blocks had been used, 
there would have been 15 degrees of freedom in the error. With the confounding this becomes 
15 — 3 + 1 + 1 = I 4 . which is correct, and similarly with the sums of squares. 

By confounding three interactions the block size may be reduced to one-quarter of its 
original size. Thus, in Figure XXII , X x Y x Z is confounded between Blocks I and IV as 
against II and III. If now an additional factor, V, is added so as to confound V x W x X 
between I and II on the one hand and III and IV on the other, it will be found that V x W x Y 
X Z has become confounded with the third possible pairing of blocks, namely, I and III against 
II and IV. This interaction, V X W x Y x Z, results from putting together the other two 
confounded interactions to give X x Y x Z x V x W x X and eliminating anything, in this 
case only X, that occurs twice. 

A further device is that of " partial confounding " [187&] in which the blocks are in pairs 
with a different interaction confounded in each pair. When this is used, each partially con­
founded interaction is evaluated in the analysis of variance on the basis of the blocks in which 
it is not confounded. 

If a main effect is confounded, the result is a split-plot design. Further confounding with 
split-plots has been discussed elsewhere [120, 187c]. 
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3 6 . In t e r l aced Blocks 
When designing a trial it is often difficult to gauge how large the trees will grow, so some 

means of thinning is desirable to relieve possible overcrowding. Trials with many trees to a 
plot present no problem because half the trees can be removed without damage to the design, 
but with one-tree plots some special provision is called for, such as the interlacing of blocks. 

This simply means that tree positions are divided into temporary and permanent, some 
blocks being confined to one and some to the other, a device that is legitimate where randomiza­
tion in all blocks is unrestricted, as it should be. No modification of the statistical analysis is 
called for. Figure XXIII shows a peach variety trial in which this scheme was used. It is 
not available where plots need to be guarded. 

When the number of treatments is a multiple of four, it is often a useful device to form them 
into four groups designated 0 , A, B and AB and to take the blocks in pairs. On Blocks I and 
II, say, let the main effect. A be confounded between temporary and permanent trees, the treat­
ments applied to the temporary trees of Block I being assigned to the permanent trees of Block 
II. Similarly, the main effect of B might be confounded on Blocks III and IV and the inter­
action on V and VI. If there are yet more blocks, some of the effects can be repeated, while 
if there are fewer, some need not be confounded at all. Now, when the trial is first planted, the 
main effect of A will be partially confounded between Blocks I P and I T and between Blocks 
H P and I I T . When thinning has taken place, the same effect is partially confounded between 
Blocks I P and H P . An example with twelve treatments is presented in Figure XXIV, treatments 
1 - 3 forming Group 0 ; 4 - 6 A ; 7 -9 , B, and 1 0 - 1 2 , AB. 

The same device is sometimes valuable in raspberry variety trials. On account of the 
tendency of some varieties to send up suckers, known in England as " spawn," some distance 
from the parent plant, such trials have to be kept under frequent observation so that contamina­
tion of varieties can be prevented ; but the task is made much more difficult if the randomization 
places side by side or end to end plots of two varieties with indistinguishable spawn. To prevent 
this, it is enough to arrange that whenever two such varieties are to be compared, they shall always 
be in the same group. Then, by dividing the plots of each block into sub-blocks on the diagonals 
like the permanent and temporary trees of a plantation and by partially confounding as already 
described, no pair of indistinguishable varieties can ever occur on plots side by side or end to 
end. It is necessary, incidentally, to keep fairly wide cultivated alleys (usually across the rows) 
between the blocks, for otherwise there is nothing to prevent two adjacent plots in different 
blocks giving similar spawn. The whole subject has been discussed in some detail by Taylor 
[ 1 5 7 ] . Figure XXIV illustrates this use of partial confounding no less than the problem for 
which it was introduced, the only difference being that p and T now indicate the plots of sub-
blocks and not permanent and temporary trees. It is not necessary, however, to confound each 
effect in two blocks, one being sufficient. 

3 7 . S o m e D i s a d v a n t a g e s of C o m p l e x Des igns 
Some writers have recommended the use of more complicated designs to control positional 

variation, giving as their reason the great expense incurred anyway in conducting a long-term 
trial, and the consequent need to economize as far as possible in the number of trees to an experi­
ment. The present writer appreciates the point of the argument, but believes that the case for 
complexity is by no means unassailable. Indeed, he is himself a whole-hearted supporter of 
simplicity. 

In the first place, for the reasons given in Section 1 4 , it is by no means certain that smaller 
blocks do in fact give a worth while reduction in experimental error with perennial species. 
Sometimes they do, but usually they do not. The expectation of success depends both upon the 
magnitude and nature of the positional effects to be controlled and also upon the extent of the 
variation inherent in the plant material. Thus, an experimenter working with variable non-
clonal material like coconuts or oil-palms probably has most of his variation coming from the 
plants, and even a complete elimination of the relatively small residuum coming from position 
in the field might benefit him very little. 
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FIGURE XXIV.—Interlaced blocks with partial confounding to permit 
thinning of a trial with one-tree plots. 
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For another, in a long-term trial mishaps are much more likely than in a trial with annuals. 
Whole treatments may fail, some of the plots will almost certainly be lost and corrections by 
covariance are common; so that even designs simple in the first place become complicated, while 
trials initially complex become ultimately unmanageable. In addition, trees often outlive the 
investigation for which they were planted and it is a great advantage to be able to use them for 
a further and quite different investigation. 

Nevertheless, these more complex designs have their place. Thus, it does sometimes happen 
that a better control of positional variation is to be expected from using smaller blocks, and the 
trial is unlikely to last long enough for many mishaps to occur. Figure XII illustrates such a 
trial. Again, after a set of trees has fulfilled its original purpose, a further and more complicated 
trial is sometimes applied to it, using the methods of Sections 2 3 or 3 2 . This makes for com­
plexity, but with established trees many of the mishaps will already have occurred, so the inves­
tigator may feel that further deaths are unlikely. Decisions of this sort, naturally, depend upon 
the species and its principal diseases. With some, such as plum and cherry, losses where they 
occur mostly come soon after planting. Further, with older trees, the positional effects will have 
been operating for some time and their elimination is all the more likely to be worth while. In 
general, complicated designs are of greatest value in short-term trials on established trees. 

In fairness, it should be recorded that at least a few writers speak in encouraging terms of 
their experiences with complicated designs for perennial species. One, for example, used a 
5 x 5 lattice square with strawberries [ 1 3 1 ] , another a lattice design with sugar cane [ 8 8 ] . It 
is true that neither of these was a long-term project, but a trial of irrigation and soil management 
of citrus using plaid squares has been described [68] and is plainly intended to go on for some time. 
Further, it has given useful results [69 , 7 0 ] . 

3 8 . N o n c e - d e s i g n s 
Every experimenter has had his occasional bright idea for conducting an experiment and 

has thought about using some scheme that certainly did not come out of any text-book. When 
people use words made up on the spur of the moment to meet an unusual situation, etymologists 
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• STRAWBERRY PLANT 

F I G U R E X X V . — E x a m p l e of a non-orthogonal design with unequal replication, blocks 
arranged horizontally. 
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speak of " nonce-words " ; equally one can speak of " nonce-designs," which are used once for 
a particular occasion with no idea of their being used again or generalized into anything wider. 

Thus, a few years ago a trial was designed at East Mailing in which there were to be four 
randomized blocks, each of seven plots, for the comparison of five weed-killers against an un­
treated control, which was to have two plots in each block. At the last moment, when all the 
plots had been pegged out, one of the weed-killers was held up in transport and the design in 
Figure X X V was substituted. I t belongs apparently to no recognized system of lay-out, unless 
indeed it is regarded as a particular member of the class of design considered by Rao [ 1 2 9 ] , but 
anyone who cares to study it will find that it is, for its particular purpose at any rate, an admir­
able design. Incidentally, the long narrow blocks were chosen on account of the initial distri­
bution of weeds. 

Nevertheless, the invention of new lay-outs is a tricky matter and most nonce-designs prove, 
on mathematical examination, to have some defect. The commonest faults are undue restriction 
of randomization leading to bias in the error or an inability to divide up the treatment degrees 
of freedom in any satisfactory manner, but there are others. An experimenter without mathe­
matical training is well advised to keep to designs vouched for by those able to judge. To take 
an example, a design known as the semi-Latin square* has been " invented " again and again, 
among others by the present writer, though it is known to give a biased error [ 1 8 3 ] . The fact 
that a means has recently been devised for setting limits to the effect of bias [ 9 2 ] does not really 
alter the point. 

This is. not to say tha t there are no new designs to be discovered. Most new systems of 
lay-out start as nonce-designs and it is later realized that the idea is worth repeating. Even 
so, the introduction of a new design should not take place until the soundness of the mathematical 
basis is clearly established, and this is usually beyond the powers of the ordinary experimenter. 

* By a " semi-Latin square " is meant a lay-out in which there are twice as many columns as rows, each 
treatment occurring once in each row and once in each pair of columns, e.g., 

A B C D E F 
E D A F B C 
C F E B D A. 

[From this point it will be assumed that the reader is conversant with the analysis of co-
variance, at least for orthogonal designs. If he is not, he is advised to read Appendix IV.] 



CHAPTER 4 

CALIBRATION 
" I do not know whether there is anything peculiarly exciting in the air of this particular 

part of Hertfordshire, but the number of engagements that go on seems to me considerably 
above the proper average that statistics have laid down for our guidance." 

Oscar Wilde. ' The Importance of Being Earnest.' Act III. (Lady Bracknell. 

40 . T h e Idea of Ca l ib ra t i on 
' As has already been emphasized, the variation of perennial plants comes from two main 
sources, position in the field and factors inherent in the plants as individuals. The last two 
chapters have been concerned with the allocation of treatments to plots and thus with the control 
of positional effects, but is there nothing to be done about the second source of variation ? 

If some trees are inherently better croppers or more vigorous than others, the fact, if it 
is to be of use, should be ascertained before applying treatments. After the event it is no 
good trying to explain treatment differences by suggesting that a certain treatment happened 
to be on better trees, for that is to invade the province of the significance test; but the position 
is different if there was prior reason for expecting one set of trees to do well. Then, if they 
are undistinguished, the treatment may be judged a poor one. It will be adjudged good only 
if the trees do excellently. That is to say, the investigator starts his trial with a forecast based 
on statistical arguments as a guide to what he can expect from his plots and he judges his actual 
figures in the light of these expected ones. The future performance of trees naturally depends 
upon future weather, so he cannot say " over the next four years I shall expect to get 300 lb. 
of nuts from this plot and 250 lb. from the next ", but he can often say, " this plot will give 
120% of the crop of the next", and. that is good enough. Such forecasting has been termed 
calibration [121]. The idea is very old [23, 63c] and has had widespread application. 

Where there has been a change of treatments (see Sections 23 and 32) it is sometimes 
possible to take useful calibrating measurements just before the new set of treatments is applied, r 
Where the experiment is newly planted, some writers have thought that trees can be calibrated / ' 
by previously growing some annual crop, such as wheat, on the experimental area and harvesting/ j 
each of the future plots separately so as to gauge their individual fertilities. There may be 
something in the idea, but the present writer has yet to hear of an instance where it has worked. 

To calibrate, the trees must be planted and left without differential treatments for a time, 
and this is often difficult if not impossible. Thus, in a variety trial the treatments are necessarily 
applied not merely at planting, but earlier while the plants are still in the nursery. With un-
grafted material, indeed, the differential treatments have always been present. Some treat­
ments, again, have to be applied early if they are to operate at all. Supposing that a pre­
liminary period is possible, care is needed in applying a uniform treatment that will not interfere 
with the comparison of future differential ones. Thus, if trees are irrigated during the pre­
liminary period their roots may well be nearer the surface than if they had been left unirrigated, 
and this may affect the response to subsequent treatments. For this reason, treatments during 
the calibrating period need to be chosen carefully so as to produce trees typical of the region, 
and interpretation of the subsequent data must be made in the light of the history of the trees. 

It should perhaps be emphasized that calibration is not a cause of delay in securing experi- » 
mental results, but rather a means of saving time. As will appear in Sections 43, 44 and 45, ' 
it is possible to lay out an orchard for calibration in such a way that the types of trial for which 
it can be used are scarcely restricted at all. It follows that, if a research station can maintain 
a supply of such calibrated trees, an experiment can be started at once without waiting for 
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suitable trees to be raised and planted with a further delay waiting for the trees to come into 
bearing. 

The calibrating measurements having been made, the best way of using them is by the 
analysis of covariance, a technique explained in Appendix IV. 

4 1 . Cova r i ance a n d S o m e P o s s i b l e A l t e r n a t i v e s 
While many would agree with the idea of giving trees a trial period in which to discover 

their potentialities, there does not appear to be the same measure of agreement about the use 
to be made of the calibrating measurements. 

Some use their observations in order to form groups which are then used as blocks instead 
of trees chosen for proximity. This is open to two objections. First, such a grouping must 
always leave some initial variation within blocks, whereas the analysis of covariance can allow 
for all variation. Secondly, it leaves no means of removing positional variation and, though 
this is not always of first importance, it may as well be eliminated as far as possible. 

Others do not modify their lay-out on the basis of their calibrating observations, but evade 
the analysis of covariance by assuming some relationship between performance in the two 
periods. For example, instead of working with crop during the experimental period adjusted 
by covariance on crop during the calibrating period, they work with the difference between the 
two, the assumption being that, without the application of treatments, each plot would have 
cropped the same in the two periods. Even if the relationship is exactly what it is assumed 
to be, nothing has been gained except one degree of freedom in the error. If the assumed 
relationship does not hold, the results can be most misleading. The analysis of covariance has 
the great advantage of making a minimum of assumptions ; so, if the calibrating measurements 
turn out to be irrelevant, they have little effect on the conclusions. 

If, as sometimes happens, it is not clear which of two alternative calibrating sets of measure­
ments is to be preferred, it is necessary to compute one analysis of covariance with two inde­
pendent variates. It is wrong to work out an analysis for each variate and then choose between 
them. 

42 . Choice of C a l i b r a t i n g Va r i a t e 
Sometimes, of course, the choice is obvious. The trees in their preliminary period have, 

for example, succumbed to .a disease that will affect their future performance. Plainly, some 
record of the disease is needed, to be used either alone or in conjunction with other measurements. 
Usually, the choice is not so easy and in such circumstances it is a good rule to adjust like by 
like, i.e., if it is proposed to study crop in the trial, to measure crop in the calibrating period 
also and so on. Also, especially with species having a biennial tendency in growth and cropping, 
the results of a single year are not of much use, unless the biennial phenomena are so pronounced 
that the crop in the " on " year in effect represents a two-year period. 

Where trunk girth can be measured, it sometimes sums up surprisingly well results that 
otherwise could be obtained, if at all, only by several years' observations [ 1 1 4 , 1 6 2 , 1 7 5 ] . Since 
it can be measured at any time, it is useful where uncalibrated trees are taken over and it is 
desired to start an experiment forthwith. 

The numbers of shoots of blueberries and visual ratings in grape vines have been recom­
mended as having the same property [ 1 3 2 ] . 

Generally, however, an experimenter has to base his decision on experience aided by 
botanical insight. It is not obvious that strawberry crops in the second year can be calibrated 
by weight of blossom in the first year, but this appears to be so [ 1 6 0 ] . Some empirical results 
are set out in Table I and there are doubtless many more to be found. Where two variates 
are suggested, the numbers (1 ) , (2) etc. are used to indicate the order of preference. 

4 3 . L a y - o u t of P l a n t a t i o n for Ca l i b r a t i on 
When laying out a plantation for calibration it often happens that its ultimate use 

cannot be foreseen. Thus, it may eventually be used for a trial of soil management, which 



. Species. 
Apples . 

Apricots . 
Cacao 

(regular 
spacing) 

Cacao 
(irregular 

spacing) 

Cloves 

Oil Palms 

Oranges . 

Pecans . 

Rubber . 
Strawberries 

Tea 

TABLE I.—EXAMPLES OF VARIATES 

Reference. Characteristic to be calibrated. 
Collison and Crop in five-year period 
Harlan [36] 

Crop in five-year period 

Pearce [114] Crop in two-, four- and six-year 
periods 

Sudds and Crop (period unspecified) 
Anthony [155] 

Crop (period unspecified) 

Wilcox [175] Crop in two-year period 

Yeager and Crop, ' principally in two-year 
Latimer [193] periods 

Reed [130] Crop in a single season 
Cheesman and Pod number in a single season 

Pound [24] 
Pod number in a single season 

Pearce and Pod number in two- and four-
Thorn [123] year periods 

Tidbury [162] Crop in four-year period 

Webster [169] Yield in one- and two-year 
periods 

Parker [104] Crop in four-year period 
Parker and Crop in one-year period 

Batchelor [105] 
Crop in one-year period 

Lutz [91] Crop in twelve-year period from 
planting 

Sharpe and Crop in single season 
Blackmon [145] 

Crop in single season 

Murray [96] Yield in one-year period 
Taylor [160] Crop in single season 

Eden [52] Yield in one-year period 

RECOMMENDED FOR CALIBRATION. 

Recommended variate and other conclusions. 
. Crop in preceding five-year period. 

(1) Trunk girth at time of applying treatments. Area of cross-
section about as good. (2) Total crop before application of 
treatments. 

. Area of cross-section of trunk better than girth. 

(Trunk girth) '"5. This is not strictly a calibration method 
because girth was taken in the middle of the cropping period. 

(1) Previous crop. (2) Trunk girth. 

Girth increment during preceding season. 
Previous crop. In general, the longer the calibrating period the 

better. A very large crop in the calibrating period is as un­
fortunate as a very small one. The adjustments are espe­
cially valuable with trees not all the same age. 

(1) Pod number in previous two-year period. Little advantage in 
taking four years. (2) Number of trees to a plot. 

Trunk girth multiplied by measure of canopy. Trunk girth was 
calculated from branch girths three feet above ground level. 

Previous yields. Biennial bearing can cause difficulty. 

Past crops (provided recent). Size records ineffective. 
Previous crops. Early croj 

formance. 
Area of cross-section of trunk at planting. 

Previous crops. Early crops not representative of future per­
formance. 

(1) Crop in previous five years. (2) Trunk girth. Area of cross-
section very little different. 

Past yields (provided recent). 
(1) Double covariance on height and spread. (2) Weight of 

blossom in previous season if deblossomed. 
Yield in previous year of same pruning cycle. 

(1), (2), etc., indicate order of preference. 
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will need large plots with guard trees, or it may be used for a pruning experiment, in which 
the treatments are likely to be applied to single unguarded trees. Since calibration takes 
some time, a research station is well advised to keep a stock of trees to hand, already calibrated, 
ready to be made use of experimentally ; but if this is done the design of these plantations 
must, to use a term recently introduced [ 1 2 1 ] , be as adaptable as possible. 

A little consideration will show that some numbers are in themselves more adaptable than 
others for the number of trees along one side of a rectangular trial. Suppose, for example, 
that a plantation has 2 8 5 trees, arranged 1 9 by 1 5 . Assigning headland trees to form outside 
guards, the rest are arranged 1 7 by 1 3 . Both these numbers being prime, allocation of the 
trees into blocks and plots is going to prove exceedingly difficult if waste is to be avoided ; but 
had the trees been arranged 2 0 by 1 4 , to leave 1 8 by 1 2 after the exclusion of guards, the possible 
divisions are numerous. In fact, 2 0 and 1 4 are numbers of high adaptability, whereas 1 9 and 
15 are of low adaptability. In designing a calibration trial it is often worth going to some lengths 
to obtain suitable numbers of trees. Thus, given an area 3 8 0 feet by 3 0 0 and trees usually 
planted 2 0 feet square, the natural thing would be to use the numbers of low adaptability referred 
to above ; but with a little thought it would appear better to plant 1 9 feet by 2 1 feet, so as to 
obtain the numbers of higher adaptability for the dimensions of the plantation. The whole 
question has been gone into at greater length elsewhere [ 1 2 1 ] . 

In designing a calibration trial it is often advisable to include a range of varieties. With 
some species this is in any case essential for pollination ; but, even where this consideration 
does not apply, a range does enable subsequent trials to be widely based in their conclusions. 
The varieties should be selected to represent distinct classes, as different from one another as 
possible but suitable for growing in the same plantation. Unless there is a strong reason for 
the contrary, the varieties chosen should be of commercial importance, but sometimes it is not 
possible to arrange this. Two special types of lay-out, "str ipes" a n d " tiles", have been 
suggested for use in such experiments. 

4 4 . S t r i p e Des igns 
This lay-out has been described elsewhere [ 1 1 9 , 1 2 1 ] . The varieties are planted in parallel 

lines down the larger dimension of the plantation, these lines being grouped into stripes, each 
stripe containing one row of each variety, the allocation of varieties to rows within a stripe 
being systematic and not at random. The stripes are separated by rows made up of varieties 
chosen so as to ensure good pollination of those in the experiment. A typical example is illus­
trated on the left-hand side of Figure XXVI, which illustrates ways of forming plots. Stripe 
designs have the disadvantage of wasting the pollinator rows if guarding is not called for, though 
the pollinators can readily be used as guard rows if any are needed. Stripe designs have the 
compensating advantage that the main varieties do not have to pollinate one another and may 
therefore be chosen freely. 

In designing trials in stripes, it is important that the rows should contain trees to a number 
of high adaptability. Also, the number of stripes should, if possible, be a power of two or three 
or a product of these numbers, such as 2 , 3 , 4 , 6 , 8 or 9 rather than a number like 5 , 7 or 1 0 . 
The aim should be to obtain a useful number of plots whethe^guards are needed or not, and 
in general the best numbers are those of the form 2™.3" where neither m nor n is small. To take 
an extreme case, 3 5 plots can only be used for five replicates of seven treatments or seven repli­
cates of five, while 3 2 plots can be used only for 2 , 4 or 8 treatments in 1 6 , 8 or 4 replications ; 
but 3 6 are available for 2 , 3 , 4 , 6 or 9 treatments in 1 8 , 1 2 , 9 , 6 or 4 replications—a much wider 
range. The whole question of designing in stripes has been discussed in greater detail elsewhere 
[ 1 2 1 ] . 

4 5 . T i l e Des igns 
In these designs, which have been described in some detail elsewhere [ 1 1 7 , 1 2 1 ] the idea 

is to start off in one corner with a pattern of varieties, known as a " tile ", and to repeat this 
pattern both along the rows and across them until the whole experimental area is filled. There 
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is no objection to parts of tiles to fill in the edges. The designs are so called from the resemblance 
to laying a floor with tiles of a uniform pattern. An example is set out in the right-hand side 
of Figure XXVI, from which it will be seen that plots may be formed in several ways, whether 
guard rows are needed or not. Those shown in the top and middle diagrams are square, but 
plots four trees long are also possible if arranged vertically. 

If there are only two varieties [ 1 2 1 ] , the recommended tile is 

A B 

B A. 

This simply places the two varieties on the diagonal. 
If there are three varieties, it is possible to adopt a similar tile [ 1 1 7 ] , thus 

A B C 

C A B 

B C A. 

This leads to a very adaptable design, though it is sometimes better to duplicate one variety 
and to use this [ 1 1 7 ] instead 

A C B C 

B C A C. 

For four varieties [ 1 2 1 ] , a good tile is 

A B C D 

C D A B, 

the one illustrated in Figure XXVI. While for six [ 1 2 1 ] a possibility is this 

or this 

A B C D E F 

D E F A B c , 

A B C D E F 

C D E F A B 

E F A B C D. 

The design of calibration trials in tiles calls for quite a lot of thought, and the references 
given will suggest some details of technique for the various types of tile. The basis is always 
the same, however. The number of trees to the longer headland should be adaptable and 
the number of plots arising should, if possible, be of the form 2m.y whether guards are used 
or not. 

46 . T h e Ana lys i s of D a t a f r o m S t r i p e a n d Ti le Des igns 
When the ultimate purpose has been decided and the treatments applied, the analysis of 

data is somewhat modified by the systematic arrangement of varieties. This need not cause 

4 
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much difficulty, however. Suppose for example, that the design in the top right-hand corner 
of Figure XXVI had been adopted and that four replications of three treatments had been 
applied, then the four varieties are on sub-plots each of one tree, split upon main plots, each 
of four trees. The analysis would ordinarily be like this : 

Source d.f. 
Blocks 3 
Treatments . . . . . 2 
Error i . . . . . 6 

Total i 1 1 
Varieties . . . . . 3 
Varieties x Treatments . . . 6 
Error ii . . . . . 2 7 

Total ii 4 7 

The first part of the analysis will be all right because the treatments will have been applied 
at random. The remedy for the systematic arrangement of varieties in the second part is to 
partition Error ii into two components, one vitiated by the lack of randomness and the other 
unvitiated, the latter being used for investigating the interaction. This may be done by re­
garding the 4 8 trees as forming a factorial design of blocks, treatments and varieties and thus 
working out by the method of Appendix II (a) the sum of squares with 9 degrees of freedom 
for the interaction of (blocks X varieties) and (b) the sum of squares with 1 8 degrees of freedom 
for the three-factor interaction of (blocks X treatments X varieties). It will be found that 
the sum of these quantities is Error ii. The first component is vitiated by the systematic 
disposition of varieties but not the other, so the second part of the analysis now reads 

Source d.f. 
Total i . . . . . 1 1 
Varieties* . . . . . 3 
Interaction . . . . . 6 
Error ii (a)* . . . . . 9 

(b) 1 8 

Total ii . 4 7 

All these lines need to be worked out to check that everything adds up correctly, but those 
marked with an asterisk are vitiated and must not be used for any test, the F-test for interaction 
taking place with 6 and 1 8 degrees of freedom. Because of the systematic arrangement no test 
for the comparison of varieties is possible, but this is rarely needed. These have been chosen 
as being of known characteristics and as widely different as possible and it is their interaction 
with the treatments that is of interest. 

4 7 . T r i a l s on C o m m e r c i a l P l a n t a t i o n s 
One of the principal uses of calibration comes when designing a trial on a plantation that 

had originally been laid down commercially. The careful standardization of material and cul­
tural treatments of an experimental plantation has usually been lacking and injured trees may 
not have been replanted. In such circumstances the prospect may well appear hopeless. There 
are, however, usually compensating features. For example, there is only rarely a shortage of 
trees, so the experimenter can concentrate on getting as much information as he can from each 
plot without regard to economy of plant material, that is to say, he can use few replicates of large 
plots (see Section 5 1 ) and it is in such circumstances that calibration is commonly most effective. 
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Of course, he will not be able to calibrate by means of previous performance because this will 
be unknown, and the grower is unlikely to be willing to co-operate in taking records for some 
future trial, even if the delay could be tolerated. Nevertheless he can make use of calibrating 
records like trunk girth, spread and shoot growth. Indeed, the differences between trees are 
likely to be so large that rough measurements of tree size, usually of little avail, prove quite 
effective in reducing variability. 

Of course, such experimentation is by no means easy despite the help of calibration. There 
is usually a lack of trained helpers and their apparatus of weighing and recording implements, 
while distance can make economic use of labour impossible on account of travelling time. Above 
all, there is the difficulty of adequate supervision. The grower, however co-operative he may be 
•—and some are very co-operative indeed—has almost certainly had no research experience and 
may do the most alarming things in the best of faith. Thus, while spraying his own trees he 
may spray the experimental ones as well and cut across the whole object of the experiment; 
nor is this danger confined to spraying but extends to all routine cultural operations. It follows 

ti that the experimenter and the grower must have a clear understanding, and this they will never 
Vhave if the grower is not visited often for a chat and a look round. 

One special source of difficulty centres on picking. A grower wants the best price he can 
get for his fruit so, when it is ripe or the market is especially favourable, he wants the fruit at 
once without waiting for careful picking of trees plot by plot followed by lengthy weighing. 
More trials on commercial holdings have failed on this account, probably, than on any other. 

' Allied to this difficulty is the question of compensation if some of the trees are rendered less 
fruitful than they would have been. Human nature being what it is, it would be surprising if 
grower and experimenter always saw eye to eye in this matter ; but a lot of disputes would be 
avoided if designers would make a point of including a treatment to consist of those cultural 
operations the grower himself favours. This has several advantages. For one thing, it keeps 
the trial close to the local practices upon which it is hoped to improve: also, it provides a re­
liable test of the loss of crop occasioned by any treatment that raises a grievance in the owner 
of the trees and one that both sides can readily accept as a fair arbiter. 

Finally, a grower who co-operates in an experiment must not only be visited often to see 
he does nothing wrong, but he must be treated as a collaborator and an ally. In particular, he 
will want to know what results are coming out of the trial and will appreciate a few figures even 
if they are hedged about with the reservations and caution commended in scientific circles. 
There is, after all, a certain prestige and reputation for enterprise associated with an experiment 
—but only if the grower has something to say when his friends ask about it. 

It will be seen that this Section does not really fit into any chapter but the reason for it is 
worth noting. Experiments on outside plantations depend upon two pillars that are very diverse 
in nature ; one is calibration and the other is tact. 

4 8 . T h e M e t h o d of P a p a d a k i s 
In this method an expected performance of each plot is derived from that of its neighbours. 

Thus, if a plot is in the midst of others that are growing' poorly its own poor growth is unremark­
able, but good growth would strongly suggest that the treatment given to it had been especially 
effective. The method thus has affinities to calibration in that the performance of each plot is 
judged in relation to an expected figure, but there are two important differences. »For one thing, 
no preliminary period is called for : for another, the purpose is to control positional effects, not 
the variation inherent in the plant material. 

The method as described here is more general than the original form given by Papadakis 
[ 1 0 3 ] . Bartlett [9] has established that the method will not give results seriously in error pro­
vided blocks are large, but its value as a technique with perennial species is problematical. It is, 
however, presented here because experimenters in some parts of the world often have to work 
with land that is patchy and the method is at its best in such cases. Also, the results of Parker 
[ 1 0 4 ] with citrus suggest that there can be considerable similarity between the performances 
of adjacent trees. 
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To illustrate the approach, the following figures are taken to represent yields from a group 
of plots in the corner of a trial, the letters representing treatments. The experimental design 
is for this purpose immaterial. 

