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BEYOND THE RANDOMIZED COMPLETE BLOCK : NEW STATISTICAL
CONCEPTS FOR THE DESIGN AND ANALYSIS OF FIELD EXPERIMENTS

(°)
A.C. BREWER

INTRODUCTION

By far the most comman statistical technique employed in the conduct ot
field experiments in the region is that associated with the randomized complete block
design or occasionally modifications of this which retain balanced block and treatment
structures which are comparatively simple to statistically analyse and interpret. On
occasions these designs and methods of analysis prove to be entierly satisfactory and
produce clear and precise results for the experimenter. However, all too freguently
the results of these methods are in varying degress found to be disappointing. giving
little or no resultant information on the subject under investigation. For example,
Brewer (2) in a survey of coefficients of variation in a series of maize experiments,
found the median value of this sample to be 21.48 % which can hardly be described as
satisfactory. In order to introduce the new caoncepts it will be instructive to consi-
der some of the causes of such poor results.

One such cause is that the experiment is either poorly managed or that one
or more unfortunate occurrences have happened during the conduct of the trial such as
waterlogging, praedial larceny etc. Although astute experimenters or biometricians can
occasionally retrieve something from the.disaster, no statistical technique can ot
course insure against such a happening. Ancther is that the intrinsic variability of
the material used in the study (land or plants) is higher than expected. giving less
precise estimates than one would have hoped for. This means that a larger trial thar
the one actually laid down would have been necessary and thus it is always bene+icia:
to know the level of variability one is dealing with when an experiment is being plan-
ned. It will be seen that the application of the new methods can sometimes be of as-
sistance here.

A third cause is where the blocking used has been ineffective in its pur-
pose of accounting for a substantial amount of the variability in the field. Symptoma-
tic of this is the presence of a small mean square for block effects in the analy.is
of variance of the data. Now some experimenters are more skilful in their a:lscaticn
of blocks to the experimental areas than others, but I expect all at some time or ano-
ther have had the experiente of the pattern of variation in the field not foilowing
the pattern expected when the blocks were allocated. This brings us to the question of
whether there are other methods of explaining and controlling variability in the field
which are not so dependent upon the configuration of plots in the experiment decided
upon beforehand. The methods to be described here are beting developed from what is con-
sidered to be one of the fundamental properties of field variation.

Models of Spatial Variation

The customary method of forming blocks in a field experiment is to place
them on integrated areas of land, possibly elongated in one direction of greateer var
riability. This is in recognition of the generally accepted principle that arzas of
land in close prowimity to each other are more similar in nature than those which ar:
further apart. Rather than split the area into discreet units which are assumed within
themselves to be homogeneous, models of spatial variation attempt to apply this gere-
ral property over the whole area.

(°) Seconded on technical assistance by the United Kingdom Ministry of Overseas Deve-
lopment.
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There are in general three rules upon which such models can be thought to
apply. The lowest and most fundamental is that betweer points in a field. Conceptual-
ly each point in an experimental plot has a response potential and the response of the
plot, apart from the treatment effect, is made up of the sum of the responses of each
of its individual points. Response potentials of points closer together are more si-
milar than those farther away ard neghbouring plots will tend to be similar in their
response because their respective points are close to each other. Matern (137%0) has
described some models of this sort and they will generally be referred to as Matern's
models.

The intermediate scale is that between individual plants, an example of &
model of this nature being that considered by Mead (49¢H. However, models = of this
nature are normally used for a different purpose, that of investigating competitiorn:
effects, resulting in adjacent plants being less similar in their response then in
general.

The largest scale is that between plots of the sxperiment in which the
responses of individual plots are regressed upon their neighbours. Besag (1) lays a
comprehensive theoretical foundatiorn for one class of such models, whilst other are
available. Whilst it is recognised that such models can only be an approximation in
the field experiment situation because the response of a plot is the aggregation of
such models, whilst other types are available. Whilst it is recognised that such mo-
dels can only be an approximation in the field experiment situation because the res-
ponse of a plot is the aggregation of the response over an integrated area of land,
they do however constitute the easiest tools to use on an empirical set of data and
can in some situations form a fair approximation to Matern’s models.

It will be seen in the following three sections how consideration and in-
vestigation of these models can have an impact on the conduct of field experiments
through the stages of planning, design and analysis. They may be particularly valua-
ble in the Caribbean region where experimental land is often lsss homogeneous than in
other areas.

Planning of Experiments

There are a number of questions to be decided upon during the planning s-
tages of a field trial butthis paper is concerned with the particular problem of the
field layout and the statistical design. Questions on statistical design will be co-
vered in the following section but once a design has been proposed, within the gens-
ral framswork of the design the number, size, shape and arrangement of the plots has
to be determined. It is then necessary to draw up a detailed field plan incorporating
the propertiss decided upon in this determination.

