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PREFACE
 

The yield gap that exists in crop and animal productivity
 

between Experimental Stations and farmers fields in the Eastern
 

Caribbean is currently exercising the minds of both agro-biological and socio-

economic researchers in CARDI. CARDI's approach to agricultural research
 

in the sub-region is based on its experience in attempting to concentrate
 

its limited human and physical resources on finding solutions to the numerous
 

biological, social and eeonomic constraints that affect small and medium
 

size farm households.
 

CARDI's Farming Systems Research and Development methodology lays
 

particular emphasis on On-farm Experimentation at several stages, vIz::
 

. 1) On-.Farm Production Systems Analyses..
 

2) On-Farm Validation with Farmer Control and extensive
 

supervision
 

3) On-Farm Testing with researcher control and supervision-

4) Applicability testing with Farmer Control and supervision.
 

The needs of all these various On-Parm Testing Schemes vary because
 

objez.Zives are different, thus necessitating varying design management
 

and analysis considerations.
 

Since On-Farm experimentation is fundamental to CARDI's Farming
 

System Research and Development methodology it follows that for success
 

On-Farm experiments must be carefully planned and managed. Close
 

collaboration with farmers and extension agents is also vital. However,
 

none of these is sufficient unless the experimental designs are efficient
 

and well conceived.
 

The nature of most small farms . in the Eaf;tern Caribbean - small 

size, prevalence of steep slopes, complexity of the farming systems 

makes On-Farm Experimentation difficult and certainly far more difficult
 

than traditional Field Station Experimentation.
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This Manual provides guidelines that should enable both Country
 

Teams and Technical Specialists to design, plan, manage and analyse
 

On-Farm Experiments, The Manual stems basically from the experiences
 

gained in the design, management and analysis of On Farm Experiments in
 

the Eastern Caribbean. The Authors, Dr. John Harmnerton, Technical Co

ordinator (Windward Islands) of the USAID funded Farming Systems Research
 

and Devwlopment (FSR/D) Project and ir. Bruce Lauckner, Biometrician at
 

CARDI Headquarters, Trinidad, must be commended for their efforts in pro

ducing the Manual. It is hoped that the Manual will be of tremendous
 

benefit to the scientists conducting On-Farm Experiments in the FSR/D
 

Project as well as those others in the region interested in this approach
 

to agricultural research and development.
 

CALIXTE GEORGE
 
Project Manager 
Farming Systems Research and Development
 
Project #538-0099.
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CHAPTER 1 INTRODUCTION 

On-farm experimentation is basic to Farming Systems Research and
 

Development (FSR/P). In CARDI's FSR/D methodology (Fig.l) on-farm
 

experimentation Is carried out at four steps in sequence of activities
 
leading to the transfer of improved technologies These steps are •
 

- On-farm Production Systems Analysis (Step 5) which ir.cludes
 

exploratory experiments and technology screening. At this step the
 

number of treatments in an experiment may be relatively large. These
 

experiments are very much under the control of the researcher.
 

- On-farm TEsting of Alternatives (Step 9) compares those
 

technologies and components evaluated in steps 4 to 7. Design and
 

synthesis of components is done at step 8. The number of treatments
 

at this step is likely to be small, and to include a farmer practice
 

control treatment. These experiments are also under the researcher's
 

control, but with the farmer's active assistance and participation.
 

..On-farm Testing with farmer control (step 10) is likely to have no
 

more than two treatments - farmer practice and one alternative
 

selected from those tested at step 9. These tests are supervised
 

by Extension Officers but the researcher must be responsible for
 

general oversight and for planning, treatment specification and the
 

design of data collection,
 

- Applicability testing (step 11) may or may not involve experi

mentation an improved technology may be advocated as a replacement
 

for the farmer's traditional technology, or a farmer Involved in
 

step; 9 and 10 may decide to adopt this improved technology.
 

Thus it is likely that the number of treatments to be tested will
 

decrease as work progresses from step 5 to steps 9, 10 and 11.
 

Experimental designs eill accordingly become simpler.
 

The FSR/1) approach to technology generation does not preclude
 

Field Station and laboratory research - as Fig. 1 demonstrates.
 

These types of research arc complementary to, and supportive of, on

farm research Some types of research are unsuited to on-farm
 
experimentation. examples are varietal ;creening, livestock feeding
 

trials with several rations and/or regimens, and the screening of
 

pesticides to evaluate efficacy, optimal frequency of application and
 

rates and so on.
 

It should be noted that Field Station research does not necessarily
 

require the physical facility of a field station. Such research can be
 

done on a farmer's land- it is the single site, the total control
 

exercised by the researcher and, usually, the emphasis on a commodity
 

and/or a discipline or a technology component that distinguishes field
 

station - type research from on-farm research.
 

e.1 
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Most researchers are familiar with at least a few experimental designs
 
appcopriate to field station research, the techniques for managing and
 
conducting such experiments, and the basics of data analysis. On-farm
 
research uses the same designs, techniques and methods of data analysis,
 
but there are Froblers peculiar to such research., and designs which are
 
not commonly used in field station research but may be appropriate to
 
on--farr- rer-crch. These problems and designs form the subject matter
 
of this r"rial.
 

This manual is intended to stimulate thought, to encourage
 
imaginative planning of experiements, and to avoid inadequate experimenta
tion arising from ignorance of appropriate designs and the relevant
 
analyses. Tt does not purport to provide definitive solutions to all the
 
problems discussed, nor does it consider such topics as farm surveys,
 
Larm studies or island studies, although these steps are important 
coponents of the CARDI FSR/D methodology (Fig.l) 

Section 2 describes the main types of design likely to be useful. It
 
includes some worked examples and discusses the pros and cons of the various
 
designs, and some related topics such as replication and variability.
 

Section 3 poses some of the problems that can arise in on-farm
 
experimentation without offering solutions. Some possible solutions are
 
suggested in Section 4.
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CHAPTER 2. TERMINOLOGY AND EXPERIMENTAL DESIGNS
 

This section defines the terminology of experimentation; and
 
discusses those experimental designs appropriate to on-farm research.
 

2.1 Terminology
 

Experiment refers to the entire set of plots of a single investiga
tion. An experiment comprise's a minimum of two treatments.which are
 
replicated or repeated. Treatments are allocated to individual plots

in some organized random fashion, and plots arc arranged in blocks,
 
except in the completely randomised design. This design is not suitable
 
for on--farm experimentation however. Each block may comprise a
 
complete replicate or set of treatments,, when it is a complete block.
 
Alternatively, blocks may comprise subsets of the treatments, when they
 
are known as incomplete blocks, so that more than one block is necessary
 
to make up a single replicate. In some designs blocks may contain more
 
plots than there are treatments, with one or more treatments allocated
 
to two or more plots in each block,
 

On-farm experiments may be sited on a single farm or distributed
 
over several farms. The first arrangement of course is equivalent
 
to a field station experiment, except that the blocks may be sited on
 
different parts of the farm, and problems of the designs and management
 
of this type of experiement will not be further discussed.
 

,1 'Wherean experiment is
 
spread over several farms, individual farms may accommodate one or
 
more complete or incomplete blocks.
 

Decisions as to the "best' design for an on-farm experiment must
 
take into account the number and nature of the experimental treatments,
 
the availability of land suitable for experimentation on the participating
 
farms, and the resources - expccially of manpower --available. It is a
 
basic principle that plots within blocks be as uniform as possible with
-

respect to slope, soil texture, weediness, plant number (except where this
 
is a treatment variable) plant height and girth and so on, so that block
 
size - the number of plots per block --is ofter a major factor determining
 
appropriate designs. Plots within blocks need not be contiguous, and
 
blocks can differ with respect to the above, and other, characteristics.
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2 .2. 2...r ii'd Complete Block Designs 

The completely randomised design is the simplest. 
 Treatments are
reir.!Jc t 1 but allocated at random to the total array of plots. Such
aLgn is appropriate only where all the plots are uniform. 
 Clearly
thin condition will not be met where plot's are spread over a number of
far:.-s. 
 In such a case it is essential to take account of the expected

6iffcrenccs between farms.
 

Th2 zimplest design for on-farm experimentation is therefore the
ran~omised complete block design (RCB), with one (complete) block per farm.
Fig. 2 gives an example with four treatments (v - d) and eight farms.
Th analysis of variance is s-traight-forward, and the 
 apportionment of the
ecgre2s of freedom (d f,) 
 is as follows , where b  number of blocks and
t = numb-r of trcatments, 
 With one complete replicate per block, the
nt,7bcr of replicates(r) equals the number of blocks and the number of forms.
A significant difference for blocks in the analysis of variance therefore

indicates a significant difference between farms-


Blocks (b -i) (r - 1) 

Treatments (t - I) 

Error (b -l)(t-1) (Cr -l)(t-1) 
Total (bt -.1) (rt-l) 
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Fig. 2 	A randomised complete block (RCB) design with one complete
 
replicate per block. There are four treatments (a-d)
 
and one block per farm on eight farms. Note the
 

variations in block shape and non-contiguity of some plots
 
in some blocks.
 

Farm 	 A Farm B Farm C
 

C a b d a d b 	 a I
 

b d 

Farm D 	 Form E
 

d b a c b a 
 d 

Farm G 

Farm. 
F 

b d 

CC 

E 

Form H 

-1c 7] C b 
a 
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(or more) complete replicates
A variation of this design is to have two 


per block. This design could be used where it is possible to find blocks
 

of uniform plots such that the number of' plots is twice, or some multiple
 

of, the number of treatments. Fig. 3 gives an example of such a design,
 
= 8G. The analysis of variance would be as shown
where t = 3, b = 4 and r 


above, but the divisors in the calculation of the sums of squares for (:.eat-

ments would be.r and not b as would be the case with only one complete
 

replicace per block,.- This variant is unusual, and unlikely to be
 

impor:ant. More likely to be useful and practicable is two complete blocks
 

per farm ( see 2.8).
 

A randomised complete block experiment with only two treatments
 

(i.e. two plots per block) can be analysed by a paired t - test. 

Equally an on-farm experiment with only two treatments - a comparison
 
- can
of a new technology against farmer practice at step 10 for example 


be depigned as a paired t-test comparison with two plots per farm on a
 

large number of farms. Such an analysis,is not appropriate if there is
 

more than one replicate (ije. pair of plots) per farm (see 2.8)
 

Table 1 gives an example of a paired 't' test for a hypothetical data 

set. The menn difference D, is divided by S- , the standard error of 

with n-i R.f;. where n = numberthe mean difference, to calculate 't', 

The data have also been analysed by analysis of vAriance. Both
of pairs. 


't' and F are highly significant in this instance.
 



Fig. 3. 	A randomised complete block (RCB) with two complete
 
replicates per block. There are four treatments
 
(a - d) and four blocks, one per farm., Note the
 
variations in block shape and non-c6ntiguity of some
 
plots.
 

Farm A 	 Farm B
 

ac b 	 :a b d a
 

cI bI dl 

d c a fd b
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I . i ii
 
a cf ja c b c a d1
 

b b 

a,
 

d
 

Note:this is distinct from the more usual and more useful design with two
 
complete blocks per farm.
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Table 1. A paired 't test from a hypothetical experiment with 
11 	pairs of plots, (or 11 blocks of two plots). The
 
two treatments are a and b.
 

Pair 


a__ b 

1 7. 9.8 

2 5.8 77 

3 6.1 9,4 

4 8.3 10,2 


5 9.9 14.3 


6 6,8 0 


7 8.2 113 

8 9.1 12-5 

9 11-0 129 

10 8.9 12.0 

11 10.5 153 

Total 91.9 124,2 


Mean 8.35 11.29 


Analysis of Veriancei
 

Blocks 


Treatments 


Error 


Total 


D 


(b- a) 

2.5 


I 	1 ,9 

3 3 

1.9
 

4.4 


2.0
 

31 


3.4 

1.9 

3.1 


4.8 


32.3 


2.94 


S.S. 

80.63 


47.42 


5.15 


133.20 


't' = test 

D
 

S 

D 

D/

D 

SD DD"2 
-. D)2/n 

n

n 	= number of pairs
 

SD 	 ='/ 105.15_-_94.84 

10
 

1.015'+
 

S= 1.0154 

.1 11 

0.3061
 

t = 2.94 = 9.60
 
0.3061
 

(with n - 1 df.) 

d.f. M.S. F. 

10
 

1 47.42 92.08
 

10 0.515
 

21
 

http:105.15_-_94.84
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2.3 Incomplete Block Designs
 

As the number of treatments increases, block size in a RCB design
 
obviously increases, The variability of terrain, soil depth and other
 
factors on small farms may make it difficult to find blocks of adequate
 
size, without sacrificing the criteria (of uniformity) for blocking. It
 
then becomes necessary to use incomplete blocks, such that each incomplete
 
block contains a subset of the treatments. Allocation to subsets (i.e.
 
to incomplete blocks) follows certain rules, and some designs are
 
available 	from reference works, Improved methods of analysis have
 
resulted in greater flexibility in the choice of incomplete block designs.
 

The simplest incomplete block design i the balanced lattice. In
 
this, the number of treatments must be an exact square, and the number of
 
plots per block is the corresponding square root. This design is
 
therefore suitable for an experiment with nine treatments, with blocks of
 
three plots. A design is shown in Fig. 4 it has four replicates, with
 
a total of twelve blocks each of three plots. Every pair of treatments
 
occurs once, and only once, in the same block, so that all pairs of treat-,
 
ments are compared with about the same precision, even though differences
 
between blocks may be large, This might well be the case if single blocks
 
were located on twelve different farms. As far as possible, similar
 
blocks - to the extent that this can be ascertained should be placed in
 
the same replicate. Eight replicates, involving 24 farms. each with one
 
block, could also be used.
 

Fig. 4. 	 A balanced lattice design for nine treatments (a-i) in 12
 
blocks ( (1) --(12) ) of three plots with four simple
 
replications (t = 9, k=3, b=12, r = 4)
 

(1) a b c (4) a d g (7) a i (10)ia h f
 

(2) d e f (5) b e 1 (8) g b f (11) d b
 

(3) g h i} (6) e f K' h c (12)1g e C 



Where the number of treatments is not a square,balanced incomplete block
 

designs arc available. Figs. 5 and 6 give two examples, and Table 2 lists
 

some of the designs available for different number of treatments (t) and
 

block sizes (k = number of plots per block).
 