B, 6 0 ; A, 4 0 ; B, 5 6 ; c , 4 5 ; • 

c , 5 i ; c , 4 8 ; A, 4 2 ; B, 5 7 ; 

A, 4 7 ; e , 5 0 ; B, 5 7 ; A, 3 9 ; 

B, 6 7 ; A, 4 6 ; c, 4 7 ; B, 5 6 ; 

The next step it to work out treatment means over the trial as a whole. In the present 
example it will be assumed that these come to 4 5 for A, 6 5 for B and 5 0 for C, then it is evident 
that this corner of the field is a patch giving low yields, though some parts of it give lower than 
others. The differences for each plot between actual figures and treatment means are : 

B, - 5 ; A, - 5 ; B, - 9 ; c , - 5 ; 

c , + 1 ; c , — 2 ; A, - 3 ; B, - 8 ; 

A, + 2 ; c , . 0 ; B, - 8 ; A, - 6 ; 

B, + 2 ; A, + 1 ; c , - 3 ; B, - 9 ; 

It is now possible to get an idea for each plot how it might be expected to behave on the basis of 
the performance of its neighbours. The adjusting value for the second plot in the second row 
is — 7 ( = — 5 + 1 — 3 + 0 ) , the sum of the differences for its four neighbours, two along the 
row and two across it. Similarly the adjusting value for the third plot in the third row is — 1 2 
( = — 3 + 0 — 6 — 3 ) . This methqd breaks down for plots on the edge, but the method here 
is to take two neighbours only and to double their sum. Thus, the first plot in the second row 
should be given the adjusting value — 6 = 2 (— 5 + 2 ) , the corner plot — 8 = 2 ( + 1 — 5 ) 
and the second plot in the first row — 2 8 = 2 ( — 5 — 9 ) . 

These adjusting values once obtained, it is convenient though not essential to add to each 
of them some constant number large enough to make them all positive. An analysis of covariance 
(see Appendix IV) may then be worked out,* the actual figure for each plot being adjusted by 

* In carrying out an analysis of covariance it is usual to reduce the degrees of freedom for error and for 
total by one (see Appendix IV). Bartlett [9 ] has given reasons for thinking that the association between the 
dependent and independent variates in this type of analysis is such that this reduction is not enough, and he 
recommends that two degrees of freedom should be removed instead of one. 
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the values just derived. The method of Wellman, Thurston and Whaley [ 1 7 2 ] is similar to that of 
Papadakis but inferior, one difference being in the method of obtaining the adjusting values. 
This, in itself, is no criticism of their method. The precise formula whereby these values are 
derived from the differences from treatment means of nearby plots is not a point of principle-
some prefer complicated expressions and others are content with simple ones, such as that sug­
gested here. It is important only that the adjusting values should be derived in some objective 
manner independent of any preliminary opinions the experimenter may have formed of the 
probable effect of his treatments. The objection to their method lies in their avoidance of the 
analysis of covariance. The reason given in Section 4 1 , namely, the need to keep clear of doubt-, 
ful assumptions, applies with no less force here than in calibration and covariance is therefore 
essential. 

e 



CHAPTER 5 

BLOCKS, PLOTS AND REPLICATIONS 
" . . . —and a most curious country it was 

up into squares. . . ." 
• Lewis Carrol 

the ground between was divided 

Lewis Carroll, ' Through the Looking Glass,' Chap. 11. 

50 . Size a n d S h a p e of Blocks 
Since much of the variation on a plantation may be coming from sources other than positional 

ones, the study of size and shape of blocks is not as important as it is with annual crops, but 
even so it should not be neglected. The general rules are that blocks should be as small as possible 
and should be of some compact shape, i.e., square rather than long and narrow ; but exceptions 
may be made in special cases. The real aim is that there must be as little variation as possible 
within blocks. This means that differences in the field should be associated as far as possible 
with blocks. 

Thus, on very hilly land "contour blocking" may be desirable, trees being assigned to 
blocks according to their altitude. This is necessary if conditions at the top of the hill are very 
different on account of depth of soil, exposure or drainage from those at the bottom. In such 
cases greater uniformity within blocks will be obtained by grouping together trees that are high 
up and those that are low down rather than by dividing them up into neat squares, each of which 
may cover several contours. Similarly, if some part of the field has poor drainage or has different 
soil, a block system that will take account of these differences may well be preferable to one that 
does not, even though it uses blocks that appear to straggle when marked on a plan. Again, to 
take an example, an apple rootstock trial at East Mailing was being designed on a strip of trees, 
four rows wide, lying across the prevailing wind. In the event it was laid out in four randomized 
blocks, each block occupying one row. Thus one block was on an outside row to windward, 
two were on inside rows and one on an outside row to leeward. Despite the length and narrow­
ness of these blocks, it was considered that this design, by taking account of the principal sources 
of positional variation, namely, shelter and competition, was better than one in square blocks. 
The general rule for block shape is derived from the observation that neighbouring trees 
are usually more alike than trees far apart; but if there is any reason to think that 
resemblances are going to follow some other pattern, as in the cases just cited, the blocks should 
be chosen accordingly. 

This example of the apple rootstock trial also illustrates one useful property of blocks, 
namely, their ability on occasion to remove headland effects by arranging that all plots of a 
block shall be on the outside or, alternatively, all on the inside. Another example, this time 
from a cherry trial planned at East Mailing but not planted, is illustrated in Figure XXVII, 
where the effects of three unguarded headlands are eliminated by the blocks. A weakness here 
is the exposure of the two plots in the bottom corners to two headland effects, only one of which 
is eliminated, but this is probably not serious and could, if need be, be rectified by the use of a 
pseudo-variate (see Section 8 1 ) . As with the designs discussed in Sections 2 2 , 2 4 and 3 2 , if out­
side guards are to be omitted it is essential that each headland should be homogeneous in its 
effect, i.e., there must be no buildings, trees, etc., that affect some of the outside trees on that 
headland but not others. 

It is also desirable that all blocks of a trial should be similar in shape and area, but this is 
not always possible. Usually they will be of the same area anyway, because each will contain 
the same number of plots, but exceptions do occur. For example, if the land has obstructions, 
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F I G U R E X X V I I . — A system of blocks to eliminate headland effects. 

F I G U R E X X V I I I . — A l t e r n a t i v e methods of forming blocks. 

A block system having been adopted, good use should be made' of it throughout the whole 
period of the trial. Thus, it may well be that not all the trees can be picked on one day and 
the weather may prevent an early resumption. In this case it is desirable to stop picking at a 
block boundary so that any effect of time of picking may be associated with blocks and eliminated 
with the positional effects. Again, it may be that records are to be made by estimation (see 
Section 93) and the work must be divided between two or more recorders, Again, it may be 
necessary to employ several pruners. If each is assigned whole blocks, their personal differences 
will be eliminated. In the conduct of a trial many differences have to be introduced, but if 

0 

such as outcrops of rocks or a winding stream, spaces may have to be left that will increase the 
surface of some blocks but not others. As to shape, there is a temptation sometimes to form 
most of the blocks in some compact manner and to assign the residue of plots to the last block, 
no matter how diverse they may be. An example is illustrated on the left-hand side of Figure 
XXVIII, the right-hand side suggesting a better method. 



TABLE I I . 

C A T A L O G U E O F U N I F O R M I T Y T R I A L S . 

Species. 
Apples 

Reference. 
*A Batchelor and 

Reed [12] 

*B Strickland [153] 

t c 

ID 

Black currants . * E 

Cacao (regular F 
spacing) 

Cacao (irregular G 
spacing) 

H 

Coconuts 

Coffee 

Hops 

Lemons 

Oil palms 

Oranges 

Peaches 

J 

K 

L 

*M 

N 

O 

*P 

*Q 

R 

*S 

Pearce and 
Thorn [122] 

Pearce and 
Thorn [124] 

Hatton, Grubb 
and Knight 
[76] 

Cheesman and 
Pound [24] 

Jolly [84] 

Pearce and 
Thorn [123] 

*I Joachim [83] 

Pieris and Sal-
gado [126] 

Gilbert [72 , 7 3 ] 

Keller [85] 

Batchelor and 
Reed [12] 

Webster [169] 
Ollagnier [102] 

Batchelor and 
Reed [12] 

Strickland [153] 

McHatton [95] 

Shah [144] 

Recommendation. 
8_trees per plot. 

Single tree plots. 

4 0 trees per treatment. 

Comments. 
Considers only information per replicate. 

Single tree plots thought 
quite possible. 

Cases are noted where the recommendation does not apply. 

Plots taken to be separated by single guard rows. 

5 0 bushes per treatment. . Method open to serious criticism (see Section 52) . 

1 2 - 1 8 trees per plot. 

0-05 acres per plot. 

0 -15 acres per treatment, 
< 0 -025 acres per plot. 

1 8 - 2 0 palms per plot. 

1 8 palms per plot. 

2 0 bushes per plot. 

5 plants per plot. 

8 trees per plot. 

16—32 palms per plot. 
6 - 1 2 palms ,, 

8 trees per plot 

6 , , 

4 

It is shown that larger plots give more information per replicate and 
this is considered to be the largest practicable plot. 

Considers principally information per unit area. 

,, ,, ,, ,, Results based on cali­
brated trees. 

Considers only information per replicate. -

,, ,, per unit area. 

,, ,, per replicate. 

Considers principally information per unit area. 

Considers only information per replicate. 

Method open to serious criticism (see Section 5 2 ) . 

Eight-tree plots gave more information per replicate, but not worth 
additional land needed. 



TABLE II—continued. 

C A T A L O G U E O F U N I F O R M I T Y T R I A L S . 

Species. 
Pecans 

Pineapples 

Raspberries 

Strawberries 

Tea . 

Vines 
(Irrigated) 

Vines 
(Unirrigated) 

Walnuts . 

Reference. 
T Sharpe and 

Blackmon [145] 
*U Magistad and 

Farden [93] 

V Hoffman [81] 

T W Edgar [54] 

tX Taylor [160] 

Prillwitz [127] 

*Y Eden [51] 

Z Covas and 
Christensen [42] 

AA Christensen [26]. . 

BB Pearce [115] 

CC Strickland, For- . 
ster and Vasey 
[154] 

*DD Batcheiorand 
Reed [12] 

Recommendation. 
Single tree plots. 

Comments. 
. Considers only information per unit area. 

Three beds, 75-150 ft. long,. Recommendation only partly based on uniformity data, 
only middle bed har­
vested. 

One row, 30 feet long. 

50 plants per plot or 
rather fewer. 

Plots of two rows each of 
12 plants. 

No recommendation as to 
size. 

1 /18 acre per plot. 

Four vines per plot. 

12-16 vines per plot. 

No general recommenda­
tion. 

8 vines per plot. 

8 trees per plot. 

, Considers only information per replicate and one-row plots. 

Considers only information per replicate. 

Recommendation based on practical convenience as well as data. 

Although sometimes cited for tea, figures actually refer to European 
field crops. 

Considers only information per replicate. 

Results not in accord with AA, based on same data. 

Considers only information per replicate. 

The results of AA discussed from the point of view of information per 
unit area.. 

Considers only information per replicate. 

* Publishes data of possible value to future investigators. 
j Data may be obtained by application to the East Mailing Research Station, Maidstone, Kent, England. 
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they can be associated with the blocks, they will usually do no harm.^ Equally in a design of 
Latin square type they should be associated with rows or columns. As a result of such practices 
the differences due to blocks can be very complex, and in the analysis of data it is not usually 
worth while to investigate the significance of the block differences. Experimenters sometimes 
say, " But I want to find out if there are any positional effects." If the blocks have been used 
in the way recommended as a sort of dust-bin for unwanted differences, dissimilarities between 
them are not necessarily due to position, though they may be. In order to make them of such 
a size that they correspond to a day's work in tapping rubber or plucking tea, confounding 
devices such as incomplete blocks may be necessary. 

5 1 . Size and S h a p e of P lo t s 

A great deal of work has been'done on the size of plots and this is summarized in Table II. 
Whether it was all necessary or not is an open question, for the empirical law for soil hetero­
geneity given by Fairfield Smith [ 1 4 9 ] sums up much of the early work and provides an answer 
to most practical problems. 

Recent work at East Mailing has avoided making use of this law because it has not been 
clear how well it applies to plants the variation of which is not dominated by positional effects, 
but it is now clear that the general conclusions apply to perennials no less than to annuals. 

These conclusions are that economy of land is best effected by using small plots, but that 
more information per replicate is obtained from large ones. Thus, if an apple trial is being 
designed without guard rows and it is intended that the significant difference for crop between 
treatments shall be about 2 0 % of the general mean, the experimenter would be faced with the 
choice of using eight replicates of one-tree plots, four replicates of three-tree plots or three re­
plicates of five-tree plots [ 1 1 4 ] . His decision would depend entirely upon circumstances. If 
he were planning the trial for a research station with the usual shortage of land but a sufficiency 
of trained staff, he would choose the smallest size of plot: ff he were planning for a grower's 
plantation with many available trees but no skilled experimental assistance, he would choose 
the largest. There is no general rule in the matter, and reports of uniformity trials that purport 

: to inform their readers of the " best plot size " for a certain species are merely misleading. 
In deciding upon a suitable plot size, the principal consideration is the one just given, i.e., 

to economize land, use small plots : to economize skilled labour, use large ones. There are, 
however, a number of subsidiary points to consider. Thus, plots must be sufficiently numerous 
to give enough error degrees of freedom—say 1 5 and, if possible, 2 5 . Also, plots must not 

jbe so small as to give a standard error greater than 3 0 % of the general mean [ 4 9 , 9 4 ] , though this 
lis a matter that can be considered only in the light of past experience. Further, plots should 
be of such a size that their crops can be conveniently weighed in the field, difficulties being 
caused by quantities so large as to need numerous weighings and by quantities so small that the 
diminutive scales required are unusable in anything except a complete calm. Sometimes, too, 
small quantities cannot be weighed with sufficient accuracy. 

Plot size must also be considered in the light of possible losses. Here it should be explained 
that, in the analysis'of data, completely missing plots are manageable provided there are not too 
many of them : at the other extreme, no irreparable harm is done if one or two plants die in a 
plot of, say, twelve or more. Difficulty is, however, caused by a plant being lost from a medium-

1 sized plot. Consequently, if losses are expected—and with some species they are inevitable— 
there is a case for using either large plots that can stand a few losses, or small ones that will be 
completely wiped out, and for avoiding medium-sized ones in which losses can be very awkward. 
Admittedly, however, there are exceptions. Thus, at East Mailing it is now established 
practice with plums and cherries to use two-tree plots, but these species are distinctive in that 
most losses occur early. Consequently, it is possible after quite a short period to decide upon 
the course of-action : either (1) to regard all plots from which one or two trees have been lost 
as completely missing, (2) to reduce all plots with survivors to one tree by the random elimination 
of a tree where both have survived and accept a few completely missing plots, or (3) to replant 
all losses simultaneously and use a pseudo-variate (see Section 8 1 ) . 
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Two important general points remain to be noted. It sometimes happens that (i) the 
treatments are being applied directly to the trees as individuals, no guard rows being needed, 
and (z) each tree must be recorded separately. In such cases the skilled labour needed is directly 
proportionate to the number of experimental trees which, in the absence of guards, is directly 
proportionate to the area of the experiment. That is to say, there is no longer any conflict 
between the economizing of land and of labour and there is a strong case for using the smallest 
possible plot—one-tree plots, in fact, unless there is a good reason to the contrary. 

The last general point concerns the effect of guard rows. The smaller the plot the better 
the use of land but the greater the wastage due to guard trees, and it is not at all clear which 
of these two effects is dominant. That this difficulty has received such little attention is rather 
surprising in view of the extensive use made of guarded plots, but it is clear that with guard 
rows small plots should be used with reserve. For apples it appears that single guard rows 
approximately balance any economy of land effected by reduced plot size so, for singly-guarded 
plots, information per unit of area is nearly independent of the number of trees to a plot [ 1 2 4 ] . 
Incidentally, square plots need fewer guards than long ones of the same area. 

All this will help when experience has once been gained with a crop. It will suggest when 
to make plots smaller and when to make them larger, but it will hot help if the investigator is 
working with the species for the first time. Here the recommendations of Table II may be of 
great help, since these are given by people who know something of the various crops. Even 
though some of the trials are open to criticism and though the conclusions reached need 
not be adhered to as rigidly as the writers sometimes appear to suggest, they do represent 
a reasonable sort of size for the beginner to adopt. Actually, plot size may be varied to a sur­
prising degree if replication is adjusted with it. Thus, with sugar cane Turner, Warneford and 
Charter [ 1 6 5 ] used plots as small as ten square yards, while Paterson and Hanschell [ 1 0 6 ] used 
2 2 0 square yards, yet both conducted perfectly satisfactory experiments. 

In general, plots should be long and narrow-—a conclusion that has been demonstrated 
empirically for certain annual species [ 2 7 , 2 8 ] and doubtless applies to perennials also. Indeed, 
it is the counterpart of the rule that blocks should be compact; because whereas blocks should be 
associated with positional differences, the plots of a block should resemble one another as much 
as may be. Nevertheless square plots are sometimes more convenient and the loss of uniformity 
brought about by their use is not often so large as to be serious. It is not essential for plots 
even to be rectangular and, indeed, the suggestion has been made that they can sometimes most 
conveniently be arranged in a spiral [ 8 2 ] . 

Some diseases show a. tendency to spread along rows rather than across them. Where this 
is expected to occur it must have an effect upon the orientation of plots. Despite certain general 
recommendations that in such cases plots should be as square as possible [ 5 4 ] or should be dis­
posed across the rows [ 6 ] , the present writer believes that the decision must depend upon the 
purpose of the trial. If the intention is to test some cultural treatment, the expected disease 
being no more than a nuisance, it is obviously wise to dispose plots across the rows so that they 
are all affected to about the same extent if a row does become diseased. If, on the other hand, 
the disease is itself the object of study, it would appear better to arrange the plots along the 
rows in order to confine an outbreak to the plot in which it started. Apart from this considera­
tion, the orientation of plots probably matters very little (cf. [ 2 8 ] , referring to cotton), and is 
usually a question of convenience. In practice it is usually easier to run plots along the rows, 
making use of natural landmarks, such as posts for wiring, to indicate boundaries. 

52. Review of Un i fo rmi ty T r i a l s 

( As explained in the previous Section, the writer has little confidence in uniformity trials as 
a means of deciding the optimum size of plots, though they are useful for several other purposes. 
Thus, they do indicate the level of variability that may be expected with a species, though all 
such indications should be considered critically (see Section 5 4 ) . Also, uniformity trials are 
invaluable for suggesting useful calibrating variates (see Section 4 2 ) , and it is no coincidence 
that many of the references in Table I turn up again in Table II, which lists the recommendations 
as to plot size from a range of uniformity trials conducted on perennial species. 
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It is unfortunate that some of these trials are in themselves open to criticism. Thus, a 
change of plot-size logically involves a change in area of block as well, but this has been over­
looked in several instances (Trials A, B, L, M, P, Q, S, U, V, W, CC and DD in Table II). Again, 
not only must the area of block be altered, but it must be altered in such a way as to keep the 
number of plots it contains constant, which was not done in Trials J and N or in Trial Y, where 
Latin squares were used with varying numbers of treatments. Also, the assumption in working 
out the results of Trial E that the standard error of a plot varies inversely with the square-root 
of its area is now known to be mistaken. Exception must also be taken to the method in Trial 
R, where the conclusion is based on a high correlation between results for the plots as a whole 
and those for certain selected trees, an argument that overlooks the possibility of trees selected 
for proximity behaving differently from a selection at random. 

With perennial plants a uniformity trial takes so long that it is not usually advisable to hold 
up experiments until reliable results are available. (The working out of data already to hand is, 
of course, another matter.) Sometimes a preliminary study of variability is necessary as, for 
example, in Trial H, when it was desired to determine if an experiment would be possible given 

1 certain conditions ; but generally it is better to start experimenting at once, using large 
1 plots and many replicates, reducing one or another as experience shows it to be permissible.' 
* Plot size is better chosen on the basis of the considerations set out in Section 5 1 , but a knowledge 

of the means of calibration is so important that many more uniformity trials are called for, the 
information not being so readily obtainable from trials planted primarily for another purpose. 

The variability of apples in store has been studied by Strickland [ 1 5 3 ] and by Hoblyn [79]. 

5 3 . T h e Use of G u a r d R o w s 

Guard rows are of two kinds, external and internal. The first are used to equalize the com­
petition along the outside edge of the experimental area : the second to prevent the treatment 
given to one plot affecting its neighbours. 

Ideally all trials should be guarded externally, though several designs have been suggested 
(see Sections 2 2 , 2 4 , 3 2 and 5 0 ) which allow for headlands being unguarded if need be. Of course, 
this is never permissible if the headland is heterogeneous like those in Figure XXIX, but if it is 
reasonable to assume that there is a constant effect on all the outside trees down one side of the 
trial, i.e., the headland is homogeneous, the elimination of this effect by statistical means instead of 
a guard row is quite permissible. It should be added that outside trees are more easily lost than 
inside ones, so especial care is needed in turning tractors, etc., when external guards are omitted. 

The assumptions made in eliminating headland effects in this way are two in number: 
(1) the absence of an interaction between the treatments and the headland effect, i.e., the 
treatments should give relatively the same effect on inside and outside trees, and (2) that in any 
row, column or block, each plot has the same proportion of trees on the headland. The 
special problem of plots in a corner has been discussed previously in Section 2 2 . 

Internal guards sire needed between plots whenever the treatments are not applied directly 
to the tree as in manuring [86] and also with treatments like spraying. Even where they are 
applied directly, as in pruning, guards will be needed if large differences in tree size are likely 
to be brought about, but a better solution here is often wide spacing, really a form of the guard 
alleys to be discussed below. For obvious reasons the number of guards should be kept to a 
minimum and usually a single row will suffice, this row being fertilized or sprayed differently 
on its two sides (see Figure X X X B ) . If double guards are used the difficulty must be faced 
of how to treat the insides of the double row. If no treatment is applied (as in Figure XXXc) 
the trees will be stunted on account of starvation or be a source of infection through not being 
sprayed. If a treatment is applied (as in Figure X X X D ) , the advantage of the double row is 
largely lost. Nevertheless; double or even triple guard rows are sometimes needed to prevent 
the spread not of the treatment, but of the disease or pest it is intended to control; though, 
where this is done, some basic treatment over the whole experimental area is advisable for the 
sake of the guard trees themselves. With some insects no guard rows of practicable width 
will prevent spread from a plot where the insect is virtually uncontrolled during the season. 
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In such cases the basic treatment must provide a reasonably good control of the pest because 
otherwise the trial may be ruined.-

Sometimes, instead of internal guards, an alley is left, either by omitting a row of trees or 
by increasing the planting distance. As a barrier against pests and diseases, this device isoften 
valuable, while it also permits the erection pf screens when spraying. In manurial trials it has 
the disadvantage of altering the area of land available to each tree. Another device is a deep 
guard furrow, frequently repaired to cut roots that try to pass it. 

Limit o f experiment 

Bar n 

X X X X 

* X X « X K X X * X 

F I G U R E XXIX.—Examples of heterogeneous headlands. 

54 . Degree of Rep l ica t ion 
Replication serves two purposes : (i) It makes possible an estimate of the residual varia­

bility of the experiment by providing error degrees of freedom, and (2) it enhances the estimates 
of treatment effects, which otherwise would be based on single plots. 

It has already been mentioned that replication should be enough to provide, say, 15 degrees 
of freedom for the error and, if. possible, 2 5 (see Section 5 1 ) . There is nothing critical about 
these figures, but study of a table of t [66a] will show the values to rise steeply when degrees of 
freedom are reduced much below this level, thus confirming the reasonableness of the recommen­
dation. 
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Although increased replication does lead to better determination of treatment means, it is 
not wise to base their accuracy on this alone. For one thing, it is often disappointing in its 

1 result, e.g., replication has to be increased four-fold to halve the standard error. For another, 
standardization of experimental material and calibration are usually more effective. • 

In deciding the degree of replication called for, the possibility of losing plots must be borne 
in mind, while non-orthogonal designs, which involve adjusting the treatment means, call for 
more replicates than designs that do not. In such lay-outs the effective replication can be 
obtained by multiplying the actual figure by the "efficiency factor", which latter quantity is 
usually set out in the relevant literature or may be calculated by the method given in Appendix 

A B 

* Experimental tree o Guard tree 

F I G U R E XXX.—Different types of internal guard rows. 

A special problem is presented by factorial designs, which sometimes provide " hidden 
replication ", as it has been called. Thus, if a trial has six replicates of eight treatments, made 
up of one factor at four levels and another at two, and if there is no interaction, the first factor 
has in effect twelve replicates and the second has 2 4 . It would be wrong to rely upon this 
because the inclusion of the two factors in one trial implies a belief that they may interact, but 
in multifactorial designs with high-order interactions that are not themselves under study but 
merely arise from the nature of the design, it is often quite reasonable to assume that there will 
be no last-order interaction and to reduce actual replication accordingly, relying upon the hidden 
replication to make good the deficiency. 

In the last resort, however, the degree of replication must depend upon the variability to be 
expected, and this is by no means easy to estimate. Several correspondents have requested 
that this publication should include a table showing the standard errors usual with different 
species but, valuable though such a table would be, there is no possibility of compiling one because 
each species presents a study in itself. For one thing, there are many quantities that may be' 
investigated, and a trial able to demonstrate a 2 0 % difference in crop, or a 1 5 % difference in 
trunk girth, may be unable to show a difference of less than 3 0 % when it comes to a disease. 
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Again, variability often depends upon local conditions and the cultural treatments applied. Thus, 
it is not to be expected that citrus grown in irrigated sand will be as variable as that grown in, 
say, loam with an irregular natural rainfall. Even if these conditions are standardized there 
remain a number of other factors, such as the duration of the trial and the age of the trees. 
Apples, for example, judging by experience at East Mailing, become less variable in crop as time 
proceeds, but more variable in trunk girth. Shah [144] confirmed the change in crop varia­
bility in peaches, but Jolly [84] found no sign of it with cacao. Also, the size of the plots is 
very important, and of the blocks also. Finally, in non-clonal material there is the degree of 
genetical variation, which must depend very much on the source of the plants. 

These difficulties are presented, not to argue that no prior forecast of variability is possible, 
but to warn the reader against facile generalisations. In course of time each research centre 
builds up a body of local lore that will provide guidance for the future and this is all that is needed, 
but care must be taken to use it intelligently. The factors given above are all important ones 
and will suggest when variability may be expected to be higher or lower than usual. For the 
experimenter who has no local lore to guide him, the best course is to consult the relevant refer­
ences in Table II. Whatever the value of uniformity trials as a guide to plot size, there can be 
no doubt of their importance in suggesting the level of variation. Thus a worker with a certain 
crop reads the original paper and finds that with the six-tree plots that he proposes to use (the 
reference may recommend 12-tree plots but that does not matter) the previous investigator got 
a standard error for a plot equal to 2 5 % of the general mean. Now he argues, " My material is 
every bit as good as that described here, but my blocks will be larger because I have more treat­
ments. Also, my trees are younger and probably, therefore, more variable in crop. My trial 
will go on for the same period, so I cannot argue that my variability will be less on account of 
greater duration. Altogether I had better be prepared for an error of 30%." This is the sensible 
way to go to work, not just to take over the previous figure of 2 5 % without critical consideration 
of all the relevant factors. He should then supplement the information derived from the uni­
formity trial or trials by noting other published analyses of variance relating to the crop. Ad­
mittedly, many experimenters in the tropics have not extensive libraries to hand, but they would 
all feel that they had failed in their job if they had not read the more important papers in 
Tropical Agriculture and other journals relating to the crops they study. If they would note 
details of experimental design as well as results, they would be less worried when they 'came to 
carry out an experiment themselves. Also, if they would mention their own standard errors 
when they come to publish, they would help those who come after. 

55. F o r m u l a e for D e t e r m i n i n g t h e N u m b e r of Rep l ica tes 
In the literature two methods have been given for determining the replication needed to 

show a significant difference of a certain amount. In the one, which has many forms, the argu­
ment goes like this : The error mean square may be expected to equal s 2 (a figure based on past 
experience as described in the last Section). With an effective replication of R, the smallest 

difference between treatment means that will appear significant is D = ts J~, where t is de­
rived from tables [66a] and depends upon both the level of significance required and the number 
of degrees of freedom in the error. Equating D to the figure desired will give a value for R. 

The second method is more general. It will be seen that the'above value of D is an average 
figure, depending as it does on an average figure of s. In fact, there is a half chance that in any 
particular instance s will be above expectation, just as there is a half chance that it will be below. 
Consequently, if a value of D is selected as representing the sort of sensitivity desired and a value 
of R adopted accordingly, there is a half chance that variation in s will prevent the selected 
difference, if it occurs, from being shown significant. Nevertheless, in making a general recom­
mendation, the first method is correctly used as giving an average figure for sensitivity over 
future trials if the value of R is adopted. 

In the second method [35a] a difference, D, is taken and associated with a probability, P'. 
The investigator says in effect, " If a difference, D, should arise, I wish it to be detected on a 
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proportion, P', ofoccasions, P' being greater than or equal to 0-5." The equation now becomes 

D = s (t + I') J^> symbols having the same meaning as before. I', which is new, is obtained 

from tables in the same way as t, the degrees of freedom being those for error and the significance 
level being 2(1 — P'). It will be seen that if P' is made equal to 0-5, the second method reduces 
to the first, t' equalling zero. 

Thus, suppose s 2 is expected to equal 400 and it is proposed to compare six treatments in 
randomized blocks. It is desired that if a difference of 25 should arise between treatment means 
there should be a probability of o-8 of detecting it at the P = 0-05 level. Suppose nine replicates 
were used. This would give 40 degrees of freedom to the error, making t equal to 2-021 (for 
probability, P) and I' 0-851 (for probability, 2[i — P']), so the value of D would be 20(2-021 + 

0-851) / - = 27-1, and evidently this is not replication enough. Further investigation shows that 
V 9 

eleven replicates would be needed to make D less than 25, a result that could have been obtained 
from the table of Cochran and Cox* [35a]. Reference should be made to the same place for the 
replication needed in one-sided tests, i.e., where it is assumed that a certain treatment cannot be 
worse than the control, though it might be better (see Section 71). 

In deciding upon the number of replications required, it is permissible to take into account 
any hidden replication arising from high-order interactions assumed to be non-significant. 

* These writers use a for s, P for P' and s for D, a notation avoided here, partly from a desire to keep 
Greek letters for parameters and partly to avoid confusion with P used to indicate a significance level. 



CHAPTER 6 

TRIAL DESIGN IN RELATION TO THE SUBJECT 
OF INVESTIGATION 
" Every purpose is established by counsel." 

Proverbs, xx, 18. 

60 . Manurial Trials 
There are two broad classes of manurial trials, the designs of which may be termed definitive 

and tentative. In the first, the treatments are applied and are kept on to observe their effect. 
Thus, if symptoms of deficiency appear, no change is made, because the purpose of the trial 
is to find out the characteristics of plants growing with an excess or a deficiency of certain 
elements. In the second, the object is to find the optimum manurial programme in a certain 
district and, consequently, if a treatment leads to deleterious effects, it is promptly eliminated 
from the trial and perhaps another substituted. The two are so different that an experimenter 
should be quite clear from the start which sort of trial he is conducting. Whatever the decision, 
the general comments of Crowther [48 ] are very valuable where little is known of local con­
ditions. 

