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TECHNIQUE OF FIELD EXPERIMENTS 13

namely that it is necessary that our methods oI arrangement in the
field must be brought rigorously into harmony with the methods
of computation to be employed. /For Biven methods of arrarigement
it is possible that there shall be at most otre correct method of com-
putaiion, and this one we must be able to recognise and to use' For
manl methods of arrangement, however, no method of estimating
the error, which is strictly vrlid, can possibly exist, )

It is thus seen that the second object of repl.ication, the dimiuu-
tion of error, may, i{ a sufrcient number of plots can be used, be
carried to any required degree of precision, at least if rhe primary
principle of replicition is supplemented bv the principle of Local
Control. With respect to the first object of replication-to provide
an estimate of erroi-we must uow note that, if we are to obtain a

strictly valid estimate of error, then it is necessary, in order to satisfy
the mathematical conditioos on which the use of such au estirnate
is based, that, apart from such restrictions as are introduced in the
complete eliminition qf certain components of the soil heterogeneity,
the difierent treatments or varieties to be tested shall be arranged

at random on the land available. Onc may say that the heterogeneity
df the erperimental land is in this way divided into two Parts, one

of which'is totally eliminated from 'the experiment by-the field
arrangement, and subsequently in the arithmetical procedurerlwhile
the other part is scrupulously randomised ir the field arrangement,
in order thit that portlon o{ it which wili be available for the estima-
tion of error shal be truly representative of that portion w]ich
necessarilv will appear as real errors il our results' The methods
by which'these piio.ipl.? of experimenration have been worked our
in detail are very various, and several eramples of these will be given
by later speakers.

METHODS OF FIELD EXPERIMEN'T-
ATION AND THE STATISTICAL
ANALYSIS OF THE RESULTS

Br JOHN ItrISHART

Tur two simplest methods of layout which fulfil the conditions of
supplying a valid estimate of error and eliminating a large portion
of the soil heterogeneity are (r) the method of Randomised Blo&s,
and (z) the method of the Latin Square. In what follows these
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I4 TECHNIQUE Otr' F'IELD EXPERIMENTS

methods wil be described shortly, with appropriate 3rithr4elic4l
illustrations to indicate how the results of such trials should bp enal/sed.

(I) Mrrnoo or Rrroor,rtsPP Blocxs

As 4n example consider an experiment carried out in I93o by the
Rothamsted stafi at the farm of Mr. E. V' Cooke, North Fen, Bourne
(Lincs.), The crop x,as Potatoes, and the treatments tested were i

iuperplosphate at the rtte of o, o'8 and r'6 cwt. Ppr- per acre

(aiproxirnrt"ly 5 and ro cwt. superphosphate), and sulPhate of
potish "t the'raie of o, t and z cwt. KlO per acre (approximately
z 

"nd 
a c*t. sulohate of potash). in all combinations. There were

rhus ni'ne ,..",.'"r,,, in il, 
"nd'thes. 

were laid down in Iour-fold
reolication. A olan oI the experiment is shown below. The area

wis divided inri four equal blocts, each consisting of nine plots,

and the nine treatmeots were allotted at random to the Plots within
each block. The plot yields, in lb., are given in the table:-

loS rS rS
zK zI( rK

lrs qs 2s

I rK rI( oK

\,t zS oS
\oK zK oK

/rS cS 25
/ rI( zK zx
I
loS rS rS

oK oK zK

zS zS oS
rK oK rK

il; ,\
rK zK ,K\

IzS rS zS\
oK oX rKl
rS 25 oS
z,K zK oK

i.X ox ,1
lrs zS ,s
lrl( zK zli

1". os 2s
./oK rK rX

Area o, each plot : r/?o acre.

oS : No supet.

rS : o.8 c\rt. P!O! as supeF.

25 : r.6 c\l't. p,Or as super.

oK : No potash.

rK : r c$'t. KtO as Sul./Pot.