There are also partially balanced designs, of which the simplest
 

examples are the lattices As for the balanced lattices, the number of
 

treatments must be a square. Partially balanced designs are less suitable
 

than balanced des.gns- the statistical analysis is more complex, and when
 

variation among blocks is large, as must be expected in on-farm research,
 
some pairs of treatments are compared less precisely than others.
 

Fig. 5 	A balanced incomplete block design for five treatments (a-e)
 

in ten blocks ( (1) - (10)) of three plots with group
 

replication (t 5, k-.3, b 10, r = 6).
 

Reps I, 	11 & III Reps IV, V & VI
 

(1) 	a b c (6) a b
 

(2) 	 a b Q (7) a Ic d 

(3) 	 a d e (8) a c e
 

(4) 	 b c d (9) b c e 

(5) 	 c d e (10) b d
 

Fib. 6 A balanced incomplete block design for seven treatments (a-g) in 
21 blocks ((I) - 21)) of two plots with group replication 

(t 7, kc- 2. b - 21, r = 6) 

Reps I & II 	 Reps III &IV Reps V & VI 

(1) a b (8) a c (15) a e
 

(2) b f (9) b d (16) b c
 

(3) c d (10) c e (17) c f
 

(4) d g (11) d f (18) d e
 

(5) a e (12) e g (19) b' e
 

(6) e f (13) a f (20) f g
 

(7) c: gC (14) b g(21) 	 a g
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Table 2. Examples of balanced incomplete block designs
 

for different numbers of treatments (t) and
 
numbers of plots per block (k).....
 

Number Number Number Number Total lEfficency 

of of plots of of number i 
Treatments per block replicates blocks of plots factor 
(t) 	 (k) (r) W£
 

5 	 2 4 10 20 0.62
 

3 6 10 30 0,83
 

6 	 2 5 15 30. 0,60
 

3 5 10 30 080
 

4 10 15 60 0M90
 

2 6 21 42 0,58
7 


3 3 7 21 0.78 

4 4 7 28 0.88
 

36 72 0.56
8 


4 8 18 72 0.84
 

5 10 18 90 


9 	 2 


0.90
 

6 8 12 72 0.94
 

10 	 0055
11 	 2 55 


5 5 11 55 0.88
 

0.92
Li66
6 6 


ITotal number 	cf plots 
 (t x r) - (k x b).
 

2The efficiency factor (E) is a lower limit to the efficiency
 

relative to a randomised complete block (RCB) design. This
 

assumes that a RCB design could have been used instead of 
a
 

balanced incomplete block design. Usually this is not so- the
 

incomplete block design is chosen because a RCB design cannot
 

be used. The "true " efficiency therefore is greater than 1.00.
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In Figs. 5 and 6 it will be noted that blocks are arranged in groups
 
of replications. This arrangement does not apply to all incomplete block
 
designs. Where the designs permits simple replication, the analysis of
 

variance and allocation of degrees of freedom is as follows,
 

Replications (r - i) 

Treatments (unadjusted) (t 1) 

blocks within replications (adjusted) (b r) 

Intro-block error (tr- t - b +l) 

Total (tr 1) 

An adjusted treatment sum of squares can be calculated and used for a
 
significance test of treatment effects.
 

Whcre designs are arranged in groups of replications, the analysis
 
of variance is as follows (where c = the number of groups, which is two in
 
Fig. 5 and three in Fig. 6)
 

Groups of replications (c -* 1) 

Treatments (unadjusted) (t - 1)
 

Blocks within groups (adjusted) (b -c)
 

Intra-block error (tr - t - b +1) 

Total (tr 1) 

Some balanced incomplete block designs cannot be arranged in
 
replications or groups of replications, so that these terms disappear
 
from the analysis of variance. Note that the analysis requires the
 
computation of adjusted sums of squares and means, and is consequently
 
much more complex than for randomised complete block designs.
 

Recent developments in biometrics, computing and experimental designs,
 
have resulted in greater flexibility of design and analysis, so that
 
there can be much more flexibility in block size and in replication.
 

Another group of incomplete block designs are those with supplemented
 
balance. In this group one or more control treatments occur in every
 
block with different subsets of the other treatments. Fig, 7 gives
 
examples for different numbers of treatments (t) and different block sizes (k)
 
with either one or two control treatments ler o1ock. Such designs are
 
useful where increased replication of a control treatment (or of more than onu)
 
is desirable. The occurence of the control treatment in eveyy block also
 
has considerable demonstration value. Table 3 gives further examples
 
for different values of t and k, and of c, the number of control treatments.
 



14
 

The examples of Fig. 7 and Table 3, are based on the full array
 
of possible treatment sets per block. If t = 7, k = 5 and c = 2, for
 
example, sets of three treatments must be chosen from the five non
control treatments for each block, since two plots per block are
 
already assigned to the control treatments (a and b ). The number of
 
combinations of three from five, which equals the number of blocks
 
(b) is given by 

b = 5 x 4 x 3 10.
 

3x2x1
 

This design is shown in Fig. 7E. For
 

t = 8, k = 4 and c = 2, then
 

b = 6 x 5 = 15 
2xl 

Fig. 7 Incomplete block designs with supplemented balance. Five examples
 
are shown for different numbers of treatments (t) and numbers of plots per
 
block (k), with either one or two control treatments (c) per block. Each
 
design is a complete set.
 

A. t = 4, k 3, c = 1 B. t 5; k = 3, c - 1 

(i)fIa IILIcJ (1) a b c, (4) c d 

(2) a b d (2)[a b d (5)j c e 

(3)~ a c d (3) a- bj e 1(6) [a d e 

Replication% a = 3-, b, c d =2 Replication, a 6; cd,e =3 
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C. t = 6- k,- 3, c = 1 D. t = 6, k = 4, c 2 

(1) a b c (6) a c el (1) a, b ci d 

(2) a b d (7) a c (2)b 
7

ci e 

(3) a b e (8) a d I e (3) ac f 

(4) b f (9) a d (4) a 1 b d e 

(5) a c 

Replication: a-10! 

b,c,d,e,f-

(10) 

4 

a e f (5) 

(6) 

a1b 

f 
a 

I 

d 

e 

f 

f 

Replication: a, b 

c;de~f 

= 

= 

6 

3 



E. t 7, k = 5 c=2 

16 

(1) a b c d e (6) a b c g 

(2) 

(3) 

a~ b 

b 

c 

c 

d 

d 

f 

g 

(7) 

(8) 

a 

a 

b 

b 

dJ e 

e 

f 

g 

I 

(4) 

(5)c 

a b cje 

e 

f 

g 

(9) 

(10) 

a b 

b e 

f g 

Replication: a,b = 10 c, d, e, f, g - 6. 

Note; Treatment.- are not randomised within blocks.
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Table 3. Examples of incomplete block designs with supplemented balance
 
for different numbers of treatments (t) and numbero of plots per block (k).
 

Number Total Replications
 
Number Number of NUmber number of
 

of of plots control 22 3
 
Treatments per block treatment- of blocks of plots control(s) others
 

(t) (k) (c) (b)
 

4* 3 
 1 3 9 3 2
 

4 3 2 2 6 2 1
 
5* 3 1 6 18 6 3
 

5 4 1 4 1 4 3
 

5 3 
 2 3 9 3 1
 

5 4 2 3 12 3 2
 

6* 3 1 10 30 10 4
 

6 4 1 10 40 10 6
 

6 3 2 4 12 4 1
 

6* 4 2 6 24 6 3
 

6 5 1 5 25 5 4
 

6 5 2 4 20 4 3
 

7 3 1 15 45 15 5
 

7 4 
 1 20 80 20 10
 

7 5 1 15 75 1 10
 

7 4 2 10 40 10 4
 
7* 5 2 10 50 10 6
 

'Number of blocks for the complete array of possible treatment combinations.
 

2Total number of plots - (k x b)
 

3Replication of controls 
= 
b, since the control treatment(s) occur in
 
every block. Those designs ?arked with an asterick are illustrated
 
in Fig. 7.
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For some design arrays, replication may be excessive, and a subset
 
may provide adequate replication. The subset should be ualanced with equal
 
replication of the non-.control treatment. For example, blocks (1), (3)
 
(5), (9) and (10) of Fig, 7C would give a balanced desgn, with 
five replicates of treatment (a) and two of (b) - (f). If replication is 
inadequate, as in the examples in Fig. 7 A and B, double or treble arrays 
could be used, or, where feasible, one--and-one-half arrays. 

Supplemented balanced designs can accommodate double replication
 
of one control treatment in each block. (e.g. a, a, b, c, d a, a, c, d, e, etc)
 
To be avoided is a .disconnected design. (Fig. 8 A). The design of
 
Fig. 8 B is analysable but unsatisfactory in other ways. Note tlie
 
overlapping of treatments.
 

Recent developments in biometrics, computing and experimental design
 
have resulted in much greater flexibility of design and analysis so
 
that there can be much more flexibility in block size and in replication.
 
Unequal replication is further discussed in 2.7.
 

Analysis of many of the incomplete block designs discussed is
 
not simple. Some such analyses can be done on hand calculators, but
 
large experiments with complex designs require computer analysis. The
 
availability of suitable programmes should be considered in selecting
 
a design. A general method of analysis is given in the Appendix.
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Fig. 8. Two further incomplete block designs. A is disconnected
 
with no overlap of treatments, and should never be used. B has an
 
overlap of treatments but should be avoided,
 

A. t-6. k = 3 c = o B. t 6, -k 4" c = o 

(1) a b . (1) a b c d 

(2)
 

d e f (2) b e
 

(3) a b c (3) c d e f 

(4) fij] e1 2fReplication: 


Replication: 2
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2.4 Factorial Experiments
 

Factorial designs are well known, particularly for fertilizer
 
experiments. In such designs the effects of two or more factorq2are
 
investigated simultaneously. The simplest case is a ' x 2 or 2
 
factorial, comtiaring two factors each at two levels, one of which
 
might be nil.
 

This clearly gives four treatment combinations. If there
 
are three factors, each at two levels, there are eight treatment
 
combinations, and this is a 2 x 2 x 2 or 2- factorial. 
 There can 
be any number of factors, but clearly, even with only two levels, 6 
the number of treatment combinations becomes large. For instance a 2 
has 64 treatment combinations. 2 The number of levels can also vary, 
so that one might have a 3 . 3 or 3 factorial, with 
respectively 9. 27 and 81 treatment combinations. Additionally, the 
design includes experiments in which the factors vary in t',a number 
of levels compared. Thus one can have a 2 x 3, a 2 x 2 x 4 or a 
2 x 3 x 4 factorial with respectively 6, 16 and 24 treatment combinations. 

Factorial designs estimate3both main effects and interaction
 
effects. For instance in a 2 factorial the main effects of the
 
three factors A, B and C are estimated, plus the effects of the first
order interactions AB AC and BC, and of the second-order inter
action ABC. Two factors are said to interact when the effect of
 
one is dependent on the presence or absence (or level) of a second.
 
In example (1) below A and B do not interact, the effects of both A
 
and B are independent of the presence of the other. In (2), however,

A and B do interact the average effect of A is nil, but A gives a
 
lower value in the absence of B (i.e. 8 vs, 18), but a much higher value
 
in the presence of B (ioe, 24 vs. 14). Similarly B gives a lower
 
value in the absence of A, but a higher value in its presence.
 

(1) (2)
 

-A +A -A +A
 

B 8 18 13 B 18 8 13 

+ B 14 24 19 + B 14 24 19
 

I11 21 16 16
 

Three (or more) factors can interact. For instance, factor B may
 
only increase yields in the presence of A and C.
 

The analysis3of variance, and apportionment of degrees of freedom
 
(d.f) for a 2 
 factorial is as3follows, assuming a RCB arrangement
 
of plots (i.e. complete blocks of 2 = 8 plots) and four blocks or
 
replicates.).
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3
Blocks 


1
Main Effects A 


B 1
 

C 	 1 

Interactions 	AB 1
 

AC 1
 

BC 1
 

ABC 
 1
 

21
Error 


31
Total 


It should be noted that, with only two levels of each factor, there
 

is a single degree of freedom (d.f) for each treatment effect.
 

Generalizing to a 2 factorial (i.e. n factors each at two levels),
 

the analysis becomes, again assuming an RCB arrangement:
 

Blocks (b - 1)
 

Main effects n
 

Interactions (2n - n - 1)
 

n
Error (2 - l)(b - 1)
 

Total (2rb - 1)
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With more than 	two levels, the analysis of variance changes.
 
3
For a 3 factorial - three factors each at three levels with 27 
treatment
 

combinations - the analysis is as follows, (again assuming an RCB
 

arrangement):
 

Blocks 	 (b - 1)
 

Main Effects 	A 2
 

B 2
 

C 2
 

Interactions 	AB 4
 

AC 4
 

BC 4
 

ABC 8
 

Error (33 -1) (b -1)
 

Total 	 33b -1 i 

A refinement of this analysis is to test for linearity of the main
 

effects. Details of this latter type of analysis, and of more
 

complex factorials of the 2 x 3 x 4 type, will not be given here.
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2.5 Confounding
 

tend 2 to 	have large numbersof treatments:
Factorials 

if 	 or levels
the smallest Is a 2 , and three factors three 


large.
are to be tested, treatment number rapidly become 


Imagine attempting to find 16, 27 or 32 plots per 4armn3 so as
 
to lay down one complete block of respectivelya 2 , 3 or 2
 

factorial! The problemn is multiplied if it is wished to replicate
 

the experiment over five or ten farms! One way of reducing
 

block size in factoriols is the technique of confounding.
 

This technique can be illustrated by taking the simple
 

2 factorial. The eight treatment combinations can
case of 	a 

be split into two sets of four, so that an experiment with
 

three replicates would be laid down in six blocks each of
 

four plots. Figs, 9 and 10 give examples of such designs, and
 

the derivation of the subsets of treatments is shown in Table 4.
 

The latter shows the treatment combinations that contribute
 

to the estimation of main and interaction effects- a priori
 

the effect of A is the total of all treatmentscontaining
 

less the total of those from which a is absent and so on,
 

Interaction effects are derived by "multiplying" the A and B
 

lines, the A and C lines ana so on. If the effect of ABC is
 

considered likely to be small - and this is often so -- the
 
ABC interaction can Le com1etelL confounded with blocks
 

by taking, as subsets of the eight treatment combinations,
 

those with a plus sign (+) and those with a minus sign (-)
 

in the ABC line of Tble 2, and allocating these to separate
 

blocks, as in Fig. 9. The analysis of variance
 

3
 
FiT. 9. 	A 2 factorial e iment arranged in blocks of
 

four plots, with completely confounded with blocks.
 