Both need internal guard rows if they are to go on for any length of time. Usually single 
guards will suffice, though double ones may be needed if bulky organic manures.are being 
tested of .a kind likely to be pulled long distances by cultivation. There is some evidence that 
guard rows can be dispensed with if the applications are to be made over only a short period, 
or if the fertilizer is applied to an area considerably smaller than the space bounded by lines 
half way between the trees. Thus, Sharpe and Winsor [ 1 4 6 ] , working with pecans, fertilized 
some trees with boron but not others and found no evidence of cross-feeding. Fertilizer was 
applied in some cases up to 2 1 feet from the trunks, the trees being at a minimum 5 0 feet apart. 
Only one application of boron was made. Again, Lott, Satchell and Hall [89 ] gave a single 
application of radio-active phosphorus to grape vines and reached the conclusion that cross-
feeding was negligible between rows, which had been cultivated so as to sever roots near the 
surface, but that double guards were needed within rows. It is, however, clear from the work 
of Rogers and Vyvyan [ 1 4 0 , 1 4 1 ] that, in the case of apples at least, the roots of adjacent trees 
at commercial planting distances generally overlap to some extent, though this overlapping 
is limited by competition among the roots themselves, and this means that there must be some 
cross-feeding. Also, there must be a tendency for roots from a poorly fertilized tree that happen 
to find themselves in a better fertilized plot to develop unduly and so to accentuate the bad 
effects of not having guard rows. For coconuts, Salgado [ 1 4 2 ] considered guard rows essential. 

Calibrated trees should, if possible, be used for either sort of trial; but, if the trees are 
likely to respond to fertilization only when young, this may be impossible. Also, with definitive 
treatments it is sometimes thought advisable to start applying the fertilizers as soon as the 
trees are planted, or even before, so as to secure characteristic conditions. 

It should perhaps be emphasized that the manurial problems of perennial species are 
essentially different from those of annuals. Thus, with a short-lived plant it is possible to talk 
of the optimum application of a certain element and to design a factorial trial with 3" treatments 
in order to find out the level of fertilization at which further applications will be uneconomic. 
With a perennial, however, the optimum application is changing all the time as the trees become 
Older so there is no point in trying to determine what it is. Instead the experimenter needs 
to know (a) how to recognize the symptoms of excess or deficiency of any element, for which 
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purpose he needs a trial with definitive treatments, and (b) how to apply a given element when 
he believes it to be needed, a question in the province of a trial with tentative treatments. Con­
sequently, when treatments are definitive, the design will usually be of the type 3 " , so as to 
incorporate each element at a low level likely to induce deficiency, a medium level for normal 
growth and a high one. When treatments are tentative, the design will instead be of the type 
2 " , so as to study if the proposed method of application is indeed effective. Consequently 
one level should be quite a high one and the other might well be complete absence of the element 
from the fertilizer programme. 

In a tentative design care must be taken to ensure that new factors can be added as new 
questions arise. In fact, such a trial may well be started with no differential treatments at 
all, the whole area being given what seems a reasonable programme for the district. First, 
as defects in this programme appear, new treatments may be added to try to effect a remedy. 
Then, as soon as the solution is found, the differential treatments can be discontinued and 
the remedial treatment applied'to all plots. The method has been described more fully else­
where [ 1 2 0 ] . Usually a 2 " design is best because the questions to be answered are of the form 
" Is more of this element needed ? " not " How much should be applied ? " and the trial com­
monly begins with plots to the number of a power of two arranged in four or eight blocks. The 
example in Figure X X X I will illustrate the possible development of such an experiment. 
Initially, it may be supposed, no differential treatments are applied, but after a while deficiency 
symptoms might appear suggesting the need for more Nitrogen. The first diagram accordingly 
shows half the plots receiving supplementary sulphate of ammonia. Later, the need for more 
Potash might be suggested but, since with some species a high level of Potash can induce Mag­
nesium deficiency, it might well be thought that two further factors are needed instead of one, 
and the second diagram shows supplementary sulphate of potash and sulphate of magnesium 
under test as well as the differential treatment already applied. At a still later stage, it might 
become apparent that the supplementary Nitrogen was indeed essential, and therefore it would 
be continued on the plots already receiving it and a higher level applied in the others in an 
endeavour to eliminate the residual effect. Simultaneously, the suggestion might be made 
that the trees needed either Iron or Copper, and these two elements might be applied by 
injection. The result is shown in the third diagram, the brackets round the N, used to indicate 
application of Nitrogen, showing that only the residual effects are here under consideration. 
At this stage three interactions are confounded, the number of treatment combinations being 
now four times the number of plots to a block. It is unwise, incidentally, to confound the 
interaction of all the factors extant at any one time, because this makes difficult the application 
of further factors. Also, when the number of treatment combinations equals the number of 
plots, as in the third diagram, some of the higher order interactions must be used as error. After 
a time the residual effect of the Nitrogen applications will have been removed, leaving room 
for a further factor if one should be suggested, a stage represented by the fourth diagram. 

In a sense, this approach is a development of factorial design. Many years ago Professor 
Fisher said that Nature often replies better to a questionnaire than to a question, meaning that 
a factorial design with its ramification of interactions often secures more information about 
the effect of a factor than does a simple one. The difficulty with a long-term factorial trial is 
that some answers are given at once and the subject need not be pursued further: others are 
not given at all, although the questions are repeated year after year. If a soil already has 
sufficient potash, and repeated applications of a differential treatment have no effect, the time 
comes to drop the subject. Perhaps the position may be summed up by saying that Dame 
Nature is even more informative in a conversation than with a questionnaire. Sometimes the 
subject can be pursued, sometimes it should be dropped, either because the lady has answered 
all that has been asked or because she is just not interested and has nothing to say. 

Where conducting this sort of trial, it is advisable to have a few additional but comparable 
trees available for purposes of injection, this method being valuable for diagnosing the nature 
of mineral deficiencies [ 1 3 3 , 1 3 4 ] and thus for suggesting additional treatments. Of course, 
the establishment of a mineral deficiency by injection is not evidence that soil applications of 
the element will provide a remedy. 
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F I G U R E XXXI .—Poss ib le successive stages in the evolution of a design 
with tentative treatments. 
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6 1 . T r i a l s of Cover C r o p s , M e t h o d s of Soil Cul t iva t ion and M e t h o d s of I r r i g a t i o n 

These types of trial are dealt with together because, in general, each calls for long plots. 
It is possible, though rather inconvenient, to fertilize individual trees, but there are no means of 
using implements properly in a restricted area, the chief difficulty lying in giving tractors, mowers, 
etc., easy access to the individual plots as well as room to turn when they are set to work. It is 
therefore desirable that the plots should extend right across the experimental area from head­
land to headland or, if this is not possible, from a headland to a landway up the middle of the 
trial. 

If irrigation methods are to be tested, it is again desirable that plots should be long and 
narrow unless the sprinkler system is being adopted, in which case the problems resemble rather 
those of spraying and dusting trials. 

Several types of lay-out can be adopted to secure the kind of plots desired. One is to 
form plots running from headland to headland, and to divide them into smaller sub-plots for 
the comparison of some other factor. This is perhaps the only case commonly met with where 
it is reasonable to include two factors together in one experiment even though they are not 
expected to interact. Large plots have to be used for the first experiment, so the additional 
factor on the split-plots is studied with no further expenditure for trees and little for additional 
labour. 

Another possibility is to use the criss-cross design of Cochran and Cox (see Section 2 6 ) , 
leaving spaces between the rectangles for the turning of implements, supply channels for water 
or whatever else may be needed. 

If long plots cannot be accommodated, the best alternative is to use square ones, with 
guard alleys between them. 

Treatments of this sort are best compared with guard rows because edge effects can be 
serious. Where guard alleys are used instead, the treatments should be applied some way 
beyond the outside trees because of these effects. 

Where cover crops are not established when trees are young, calibration is easy to carry 
out and valuable. Irrigation, however, is usually needed, if at all, from the start, so the chances 
of calibration are here much reduced. It may well be argued that uniform irrigation followed 
by a trial of different methods prejudices the issues from the beginning, because the root growth 
favoured by the initial treatment may handicap the trees with certain of the subsequent treat­
ments. This argument would not apply if the trial were of quantities of water. A similar 
caution applies to trials of methods of soil cultivation. 

62 . S p r a y i n g a n d D u s t i n g T r i a l s 

Trials of this sort usually need fairly large plots because of the difficulty of confining the 
treatments within a limited area. Also, a fairly high standard of guarding is called for because 
pests and diseases can spread as well as treatments. Consequently, it is often advisable to 
provide single or double guards to keep the treatments to the desired trees and then to record 
only the middle trees of the plots thus formed. Some relief from excessive guarding can be 
obtained, however, by deciding on a likely direction of wind at the time of applying treatments 
and reducing the number of guard rows running in that direction, but this device depends 
upon reliable weather forecasts. Alleys or screens or both can be used instead of guard trees 
and are often preferable. Trials of sprinkler methods of irrigation are essentially similar. 

A constant difficulty is the introduction of control plots, which often do no more than 
declare the obvious while providing a source of infection for the rest of the trial. Unsprayed 
controls are needed to demonstrate that the pest or disease was indeed present, but it is usually 
good enough if a few are disposed to leeward of the trial where they are unlikely to harm it. 
The real control for comparative purposes is the conventional programme of spraying or dusting, 
which it is hoped to improve. Alternatively, if there is no conventional local practice, the most 
likely control measure should be used, or it may even be necessary to carry out a simple pre­
liminary test to find some treatment that can safely be included in the trial. 
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Tentative designs, such as were recommended for use with manurial trials, are valuable 
here also (see Section 6 0 ) . 

6 3 . T r i a l s of Var ie t ies and Roo t s tocks 
In comparing varieties, whether of scions or rootstocks, it will usually be found that the 

series to be studied falls into groups, such that little interest would attach to a comparison of 
varieties in different groups, though it is important to select the best within each. Thus, there is 
no point in comparing a late culinary pear with an early dessert one or a vigorous apple root-
stock with a dwarf, but it would be valuable to know which was to be preferred in each class. 
For this reason some preliminary information is very desirable either by conducting first a 
simple observational trial or, in the case of rootstocks, by a histological study of roots, a method 
which, for many species at least, will indicate the vigour to be expected [ 1 5 ] . With rootstocks 
a preliminary inquiry is especially valuable if large trees are not to be randomized with small. 
Some initial information is also needed about incompatible stock-scion combinations so that 
double working can be used as necessary. 

This tendency to compare in small groups obviates the need for lattice designs [ 1 8 5 , 1 8 7 ^ , 
1 9 0 ] , which find extensive application with annual species. These designs, admirable as they 
are with the crops for which they were evolved, have the major disadvantage with perennials 
of lacking robustness (see Section 2 1 ) . An experimenter with annual plants may well test 1 0 0 
varieties one year knowing that if some of them are unpromising—and some are bound to 
disappoint—next year his trial can have only 8 1 or 6 4 ; but with a perennial species he cannot 
do this. At best he can use a robust design, like randomized blocks, in which varieties that 
prove to be of little interest can be ignored and no further records made upon them. 

With new varieties straight from the plant breeder there are reasons for delay other than 
the need to classify into groups. A variety that has shown up very well in the shelter of an 
experimental plot may be unable to stand the more rough and ready conditions of a commercial 
farm. It is accordingly advisable in the observational trial recommended above not to molly­
coddle the trees, but, if they appear to need special care, to discard them as unlikely to be 
acceptable in commerce. 

The main trial should not usually be held up on account of certain varieties being in short 
supply. When a trial is proposed, the propagator is usually given some material and asked 
to raise so many trees by a certain date. If he does not succeed because certain varieties will 
not propagate well, those varieties may jusf as well be discarded as having little commercial 
future, though if the deficiency is slight, the device of substituted plots (see Section 33) may 
prove useful. 

In a preliminary trial of scion varieties, frameworking [^i] on to a uniform series of existing 
trees is often valuable, and, indeed, sometimes makes a main trial unnecessary. The purpose 
is to evaluate the main varietal characteristics as quickly as possible. 

The best way to go to work is to devise a series of'' sieves '' by which the number of varieties 
under study is successively whittled down, an approach that has been discussed in some detail 
by Hoblyn for cacao [ 8 0 ] . The proportion of varieties to get through to the main trial must 
depend on circumstances—it will obviously be greater when starting with a number of similar 
sister seedlings, the result of controlled crosses, than with a number of diverse varieties collected 
from commerce or sent in by growers—but in general most experimenters appear to pass too 
many rather than too few. A rule has been given by Yates [ 1 8 9 ] but it is not easy of application. 
Where the varieties represent a collection of all those the investigator can find being com­
mercially grown, it is doubtful if more than 5% should call for serious consideration after the 
conclusion of the preliminary tests and these should by then have been classified into groups 
as described at the beginning of the Section. 

Sometimes the grouping of varieties is obvious, e.g., dessert and culinary, and sometimes 
it is dictated, at least in part, by the times at which the varieties became available ; buboften 
it must to some extent be arbitrary. Thus, suppose a range of rootstocks has been placed in 
order of expected vigour, then any division into rigidly defined groups must be artificial and, 
wherever the boundaries are placed, there will be comparisons between groups as important 
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as those within. The method here is to overlap the classes so that some varieties occur in 
two neighbouring groups. 

The method is then quite simple. Suppose the comparison in Group i is based on % repli­
cates and there are p varieties in common between the two groups, then the standard error for 
the comparison of the mean of a variety, A, in Group i with the mean for the " overlaps " is 
(cf. Appendix I) 

where o-j2 is given by the error mean-square of the analysis of variance for Group i. Similarly, 
the standard error for the comparison of the mean of a variety, B, in Group 2 with the mean 
of the '' overlaps '' is 

where n2 is the number of replicates in the second trial. To compare A with B, the expression 
is : (Mean of A in Group 1) — (mean of the overlaps in the trial for Group 1) — (mean of B 
in Group 2) + (mean of the overlaps in the trial for Group 2 ) , an expression which has the 
standard error, 

which may be converted into a significant difference by multiplying by t. If the two trials 
have different numbers of degrees of freedom in their errors, it would be safer to base t on the 
smaller number. 

The difficulty about choosing the number of overlaps is this : If too many are used, the 
number of treatments to each group will be inflated and precision will fall from lack of replica­
tion. It is assumed that the total area available for trial is limited. If too few are used, 
the comparisons between groups will suffer. Assuming the boundaries between groups to be 
entirely arbitrary so that comparisons between varieties in adjacent groups are as important 
as those within groups, the following rules for the number of overlaps may help. The figure 
given is in every case a maximum, so fractions should be counted to the whole number below.* 

(a) To divide a series into two groups, first of all divide the varieties as evenly as possible. 
Let the mean number of varieties per group be g, then each should contribute v = \/ | g to 
the other. 

Thus, if 2 6 rootstocks, A-Z in that expected order of vigour, are to be divided into two 
groups, first divide A-M and N-Z, g being therefore 1 3 - 0 and v, 2-55. Consequent!}', two 
varieties should be contributed by each group to the other to give A - 0 and L-Z as the final 
grouping. 

(b) To divide into three groups, after the preliminary division each outside group should 
contribute v to the inside one, which should contribute 2v to each of the outside ones, where 
•0 = VYi-

Thus, the 2 6 rootstocks would first be divided A-I, J-Q, R-Z, making g equal to 8-7 so 
v equals 1-20 . The groups now become A-K, I-R, P-Z. 

(c) To divide into four groups, after the preliminary division, each outside group should 
contribute v to the adjacent inside one, which should contribute 3 v to the adjacent outside 
one. Further the two inside ones should contribute 2 v to each other, v being equal to VtV S-' 

Thus, the 2 6 rootstocks could first be divided A-G, H-M, N-S, T-Z, making g equal to 
6-5 and v equal to 0-74. Thus the groups become A-I, G-N, M-T, R-Z. This is rather an 
interesting example, because v, being less than one, has to be approximated upwards to one 
instead of downwards as usual. 

* These rules, here given for the first time, are based on a simple minimization of the expression for 
standard error given above, supposing the area of each trial to have been fixed beforehand. 
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On account of these approximations, it is possible to be left with markedly unequal groups 
and some adjustment may be needed between their boundaries keeping the number of overlaps 
unchanged. Also, in the division into four groups it is as well to keep the number of overlaps 
the same between all pairs of adjacent groups. Thus here, L could be added to the third group 
or O to the second. The whole grouping should be done with common sense, the rules pro­
viding no more than a guide. 

It now remains to make the best possible comparison within each group. Sometimes the 
whole investigation will be repeated at several sites. This is an excellent development, though 
it is essential for enough replicates to be used at each site for the results to be studied separately. 

In variety trials more than in most other kinds the experimenter should consider carefully 
how to treat his trees in respect of factors not being investigated in the trial. Thus, charac­
teristics of vigour are less masked by light pruning than by heavy: close spacing too will 
promote disparities in vigour, while the thinning of fruit will often disguise quality differences. 

In comparing varieties it should be borne in mind that with different genetical content, 
differences in the main characteristics of growth and cropping are only to be expected. The 
question is not " D o these varieties differ from one another? ", but "Knowing they must 
differ, by how much ? ". Consequently, randomization is chiefly useful to prevent treatment 
means becoming biased on account of patterns of soil variation. It will be recalled (Sections 
44 and 45) that in the designs for calibration trials the varieties were systematically arranged. 
Nevertheless, this argument should not be taken too far. With different scions, it is to be 
expected that the shoots of the trees will differ in characters genetically determined ; but with 
different rootstocks it does not follow that the shoots will differ, though the roots must. Conse­
quently, rootstock trials may require significance tests, but trials of scion varieties do not always 
do so. o 

Further, the final choice of a variety is often made on a balance of characters rather than 
any one outstanding feature. The unwary may here be tempted to use discriminant analysis 
but this is to mistake the problem. The task is not to find and to give weight to those varietal 
characteristics that are most distinctive but to those that are of most commercial importance. 
Thus, a variety with excellent flavour and appearance may be rejected because it travels badly 
and another selected which, though really excelling in nothing, has no notable defects. Conse­
quently, statistical analysis, though valuable in confirming that a certain character is indeed 
chiefly associated with a certain variety, does not hold the place it does in other sorts of trial. 

64 . T r i a l s of P r u n i n g a n d T r e e F o r m a t i o n 
These call for very little comment. They can mostly be carried out using one-tree plots 

without guard rows and present few difficulties to the designer, though some experienced in­
vestigators are of the opinion that guarding is desirable because of the wide differences in height 
and spread that can be induced by pruning together with the consequent differential competition 
between the aerial parts of adjacent trees. The effect of shading is also sometimes such as to 
make guarding necessary. Perhaps the best compromise is to use rather wide spacing between 
trees, i.e., narrow guard alleys rather than guard rows. 

In such trials calibration is sometimes possible, but usually treatments should start as 
soon as the trees are planted. Apart from pecan trees [ 9 1 ] there seems to be little hope of 
calibrating without some delay after planting. 

One difficulty arises from the great variation in shape of tree and types of growth that 
can be induced by different methods of pruning and tree formation and the consequent lack 
of comparative growth records. Thus, peach trees pruned in winter and summer are very 
difficult to compare in respect of vigour because no shoot measurements made on one set of 
trees can reasonably be made on the other. 

6 5 . T r i a l s of C o m m e r c i a l S y s t e m s of F r u i t - g r o w i n g , i nc lud ing S p a c i n g T r i a l s 
Trials of this sort are exceedingly difficult to carry out. Attention is usually directed to 

yield in relation to cost, and consequently each plot must be large enough to form an economic 
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66 . T r i a l s w i t h Severa l K inds of T r e a t m e n t 
The use of factorial designs has led to the question how far several different trials should 

be combined into one big one. The common-sense answer would seem to be that where there 
i s a reasonable expectation of interactions appearing, the factorial design is desirable. In 
analysing feBultt!, citfe should be taken to avoid giving too much attention to interactions that 
appear significant, although they are not under investigation (see Section 7 1 ) . 

3 Trials of new varieties are usually better not combined with other experiments. I t . i s 
admittedly tempting to design, say, a manurial trial with large plots split into one-tree sub­
plots for varieties. Although this is admirable for the new varieties, which are thus tested 
under a range of manurial conditions, it is disastrous for the manurial trial. If this had been 
carried out on known varieties, selected to give a wide range of characteristics, it would be 
possible either to assert, in the absence of an interaction, that a certain recommendation can 
be made for all varieties, or, if there is one, that it can be made for certain important ones. 
With new varieties the range may prove too limited to base any generalizations upon it, while an 
interaction cannot be given the same practical applications. No one wants to know that Seedling 
9 9 9 is improved by high nitrogen though not Seedling 1 0 0 1 , but which varieties actually being 
grown may be expected to benefit . On the other hand, new varieties may be combined with 
another factor in special cases. Some species, for example, show an interaction between variety 
and method o f propagation. Thus, new cacao varieties may well be tested using plants raised 
f r o m both fan and chupon cuttings. 

Nevertheless, it is often a good p lan to carry out an investigation using a wide range of 

unit that can be managed and accounts kept as if it were a separate small-holding. Although 
in principle this merely calls for a large total experimental area, the practical difficulties are 
very great. Most information of this sort is in fact obtained from surveys (see Section 1 3 ) 
rather than from field trials. 

Nevertheless, such trials have a better chance than most of paying their way and conse­
quently they might well be the subject of co-operative experimentation. Thus, the writer 
has often thought that an investigation into different methods of growing, e.g., into the best 
distance between, plants or the desirability of putting in filler trees to be removed later, could 
well be carried out by a group of progressive growers, each of whom would undertake to plant 
several acres under each system and to keep roughly separated accounts for each parcel of land. 
The accounting need be no more than would be carried out by any grower who liked to know 
the sources of his income and expenditure. Although such an investigation would break the 
rule set out in Section 7 5 that every site should have enough replicates to give an independent 
answer, it would permit the analysis of profits as if they were data from a design in randomized 
blocks and would give information more valuable than that provided by other means. How­
ever, such an investigation has yet to be tried in practice. 

•Spacingtrials. alone in this class, can be readily carried out at one research centre. One 
point to D e n o t e d here is the convenience of using planting distances that permit plots to be 
small yet o f even size. Thus, i f the proposed distances between rows were 8 ft:, 1 0 ft. and 
1 2 ft. it would be necessary to work with plots 1 2 0 ft. wide and containing respectively 1 5 , 1 2 
and 1 0 rows. If, however, the distances were adjusted to 8 ft., q-6 ft. and 12 ft., the breadth 
could be reduced to 4 8 ft. : if to 7 -5 ft., 9 - 3 7 5 ft. and 1 2 - 5 ft. the breadth could be only 3 7 - 5 ft. 
and so on. Plots o f this sort need a single guard-row between them, which should be placed 
so that each o f its neighbouring rows is spaced from it by the distance under test in that plot. 
Spacing trials are best carried out on a long, narrow strip of land with all the plots side by side 
to permit implements running through from one headland to another; but, if several tiers of 
plots are necessary, wide guard alleys should be left to permit turning, despite the consequent 
uneconomic use of land. 

On account o f the differing number o f plants per plot, spacing trials can give rise to hetero­
geneous errors (see Section 7 3 ) , but this can usually be overcome by one of the methods to be 
described, namely, partitioning both the treatments sum of squares and the error. 
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standard varieties. This is especially true of rootstock trials and of experiments intended to 
study methods of pruning and of tree formation. It should be emphasized that this is an 
application of a general rule that subsidiary factors introduced to extend the applicability of 
results for the main factor should be representative rather than experimental. 

Although cover crop trials often have a manurial factor added, the interpretation can be 
rather difficult. Thus, nitrogen added to a grass and clover mixture can kill out the clover, 
though with low nitrogen the clover may thrive at the expense of the grass. In fact, the treat­
ments do not remain what they purport to be- and the resulting interaction can be very com­
plicated. 

[To follow the next chapter the reader should be able to divide up his various sums of 
squares according to any grouping of the treatments in which he may be interested. These 
methods are explained in Appendix II.] 



CHAPTER 7 

THE ANALYSIS OF RESULTS 
" . . . to calculate is not in itself to analyse." 

Edgar Allan Poe, ' The murders in the rue Morgue.' 

70 . Some Genera l Considera t ions 
1 An experimenter with a body of data is usually well advised to study it carefully before 
starting to analyse it. Quite a simple summary may show that the treatment differences are 
so small as not to be worth bothering about even if they should be shown significant. Of course, 
in trials of a fundamental nature the fact that there is an effect at all may be important in itself, 
but usually a difference is important only if it is large. 

This same preliminary study may also suggest which periods in the life of the trial are most 
worthy of attention. Thus, after trees are grassed down differences may arise that disappear 
later, and consequently an analysis, to be of use, must be confined to the earlier data. Such con­
centration of attention is useful, provided it is done objectively and without any tendency to 
select for study those years in which the results confirm the experimenter's expectations. 

Also, before analysing data it should be quite clear what is being investigated. In any 
test, even if applied to a set of random numbers, there is one chance in twenty of a significant 
result being obtained by chance, so, if enough tests are carried out, sooner or later something 
will be found significant and that something may well be spurious. The method of analysis to 
be adopted should be uniquely designated at the time the experiment is designed and should 
not be departed from. Even the preliminary examination of data, already recommended, should 
not lead to modifications in the designated series of tests except to suggest the omission of certain 
of them as needless. 

The only exception to this rule occurs in a series of similar trials. Here, if an effect draws 
attention to itself in an early trial, it may be tested for in later ones. With annual species this 
exception is a large one because repeated experiments are customary, but with perennials a 
decision has usually to be reached on the basis of one experiment, although there may be several 
as, for example, when fungicides are tested in a number of different seasons. 

A further point that needs emphasis is the role of the analysis of variance in the interpre­
tation of data. In any trial, it enables the experimenter to judge the accuracy of his results 
and thus to form an opinion about the adequacy of his techniques and the reliability of the con­
clusions indicated by the data. Sometimes this.is the sole reason for analysis, sometimes it is 
subsidiary to the need for significance tests. The purpose of these tests is to give an answer 
•" Yes " or " No " to questions that were in the experimenter's mind when he was designing the 
trial. They should not be used to answer questions posed later after the data have been examined. 

It should scarcely be necessary to mention that the unit of a field trial is the plot (or, in 
split-plot designs/the sub-plot) and therefore data for analysis should first be expressed as either 
plot totals or plot means. Where there are several trees to a plot, each measured separately, 
the individual figures are not needed. 

When the analysis is finished some discretion is called for in its interpretation, especially in 
respect of significance levels. It is a great mistake to suppose that treatment differences are 
either in the black shades of non-significance or the bright light of significance, because really 
there is a gradation. At the one extreme, the treatment mean square may be less than the 
error mean square (see Appendix I), i.e., F less than one, in which case there is no evidence at all 
that the treatments are having any effect; but as F increases above unity the evidence becomes 
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stronger. It is a sensible practice as well as a convenient one to think of significance as a series 
of steps denoted by one, two or three asterisks as P falls successively below 0 - 0 5 , o-oi and o-ooi 
(see Section 1 2 ) , because it serves as a reminder that significance is a matter of degree and not 
an absolute quality, but even these steps can disguise the fact that really there is a continuous 
slope with no sudden jumps in it at all. 

7 1 . T h e Analys is of a Single E x p e r i m e n t 
With perennial species it is not usually practicable to do an experiment more than once. 

It is true that several years' results may be obtained from the same trees but this is not the 
same thing, for the successive figures from a plot are not independent. Consequently, there is 
no possibility of confirming doubtful results on a later occasion and some care is needed in 
interpretation. Also, since there is no question of basing results on the concurrence of several 
trials, the concept of significance, i.e., the probability of such data as were obtained arising by 
chance on one particular occasion, loses none of its force. 

It is, however, necessary to be clear which effects are really under investigation. Thus, if 
several factors are included together in order to study their two-factor interactions, there may 
well be a host of higher order interactions that arise from the experimental design rather than 
from any concern to investigate them. If there are a lot of them and each is tested separately, 
some are almost bound to appear significant since each has one chance in twenty of doing so by 
pure hazard. If, on the other hand, some comprehensive test is carried out first, there is the 
risk of a significant effect being lost in a swarm of non-significant ones, the whole being non­
significant. With repeated trials, if one of these interactions draws attention to itself, it can 
be looked for on later occasions, but what if there is only one trial? 

A similar difficulty arises when the levels of a factor form natural groups. Thus, if an 
experimenter is studying the action of six fungicides, three derived from copper compounds and 
three from sulphur, it might well be that there are no differences within either group but a marked 
difference between them. This last could easily be missed if the five degrees of freedom between 
fungicides were tested together, the one degree of freedom associated with the difference between 
groups not being separated from the four degrees of freedom associated with the non-significant 
differences within the two groups. Again, the position is easier if the trial is going to be repeated, 
the difference between the groups appearing every time, though the whole is never significant. 

There does not appear to be any completely satisfactory answer to these questions, though 
several have been advanced [e.g., 3 2 , 5 6 , 9 8 , 1 8 1 ] . The practice at East Mailing, which is not 
necessarily better than that elsewhere and may be worse, is to nominate right from the beginning 
those effects that are under study, always to partition the treatments sum of squares (see Appendix 
II) to isolate these effects and to test each separately. It may be objected that if several effects 
are nominated, the probability of the trial as a whole showing something significant by chance 
is greater than one in twenty or whatever the significance level may be ; but this objection is 
really without substance. If there are two factors and each had been tested in separate trials 
and then the two had been brought together to test their interaction, the probability of something 
appearing significant by chance in one or other of the three trials is more than one in twenty 
and the position is not really altered by the three trials being carried out in one operation. (The 
probability is not the same in the two cases, because in one there are three independent errors 
and in the other only one, but the principle is the same in both.) 

In a factorial trial the usual practice at East Mailing is to regard each main effect as nomi­
nated (or why was the factor included at all ?) and also each two-factor interaction (or why were 
the two factors included together in one trial ?). Higher order interactions are usually un-
nominated, but exceptions may be made either way.* Each nominated effect is tested separ-

* Sometimes a main effect needs neither to be nominated nor unnominated. Thus, in a pruning trial 
it might be thought desirable to include a wide range of rootstocks of known characteristics in order to compare 
the treatments on trees of varying vigour. There would be no point in testing the significance of the rootstock 
differences because the whole point of having the rootstocks there at all lies in their being known to differ. 
Indeed, if the rootstocks were planted as the main plots of a split-plot design their comparison might be very 
insensitive, so much so that there would be little likelihood of a significant main effect, but this would not 
matter, the interest lying in the interaction. 
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ately, but the unnominated effects are tested together by adding their degrees of freedom and 
sums of squares and carrying out an .F-test on them all. Only if this comprehensive test gives 
a significant result are the unnominated effects studied separately to find out which is the opera­
tive one. In this way the chance of being misled by a random result is kept within bounds. 
Where there are only three factors, the last order interaction automatically acquires the status 
of a nominated effect because it is the only one in the comprehensive test. In split-plot designs 
the comprehensive test is made difficult if the unnominated effects are spread over two or more 
analyses and thus have different errors. A test does exist [33] but is not of a sort to be under­
taken lightly. 