2K : 2 c*.t. KrO as Sul./Pot.

Bloch

SinEk Pot$h Dg ble Pot

a: IS 2S oS ,sl,s oS IS ?s

Total

B
C
D

372
334
234
262

293
444
29r
385

392
437
279
338

360
393
295
335

45e I

385 |

33e I

38'I

38E
434
297
367

344
366
11?
297

438
,1r 3
365

406
439
479
42\

3453
3670
2959
31 52

L202 I4I3 r446 r383 r565 t486 ,33e l ro55 f ,7451r34a
Genoial Mean : 367.6r
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TECHNIQUE OF FIELD EXPERIMENTS T5

The block .nd treatment totals are given in the margins of
the above table, while the general mean of all plots is 367-6r. We
now regard the deviation from this general mean of each plot leld
as being made up in the main of two parts, one equal to the deviation
of the blocL mean from the geueral mean, and representing the
amout by which the yield is influenced by the fertility of the bloct
ia which it happens to be situated, aud the other equal to the devia-
tion of the mean of the treatment given to that plot froui the general
mean, and measuring the value of the particular treatment as far as

this plot is concerned. The sum of these two poltions giyes a theo-
retical value for the plot yield deviation, and the difierences, positive
and negative, from this theoretical value, of the deviation of the
actual plot yield frorn the general mean of all plots, represent the
errors of the experiment, and are used to furnish a standard error
for the treatment means, o! totals./ The sum of squares of these
residuals is best obtained by eliminating the coniributions due
respectively to blocks and treatments from the totel sum of squares
of deyiations oi the 36 plot values lrom the gengral mean- Instead
of subtractirrg the mean successively from each value, and squaring
and adding ihe remainders, it is only necessary to square and add
the actual values as given in the table, and then subtract a correction
equal to the square of the grand total divided by 36. The same
result could be secured, but with smaller numbers to work with, by
subtracting a round number near to the true mean, as, for erample,

+oo,. from all the values before squaring. The correctiou in this
case ig the square of the new total, divided by 36. The arithmetical
working is as follows :- t

Sum of squares of 36 plot yields
G."nd toi"l ,qo"r.",l *d d'ivicl.d by 36

+99+t20
486+#'4+

Dificrence r2gt1+.56 (a)

Sum of squares o[ 9 treatment totals tg67g37o
Diyide by 4 (iace each is a total of 4 plots) . +919842.5
Subtract as above +84C65.44

Remaioder 5+817-c5 (b)

Sum of oquares of 4 block totals 44o84894
Divide by 9 (iace each is a total of 9 plots) 4f98qg.n
Subtract as above +86,.*5.4+

fitn'89
4rr13.6r

(r)

@)(a)-(D)-(r)
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.16 TECHNIQUE OF FIELD EXPERIMENTS

The sums of squares (D), (r) and (d) must now be divided by the
appropriate numbers of degrees of freedom to obtain the corre-
spouding mean squares. There are 35 degrees of {reedom in all (one
less than the total number of plots), of these there are 8 {or treat-
ments (one less than the total number of treatments) and 3 for blocls
(one less than the total number of blocks), so that there are 24 re-
maining for the error part. The results are nolv set out in the form
of an " analisis of variauce " table as follows:-

Analysis of Yariance Degrces of
.lue lo Ftteilom S*ms of Squarcs Mcd Sqt arc

Blocks 3 33133 89 11044.63
Treatments I 54877'o6 6859.63
Error 24 4r 143.6r -\7r 4..32