Rep. III
Rep. II
Re. I 


___I 	 _ 
b ab 	 abc (1) a bc 

a (1) a be 	 c ab
 

abc ac 	 c ab abc ac
 

bc 	 b ac b (1)
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3 
Fig. 1O. 	A 2 Factorial experiment, arranged in blocks of 

four plots, wiLh AC, BC and AEC Partiallv confounded. 

Rep. I 	 Rep II Rep III 

, 	 1 c abc ac 

[ ()i) ab 	 b 

abc b c b bc 	 c 

h ab ] ahe a be ab 

ABC AC 	 BC 

confounded confounded confounded
 

,-.ble 4. 	 .Iain an2 internction factorial effects in terms of
 
individ~ial treatment combinotionS.
 

Tr eatment combination _

Factor)ial , ab ao bc abe
 
b ac __ ___
effects 


+B 

C 	 -_-____ _ - ++i
 

C 	 ... + + 

ABC - --- , -	 4 

Ac , represents the combination of a, b, and c 
all at the lowest, nil or absence leveI 

Note that in analycis of variance, the sur- of squares for the
 

main effect of A can be computed directly, from the totals, as.
 

S,S.A 	 (a + ab + ac -abc - (. ) -- b c- .. be) 2 

2 .
 

Similarly for B, C, and the interaction effects. The sum
 
2%2
of squares for the of AsCqfor example. would be givensffect 	 by 

1) + C + 	 abc - (1) -- ab - ac -bc) 2 
SS. ABC 	 = (a + 

2nr
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now becomes-


Blocks 5 

Main Effects A 1 

B 1 

C 1 

Interactions AB 1 

AC 1 

BC 1 

Error 12 

Total 23 

Note that no test of tht effect of the ABC interaction effect
 

can be made. The SoS. for ABC has been pooled with the blocks
 

S.S. Loss of information on ABC is the price paid for the
 

convenience of having smaller blocks.
 

Fig. 10 illustrates partial confoundingz one replicate has
 
ABC confounded, another AC and the third BC. The make-up
 
of subsets derives, as explained above, from Table 4. The
 

analysis of variance now allows a test of all interactions,
 
but the tests for AC, BC and ABC are each based on two
 
replicates only. (For ABC on replicates II and III, for AC
 
on I and III add for BC on I and II).
 

Blocks 5
 

Msin Effects A 1
 

B 1
 

C 1
 

Interaction AB 1
 
effects
 

AC l')Based on
 

l)only two

BC 
 )replicates.
 

ABC 1)
 

Error 11
 

Total 23
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Additional replication could be included in the experiment,
 
with the degrees of freedom for blocks error and total increasing
 
from those shown in the example above, and with greater precision
 
accorded to the tests of the partially confounded interaction
 
effects
 

A 24 factorial, which has 16 treatment combinations, can be
 
grouped into balanced sets of eight or four In the latter
 
instance four blocks of four plots are needed for one complete
 
replicate- Several interactions must be confounded, but if the
 
experiment is large enough - with sufficient blocks - partial
 

confounding can be used so that the effects of all interactions
 
can be estimated, For example, a 2 factorial with six replicates
 
(24 blocks each of four plots) can be partially confounded with 
first-order interactions (AB, AC, AD, BC BD, CD), confounded in 
one replicate each a.nd second-order interactions (ABC, ABD, 
ACD, BCD) each confounded in three replicates 

As the size of the (confounded) factorial 6 increases, 
so th- need for replication decreases. A 2 factorial, 
which has 64 treatment combinations, can be laid down in eight 
blocks of eight plots, with no replication. Several of the 
higher order interacLions would be confounded with blocks. 
The analysis of variance would be, 

Blocks / 
Main Effects 6 
First-order Interactions 15 
Second-order interactions 20 
Third-order interactions 15 
Tot a 1 63 

The d.f. and S.S. fur the second and tLird order interactions
 
' 
would be pooled and used as the "error to test the significance
 

of the main effects and first-nrder interactions. Such an
 
experiment could be laid out over eight farmp but plot selection
 
for blocking would require special care.
 

2n
Although attention has been focused on designs,
 
confounding can also be used for 3 factorials, using blocks of
 
nine plots, and for 2 x 3 x 4 type designs, using blocks of
 
12 plots and so on.
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2.6..Traction'al Replication
 

' ' 6 

In a single replication of a 2 factorial, ea(:h 5main effect
 

is averaged over 32 treatment combinations, and in a 2 factorial
 
estimation
 over 16 treatment combinations. Such precision of 


may be totally unnecessary. Lest it be thought unlikely that
 

in on-farm research,
a large factorial could be useful and relevant 

- both 25 

consider the following two hypothetical experiments 


are compared each
facporials - in which the five fa-ctors listed 


at two levels (presence or absence):
 

Micro-nutrientfoliar
Minimum tillage 

spray experiment
experiment . 

Cu
cultivation 

Fe
Labicide 

Mn
Mulch 

Mo
Soil insecticide 

Zn
Fertilizer 


It would be difficult - if not impossible -.to lay down such factorial
 
(of 32 plots). Blocks of
experiments on-farm as complete blocks 


eight might be feasible for a confounded design, but the question
 

'is it average main effects 16'treatments
over
remains: necessary to 


and plots? One answer is fractional replication. 
 I
 

Fig. 11. 'A half-replicate of a 25 factorial in four blocks
 

of four plots. ABCDE is tha defining contrast
 

and the first-order interactions CD, CE and DE
 

are confounded with blocks.
 

(3) (4)
(1) (2) 


ac ae ad
 

be bd
ab bc 


acde de cd ce
 

abed abce
bcde abde 


Note that treatments are not randomised within blocks.
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Fractional replication enables five factors - or four or six
 
to be tested in an experiment of practical size, Only a subset
 
of the full factorial arra.y of treatment combinations is used, with
 
no replication of these combinations. An example of a half 
replicate of a 2 factorials in blocks of fnur plots, is shown in
 
Fig. 11, Some first order interactions are confounded with
 
blocks, and the analysis of variance is as follows-


Blocks
 

Main Effects 5
 

First-order interactions 7
 

Total 15
 

The interaction line is used as the error line for tests of
 
significance of main effects,
 

To examine the derivation of the subset of treatment
 
combinations used, it is convenient to considLr a 23 factorial.
 
Table 4 shows the 8 treatment combinai.ons. Using the ABC
 
interaction as the cc ,trast to split the factorial into two
 
halves, a, b, c and abc would form one subset and (1), ab, ac
 
and bc the other. ABC is know as the defining contrast.
 
In larger factorials, where a quarter or even one-eighth replicate
 
is taken, there will be several defining contrasts.
 

Experiments with fractional replication are open to
 
interpretation, cr misinterpretation, in a way that does not
 
occur with replicated designs. Table 5 shows the individual
 
treatment combinations that contribute to the estimatinn of the
 
main and interaction effects for the two subsets of a 2
 
factorial. Looking at subset 1, it is clear that the quantity
 
used to estimate the effect of AB (i.e. (abc) + (c) - (a) - (b))
 
is the same as that used to estimate the effect of C. C and AB
 
are know as aliases and are written as C = AB. The Table
 
further shows that A = BC and B = AC. Note that ABC cannot
 
be estimated at all. The effect of using fractional replication
 
then is to lose the effect of ABC entirely and to confuse main effects
 
each with a first-order interaction. If a different defining
 
contrast had been used, a different set of aliases would be found.
 

Aliases pose problems of interpretation, is the apparent
 
effect of A due wholly to A, or to the BC interaction, or
 
to a mixture of the two? If the researcher knows that the
 
interaction of B and C is negligible, then the observed effect
 
of A can be attributed to A. But if there is a positive
 
interaction of B and C, then the effect of A will be over
estimated.
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Subset 2 shows another sort of a i s tho ,,ff'ct of A
 

is equal to the BC iiteraction, with the , chaned.
 
That is:
 

A (ab) + (ac) . (bc) -- (I) ,','
 

BC _(ab) (ac) '-(bc) -:-(1), .a is now written
 

as A = - BC.
 

'c

If B and C positively interact, this will ter.i to -'al the effect 

of A apparently smaller than it. tr;c -ffoct 

Table 5. The two su sets of treatnent, c' ir.tr,:. for a 

factoriail, 1e3Cfhalf replicate of a 2 with e ,cfining 
contrast, and the main and intcractio -fLeck:; in te-'s of 
the treatment combinations. 

....
Factorial a SUSET 1 -I........ I Vc Fbc 

Effect ac be (1) an ac bc
 

A + . + ++ -, 

B __ + . : __ _ +____ 

+ - -. -- +-C _____________________- ' - -_____ i ____ 

AB ... + + + - -

AC - + - + ++ 

+ _ ~_ +__BC 
_ _ _ ____+__ _____ ___ ... I -

ABC + + Jr 

The choice of a fractiona! f-ct)ij.ali -,c J..-n c~larly requires 
some prior information on e:xpecter1 mnir. rf c:- and ".ntcract~on 
effects. Since the sum of squarcs for .:hv: :'-:':action effect 
is used as the error sum of squares it i; i;:.mrtsnt to be fairly 
sure that interactions are small or 

In a half-replicate of a 25 factor-c t6.h 'L-ii ng 
contrast ABCDE, each main effect rai.-',:±:i order interaction 
as alias, and each first-order interrccIon .i a sccond-order 
interaction as alias. The analysis of var-ianc2 of a half-re 
replicate of a 25 factorial with four bloc!-s of four plots 
(Fig. 9) Is (as before)'
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Blocks 3 1 
Main Effects 5 

First order interactions 7 

Total 15 

1 Note that seven of the ten first-order interactiors can be
 
estimated: three are confounded with blocks.
 

If now two blocks of eight plots were used, confounding one
 
first-order interaction, the analysis becomes;
 

Blocks 1
 

Main Effects 5
 

First Order interactions 9
 

Total 15
 

Finally, if there was one block of 16 plots, all first-order
 
interactions could be estimated with a total of 10 degrees of
 
freedom, and there would be no block effect.
 

Fractional replication assumes a single part-replication.
 
However, it may be useful and sensible to select a subset of
 
factorial treatment combinations and to replicate these on
 
several forms. For example, if A, B and C are, respectivily,
 
pruning.. fungicide application and fertilizer application to
 
cocoa, it might be useful and. economical of effcr.t to test
 
the subset a, b, c and abc only (excluding (1), ab, ac and bc).
 
This makes sense if the primary objactive of the experiment
 
is to see if - and to demonstrate that -- the abc combination
 
is more effective than a, b or c 6lone. With b blocks
 
(or farms) of four plots, the analysis of variance would be:
 

Blocks (b - 1)
 
Treatments 3
 
Error (3 (b -1))
 

Tolal (4b - 1)
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The 3 d.f. could be divided into single d.f. for main effects,

but because of the aliases (A =BC, B - AC and C= AB) it would
 
be preferable to test for significance among the four treat
ments (with 3 dof.) Care would be necessary in interpretation 
of the results. 

A subset of eight treatment combinations from a 2
 

factorial co ild also be tested on a number of farms, in blocks
 
of four plots, with one block per farm. The two sets of four
 
treatment combinations might be b, c, ad and abcd
 
and a, bd, cd and abc There would be several aliases, so
 
that a prior knowledge of the more important interactions would
 
be necessary in selecting the subset, in order to avoid problems
 
of interpretation.
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2,7 Unequal Replication
 

the designs discussed above have had equal replication
All 

of all treatments there are circumstances however where it
 

may be useful to adopt i!nequal replication, It may be desirable
 

to increase replication of the nil control treatment in a
 

crop protection experiment for example, so as to obtain a rpoze
 

accurate base against which to measure the pcrformance of the
 
a limited
treatments. Or it uay Le desirable to examinc on 

number of fa~ms, the effect of probe' treatments - higher levels 
indicationof fertilizer for instance in order to oLtain an 


of the response curve
 

In the formcr case it is usual to include two nil' control
 

plots in each bloc (ar there is no reason why there should
 

not be three or more centrol plots except that this unduly
 
one treatment
increases block size) This situation with 


to
uniformly replicated more than once in each 1-lock is easy 

assume a RCP experiment
analyse. An example will help 


with four treatments (a d). and one block per farm, on 17 farms.
 

Without extra replication of any treatment. the apportionment
 
of d f. is straightforward
 

16
Blocks 


3
Treatments 


48
Error 


67
Total 


With double replication of the control treatment (say, .a), blocks
 

now comprise 5 plots (with treatments a~a, b~c, d,), so that the
 

experiment comprisej C5 plots (17 x 5). Thirty-four of these
 

would receive the control treatment d. The d.f. are now"
 

Blocks 16
 

Treatments
 

Error 65
 

I 84
Total 


Note that the error d.f. are increased by 17. The treatment
 

sum of squares (S.ST) can be divided into two components
 
(i.e. 'A, vs. C and D) with
control versus the others 


I d.f. and within others" (i.e. A vs B, C anrz D) with 2 d.f.
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Computation of the treatment S.S. differs. Without the
 
double replication, the formula is,
 

T2 + T2 +T 2 + 2 G2 

a b c Td 68T =17 
 68
 

where T , Tb ' T and T are respectively the totals for treatments a to d,

and G if the grand total. With double replication of treatment i the
 
computation of treatment SS. is.

2 2 2 2 2
T +To + T .T G 

d _SS.T b c + a 

17 34 
 85
 

The block S.S., total S.S. and error S,S. are derived in the usual way.
 

The case of an experiment with limited replication of a "probe':
 
treat-nent is more difficult to analyse. Again an example will help. Assume
 
14 farms with one block per farm. All farms have the four treatments
 
(a - d), but six have the extra "probe' treatment (e), Block size
 
therefore varies- eight blocks or farms have four plots and six have
 
five plots, giving a total of 62 plots, Two separate analyses could be
 
done, firstly analysing the data from treatments a d in all 14 blocks,

and secondly analysing the data from treatments a e from the six blocks
 
with the five treatments.
 