In the other case, where the levels of a factor form natural groups, the practice at East 
Mailing is to nominate the groups. Then tests are carried out to see if there are differences 
within any of the groups. If one of them does appear to contain diverse components, it is split 
according to the differences found. Finally, testing takes place on the differences between groups. 
The computing is illustrated in Appendix II. 

Others may prefer systems of their own devising and certainly practice varies a great deal. 
What is important is that testing should proceed according to a regular plan, drawn up when 
the trial was designed to answer the questions being asked. This is not to say a research worker 
should be uncritical. If A interacts with B, B with C and C with A, most people would want to 
know something about the three-factor interaction—but where there is no chance of securing 
confirmation of doubtful results the experimenter must come down on one side of the fence or 
the other and should act so as to be able to rebut any accusation of caprice. In particular, he 
must not partition and repartition until he finds something. With sufficient ingenuity and 
determination it is possible to obtain results in this way from almost any trial: the right way is 
to think what questions are being asked and how they can most sensibly be answered. 

Although the analysis of results must not be carried out arbitrarily but in a regular manner, 
care must be taken to adapt the test to the question being asked. For example, a horticul­
turist may know that an inorganic compound fertilizer gives beneficial results, but be in doubt 
whether this is the result of the nitrogen or the potash it is known to contain. Consequently 
he designs a factorial trial to find out, and the trial might well be identical with that of another 
horticulturist, who is inquiring if nitrogen and potash bring about any improvement. ' Despite 
the^identity of designs, the method of interpretation will not be the same, for with one investigator 
it is an article of faith that there must be a real effect somewhere, while the second is ready to 
believe that no addition of either element is called for. Thus, if no effects prove significant, the 
first would still accept as real the one that comes nearest to significance. (The position would be 
most unsatisfactory for him and further investigation would certainly seem called for, but his 
choice would be quite reasonable.) It is not unusual for past knowledge to influence the inter­
pretation of results. 

Another example lies in the so-called " one-sided " tests where it is believed that Treatment 
B may be better than A, but can hardly be worse.* For example, B may be two applications 
of a fungicide and A only one. Again, a modification of technique is called for. The procedure 
is to work with twice the significance level (P = o-i instead of 0 - 0 5 , 0 - 0 2 instead of o-oi and so 
on) and to ignore significant results (half of them, if chance alone determines the differences) 
that go the wrong way. 

These are by no means the only examples that could be given. To sum up, an experimenter 
with no opportunity to check doubtful results is best guided by some standard procedure, 
though he should be careful to distinguish the cases to which it will not apply. It should be 
added that the interpretation of results is still a matter of insight even where the significance 
levels are objectively determined. 

72 . Signi f icant Differences 
It is an old practice to take the standard error of a treatment difference and to derive a 

" significant difference " from it by multiplication with the quantity t taken from tables [66a] 
* It is rarely possible to be certain that this is so. Thus, an additional spray may not affect an insect 

pest but may kill its predators. Again, two applications of a fertilizer are not necessarily better than one. 
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according to the significance level required and the number of degrees of freedom for error. The 
computation of significant differences is discussed more fully in Appendices I, III and IV, so 
this Section will be concerned only with the occasions for their use. 

t First of all, there is no need to use significant differences if there are only two treatments. 
In that case the information given by the F-test that the treatments do or do not differ is all 

\. that is needed and there is nothing to be learnt by further testing. In fact, the tests by F and 
by significant-differences are then exactly equivalent. 

The use of significant differences calls for consideration in all cases where there are three or 
1 ;more treatments and an F-test has shown that there are differences between them. Here the 
/conventional method, at least as usually understood, is to work out a significant difference 
between treatment means and to group those treatments which differ by less than this amount. 

'> Thus, if the significant difference is 1-3 and the treatment means are 
A B C D 

1 4 - 1 1 5 - 0 1 7 - 2 1 7 - 4 , 

it would be concluded that A and B form one indistinguishable group, C and D forming another. 
This method has recently been attacked by Tukey [ 1 6 4 ] , who appears to have the support 

of Snedecor ( 1 5 0 ] , the proposed alternative being a combination of significant differences used 
as a gap test, Nair's straggler test [99 ] and a repetition of the F-test. Keuls [87 ] also has ex­
pressed disagreement with the conventional method, his remedy being an adaptation of Newman's 
g-test [ 1 0 0 ] , otherwise known as the use of " Studentized range." The present writer, who also 
is not satisfied with significant differences as commonly used, though for quite different reasons, 
has been in correspondence with both Prof. Tukey and Mr. Keuls, and it is clear that the subject 
as at present understood gives rise to legitimate differences of opinion, which are not, however, 
as great as would appear from the literature. Consequently, the following paragraphs should 
be taken as setting out the personal view of the writer. 

Where an F-test has shown the treatments to be having a significant effect it would appear 
reasonable to conclude that all the treatment means are different one from another. This may 
be seen on statistical grounds alone, because the natural alternative to the hypothesis discredited 
by the test, namely, that all the treatment parameters are equal (see Appendix III), is that they 
are values drawn from a continuous distribution, in which case the probability that any two will 
be equal is zero. It may be seen no less on horticultural grounds. If, for example, it has been 
shown by an F-test that rootstocks affect the leaf colour of the sciDn and if two trees are on 
different rootstocks, it is to be expected that they will have differenl colours of leaves. Again, 
if it is clear that the form of nitrogen in a fertilizer affects growth, .ind if two plots have been 
given their nitrogen in different forms, it is to be expected that growth will be different on the 
two plots. The next step is not to do any more testing, but to estimate the difference, whether 
it be large or small, important or unimportant. 

It should be noted that this line of argument does not lead to an ; bandonment of significant 
differences but to a modification of their use. If two treatments give means that do not differ 
significantly, there should be no suggestion that they necessarily have the same effect, as in the 
conventional approach. Usually they are having similar effects whxh the experiment is not 
sensitive enough to distinguish, but it is none the less salutary for the ex perimenter to be reminded 
that he has not demonstrated any difference for that particular pair cf treatments and it calls 
upon him to pause for a moment and think, because sometimes two treatments that are different 
in application are virtually identical in action. Thus, two annual cover crops may be quite 
different botanically, but if both germinate too late they may be equall y ineffective and virtually 
identical in action. Again, two sets of pruning instructions may look very different, but both 
may lead to much the same wood being removed from the trees. An experimenter confronted 
with two treatments that do not differ significantly can well ask himself if they are really as 
diverse as they appear to be. If, however, his consideration of the matter does not lead to any 
satisfactory reason for thinking the two treatments to be identical in their action, he should 
take the difference in their effects to be a real one. It is assumed th roughout that the F-test 
has shown a significant effect of the treatments in general. 
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The grouping of treatments effected in this way should be clearly distinguished from 
that considered in the preceding Section. There the groups were apparent from the first, and 
the experiment investigated whether or not they corresponded to differences in tree behaviour. 
Here there was no initial reason to expect any treatment to behave like one of its rivals rather 
than another, but the similarity of data has led to a reconsideration of this point. 

This division of opinion on the use and meaning of tests has naturally led to diversity of 
methods in the presentation of the results of statistical analyses. Many laboratories make a 
practice, when results have been shown significant by an .F-test, of reporting merely trie treat­
ment means and their standard error. This latter tigure enables tiie reader to see how accurate 
the experiment Was and aiso enables him to work out a significant difference for himself if he 
wants one. The writer, for his part, would prefer to separate these functions of the standard 
error by presenting two figures, (a) the standard error of a single observation, namely, the square 

I root of the error mean square, to represent accuracy, and (b) any significant differences that 
• may be relevant, already worked out. This also has the effect of concentrating attention on the 
differences between treatments rather than on their absolute performance, which on balance is 
a good point. However, all these quantities can be calculated very easily one from another, 
and to dispute' which is to be preferred is rather like making it a matter of principle whether to 
express weights in pounds or grammes. The important thing is that the reader should be given 
the essential information in the way he will most readily appreciate, taking care that he thoroughly 
understands what use can and cannot legitimately be made of the quantities cited. 

Variety trials present rather a special problem in the use of significance tests, because it 
may be taken for granted that plant tissues having different genetical contents will differ in 
respect of most inherited characteristics. It has already been suggested (see Section 6 3 ) that 
significance tests are not very informative in variety trials and this is especially true of signifi­
cant differences. There may be some doubt if varieties do in fact differ in a certain respect and 
here an F-test can be helpful ; but when once it has been shown that they do, there can be 
little chance of two varieties behaving in. an identical manner unless they happen to be synonyms. 

Although it is in general wrong to start looking for significant differences before it is clear 
that the differences as a whole are significant, i.e., before a positive result has been obtained 
from an F-test, an exception arises when certain differences are marked out from the beginning 
as being of special interest. Thus, suppose that the main purpose of a trial was to study the 
difference of two treatments, A and B, certain other treatments, C, D and E, being added in a 
purely exploratory frame of mind. In East Mailing practice it would be considered permissible 
to nominate the difference between A and B and to test it by a significant difference even though 
the similarity of C, D and E had led to treatments as a whole proving non-significant by the 
F-test. Thus, if the significant difference was 4 - 8 and the treatment means were 

A D E C B 
4 2 - 7 4 6 - 1 4 6 - 8 4 8 - 4 4 9 - 4 , 

the difference between A and B would be accounted significant regardless of the result of the 
F-test. 

This, incidentally, provides a good illustration of the idea behind nomination, namely, 
obviating dilution, as it were, of effects primarily under investigation by others of secondary 
interest. Thus, if there were no chance to nominate, an experimenter would hesitate to combine 
two sets of treatments into one factorial design lest the non-significance of one should cover up 
the significance of the other. 

One special case requiring mention concerns the comparison of a control with a range of 
other treatments, the object being to find if any of the treatments are different from the control 
rather than if they differ from each other. Examples of such trials are given in Appendices I 
and III. It can happen that one treatment is markedly different from the control, which 
closely resembles the rest. Is the effect of this one treatment to be ignored, because the diffe­
rences between treatments as a whole are not significant ? One view is that the comparison of 
each treatment with the control has been nominated from the start, and a significant difference 
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I may be applied even if the F-test for treatments has not shown significance. If it be objected 
| that this gives a high chance that one or other of the nominated effects will prove significant 

even in a blank trial, the writer's reply would be that this always happens in an experiment 
with several effects under test. If the investigator had designed a series of independent trials, 
one for the comparison of A with the control, another for B and the control and so on, no objec­
tion would have been made. Yet the chance of one or other of the treatments appearing by 
chance to differ from the control is not very different from the case of the comprehensive trial 
with all these effects nominated.* 

This view is not universally held and Tippett [ 1 6 3 ] has devised a different test, as also has 
Nair [ 9 9 ] , intended to keep within bounds the chance of one or other of the treatments showing 
itself significantly better than the control by sheer weight of numbers, as it were. Thus, if 
there are 2 0 treatments it is to be expected that one of them will appear significantly different 
from the control at the level, P = 0 - 0 5 , if no special test is used. Neverthless, for the reason 
given, the present writer would nominate. 

In split-plot designs, the computation of significant differences needs a little care. If a 
factor X has been applied to main plots, the significant difference between means representing 
the main effect of X should be calculated using the error mean-square and error degrees of free­
dom for the main plot analysis, i.e., the first analysis. Equally, if a factor Y has been applied 
to sub-plots, the significant difference for the main effect of Y should be derived from the error 
of the sub-plot analysis, i.e., the second, and so on. The difficulty comes with the interaction, 
X x Y. For the comparison of two means representing treatment combinations having the 
same level of X but different levels of Y, it is correct to use the error for the sub-plot analysis. 
If the treatment combinations differ in X, whether they are or are not the same in respect of Y, 
for a design in randomized blocks the error may be obtained thus [ 1 5 8 ] : 

The appropriate error mean-square is 

s t

2 + ( £ - 1 ) s 2

2 

L 

where L is the number of levels of Y, Sj 2 , is the main plot error mean-square and s 2

2 is the sub-plot 
error mean-square. To find the number of degrees of freedom, F (which is not in general going 
to be a whole number), it is first necessary to work out c, which equals 

Si 2 

S l

2 + ( I - 1) sf 
and then F is given by the formula, 

F~fi+ A ' 
where / j and / 2 are respectively the degrees of freedom of Sj 2 and s 2

2 . The appropriate expres­
sions in other cases can usually be derived from the work of Satterthwaite [ 1 4 3 ] or that of Welch 
and Aspin [4 , 5 , 1 7 0 , 1 7 1 ] . 

7 3 . H e t e r o g e n e o u s E r r o r s and T r a n s f o r m a t i o n s 
In the analysis of variance it is assumed that the variability of all data from their expected 

values is the same irrespective of treatments, but this is often not justified, e.g., if a treatment 
makes apple trees heavier, their variability in weight will also be increased [ 1 0 9 , cf. 1 3 6 ] . One 
way of overcoming this, available only in randomized block designs, is to partition the error as 
described by Cochran [ 31 ] and well illustrated by Wadleigh and Tharp for a cotton trial [ 1 6 7 ] . 
In this method, the treatments sum of squares is partitioned into effects each with a single 
degree of freedom and the interaction of each effect with blocks worked out (see. Appendix II). 

* It will not be quite the same because, with the series, the difference between A and the control is inde­
pendent of the difference between B and the control. In the comprehensive trial this is not so because, if by 
chance the control gives a low value for comparison with A, it will have a low value to compare with B also. 
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These interactions will be found to add up to the error sum of squares of the randomized block 
design. Each effect is then compared by an F-test, not with the whole error, but with its own 
interaction with blocks. This procedure is admirable provided two conditions can be fulfilled, 
namely, it must be possible without artificiality to partition the treatments into single degree 
of freedom effects and there must be enough replicates for the interactions to have a reasonable 
number of degrees of freedom each, since each is to be used as an error on its own account. 

Another method, also considered by Cochran, is to use some function of the data that is 
statistically more acceptable, a process known as "transformation". Thus, in the example 
given in Appendix II of a trial for the study of methods of soil management, the weight of 
prunings, n, was actually analysed as 2 + log (n -f f), in order to get equal variation within 
the treatments. 

The range of possible transformations is very great. Thus, it sometimes happens that the 
standard error of a plot is proportionate to the mean of the treatment to which it belongs, as is 
usually the case when analysing growth measurements, such as trunk girth, length of extension 
growth and weight of tree [ 1 0 9 ] . This state of affairs can often be revealed in the following 
way : For each treatment write down the mean value of its data and also the extreme range of 
its data, from which table it may appear that the ranges vary more or less with the means. 
It is then appropriate to analyse, not x, the actual data, but log x [ 3 1 ] . Each plot figure is trans­
formed to its logarithm and the analysis is then done in the usual way. 

Sometimes, e.g., with insect counts [ 1 7 7 ] , this transformation is useful but a difficulty arises 
on account of log 0 being equal to minus infinity. Where x can equal zero and is in any event 
confined to whole numbers {i.e., it can equal 1, 2 , 3 , etc., but not 2 - 4 , 3 - 1 , etc.) various alternatives 
have been suggested, e.g., log (x + 1) [ 1 7 7 ] and log (2x + 1) [ i n ] , but the latest research favours 
log (x + J) [ 3 ] . Where the data can assume fractional values but are discontinuous (e.g., where 
plant weights are taken to the nearest quarter pound, the plants being quite small so that the 
discontinuity is serious), it is still possible to use this approach by first expressing all data in 
terms of the real unit of measurement, i.e., in quarter pounds, calling 2 J , 1 1 and 3 ^ , 1 4 and so on. 

Quite a different sort of transformation is called for when the ranges appear to vary pro­
portionately to the square roots of the means, as sometimes happens with crop weights, for here 
y/x is the basic transformation [ 3 1 ] . If x is confined to small whole numbers (or its discontinui­
ties can be made to correspond to unit intervals, as described in the paragraph above), the 
transformations y/x + \ [7 ] and yf x + f [ 3 ] have both been recommended, but it appears that 
(y/x + y/x + z ) [67] is better than either. 

In dealing with percentages (and it is here assumed that they are such as must lie between 
o and roo) the variability is greatest round about 5 0 and falls off towards the extremes. If 
all or nearly all lie between 1 5 and 8 5 , the error will be so nearly homogeneous that no transfor­
mation is needed, but if there are a number of extreme values it is necessary to use angles of 
equal information, 8, [ 1 7 , 1 8 , 3 1 ] such that sin2 0 = k/n, where n is the number of specimens 
examined per plot and k is the number observed to have the characteristic under study. This 
transformation has been fully tabulated [66d]. Where discontinuity is serious, it has been sug­
gested [7] that k should throughout be increased or decreased by \ , whichever is needed to bring it 
nearer to \ n. Later, however, it was pointed out that it would suffice to transform 0 as if it were \ 
and n as if it were (ra — J) and otherwise to use the basic transformation unmodified [8b], and this 
simple device remains very useful. The recommendation has also been made to use (6 + 6 ' ) , 

fa fa ., I., J 
where sin2 0 = — : — and sin2 0' = —•— [ 6 7 ] , but its advantages have not vet been estab-n + 1 n + 1 / J 0 

lished. With discontinuous percentages that include extreme values, perhaps the best trans-
k + -| formation is 6, such that sin2 0 = —•—~ [ 3 ] . A full discussion of the treatment of data in n + f 

percentage form has been given by Clark and Leonard [ 2 9 ] . 
The whole subject of transformations has recently been gone into in great detail by Bartlett 

[ n ] , whose paper well repays study. 
It should be emphasized that transformation, if needed, must take place right at the begin-
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ning of the analysis, all fitting of missing plot values, all adjustment by covariance, etc., being 
done with the transformed variate and not with the original data. At the end, when the con­
clusions have been reached, it is permissible to " back-transform " the results so as to present 
them in the original units of measurement, but this is done only to render them more intelligible. 

As a result of this process of transformation followed by back-transformation, the means 
will be rather different from those that would otherwise have been obtained. Thus, to take a 
simple example, without transformation the mean of the numbers i , 4 , 9 , 1 6 and 2 5 is 1 1 . Suppose, 
however, that a square-root transformation is used to give 1 , 2 , 3 , 4 and 5 , the mean is now 3 , 
which after back-transformation gives 9 . Usually the difference will not be so great because 
data do not usually vary as much as those given, but logarithmic and square-root transforma­
tions always lead to a reduction of the mean, just as angles of equal information usually lead to 
its moving away from the central value of 5 0 % . 

Although transformations make possible a valid analysis, they can be very awkward. For 
example, although a significant difference can be worked out in the usual way for means of the 
transformed data, none can be worked out for the treatment means after back-transformation. 
Brackets can be used to show which differences are not significant (basing these on the result 
with the transformed data), but that is about all. Again, it is not clear what intelligible meaning 
is to be given to interactions when the data have been transformed. Fortunately, log x, one of 
the most useful, is free from these strictures, because a significant difference in logarithms can 
be translated into a significant ratio for the back-transformed values, while the absence of an 
interaction between A and B means that A has the same relative effect whatever the level of B. 
With data having no transformation, it would mean that the absolute effect was constant. 

74 . T h e Ana lys i s of S e v e r a l Y e a r s ' R e s u l t s 

One feature of statistical work with perennial species is the accumulation of successive 
seasons' results for each plot and it sometimes needs a little thought how to make best use of 
them. 

It should first be commented that there is no need to look for difficulties. Usually it is 
quite enough to add together all the data from a plot to obtain total crop or total growth, what­
ever it may be, over a period. With size records, similarly, a figure representing the increment 
over a period may give all the information required. Trunk girths in particular lend themselves 
to this treatment. They are usually dealt with in logarithmic transformation and the incre­
ment in logarithm of trunk girth is, of course, a measure of rate of growth—a figure of some 
importance and interest. Usually no more complicated technique need be employed. 

If the time taken by the experiment is to be divided into periods, it is best for these to be 
equal in length and for each to cover an even number of seasons. Most perennial species are 
to some extent biennial in cropping and growth and, consequently, periods containing an odd 
number of seasons are rarely comparable one with another. 

One useful device for analysing together results for successive periods has already been 
mentioned (Section 2 5 ) , namely, regarding the periods as a further factor split upon the smallest 
plot laid out in the field. Thus, if the trial is already in main plots and sub-plots, the individual 
results for periods would be regarded as the results of sub2-plots split upon the sub-plots. The 
difficulty is that variability in a trial is itself varying, and the resulting heterogeneity of the 
error of the last analysis (see last Section) cannot usually be dealt with by any transformation. 
Also the years are best regarded as a treatment applied systematically, so the appropriate method 
of analysis is that given in Section 4 6 . 

Rather than use the other method for dealing with a heterogeneous error, namely, par­
titioning the levels of the factor into effects each with one degree of freedom and partitioning the 
error accordingly, so that each effect has its own characteristic error (see last Section), there is 
much to be said for the following method, used with excellent effect by Stevens [ 1 5 2 ] with coffee. 
Suppose there are two periods into which the trial has been divided, which may be designated 
by (i) and (ii). First of all, an analysis can be done on (i) -f- (ii), which will give a measure of 
the total yield or growth or disease, as the case may be, over the whole experimental period. 

6 
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Then a separate'analysis can be done on (ii) — (i), representing the build-up of the variate with 
time. Again, if there are three periods, analysis can usefully be done on (i) + (ii) + (iii), 
(iii) — (i) and (i) — 2 (ii) + (iii), representing respectively the total over the experiment, the degree 
of increase during the experiment and the extent to which the middle period gave results above 
or below the mean of the other two. This last can be important for, if results from the second 
period are much above the mean, the conclusion is that the quantity, having built up quickly, 
is later increasing more slowly. Thus, if the figures for crop over three periods are 1 0 , 3 0 , 3 5 , 
the suggestion is that large further increases in cropping are not to be expected ; whereas figures 
like 1 0 , 1 2 , 3 5 , give hope Of larger crops for the future.* 

A special case of this approach is provided by working out an analysis of variance on the 
regression coefficient of the variate upon time. Thus, suppose crops over four successive periods 
for a certain plot are 1 0 , 1 3 , 1 5 , 1 6 . Using the ordinary designation of the periods as 1, 2 , 3 , 
4 , this gives a regression coefficient of (see Appendix IV) 

(10 x i ) ' + (13 x 2) + (15 X 3) + (16. X 4 ) - £ ( i o + 1 3 + 1 5 + 1 6 ) (1 + 2 + 3 + 4 ) 
i 2 + 2 2 + 3

2 + 4 2 - i (1 + 2 + 3 + 4 ) 2 

The denominator may be ignored as being the same for all plots. Further, the numerator can 
be simplified by renumbering the periods in such a way that their numbers are still evenly spaced 
but add up to zero. Thus, in the present example, renumbering the periods — 3 , — 1, + 1, + 3 , 
gives the expression, 

( 1 0 x - 3 ) + (13 x - 1 ) + (15 X + 1 ) + ( 1 6 x + 3 ) . 

' This is just as good as the regression coefficient for showing the relative degree to which plots are 
giving an increase in crop as time goes on. 

In the investigation of Stevens, already referred to, each plot gave a crop record for ten 
successive years. First, he analysed the total crop, 

(i) + (ii) + (iii) + (iv) + (v) + (vi) + (vii) + (viii) + (ix) + (x). 
Then he analysed the difference in cropping between odd and even years to investigate the 

degree of biennial bearing, 
(i) - (ii) + (iii) - (iv) + (v) - (vi) + (vii) - (viii) + (ix) - (x). 

Finally, he grouped his years into pairs in order to remove the biennial effect and worked 
with a regression coefficient, as modified above, to find the extent to which cropping was im­
proving with time, i.e., he analysed 

— 2 (i) — 2 (ii) — (iii) — (iv) + 0 (v) + 0 (vi) + (vii) + (viii) + 2 (ix) + 2 (x). 

In this way he studied the important effects associated with time without artificiality and 
without making any dubious assumptions about the homogeneity of errors. 

Another approach that has been tried at East Mailing is to regard each year as providing a 
different variate and to carry out a multivariate analysis [e.g., 1 0 ] with its apparatus of variances 
and covariances for all variates and combinations of variates. The results, though interesting, 
were difficult of interpretation and hardly repaid the large amount of computing required. 
Nevertheless, the method might justify itself in instances where the correlations between suc­
cessive year's results were high but cut across by treatments. 

75 . Exper iments at Several S i tes 
V Here, as in the last section, there is no need to look for difficulties. One cardinal principle 
\ is that the trial at each site must be large enough and sensitive enough to give an answer without 

* This argument should not be taken too far. Thus, the writer feels dubious about a trial [151] in which 
conclusions concerning asparagus crops over a long period were in fact based upon yields over the beginning 
of the period. With most species changes in competition and shelter during their life produce cropping con­
ditions that cannot be forecast so precisely from the early records. 
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help from outside. Then, if that trial leads to results different from the rest, it can be considered 
in isolation. Much of the trouble with co-operative experimentation at different sites appears 
to arise from a neglect of this simple consideration, the search being too often for varieties and 
treatments that will on the average do well, not for those that will succeed in a specified environ­
ment. 

As a formal statistical problem it is easy to see how to test which treatment is best over an 
area. Sites are chosen at random and an experiment conducted at each. Results are put on 
to some comparable basis (e.g., crop as pounds per tree or disease as lesions per leaf, etc.) and 
then written out in a two-way table with sites one way and treatments the other. The whole 
is analysed as if it were a randomized block design with sites instead of blocks, any conclusions 
reached about the treatments referring to their mean behaviour over the whole area of the 
country, province, etc., from which the sites were chosen. 

In practice, of course, the sites are not wholly at random, nor is anyone usually interested 
in the rather academic question of which variety or treatment would be best if only one could be 
used in the entire area. Sites should, in fact, be chosen so as to be representative of a region and, 
if Variety A does well in the trial on clay in the South-West, it should be recommended to 
farmers on clay soils in the South-West despite its failure on the light loams of the North-East. 
Of course, if an experimenter wishes to know if a variety or treatment is really of value in a 
specified region, it is a good practice to try it out on a number of sites first before making a 
recommendation. However, if it fails or is disappointing at some sites, further research is called 
for to find out why. It will be no consolation to a farmer who has lost 5 0 lb. of fruit per tree 
to be told that the regional average has been raised, because for every farmer in his position there 
are two whose crops have been increased by 4 0 lb. per tree. 

Where it is desirable to analyse together results from several sites, the studies of Cochran 
[30 ] and of Roessler and Leach [ 1 3 7 ] will be found helpful. 
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SOME MISHAPS AND REMEDIES 
" . . . of most disastrous chances, 

Of moving accidents by flood and field ; " 
William Shakespeare, ' Othello,' i .iii. 136—137. 

80 . Inc idence of D a m a g e , D i sease and P e s t s 
After a trial has been planted, it sometimes happens that some injurious effect is found on 

the trees and is cutting across the results. Thus, a disease may begin to creep in from one 
side or the more exposed trees may be damaged by wind. Frost damage may be serious, or 
harm may have been done by a wide range of animals from red spider mites to elephants. 

Before trying to eliminate the effect of such interference it is necessary to consider how it 
is related to treatments. For example, in a variety trial, a disease may well attack some kinds 
in preference to others and an elimination of its effect would be unfair to the more resistant 
varieties. Again, in a pruning trial, branch breakage might well be a consequence of one of 
the treatments and no allowance should be made for its deleterious effects. In general, with a 
few possible exceptions, the effect of the damage should be allowed for in only two cases. 

(1) It is clear that the incidence of injury is not related to the treatments. Thus, a disease 
is found in the trees of an experiment on the side adjoining a wood where the pathogen is known 
to be present. If the patch showing symptoms appears homogeneous, the disease thinning 
out from a centre, this assumption would appear reasonable. Of course, the only circumstances 
in which an experimenter can be completely certain that his treatments have not affected the 
incidence of disease or injury are those in which the trouble was measured before the treatments 
were applied, and even here the treatments may affect its ultimate development. 

(2) The trouble is of such rare occurrence that a treatment is not thought the worse of 
because it makes the plants susceptible to that kind of damage. Thus, in areas where spring 
frosts are almost unknown, blossom injury to an early flowering variety might be regarded as a 
misfortune, irrelevant to any assessment of the value of the variety. Again, quarrying opera­
tions may cause dust injury, but it would not be fair to penalize a treatment that proved to be 
especially susceptible. That is not to say that trials can satisfactorily be carried out in these 
unusual conditions. 

Where allowance for injury is to be made, there are several ways of doing it. One is to 
leave whole blocks, rows or columns out of all analyses of variance, supposing the design is 
robust enough to allow of this (see Section 21). Certainly, the surest method of eliminating 
the effect of some interfering factor is to ignore data from the blocks where it operates, and for 
this reason the recommendation has already been made (see Section 54) to plant more replicates 
than will be needed if all the trees remain available for study. Usually, however, this method 
of allowing for injury is not convenient because the infected area spreads over too many blocks. 
The remedy then is to measure the injury and adjust the results by the method of covariance 
(see Appendix IV). 

8 1 . S u b s e q u e n t Class i f icat ion a n d P s e u d o - v a r i a t e s 
A somewhat similar problem arises when it is found too late that the trees differ in some 

way not considered while the trial was being designed. Thus, a set of rootstocks supposedly 
from the same clone might be found to consist of a mixture of two identifiable clones. Sometimes, 
too, a guard row has to be removed on account of the needs of an adjacent experiment, thus 
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classifying the remaining trees into " inside " and " outside ". The best way of dealing with 
such mishaps is to. associate each tree with a.pseudo-variate [see. 1 2 8 ] , which iso if the tree belongs 
to one class and 1 if it belongs to the other, to add up the tree values to give plot values and 
to adjust by the analysis of covariance. 

Thus, suppose there are four rows each of five trees in an experiment and the north and 
east headlands become unguarded. Since the two headland effects may well be different, each 
must have its own pseudo-variate, thus, 

I I I I I 0 0 0 0 1 

0 0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 0 1 

and a double covariance will be needed. 
In working out adjusted means, it is usually more sensible to adjust on to a standard value 

of zero for the independent variate rather than on to its general mean, i.e., to adjust all treat­
ment means to the value of x representing the rootstock that should have been planted or the 
circumstance of remaining guarded rather than to the mean of what actually occurred. This 
makes a constant difference to all the adjusted treatment means but does not,alter the com­
putations set out in Appendix IV in any other way. 

