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METHODS OF ESTIMATION OF CROP
GROWTH AND YIELD

Bv D. J. WATSON

Rotb am t tc d E rptr imattal S t a tioa

Fruo experiments are usually laid down as yield trials, in which
often the only recorded results are the final weights of produce
obtained from the difierently treated plots. Such resulti are of
cou$e of great yalue in determining agricultural practice, but thei!
scientific yalue is much increased if it is possibli to interpret the
differential effects of treatmeot in terms of physiology. ThJ analysis
of leld in terms of physiological processes in the plant presents
manl dimculties, because of the large number and the complexity
of the variable factors inside the plant and in the soil and ilimate
which are involved-

Some inlormation can be obtained by careful visual observation
of the crop throughout the growing period. In this way difierences
in the amount of growrh, {or example, or the incideDce of discase
may be detected, but it is always difficult to make nume cal estimates
of such observed difierences, and any estimates made are apt to be
unreliable, depeuding as they do on the experience and preconceptiots
of the observer. It is obvious that if an attempt at an anal;tis of
yield is to be made, direct measurements throughout the growth of
the crop are esential. To begia with, we may examine the simpler
aspects of growth, such as growth in height, growth oI leaf arei or
tillering. Thjs is a comparativelv simple matter, but the problem
becomes much more difficult if we attempt to push ttre aoalysis a

stage further, by investigating the fundamenral processes in the
plant of which growth is the expression. At the present time there
is a scarcity o{ methods of measurement of these physiological pro-
cesses, which are at the same time reasonablT accuraie aud sufficiently
simple and quick to be employed in field work, and which do noi
involve destruction or darnage to part of the crop.

Whatever aspects of the growth of a crop ia a field-experiment
we may wish to study a further problem presents itself. Because of
the very large numtier of plants on an experimental plot, it is only
possible to make measurements ou a small fraction of ihe whole, and
a sample must be selected from the plot for this purpose. Since
there is- usually-a hJgh variability between the plants, thi validity of
condusions derived from measurements made on a sample, depend
on whether the sample is reallv representative of the plot from which
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TECHNIQUE OF FIELD EXPERIMENTS 55
it is taten or not. A reliable sampling method is therefore essential
for feld study of growth and physiotgy.

Recently at Rothamsted , new techliqo. of samplins has been
evolved by Mr. Clapham,r io which use i, m.d. od th"',t"tirii.rl
met-hod o{" the Analysis of Variance. This sampling t..hniqu. *r,
fl-rst used tor maktng growth measurements, but it has been shown
that it could be adapted for estimaring the yield of a plot with sui-
hctent accuracl. lts use for this purpose has b.en moit fully worked
ou-t for cereal crops, but it also has bein applied, perhaps l.r;,r;;;r;_
{ully., to root crops. - l-t uill be simplest ,o air.rl, n"i ,t. p;n.ipi.,
rnvolvecl rn the technique as applied to the estimation oi yield ot
cereals-

, A Cr* sampling method must satisfy two requirements. first,
the sample must be sufficiently large and so distributed in the plot
as to be represetrtative of the whole plot. Secondlv. and mor. i-i.,r_
tant, the sampling must be carried out in such " *"v 

", ,o -r["-"statisticall/ valid estimate oI the error introduced'in t"[i;; ;h"
sample possible. Unless such an estimate of .rro, ."n t.'--"a"" iirl
validity of the conclusions drawn from the observations on th" rrl"i"
remains in doubt, and also it is not possible to irr"riig.i. iir"-."rl.,
of the sampling error, and then by iuitably ,""rr"ogiil ,h; -.,h;iof .sampling to reduce tJre sampling erior. A ,i"tirti."ltv 

"rllaesttmate or erro! can be made only if the sample from a plot consists
of a- number of parts, or samplirlg units, ;-r{t.h ; arlJiriJ'"i
random in- the plot, that is to say, if the sampling units are a
raudom selection froln a large p6pulation of ,iu.t'ottr. Ota.i
methods of sampliug, as for example-, those used by Engledow., and
by American worters r, . have involved " ,;,rt.-"ii. diitribution of
the partsof the semple over the plot, and though . rr*.-"ii. 

".r"o.._ment reduces t-he labour involved in sampling, it i, open to ih"
objection that no valid estimate of.rror."n b""'obt"in.d'.