In its present state, this process is almost entirely subjective in natu-
re, the efficiency of the various decisions being dependent entirely on the experi-
menter’s experience and expertise in "reading” the likely performance of the experi-
mental land and material that he is dealing with. In practice he will base his judge-
ment on what has happened before on the same or similar land and on the past perfor-
mance of the crop. It would be a great help to him if more precise information of this
sort were available and it is in this respect that an empirical investigation of spa-
tial variability in field trials can be of great use.

As an example let us suppose that the experimenter has 4 treatments which
he is to arrange in blocks of 4 in a randomized complete block design. From fitting
spacial variation models to past experiments on similar land, and by considering the
crop now under study, a particular model having a component of variability due to the
environment, genetic variability of the planting material, and other random variabi-
lity can be assumed to hold in the present case. Figure 1 shows some possible confi-
gurations of plots within blocks and table 1 shows the expected coefficients of va-
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riation which would result from these and other configuraticns from a particular mo-
del of this type. The actual units of measurement are not important for the purposes
of the example.

The model used in the example has no direction where variability is grea-
ter than in others, but it is evident from table 1 that even in this entirely symme-
tric case the size, shape and configuration of plots within blocks all have an effect
on the resulting precision to be expected. Cases 4 and 6 produce the lowest C of V.'s
which supports the proposition that on well balanced land, the best arrangement for
block experiments is to have elongated plots laid side by side to form compact blocks
Also it can be seen that larger size plots tend to be associated with lower C. of V.'S
although, by comparing cases 2 and 3, we can ascertain that this does not always hold
Case 3 has the same arrangement as case 2 but the lengths have been doubled (and con-
sequently the areas guadrupled) yet it results in a higher C. of V. This effect has
resulted from the fact that at this particular point of the scale the greater homoge-
neity within 2x2 blocks compared to 4x4 blocks has outweighed the greater accuracy of
the larger plots in estimating the response of the crop. Although it is certainly not
assumed that this particular model applies to any known situation, it should never-
theless serve as a warning against the impression that larger plots always imply grea-
ter accuracy.

Also included in Table 1 are estimates of how many replicates are needed
to detect treatment differences of 10%, 15% and 20% of the overall mean response. Thus
models of spatial variability can also assist in determining the size of the experi-
ment necessary to achieve the objectives, which has hitherto been a very difficult
question to answer. Alternatively one might be able to say whether it is worthwhile
conducting the trial with the present resources.

The example illustrates the usefulness of the approach in the case of a
simple design under well behaved conditions. When the situation is more complex due
to the presence of directional variation when slopes are encountered, for instance.
systemmatic variation due for instance to bedding, or irregular variation due to ob-
servable factors such as drainage or soil nutrients the task facing the experimenter
of deciding upon the optimum field layout can sometimes be almost insuperable. Howe-
ver, with sufficient care and prior information, spatial models of greater complexity
which incorporate the expected effects can be formed and investigated in like manner.

The Experimental Design

For reasons of ease of computation and interpretation the use of balanced
statistical designs such as randomized complete blocks are the standard techniques u-
sed. However, such designs are not without disadvantages in respect of the cons-
traints which they necessarily impose upon the field plan. All blocks contain the sa-
me number of plots and therefore are of the same size. It is left to the experimenter
to find homogeneous areas of land of equal size on which to place these blocks and
quite frequently a considerable amount of compromise is necessary. This results in
blocks being formed which are not as homogeneous as one would hope and conseguently
has an undesirable effect on the precision of tha experiment. Professor Pearce, in a
series of seminars during a visit to the region, propounded views that with the ever
increasing presence of computers which can easily perform the more complex calcula-
tions involved with unbalanced designs given a suitable computer program, the advan-
tages of balalanced designs have been diminished. Thus it is possible for the experi-
menter to choose his blocks, not neceesarily all of the same size, more according to
his expectation of how the land will hehave. When using unbalanced block designs,
techniques for the optimum allocation of treatments to blocks (Jones (3) and for the
analysis of data (Pearce et al. (7) can be used.

Although the statistical efficiency of unbalanced designs are not as high
for balanced designs in general, a skilful use of them in some situations can undoub-
tedly dramatically increase the resulting precision of the results. It is evident that

Y
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Plot size : 1x1 1% 4x1 2x2
Block size : 4x1 2x2 4x4 4x4
Plot size : 4x2 B8x2
Block size : 8x4 8x8

Fig. 1 - Some possible shapes and arrangements of plots within blocks of 4
plots.
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Table 1 - Expected cosfficients of variation and sizes of experiment necessary for
various plot and block configurations under a particular spatial variabili-
ty model.

Case Plot| Block c. o V. No. of reps. required to detect differences of:
number| size size 10 % 15 % 20 %
1 1x1 4x1 18.7 % 28 13 7
2 1x1 2x2 15.6 % 20 9 5
3 2x2 4x4 17.2 % 24 11 6
4 4x1 4x4 13.8 % 16 7 4
5 4x2 4x8 16.0 % 21 10 6
L 6 8x2 8x8 12.4 % 13 6 3
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when this promising fresh approach is used, the greatest advantages will accrue wher
the experimenter has a clear:picture of the expected performance of the land he is
dealing with. Since models of spatial variation attempt to characterize the perfor-
mance of a field, they can be used to great effect in this situation. With the inves-
tigation of a representative model. the experimenter will be able to see for himself
the effects of blocks of different sizes, shapes and arrangements on the precision of
the experiment and will thus be in a better position to judge the relative merits of
different formations. Indeed, this can be seen to be similar to and interactive with
the application of the models in the last section, and thus can be viewed together as
helping to form a useful field plan - design strategy for field experiments.