Pseudo-variates can also be used at times to take account of soil variation. Thus, in 
one raspberry variety trial designed at East Mailing difficulty was experienced from a streak 
of gravel that lay across the area. Plots on good land were assigned the value 0 , plots wholly 
on the streak were assigned the value 1 and a few that lay on the boundary were given values 
like according to the proportion on gravel. Adjustment by covariance led to a marked 
improvement in precision. 

82 . Mis s ing T r e e s and P l a n t s 
If a tree dies or has to be removed on account of disease, it is advisable to put another in 

its place, the new one being known as a replant, a supply or a recruit. The consequences when 
a whole plot is thus lost will be discussed in the next Section, this one dealing with incomplete 
plots. 

If the losses are probably due to the effects of some of the treatments, it would be wrong 
to make any adjustment except in the circumstances considered in Section 8 0 . That is to 
say, trees should be replanted as occasion arises and analyses should be carried out on plot 
totals without adjustment of any kind for the number of gaps or replants, the crop, etc., of the 
replants being counted in with the other trees. 

If the effect of missing plants is to be allowed for, there are two ways of attempting it, but 
first it should be mentioned that the effect of gaps on adjacent plants depends very much upon 
the species. Thus, for strawberries the effect, if any, is small [ 1 6 0 ] , but for hops it is appreciable 
[ 2 ] . It has been suggested that it is important for pecan trees also [ 1 4 5 ] . 

The best way of allowing for the loss of plants is to use the analysis of covariance, adjust­
ment being necessary both for the number of gaps or replants and for the effect of competition. 
Two alternative methods suggest themselves : 

(1) To work with plot totals, ignoring replants, and -to adjust upon the number of gaps 
or replants as the case may be. This is open to some criticism on the ground that the loss of a 
plant from a plot that is doing well is more serious than from one that is doing poorly, thus 
vitiating the assumption of the analysis of covariance that the regression coefficient is not 
affected by the treatments. 

(2) To work with the mean per surviving plant for each plot, again ignoring replants and 
again adjusting by the number of gaps or replants. The advantage of this method lies in the 
number of survivors having already been taken into account, so the experimenter is free to 
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concentrate on devising an independent variate that shall express the competition between 
plants. Thus, he may weight gaps by the time since their occurrence, assigning a value 5 to 
one that appeared five years ago and ignoring one that occurred yesterday. Again, given 
three gaps in a row he may ignore the middle one as having no effect on the competition of 
the survivors. Admittedly, he must not become too ambitious and lose himself in a welter 
of trivialities and he must remain objective, not seeking reasons why his favourite treatment 
was really best despite all appearances, but he is much freer to devise a useful independent 
variate. The criticism of the first method applies here also and is very difficult to counter, 
though it should be remembered that the differences most seriously affected are the large ones, 
which are obvious anyway. 

Generally, it is advisable to Teplant as soon as possible in order to restore root competition 
for the adjacent trees ; but, where most losses occur while the trees are young, it is sometimes 
better to wait until no more are expected and then to replant all the gaps together. The replants 
are now comparable with one another, so their crops, etc., may be counted in with the plot totals, 
the difference between them and the original trees being dealt with by a pseudo-variate. 

In some crops, e.g., cacao, the number of trees to a plot of standard area can be very variable 
in commercial holdings. In such instances it is advisable to work with plot totals and to adjust 
by stand, supposing the latter to have been determined before the treatments were applied. 
The reason for preferring the first method to the second is that, with no standardized planting 
distance, attention has to be fixed on results per unit area. This is not really within the province 
of this Section though it is a closely related subject. 

The difficulty with all these methods is their tendency to give heterogeneous errors (see 
Section 73) that no transformation can deal with. If one plot has 10 trees surviving out of 12 
and another only two, it is absurd to suppose that the accuracy of the result for one plot equals 
that of the other. If too many plants are lost from a plot, it is best regarded as wholly missing. 

8 3 . M i s s i n g P l o t s 
Although the loss of complete plots from an experiment is not a disaster and, with some 

species, is quite usual, it should be emphasized that nothing can replace the lost information. It is 
a bad mistake to suppose that a few simple modifications in the computing will set all to rights. 
For one thing, the modifications are not always simple : for another, something must always 
be lost from the accuracy of treatment comparisons. 

The various methods of dealing with incomplete data will now be enumerated, leaving the 
most usual, namely, the calculation of missing plot values, to the end. Basically, they are a l l 
variants on the same method. 

(a) The pseudo-variate method : In this, each missing plot is assigned some arbitrary figure, 
it does not matter what, and then each is associated with a pseudo-variate [8a, 97]. Thus, if 
the data were 

Treatment A B C D E 
Block I 14 M1 18 19 

„ II 15 14 19 16 M 2 

„ HI 14 12 16 15 18 
IV 16 17 20 16 2 1 . 

M1 and M2 could be given respectively values like 16 and 18 (it would make no difference to the 
final result if they were equated to + 1,000 and — 1,000, but it is more convenient to use values 
within the range given by the other plots) and then a double covariance is carried out on the 
independent variates 

0 1 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 . 
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The adjusted means are worked out for the independent variates equal to zero, not to their 
general means. 

(b) The method of Appendix III: This is not recommended, the solution of the parametric 
equations being sometimes very awkward. It has, however, the advantage of being clear cut 
and helping the investigator to see how everything is derived. 

(c) By minimization of the error: In this method the error is worked out algebraically 
and minimized by means of the differential calculus. Thus in the example given under (a), the 
error sum of squares may be evaluated thus (see Appendix I) : Classification totals are added 
to the data, 

* 4 M1 1 9 1 8 1 9 70 + Mx 

1 5 1 4 1 9 1 6 M2 64 + M2 

1 4 1 2 1 6 15 1 8 75 

1 6 1 7 2 0 1 6 2 1 90 

59 43 + M1 74 65 58 + M2 299 + M± + M2 

to give an error sum of squares equal to 

[ i 4 2 + M i 2 - f 1 9 2 + . . . + 2 1 2 ] 

- i [ (70 + M J 2 + ( 6 4 + M 2 ) 2 + 7 5

2 + 9 0 2 ] 

- i [ 5 9 2 + ( 43 + ^ i ) 2 + 7 4 2 + 6 5 2 + (58 + M 2 ) 2 ] 

+ ft ( 2 9 9 + M , + M 2 ) 2 . 

Differentiating by Mx and setting the result equal to zero so as to derive the minimizing value 
of M1 gives 

2 M 1 - I (70 + M j ) - f ( 4 3 + MJ + ft ( 2 9 9 + M1 + M 2 ) = 0 . 

Likewise, differentiating by M2, 
2 M 2 - I ( 6 4 + M2) - I (58 + M2) + ^ ( 2 9 9 + Mx + M2) = 0 . 

Whence, 
Mx = 1 4 - 7 , M2 = 1 9 - 3 , 

their " missing plot values". The analysis is then completed using these values for Mx and 
M2. The evaluation of significant differences will be left to the next Section. 

(d) Evaluation of missing plot values by formida : For many designs, formulae for missing 
plot values have been worked out, the book of Cochran and Cox [ 3 5 ] being especially compre­
hensive in this respect. The earliest publication of such formulae was that of Allan and Wishart 
[ 1 ] . * Cornish has given expressions for some of the more complicated designs [38 , 3 9 , 4 0 , 4 1 ; 
see also 1 3 5 ] , but these are not likely to be of much use with perennial species ; while for ran­
domized blocks Baten [ 1 3 ] has given formulae for the cases when two or three plots are missing. 
For such multiple losses the iterative method of Yates [ 1 8 2 ] can also be very useful. 

Actually, for orthogonal designs there is no need to look up the formula ; it can so readily 
be derived ab initio. Thus, to take the example already considered of two plots missing from 
a design in randomized blocks, it is first necessary to recall the expression given in Appendix I 
for working out the error sum of squares from the variation terms. For a randomized block, 
this is Total term — Block term — Treatment term + Correction term. These terms represent 

* In this paper there is a slip in the expression given for the Latin square. 
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84 . S o m e Consequences of F i t t ed Values 
As has been pointed out elsewhere [182], the loss of data makes a design non-orthogonal, 

that is to say some treatments are represented on only some of the blocks. If these blocks 
differ from the rest, the treatments missing from them are compared on a different basis from 
those present in them. This non-orthogonality matters little where only one or two data are 
missing, but it can be quite important if many are. The method of working out incomplete 
data by pseudo-variates, which allows for non-orthogonality, is not usually practicable when 
many values are missing, nor is Method b. With Methods c and d some allowance has still to 
be made for this non-orthogonality, though this is not usually done unless more than 1 0 % of 
the data are missing. 

The method resembles that of Appendices III and IV, i.e., an error sum of squares, S, is 
worked out taking treatments into account. Then, a fresh error sum of squares, S", is worked 
out ignoring treatments. Thus, in the example of the last Section, missing plot values have 
been derived for the randomized block, namely, 15 and 19, and these lead to an error sum of 
squares, S, of 10-90 with 10 degrees of freedom. 

Starting again, ignoring treatments, a one-way classification is left and the missing-plot 
values are 17-5 and 16-0. Calling these 18 and 16 respectively gives an error sum of squares 
of 74-00 with 14 degrees of freedom. Accordingly, the full analysis of variance, making al­
lowance for non-orthogonality, is : 

Source d.f. s.s. m-s. F. 
Treatments (by difference) 4 63-10 15-78 14 -48* * * 
Error . . . . 10 10-90 1 -09 

Total 14 . 74-00 

respectively the variation of the data, the block means, the treatment means and the general 
mean from zero. The missing plot values are accordingly given by the equations, 

M i ~ 4 ~ 5 + 20 ~ ° 

_ 58 + M 2 _ 6 4 + M 2 299 + M1 + M2 _ 
M * 4 5 + 20 ~ 0 ' 

i.e., by taking the formula for the error sum of squares and for each missing plot substituting 
(i) the missing value for the Total term, 
(ii) the incomplete block mean for the Block term, 
(iii) the incomplete treatment mean for the Treatment term, 

and continuing in the same way, equating the whole to zero. 
It should be emphasized that missing plot values are no more than a computing device : 

they do not represent the value the plot would have given had it not been lost. 
In an analysis of covariance, if a value is lost from one variate, the corresponding value 

in the other variate must be regarded as missing also. Computing then usually proceeds using 
either Method a or d. If the former is used, the values for the two variates for each missing 
plot are assigned arbitrarily, and one pseudo-variate added for the gap as in the analysis of 
variance. If the latter, missing plot values are fitted for each variate separately and the figures 
worked out by the usual methods. 

Where plots are missing, the number of degrees of freedom for both total and error are 
less than those for the case of complete data by the number of plots missing. Thus, in the 
example that has been given, the total and error would have respectively 17 and to degrees of 
freedom instead of 19 and 12, as they would have had with complete data. This is true whatever 
the method used. With (a) it arises from the degrees of freedom lost by covariance upon the 
pseudo-variates; with the others, because the total number of data in the analysis are less 
than usual. 
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at J. 4 + - 2 < * 4 

where t is derived from tables [66a] and c 2 is taken to equal the error mean square of the analysis 
of variance. Recently, Baten [14] has published the exact expressions. 

For Latin squares the position is less well understood. Yates [182] has indeed given a 
rough rule, but it is not known how accurately this applies. Accordingly, the present writer 
has worked out the following exact solutions for four of the commoner cases. All formulae 
refer to an incomplete K X K Latin square, giving an error mean square of a 2. 

Case a : One plot missing. 
Significant difference between the mean of the defective treatment and any other : 

,t i . * * V - 5 g + 4 
K (K — i)(K - 2) ' 

Case b : Two plots missing, not having a row, column or treatment in common. 
Significant differences between the mean of a defective treatment and of one not defective : 

K3 — 11 K2 + 23 K - 22 
(K-3)(K*-3K + 4)-

Significant difference between the means of the two defective treatments: 

2(K - 2) 
K(K- 3) ' 

Case c : Two plots missing, having a row or column in common. 
Significant difference between the mean of a defective treatment and of one not defective : 

Another difficulty arises when using missing plot values. The missing plot values, as 
has been said, are not the values that would have been obtained if the missing observations 
had been taken, though they are estimates of them. Consequently, treatment means depending 
in part on missing plot values are not as accurately determined as those based entirely on data 
actually observed and this should be taken into account when working out significant differences. 

For randomized blocks the position is fairly well understood. Suppose two treatments 
are being compared and give data thus : 

(0 is an actual observation. M is a missing plot value.) 

Block I II III IV V VI VII VIII 
A . O O M O O O M O 
B . O M M O O M O O . 

A gives four complete comparisons with B (Block I, IV, V and VIII) and two incomplete ones 
(II and VI), while in two blocks (III and VII) it gives no comparison at all. Its effective replica­
tion in comparison with B may be written (4 + 2 a ) . Likewise, the effective replication of 
B in comparison with A is (4 -j- a). What is the value, a, to be ascribed to an incomplete 

K — 2 
comparison ? Yates^i.82] suggested \ , but Taylor [156] has pointed out that ^ _ is better, 
K being the total number of treatments. The significant difference between the means of 
A and B is thus : 
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Significant difference between the means of the two defective treatments : 

"71 
Case d : Two plots missing, having a treatment in common. 

Significant difference between the mean of the defective treatment and any other: 

For other designs and other cases of the Latin square, it is always possible to use the method 
of Appendix III to work out the formula for the significant difference, even though some other 
method has been used in computing the analysis of variance. 

Using pseudo-variates this difficulty with significant differences does not arise, because 
the increase in the value of the significant difference is given by the usual expression in the 
analysis of covariance (see Appendix IV). 

8 5 . S o m e O t h e r M i s h a p s 
It sometimes happens that the yields of two plots become mixed and it is not possible to 

say how much came from each, though there is no doubt about the total. It has been found 
[97] that it is sufficient to proceed as if all the crop came from one plot (it does not matter 
which) and to correct by covariance upon a pseudo-variate having the values — 1 and 1 for 
the two plots that have been muddled and 0 for all the rest. The method as published is indeed 
of greater generality and may be used if the yields of several plots have been mixed. Again 
it should be emphasized that this is not a method for finding out what did happen, but for 
computing the results as easily as possible. It might be known, for example, that one plot 
had at least 70 lb. and another at least 50 lb. with 20 lb. in doubt, but this will not prevent 
the plot values coming out at 65 and 75 lb. respectively after adjustment by covariance, if 
these values will best minimize the error. Alternative but equivalent solutions of the problem 
have been worked out [19, 20]. 

Another occasional mishap is the interchanging of the treatments intended for two plots. 
In a randomized block design this does not matter if the two plots are in the same block ; but 
if they are in different ones, Treatment A will be occurring twice in one block and not at all 
in another while Treatment B will reverse the fault. A particular solution has been found 
for randomized blocks [113], as well as a more general one [74]. The method of Appendix III 
is in any event always available. 



CHAPTER 9-
THE MEASUREMENT OF PERENNIAL PLANTS 

" . . . corroborative detail, intended to give artistic verisimilitude^to an otherwise 
bald and unconvincing narrative." 

W. S. Gilbert, ' The Mikado,' Act II (Pooh Bah.) 

90. G e n e r a l Survey 
This is a subject of great complexity and not one upon which any attempt will be made to 

achieve comprehensiveness. It would, indeed, be exceedingly difficult to do so, partly because 
so much of the work has been published incidentally in the course of describing other investi­
gations, and partly because a number of the ideas involved need reassessment at the present 
time, thus making difficult a balanced view of the subject. What follows is frankly little more 
than a resume of present East Mailing practice and outlook, though it is hoped that the methods 
described will prove helpful elsewhere. 

Before going any further it should be emphasized that no system of measuring and recording 
trees, however well conceived and carried out, can be a substitute for the intimate and almost 
personal relationship that should subsist between an experimenter and his trees. Plants are 
not measured primarily to provide data for statistical analyses but to give records that will 
describe to others what was apparent to the experimenter at the time. The other purpose, 
that of confirming what has been suspected, by making possible a significance test, though 
important, is yet secondary. 

Initially at East Mailing very detailed records were taken as a matter of course. Thus, if 
someone wanted to know how many blossom trusses there'were on a tree, a recorder would be 
detailed to count them ; while colour records on an apple crop were often taken by grading each 
individual fruit. These methods have been previously described at some length [78, 138] and 
remain the ideal, though not one to which many can attain. 

The war of 1939-45, together with the increasing size of trees, made it impossible for East 
Mailing to maintain these detailed records and it became necessary to find other and less time-
consuming methods. The search is by no means finished and the present writer, who has 
been concerned in most of the modifications adopted, is not wholly satisfied with some of them ; 
but they do represent an attempt to build up a body of recording techniques that are both 
reasonably practicable and scientifically based. For that reason, some account of them may be 
of interest to others who have to take records with restricted resources. 

In general, records may be classified in three ways, quite apart from the characteristics 
recorded. First of all, they may be complete, as when someone counts all the fruit picked off 
a tree or measures all the shoots, or they may be based on samples, as when certain fruit are 
chemically analysed in order to find the sugar content for the crop as a whole. Actually, many 
records that appear to be complete are not really so, as for example when an estimate is made of 
the colour of a crop. If this is done on the trees, the recorder notes the colour of the fruit he 
can see, which may be all or only some of them ; but if it is done in the boxes, he can certainly 
only see the top ones. He is, in fact, perhaps without realizing it, using a sampling method. 
It may be mentioned that any experiment at the best represents a sampling procedure, for no 
investigator studies all the existing trees (let alone all trees, past, present and future) having a 
certain treatment but only a group of them. Indeed, it would be possible to write quite 
a logical statistical text-book discussing " experimental design " only as a small section of the 
chapter on " small sample theory".* 

* The point has some bearing on the assessment of statisticians in biological circles. These reprehensible 
beings are commonly accused of (1) demanding too many trees per treatment and (2) being ready to base 
results on samples that are not large enough. 
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The next classification of records is into measurements, estimates and categories. By the 
first is meant the comparison with a numerical scale by means of some instrument such as a 
pair of scales, a metre rule or a colorimeter : By the second is meant the estimation, usually by 
eye, of numerical values without actually measuring them, as when recording that 2 0 % of leaves 
are infected by observing the tree without counting all its leaves : By the last is meant the placing 
of individuals into groups having a definite order' but arbitrarily defined limits, as when the 
incidence of disease is classified as slight, moderate or heavy. This classification is not perfect 
and border-line cases sometimes arise. In making estimates it is important to define the limits 
of each class rather than its mid-point, i.e., 10-20 rather than 15. 

The last classification is into direct and indirect records. Thus, the weight, of a tree can 
be measured directly only at planting, transplanting or grubbing, but treatment differences 
can sometimes be gauged indirectly from trunk girths. Again, it may be too laborious to 

X X X 

FIGURE X X X I I . - — P o s s i b l e relationships between y, the quantity estimated, and x, its estimator. 

measure the length of all new shoots on a tree ; but, where the pruning method involves removing 
a constant proportion of new growth, the weight of prunings may well serve instead. 

Plainly, the best records are those that are complete, direct measurements, but this is not 
usually attainable. The next four Sections will discuss some of the consequences of departing 
from the ideal. 

9 1 . A G e n e r a l Cons ide ra t i on w i th Simpl i f ied M e t h o d s 
In trying to devise methods of recording that shall be both adequate and simple, workers 

at East Mailing have repeatedly run up against a difficulty which, though it figures very little 
in the literature, is frequently a real one. It is this : a quantity, x, obtained from samples or 
by estimation or in some other way, may be very closely related to v, the quantity to be recorded ; 
but the relationship may itself be dependent upon the treatments. Figure XXXII illustrates 
this point. On the left are shown by crosses and circles the values of y for a series of values of 
x for each of two treatments. An experimenter who tested his recording method on only one 
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treatment might well be led to believe that x is an almost perfect measure of y, though really 
it is most unreliable. If x is small and the same for both treatments, so far from the y's being 
equal, the treatment represented by crosses definitely gives the larger y. If, on the other hand, 
both treatments give the same large value of x, they again differ in respect of y, though in the 
opposite direction. Since there is no means of deciding a priori how the two lines in the diagram 
do lie in relation to one another, the position is chaotic despite the high correlation between 
x and y for any particular treatment. 

If, as in the middle portion of Figure XXXII , it appears that the lines are at least parallel 
—not an uncommon state of affairs-—it may well be that use can be made of x if some information 
can be gained on the factors determining the distance between the lines. Ideally, however, 
the two lines should be identical as in the right-hand portion of the diagram, but this does not 
always happen. 

This difficulty arises at times with almost all methods for simplifying records. To take 
sampling, for instance, it has been suggested recently that asparagus crops could be measured 
for only the middle of the season, but this would unduly favour those varieties or treatments 
of a mid-season tendency, i.e., the relation between crop during the selected period and over the 
whole season does itself depend on the treatments under investigation. Again, to take estimates, 
though many people can accurately compare crops of trees when all are similarly treated, they 
easily go wrong when some of the treatments lead to the fruit being more readily seen, as happens 
for example, when more red coloration is present, the habit of the tree is more open or defoliation 
occurs earlier. With indirect measurements the difficulty is very common and usually requires 
careful investigation before a method can be recommended. The writer has published an 
account [116] of the position when trunk girth is used as an indirect measure of tree weight in 
apples, a field where the relations are especially complex. Another example occurs with coffee, 
where the weight of '' cherry '' is related to the weight of '' clean coffee " in a manner that 
depends upon soil moisture [125, 161]. 

It is not, of course, suggested that this objection always applies, though it should always 
be considered. In about 9 0 % of the published methods for the simple recording of fruit experi­
ments it has been ignored, so some discrimination is needed before taking over a method 
described by another investigator. 

92. S a m p l i n g Methods 
The experimenter who proposes to use sampling methods need not be put off by the fear 

that he will necessarily introduce inaccuracies into his results. As has already been stressed, 
an experiment is itself a special form of sampling technique and has itself an error, which arises 
from the trees selected for each treatment not being entirely representative of the populations 
to which they belong, being in fact a sampling error. 

Given a method of sampling that is random, the worst that can happen' is that this error 
will be increased and consequently more replicates will be needed—not in itself a tragedy. 
Many investigators would prefer sampling from 100 trees to recording 80 in full. 

In fact, an experiment as designed has already an error inherent in the trees (here to be 
written a,), which it would have even if recorded in full. The question is, what happens when 
the technical error of sampling or, as it is more usually called, the random error (here to be 
written o () is added to it ? Contrary to what might be thought, the larger a,- is, the larger a< 
may be, i.e., if the trees are already very variable, there is no point in measuring them with 
extreme accuracy. 

For the case of random sampling these two quantities can often be evaluated thus : Take 
an existing trial and sample each plot twice, add the two sample values together and work out 
an analysis of variance on their sums. The error mean square will then'provide an estimate of 
2 <J, 2 + 4 a t 2 . Now take the differences between the duplicate pairs of values, square these 
differences, add the squares and divide by the number of plots to obtain an estimate of 2 a,2. 
From these two estimates it is possible to obtain values for o-,2 and a , 2 . It should be remembered 
that these results are themselves estimates and subject to error, from which it sometimes happens 
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that o-,2 comes out negative. This can never really be so, and in such instances it is best to 
conclude that the technical error is large in relation to the inherent, i.e., the sampling method 
is a bad one. The calculation should in any event be repeated for a range of trials if reliance is 
to be placed on the conclusion. 

It is now possible to calculate the effect of sampling on the number of replicates needed. 
Supposing that, with complete records, a certain trial would need R replicates to show the 

desired differences, then, with use of the sampling method, R ^ i + would be needed instead. 

The aim at East Mailing has been to devise methods such that ct < J <J„ i.e., for which the technical 
error of sampling is almost lost in the inherent error, thus calling for no important modification 
in trial design. 

The above work assumes that all selections for the sample have been made at random, 
i.e., if the method is to take four fruits from each of three bags of similar size, first the bags must 
be selected at random and then the fruit from within each. In practice, this is rarely done 
and it is sometimes hard to decide how far a convenient method of selection will suffice. One 
of the commonest devices is to disperse the sample, e.g., to choose three bags from eleven by 
taking the 2nd, 6th and 10th in the order of picking, the aim being to take bags, or whatever it 
may be, at a regular spacing with, as far as possible, a half-space before the first one chosen 
and another after the last. Again, two branches may be selected on a tree by taking the most 
northerly and the most southerly. 

In general, a systematic sample is rather more accurate than a random one, though its 
technical error is not so easy of calculation. One way is to take a sample for each plot of an 
existing trial and then to record the plot in full. The differences between the two results, 
squared, added and divided by the number of plots give an estimate of the value of ct

2 (not 
2 a , 2 as in the case given above). Now, an analysis of variance on the true values, as given by 
the complete recording, will, obviously give an error mean-square that is an estimate of a*. 
Another way is to carry out the method in duplicate as before using random selections at every 
point and- then to argue that, if dispersal had been used instead, the results would have been, 
if anything, more favourable to the sampling method. When once c, and a( have been evaluated, 
the rule for increased replication is as before. 

A difficulty with non-random samples, whether dispersed or not, is the risk of bias. Thus, 
the writer has recommended elsewhere [112] that fruit size in apples should be judged from a 
sample divided between the tops of every third box, which leads to a bias from small apples 
slipping down between large ones. It is true that the extent of bias can be calculated and 
allowed for, but the point has to be guarded against. For this reason the better method for 
gauging the value of a dispersed sample is the first one given, i.e., taking a sample from each 
plot followed by a complete record, because this provides an easy test for bias. Unfortunately, 
complete records are sometimes quite impracticable even for a trial of recording techniques. 
It should be mentioned that a constant bias has no effect on treatment differences. 

Even samples that are random at every stage can lead to bias if the first choice is between 
classes of unequal size. Thus, if raspberry leaves were being selected for chemical analysis by 
first selecting canes and then an equal number of leaves on each of those canes, the leaves on a 
small cane would have a better chance of being represented in the final sample than would those 
from a large one. If they were in some way different, the sample would be biased. 

93. E s t i m a t e s a n d Ca tego r i e s 
It is not easy to assess the value of records of this sort, because it depends very much upon 

the person making them. At the best, they provide a very easy means of showing differences ; 
though at the worst quite large differences can be missed, either because the observer is not 
good enough, or because he has some private anxiety which inhibits judgment. Some years 
ago the writer carried out some investigations into the varying abilities of different people to 
categorize fruit colour in apples, and was. surprised to observe how he himself varied from one 
trial to another, until he noticed that he did best when he had no qualms about the way the 
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organization of his assistants was working out and worst when he feared a muddle. To sum 
up, if a person, knowing nothing of the treatments and their probable effect, detects differences, 
there is almost certainly something there ; but a negative result may be due to personal factors. 

Ideally the recorder does not know what the trial is expected to prove or, at all events, 
does not know which plots are expected to show the differences. However he reacts to such 
knowledge, he cannot remain unaffected by it. In practice, however, recorders cannot be 
changed so often and they should be taught to regard trials objectively. 

Supposing that the figures produced do show a significant difference, it is not always clear 
what has in fact been observed. Thus, estimates ostensibly of the number of blossoms may 
have been chiefly determined by the size of individual blossoms or the earliness of their opening. 
It is not unusual for observers to have their quite definite statements contradicted by sub­
sequent measurements, but they must have detected differences of some sort. 

These sardonic reflections apart, estimation and categorization are very valuable tools in 
the assessment of experimental results; but, like everything else, they must not be used 
uncritically. One point that needs attention is the choice of scale. For estimation it is rarely 
advisable to use more than tew grades, and in categorization, where there is no numerical back­
ground, more than five is usually disastrous. They cannot be kept separate in the observer's 
mind, and the confusion only obscures what might otherwise be plain. 

The writer has a high opinion of vtwo kinds of categories he has used in the past. In the 
one the recorder makes a preliminary survey of his plots to determine Grade i , bad; Grade 3, 
average and Grade 5, good. With these fixed in his mind he adds Grades 2 and 4 for intermediate 
cases and then works over his trial, grading each plot. 

In the second, based on a method evolved by the British Broadcasting Corporation for 
listener research [148], he ordinarily has only three categories, B + , better than average ; B, 
about average, and B—, worse than average. He also has for emergency use, A, excellent, 
and C, dreadful; but these are definitely superlatives for exceptional cases. The advantage 
of this scale lies in its testing the recorder nO less than the experimental treatments. An excess 
of A's and C's marks down the enthusiast with little judgment, while"a disproportion of B-f-'s 
and B—'s suggests that the observer does not know the average when he sees it. For statistical 
work the categories need to be translated into some numerical scale and there seems no reason 
to depart from the simple method of calling A, 5 ; B + , 4 ; and so on down to C, 1. 

Recorders occasionally complain if they are asked sometimes to use letters and sometimes 
numbers, but this shows that they have not been instructed properly in the use of the two scales, 
which are very different in operation and must be kept as distinct as possible in the recorders' 
minds. In the first, an absence of either Category 1 or 5 after a preliminary survey indicates 
some misconception, but a recorder who returns no A or C is probably a sensible fellow who can 
keep his head. 

Where several recorders are used it is better for them to work independently and to average 
their results afterwards rather than to let them come to an agreed result for each plot. Averaging 
results in this way and using either scale avoids the danger of moderate and balanced observers, 
who stick to the middle grades, being overborne by dogmatists, who think everything either 
wonderfully good or astonishingly bad—a great risk where several observers use a scale without 
clear instructions. 

Where a plot contains several trees, it is usually better to grade each tree separately and 
to average the results, though categorization of whole plots is quite valid. 

Altogether, ability to categorize well is. not a bad test of character because defects such as. 
assertiveness, timidity or lack of self-confidence all militate against success. In general, experi­
ence does not count for a lot unless the observer has frequently checked his results against 
actual measurements. Indeed, a knowledge of trees can accentuate the difficulty already 
mentioned of having to decide what an observer actually records. Thus, an experienced horti­
culturist asked to estimate the crops on a series of trees might observe that one of them had 
about a bushel more than its neighbour, but he might go on to notice its dark leaves and extensive 
shoot growth and thus to exaggerate its excellence ; whereas a novice, equipped, only with a 
good idea of what a bushel of apples looks like, might estimate the difference correctly. Best • 
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of all, however, would be an experienced person who had had opportunities to check the accuracy 
of his past attempts, e.g., a fruit picker, whose ease of working depends in some measure on knowing 
exactly how many boxes to take to each tree. 

To sum up, success in categorization and estimation depends largely upon the choice of 
recorder and the clearness and nature of his instructions. With respect to the first, it is best to 
choose someone who knows his own mind without being dogmatic, who does not know what 
results the experiment is expected to give, and who is either so new to the job that he will be 
careful or, if experienced, has been accustomed from time to time to checking his results against 
actual measurements. Also, he should not be colour-blind. As to the second, he should know 
clearly what he is supposed to be observing and should have given some thought to distinguishing 
it from other and similar qualities, and he should understand clearly the scale he is using. 
Perhaps the worst way of selecting recorders for the job is to send them round with an expert, 
who discusses each plot in turn,and then to choose the candidate whose results agree most often 
with the expert's. As a means of selecting " yes-men " it could hardly be bettered, but for the 
selection of recorders it has no merits at all. 