- 
Clapham took.as his sampling-unit a metre_length oi drill ,o*.lrom a-plot of-about r/,oth of an acre he cut th'irtv such metre_

lengths,'which rjvere distributed at random. The vi;ld of er.h .,f
these metre-lergths was determined separately. ff,J,ri,.f i"""*,
of the deyiations of the felds of ea.li metr"Jcngtl f.rrn in.'-e.i
y-rcld. per metreJetrgth-, dividcd by the number of iegrees of freedom.
wnrch rs dne less than the number of metre_lensths. and bv the nury,b.i
of metre-lengths, gives the variance due to srinpiing, 

",ia 
,fr" ror"i"

root of tbis variance is, the sampling 
"rro. p..'ploi. fh. r".'piine

errorworkecl out at about 6 per cent., and indicated that for ai
equal number of sampling units raken from a plot of r/no acre, the
usual sue ol the cxpcrimenral plots at Rothamsted. the samplino
error would be qot more tha! 5 per cent. The staldard errir o?
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56 TECHNIQUE OF FIELD EXPERI]\,IENTS

plots of this size due to causes othe! than sampling is usually from
8 to ro per cent,, and the superposition of a further error of 5 per cent.
would increase this only to from 9 to rr per cent., so that the in-
creased inaccuracy due to sampling was satisfactorily small. The
yield o{ the whole plot was calculated from the mean yield of a
metre-length, by multiplying it by the total length of drill row,
which is easily calculated from the area of the plot and thc distance
between drill-rows.

Seyeral refinements havc been made in this original simple
technique. The sample can be made more representative of the
whole plot, by dividing the plot into a number of parts from each
oI which the same number of randomly distributed sampling units
is taken. The procedure has the additional merit that the total
variation between metre-lengths can be analysed iato a portion
representiDg difierences between the mean yields of the parts of
the plot and a portion representing difierences between metre-lengths
within the same part. The former portion of the variation may
fairly be eliminated as due to difierences in mean fertility betweeo
the parts of the plot, and consequently the sampling error calculated
from the remaining variance is reduced.

The metre-length proved in some conditions to be too coarse
a unit. This was shown by dividing the Eetre-lengths into halves,
and harvesting each half separately. When this was done it was
sometimes found that there was a significant corlelation between the
yields of the two halyes of metre-lengths, That is to say, successive
half-metres of drill-row wele more alile than randomly distdbuted

'half-metres, and a giyen uumber oI randomly placed metre-lengths
was a less representative sample of the plot than twice the number of
randomly placed half-metres. Doubling the number of randomly
placed sampling units would of course increase the labour of sampling.
A better solution of the difficulty was lound by using a dissected
metre-length of drill row. Vadous methods of dissection haye been
used. In one arrangement the metre was divided into quarters each
of which was separated from its neighbour by hal{ a metre of un-
sampled corn. In another the metre was divided into halves, which
were taLen from adjacent drill rows. With either of these arrange.
ments the correlation between sepalate parts of the metre disappeared.
A half-metre length of drill row is then a satisfactory uoit for sampling
a cereal crop, and it may be profrtable in some cases to use a quarter-
metre, Smaller units than this would be impracticable, as Professor
Engledow'? has pointed out, owing to the increased importance of
end errors. American workers haye used the rod-row (5i yardt
and the square yard as units, but these are much too large.

The general principles iavolved in Clapham's sampling technique
may thelefore be stated thus :-
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TECHNIQUE OF FIELD EXPERIMENTS 57
The sa-mgh on which an estimate of yield of the plot is based

consists of. the aggregate of a number of'unplitrg rr;r1, *ti.t-"."
orsrnbuted at random over the plot. .The umpliry urit itself may
be divided into a number of uaii, whic\ *" *rir!!a'.yr,i_"ii."iry
within rhe .sampling _u,nit. The particularuyr,.ur'",i. 'r;'r.*;;;;,
adopted ts determined by two consideratlons. A good 

"r."ni.."ottends to. make rhe sampling-units themselves repiesentative"of theplot, and therefore lile one another, 
. 
thereby reducing the sampling

error... Also _the arrengement must be such ", ," r"?r." rr-il, 
",posslble the labour oi samolins-

, The estim-a-te of s"mpliog "".ror is derived from the variation
::t]::ln samlting units, and. in order that an estimate of error may
De made, at lea,st two sampling units must be talen per plor. The
srze ol thesamplitrg error is infuenced by the number and <iistriburion
of units within the samplins unit.