Total a29t 54.56

We note that the method of arrangement has removed, under the
heading " blocks,", a substantial amount of the soil heterogeneitf
present. Had the arrangemeDt not lreen such as to allow for this,
the elror " mean square " would have been very much higher.
The next point to note is that the treatment " mean squarc " is

materially greater than that due to error. With uo real treatment
difierences, these two contributions should have been equal within
the limits of sampling error, and we test whether the treatment mean
square is significantly greater than the error mean square by findiag
the ratio of these two quantities, i.e , 4.ot, and then determining
one-half the natural logarithm of the ratio. This gives us the
quantity z, which is in this case equal to o.q32, The same result
is obtained by finding the ordinary logarithm of 4.ar, i.e. o.6ozz,
and multiplying by r.I5I3. From R. A. Fisher's " Statistical
Methods for Research Worlers," table of z, we find from r, (the
number of degrees of lreedom correspondingto the larger mean square)
: 8, and z" (the number of degrees oI Ireedom corresponding to
the smaller mean square) == 24, a z value oI o.6o64 for thp r per ceDt.
point. Thus the value o.6o61 would be exceeded bv chance only
once in a hundred trials, had there been no real treatment difierences,
and we therefore conclude that as the actual z is o.@32 the efiect
of treatment is undoubtedly significant. It remains nolv to eramine
the nature of this treatment efiect. The square root of the error
mean square (t7t4.32) is 4r.4o, and this is the estimated standard
error of a single plot. The standard error o{ a total of four plots
is got by multiplying this by the square root qf 4, and is therelore
82.8, while the standard error of a total of rz plots is got by multi-
plying by the square root of lz, and is 143.4. We may therelore
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TECHNIQUE OF FIELD EXPERIMENTS T7

rearrange our treatment totals in the following way, in order to
brhg out the real effects. and rve append the appropriate standard
errors.

. TOTALS OF FOUR PLOTS

No Su?cl Si4l.gL Stqel DotbL SuP.r Total
No Potash . t2o2 r4r3 1446 406r
Siugle Potash 1383 1565 1486 4$4
Double Potash 1339 1655 rr45 4739

Total 3924 4677 a3,234

Standard error, 82.8 or 5.63 per cent. ; of margins, 143.4o! 3.25 percent.

The difierence between any two totals should exceed three times
the standard error for significance, and an inspection of the table
shows that the main efiects are a response to superphosphate which
is not increased materiaUl by the double dressing, and a response
to sulphate of potash which is of such a nature that the feld from
the single dressing is intermediate between the other two, although
alone the increase is barely significant over the yield of the plots
without potash. These results are gleaned from the margins oI
the above table, which do something to smooth out the irregularities
of the individual figures, and which are based on tbe means of tz
plots. The ouly additional efiect that could emerge would be an
interaction between supcrphosphate and sulphate of potabh, i.e.
where the increase on a trlot having both was something more than
the sum of the separate increases due to the single nutrients, There
is not much sign of such an interaction in the individual figures
of the table, but these treatment efiects can be tested more pre-
cisdn siace ttre experioent is of a balanced type, by breaLiag up
the total sum of squares due to treatment into two parts due res-
pectivelF to superphosphate and potash, and a third part representing
the iuteraction. The calculations are similar to those already
carried through for blocls and treatments, and are as follolvs:-

Sum of squares oI 3 super totals . 58Z36194
Divide by rz (since each is a total

of rz plots) 48gq73z'83
Subtract as in previoui work 4864965.44

2976739 (2 degrees
of freedom)

4633
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I8 TECHNIQUE OF FIELD EXPERIMENTS

Sum of squares o{ 3 potash totals 58610198
Divide by Iz 4884183'17
Subtract as above 4864965'44

tgzrT'73 (z degrees
of freedom)

Remainder on subtractinq from

54877.o5 
-. 

589I'94 (4 degrees
of freedom)

The ceutral part oI our analysis of variance table m1y then be

given more fully as-follows :-

Dse to
Super.
Potash .