9 4 . I nd i r ec t M e a s u r e m e n t s 
With indirect measurements more than with any other kind of simplified record the relation­

ship between the quantity actually written down and the true value is likely to be affected by 
the treatments. Thus, it is often true that the weight of leaves is closely related to the product 
of their length and breadth, but this would be of no use for a comparison of leaf weight between 
different varieties where the shape and thickness of the leaves might be expected themselves to 
vary. Again, raspberries are sometimes trained on a series of equally-spaced horizontal wires 
and, when this is done, quite a good measure of length of new cane be taken by counting the 
number of occasions on which a cane and a wire cross. This is all right, provided the average 
angle at which the canes cross the wires is about the same for all treatments, but the method 
might not work for the comparison of varieties of different habit. To take a third example, 
with spur-pruned apple trees there is a close relationship between the length of new wood and 
the weight of prunings ; but, if some rootstocks give thicker shoots than others, this would be 
of no avail for measuring shoot growth in a rootstock trial. 

As has already been mentioned, a detailed study has been made [116] of the relationship 
between tree weight and trunk girth in apples, and this shows, if nothing else, how cautious 
an experimenter must be in interpreting indirect measures. Points of the sort described above 
must be looked for whenever an indirect measurement is proposed. 

9 5 . M e a s u r e m e n t s of Size and G r o w t h 
Since growth may be defined as change in size, these two groups.of records are not very 

different from one another. What should be noticed, however, is that most woody, dicotyle­
donous species grow in two ways, (i) by making new shoots, and (2) by thickening those already 
made. Since the application of treatments almost always upsets the balance between these 
two forms of growth activity, some measurement should be obtained of each. An exception 
should perhaps be made in the case of certain soil treatments, where it may well be that additional 
nutrition affects both forms of activity proportionately, but this has not yet been demonstrated 
to be generally true. 

Measuring the total length of new growth can be exceedingly laborious on a plant of any 
size, though a useful measure of shoot growth is obtained by selecting certain typical shoots, 
e.g., those on the outside of the tree and at an angle to the horizontal between 15° and 75° 
[174] and measuring a sample of them dispersed round the apple tree. This does not give total 
shoot growth, but it provides a measure of mean growth per shoot. As has already been 
mentioned, some indication of total shoot growth is obtainable for spur-pruned trees from the 
weight of prunings, while for peaches the writer has measured every eighth shoot instead of them 
all. Blake and Hervey [16] thought that some allowance should be made for there being years 
giving many short shoots and others giving a few long ones and evolved a '' New Jersey stan-
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dard " based on the number of twigs and the number of branches longer than 24 inches for use 
with peaches. So far as the writer is aware, no wholly satisfactory method is known for measur­
ing shoot growth on a large plant, which is a great pity because the lack of one is serious. 

In measuring shoot growth on trees that are pruned, a decision has to be taken whether to 
do so before or after pruning. If the aim is to measure the activity of the tree, it is better to 
measure before ; but if an indication of future bearing capacity is being sought, it is better to 
do so after. Given a uniform method of pruning, it usually matters very little either way. 

Measurements of thickening, unlike those of extension, are easily made. This can be done 
by recording the trunk girth at yearly intervals. In general, a measure of the circumference 
using a tape is better than one of the diameter using calipers. The place of measurement should, 
if possible, be at least nine or twelve inches from both the graft union and the lowest branch 
and should be marked, either with paint or nails, so that it can be identified in a year's time. 

Because of the ease of taking trunk measurements and the difficulty of recording shoot 
growth, there is a tendency to use only the first. For trials of varieties, whether of rootstocks 
or scions, and pruning methods this can be disastrous, because the balance of the two forms 
of growth activity is so readily upset by such treatments that a measure of one of them provides 
no information about the other and it is the combination of the two that matters. 

Another class of record that is often made relates to size of head of tree and has the advan­
tage that it can be applied to a wide range of species. At East Mailing height of head in com­
bination with spread, in two perpendicular directions at 4 5 0 to the rows, is commonly measured 
but is not highly regarded, because the figures obtained depend so much on the weight of crop 
being borne at the moment. Height and spread can be used separately, the one to indicate the 
difficulty of picking, the other to suggest a suitable planting distance, and are then very valuable. 
If they must be used as a measure of tree size, they are better combined into one quantity, as 
in the investigation of Hedrick and Anthony [77], who assumed the head of an apple tree to 
be a cone and worked with its volume. 

Probably the best of all measures of the size of a plant is its weight, but this can only be 
recorded at planting, transplanting or grubbing. To consider individual species, with straw­
berries height and spread of the whole plant are very useful. For plants that are cut back 
severely annually, such as raspberries, the number and length of new shoots are almost the 
only records needed and, with that particular species, can sometimes be measured by counting 
the number of crossings of canes with supporting wires. Palms can sometimes be measured 
by taking the length and breadth of a sample of leaves. Rigney, Morrow and Lott [132], 
working with blueberry, used the number of fruiting shoots. 

Quite apart from its value as a size record, trunk girth is worth recording every year for 
a special reason. If a tree dies, it provides a means of looking back and seeing when abnormality 
first appeared. 

96 . M e a s u r e m e n t s on F r u i t and B l o s s o m 

In many investigations of a practical nature measurements of crop weight are of unique 
importance, because the ultimate end of a fruit grower is to grow fruit. Nevertheless, other 
fruit records are often equally essential because some indication of quality is needed as well, 
though the precise nature of these records must depend upon the species and the purpose for 
which it is being grown. Blossom records are also of value as indicating the plant's potential 
crop unvitiated by factors such as poor pollination and frost, while time of blossoming is also 
frequently of interest for species in which interpollination of varieties is a difficulty. 

On the main problem of recording crop weight, the tendency at East Mailing is to count the 
number of containers per plot, to measure the mean weight of fruit in a container by sampling, 
and then to multiply the two together to give crop per plot. The accuracy of this method 
depends upon the constancy of weight of fruit in a container, for obviously, if all containers 
were identical in what they held, the method would be perfect. Actually it is necessary to 
estimate two variabilities : av, which represents the variation from one plot to another of the 
weight of fruit in a container, as measured by its standard error, and cc, which is the standard 
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error of the weight of contents between containers from the same plot. To evaluate these 
quantities, it is best to take an existing experiment and to select two containers per plot at 
random and to weigh the contents of each. Now, adding these two figures per plot together 
and working out an analysis of variance on the sums will give an error mean square which may 
be equated to 4 0 - „ 2 + 2 a c

2 ; while if the differences are squared, added and divided by the 
number of plots, the result may be equated to 2 a,.2. Hence a„ and ac are readily found, though 
it is desirable to estimate them from several different experiments in order to obtain results 
that would be broadly based. If for any trial <J„2 should come out negative, it is best taken 
to be zero. The whole process is similar to that described in Section 9 2 for the evaluation of 
CT( and a,. 

Now, suppose that in some future experiment p containers have been weighed from each 
plot, there being k plots in all. Let g be the mean weight of fruit in all the containers weighed 
and let //. be the mean weight of fruit in the containers weighed from one specific plot, which 
gave n containers full in all. What is the best way of estimating the weight of crop from that 
plot ? It is assumed that the experimenter already has figures for a„ and oc derived as described 
above. He may then proceed in one of four ways discussed elsewhere by the writer [ n o , 1 1 2 ] . 
Only two of these methods, namely the first and the third, will be considered here. In the first 
case he may argue thus : " There can really be very little difference between the containers in 
different plots (i.e., ox is small). I will therefore make use of g, which is based on pk containers, 
rather than h, which is based on only k, and will estimate the crop as ng." If he does so (first 
method) he will obtain an error of sampling (a, of Section 9 2 ) such that 

Suppose, however, that he argues rather like this : " It is true that g is more broadly based 
than h, but this is something of a disadvantage if I thereby estimate the crop from this plot 
from containers which did not come from it and may not be representative of it (i.e., a 0 may 
be large). I will therefore use nh as my estimate." This (the third method) gives a technical 
error of sampling, such that 

Other and more complicated methods of computing have been evolved in which g and h 
are used in combination, but these two are the chief. By the aid of the formulae given it is 
possible to work out ot for all the values of n likely to be encountered on a particular plantation 
and thus to decide which method of computing is to be preferred and to judge if the proposed 
number of containers to be weighed from each plot is large enough. The rule at East Mailing 
is to ensure that even in the worst circumstances at is less than ^ a,-, where ai is the standard 
error of an experiment as judged from previous experience when complete measurements have 
been made. 

When working out a technique for future use, containers should be chosen truly at random ; 
but when the method is actually being applied there is no objection to dispersing them systematic­
ally over the plot either according to the order of filling or so as to include fruit from as many 
trees as possible. Such dispersal should prove more convenient and might improve accuracy. 

Another crop record that is often of interest concerns mean fruit size. This rrtay be made 
by taking a sample and then either grading each individual fruit or weighing the sample and 
thus evaluating the mean weight of 1 0 0 fruits. The individual records are of greater value 
because they show the proportion of crop unsaleable on account of size, but the greater labour 
of taking such detailed records makes the " weight of 1 0 0 fruits " of greater general utility. At 
East Mailing sampling methods have been described for apple, pear and plum [ 1 1 2 ] and cherries 
[ 1 5 9 ] , depending on the dispersal of the sample between the tops of containers.- For apples 
there is a tendency for the smaller fruits to slip down and miss the sample, so correction by 
regression is needed to allow for this. On the tree it appears that larger apple fruits are found 
on the outside than on the inside [ 1 7 3 ] . 
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Fruit colour is a quantity that needs careful definition before it can be measured. It may 
mean proportion of surface flushed, the hue of the flush or the hue of the ground-colour. For 
the proportion of apple surface flushed, it has been found [112] that there is a strong tendency 
for the fruit to lie in the boxes in layers of similar coloration, so an effective sampling method 
requires the taking of fruit from a vertical column in each box to disperse it between the layers. 
The method is to form a hole in one corner of the box, one hand removing fruit while the other 
holds back the " wall" thus formed. Sometimes it is necessary to take a firm grip on the last 
fruits to be removed and to pull, thus collapsing the wall; but usually both hands can be with­
drawn at the end leaving a well-defined even hole, a quadrant of a circle in cross-section, like 
a well. The chief skills required are a certain delicacy of touch in the finger-tips and an ability 
to judge how wide a hole is needed to yield a specified number of fruit, both of which come with 
practice. The method works well for apples, less well for pears because of their shape and not 
at all for cherries because of their stalks. Each fruit of the sample is then judged to fall into 
one of four grades (r, up to a quarter flushed ; 2, a quarter to a half ; and so on) and a mean 
grade given. At least 60 apples are needed for each plot, unless the variety is one with a clearly 
defined flush. Usually, however, the amount of flush can be estimated by eye, as can the two 
hues ; though it is far from easy to judge one without interference from the other two. If East 
Mailing experience is anything to go by, such estimation should always be done on the tree ; 
because the tendency of fruit to form layers of similar colour in the boxes makes unreliable an 
estimate based on the top layers only, i.e., the ones that can be seen. 

Many other records on fruits are sometimes needed, mostly of ripeness and chemical content. 
The first of these resembles colour in requiring definition. Does it mean softness of tissue, 
sugar content, or is it just another name for ground-colour ? The point is important, for the 
three are only roughly related, and a difference in one does not demonstrate a difference in 
either of the others. Records of chemical content plainly must be based on samples and, in 
the absence of precise knowledge on variations in chemical elements throughout a tree, these 
samples should be dispersed as much as possible. Perhaps the safest way, when once the fruit is 
picked, is to take a vertical section as described for fruit colour and then, if this is too large a 
sample, to select every fifth (or every tenth or every twentieth) fruit in order of withdrawal 
from the boxes to form a sub-sample for analysis. 

Records of blossoming are mostly of two types : (1) amount of blossom and (2) season of 
blossoming. The first of these, amount of blossom, is usefully made by estimation, 0 repre­
senting no blossom, 5 the maximum for a tree of that size, and 1-4 proportionate to 5. For 
some species, however, it is possible to work along each branch in succession counting inflores­
cences—a task that is facilitated by wearing spectacles of a colour that will pass light from the 
blossoms while cutting out that from the leaves. 

With some species, e.g., coconuts, the number of female flowers is of importance. With 
almost any species there are investigations that require records of blossoms set and fruit fall. 

Season of blossoming may be recorded by visiting the trees every day and noting (a) date of 
first blossoms open, (b) date of full blossom, i.e., 5 0 % open, and (c) date of last blossom. For 
pollination studies some such record is essential. For other purposes, e.g., the comparison of 
treatment effects in one year, it will usually suffice to visit the trees once and to estimate the 
proportion of blossoms open on that occasion. 

97. T h e I m p o r t a n c e of Good R e c o r d i n g 
In a series of experiments on a range of subjects many other kinds of record may be needed, 

while every species presents its own problems. In particular, records of diseases and pests are 
often essential and sometimes difficult. In the above notes an attempt has been made to 
indicate principles rather than to describe specific methods. Indeed, in the present state 
of the subject it would be very unwise to try to do more. It is hoped that others will, in their 
varying conditions and with their differing species, take up the problem of measurement 
and help to build up a reliable body of knowledge on a subject that needs much more attention 
than it does in fact receive. There are many who can draw up a research project that shall 
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probe matters the farmer really needs to know about, and there are others who can design a 
trial that shall be statistically sound, but the whole scheme must depend upon an ability to 
measure the experimental trees accurately with the labour available. It is in this respect that 
research with perennial plants often fails. In particular, it is desirable to record not only the 
crop but anything that relates to it. Thus, with tea, permanent foliage is of importance as well 
as crop. Also, it is desirable as far as possible to record individual plants and not groups, but 
this is not always practicable. It is to be hoped that the future will greatly increase the know­
ledge of available devices. The past has brought forward a number of ingenious practices 
ranging from the use of hypsometers for measuring the height of a tree [166] to the training 
of monkeys to take shoot samples [37]. Perhaps " the best is yet to be." 



NOTES ON APPENDICES 
The methods of analysing data to be described are used with only minor modifications in 

many statistical laboratories the world over. Nevertheless, it has been thought worth while to 
present them here for several reasons. For one thing, the setting out of these methods of very 
general application has considerably lightened the structure of Chapters 2 and 3. It is true that 
most of the designs there discussed have had '' short-cut'' methods specially evolved for them, 
and these, which may be found by looking up the references given, are often extremely useful. 
It does, however, seem better (at least to the present writer, who is something of a heretic in such 
matters) to learn the general methods first, thus getting the approach clear, and to learn the more 
specialized methods afterwards. Certainly, this makes the computor more self-reliant when faced 
with a new problem. 

Another reason for presenting these appendices is the need to indicate how much should be 
written down and where. In the writer's experience, analyses carried out by beginners suffer 
from a characteristic source of inaccuracies. Sometimes a figure once obtained is written down, 
without sufficient notes as to its meaning, in the midst of a host of others, most of which could 
quite well have been omitted, so that, when the figure comes to be needed, the wrong one is 
extracted and used. This often occurs side by side with the contrary error of doing too much on 
scrap paper and too little on the working sheets. (Where a calculating machine is being used, 
these defects often arise from an insufficient appreciation of what it can usefully do.) The basic 
rules are four in number : 

(r) Indicate clearly what trial the figures refer to, what measurement they represent and in 
what units. 

(2) Write down on the working sheet every figure read off a calculating machine, however 
unimportant in itself. Most errors arise from bad copying and have no remedy except checking, 
which is impossible unless all figures copied are kept for future reference. 

(3) Always subject to what has just been said, write down as little as possible. What is 
written down should fit into a standard format so that it can be identified again, when needed, 
with no risk of mistake. In what follows, the formats used at East Mailing are described in some 
detail, but there is no need to keep to them if they are not liked. What is important is that each 
laboratory should evolve its own and keep to them strictly, because a neat and uniform way of 
writing down the steps of a computation can save many mistakes. 

(4) Everything should be checked. The best way of doing this is to repeat the whole cal­
culation using a different method. Otherwise the calculation must be repeated using the same 
method and the question then arises whether the check is not best carried out by some other 
person. Each alternative has its dangers. If one person does the work and another checks it, 
the risk of error is at a minimum, provided each retains a sense of responsibility, but there is a 
strong tendency for each to leave it to the other. On the other hand, most computors are at 
their best when they know that they are being trusted to get their figures right and will be held 
personally responsible if any mistakes are found. 

It must be emphasized that the Appendices set out all the computations that could arise 
with data of the form under consideration. In any particular trial some will not be needed. 



APPENDIX I 
A G e n e r a l Method of Ana lys ing D a t a for O r t h o g o n a l Des igns 

The following example is derived from a trial for the comparison of raspberry varieties 
carried out by the National Agricultural Advisory Service in Derbyshire. Variety A, a standard 
commercial sort, is represented twice in each row and in each column of the chosen design while 
the new varieties, B, C, D and E, are represented once each. The trial being intended to last 
for only a short time, no restriction of randomization, such as was described in Section 36, was 
thought necessary. Figures represent yield in ounces per plot for the first year of cropping : 

B 88, A 246, E 174. A 236, C 6 1 , D 83. 
C 122, A 165, A 194, B 97. D 118 E 145, 
D 132, E 124, A 221, A 127, B 105, C 100, 

A 149. C 76, D 96, E 122, A 145, B 68, 

A 253. D 106, B 94. C 98, E 151. A 145, 
E 195. B 106, C 130, D 93. A 180, A 128. 

Usually data should be expressed to three significant* figures, as here. In this example, 
however, they represent the first crop borne by the plants and may therefore be expected to show 
a high level of variability. If they do, the third significant figure may prove unnecessary but it is 
as well to leave it in so as to be on the safe side. 

The design is based on an orthogonal three-way classification of rows, columns and varieties, 
i.e., the plots of a row are always so apportioned that one-sixth of them occur in each column, 
one-third receive Variety A and one-sixth receive each of the other varieties, whichever row is 
chosen. The columns are disposed similarly with respect to the rows and varieties. Finally, 
for each variety, one-sixth of the plots occur in each row and in each column. For orthogonal 
designs, the recommended method has five stages : 

1. Computation of Totals.—The design has three classifications, totals being worked out 
for each one separately. The grand total also is needed and should be obtained independently 
from each set of classification totals, this triple method of computing it providing a check on the 
arithmetic. 

Rows: I, 888 ; II, 8 4 1 ; III, 809 ; IV, 656 ; V, 847 ; VI, 832. 
Columns: I, 939 ; II, 823 ; III, 909 ; IV, 773 ; V, 760 ; VI, 669. 
Varieties : A, 2189 ; B, 558 ; C, 587 ; D, 628 ; E, 911. 
Grand total: 4873. 

It appears from the Variety totals that A is obviously cropping better than the others, 
but the high variability has already been mentioned. It should be noted incidentally that 
treatments are designated by letters of the alphabet and blocks, rows and columns by roman 
numerals. This does not matter in itself, but it is all part of a standard format to minimize the 
chances of making mistakes. 

* " Significant " is here not used in its statistical sense, but to indicate the number of digits altering from 
one datum to another. Thus data like 1744, 2227 , 1603, etc., would become 1740, 2230 , 1600, etc. Also, data 
like 12143, 12094 , I 2 2 3 3 . etc., would become 143, 9 4 , 233 , etc., the 12000 being added on again at the end of 
the computations. 
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2 . Computation of Variation Terms.—These terms are worked out, one for the data and one 
for each set of totals : 

(a) The data are squared and added to give T, known as the " Total Term", which represents 
the variation of the data from zero, i.e., 

T = 8 8 2 + 2 4 6 2 + 1 7 4 2 + . . . + 1 8 0 2 + 1 2 8 2 = 7 4 6 5 7 1 - 0 0 . 

(b) The "Row Term", Tv is obtained by squaring the row totals, dividing each square by 
the number of data upon which it is based, and adding, i.e., 

7\ = i ( 8 8 8 2 + 8 4 1 2 + . . . + 8 3 2 2 ) = 6 6 5 0 4 5 - 8 3 . 

The " Column Term", Tit and the " Variety Term ", T3, are obtained similarly : 

T2 = £ ( 9 3 9 2 + » 2 3

2 + . . . + 6 6 9

2 ) = 6 6 8 0 0 3 - 5 0 . 

T 3 = T V ( 2 i 8 9

2 ) + i ( 5 5 S 2 + 5 8 7 s + • • • + 9 H 2 ) = 7 1 2 6 8 3 - 0 8 . 

There are three such terms because the classification is three-way, i.e., (1) rows, (2) columns, 
and (3) varieties. They represent respectively the variation of the (1) row, (2) column and (3) 
variety means from zero. 

It will be noticed that all these terms have been taken to two more places of decimals than 
arose from the squaring. Thus, in this instance, data and totals were taken to the nearest 
whole number. Their squares accordingly exhibit no decimal places, so the terms were taken 
to two. It will also be noticed that, for accuracy in copying, the digits are divided by hair 
spaces into groups of three, starting at the decimal point. 

(c) A " Correction Term", T0, is likewise obtained from the grand total, i.e., 

T„ = M 4 8 7 3 2 ) = 6 5 9 6 1 4 - 6 9 -

This represents the variation of the general mean from zero. 
3 . Computation of the Analysis of Variance.-—First of all it is necessary to work out the 

total variation in the trial. This sum of squares is (T — T0), for T represents the variation of 
the data from zero and T0 that of the general mean from zero, and their difference accordingly 
represents that of the data from the general mean.* The degrees of freedom for (T — r o ) are 
3 5 , T being obtained by the squaring of 3 6 quantities and T0 by the squaring of one. 

By similar arguments, the sums of squares for the variation of row and column means from 
the general mean are respectively (Tt — T0) and (T2 — T0) with five degrees of freedom each, 
while the sum of squares for the differences associated with treatments is (T3 — T0) with four 
degrees of freedom. Finally the" residue, which cannot be associated with any of the classifi­
cations and is attributed to error, is found by difference. The analysis, in fact, is as follows: 

Source. d.f. s.s. m-s. . F. 
Rows . . . . 5 5 4 3 I - I 4 

Columns . . . . 5 • 8 3 8 8 - 8 1 
Varieties . . . . 4 5 3 0 6 8 - 3 9 . 1 3 2 6 7 - 1 0 . 1 3 - 8 8 * * * 
Error . . . . 2 1 . 2 0 0 6 7 - 9 7 • 9 5 5 ' 6 2 

Total . . . . 3 5 • 8 6 9 5 6 - 3 1 

Before going further, the Error line should be checked as described later. The mean-
square column (m-s.) is obtained by dividing each sum of squares (s.s.) by its degrees of freedom 
(d.f). Since the residual sources of variation measured by the error are all-pervading in their 

*By virtue of the identity 
S(xt - *)2 = Zx? - {Ex,Yin, 

where xt is one of a series of « data having a mean of x. 2 denotes summation of all quantities such as the one 
f ollowing the sign. 
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effect, the first three lines of the analysis should really read under sources, "rows + error", 
" columns + error " and " varieties + error " respectively; and, if the varieties really have no 
effect, the third and fourth lines become independent measures of the residual variation and 
should give concordant values in the mean-square column. Actually, one value is 1 3 - 8 8 times 
the other, which suggests that the discrepancy between the two is not just fortuitous but is 
brought about by real differences between the varieties. ' From the tables of Fisher and Yates* 
[66b] it appears that with 4 degrees of freedom for the numerator of F (nx = 4) and 2 1 for the 
denominator (n2 = 2 1 ) , a ratio of mean-squares as high as 2 - 8 4 can arise by chance on 5 % of 
occasions, as high as 4 - 3 7 on 1 % and as high as 6 - 9 5 on o-i%. Hence, the value of F actually 
observed is so high that, in the absence of genuine varietal differences, it would arise by chance 
less frequently than once in a thousand trials (P<o-ooi) , so three asterisks are placed against 
it to show the level of significance (see Section 1 2 ) . 

4 . Checking of Error Line in the Analysis.—One point to be noted in computing analyses 
of variance is the need to check the error line by working it out in two ways. It was obtained 
above by difference, and this is all right provided it is remembered that any mistake in any 
other line will affect the error so calculated. If now the error can be checked, confidence in the 
whole analysis will be fortified. (It will have been noticed that the descriptions of several designs 
in this communication have included an independent means of calculating the error, not because 
it is of most importance but because it can provide a check on all else.) 

Assuming the terms to be correct, and they should always be checked and rechecked with 
the greatest care, the following expressions for the error sum of squares, which are of very general 
application, will be found useful: 

One-way classification [e.g., a completely randomized design) : 

T - Tx. 
Two-way classification (e.g., randomized blocks), 

/ T — Tt — T2 + T0. 
Three-way classification (e.g., a Latin square), 

r - 7\ - r2 - j , + 2 j 0 . 

Four-way classification (e.g., a Graeco-Latin square), 

T - T, - T2 - T3 - F 4 + 3T0. 
In general, for an w-way classification, 

T-Ti-T,- r„ + ( „ _ i ) T 0 . 
The degrees of freedom for error also need to be checked. One way of doing this is to use the 

expressions just given for the sums of squares, making each term equal to the number of squares 
it comprises. Thus, in the example, the error degrees of freedom should number [ 3 6 — 6 — 6 — 
5 + (2 X 1)] = 2 1 , which is correct. 

Another way is to take the formula from some well-known design and to argue from it, e.g., 

(i) Complete randomization of N plots' in K classes . . . . N — K. 
(ii) J randomized blocks of K treatments . . . . ( / — 1) (K — 1) . 

(iii) K X K Latin square with K treatments . . . . (K — 1) (K — 2 ) . 
(iv) K X K Graeco-Latin square with K treatments . . (K — 1) (K — 3 ) . 

The nearest design to that of the example under study is the Latin square, which would 
have 5 X 4 = 2 0 degrees of freedom. There is, however, an extra degree of freedom ascribable 
to error, arising from the difference between the two sets of plots receiving A, making 2 1 in all. 

* In these tables, F is written e2z and the ratio of mean-squares is termed the " variance ratio ". Both 
systems of nomenclature are in use and it is as well to know both. 
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5. Computation of Significant Differences.—Since it appears that there are differences 
between the varieties, it may be pertinent to inquire which differ from which and, in particular, 
which differ from A, the standard variety. As has been explained in Section 72, this inquiry 
is not always permissible. 

If, in an orthogonal design, there are two treatment means, one based on ^>,data and the 
other on q, and they differ by more than 

t^JTLTTOT mean-square + ^ ) ' 

the means are said to differ significantly. The quantity t is obtained from the tables of Fisher 
and Yates [66«] for the level of significance in which the investigator is interested and for the 
error degrees of freedom. 

Thus, in the present instance, the significant difference between the mean yield per plot 
of Variety A and the mean yield of any other variety is 

2-080 J955-62 (5 + ^ ) = 32-2, 

where 2-080 is the value of t for P = 0-05 and 21 degrees of freedom. Similarly, the difference 
between the means of any two other varieties is 

2-080^955.62 . (^ + 5) = 3 7 " 

It is next necessary to write the variety means in ascending order and to put brackets round 
pairs that are not significantly different, thus : 

B C D E ' A 
93-0 97-8 104-7 151*8 182-4 

At this stage of the computation it is as well to work with one decimal place more than in the 
data, but in presenting results for publication it is sufficient to round off to three significant 
figures. 

It thus appears that the difference between the means of Varieties A and E is a little less 
than that needed for significance. This means that the difference could have arisen by chance 
from the operation of the residual sources of variation. In this particular trial, however, the 
difference is almost certainly genuinely due to varieties because the F-test has demonstrated 
varietal differences and there can be no doubt that E, a new seedling of known history, is different 
from A, an established commercial sort. The differences between A and the other varieties are 
all above the amount needed for significance so their genuineness may be regarded as proven. 

In this Appendix all the computations have been set out that might arise with this sort of 
data, but in many instances some can be omitted. Thus, here the differences are due to varieties 
and it does not need an F-test or significant differences to show that different varieties crop 
differently. The analysis of variance would, however, be of value in showing how accurately 
the treatment means were estimated. The standard error of a single observation was in fact 
V955*62, which equals 30-9, or 22-8% of the general mean, quite a high figure but not unduly 
so for the first year of cropping. 

For many purposes it would be more convenient to express the results in tons per acre 
rather than ounces per plot. There is no objection to working out a conversion factor and apply­
ing it both to the treatment means and the significant difference. 

Format.'—The following suggestions are made for laying out the computations. 
Data are most conveniently set out in a two-way table based on two of the classifications of 

the design, as in the example. Two sets of classification totals can then be entered in the 
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margins and it will be quite obvious what they refer to; but, if this is done, a different coloured 
ink should be used to avoid confusion. Any other sets of classification totals should then be 
written in horizontal lines below the data. 

When the variation terms are being calculated, they are most conveniently written down 
one below the other in a standard order to avoid confusion. A useful convention is to start 
with the Total Term at the top, then to list terms corresponding to positional differences (i.e., 
rows, columns, blocks, etc.), then terms corresponding to former treatments no longer regarded 
as important, if any, then the term corresponding to the present treatments with the Correct­
ion Term at the bottom of the column. In the example, the order would have been T, Tv T2, 
T3, T0. 

When once the terms have been worked out, construction of the analyses presents little 
difficulty. Significant differences, however, are a prolific source of mistakes, especially with 
decimal places. Unless a fully-automatic calculating machine is being used, it is as well to write 
down each stage of the computation, thus : 

tJ955-62 (g + ^ ) = 2-o8oV238 -ao5 = 2-080 x 15-457 = 32-2. 

As has already been said, the precise mannner of laying out the calculation is not of itself 
nearly as important as conformity to a system. If each analysis is laid out differently, the result 
is confusion when the trial comes to be written up, in addition to delay and possible mistakes in 
•computation. 



APPENDIX II 
P a r t i t i o n i n g of T r e a t m e n t s S u m of S q u a r e s in a n O r t h o g o n a l Des ign 

A treatments sum of squares as worked out by the method of Appendix I may well be made 
up of several components, some of which may be significant but others not. The question of 
when it is permissible to partition such a sum of squares into its components has been discussed 
in Section 7 1 . Supposing partitioning to be permissible, how is it to be done ? 

A Factorial Experiment 
The first case is that of a factorial design. The following analysis was derived from the 

data representing crops in pounds over a ten-year period for a trial in eight randomized blocks 
of twenty treatments, made up of all combinations of five varieties of pear (Beurre d'Amanlis, 
Beurre Hardy, Conference, Fertility and Pitmaston Duchess), pruned either heavily or lightly 
with either many or few leaders : 

1 5 - 8 6 * 

Source d.f. s.s. m-s. 