The accuracy of th" esim"t" of sampling error depends on the
number of degrees of freedom on which ii is based, thai is to say onthe number of sampling units. For assessing the yield of a sinele
plot-rt rs. thereJore necessary to take a fairly.large number of samplirg

. unrtq dependtng on the size and uniformity of the plot, but^oro_
oably not less than teB would need to be taken. Wien, ho*euer,
a large- number of plots, such as form a -oa.r" ,.rf i*ilj'lr""r;
meat, is being sampled, each plot can be -"a. ..o'"irlUri. iotii.estmate ot sampliDg error, if it can be asstmed that the variatiou
rrom sample to sam_ple is of the same order on difierent plots. There
rs conslderabte evidence Io justify this for plots which'are manured

L:ro-to,,",7 
agncultural rates, but it would not be true for a verywrde range ol manuring such as is often given in pot experimeu.ti.lI the assumpuon-can be made, the number of sampling units oe.plot may be cut down,- often to as low as two p", plotl Th.rl i.rner.one clegree ot treedom per plot for estimation of iamolins err.rl"

and if there are r plots, thi sampling error for the ,f.i! ,1i."'-lgetner ls based on z degrees of freedom. Since , *.ould nor usually
De less thrn 16, and often considerably more, a sufficiently accuratlestimate of error is obteined.

. .lf the number- of sampling units per plot is reduced in this wavlt is Decessary to increase the numbei of 
'units in ,h. ,"fi[il;;11

::::TI!_:h: pl:, eftectively. For example, in a 4 x 4 Lltiniquareerpenment on.barley, four sampling urits were iut fiom each,plotor'/roracre, eachconsrsnng of ten half_metre lengths of drill arraneedaccordrng to a slmple systematic scheme. A considerable savinp-oflaoour.rs obtarned by using a small number of larqe sampline u;its_
srnce the Dumber of random nlacings is reduced, a.-nd thJ nuirber oithreshings and weighings i, "ir. ,1.1r;;..d---i;ffiil;H;t";

T
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58 TSCHNIQUE oF FIELD EX?ERIMENTS

determine the vietd of each unit oI the sampling unit separately'

""i"rr 
ii-rt ll".a to test whether the systemati' arrangemeot of

units within the s:mpliog unit is a satisfactory one,'

The size oi s"*pl" to be taLen 
-from " P]ot, tltP:"d-1,:1-, tl'

croo and on the accuracv required' It can only-be determrueo,Dy

iiil, ..#t-""i--ioi ."t.itt it has been found in a considerable

;;b., &'i;*"b ;"i".,*plt of 20 to 30 metreJengths Per PIot of

"u"*-ii* "ii" i, ,um.i."ity larg", "nJ 
gives a sampling error 

,of
S"a*".o i"nd 6 p.r cent., which causes an increase of between I and 2

;;; ;: t; rhJ experimental error Per plot, by which reatments

are comDared."'" ii.'i..rrtir". has been applied to the estieation of yield of a

"-;;;;;.; h single plant *rs t"k"n as the unit' Two sampling

I"i,t'*.tJ-irt"t it-"il.1.1 ptot, each consistirg o[ every twentieth

olant in the rows of the plot, starting at a PIaDt selected at. ranootn

i.o- 
"rnon*, 

the 6rst rwenty plants' Thus each samPllng unrt

*"r'altrtiU.%a ."". th. *holt ilot and ir itself representative of

;; ;;1;;i;;. 
-thi, 

i, " good'cxample or the wav. in which. the

advantases of a systematic arraugement in the savlng. oi labour

.an be Jombined with the element of randomness whrch rs necessary

for a valid estimation of error''"' il;;"i;;;tih" .ffitit"tv ol a sampling method.is made bv

-rn*tir"}," ";.1a,-oiii",.a 
6y s"mptiog wiitt the.yields obtaioed

ir"rlr*.t".ri,- itJ weig4ring thc whold produce oi the plnts' 
, 
This

hls been doie in " numbei oI experiments-'6 and it was lound thrt

iiiir" ir]".*r,i"" was lost by t"-pliog, and the results obtained by

the two methods were substantially the same'

We rnay turn to the use of the. sampling technique lo' ^Tng
observations and measuretnents during tire growth of a crop . Jhe

"r...llt. } i.t.ir"g , ,"-pl" fot tf,it puipos" is precisely similar

io th"t u,.d in sampling for yield' But since countiag and makrng

;";J;";;,;-;;i'" it""t,'i" a sampling- ulit takes verv. much

Ionser rhan merely cutiing out the unit and tyi-og it uP' as rs.dotre

i;'1;;1t"" f- ield, it 'is usually necessary to reduce ,the size of

the sairple" consider"bll. Alternatively ir a large rePlicat€d ex-

".rl^""I LU"* *"" bl cut do"n by sempling {rom only a selected

i;; ;;-;;;,"". rnit leads usuallv- to ia increased and less

,ccuretelv deiermined standard error for treattnent comPansons'