Alternatively a single analysis can be done, computing treatment
 
S.S. from:
 

T2 + 2 T2 2 T2 G2
 
T + T + T T T 
a b c +d + e 

14 
 6 62
 

and block S.S. from

2 2 2 2 2 2 . B2
 
S.S.B 1 
 B3 B8 B9 B10 + " 14
 

4 
 5 62
 
where B1 to B8 are the block totals for the eight blocks with four treatments,
 

and B9 to B14 are the block totals for the six blocks with five treatments,
 

the apportionment of d.f. in the analysis of variance is as follows,
 



Tot I 
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Fig. 12. 	 A design with block of different sizes, so that some
 
blocks are incomplete. There are five treatments
 
(a - e), with block sizes (k) of five, four and
 
three plots.
 

t 5, k = 5 and 3
 

(1) [a 	 b c d e (6) b c d e 

(2) [a 	 b c d [(7) bb c_ __
 

(3) ta .. .c df e (8)* a Jb 

(4) a 	 b c d (9) a c d 

(5) a b d e 	 (10) c dI e 

Replication: a - e = 8 
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Fig. 13 An incomplete block design with supplemented balance and 
blocks of different sizes. The number of treatments (t)
is six (a - f), block size is five, four and three plots,
and one control treatment occurs in all blocks. 

t =6, k 5, 4 or 3, c = 1 

(1) a b c d (7) a d e 

(2) a c d e 
i1 

(8) a b f 

(3) a c d f (9) a b c 

(4) a jb d e (lO) a e f 

(5) a b c f (11) a c d 

(6) a b e f 

Replication a =11, b - e =6 
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2.8 One or !ore Blocks per Farm?
 

Where a field experiment is laid down on a uniform area of land,
 
nothing is gained by using a randomized complete block design instead of a
 
completely randomised design. On sucn an area there are no grounds for
 
blocking: plots do not differ in some chaiactcristic that enables them to
 
be allocated to blcckc of similar plots. The analysis of variance will
 
show very small and non-.significant block effects. In the absence of
 
any adequatc grounds for blocking, superimposition of a RCB design may
 
result in inappropriate blocking, resulting in a higher error mean square
 
than would usuL!t from using a completely randomised design, or an
 
a'propriately blocked RCB design. A large and significant block effect
 
in an analysis of variance of a field station experiment is an indicacion
 
that the blocking was appropriate.
 

In on-farm research, farms are likely to be selected for a certain
 
homogeneity of environment. cropping system and management. However, it is
 
almost inevitable that, with blocks of different farms, large and statfs~ically
 
significant difference between blocks will be found in the analyses of
 
variance. If there is one block per farm, so that block effects in the
 
analyses of variance are farm effects, and if treatments and farms interact,
 
then the error sum of squares will be large. This is because the error
 
S.S. is in fact the block (or farm) X treatment S.S.
 



Table 6. Plot values (hypothetical) for a RCB experiment with four
 
treatments (a-d) and ten blocks, considered both as an experiment with
 
one block per farm, and with two blocks per farm.
 

Treatments Totals
 
Farms Block # b c d Blocks Farms
 

A 1 10 11 15 20 56 ill 
2 9 9 16 22 55 

3 12 10 5 7 34
4 10 11 4 5 30 64 

C 5 11 12 20 23 66 128 
6 9 9 23 21 62 

D 7 8 10 8 3 29 57
 

8 7 11 6 4 28
 

9 9 1 10 8 38
 
EI0 7 10 9 10 36 74
 

434
 

Farm X Treatment Totals
 

A 19 19 31 42 ill
 

B 22 21 9 12 64
 

C 20 21 43 44 128
 

D 15 21 14 7 57
 

E 16 21 19 18 74
 

Treatment Totals 92 103 116 123 434
 



1Fig. 14 
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20 a~V
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16
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14 
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8
 

6
 

0 I .... . * ,1 R 

1 2 4 6 8 10
3 5 7 9 


BLOCK
 

for the four treatments of Table 
6
 

Graph of plot values 

illustrate variability and interactions.
 against blocks, to 
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An example will illustrate this: the data are given in Table 6,
 
and have been plotted in Fig. 14o It is clear that treatments c and d give higher
 
values in blocks 3 and 4. There are only small differences between the four treat
ments in blocks 9 and 10. The data may also be looked at in another wayr
 
treatments a and b are less variable among blocks than c or d. Assuming one
 
block per farm, so that there are ton farms involved, the analysis of variance
 
is.
 

Source of variation S.S. d.f. M.S. F.
 

Blocks ( = Farms) 486.6 9 54.07 2.70
 

Treatments 56.9 3 18.97 0.94
 

Error 539.6 27 19.99
 

Total 1083.1 39 -

M.S. is the mean square (i.e. the S.S. divided by the corresponding d.f.), and 
F is the variance ration: (ie.the M.S.s fivided by the M.S. for erro .). 
F. is used to test for significance by comparison with tabulated valuc3.
 

Neither the effects of blocks - large as it is ..nor that of treat'nents,
 
are significant. If the experiment had been laid down on five farms with
 
two blocks per farm (blocks 1 and 2 on Farm A, 3 and 4 on B and so on), the effect
 
of the farm X treatment interaction could be tested' the error S.S., in the
 
above analysis is now partitioned into an interaction and an error component.
 
The analysis is as follows:
 

Source of variation S.S. d.f. M.S. F.
 

Farms 481.9 4 120.48 128.17***
 

Block-within--farms 4.7 5 0.94
 

Treatments 56.9 3 18.96 9.92***
 

Farms X Treatments 510.4 12 42.53 21.81***
 

Error 29.2 15 1.95
 

Total 10831 39 
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The effect of fn=rm is tested against tb 'blocks-within-.farms'; M.S., 

an.d the r. valu is highly significant. Treatment, and farms X treatment 
effccts are also highly significant. The co-.efficient of variation (CV), 
iwhich is the sz'uarc root of the error M.S. divided by the overall mean 
and mulill.d by 100, is 41.2% for the first analysis and 12.9% in the 

-econd analysis. Note that the error S.S. and df of the first 
analysis are indeed partitioned into two components (ie 539.6 = 510.4 + 29.2 
ani 27 - 12 + 15). Note also that the "blocks-.within-farms" S.S. is 
derived fret. tc.c bloch. S.S, less the farms S.S. 

From a p-p-ctical vievpoint, farm X treatment interactions can arise 
because farm.s are not as homogcneous as originally thought, or because 
scne treatm-fnt.; -. properly applied or are not applied uniformly overrc no-

farms. Fn=..s anmy be homogeneous in terns of soil, rainfall and major 
proiuct..on systms, but may be heterogeneous in terms of cultivars and
 
in at icast oc-ie cultural practices. It follows that where homogeneity is
 
in doubt, two bloc' - (or moru)per farm are "safer' than one. 

:!o;:evw ear. if an experiment with one block per farm had been done, 
with results such a- those of Table 6 showing no significant effect of 
.reatnents, tha experiment should not be regarded as a loss. Useful 

informa%'tio.n can 1-c gathered from the data by asking, inter-alia, the 
following questiion:; 

'-;' y do farms diffcr so markedly Li total or mean values? 

-. Ivy do certai- treatments perform well only on some farms? 

- y 'reSO13 treatments more variable among blocks or 
fLns thian otbers? 

Co-icomitLnt u* ervz._ons will assist in answering some of these questions. 
:lghly variabh Lrc:ztments may be agronomically unsound or require an 

unrellist!:ally h:? h lcvel of management- they should probably not be
 
as pr-.ctiCes to farmers, at least not without further research.
 

(for the cata of Ta!jle ', the standard errors of the means of the four 
treatt.,zits are -.. pacti.vcly 1.54, 1.10, 6.22 and 7.77 which quantifies the 
ob)servced ".nr 4 iity). 

"ihf, e: r Iixn': .T1 tuo bloc~rs per farm does not in itself answer any of the 

above quCfto;'-. !n fact it poses the same questions. It does provide estimates 
of tlhe re rituals of the interaction however. In less extreme cases than 
that illkitrated the error S.S. might still b, large (because the farm X treat
.ft wzr rclotively small so that its SS. was small), in which case the
 

variaticn bot '-n blocks within farms would be relatively large. 
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2.9 Partitioning of the Error S.S.
 

In many experimente, the treatment S.S. can be partitioned into
 

components - as in the factorial designs already discussed - where main
 
effects and interaction effects may each have a single d.f.. The
 

error S.S. can also be partitioned, though this is seldom done. It is
 
useful where variability is found in treatment effects - as in the
 
illustration above. The computations are not discussed here, but it
 
should be borne in mind that the technique exists and may be required
 
in order to carry out valid t-tests, where treatments differ sufficiently
 
in variability such that errors are not homogeneous.
 

2.10 Comparison of Zones
 

One final "arrangement' of blocks should be mentioned. Where it 
is desired to compare a set of treatments over a wide area - possibly island-wide 

thus spanning sevcral agro-ecological zones or several recommendation domains, 
there are two options. The first is to carry out separate experiments 
in each zone (with separate analyses of variance). The second is to 
carry out one large experiment with "zones" as a component in a single 
hierachical analysis of variance. If the number of farms that can be 
supervised is limited the second option is preferable, since the size of 
the separate experiments may be too small to give precise estimates of 
effects.
 

The allocation of degrees of freedom in the analysis of variance
 

is shown below, assuming for simplicity, one complete block per farm and the
 
same number of blocks (or farms) in each zone (z = number of zones):
 

Zones (z - i) 4
 

Blocks-within-zones (b -)-(z-1) 10
 

Treatments (t -1) 2
 

Zones X treatments (z - l)(t - 1) 8 

Error (t - 1) ((b--l)-(z-l)) 20
 

Total (bt - 1) 44
 

The right hand column gives the d.f. for an experiment where z 5
 
b 15 (with three blocks per zone) and t=3. The 'blocks-within-zones" S.S.
 
would be calculated as the difference between the blocks S.S. and the zones S.S.
 
The "blocks-within-zones" mean square would be used to test the effect
 

of zones. Separate analysis of five experiments (one per zone:"option one")
 
would give the following analysis and d.f. allocation for each experiment:
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Blocks 	 2 

Treatments 	 2
 

Error 
 4
 

Total 8
 

Clearly these are tco few d f. for error to give a precise test of treatment
 
effects. The larger combined analysis also tests zone X treatment effects,
 
and information ou these mtiy well be useful in planning further experiments
 
zone by zone,
 

Should the number of farms vary from zone to zone, a larger combined
 
analysis is still possible, but the computation of S.S~s will be sl4ghtly
 
more complicated (see 2.7),
 

Table 7 	 Plot values (hypothetical) for a hierachical RCB experiment
 
with three treatments ( o - q) two blocks per farm and four
 
farms in each of three agro-ecological zones.
 

Zone Far Block 1 Block 2 Farm Totals
 
# # o p q Total o p q Total o p q
 

1 	 1 5 6 7 18 4 6 7 17 9 12 14 35
 

2 4 5 6 15 5 5 7 17 9 10 13 32
 

3 5 5 8 18 4 5 7 16 9 10 15 34
 

4 3 5 7 115 4 , 4 6 14 7 9 13 29
 
Zone Totals 	 34 41 55 130 

5*--2- 5 - 21 6 I0 5 12113 19 0 42 

6_81_0 4 22 7 9 3 19 15 19 7 41 

7 9 09 6 24 10 11 5 26 19 20 11 50 

8 7 10 71'24 8 9 9 26 15 191 16 50 

Zone Totals 	 62 771 44 183 

3_ 	 9 9 6 7 22 10 5 5 20 19 111 12 42 

10 10_ 	 6 5 21 12 7 7 26 22 131 12 47
 

11 1 	 .117 7 25 10 5 6 211 21 121 13 46 

12 	 i 5 6 21 8 6 4 is 18 ill 10 39
 

Zone Totals 80 47 47 174
 

Grand Totals 	 176 165 146 487
 



44
 

If there are two blocks per farm the hierachical analysis of variance has
 
some additional components This can be illustratcd by a numerical example
 
(Table 7). The experiment compares three zones with four farms per zone, 
and two complete blocks per farm There are three treatments (op and q), 
Thit is z = 3, f (farms) = 12, b = 24 and t = 3, The data have been 
devised so that q gives the hiphest values in Zone 1, p in Zone 2 and 
o in zone 3. In the analysis of variance (sc! below) the d.f. for
 
:'farms-within-zones' is given by (fl)--(z-l), and for "blocks-within-farms" 
by (b-l)-(f-l), The corresponding S.S. arc calculated from (fartas S.S. -
zones S.S,), and (blocks S-S. --farm S.S.), respectively. The 'farms-within
zones M.S."is used to test the effect of zones. The analysis of variance is. 

Source of variation SS, d f M'S' F
f 
Zones 67.0 2 33,50 13,40**
 

Farms.-within-zoncs 22,5 9 2.50
 

Blocks-within-farms 13.5 12 1.13
 

Treatments 19,2 2 9.60 13,71***
 

Zones X Treatments 168,4 4 42,10 60.14***
 

Farms X Treatments 22.4 22 1.02 1.46
 

Error 14.0 20 0.70
 

Total 327.0 71
 

There are clearly significant differences between zones, and the effects
 
of treatments and of zones x treatments are both highly significant.
 

It is worth noting that, with no hierachy and no partition into zones
 
and farms, the analysis would be-


Source of variation _ S.S dof. M.S. F 

Blocks 103.0 23 4,48 1.01
 

Treatments 19..2 2 9.60 2.16
 

Error 204.8 46 4.45
 

Total 327.0 71
 

Neither block nor treatment effects are significant.
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As already pointed out, the analysis can accommodate different
 
It should also be evident that the analysis
numbers of farms per zone. 


of non-RCB designs where there is partition into zones, and where there is
 

interest in zone X treatment and farm X treatment interactions is vastly more
 
This should not preclude or
complicated than the analysis of RCB designs. 


discourage the use-of such designs where they are necessary, but great care
 

in design and allocation of blocks would be necessary.
 

2.11 Summary
 

- For on-farm experimentation, the simplest, most familiar, and
 

easiest to analyse design is the rendomised complete block (RCB).
 

- If the homogeneity of farms is in doubt it is safer to
 
so
have two complete blocks per farm, rather than one, that
 

any farm X treatment effect can be estinated and separated
 
from the error SSo.
 

- Where the block size (i.e. the number of plots per block) 

is limited by the availability of suitable uniform land 

on farms it nay not be possible to use complete blocks. 

- In such circumstarice! designs other than randomised complete 

block designs must be used. These include balanced lattices 
and 1alanced (and partially balanced) incomplete block designs. 
The analysis of these is more complet than for randomised 

complete blocks
 

Where the treatments structure is factorial, confounding can
 

be used to reduce block size, and fractional replication of
 

factorials can also be so used.
 