Ilteraction .
tE!ro(

DeE/..s of srrfl oI Meat
Fr..don Sq$ar.s Sq arc

2 29267'39 r4883'?o z: r'0806
2 tg2a?'73 9608'86 ,: 0'8618
4 589r.94 t47z,g8

24 1714'32)

z for r per cent, Point ($L : 2, n2: 24\ : o'8626

It is obvious that the ioteractiou is wholly insigaificant, the meaD

square being nearly equal to that for error, while by testing the suPer-
phosphate and potastr. efiects by the z test with z,: 2 aa.d z2:2+,
it 

"ppe"rs 
that both eftects are siguificant. We see therelore that

the method of arrangement has not only given us effectively greater
replication for the potash and superphosphate comparisons, but has

shlwn thar the efiects demonsrrated for each treatment hold, within
the limits oI experimental error, over a wide range of the other
Iertiliser. The analysis is completed by presentiag the data of our
table in agricultural units, z.g. tons Per acre. Since thc yields given
in the body of the table are in lb. per'/ro acre, we must divide them,
and the standard error of 82.8, by al,,o x zzTo,ot Iz8, while the mar-
ginal totals, and the standard error of 143'4, are to be divided by 384
to give marginal means iu tons per acre.

(z) Mrrnoo or rnr Lerru Squetr

We shall tate as an illustratbn of this method a trid carried out
on sugar beet at the South-Eastern Agricultural Colbgg, W7e' in
r93o. The treatments were (I) control, (z) sulphate o{ ammonia

$ cwt. per acre) applied with seed, (3) nitrate of soda (equivalent
to 3 cwi. sulphate of ammonia) as toP dressing, and (4) cyanamide
(equivalent to 3 cwt. sulphate of ammonia) applied a few days before
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ISNC
II.CSO
IIIOCN
IVNOS

654
638
499
557

Rows

Total

Toral
2 58?
255r
237t
2294

o
2r48

Staaddrd
Ettot
37'92

YIELD OF UNWASHED ROO:TS

Cottart*s
661 6Zl
62t 573\
58r 639
4?7 59r

2348

TREATTIENT TOTALS
i

SNCMcat
z5r8 25?6 256\' 2450'75

TECHNIQUE OF FIELD EXPERIMENTS T9

sowing. There were four replications of each treatment, aud the
plots were arrauged as in the diagram, so that each treatment occurred
once 

"nd 
on." only in erch row aud column of the Latin square.

The particular 
"ri"ngemeot 

adopted was one chosen at random
out oi the total number of Latin squares of this size'

O Areg oI eacb plot F t/6o acre.
N O : control.
S S : sulPhate of ammonia.
C N : nitrate of soda.

C : cyanamide.

All plots received 4 cwt. superphosphate and 2 cwt. muriate of
potash per acre.

IN LB.

599
719
652
669

2476 2639 9803
General Eean, 612 6875

With this method oI arrangement, the rows of Plots are rePlicates

of one another, aud equalll the columns, and a comparison- of their
rotals measures the efieit of soil heterogeneity, which can be elimiaated
in the calculation o{ the standard error of the treatment meaus. The
deyiation from the general mean of the yield of any one plot is in
fact regarded "' -"Ia ,p in the main of three parts, one equal to
the deiiation of the row 

'mean from the genelal mean, another equal

to the deviation of the column mean from the general mean, and

the third equal to the deviation of the treatment mean Irom the
e.oeral -"ai. The sum of aquares of the residuals, or difiereaces
If ,h" 

".t,r\l 
yield deviations'fron theoretical values made up of

these three paris, is then used to furnish an estimate o{ the required
staudard erior. 

-As 
in (r) this sum of squares is best obtained by

eliminatiug the coutributioos due to rows, columns and tre.tmeot
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20 TECHNIQUE OF FIELD EXPERIMENTS

from the lotal sum of squares of deviations oI the 16 plot values from
the general mean. Thi arithmetical working is es below:-

Sum of squares of r5 plot
yields 

-. 5rf,gg+g
Grand total squared aud

divided by 16 Mr7y56

Di*erence .