;t.* ;i;;.-b;;;id.gr"", of {t"'doro on which it is based is reduced'

ii'i. "i"Ur[i" "*f"rabie 
therelore in most cases to reduce the number

;; t.'^;lilg';i,t taken Irom each plot rather than to reduce the

number of plots samPled.---il;;;'il ,*'ot th. sample, of course, leads to ao 
.increased

s"mpling erior, and a loss ol accuracy' But siqce the samplng error
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TECHNIQUE OF FIELD EXPERIMENTS 59
can always be calculated, and the significance oI the results obtained
from the samples determiaed, there is no danger of drawing un-
warraoted condusions. In some recent counts of plant number
and tiller number on the plots of a wheat experiment, where the crop
was not abnormally uniform, 3 me{e-lengths of drill row w"re counted
in each plot of r/ru acre. The sampling error per plot was just under
12 per ceot., but highly sigaifrcant difierences were {ound for the
difterently treated plots. There were 48 plots in the erperiment,
so thlt in ell r44 metre-lengths were sampled, from an arei oI about
one acre. Although this is small compared with the size of samplc
taken for estimation of yield, it represents a larger sample than has
often been used iu studies of crop development. Engledow,2 for
example, in his " Census oI an acre of corn," took roo foot'-lengtbs
of drill from an area of one acre, and concluded that this wis a
sufrciently representative sample.

The procedure of sampling in the field is very simple. A list
of random placings for the sampling units is prepared beforehand.
Usually each placing is fixed by tqo numbers, the first being the
number of rows along one side of the plot, and the second the
number of paces into the plot. After the numbers have been selected
they are arranged in such an order that in observing successive
sampling units the observer moves steadily over the plot, from one
side to the other, and the amount of trampling is thus ieduced. The
sampling unit is measured out b/ means of a rod, in the case of a
cereal crop, which is placed along the drill-row. Ii'the sampling unit
is a small one, a dissecte{,rnetre-length, for example, it can be fixed
by one placing of the rneasuring rod, but if a more complex samp-
ling unit is used, a number of placings are necessary, following a sysG-
matic distribution {rom the randorrlf determined starthg point. In
sampling for yield, each sampling uoit is cut out by mJans of large
scissors or shears, and tied up and labelled with the number of the
plot. The ears are prorected by enclosing'thsm in a paper-bag,
which is'pcrforared with holes, which are small enough io-prevent
the grains passing through them, ia order that the ears may be ade-
quately ventihted and the growth of moulds prevented. 

'When 
ell

the sampling units have been taken from a plot, they are tied up
together and brought back to the laboratory; where they are storea
uotil it is convenient to weigh and thresh them.

The advantages which the sampling method gives may be sum-
marised as follows :-

_ Many of the errors which are involved in large scale harvesting
of cereals are avoided by sampling, as for example, losses of grain in
the stook and in the stack. Inaccuracies due io weighing oi weeds
as straw are eliminated. Edge-rows can be discarded wirhoqt

I
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6 TECHNIQUE OF FIELD EXPERIMENTS
the necessity oI cutting them out. The bulked produce of the
independently located sampling units form an excellent sample for
chemical analysis. Smaller plots can be dealt with by the sampling
method than byordinaryfarm methods, and this is of great iuportance,
since for a given experiment3l area, greater replication can be ob-
tained by reducing the size of plot, and the accuracy of the experi-
ment so increased. Where large scale machinery suitable lor dealing
with small experimental plots is not available, the sampling method
may be used, and the problem of harvesting complex field experi-
meDts at farms some distance from the organising centre can be
solved. Finally, since sampling in some form is necessary for the
study of crop growth and development, a statisticalll sound method
of sampling is indispensable.
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THE IMPORTANCE OF FIELD
EXPERIMENTS

' Bv T. I{. J. CARROLL

InPtrial Chcnid l*dutriet

Durrlrc the last few years the number of artificial fertilise+s placed
oo the market has considerably increased. In particular Imperial
Chemical Industries has placed belore the. farmer a number ol
concentrated fertilisers such as have not previously been available
in this country.

It is of the greatest importance to the fertiliser industry that it
should Inow as accurately as possible the value of its products,

Numerous institutions and agricultural Etatioqs in this country
are engaged in establishing the. general value of fertilisers. There
are some, however, who do not caie to include the new concentrated
fertilisers in their programme of work because they were made by
one commercial firm.
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