-

- Increased replication of a control treatment, and testing 

one (or more) probe treatments with fewer replications, are 

ways of impro.!ing, or increasing, the information gathered. 

- Where sufficient blocks of the desired size cannot be sited 

on farms, blocks varying in size (i.e. in number of plots) 
can be used. 'Balanced* designs should be used, but the 
analysis is less straightforward than for randomised complete 
blocks, 
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CHAPTER 3. 
 PROBLEMS 

These are discussed undcr eight main heads. but topics inevitably overlap.Some of the problems hav,,, been referred to in 2 - with Bone r,lutionn
suggested  but are reiterated here for emphasis. 

3.1 Phy.sical.
 

Small farriers in the Eastern Caribbean typically farm marginal lands"
on hillsides. 
 Their lands are ofte. characterised by 
-
-
 Slopes, which may be steep and irregular, Any one parcel may
 

have areas differing in slope ,.d'in aspect. 

-
 Gullies and rocky outcrops, and differences in depth of soil.
 

- The presence of trees, which offer uneven shading and rootinterference, 
 if trees havc been felled stumps usually remain.
 
If a part of the land has been terraced, the terraces may be narrow
and uneven in width and limited in area. 

The selection of 
a number of uniform plots on such land is not easy.
Even if the land is relatively flat, 
or uniform in slope, rocky outcrops
and trees may be present, A consequence is that block size may have to
be small. 
 What must be avoided is excessive reductions in plot size,
so as 
to increase the number of plots, relaxation of the criteria
for blocking and selection of only those farmers with flat, ideal landi
and the exclusion of those with more difficult lands.
 

3.2. Biological
 

Th2 complexity of many of the cropping systems practiced by small
farmers, both in time and space, also makes selection of uniform plots
difficult. Adjacent areas of 
land may differ widely in cropping history:
one area may have been weed frallowed with an adjacent area just out of bananas
aaid 
another adjacent area may have carried a sequence of vegetables.
These areas will differ in fertility, weed flora, quantity and quality of
crop residues, cultivation history and 
so on. Some areas may have been
grazed by tethered animals and 
so trampled and manured. 
 There may.be
no clear evidence of previous cropping so 
that it is difficult to
determine boundaries. This heterogeneity of history and use can lead to
intra-plot variations, as well as 
to inter-plot (and intra-block) variation.
 



47
 

3.3. Technical
 

There is usually no difficulty on a field station in finding 4 -eas to
 
accommodate rectangular or square blocks of contiguous rectangul1- or
 
square plots. Marking out is relatively straightforward: blocks can be
 
pegged out and divided into plots.
 

On farmer's lands it may be difficult to find areas of sufficient
 
size into which contiguous and uniformly-shaped plots can be fitted for
-

the reasons outlined above. Contiguity is not essential, nor is equality

of shape and size, although extreme variation should be avoided. The
 
criterion of uniformity of plots within blocks must not be compromised
 
however.
 

If terraces are to be used these may curve and vary in width, and
 
the entent of admixture of subsoil with topsoil may vary both along
 
terraces and between terraces.
 

Application of treatments uniformly to plots differing in size and shape
 
and to plots that differ --between blocks - in slope and in the regularity

of the terrain is also a problem. This is particularly acute with
 
fertilizers and pesticides that must be applied at a specifir 
rate per unit
 
area. Calibration of a sprayer on flat or regular surfaces will
 
underestimate the volume rate - and hence the application rate --applied
 
to plots with slopes and irregular terrain..
 

3.4 Farmers
 

The farmer is a partner in on-farm experimentation, and so must be fully
 
aware of the objectives of the experiment, of his responsibilities and
 
expected contribution vis-a-vis those of the researcher. 
 He should also
 
understand the expected benefits, both short- and long-term.
 

Some farmer problems that may arise are,
 

- Reluctance t-) apply a particular treatment or treatment component,
 
or to carry out certain basal operations, as and when required by the
 

specifications of the experiment, because it conflicts with his way of doing
 
things or with his beliefs For example, he may not believe in applying
 
fertilizer to yams or may not believe in controlling weeds early.
 

-- Conflict between the farmer's commercial and domestic needs and those
 
of the experiment. Thus a farmer may reap only a few yam mounds at any one
 
time, the number of mounds being determined by how much he can sell and use
 
in the household. This poses problems in the collection of harvest data
 
from a block of four plots each of ten mounds. On-farn research is usually 
and should be  preceded by a thorough study of the target farmers' practices,

but details 
- such as harvesting procedures - may be overlooked.
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- Premature reaping in advance of the expected date - may be done as
 

a response Lo a market opportunity or to a need for cash. At worst there
 
may be total loss of data from one or more plots, or at best a partial loss,
 
as with crops that are serially reaped (e.g. tomatoes, peppers). Even the
 
most co-operative farmer may find it impossible to advice the researcher of his
 
wish to start reaping earlier.
 

- Excessive helpfulness, when the farmer, uith every good intention,
 
hinders the collection of data or causes a loss of data. Examples
 
onclude the farmer who clean-weeds all the plots of a herbicide experiment
 
prior to the evaluation of weed control, and the farmer who reaps an entire
 
experiment before the researcher's erival, putting all the produce in one
 
large heap.
 

- Premature adaption of the technology tinder test will lead to 
a loss of data, encouraging as it may be. An example is the farmer who, 
impressed with the logic of mulching, decides to mulch the unmulched 
plots as well, 

- Bias in favour of one particular treatment sometimes occurs or is
 
suspected. The farmer may favour what he regards as ':his" plot, which will
 
usually be one of the control treatments. This may be weeded first or more
 
frequently than the others. This problem may arise because the farmers
 
consider responsibility for the other plots to rest with the researcher.
 

- Drop.-outs can occur for several reasons, resulting in the loss of
 
one or more-blocks from the experiment. Farmers may drop-out because
 
they disagree with the practices required, or prefer to do things their way?
 
or because they consider the demands of the plots on their time and resources
 
excessive and unreasonable or because they fail to see any potential
 
benefits from the experiment,
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3.5 Planning and Design
 

There are several questions to be asked and answered.
 

- How many treatments to include in the experiment? This will depend
 
in part on the objectives of the experiment and on the step- in the programme.
 
(Fig. 1) For instance, an experiment on fertilizer rates and times of
 
application at Step 5 will have more treatments than an alternative system
 
experiment at Steps 9 or 10. Not all the treatment combinations of a factorial
 
array need to be tested a subset of those with most potential may be
 
adequate.
 

- How many farms; and how many blocks or replicates per farm?
 
This will depend on the logistics of laying-down and conducting the experiment,
 
and on the homogeneity of farms within the agro--ecological zone. At step 5
 
it may be useful to cover a wide range of zones, in order to estimate and
 
evaluate zone X treatment interactions, At steps 9 and 10 separate
 
experiments in each zone arc preferable, with these experiments differing
 
perhaps in some details of the treatments. Where farms are expected or
 
suspected to be heterogeneous more than one block per farm is to be
 
preferred. It may be desirable to select farms with some heterogeneity - at 
least at Step 5 - to investigate interactions,
 

- Equal or unequal replication? In designing an on-farm experiment,.
 
it may be useful to increase replication of one or more treatments.
 
These might, for example, be the farmer's practice and the basic recommended
 
practice, with the other treatments --with less replication - being variations
 
on the basic recommendations. In a crop protection experiment it may be
 
useful to have increased replication of the untreated control treatment,
 
so as to obtain a more precise basis against which to measure the performance
 
of the treatments. Or on a subset of farms, selected perhaps because they
 
can accommodate larger blocks, one or more 'probe" treatments could be
 
included. Both complete and incomplete block designs to accommodate
 
unequal replication can be used, and appropriate methods of analysis are
 
available.
 

- What control (or check) treatment (or treatments) to include?
 
If the control is to be farmer practice" how uniform is it? In a yam
 
experiment for example, one treatment factor was "fanner bit size", but
 
this ranged from 11 to 64 oz, and probably contributed to the large error
 
S.S. in the analysis of variance.
 

- What plot shape and size? There are no hard and fast rules. Plot.
 
size must be adequate to represent the crop being grown and to provide
 
reasonable estimates of yield, pest attack and so on. Plot shape
 
should not vary so much within blocks that the intro..plot environment varies.
 
A square plot and a long narrow plot comprising one crop row are clearly
 
not comparable. Guard rows are necessary in some experiments, especially
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crop protection experiments, but may be unnecessary in other 
types of experiment;
 

that edge

particularly if plots are contiguous o- surrounded by the crop so 


Plot shapes may iave to differ within and between
effects are minimal. 

blocks to conform with the land areas available (Figs. 11 and 12),
 

How many plots and blocks can be
 - How much overall replication? 

These
What experimental design to use? 
accommodated on the selectad farms? 


to the above questions.
questions are inter-related and depend on the answers 


Some rethinking of treatment numbers may be necessary. if block 
size must
 

be small. Or an incomplete block design may be necessary if treatment
 

number cannot be reduced. Attention must also be given to the expected
 

heterogeneity of farms, and possible interactions.
 

Clearly, planning and the choice of the overall design must be an
 

interative process.
 

3.6 Management
 

The farmer must be clear as to his responsibilities in the management
 

and conduct of the experiment.. Equally the researcher must be clear
 

as to his responsibilities, Problems that can arise, for a variety of
 

reasons include:
 

The wrong plot may be treated,
- Wrongly-applied treatments. 

or the treatment may be applied at the wrong time, or may be applied to
 

all the plots in the block or on the farm. Some information may be
 

salvageable, but the block or blocks may be totally lost depending on the
 

rnture and extent of the error.
 

Non-uniform application of experimental treatments to plots. This
 

will lead to intra-plot variability and increase the error S.S, in the
 

Half a plot may be weeded today and the remaining
analysis of variance. 

half weeded next week, for example.
 

This can
 
Non-uniform application of a non-varying (or basal) practice. 


increase both intra- and inter-plot (intra-block) variability. For-instance
 

a basal fertilizer application may be spread unevenly, or applied over
 

a period of time to different plots.
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3.7 Data Collection
 

This is the responsibility of the researcher, Even if Extension
 

Officers are responsible for overseeing the experiment (as in Step 10'
 

see Fig. 1) the researcher must decide what data is to be collecte , how and
 

when. He should prepare guidelines and proformae to ensure, as
 

far as possible, uniformity of data collection and of recording.
 

Data collection costs time and ,money, so a problem to be
 
This must be resolved
addressed is what (or how much) data to collect. 


and determined at the planning stage.
 

The data and information to be collected is of four main types.

- Primary data: that data essential to evaluate the 

experiment and achieve the objectives. 

Secondary data- that data which is desirable to assist 

in interpretation of the results, 

- SUppor danta 
the experiment. 

an: .fvrmt4onthe calendar or diary of 

- Ferm and production.ystm infortation information on 

each participating farm that may help in the design of 

alternative systems and in technology transfer.
 

Examples of these different types are given below. Specific needs
 

will vary with the crop and the nature of the experiment. More data
 

and information are necessary ar steps 5 and 9 than at steps 10 and 11.
 

Primary and secondary data must be collected plot-by-plot, but it will
 
usually be sufficient to record supporting data by blocks or by farms.
 

Primary Data' Total yields, marketable yields, numbers, sizes,
 

average weights. etc. In crop protection experiments prim .ry data includes
 

counts or estimates of weed numbers or cover crop damage, insect
 
or lesion numbers and so on,
 

Secondary Data, Plant numbers, heights, branching- time of flowering,
 

lodging, shattering, weeds and weediness, pest and disease incidence.
 

soil nutrient levels, soil moisture levels and so on.
 

Supporting Data-
 Dates of land preparation. planting, thinning.
 

fertilizing, weeding, spraying. reaping and so on.
 

Farm and Production Sy-sttIn mation Physical data on rainfall,
 

soil type, slope, aspect- biologicai data on cropping history, other
 

crops grown, intercrops, major weeds, pests and diseases. socio-economic
 

data on farm and family size, labour resources, level of purchased inputs
 
and sales- and information on cultural practices used.
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3.8 Missing Plots and,Blocks
 

'
Plots can be lost as a result of some of the problems discussed
 
above. No data at all or incomplete data, may be obtained from one
 
or more plots in an experiment.
 

An entire block may also be "lost , and where there are two or
 
more blocks per farm., one or more entire farms may be lost" or
 
provide only partial data.
 

Data that is suspect because of suspected misapplication or
 
wrong application of a treatment should be regarded as "lost" 
.
 

Missing data complicates the analysis of variance and reduces
 
the precision of -..significance tests.
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CHAPTER 4. SOLUTIONS
 

There are no simple universal solutions to the problems posed above.
 

Researchers engaged in on-farm research must be pragmatists. willing 
and
 

The following
able to develop solutions to problems as and when they arise. 


discussion provides suggestions only as to how some problems of 
on-farm
 

experimentation can be addressed.
 

4.1 Physical
 

Thorough site inspection is essential to decide the siting of plots
 

Plots within blocks must be as uniform as possible with regard
and blocks. 

to soil type and depth, slope and so on, Some variation in plot size
 

within blocks can be tolerated, and 	certainly such variation can be 
allowed
 

Perhaps a variation of up to 20% less
between blocks aiid between ferms. 


than the desired or optimal size can be tolerated. Plots need not be
 

contiguous and can be separated by outcrops, trees, ditches or gullies, 
etc.,
 

provided they satisfy the criteria for blocking.
 

If site inspection suggests that several of the selected farms
 

cannot accommodare complete blocks of adequately sized plots, then
 

three optioetb are available
 

review the array of treatments to see if the number of
 

treatments can be reduced, or if a subset could achieve
 

the objectives of the experiments' ;
 

-

look for farms that can accommodate complete blocks of
 

the desired size.,
 
-


- consider an incomplete block design. 

4.2 Biological
 

Site inspection must take cognisance of shading, cropping, history,
 

crop and weed distribution and so on in siting plots and choosing blocks
 

on farms. The farmer should be consulted on his cropping patterns and
 

cropping history, use of fertilizer and so on, on-site.
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4.3 Technical
 

It has already been stated that plots within blocks do not need to be
 

contiguous, nor exactly the same shape and size - though extreme differences
 
must be avoided. Apart from 'statistical: considerations' the data from
 
plots differing in area must be adjusted to a standard area before analysis
 
The need for guard rows should be critically exaimined for each experiment.
 
Differences in plot shape and size between blocks are preferable to
 
differences within blocks, but a flexible approach is necessary. Fig. 15.
 
shows an extreme case where plots differing in shape might have to be
 
used. Fig. 16 shows the simplest and ideal arrangcment, but Fig, 17 is
 
also perfectly satisfactory.
 