Sum of squares of 4 row totals
Divide by 4 (since each is a

total of 4 plots)
Subtract as above

Remainder . .

Sum of squares of 4 column
totals .

Divide by 4 (since each is a

total oi 4 plots)
Subtract as above

62773'+. @)

2+o8+z+7

6ozto6t.7 5
6oc6r75.56

14886.19 (D) (3 degrees
of freedom)

2+o836Et

6rzry.zg
6rcrc6l7g.56

4724'6s Q)

(r5 degrees
of freedom)

(3 degrees
of freedom)

Remainder .

Sum of,squares of 4 treatmeDt
totals .

Divide by 4 (since each is a

total of 4 plots)
Subtract as aboYe

Remainder. '

(a)-(I)-(r)-(Q

(l) $ degrees
of freedom)

(6 dcgrees
of freedom)

z4r q87zg

6q7r8r.zg
6oo6t7 5.56

3tcD5'E

zr 56.87

A,alysis oI

Rows .
Columns
TreatEeots
Error

Total

Dagtars oJ

3
3
3
6

Surn oI
Sqlaar.s

r4886.r9
t+724.69
3roo5.69

2156.87

Mad
Squan

4962.06
49o8.23

ro335.23 z: t'6794
35S'48

r5 627?3 44
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. The sigaificauce of t-he treatment difterences is here unquestioned,
since the r per cent. value of z for z, : 3 and 4:6'is r.r4ot,
and the value reached, r.6794, erceeds this. The siandard erroi of
a total of {our plots is

lbSS.+8 x +):32,92, or r.55 per cent, of the mean.

It is clear from this standard error, taken in conjunction with the
table of treatment totals given earlier, that the reiult of the experi-
ment may be summarised by salng that there was a significani in-
crease in yield due ro the appliiation of nitrogeneois fertiliser,
whatever the form, but that there were no difierences in action be-
tween the forms of fertiliser, or bctween the times at which these
wrcre applied.

- The two experiments selected in this paper are an illustration
of the fact that the Latin square method u;uaIy provides greater
accuracy of comparison (here r.55 per cent. as against 3.25 per cent.
at the lowest). This nethod is in fact the besi wheri tf,e number
of treatments is not too great, e.g, up to six or seyen, and particularly,
where all comparisotrs made are of equal value, as in testin; equivaleDt
quantities of the same fertiliser, or in testing difiereit varieties.
For experiments involving larger numbers oI ireatments, as in all
cases oI the.balanced type illustrated in (r), the randomised bloct
method is suitable, but care should be taken that a suficient degree
of replication is provided Ior.

A brief statrment only^has been given of the methods of laying
out arrd analysing experimlntal trialq and each experiment tr""tei
usually produces points of its own for consideration, while experi-
ments of a more cdmplex nature than those dealt with here can also
be readily carried out. For a more detailed discusion of the pria-
ciples of the method, and of the method of analysis, the fololwing
references should be consulted:-

R. A. Fisher: " Statistical Methods for Research 'Workers.', 1rd edn

^ .r93o, _Chapters VII and VIII. Otlver & Boyd. r5s. "
R. A. Fisher: " The ArraDgemeDt oI Field Eioeimints.,' Iotqrul

oI lhc Ministlt of Agr;ct ltulc, Vol. XXXIII. iqz6. oo. <oe-irr
R. A. Fisher aDd J. Wishart: ..The Arrangement ci fi"j,i p"*ifirid"t"

and the Statistical Reduction of the Results.,' Imperiil Bureauof Soil Scieuce-Techaical Comrriu-o.ication No. ro.'- ff .frA.--SE-tionery Ofrce, r93o. rs. net,
J. O. Irwin: " Mathematical TheoreEs involved in tbe Analvsis oIVariaoce." 

^ 
Jownit oI thc Royal Stotisril,a,l Sor;ry, Vol. 'XL-IV,

r93r, pp. 284-3oo.
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