Blocks 7 2 2 7 3 5 0 
Treatments 2 7 4 0 6 4 8 1 4 4 2 4 5 
Error 1 3 3 1 2 0 9 7 9 7 9 0 9 6 

Total 1 5 9 4 1 7 7 7 9 5 

Following the recommendation of Appendix I, two places of decimals were worked out 
for the sums of squares, but are here omitted. The rule does sometimes err on the side of too 
many places rather than too few. 

In order to partition the sum of squares it is necessary to write down totals for all ways 
in which the data can be classified by some or all of the factors. Writing varieties as V, number 
of leaders as N and degree of pruning as D, data can be classified (i) by V, N and D, (ii) by V 
and N, (iii) by V and D, (iv) by N and D, (v) by-V alone, (vi) by N or (vii) by D. 

It is now time to look at the 2 0 totals from which the treatments sum of squares, which 
is to be partitioned, was derived : 

Amanlis Hardy Conference Fertility Pitmaston 
Few Hard . 5 1 2 9 . 3 4 1 6 . 3 3 2 6 . 4 3 8 2 . 2 6 2 5 . 18 878 
Few Light . 5 1 8 1 . 4 0 4 5 . 5 0 2 2 . 4 8 7 5 . 3 4 8 0 . 22 603 
Many Hard . 6 0 6 3 . 3 7 6 4 . 3 9 6 7 . 4 4 3 0 . 2 8 0 9 . 21 033 
Many Light . 6 6 2 6 . 4 5 1 6 . 4 9 0 9 . 5 9 0 6 . 3 6 6 4 . 25 621 

They are the " V, N and D " totals, for the data are being classified according to all three 
classifications, V, N and D. Down the right-hand margin in italics (or different coloured ink) 
are the " N and D " totals, obtained by adding sideways and thus eliminating classification by 
varieties, V. 

It is next necessary to obtain the other totals given by two classifications, thus : 

Amanlis _ Hardy Conference Fertility Pitmaston 
Few 1 0 3 1 0 • 7 4 6 i • 8 3 4 8 - 9 2 5 7 . 6 1 0 5 41 481 
Many . 1 2 6 8 9 8 2 8 0 . ' 8 8 7 6 . 1 0 3 3 6 • • 6 4 7 3 . 46 654 

Hard . 1 1 1 9 2 7 1 8 0 • 7 2 9 3 • 8 8 1 2 • 5 4 3 4 • 39 911 
Light . 1 1 8 0 7 • 8 5 6 1 • 9 9 3 i • 1 0 7 8 1 7 1 4 4 48 224 
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These figures are obtained by adding the figures of the first table in appropriate vertical 
pairs. The upper table gives the " V and N " total with the " N " totals in the margin : the 
lower gives the " V and D " totals with the " D " totals to the right. 

It now remains only to add again vertically to obtain the " V " totals with the grand total 
to the right: 

Amanlis 
2 2 9 9 9 

Hardy 

15 7 4 i 

Conference 
1 7 2 2 4 

Fertility 

1 9 5 9 3 

Pitmaston 
12 5 7 8 88 135 

The " N " totals were originally obtained by adding the '' N and D '' totals in pairs vertically, 
but they can equally well be obtained by adding the '' V and N '' totals horizontally. Similarly 
the " D " totals can be derived from the " V and D " totals. The " V " totals can be obtained 
from both the " V and N " and the " V and D " totals. The grand total can be obtained from 
each of the classifications by one factor only, i.e., V, N or D alone. In order to check properly, 
each set of totals should be obtained in as many ways as possible. 

The next step is to work out variation terms for each set of totals. Thus T v n d equals 
\ ( 5 1 2 9 2 + 3 4 1 6 2 - { - . . . + 5 9 0 6 2 + 3 6 6 4 2 ) = 5 1 2 8 9 2 6 2 . The divisor is eight because 
each total contains eight data. T V n d is plainly the treatment term of the original analysis 
under another name. All the other terms are derived similarly, e.g., 

= A ( 1 0 3 1 0 * + 7 4&i 2 + . . . + 1 0 3 3 6 2 + 6 4 7 3 2 ) = 5 0 7 3 1 2 4 5 

= T \ ( I I I 9 2 2 + 7 i 8 o 2 + . . . + 1 0 7 8 1 2 + 7 1 4 4 2 ) = 5 0 9 8 5 5 1 5 

= ft (18 8 7 8 2 + 2 2 6 0 3 2 + . . . + 2 5 6 2 1 2 ) = 4 9 1 5 2 4 3 1 

Tv = sh ( 2 2 9 9 9 2 + 15 7 4 i 2 + . . . + 1 2 5 7 8 2 ) = 5 0 4 8 4 0 9 3 

TN = ft (41 4 8 1 2 + 4 6 6 5 4

2 ) = 4 8 7 1 5 8 6 3 

TD = A (39 9 « 8 + 4 8 2 2 4

2 ) == 4 8 9 8 0 5 2 6 

To = lis (88 1 3 5 2 ) = 4 8 5 4 8 6 1 4 , the correction term in the original analysis. 

The various sums of squares ^now follow. In general, suppose that the interaction of a 
set of factors A, B, C, is needed, the method is to write down rA Bc, to subtract all terms repre­
senting erne classification fewer, i.e., 2"A B, rAc, TBc, to add all terms representing two classifica­
tions fewer, i.e., T\, T B , 7c, to subtract all terms representing three classifications fewer, i.e., T0, and 
so on till the correction term is reached.* Here, the sums of squares are : 

V 

N 

D 

V x N 

V x D 

N ' x D 

V X N X D . r V N D — 7~V N — 7"vd — 7 ^ D + Tv + TN + rD — T0 

Degrees of freedom are obtained thus : V, N and D have respectively 4 , 1 and 1 for obvious 
reasons. Interactions have degrees of freedom equal to the product of those for the main 
effects upon which they are based, so the whole partition reads like this: 

* There is nothing mysterious about this rule. The total variation due to A and B is (TAB — T 0), of 
which (T A — T„) is due to the main effect of A and (T B — T 0) to the main effect of B, leaving (TAB — T\ — TB + 
T0) for the interaction of A X B, and similarly for higher order interactions. 

T0 

T n - T0 

T D - To 

7"vn ~ - r v - T N + r0 

T V d --Ty- TD + T0 

7"nd ~ - r N - TD + T 0 

Tyo — 
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Source d.f. s.s. m-s. F 

V 4 i 9 3 5 4 7 9 4 8 3 8 7 0 5 3 - 2 0 * * * 
N i 1 6 7 2 4 9 1 6 7 2 4 9 1 8 - 3 9 * * * 
D i 4 3 1 9 1 2 4 3 1 9 1 2 4 7 . 4 8 * * * 

V x N 4 7 9 9 ° 3 1 9 9 7 6 2 - 2 0 
V x D 4 6 9 5 1 0 1 7 3 7 8 i - g i 
N x D i 4 6 5 6 4 6 5 6 < I 

V x N x D 4 5 i 9 3 9 1 2 9 8 5 i - 4 3 
Error 1 3 3 1 2 0 9 7 9 7 9 0 9 6 

It should be checked that the degrees of freedom and sums of squares add up to the quanti­
ties being partitioned. 

From this it is clear that almost all the variation between means for treatment combina­
tions are due to the main effects, i.e., each of the three factors operates to much the same extent 
whatever the levels of the other two. Although the interactions, V X N and V x D , are not 
significant, they are nearly so, and there is some evidence that the effect of each pruning factor 
depends to some extent upon variety, but in relation to the large main effects this is of little 
importance. 

Considering now the main effects, there is no need to work out the significant differences 
for the effects of N and D ; because there are only two levels of each and there can be no doubt 
which is the level to differ from another. For V , however, which has five levels, the experimenter 
may wish to inquire which varieties are significantly different from their fellows. Since each 
varietal mean is based on 3 2 data, the significant difference is 

t VError mean-square . ^ = 4 7 - 2 (P = 0 - 0 5 ) . 

Hence the results for varieties may be expressed thus : 

Pitmaston Hardy Conference Fertility Amanlis 
3 9 3 - 1 . 4 9 1 - 9 . 5 3 8 - 3 . • 6 1 2 - 3 . 7 1 8 - 7 

In publication, the decimal place would not be needed. Also the difference between Hardy 
and Conference is obviously real despite its non-significance. 

It will be noticed that in the absence of interactions involving varieties, the effective replica­
tion has been increased from eight to 3 2 , an example of " hidden replication " (see Section 5 4 ) . 

Another Factorial Experiment 
Suppose, however, that interactions do prove significant, then it is necessary to consider 

each of the factors separately for each level of the others with which it interacts. Thus, in 
the following experiment investigating the effects of three systems of soil management (Clean 
cultivation,, Grass, Straw mulch), in combination with high and low nitrogen applications on 
established apple trees, in the first year the following mean figures were obtained for weight 
of 1 0 0 fruit in pounds : 

CC. S.M. G. 
High N . . . 2 4 - 4 . 2 8 - 6 . 3 4 - 0 
Low N 3 4 - 2 . 3 2 - 3 . 2 7 - 6 

Neither main effect (i.e., cultural methods or fertilizer) was significant but the interaction 
was highly so (P < o-oi). Each of the means given was based on five data, while the error 
mean-square was 2 5 - 0 9 6 7 with 1 7 degrees of freedom so the significant difference between them 
was 6 - 7 . It is now clear that the high nitrogen significantly reduced fruit size on clean culti­
vated land, though on grass its effect was nearly significant the other way. In the present 
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instance that is very nearly the whole story, but the approach is one that can lead to misleading 
results and is not therefore recommended. 

A particularly effective way of dealing with interactions when, as here, one of the factors 
has only two levels, is to work with differences, thus : 

C C S.M. G. 
Effect of N . . - 9 - 8 - 3 - 7 + 6 - 4 

The significant difference between these figures is \ / 2 times the one already derived, i.e., it is 
9-5= 6-j\/2, so it appears that the effect of nitrogen on' grass plots was indeed different from its 
effect elsewhere, its effects on clean cultivation and straw mulch not differing significantly. 

The two examples discussed above represent the two extremes. In the one, main effects 
alone are significant: in the other, the interaction alone. Usually intermediate cases arise 
and some combination of the two approaches is called for. The precise point at which an 
interaction becomes so large as to vitiate the first approach is a matter for judgment, but the 
investigator who writes down his means and studies them in the light of his analysis of variance 
and significant differences is not likely to go far wrong. An interesting example of the need for 
common sense is, as a matter of fact, provided by the pear variety and pruning trial. The 
interaction of variety and degree of pruning is not indeed significant, but what there is of it 
appears to have arisen principally from the smaller benefit of light pruning on the cropping of 
Beurre d'Amanlis as compared with the other varieties. It may well be that light pruning 
does not really give better crops with this variety, though, on the other hand, as there is no 
suggestion of an adverse effect, a general recommendation to prune lightly needs no special 
reservation. 

The Case of Nominated Groups 
Another occasion for partitioning arises from the levels of a factor falling into groups. 

Thus, if there are six treatments, A-F, and A - D form one natural group and E, F another, it 
might seem reasonable to partition the five degrees of freedom for treatments, thus : 

Between groups 1 
Between (A-D) . . . 3 
Between E and F . . 1 . 

Any of these effects with more than one degree of freedom may be partitioned further and, 
for purposes of computation, this is often the easiest thing to do. Thus, the degrees of freedom 
within the group A-D could be further partitioned thus : 

Between (A, B) and (C, D) . . . 1 
Between A and B . . . . 1 
Between C and D . . . . 1 . 

Alternatively, they could have been divided : 

Between A and (B-D) 1 
Between (B-D) 2, 

which can then be developed into 

Between A and (B-D) 1 
Between B and (C, D) . . . 1 
Between C and D '. . . 1 . 
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The point is that, whatever the final division, it must be derived from successive partitions 
of grouped degrees of freedom. 

For example, a trial of soil management at East Mailing has the following treatments : 

A. Clean cultivation throughout the year. 
B. Autumn weeds following clean cultivation. 
C. Oats and tares sown in the autumn after clean cultivation. 
D. Natural sward. 
E. Sown grass sward. 
F. Straw turned in as manure. 
G. Farm yard manure. 

The first partition is as follows : 

Between (D, E) and (A, B, C, F, G) . . i 
Between D and E . . . . i 
Between (A, B, C, F, G) . . . . 4. 

This then becomes : 

Between (D, E) and (A, B, C, F, G) . . 1 
Between D and E . . . 1 
Between (A, B, C) and (F, G) . . . 1 
Between (A, B and C) . . . . 2 
Between F and G . . . . . 1. 

As a matter of convenience in computing, it is advisable to partition any effects with more 
than one degree of freedom into components each with only one. This may be done in any 
way that suggests itself, because the two parts are eventually to be put together again. The 
division to be adopted here is 

Between A and (B, C) . . 1 
Between B and C . . . . 1 . 

Also, the first and third lines in the proposed partition (between (D, E) and (A, B, C, F, G) ; 
between (A, B, C) and (F, G)) can reasonably be combined. The treatments have fallen into 
three groups (I, Clean cultivation ; II, Swards ; III, Manuring) and these two effects represent 
respectively II versus (I, III) ; I versus III. Together, they represent a partition of the 
differences between the three groups. 

To introduce some actual data, the following totals for the seven treatments represent 
weight of prunings over a three-year period from the apple trees planted on these plots. Figures 
are in pounds transformed to [log (n + | ) + 2] (see Section 73). Each represents the sum of 
18 data, the factor of soil treatments having been assigned to the sub-plots of a design with 
doubly split-plots. 

A B ' C D E F G 
40-01 . 33-15 . 31-50 . 15-78 . 13-92 . 35-44 . 36-94 

These gave rise to an analysis of variance of which the following is an extract: 

Source d.f. s.s. m-s. F 
Treatments . . 6 36-077 021 . 6-012 837 . 52-09*** 
Error . . . 24 . 2-770229 . 0-115426 
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The first degree of freedom to be isolated relates to the difference between Group II (D and 
E) on the one hand and Groups I and III (A, B, C, F and G) on the other, i.e., the comparison 
of two treatments with five. It is now necessary to work out the sum of squares associated 
with this degree of freedom. 

Using square brackets to indicate treatment totals, the first step is to work out 

5 [D] + 5 [E] — 2 [A] — 2 [B] — 2 [C] — 2 [F] — 2 [G] = — 2 0 5 - 5 8 . 

This should be squared and divided by 1 8 (the number of data to a total) and by 7 0 (the sum 
2 ) 2 + ( _ 2 ) 2 + ( _ 2 ) of the coefficients squared, i.e., 5 a + 5 Z 

The sum of squares is therefore 3 3 - 5 4 2 1 7 2 . 
It will be convenient next to consider the other intergroup comparison, i.e., that of A, B, 

C(I) against F, G(III). The sum of squares is here* 

(2 [A] + 2 [B] + 2 [C] - 3 [F] - 3 [ G P / 1 S . 3 0 = 0 - 1 1 3 2 4 5 . 

Together these make up a sum of squares of 3 3 . 6 5 5 4 1 7 with two degrees of freedom. 
The first comparison within a group is that between A and B and C. Between A and 

(B, C) the sum of squares is (2 [A] — [B] — [C] ) 2 / i 8 -6 = 2 - 1 8 7 3 7 9 ' while between B and C it 
is ([B] — [C] ) 2 / i 8 -2 = 0 - 0 7 5 6 2 5 . Putting these two components together-—it will be recalled 
that they were separated only as a matter of computing convenience—gives a sum of squares 
of 2 - 2 6 3 ° ° 4 with two degrees of freedom. 

The other effects are easily derived. The sum of squares between D and E is 

([D] - [ E ] ) 2 / i 8 . 2 = 0 - 0 9 6 1 0 0 

and* between F and G it is similarly 0 - 0 6 2 5 0 0 . 
The partitioned analysis can now be written down. 

Source 
Between groups 
Within Group I 
Within Group II 
Within Group III 
Error 

d.f. S.S. m-s. F 
2 3 3 - 6 5 5 4 1 7 1 6 - 8 2 7 7 0 9 1 4 5 - 7 9 * * * 
2 2 - 2 6 3 0 0 4 1 -131 5 0 2 9 - 8 0 * * * 
I 0 - 0 9 6 1 0 0 0 - 0 9 6 1 0 0 < i 
I . . 0 - 0 0 2 5 0 0 0 - 0 6 2 5 0 0 < 1 

2 4 . 2 - 7 7 0 2 2 9 0 - 1 1 5 4 2 6 

It is important to add up degrees of freedom and sums of squares to make sure that 
each sums to the unpartitioned values. 

From this analysis it is clear that Groups II and III are homogeneous, i.e., there is no 
suggestion that Treatment D differs from E, or F from G. Group I, however, is plainly made 
up of diverse elements which may be distinguished by working out the significant difference 
between two means, each of 1 8 data, i.e., 0 - 2 3 4 {P = ° ' ° 5 ) -

This leads to the result: 
A B C 

2 - 2 2 3 1 - 8 4 2 1 - 7 5 0 

Since B and C do have something in common, they may well give similar results (see Section 
7 2 ) but it is not possible to be certain. 

As to the differences between the groups, which have been shown to be significant, the only 
one that can be examined is that between II and III because these are the only homogeneous 
groups. The means are II, 0 - 8 2 5 HI. 2 - o n . The significant difference between two means, 

* Perhaps this useful notation needs a certain amount of explanation. The full stop, when used to denote 
multiplication, indicates that the multiplication takes place first and the other operations afterwards. Thus, 
(a + b X c) can mean either (a + be) or (a + b)c, but (a + b.c) can mean only (a + be). When used with 
numbers the full stop should not be confused with a decimal point, which is above the line. 
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each based on 3 6 data, is 0 - 1 6 5 (P — 0 - 0 5 ) ; so the difference is evidently far beyond that needed 
for significance. No generalization should be made about Group I, but it would be quite 
legitimate to. compare individual treatments, or even a group of treatments that were believed 
to be giving similar results, with one or other of the homogeneous groups using significant 
differences. Thus Treatments B and C with a combined mean of 1 - 7 9 6 might be compared 
with Group III, with a mean of 2 - 0 1 1 . If this were thought both permissible and desirable, 
it has already been found that the significant difference between two means, each based on 
3 6 data, is 0 - 1 6 5 (P = 0 - 0 5 ) , so the conclusion would be that the treatments involving autumn 
sowing, whether artificial or natural, followed by turning in during the spring, do not lead to 
as high a pruning weight as the manurial treatments. 

With this form of partitioning it must be emphasized that a possible way of splitting up 
the degrees of freedom for treatments is not necessarily a permissible one. So many ways are 
available for partitioning a set of treatment effects that, if enough were tried, something would 
be almost bound to appear significant, even if the data were derived from a table of random 
numbers. It follows that partitioning should take place only where the groups have been 
nominated at the time of planning (see Section 7 1 ) or there is some other good reason for 
doing so. 

Partitioning of Interactions 
There remains the problem of partitioning interactions where one or more of the main 

effects from which they are derived has a nominated comparison. The method can be illustrated 
by the following example on fictitious data in which it is supposed that one factor has levels, 
A, B, C and D, and the other has X, Y and Z. 

A B C D 
X 1 4 1 7 1 6 1 7 64 
Y 1 8 1 7 1 5 1 6 66 
Z 1 5 1 9 1 9 1 8 71 

47 53 50 51 201 

These figures will be taken to represent totals for treatments, those in the body of the table 
being based on four observations. 

First it will be supposed that the comparison of A with B, C and D has been nominated as 
has the comparison of Y with X and Z. The sum of squares for the former will be derived 
from the quantity ( 3 . 4 7 — 5 3 — 5 0 — 5 1 ) and the latter from (— 6 4 + 2 . 6 6 — 7 1 ) . Their 
interaction is similarly derived from 

(— 3 . 1 4 + 1 .17 + 1 . 1 6 + 1 .17 + 6 . 1 8 — 2 . 1 7 — 2 . 1 5 — 2 . 1 6 

- 3 . 1 5 + 1 .19 + 1 . 1 9 + 1-18) = 3 1 

The only difficulty here is with coefficients. The first sum, 1 4 , represents the total data 
from plots having both A (coefficient, + 3 ) and X (coefficient, — 1) so it has as its own coefficient 
( + 3 ) (— 1) = — 3 and so on. 

The sum of squares is accordingly 3 i 2 / 7 2 . 4 = 3 - 3 4 . The divisor 7 2 is as usual the sum of 
coefficients squared, i.e. (— 3 ) 2 + i 2 + . . . + i 2 , and the divisor 4 is, of course, the number 
of observations upon which each of the quantities, 1 4 , 1 7 , 1 6 , . . . , 1 8 , is based. 

The interpretation of this sum of squares should be quite easy provided the partitioning 
of the main effects has made sense, which it should have done. It is supposed that A differs 
in some respect from B, C and D, and Y in some respect from X and Z. The interaction con­
cerns the degree to which the effect of A in comparison with the rest depends upon the other 
factor having Level Ŷ  on the one hand or X and Z on the other, X and Z having something 
in common not possessed by Y. Equally it may be considered from the point of view of the 
effect of A against (B, C and D) on the difference between Y and (X, Z). 

8 
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In this example it has been supposed that the main effects of both factors require parti­
tioning, but one of them, say the second, might have no nominated comparison. This would 
happen, for example, if it represented blocks as in the cases considered in Section 7 3 . How in 
this instance is the sum of squares to be computed ? 

There are two ways of going to work. One is to impose some artificial partition on the 
second factor in order to obtain a number of components that can be put together again after­
wards. Thus, here the interaction of ( 3 A — B — C — D) x (— X 4- 2 Y — Z) is known ; 
it is only necessary to add to it the interaction of ( 3 A — B — C — D) x (X — Z) to obtain 
the interaction of ( 3 A — B — C — D) with the comparison of X, Y and Z generally. This 
second component equals ( 3 . 1 4 — 1 7 — 1 6 — 1 7 — 3 . 1 5 + 1 9 + 1 9 -f- 1 8 ) 2 / 2 4 . 4 = 0*09 , so the 
whole is 3 - 3 4 + . 0 - 0 9 = 3 - 4 3 . 

The other method is to work out (3A — B — C — D) for each level of the other factor. 
Thus for X it equals ( 3 . 1 4 — 1 7 — 1 6 — 17) = — 8 , for Y it equals + 6 and for Z — 1 1 . These 
quantities should be squared and added, the sum being then divided by 1 2 . 4 ( 1 2 as the sum 
of coefficients squared, ( 3 ) 2 + (— i ) 2 + (— i ) 2 + (— i ) 2 , and 4 as the number of observations 
upon which each of the sums is based.) This gives [(— 8 ) 2 + (-(- 6 ) 2 + (— n ) 2 ] / i 2 . 4 = 4 - 6 0 . 
It now remains to subtract the sum of squares for the main effect of the comparison of A with 
B, C and D, which is ( 3 . 4 7 — 5 3 — 5 0 — 5 i ) 2 / i 2 . i 2 = 1 -17 , to leave 3 - 4 3 , the same as before. 



APPENDIX III 
A G e n e r a l M e t h o d of C o m p u t i n g t h e Ana lys i s of Va r i ance w h a t e v e r t h e Des ign 

This appendix will set out a method of analysing data that is of very general application, 
and one that can, with certain extensions, be used for any valid design. Indeed, it will Hso 
provide an apparent method of analysis for a number of designs that are not permissible, so 
its existence must not be used to justify a lay-out of doubtful validity. As far as the present 
writer can make out, it has never been described before in full detail; but it must be very 
old and is in widespread use. 

The method is extremely simple in conception and serves very well to illustrate what goes 
on in an analysis of variance. This is often a characteristic pf general methods, which, though 
they can be complicated in application, are usually straightforward in principle. This particular 
method may be described as tedious but simple. 

It will be illustrated on some data from the strawberry weedkiller trial set out in Figure 
XXV. The purpose of this trial was to apply certain weedkillers of proven efficacy to straw­
berries to see if any harm resulted. Each of the four blocks contained seven plots, two of which 
were allocated to the untreated control and one to each of the four weedkillers. This left one 
plot per block with no treatment allocated and these four plots were assigned to a different 
weedkiller in each block—to A in Block I, to D in II, to B in III and to C in IV. The follow­
ing data represent the total spread in inches for twelve strawberry plants per plot in August, 
approximately two months after the application of treatments in June. First, however, in 
this instance though not always, a change in notation can usefully be made. In this design, 
as in many others, there is a correspondence between blocks and treatments, which can be 
marked by designating each weedkiller not by its original letter but by the number of the block 
in which it is applied twice. To complete this transfer to a new system the control will be termed 
Treatment 5. The data are : 

Block I Block II Block III Block IV 
4.107 1,136 3,118 5,173 
1,166 5 .146 1,117 • 4. 95 
2,133 4 ,104 5.176 4,109 
3, r66 3,152 2,132 1,130 
5,177 2,119 3,139 2,103 
1,163 5.164 5,186 5,185 
5.190 2,132 4.103 3.147 

For each plot, the first figure represents the treatment and the second the total spread of the 
strawberry plants. 

Before discussing the details of the method, it may be as well to explain what is meant 
by a "parameter". Let a, known as a "general parameter", represent an average for the 
quantity under study over all blocks and treatments. It cannot be estimated just by adding 
together the data and dividing by 28 because some treatments are represented more frequently 
than others, but the reader will concede that such a quantity can well exist though it is not 
for the moment apparent how it may be arrived at. Further, let ^ , a " block parameter ", 
represent the difference made by the plot coming from Block I. In an orthogonal design this 
would be estimated simply by the difference between the block mean and the general mean, 
but here the expression will be more complicated. Such a parameter exists for each of the 
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four blocks and, in general, p,- will represent the parameter for Block j , where j takes values 
from r to 4 . Finally, let y x represent the difference made by the plot receiving Treatment i . 
These " treatment parameters" as they are called are likewise not to be evaluated by any 
simple method because each treatment is represented differently on the blocks. There are 
five such parameters, which will be written yk for Treatment k, where k can take any value 
from i to 5. No more parameters are needed because the design is based on a two-way classifica­
tion by blocks and treatments. 

If now, a plot in Block j receives Treatment k, it is to be expected that the figure for that 
plot will be a + p , + Y t , but examination of this expression will show that many sets of para­
meters could give equivalent results. Thus, if a were increased by 10, all the p's decreased 
by 6 and all the y's decreased by 4, the final result would be the same for all plots. In order 
to overcome this lack of definiteness, a convention will be adopted that all the p's must sum to 
zero and so must all the y's, i.e., 

Pi + P 2 + P 3 + P 4 = 0 . . . [1] 

Yi + Y 2 + T 3 + Y 4 + Y 5 = 0 • • [2]-

These will be termed " equations of constraint ". The numbers in square brackets are reference 
numbers for use when these equations are appealed to at a later stage. 

On account of the error, the above expression, a + (3,- + y t , will not exactly equal the 
actual figure, y, given by the plot. The deviation of the actual results from those expected over 
the trial as a whole will be measured by taking all these differences, squaring them and adding 
the squares. This sum of (y — a — 0, — y t ) 2 will be termed S. 

The object of the analysis is to see if it is really necessary to postulate an effect of treat­
ments in order to explain the data (see Section 12), i.e., to see if the data cannot be satisfactorily 
explained on a basis of the general parameter aided only by block parameters. The next step, 
therefore, is to start again with parameters a' and p / (the primes are a reminder that the para­
metric values may be different from last time), and to evaluate the sum of squares, S', which 
is the sum of (y — a' — p / ) 2 over all plots. If there is not really any need to postulate the 
existence of the y's, a measure of error based on S' should be no greater than one based on S. 
Such is a brief explanation of the approach. It may not satisfy the mathematician, but it will, 
perhaps, help some readers to see their way through the algebra. The computations have six 
stages: 

1. Computation of Classification Totals.—These are worked out as for an orthogonal 
design. Let the sum of data in Block j be Bj and the sum of data from plots receiving Treat­
ment k be Tk and let the grand total be G. Then : 

2. Parametric Equations and their Solution.—The next step is to write down the parameters 
corresponding to each classification total, bearing in mind the basic parametric expression for 
the result from a single plot, namely, a -f- p,• + y*-

Thus, for Bx, the total from Block I, the equation is 7 « + 7 P , + 2y t + y„ + y 3 -f y 4 + 
2y 5 = Blt because there are seven plots, all of which will contribute an a and a p x to the total, 
while two will contribute a y 1 ; two a y 5 and the others will each contribute one of the other 
y's. On account of equation [2] this may be written more simply as 7 a + 7 P j + yj + y 5 = Bv 

In this way may be obtained the so-called " normal parametric equations ", as follows : 

7 \ = 712, T2 = 619, T3 = 722, Ti = 518, T 5 = 1397, 

Bx = 1102, B2 = 953, B3 = 971, £ 4 = 942, G = 3968. 

7« + 7 Pi + Y i + Y 5 

7 a + 7 P 2 + y 2 + y 6 

7*'+ 7 P 3 + Y 3 + Y 5 

7 a + 7P4 + Y 4 + Y 5 

[3] 

[4] 

[5] 

[6] 
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5 « + Pi + 5Yi = = 7 1 2 . • • [ 7 ] 

5 a + P 2 + 5T2 = T2 = 6 1 9 . • • [8 ] 

5 « + Ps + 5 Y 3 = T 3 = 7 2 2 . . • • [9 ] 

5 « + P 4 + 5T4 = Ti = 5 1 8 • • [ 1 0 ] 

8 a + 8 y 5 = T 5 = 1 3 9 7 • • ["I 

2 8 a + 3 Y 5 = G = 3 9 6 8 • [ 1 2 ] 

These equations provide a ready means of evaluating the parameters. 
The first step is usually to evaluate a and the parameter for any treatment having a different 

degree of replication from the rest, in this instance y 5 . These may readily be obtained from 
equations [ 1 1 ] and [ 1 2 ] , and prove to equal + 1 3 7 - 7 6 5 and -f- 3 6 - 8 6 0 respectively. It will 
be noted that each has been evaluated to three places of decimals more than the original data. 

Substituting these values throughout the other parametric equations, it will appear that 
they can be solved in pairs. If the design had been orthogonal, each could have been solved 
separately* ; while in more complicated designs it may be necessary to take them by larger 
groups than pairs. Here [ 3 ] and [ 7 ] lead to the results that (3t = + 1 4 - 1 4 0 and y1 = + 1 - 8 0 7 , 

[ 4 ] and [ 8 ] to {J2 = - 5 - 0 3 7 and y 2 = — 1 2 - 9 5 8 , [ 5 ] and [ 9 ] to (33 = - 5 - 4 1 9 and y 3 = + 7 - 7 1 9 

and [6 ] and [ 1 0 ] to (34 = — 3 - 6 8 4 and y 4 = — 3 3 - 4 2 8 . There is no need to check these results, 
for it suffices to substitute the values thus obtained into the normal equations and the equations 
of constraint to see if all are satisfied. 