Marking out may require some ingenuity and will entail more work
 
if plots are not contiguous, If plots of different shapes have to be
 
used, then some simpPe calculations of the linear dimensions necessary to
 
give equal areas will be necessary. A sketch map, with approximate
 
dimensions, will help in deciding what plot shapes and sizes can be used.
 
Where terraces vary in width and curvature, plots of very similar area
 
can be marked out fitting geometric shapes (Fig 18). Alternatively,
 
the "linear run of rows' can be used
 

The problem of basal or treatment application at a specified rate to
 
plots of different shapes and sizes can be resolved by application to a
 
larger more conveniently shaped plot (Fig. 19), if space allows, or by
 
application on a row-by-row or plant--by-plant basis where this is possible,
 
Where a~plication is by sprayer, on-site calibration is essential,
 
adjusting the amount of concentrate accordingly,
 

One obvious solution to these problems i to choose only farms with
 
adequate space and easy terrain. Such farms may not ba representative of
 
all those in the domain however, Additionally, it would be wrong to exclude
 
co-operative and enthusiastic farmers on the grounds that their land was
 
less than ideal. Where plots are scattered on a farm (i.e. not contiquous)
 
proper pegging and labelling of each plot is essential.
 



kx areas are non,-coniglousIf the only relatively jiorogcneous0 U~ 
and differ in. shape, could not these four plots constitute 

a block? 

An ideal situation permitting several arrangenrents of
 

contiguous plots.
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4.4. Farmers
 

Most "farmer problems" can be avoided by clearly explaining to the
 
farmers - either on an individual basis or in a small workshop meeting 
the following:
 

- the objectives and rationale of the experiment,
 

- the expected long-term benefits that should result,
 

- the experimental procedures proposed, including the

"critical" requirements,
 

- the anticipated contribution of the farmer (e.g. land, labour
 
planting materials, etc.),
 

-
 the inputs, material and otherwise from the researcher,
 

-
 the short.term benefits to the farmers and any guarantees
 
against failure or loss:
 

- the time schedule involved.
 

Farmer response may require modifications to the procedures. The farmers
 
contribution will change as the programme advances. 
he will make greater
 
inputs at step 10 than at steps 9 and 5. Extension officers should be
 
involved from an early stage. They can assist in farmer selection, and in
 
supervision of the experiments and in data collection. At step 10
 
extension officers are very much involved, more so than at the earlier
 
steps, but should be involved at every step.
 

Specific points that require resolution are conflicts between
 
farmers' practices and experimental and data collection procedures, and
 
the willingness and competence of the farmer - and his workers - to
 
carry out tasks which may be unfamiliar. It may be necessary for the
 
researcher to demonstrate and train workers in such tasks.
 

Regular visits by the researcher must be scheduled, to monitor
 
the experimental plots to assist in unfamiliar tasks, to apply certain
 
treatments - if this is not the farmers responsibility - and to collect
 
data, including concomitant observations. The farmer may request advice
 
on other aspects of his farming system,and willingness to give such advice may
 
help to engender a spirit of co-operation and mutual goodwill.
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4.5 Planning avi Des;:L.n 

SoT.e of the r:.obl-:i raised in 3.5 have alrcady been addressed and
 
solutions soug3smte.
 

The moct opr.te design will dcpenJ on the type of on-farm test.
 

Steps 9 and 10 may ±:.vo1.ve only U7o troatir.ats but a large number of farms, 
whereas a step 5 test may have many treatments; nd require fewer 
replicati6hs.u1 Sgne tests ray requ:tre n-fkm rei catins whereas others 
will not.
 

Thzre -ay nc'd to be a compromise between.;hat is statistically ideal 
and what ic po-5ib].6 given the resources available. An increase in the 
number of farms, for example, muzt be weighed against the increased mileage, 
manpower and rnteriais require. It vmy also be,desirable to carry out, say,
five rather than four.on-farr tests, co as to service a greater number of 
production systeis ani farar, . 

One of t:e most imr-portant question,3 to be an-!wared is the number of 
replicatcs. As a genpral rit , less replication is needed as the number 
of treatmcnts increase0,. This is because there should be in the analysis
of variance a "reasonable" number of d.f. for error. Table 8 shows the 
number of blocKS. ( ,-number of replicates) required to give about 20 and
 
about .0 error d.. a -.
in CB design with one block per farm, .Note that
 
neither 20 nor 30 d.f. for error are adv:jcnted as the optimal numbers; but
 
they are "reasonable" nmbrs.
 

With two o rz:e ccmplete blocks per furm, and a. RCB design, the 'd.f.
 
are partition:.:d co ac to test farn effects and farm X treatment 
effects
 
(2:C). Thblz 9 r-ho; the alocat.on of d.f. for different numbers of
 
treatments, farmt and bNck , Note that with more than one block per

farm a grcat;er ia-&el number of blocks is nece.-oay, than with. only one block 
per farm. For :"lAomnce, with five treatments, seven blocks are necessary,

with one bloc! I?.- f.arin, to give 24 d.f. for error, compared with 12 blocks 
with two each o:.i six farrs. :{ovec, the increased number of blocks and 
plots should not an..!anvtiiug .kie a proportional increase in mileage 
or manpower rc'.::.rar:;tnts. Two blocks par farn a.so enables farm X treatment 
interactions, t.: be .-;nluatcd. increasing the number of blocks per
farm to three.;in-,:eascs the ,',e of '. e, -. 61::'"r ;:.bl- 9), but if 
it is cons-idered *iort-ant to c::amie farm X treatment interaction effects,
it would be prefen-ible to include more farms with two blocks than 
fe;7er with "hrcn. If farms arc relatively hcmogeneous - that is to say,
the farm X treatment interaztion 'effectis ei.pected to be negligible - one 
complete block pe: farm should s-,fficc. But -.,here homogeneity cannot be 
assumed, or where £a'.'rms are known.-to be hece-ogencous, two blocks per farm 
are preferable and :a usefulirjsuraracc. It has''igeady been suggested that 
e,'ploratory e:pcrii rnts (an nt,st.,p 5), it may b useful to cover several 
agro-ecological zoni.s, or in othe'c words to seek" heterogeneity among farms. 
In other ex:periatents the convcr--a may be tru. 

http:alocat.on
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TABLE 8. 	 The number of blocks required in a randomised complete block
 
design for different numbers of treatments, to give
 
approximately 20 or 30 error d.f., assuming no partition
 
of error.
 

For approximately 20 error d.f.
 

No. of treatments 2 3 4 5 6 7 8
 

No. of blocks 21 11 8 6 5 4 4
 

Error d.fo 20 20 21 20 20 18 21
 

For approximately 30 error d.f. I
 

No. of treatments 2 3 4 5 6 7 8
 

No. of blocks 31 16 11 9 7 6 5
 

Error d.f. 30 30 30 32 30 30 28
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TABLE 9. The allocation of d.f. in the analysis of variance
 

for different number of treatments and farms, with
 

or three blocks per farm, assuming a randomised
t7o 

complete block design.
 

2 3 3 3
No. of treatments 2 2 	 2 


8 12 6 12 6
No. of farms 12 20 


2 2 3 3 2 2 3
Blocks per farm 


24 18
Total No. of blocks 24 40 24 36 12 


DEGREES OF FREEDOM .,
 

Farms 	 11 19 7 11 5 11 5
 

Blochs --within
 
farms 12 20 16 24 6 12 12
 

1 1 1 1 2 2 2Treatrients 

11 19 7 il 10 22 10 

24 12 24 24
Error 	 12 20 16 


71 35 71 53Total 	 47 79 47 

No. of treatnents 4 4 5 5 6 6 8 

Po. of farms 9 6 6 4 5 4 4 

Blocks per farm 2 3 2 3 2 3 2 

Total No. of Blocksi e 18 12 12 10 12 8 

DEGREES OF FREEDOM (d.f.)
 

Fa~t;s 5 5 3 4 3 3 

Blot .--.- it',in 

farms 9 12 6 8 5 8 4 

Treatments 3 3 4 4 5 5 7
 

15 21
Farms X Treatments 24 15 20 12 20 


Error 27 36 24 32 25 40 28
 

59 71 63
Total 	 71 71 59 59 
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for treatment

Note also that with a RCB design, as the number of d.f. 


increases, so the acceptable' d.f. for er-,: Lcrcasen. For instance,
 

for error would be acceptable, but with d.f.
 with 3 d.f. for treatment, 18 d.f 

error. The
 

for treatment, it wculd be preferable to aim fnr 24 d.f. for 


= 28 plots and 4 x 9 
= 36 plots.
two experiments would comprise 7 x 4 

',-tA of variation are high, additional Where experience suggests that cceffi 


replication (i.e. more d.f. for error) is advisable.
 

Experience with incomplete block designs for on-farm experimentation
 

is limited. With one incomplete block per farm, block totals may vary
 

test for farm X treatment interaction can be made. Such a
 
widely, and no 


treatments
design should b'2 used only where necessitated by the number of 


Ferms should be reasonably
and by limits to block size per farm, 

The same constraints apply to several other designs
homogeneous, however, 


including fractional replication of factorials, confounded factorials
 

In fact, more than one incomplete
and designs with varying block sizes. 

a confounded factorial could be located
block, or more than one block of 


on a single farm. Nor is it essential for all farms to have the same
 

number of blocks, complete or incomplete, although uniformity 
in block
 

number per farm simplifies analysis and is to be preferred.
 

The choice of the control treatment(s) is important and requires
 

careful thought. There are three options
 

- "resnnrchar control" which might be unrealistic in practice, 

but which provides a base for comparisons, This might be no 

pest control etc.,fertilizer, complete removal of weeds, no 


- "averag farmer practice" which requires a full understanding 

of farmer practice and its variatlons,
 

- :individual farmer practice" that Is the practice of each 

farmer collaborating in the e::periment,
 

The first of these may be necessary, but may "interfere" with
 

in the example of no pest or disease control.
the other treatments, as 


If all farmers use fertilizer- use some pest and disease control
 

and so on, this treatment can probably be dispensed with. The second
 

option is perhaps the best control treatment, since the intention of the
 

experiment is to improve upon farmer practice and this provides a consistent
 

is valuable in demonstrating to individual
and uniiorm control. The th:.rd 


farmers how his practices could be improved, and perhaps in showing the
 

The control treatment may be
researcher how his practices could be improved. 

The individual farmers' practices
very inconsistent between farms, however. 


is to be of value.
must be well-documented if this treatment 


these control treatments
It would, cf course, be possible to include all 

Not all need be
in the experiment but this would increase block size, 


included in the analysis of variance however. 'individual farmer practice"
 

might give extremely variable data. It would be important to calculate
 

the variances of the individual tr2atments in any case, since the analysis
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of variance model requires variances to be broadly similar. In determining
 
"average farmer practice" it might he possible to separate farmers into
 

homogeneous groups with respect to one or more component practices and to
 
-


include this grouping in the analysis of variance (as zones or domains 


see 2.10) .
 

Where the number of treatments is large, so that it will be difficult
 

to find land for two complete blocks per farm, it may be desirable to 
reduce
 

This will delay
the number of treatments by further field station research. 

the start of on-farm experimentation, but should result in the rejection 

of some,at least,of the poorer treatments . If this cannot be done, then 

an incomplete block or confounded factorial design may be necessary so 
as to
 

Such designs tend to require greater overall
reduce block size. 

replication however, and therefore more plots, than complete block designs.
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4.6 MInagp-ent 

Pioblems of mancgemnent can generally be resolved by careful
 
explanttJ.cn to t!e farnr 
 of the time schedule and of the importance

of timcliness and unifornity of trea:ment and basal treatment application.

Regular visit2 to on--fain plots 
are essenti.l for proper monitoring and
 
cor-ectiri of c-y departurez 
froir the intended schedule.
 

4.7 Data Collection
 

The collcction, recording and ctorag;e of r4ata must be organised 
so as to avoid omissions, errors and losses. 
 This is particularly
 
so where several technicians are involved, each overseeing a subset of
 
the fa:w. 

PCO-fOrM2-e Will facilitate accurate recording, and can serve 
as remintec's of the dr'ta to be collected and of observations to be

mafc each far.- visit.
'ot They may Pee:O to be designed so as to be compatible
with coimputcr syzte1rq for data storage and analysis. Dates of'recording
iust be noted. thi.s is easily overlooked. 

Regular observations of on-farm plots cmn often suggest concomitant 
variabiec that -.1iould be recorded. As far as possible, such observations
 
should!be anticipnted and planned for. 
 Something unexpected may show up

however 
- for e;:anple the incidence of a disease or pest may appear to differ
 
betw:een t:natmerts. 
 Some standard n ethLod of observation should then be
used. 
 This might Lb-a score or rating - and many scoring or rating schemes
 
have been dcvelop.r3 
 d!ic e".y tlcd. Even if the pest or disease problem

is seriou.5 on only a fz,. frmis the information is important and should be 
recorded.
 

An e:ame?  of the vlue of concritant observations and their inuse co
variance anaiycs 5 
gien beloz. Tie data (Table 10) rcpresent yields

Q) and wcc!.nes: :ccr. () fro- a RC- experir.ent on five farms (A-E) with 
two blocks per fainm. '[adJILePswas estim-ted on each plot a few weeks 
before reaping tcchcze in which )*oaa 
 no ueads and 9 = complete weed cover.
 
Analyses of v-jfince chow that treatments differed significantly both in 
yield (,) and ,:).f.:i'-Fnr-s differed significantly in yield,
but not in . i,-Cd.nesc. To what extent is the effect of treatments
 
on yield attributable to their effect on weediness, recognising that
 
eecs affect yi.2lds? Ir there iiny relationship between weediness
 

and yield?
 

http:dcvelop.r3
http:explanttJ.cn
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TABLE 10. 	 Plot values (hypothetical) of yield (y) and weediness
 

gcores (x) for a RCB experiment with three treatments
 

(a - c) two blocks per farm and five farms. (See 3.7).
 