An alternative approach to experimental design is to at least partially
disregard blocking techniques and work more directly on the assumption that neighbou-
ring plots are more similar to each other than those farther away. We shall see in
the next section how alternative methods of analysis of the data have developed using
this property, whilst here some designs which "balance” the treatments with the nei-
ghbouring plot effect will be briefly described.

One possibility is the familiar method of the chequer-board pattern of
planting a standard treatment as neighbours tc all experimental treatments (Fig. 2).
All contrasts of experimental treatments with the standard treatment are balanced wi-
th respect to the neighbouring plot effect. When the object of the experiment is to
investigate these contrasts in particular, rather than contrasts between experimenta:
treatments, this can be a useful design. One has, however, necessarily to make the as-
sumption that competition effects between the standard and other treatments are ne-
gligible.

We could alternatively consider designs such as the 4x4 and 5x5 latin s-
quares shown in Fig. 3. It can be seen that each treatment neighbours every other
treatment exactly once in each direction in the case of the 4x4 square, and twice both
lattidudinally and longitudinally in the case of the 5x5 square. Thus every contrast
of two treatments is balanced with respect to the neighbouring plot effect.

Although such designs hold well-balanced properties when applying neigh-
bouring plot technigques to them, to achieve this their possible arrangements in the
field are even more restrictive than for balanced block designs. A further severe res-
triction on the latin squares is that only a small subset of the possible randomiza-
tions retain the properties described above. To justify their use, more work will need
to be done on an investigation of their relative advantages over other designs. It is
possible that less restrictive partially balanced designs (c.f. partially balanced
incomplete blocks) can be generated.
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Fig. 2 - The check-board design



- 520 -

A B C D

C A D B

B D A C

D C B A
A B C D
C A E B
| B D A E
E C D A
D E B C

q

I

Fig. 3 - Latin squares balanced for neighbouring plot effects.
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The Analysis of Experiments

In a recent paper Pearce (8) resurrected a method of data analysis due o-
riginally to Papadakis (8) of adjusting the performance of a plot with that of its nei-
ghbours. He reported that in a varied sample of experiments with perennial crops the
methods were in many cases more successful in removing variation than the conventional
block analysis. The method is simply to treat the experiment as a completely randomi-
zed design and to remove treatment effects from the plot responses. The residual for
each plot is then adjusted for the performance of its neighbours by means of a regres-
sion analysis so that the resulting residuals can be viewed as a deficit or a surplus
in the response of the plot compared with the average response of those arocund it. The
error sum of squares is then calculated as the sum of squares of these new residuals.

When the fundamental property of neighbouring plots being closely related
in terms of response is in evidence, it is not surprising that this method gives good
results, and the results obtained from it so far show that it does warrant greater at-
tention in the future. What it lacks is as sound a theoretical base as there is for
the more usual forms of analysis of variance, and only through a study of models of s-
patial variation between plots such as those described by Besag (1) can the formalized
and possibly modified. When such schemes as this are accepted as useful and well based
then designs such as those shown in figs. 2 and 3 will be in greater demand.

Block experiments and analyses will still retain certain advantages, one of
which is that the blocks tehemselves can be treated as administrative units, making it
unnecessary for example, that the entire experiment should be planted or harvested on
the same day. In the analysis of data there is no reason why the advantages of both
methods cannot be retained and the experiment analysed using a hybrid scheme allowing
for both block and neighbouring plot effects.

Conclusion

In the widespread use of balanced block designs, experimenters are often
constraining themselves in statistical straight-jackets resulting in a loss of accura-
cy in the results. By considering more claosely the nature of field variation and al-
ternative methods of design and analysis to deal with it, it is possible to greatly
improve the methods now used. What is needed is for experimenters to realize that the
practical application of statistical method is as in need of further research as the
subject they are investigating in their field trials, and consequently will be prepa-
red to venture a little further into the realms of unconventional statistical appro-
aches - with the aid of a biometrician.
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SUMMARY

Field experiments in the region often give results of disappointingly -low
precision. The paper ascerts that this is partially due to the widespread and someti-
mes indiscriminate use of balanced block designs. As an alternative to this models of
spatial variation are introduced and their application to the planning, design and . a-
nalysis of experiments 1s discussed. It is shown how they can help to determine .. the
size, shape, number and arrangement of plots in the field ; and a new strategy is pro-
posed of using the models in conjunction with unbalanced block designs. An alternative
method of analysis involving the adjustment of the response of the plot according to
the response of its neighbours is described., and some experimental designs ,-thought to
be suitable for this form of analysis are introduced.