3 . Evaluation of S and S'.—The sum of squares, S, is readily obtained by multiplying 
each classification total by its corresponding parameter and subtracting all such products from 
the sum of data squared, thus : 

S = ( 1 0 7 2 + 1 3 6 2 + 1 1 8 2 + . . . + 1 0 3 2 + I 4 7 2 ) 

- ( 1 4 - 1 4 0 ) ( 1 1 0 2 ) - ( - 5 - 0 3 7 ) ( 9 5 3 ) - . . . - ( I 3 7 - 7 6 5 ) ( 3 9 6 8 ) 

= 5 8 5 1 7 8 - 0 0 - 5 8 1 7 1 7 - 7 8 

= 3 4 6 0 - 2 2 . 

The sceptic may like to work out (y — a — (3, — y t ) 2 for each plot and assure himself that 
all adds up correctly, but this is not needed in ordinary computing ! Nonetheless, the evalua­
tion of 5 needs to be done carefully because the minus' signs make mistakes easy and there is 
no ready check available. » 

The evaluation of S' is much easier because there is now a one-way classification and the 
question of non-orthogonality does not arise. In fact, 

S' = ( 1 0 7 2 + 1 3 6 2 + 1 1 8 2 + . . . + 1 0 3 2 + 1 4 7 2 ) - i ( 1 1 0 2 2 + 9 5 3 2 + 9 7 i 2 + 9 4 2 2 ) 

= 5 8 5 1 7 8 - 0 0 — 5 6 4 6 8 8 - 2 9 

= 2 0 4 8 9 - 7 1 . 

If, of course, a non-orthogonal design had been left even when treatments were being ignored, 
the full procedure would have been needed here too. 

The next step is to work out the degrees of freedom. S has 2 0 , because there are 2 7 degrees 
of freedom in all between 2 8 data, three of which are associated with blocks and four with treat­
ments, leaving 2 0 for error. Another way is to work out the expression, number of plots 
( = 2 8 ) — number of parameters ( = 1 0 ) + number of equations of constraint ( = 2 ) = 2 0 . 
This latter way is really the more fundamental, being derived from a theorem that introduces 
degrees of freedom to the analysis of variance. Similarly, S' has 2 4 degrees of freedom. 

* This indeed is the basic characteristic of orthogonal designs. 
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4. Construction of Analysis of Variance.—The sum of squares, S, represents the residual 
variation with treatment effects removed: S' represents the residual variation including 
differences brought about by the treatments. In fact, S is the error sum of squares: S' is 
the error sum of squares together with the treatment sum of squares. The analysis therefore 
reads like this : 

Source d.f. s.s. m-s. F 
Treatments (by difference) . 4 . 17029-49 . 4257-37 . 2 4 - 6 1 * * * 
Error 20 . 3460-22 . 173-01 

Error -f- Treatments 24 : 20 489-71 

5. Computation of Adjusted Treatment Means.—This looks difficult but is really quite easy, 
the adjusted mean for Treatment k being a + yk. The adjusted means for the treatments are, 
therefore, 1 = A, 139-6 ; 2 = D, 124-8 ; 3 = B, 145-5 ; 4 = C, 104-3 and 5 = 0, 174-6. 

6. Computation of Significant Differences.—As with an orthogonal design, this step is needed 
only in certain circumstances. In the present example there are two cases to be considered : 
(1) between two means each of five data and (2) between one mean of eight and the other of 
five. Let the significant difference be written £0-\/Error mean-square, then the task is to evaluate 
6. This is rather tedious, but when it has been done once there is no need to do it again for 
the same lay-out, the same quantity being used in all future analyses. 

It will be simpler to take a specific example, i.e., the difference between the adjusted means 
of Treatments 1 and 2. The actual value is (YI — Y2)> which may be evaluated thus in terms 
of the data. By subtracting equation [4] from [3] and [8] from [7], it appears that— 

7(Pi - P2) + (Yi - Y 2 ) = B X - B2, 

(Pi - P2) + 5(Yi - Y 2 ) = T, - T2, 
whence 

34 (Yi - Y 2 ) = 7 ( 7 \ - T 2) - ( A - B2). 
It is now easiest to make a skeleton plan of the trial and, whenever a datum enters into the 
above expression, to write its coefficient in the space representing the appropriate plot, thus: 
Writing,+ 7 in all the spaces corresponding to Treatment 1, — 7 in all the spaces for Treat­
ment 2, — 1 in all spaces representing plots in Block I and + 1 for Block II leads to— 

1 
+ 7 - i 

1 
+ 7 - i 

2 
- 7 - 1 

3 
- 1 

4 
- 1 

5 
— 1 

5 
— 1 Block I 

1 
+ 7 + 1 

2 
• - 7 + 1 

2 
• - 7 + 1 

3 
+ 1 

4 
+ 1 

5 
+ 1 

5 
+ 1 • Block II 

1 
+ 7 

2 
- 7 

3 3 4 ' 5 5 
Block III 

1 
+ 7 

2 
- 7 

3 4 4 5 5 
Block IV 

Upper numbers indicate treatments. 

It thus appears that two data enter into the expression for 34(YI — Y 2 ) with coefficient ± 8, 
four with coefficient ± 7, four with coefficient ± 6, eight with coefficient ± 1 , the others not 
entering at all. It follows that for the comparison under study 

34 2 .0 2 = 2.8 2 + 4 7 2 + 4 . 6 s + 8 .1 2 , 
7 2 whence 0 2 equals —. If the design had been orthogonal, 0 2 would have equalled - , so the 
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efficiency factor is | . y = which is fairly good. From the similarity of equations [3-6] 

and of [7-10] , it is clear that the same result would have been reached whichever pair of treat­
ments had been chosen. 

The comparison of Treatments 1 and 5, to take an example of the other case, is rather 
more difficult. From equations [ n ] and [12] it follows that 

and 
S O Y . = 7T5-2G . . . 

2 0 0 0 C = 8G — 3 T 5 . 

Substituting these results in equations [3] and [7] , it appears that 

[13] 

and 

Hence, 

7 p x + Y i = B, - £ Q (8G - 3 r 5 ) - fQ (7T5 - 2G) 

P i + 5Yi = ^ - - { 8 6 - 3 r B ) . 

34Yi = 7T, - B1 - ^ (8G - 3 r 5 ) + fQ ( 7 r 5 - 2G), 
which is more easily written 

1700Y1 = 3 5 0 ^ + 2 8 F 5 - 5 o 5 j - 58G-

From [13], by simple multiplication, it appears that 

Hence 
i 7ooy 5 = 2 3 8 F 5 — 68G. 

i7o (Y i - Y 5 ) = 35^ i - 2 i T 5 — 5# i '+ G. 

The plan of coefficients now reads— 

1 
35 - 5 + 1 

1 
35 - 5 + 1 

2 
- 5 + 1 

3 
- 5 + 1 

4 
- 5 + 1 

5 
-21 - 5 + 1 

5 
-21 - 5 + 1 Block I 

1 
35 + 1 

2 
+ 1 

2 
+ 1 

3 
+ 1 

4 
+ 1 

5 
-21 + 1 

5 
-21 + 1 Block II 

1 
35 + 1 

2 
+ 1 

3 
+ 1 

3 
+ 1 

4 
• +1 

5 
-21 + 1 

5 
-21 + 1 Block III 

1 
35 + 1 

2 
+ 1 

3 
+ 1 

4 
+ 1 

4 
+ 1 

5 
-21 + 1 

5 
— 21 + 1 Block IV 

This leads to the result that 

1 7 0 2 . 6 2 = 3_362 + 2 .31 2 + 2.25 s + 6.20 2 + 3 4 2 4 - 12 .1 2 , 

so 8 2 = | | . For an orthogonal design, 6 2 would have equalled (g + 0 = ^ 5 . s 0 the efficiency 

factor is ~ . | | = which is very good, being nearly unity. 
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Applying these expressions for the significant differences to the example, it appears that 
the significant difference between two means of five is 

tj^j Error mean-square = 2086 v ^ i ^ a 412 

which is 176 (P = 0-05). Similarly, for the difference of one mean of five and the other of 
eight, the value needed for significance is 

y 2 8 

Error mean-square = 2086-V/56991 529 = 157 (P = 0-05). 
The results may therefore be set out thus, 

C = 4 Z ) = 2 A = t 5 = 3 0 = 5 
104 125 140 145 175 

The conclusion is, in fact, that all the weed-killers harmed the strawberries to some extent, 
at least by inhibiting spread, some doing so to a significantly greater degree than others. To 
give a formal demonstration of this last point would involve partitioning the treatments sum 
of squares, a task that will not be attempted here for a non-orthogonal design. 

As with Appendix I, the aim here has been to set out all the computations that might 
be called for with data such as these rather than those called for in this particular trial. Thus, 
the object of the experiment being to find out if any weedkillers gave results different from the 
control, there would be no need to use the F-test or the significant difference between two means 
of five observations, but only the significant difference between one mean of eight and another 
of five. Some might also be interested in the accuracy as measured by the Error mean-square, 
but since all the treatments have been shown to differ from the control, the trial was plainly 
accurate enough for its purpose. 
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T h e Ana lys i s of Covar i ance in a n O r t h o g o n a l Des ign 

In the analysis of covariance it is supposed that the quantity under study is subject to 
disturbance by some other quantity, which is distributed over the plots in a manner unrelated 
to treatments. Thus, in an analysis of the weight of fruit in an experiment it might be expected 
that the crop from a plot depended to some extent upon the size of the trees at the beginning 
of the experiment before the treatments were applied, and it might then seem desirable to 
make allowance for these initial differences. 

In such cases the quantity under study is termed the '' dependent variate '' and will here 
be denoted by the symbol, y . The quantity causing the disturbance is termed the " independent 
variate " and will be written, x. The assumptions that must be justified before undertaking 
an analysis of covariance do not usually cause much trouble. They may be set out thus : 

(i) The independent variate, x, is independent of the treatments. Ideally x should be 
measured before any treatments have been applied. If x is related to the treatments, it must 
be recognized that the elimination of its effect eliminates also part of the treatment effect (see 
Section 80). 

(ii) The dependent variate, y , gives the same error for each treatment (see Section 73), 
or it must be transformed, if need be, to ensure that this is so. No similar assumption need 
be made with regard to x. 

(iii) The relationship between x and y (or the transformed value of y) must be of the 
form, y = a + bx, where a and b are constant but unknown numbers. To make sure that 
this relationship holds it may be necessary to transform x, though small departures from this 
relationship are usually not serious. 

(iv) The value of b must be independent of the treatments, i.e., if a change in x produces 
a certain effect on y forplots receiving a certain treatment, it must produce the same effect for 
any other treatment. If x or y or both have been transformed, this property should hold for 
the transformed variates, not the untransformed. 

Before proceeding to the details of the analysis of covariance, it may be worth while to 
explain a little about the association of two variates in the simple case where there is no classi­
fication by blocks, rows, columns or treatments but only a single series of paired observations. 
For the moment it will not matter which is the dependent variate and which the independent. 
The following figures represent x, the minimum air temperature at East Mailing for the week 
preceding the time of writing this appendix, and y , the corresponding minimum on grass, both 
in ° F . 

x, 42 51 56 55 50 50 59, Total 363, Mean 51-9. 
y , 40 48 54 52 48 48 55, Total 345, Mean 49-3. 

The first step is to work out the sum of data squared for x and to subtract a correction term 
as in Appendix I, and similarly for y . This gives 

Cxx = (42* + 5 1 2 + . . . + 59 2) - * (363) 2 = 182-86, 

C„ = (40 2 + 48 2 + • • • + 55 s) - + (345) 2 = 153-43-

Cxv is then worked out by using the product of x and y in every case instead of x2 or y 2 , thus : 

C„ = (42.40 + 5148 + . . . + 59-55) - I (363) (345) = + 166-29. 

The sign is added because Cxv can be positive or negative, unlike Cxx and C„v, which are always 
positive. 
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It is now possible to work out the " correlation coefficient'' between x andy. This measures 
the degree of association between the two and equals Cxv/-\/Cxx . Cyy, so in the example it 
equals + 0-9928. The value varies from — 1 for complete negative association (i.e., an increase 
in x means a decrease in y and vice versa, the value of one exactly determining the value of 
the other) by way of zero in the case of no association to + 1 in the case of complete positive 
association (i.e., an increase in one means an increase in the other, the value of one exactly 
determining the value of the other). This particular value is high and shows that the two 
variates are associated positively but not quite completely (i.e., the value of one does not quite 
determine the value of the other, though it nearly does so). 

Various other measures of correlation have been worked out for use in special circumstances 
and, in their application to horticulture, have been considered by Crist [43, 44, 45, 46, 47]. 

Correlation deals with the closeness of the association between the two variates; it does 
not say what the relationship is, this being the province of "regression". The regression 
coefficient of y on x is Cxv/Cxx = -f 0-9094 = b* This means that if x changes its value by 
one, y may be expected to change its value by b. Thus, in this example, on the first day, when 
x differed from its mean by (42 — 5 1 - 9 ) ^ . = — 9 -9°F., it is to be expected that y will differ 
from its mean by (— 9-9) ( + o-9094)°F. = — 9-o°F. This gives (49-3 — 9-o)°F. as the grass 
minimum temperature to be expected on a day with an air minimum of 42° F. Actually, the 
figure was 40°F., which is as near as could be expected. The correlation coefficient, though 
high, was not equal to one, and this gives warning that the grass minimum cannot be calculated 
exactly from the air minimum, but other factors must operate as well. 

Similarly, the regression of x on y is CxvjCvy = 1-0838. Consequently two lines can be 
drawn on a graph, one showing the value of j> to be expected for each x and the other the value 
of x to be expected for each y. For cases of incomplete association these will not be the same, 
and care is sometimes needed in choosing the right one in any particular instance. 

The significance of correlation coefficients can be judged from tables [66c] or by the following 
analysis of variance, (r is the correlation coefficient, n is the number of pairs of observations 
upon which it is based.) 

. Source d.f. 

Correlation . . 1 

Error . . . n — 2 

Total n — 1 . 1 

This method is based on an important result, namely, that the variation in y after allowance 
has been made for x is given by the sum of squares, C„„ (1 — r2) = Cvy — Cxv

2/Cxx, with one 
degree of freedom fewer than C„„. 

However, with correlations, as with other things, a result can be significant without being 
important. Unless r lies, outside the range ± 0-7, the relationship is not close enough to be of 
much use in estimating one variate from another. Further, a relationship can be significant 
without being causative. For example, in a recent examination in statistics, candidates were 
given the figures for x, the number of persons certified insane in Britain over a period of years, 
and y, the number of broadcast receiving licences issued, and were asked to comment on the 
high positive correlation coefficient between the two. It is not recorded if many candidates 
proffered theories (a) that people listened to the radio because they were insane, or (b) that 
they became insane on account of having listened to the radio. Obviously the relationship 
is not causative, but results from both variates increasing with time, i.e., from common causa­
tion. This does not detract in any way from the usefulness of the regression for purposes of 
estimation. A person who wanted to know how many licences were issued in a certain year 

* Some people find this nomenclature a little confusing, the effect of x ony being measured by the regression 
of y on x. 

S.S. m-s. F 
(n — 2)r2 

(1 - r2) 
(1 " r2)l(n - 2) 
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*I M II III IV 
A 8-2, 287 9-4, 290 7-7,254 • 8-5, 307 
B 8-2, 271 6-o, 209 9 ' 1 . 243 10-1,348 
C 6-8, 234 7-0, 210 9-7,286 9-9. 3 7 i 
D 5 7 , 1 8 9 . 5-5, 205 10-2,312 10-3, 375 
E 6-i, 210 7-0, 276 8-7, 279 8-1,344 
F .° 7-6,222 IO-I, 301 9-0, 238 io -5,357 

The grouping of the figures is important. If the independent variate is always the left-hand 
one of a pair and if the spaces between the pairs are well marked, confusion will be minimized. 
The computations have six stages: " 

1. Computation of Classification Totals.—This is done as for the analysis of variance except 
that there are two variates to be totalled. It is advisable to write these down in pairs as with 
the data, the independent variate to the left. If they are written in the margins of the table 
of data, a different coloured ink should be used. In the example, the totals are— 

Blocks : I, 42-6, 1413 ; II, 45-0, 1491 ; III, 54-4, 1612 ; IV, 57-4, 2102. 
Treatments: A, 33-8, 1 1 3 8 ; B, 33-4, 1071 ; C, 33-4, 1101 ; D, 31-7, 1081 ; E, 29-9, 

1 1 0 9 ; F, 37-2, 1118. 
Grand Total, 1 9 9 - 4 , 6618. 

2. Computation of Variation Terms.—These have to be done in triplicate, once for x2, once 
for xy and once -for y2. • The terms for x2 and y2 are worked out exactly as in an analysis of 
variance of x and y. Those for xy are obtained by multiplying together corresponding values 
of x and y instead of squaring one of them. Thus the Total Term for xy is (8-2.287 + 
9-4.290 + 7 - 7 . 2 5 4 + . . . +.10-5.357) a n d t n e Block term is \ (42-6.1413 + 45-0.1491 + 
54-4.1612 + 5 7 - 4 . 2 1 0 2 ) and so on. The results may be set out thus : 

x2 xy y2 • • 
Total . . . 1713-9400 . 56649-500 . 1896948-00 
Blocks . . . 1682-3133 . 55 939-400 . 1872766-33 
Treatments . . 1664-0750 . 55006-400 . 1825663-00 
Correction . . 1656-6817 . 54984-550 . 1824913-50 

within the period under study would be quite entitled to work it out from the insanity figures, 
supposing he remembered the regression formula. 

The analysis of covariance is a development of regression methods and, like them, has 
the advantage of making no assumptions as to the exact value of b, the change brought about 
in y by a unit change in x. Indeed, the only assumption that has to be made concerning the 
relationship between x and y is that it is something like a straight fine. Thus, it becomes 
possible to adjust y by x on the basis of the data itself. Given that a tree gave 500 lbs. of fruit 
over a four-year period of calibration, there is no obvious means of forecasting how much fruit 
it would give over the six-year period of the subsequent experiment, and any •estimate that 
was made would be regarded with some suspicion by experienced investigators. If regression 
methods are used, the relationship derived is known to be appropriate to the circumstances. 
In particular, if it happens that for some reason a useless calibrating variate has been chosen, 
little harm will have been done, because in that case b comes out to be zero or something small. 
Accordingly, with the method of covariance it is permissible to " take a chance " on an inde­
pendent variate that may have something to do with the problem though the experimenter 
cannot be certain. If it is irrelevant, the resulting adjustments will be negligible : if relevant, 
something will have been learnt about a further possibility in calibration. 

It is now possible to return to the problem of the analysis of covariance. The data in 
this example are taken from a cover crop experiment with apples at East Mailing in which 
y, the crop in pounds over a four-year period, was adjusted by x, the crop in bushels over the 
immediately preceding four-year period during which no differential treatments had been 
applied. The experiment was designed in randomized blocks. 
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It will be noticed that the number of decimal places for the xy-term is the mean of those given 
for the x2- and y 2-terms. 

3. Construction of the Analyses of Variance for x2 and y2 and the Analysis of Covariance 
for xy.—The sums of squares and products are worked out by exactly the same formulae, using 
exactly the same checks, as are the sums of squares for an analysis of variance. The sole difference 
to be noted is that a sum of products, unlike a sum of squares, can on occasion be negative. 
The analyses are as follows : 

Source d.f. X2 xy y2 

Blocks , 3 25-631 6 + 954-850 47 852-83 
Treatments • -V5 7-393 3 + 21-850 749-50 
Error 15 24-233 4 + 688-250 23432-17 

Total 23 57-258 3 + 1664-950 72 034-50 

The figures in the error line after the degrees of freedom are respectively CTX, Cxv and C„„, 
so b, which equals C „ / C „ , is + 28-40. This means that an additional bushel of apples from 
a plot during the calibrating period is associated with an additional 28-40 lbs. of fruit from 
the plot during the period of the trial, a result that could not have been derived in any other 
way. 

In this trial there was a nominated effect, namely, the difference between Treatment F 
(clean cultivation) and the others. For y2 the sum of squares is 

• t ' (5 . i i i8 — 1138 — 1071 — n o i — 1081 — IK>9)2/4.30 = 67-50. 
For x2 it is— 

(5-37-2 - 29-9 - 31-7 - 33-4 - 33-4 - 33-8) 2/4-30 = 4-720 3-
Likewise for xy it is 

(5.1118 - 1138 - . . . - 1109) (5-37-2 - 29-9 - . . . - 33-8)/4-3o = 17-850. 
The analysis may therefore be written out more fully, thus : 

Source d.f. X2 xy y% 

Blocks 3 25-6316 954-850 47 852-83 
F versus A-E . 1 4-720 3 17-850 67-50 
Between A-E . 4 2-673 0 4-000 682-00 
Error 15 24-233 4 688-250 23 432-17 

Total 23 57-258 3 1 664-950 72 034-50 

4. Construction of the Analysis of Variance for y adjusted by x.—This stage of the compu­
tation has a marked resemblance to the method presented in Appendix III. Two estimates of 
error are worked out, one excluding the effect of the treatments under consideration and the other 
including it. Thus, working with the error line alone from the above analysis, the sum of squares 
fory after adjustment by x is C„, — C I B

2 / C I X , which equals 3885-26. This, which has 14 degrees 
of freedom, will be written S. 

It is possible at this point to break off the main fine of analysis to see if the association 
between the two variates is significantly close. Without adjustment the sum of squares is 
23 432-17 with 15 degrees of freedom : with adjustment it is 3 885-26 with 14 degrees of freedom. 
This leads to the analysis of variance : 

Source d.f. s.s. m-s. F 
Correlation (by difference) . 1 . 19 546-91 . 19 546-91 . 70-43*** 
Error 14 3 885-26 . 277-52 

Error + Correlation 15 23432-17 



" 5 

showing that the reduction of error brought about by adjustment is indeed significant. The 
test is the same as that given for the significance of a correlation coefficient. In this particular 
instance there was no call to use it, because it is part of the lore of those who work with apples 
that these two variates are in fact associated, but if the independent variate had been some­
thing of a shot in the dark, a digression at this point might have been worth while to ensure 
that no further time should be wasted on the independent variate, if it should in fact be irre­
levant. 

Returning to the main line of the analysis, the next thing is to test if the group of treat­
ments, A, B, C, D and E, is in fact homogeneous (see Section 71). This can be done by including 
in error the sums of squares and products associated with this effect and seeing if it makes any 
difference. Accordingly, 

CJ = 24-233 4 + 2-673 0 = 26-906 4, 
CJ — 688-250 + 4-000 = 692-250, 
Cyy = 23 4 3 2 - I 7 + 682-00 = 24 I I 4 - I 7 , 

each with 19 degrees of freedom. This makes S' = CJ — CJ2/CXX, equal to 6 303-91 with 
18 degrees of freedom, leading to the analysis : 

Source d.f. s.s. m-s. F 
Between A-E (by difference) 4 2 418-65 604-66 2- it 
Error . . . . . 14 3 885-26 277-52 

Error -f- Between A-E 18 6 303-9 1 

Although the value of F is not significant, it is of such a magnitude as to suggest that there 
may be differences between the effects of the various cover crops on cropping, but in the absence 
of definite significance the group is best assumed homogeneous. 

The next test is to work out the difference between F and the homogeneous group A-E. 
The new values of Cxx, etc., are 

CJ = 24-233 4 + 4-720 3 = 28-9537, 
CJ = 688-250 + 17-850 = 706-100, 
CJ = 23 432-17 + 67-50 = 23 499-67, 

each with 16 degrees of freedom, which makes S' equal to 6 279-86 with 15 degrees of freedom. 
This leads to the analysis of variance : 

Source d.f. s.s. m-s. F 
F versus A-E (by difference) . 1 2 394-60 2394-60 8-63* 
Error . . . . . 14 3885-26 277-52 

Error + F versus A-E . 15 6 279-86 

From this it is clear that there is a significant difference between the clean cultivated treatment 
(F) and the various cover crops (A-E). 

5. Adjustment of Treatment Means.—This is best illustrated by an example. Treatment A 
gave a mean of 284-5 f ° r y a n d 8-45 for x. The general mean for x is 8-31, so it appears that 
Treatment A was applied to trees of rather greater fruitfulness than average. Since a change 
of one in x corresponds to a change of 28-40 in 3*, it follows that the plots of A would have given 
a mean crop lower by 0-14 (28-40) lbs. had they contained average trees, 0-14 being the adjust­
ment needed in x. That is to say, the adjusted mean value for y for this treatment is 

284-5 — 0-14 (28-40) = 280-5. 
The other treatment means are all obtained in the same way and are as follows: 

B, 266-6 ; C, 274 -1 ; D, 281-0 ; E, 300-8 and F. 251-4. 
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It now appears that F was not really a treatment productive of much crop, but it happened to 
be on trees of notably high inherent fruitfulness, which caused it to make a better showing on 
the unadjusted figures than its worth justified. 

If the adjusted mean for a group of treatments is wanted, it may be obtained in one of 
two ways. Either the adjusted means of the component treatments can be added and divided, 
or the mean can be worked out afresh in the usual way. Thus, in this example, the overall 
mean for Treatments A-E can be calculated as one-fifth of the total of 280-5, 266-6, "274-1, 
281-0 and 300-8, which is 280-6, or it can be obtained direct, i.e., the mean of y for all these 
treatments is 275-0 and the mean of x is 8 - n , the adjusted mean being therefore 275-0 + 
28-40 (8-31 — 8 - n ) = 280-7. The difference arises solely from the rounding off of decimal 
places and disappears on the results being expressed to three significant figures. 

In this trial all adjustments were made on to the mean value of x, but this is not always 
done. Indeed, pseudo-variates are commonly adjusted to a standard value of zero. 

6. Computation of Significant Differences.—In this particular example significant differences 
are not required, the conclusions being clear without them. It is nevertheless necessary to 
explain how to calculate them, because this happy state of affairs does not always obtain. 

The general expression for the difference between two adjusted means, one based on p 
plots and the other on q, with a difference of D in their mean values of x, is [180]. 

Error mean-square 

where the error mean-square is that in the analysis of y as adjusted by x. 
Thus, in this example, the significant difference between the mean of A-E and that of 

F is calculated thus: The values of p and q are respectively 20 and 4. D equals 8 - n — 
9-30 = — 1-19 and Cxx has already been evaluated as 24-233 4. The value of t for P = 0-05 
and 14 degrees of freedom is 2-145, while the error mean-square is 277-52. This makes the 
significant difference 21-4. The actual difference exceeds this, being 280-7 — • 2 5 I - 4 — 2 9 ' 3 . 
but the significance of the difference is not really in doubt, having already been demonstrated 
by the analysis of variance of y adjusted by x. 

In order to avoid having to work out.a fresh significant difference for each treatment com­
parison, it is usually convenient to work out the extreme significant differences between adjusted 
treatment means. Thus, in this example, if it had been necessary to work out the significance 
of all differences between the means of Treatments A - F it would have appeared that the smallest 
value of D was that between Treatments B and C, which give the same mean value for x. The 
largest value of D, on the other hand, is 1-82 between Treatments E and F. Consequently, the 
smallest significant difference is— 

1 1 o 2 \ 
T + r + ~. . Error mean-square = 25-3, 4 4 24-2334/ H . J O ' 

and the largest is 

*J(l+l + 2iM^i)Error
 m e a n - s ( i u a r e = 2 8 - s -

With this information, namely, that all the significant differences lie somewhere between 
25-3 and 28-5, it is possible to put in the brackets without further computation. If there are 
any doubtful cases, the significant difference can be worked out for that particular value of 
D to clear up the obscurity. 

This example well illustrates the two-fold advantage of adjusting by the analysis of co-
variance in cases where there is a good degree of correlation between the two variates : 

(1) It has led to a substantial reduction of error variation. The error mean square for y 
before adjustment was 1 562-14, but after adjustment it was 277-52, so the precision of the 
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trial had been increased to more than five times its former value (1562-14/277-52 = 5-63), 
the loss of one degree of freedom from the error being negligible in comparison. 

(2) The adjustments to the treatment means have made clear the relative performances 
of the treatments despite an unlucky randomization that had assigned a disproportionate 
number of the good trees to the control. 

Nevertheless, the analysis of covariance is not a panacea for all ills, its efficacy depending 
upon a suitable choice of independent variate. 

Double Covar iance 
It may well happen that an analysis of variance is further complicated by there being 

two independent variates. Thus, with strawberries it is not unusual to adjust crop after apply­
ing treatments, by both height and spread at the time of application. Again, it may be necessary 
to adjust both by a calibrating variate and a pseudo-variate. 

Although a double covariance adjustment is more laborious than a single one, it is not 
more difficult in conception. The method of computing results is very similar and the successive 
stages the same. In the following explanation the dependent variate will be called y and the 
two independent variates, w and x. Apart from there being three data per plot instead of 
two, leading to three sets of sums of squares and three of sums of products, everything is the 
same until Stage 4 , the construction of the analysis of variance of y adjusted by w and x. With 
a double covariance S equals 

C C 2 4 - C C 2 — oC C C 
C C — C 2 

and S' is derived similarly from the values of C Y V ' , C W X and so on. Each has two degrees of 
freedom fewer than, respectively, C V Y and C „ „ ' . 

At Stage 5 it is necessary to know the regression coefficients of y on w and x. The " partial 
regression coefficient of y on w ", x remaining unaltered despite its association with w, is 

CXXCWV CYIXCXY 
= B,n. 

CWWCXX C u 

Equally, the " partial regression of y on x ", w remaining unaltered, is 

CWWCXV CWXCWY ^ , 

r r r 2 — ° x -

^VJVT^XX ^ WX 
With these quantities known it is possible to adjust on to the standard values of w and x. Thus, 
if w needs to be adjusted by DW and x by DX (care is needed here with signs), the adjusted value 
of y is 

(unadjusted mean of y) — B WDW B X D X T 

the adjustment having taken place in two steps. 
At the end r in Stage 6, a further modification is needed, this time to work out the significant 

difference between two treatment means after adjustment, the one being based on p plots and 
the other on q. If the treatments differ by Dw in respect of w and by Dx in respect of x, the 
expression is [180] 

-p—p——2 ) Error mean-square, 
^WW^XX ^WX 1 

where the error mean-square is that in the analysis of variance of y adjusted by w and x. 
It will have been seen from this that the computation of an analysis of variance with a 

double covariance adjustment calls for a lot of work, but is quite practicable if the effort is 
necessary. 
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