Treotment Totals Treatment Total

Farm Blocks al b L c (y) a b I cx) 

1 1 5 9 25 2 8 4 14 

A 2 i10 9 8 27 3 3 5 11
 

21 14 17 52 5 11 9 25
 

3 14 7 12 33 1 8 3 12
 

B 4 15 11 10 36 1 5 4 10
 

29 1 22 69 2 13 7 22
 

C 5 13 7 9 29 2 6 5 13
 

6 12 8 10 30 3 6 4 13
 

25 15 19 59 5 12 9 26
 

D 7 9 8 7 24 3 5 6 14
 

11 4 6 21 4 9 6 19
 

20 12 13 45 7 14 12 33
 

6 	 13
13 36
9 12 	 45 4 3 


E 10 	 15 14 10 39 1 1 8 10
 

27 2-7 23 75 5 7 11 23
 

TOTALS 122 84 94 300 24 57 48 129
 



TABLE 11 (A-D) Covariance analysis of the data of Tables 11 (A-D).
 
Table 10 gives the sums of squares (S.S.y and S.S.x)
 

and products (S.P.xy) . Tables liB and D show the
 
calculations of the regression co-efficients and of
 

adjusted S.S. y's and M.S.'s, and Table 11 C shows the
 

calculation of adjusted means.
 

Table 11A
 

d.f. S.Soy S.P.xy S.S.x 

Farms 4 99.3 -29.7 12.5
 
Blocks-within-farms 5 5.4 - 6.0 7.8
 
Treatments 2 77:6 -67.2 58.4
 
Farm X treatments 8 14.1 -12.6 24.7
 

Error 10 39.6 -39.5 40.9
 

Total 29 236.0 -!55.0 144.3
 

TABLE 11B
 

(S.PS.xF
-(.P.xy) 


S.S.y S.P.xy S.S.x SSx .S. d.f. M.S. F 

Farms 99.3 -29.7 12.5 - 41.1 4 10.3 51.5 
Blocks-within

farms 5.4 - 6.0 7.8 4.6 0.8 (5-1) 0.2 
1!

Farms + Blocks 


within-farms L'4o7 -35.7 20.3 62.8 41.9
 

b= -0.769 F = 4.6/0.2 = 23.0 (1 84 d.f.) 

TABLE I1C 

x (x-M) b'(x-x) Y y-b'(x-x)
 

A 4.17 -0.13 +0.10 8.67 8.57
 
B 3.67 -0.63 +0.48 11.50 11.02
 
C 4.33 +0.03 -0.02 9.83 9.85
 
D 5.50 +1.20 -0.91 7150 8.41
 

3.83 -0.47 +0.36 12.50 12.14 

TABLE lID I 2
 
I(S.P.xy) 2S.S.Y- 2 

_____ (S.P. xy) 
S.S.y S.P.xy S.S.x S.S.x S.S.x d.f. M.8. F
 

Treatment 77.6 -67.2 58.4 1.0 2 0.50 2.94 
Error 39.6 -39.5 40.9 38.1 1.5 9 0.17 

Treatment +
 

Error 117.2 -106.7 99.3 114.7 2.5
 

b'= -0.966 F = 38.1/0.17 = 224(1&9 d.f.) 

http:38.1/0.17
http:I(S.P.xy
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For analysis of co-wariance-, the sums of square for yield (S.S.)
 

8nd for weediness (S.S.x) and the sums of products (S.P. ky) are requited.
 
%hS.S.z.7s and S.S.y's will have been calculated for the analyses of
 

variance, Note that the sums of products are all negative in this
 
example (Table 11 A). Since one of the objectives of covariance analysis
 
i5 to .xamine inter -relaticnships, the first steps are to estimate a
 
regression co-efficient and determine its significance. Looking first
 
at farms, the blocks-within--farms regression co-efficient (b) is calcualted
 
from
 

W = S.PJ. 

using the blocks-within-farris S.S.i and S.P.xy (Table 11 B). In this
 
c-ample the value of b' = 6.0/7.8= .f 769, An F test to determine if this
 
value is significant,, if it is not, further calculations are unnecessary.
 
F is calculated - using the blocks-within-fa'.-ms line only from
 

29
 

F = (S.P. ) / S.S.yi -- ((S.P.-ir) / S.S o)) 

SS.X d.f. 1 

:n this example F = 4.6/0.2 = 230, which, with 1 and 4 d.f. is highly
 
significant. Note that the 5 d.f. for blocks--within--farms is partitioned
 
i:nto 1 dMf. for the regression and a "residual" with 4 d.f..
 

The yield sums of square (S.S.Y) for farms is now adjusted for the
 
•:-ression. This is done in a roundabout way, using the farms and blocks
-ithin-farms totals. from this line is calculated:
 

2
 
S.Soy -((S.P.xy) / S.S.x) 

In the example, this is 

104.7 - (35.72/20.3) = 41.9:
 
from this is subtracted the comparable quantity calculated from the blocks
within-farms line, which is 

5.4 -- (-6.02/7.8) = 0.8
 

to give the adjusted farms S.S.y (41.9 - 0.8 = 41.1). The mean squares are
 
now derived, noting that the adjusted mean square for blocks-within-farms
 
?,is 
one less d.f. than in the original analysis - one d.f. has been "lostC
 
to the regression, The F value for farms (51.5) is higily signivicant.
 
It might have happened that the effect cf farms was no longer significant
 
after adjustment, indicating that the differences in yield were largely
 
accounted for by the differences in weediness.
 

Farm mean yields are now adjusted, as shown in Table 11C. Each
 
,:armmean for y is adjusted byan amount which varies according to the deviation
 
of the farm mean for x from x , the overall mean of x. Tests of
 
3inificance of differences between pairs of adjusted means requires the
 
calculation of separate 't' values, but this is not shown here.
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Turning to the treatment and error lines (Table 1iB), a comparable
 
series of calculations is done. The value of b* (-0.966) is highly

significant, but the adjusted mean square for 
treatment is not significant.
 
There is no point therefore in computifig adjusted moans.. This result can
 
be interpreted as indicating that differences between treatments in yield
 
were largely due to differ'ences in weediness. A cautionary note is necessary;

covariance analysis does not necessarily indicatc a casual relationship.
 
Yield might have been determined before differences in weediness become
 
apparent, and these differences in weediness may be due to differences in
 
crop growth, plant form, sh ding and so on. Generalising, y may not be
 
casually dependent on x both y and x being casually related to an
 
unsuspected (or unrecorded) variable z.
 

4.8 	Missing Plots and Blocks
 

The best laid plans and most meticulous execution, cannot ensure
 
no loss of data, but can reduce the likelihood, The loss of recorded
 
data by carelessness is inexcusable and can be avoided. Loss of data
 
from one or more plots in a block, from an entire block and from
 
an entire farm can occur as a result of misunderstandings with the farmer,

livestock damage, praedial largeny and so on, This should be borne in
 
mind at the design stage, there should be sufficient d.f. for error to
 
accommoiate some loss,
 

A value for a single missing plot in a RCB experiment can be easily
 
computed. 
 If a' is the miss:Lng value (of treatment a), then an estimate
 
of a' is given by

a 	 = r B' + ET -G
 
(r l) (t 1)
 

where B' is the total of the remaining plots in the block, T' is the total
 
of treatment a from the remaining blocks and G is the grand total.
 
If data from several plots are missing (a b' and c' for instance)

values are assumed for b, and c' and a value for a; estimated as above.
 
Using this value, and the assumed value of c' an estimate is then made of
 
b', and then c using the estimated values of a7 and b'. The calculations
 
are repeated iteratively until the estimated values do not differ substantially
 
from those found in the previous cycle. One error d.f. is lost for each
 
estimated plot value.
 

For incomplete block designs more complex formulae than the above
 
must be used. But thd general method of analysis (Appendix ) can
 
accommodate some missing plos, and even blocks.
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If the data from an entire block is lost, or from both blocks on a 
farm where the design has two blocks per fari no e-stimation cf the missing 
plot and block values can be made. lHc-wver the loss of, say, two plots out 
of four in one block should not cause the researchat-r to abandon the entire 
block: data from the two remaining plots is still useful. and methods 

of analysis are available to accornodatL' thi.7 citul.tin., 

A more serious situation arises where rn, or more entire blocks are
 
lost, perhaps because the far-ner reaps the plots without advising the 
researcher, or because of livestock dama Suppose for example that 
in the data of Table 6, Farm E wa; entirely lost (eg. both blocl.s reaped 
pprematuerly) and that blocks 6 and S were alsc lost, duc to severe 
livestock damage The data now comprise plot values from only six blocks 
two each on Farms A and B and one each (5 and 7) en Farm, C and 1). No 
longer can the effect of farms be estimatLd, nor the farm x treatment 
interaction effect, in the analysis of variance. The analysis now becomes:
 

Source of variation S.S d-f, 1.S. F
 

Blocks 316.0 5 63.20 2.72
 
Treatments 40 5 3 13,50 1.0
 
Error 348 0 15 23.20
 
Total 704.5 23
 

lotting the data, as in Fig. 14 (see 2.8) would indicate that there is
 
evidence of a block x treatment interaction.
 

Since methods of analysis are available for experiments with unequal
 
replication, data from experiments with more than one missing plot per block
 
from several blocks, can be analysed, Clearly, if data from only one or
 
two plots of a particular treatment are available, that treatment cannot be
 
included in the analysis But if the loss of those plots was due to disease or 
lack of tainfall, that is a si,,nificant rosalt indicat.in disease or drought 
susceptibility. 

Clearly, every effort must be made to avoid loss of plots and blocks and 
of recorded data. This may require fencin,,, (which is an added cost) or simply 
securing the full co-operation and understar~ding of the farmer. It is also 
advisable to increase the overall replication, so as to ansure, as far as 
possible, sufficient replicates, in the event that one or more replicates are 
lost. This will usually mean increasing the number of farms but in an 
experiment with one complete block per farm it may be possible to put 
additional blocks on two or three farms at minimal extra cost. 

http:indicat.in
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APPENDIX
 

The Analysis of Variance- A General Method for Designs
 
arranged in Blocks, and accommodating Incomplete Block
 
Designs, hissing Plots and Unequal Replication.
 

The general method of analysis described below can handle most designs
 
arranged in blocks. Difficulties arise if there are disconnections in
 
the design, that is, some treatments occur only in certain blocks with the
 
other treatments occuring only in the other blocks. This can occur in
 
confounded designs.
 

The data used as an example are arranged in two ways: Firstly,
 
as an incomplete block design with some double replication within blocks (Fig.
 
20 A) " and secondly, as a randomised complete block design (Fig.20B)
 
Both designs have 20 plots, with five treatments replicated four times.
 
The design of Fig A has nothing to commend Itand is used for its
 
illustrative value only.
 

The data of the incomplete block design give an incidence matrix 
as follows - to show the number of times each treatment occurs in 
each block. 

BLOCK
 

(1) (2) (3) 

a 2 0 2 

b 2 2 0 

c 1 1 2 

d 1 2 1 

e 0 2 2 

Block totals are 59, 01 and 83 based in 6,7 and 7 plots respectively (Table
 
20 A .) Block means are therefore 9.833, 11.571 and 11.857. Treatment
 
totals are:a, 30 b, 35; c, 46; d, 51' e, 61.
 



Fig. 20. An incomplete block design (A) and a randomised complete block
 

design (B). to show the use of the general method of analysis of variance.
 

The plot values are the same for the two exreriments.
 

A B 

b a cj d a- b () e b P ld 1c 
(1)d 8 14 2 

8 12 14 7 ( 16 10 _ 248 	 12_ 

d b e d 	 fc a e b d
(2) 	 c b e 
1 10 14 12 7 16 11 ( 2 )jii 7 14 8 12 

(3) 	 a c d e c e a (3) bI c d c a
 
13 14 15 10 15 9 	 1013 14 15 9
 

(4) 	 a d c v: b 

6 11 10 16 7 



0 

Plot values from Fig- 20 A and B arranged in order with block
 Table 12. 

and treatment totals.
 

A. Incomplete block design (Fig. 2D A)
 
Treatment
Blocks 


Totals

(1) 	 (2) (3) 


a, 30
 a, 8 b, 10 c 6 


b, 35
 a. 7 b, i a 9 

C, 46b, 10 c, 11 c. 13 


d, 51
b, 8 d, 12 c. 10 


e. 61
 c, 12 d, 11 d, 14 


d, 14 e, 14 e, 15
 

c 16 Grand total, 223.
e 16 


81 83
Total 59 


B. Randomised complete block design (Fig. 20)
 

Treatment
 

Totals
Blocks 


(1) (2) (3) (4) 

a 8 7 9 6 30 

b 10 8 10 7 35 

c 12 11 13 10 46 

d 14 12 14 11 51 

e 16 14 15 16 61 

223
52 61 50
Total 60 
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The adjusted trc:r tmcnt tcit. ]s (Q) are canculot(::d by taking each
 
treatment total a:nd sub 7tr-ctir- thu block means weighing for the number
 
of times treatment in block. Tstance:
the (ccurs :rach F n. 


O' 30 '.. K3) + :: - 3 3O,
53((2 (2 ]1.857)) 


Qb 35 ((2 " -.,33) -. (2 x .l 57i,) - - 7.808
 

Qc 46 ( ,33 + (2,x ! 571) + 21 857) =-+ 0-882
 

and so on. Qd- + , 1 rd ', = + 14 144. The sunm of the Q's should be 
zero, but rou'i c,f -,y oivro . :sall deviatior rrr zero. 

The main part o, :h calcul<ticr, i.an iteration, shuwn below. This
 
is continu,-d until furth_ repeticion has . uff _-ct The purpose of this
 
iteration is to find tb- trUi2e eff2cts of trea-tmcnts after allowing for
 

-differencen duc block vlc-orsto , Tue, v, V2 '1. etc. are calculated for 
each treatmeint and in cc rT. rainahin valius for blocks (ul, u2 . -, etc 

The voctor v, ;.; stri!ntcd by dividin, adi.isted treatment totals by 
the number of nlot -rec.eiviu< eac]i tr,:aternt il this case 4 for all 
treatments. Tihus for treatm7nt . the valu, is 13 380/4 - 3.345, for 
b.-7,.803/4 -- 1 .52 and ;o en The u. v ]--) for blocks, are estimated 
from the vI values i..ultiplying each c.l&r:ent by the nu'iber of times it occurs 
in each bloc!-, For .o::-p, fo - blck 1 u I is ectimated from 

((2 -3.3/-5) -1 ( l.-52) - (+0220) + (+ 1.542))/ 6 -1.472 

and for block 2, f:on. 

((2 x -1952) + (4C' 220) + (2 x -1542) + (2 x +3.536)) / 7 = +0.925 

and similarly for bloc!- S 

Next v. proj-c'c-3 using the values ir, U For treatment a, each 
element of Iis mitipied by the number of times a occurs in the block, thus, 

((2 1,472) + (2 -.7 +0.332))/4 -0.567 

and for treatmL,nc 1, 

(-1.472 -:- (2 :, 0 25) 0 38)/4 + o,17,' 
The sum of the v1 e en"tt nhot1ld b( zcro, allowing- for small deviations due 

to rounding--off. 

From v2. the values of u 2 -re projccted. Thus for block 2, 

((2 x -0274) + 0,032 ± (2x0.179) + (2 x 0 632))/7 = + 0.158 

Then from u2 th--iercent: of arc derived, and so on. At each step; the sum 
of the v I v' , v 3 elcnr, tc etc. should equal zero Any sizeable deviation 
from zero should bc checked for errors. The iteration continues until only 
zero values, or values ccs: to zero are ..derived.
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v1 v2 v3 v4 v5 V6
 
2 0 2 (4) -3.345 --0O567 0.097 -0.016 -0.003 0.000
 
2 2 0 (4) -1952 0.275 0.044 -0,001 1-0.001 0 G00
 
1 1 2 (4) +0,220 +0M031 +01005 +0,001 0.000 0M000
 
1 1 2 (4) +0,22n +0 031 +0.005 +0.001 0.000 0.000
 
1 2 1 
 (4) +1.542 +0.178 +0.031 +0.006 1-0,001 0,000
 
0 2 2 (4) +3,536 +0.632 +0,105 +0.008 +0.003 0,000
 

(6) (7) (7) 

-1.472 +0925 +03338 uI
 

-0.245 +0.158 
+0,053 
 u2
 

-0.041, +0.027 +0.009 
 u3
 

-0.007 +0,005 +0,002 u
 

-0.001 +0.001 0.000 
 U5
 

The purpose of iteration is that the effects of treatments, known as
 
the treatment parameters. are best estimated by the elements Vl, 
v2 , v3.
 .. .. .
 

Thus for treatment a, the parameter is given by (.3.345) 
+ (-0.567)+(0.097) +
 
(-0.016) + (-0.003) = -4.02E. So the treatment parameters are:
 

a --4.028- b --2.279, c. +0.257: d +1,757 c +4,254.
 

A check is to multiply each treatment parameter by the respective treatment
 
replication and sum the products, which should sur to zero
 

(4 x -4.028+(4 x .2.279) + (4 x 0.257) + (4
x 1.758) + (4 x 4.294) = - 0.008. 
The deviation is accounted for by rounding-off errors. INote that with equal 
replication, there is no need to include the 4 in each bracket for this check. 
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givcn by adding the general mean (223/20 
= 11.15) to
 

are
The adjusted treatment means 


each parameter'
 
= 
8.871
 a = 11.15 + (-4,02) = 7l122,and b 


c = 11.407 d - 12,908, e = 15.444.
 

The sum of squares for treatments can 
now be calculated by multiplying
 

each adjusted treatment total (Q) by the corresponding parameter and summing 
the
 

products, thus!
 

2.279) + (0.882 x 0.257) + (6.1bo x 1,757)
 --4.028) + (-7.808 x (-13.380 x 

= 
143.49.
+ (14.144 x 4.294) 


The within-blocks S.S. is
 
An analysis of variance can now be done. 


calculated from the sum of the 
squared individual plot values 

less the block totals
 

squared and divided by the number of 
plots in each block::
 

= 
152 + 162) ((592/6) + (812/7) + (832/7)
(82 + 72 + 102 _ 


165.40
2667.00 - 2501,60 = 

S.S. d.f M.S. F. 

Treatment 143.49 4 35.87 21.22 

Error 21.91 13 1.69 

Within-blocks 165.40 17 
.L ..... .. . 

_ _ _. 

The d.f. are 5-1 for treatments and within.blocks 
the total number of
 

= 17. So for error there
 
plots less one (19) minus 2 for blocks (3 - 1) 


is highly

The F value of 21,22, with 4 and 13 d,f, 


= 13 d.f,.
are 17 - 4 

significant.
 

It is possible to adjust for blocks, 
in similar manner to the adjustment
 

for treatments and to estimate residuals 
(i.e. the difference between
 

The sum of the plot
 
the "expected" and actual values) 

for each plot. 


residuals equals the S.S. for error,
 

Had the experiment been laid down as 
a RCB design, with plot arrangement
 

and values as shown in Figo
2OB the above method of analysis could 

also be used.
 

This example is given solely to illustrate the versatility of the 
general method.
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Qa = 30 - (12.00 + 10.40 + 12.20 + 10.00) 
- 14.60
 
Qb = 35 - .44,6 = --9.60
 

Qc = 46 - 44.6 = +1.40 and
 

Qd %- + 6.40 and 
 Qe = +16.40.
 

The incidence matrix comprises ones only, as shown.
 

V1 
 v2
 
1 1 1 
 1 (4) .3.650 0.000
 
1 1 1 
 1 (4) -2,400 0.000
 
1 1 1 
 1 (4) +0.350 0.000
 
1 1 1 
 1 (4) +1,600 0.000
 
1 1 1 1 (4) +4,100 0.000
 

(5) (5) (5) 
 (5)
 
0.000 0:000 
0.000 0.000
 

U2
 

The un elements are all zero, and the v 
 elemeuts are n1so all zero. 
 Treatment
 
parameters are 
therefore the ': elements only. S.S. fuL LLontna-i, ir 


given by:
 
4
 

14e th-.-.,. 

(-l .60x-3.650)+(.960; -2.400) + (+1.40 x +0.350) + (+
6 .400x +1.600) + 
(+16.40 x +4.100) = 154.30 

an] the within-block S.S. by 
(2+12 2 2 2 2 02 2 2( 10 2
+ 12 + 14 ... 11 + 16). (60 + 52 + 612+50 )/5. 

2667 - 2505 = 162.00
 

So the analysis is:
 

S.S. d.f MS. 
 F
 
Treatment 
 154.30 
 4 38.58 60.27
 
Error 
 7.70 12 
 0.64
 
Within-blocks 
 162.00 
 16
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This may be compared with the more familiar method of analysis of a.
 

RCB design:
 

S.S, dof. 1.S. F. 

Blocks le.55 3 618 9 66 

Treatments 154.30 4 38,58 60,27 

Error 7.70 12 0-64 

Total 180.55 19 

This gives a blocks S S., and the effect of blocks is clearly significant.
 

The general method of analysis is versatile and can handle, inter alia
 

the followig:
 

- incomplete block designs,
 

- designs with planned unequal replication;
 

- experiments with incorrect application of treatments
 
(so giving unplanned unequal replication)
 

- data sets with missing plot values.
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TDEX 1: CENFIITL 

Page No. 

adjusted treatment means' 

- in analysis of covariance 

- in analysis of variance 

66 -.67 

75 

aliases 

alternatives. te ;ting of 

analysis of covariance 

analysis of vasriance 

confounded factorials 

-- factoriais 

-.: c -caicn 

28 - 29 

1-- 2 

64 ..68 

85 - 86 

23- 26 

20 - 22 

27  31 

-,ne.l method 

• hic!rachical 

-. nzcmpiate block designs 

-r.nomised complete block 

applicability testing 

70 -77 

42 

10-19 .,62 

5... 9 

1, 2 

bala'.ce, 'ur.p1me-.ted 

balanced incri.?lete block designs 

balanced latt.ces 

13- 17 

10--19 

10 

basal t).catmnnt application 

bias 

biological p-'oblcms 

block-, 

54 57 

48 

46 

-- c 

- "A'frCV.t si7es 

- incomplete 

- number per form 

- number required 

blocks-ithin-f arms 

block3s-within-zones 

4-7,83 

83 

4, 10-19,83 

5,7,37-41, 59,60 

59,60 

41,44 

42 
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c alibration of Spra,ers 


coefficient of variation 


completely randomised designs 


concomitant observations 


- complete 


- partial 


contiguity of plots 


control treatments
 

- choice of 


- extra replication of 


covariance analysis 


cropping history 


d.f. 

- allocation in analysis of variance 

data
 

- primary 


- secondary 


- supporting 


data collection 


defining contrast 


degrees of freedom see d~f.
 

disconnected designs 


efficiency factor (of incomplete block designs) 


Page No.
 

47
 

41
 

5
 

41, 64
 

23- 26
 

23-25
 

24 -25
 

4,6.8
 

49-62
 

13-19
 

64-68
 

46,53
 

85
 

51
 

51
 

51
 

51-52, 58,64-68
 

28
 

18,19
 

12
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Page No. 

FSR/D methodology 
 1, 2, 3
 

F test 
 40
 

factorial 
 20--22
 

2 
 21
 _ 3nl 
 22
 
3 
 22 

- cofoundin"g 29,31
 

farm x treatment interaction 
 38,40
 

farmers
 

- bias 
 48
 

- conflicts 
 47
 

- drop outs 
 48
 

- explanation to 
 58
 

- premature adoption 
 48
 

- premature reaping 
 48,58 

-. reluctance 47
 

-
 farming systeme resenreb and development 1, 2
 
ferms, how many 
 :.49
 

fractional replication 
 27-31
 

group replication 
 11,13
 

gullies 
 46
 

half-rei'licate 
 27,28
 

hierachical analysis 
 42-45
 

homogeneity
 

- of environment 
 41
 

- of error 
 42,63
 

incidence matrix 
 70,74,76
 

interaction effects 
 20
 

lattices 

10,11
 

main effects 
 20-22
 

management 
 50,64
 

marking out 
 54
 

mean square 
 40
 

missing plots and blocks 
 52,68,69,77
 



81
 

Page No. 

non-uniform application 50 

on-farm 

- production systems analysis 1, 2 

testing 1, 2 

- testing of alternatives 1, 2 

paired t test 7, 9 

partially - balanced designs 11 

partition of 

- error S.S. 42 

- treatment S.S. 20-22 

physical problems 46 

planning 35,36 

plot 

- arrangement 5,6,7,55,57,83 

- shape 49,55 

- size 49 

problems 

biological 46 

-- physical 46 

- technical 47 

production systems analysis 

proformae 

randomised complete block designs 5 - 9 

- with one block per form 5;6,7 

- with two or more blocks per farm 59-62 

- with two replicates per block 7, 8 

replication 

- fractional 27-31 

- how much ? 49,59-61 

- unequal 32-36,49 
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PaygeNo 

slopes 46 

subsets of treatments 

- fractional replication 24,28--31 

- incomplete block designs 10-19 

sum of products 64-67 

sum of squares 70-77,85 

supplemented balance 13-17,36 

t - test, paired 7, 9 

technical problems 47 

terminology 4 

terraces 47,56 

treatment application 54 

treatment combinations 20,23,24,28 

treatment parameters 74,76 

treatments 

-' how many 49,53 

trees 47 

unequal replication 32-36,49 

uniformity of plots 46,47 

variance,analysis of 85,86 

within-blocks SoS. 75.76 

wrongly applied treatments 50 

zones 42-65 

zonex x treatment interaction 42.44 



_a' e Io. 

Index 2 Experime-,tal 'oesipns 

Balanced1lattice F4.r. 4 10
 

(t = 9; k r 3 b 12 r= 4) 
Ealanced inco peTvtFs.. lockc . 1!
 

(t 5 k 3 t - 10 r C) 

Bailanced incomple:e ',lok F. 11 

(t = 7 !. = 1 "- r = C) 

Flocks of differcr.t c ze-ci'- 12 34 

(t = S 1' = t : 3" r C ) 

Plocks of differ~v ,i',,t with 
supple:ented balai.cp Fir. 13 36 

(t = k = 5 r.|1 3 c I) 

Conf iundin- cor-pl1te of a 2 
factorial Fip. ! 23 

Crnfoundinj' Fartipl of a 2 
factorial FiP. 1C 24 

Falf-rcplicatc (fracr.ional 
replication)of a '.- fctorial in 
1, blocl-s of 4 plr.;;s. i 27 

-
Inrcorjlete blocL vi tV ":scorinection T,,J. 'A 
t = 6 k / 

Incour 1ete block J.h urp1emented 

alancc 

(t = 4 1 = ) . YA Ac 

(t - k 7. c .) F 7 14 
(t , I: = _ c ' 1) F.!*r,. 72 15 

(t k = c . 7-7) 15. 7. 

(t 7 P = 5 c " ) Fir 7E 16 

ITandomised cornpletc ,lock one 
replicate per blcci !6 

n anclomised comp.ct2 !'-. ocl- two 
replicates per {loci' ir. 

t = number of treatments I- nurnljc.-: of plots per bloct. 
(i.e. bloch cizz ). b = number of iIbocks, r - renlication 
and c = nu.!:.er of control treatmnnt in each block . Fur ICj 

designs c = 1. 

http:nu.!:.er
http:balai.cp
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Table 2 (P. 12 ) lists balanced incomplete block designs
 

available for various values of t and k.
 

Table 3 (p. 17 ) lists incomplete block designs with
 

supplemented balance for various values of 
t,k and c.
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Index 3: Analyses of Variance
 

Factorial- randomised complete
 

block design
3 

2 x 4 blocks 


x b blocks 


33 x b blocks 


complete confounding
Factorial' 


23 x 3 replicates in 6 blocks 


26 x I replicate in 8 blocks 


Factorial- partial confounding

232
 

2 x 3 replicates in 6 blocks 


fractional replication
Factorial 

25 half replicate in 4 blocks 

25 half replicate in 2 blocks 


23 subset with L replicates 


General method* 


Incomplete block design
 

simple replicati.on (generalised) 


group replication (generalised) 


Randomised complete block design
 

generalised
 

one block per farm
 

(t = 4. b = 17) 

(t = 4. b = 17, but double replication of 

one treatment) 

an extra probe treatment. b = 14)
(t = 4 with 

= 

(t = 4, b i0)* 

two blocks per farm
 

(t = 4, b = i0)* 


*Indicates worked examples
 

Page Nb.
 

2
 

21
 

21
 

22
 

25
 

26
 

25
 

28,30
30
 

30
 

70
 

13
 

13
 

32
 

32
 

35
 

39
 

39
 

http:replicati.on
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Page Nr.
 

hierachial classification 

zones 

zones and farms within zones* 

degrees of freedom 

t - 2-8% blocks required 

for 20 or 30 error d.f. with 

1 block per farm 

t - 2-8; error d.f. with 2 or 

per farm. 

3 blocks 

42 

43,44 

60 

61 

t test (paired) 

Analysis of covariance* 64-68 

*TIdicates worked examples. 
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