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"AE VALUE OF SUMMARIZING RESULTS FROM INDIVIDUAL EXPERIMENTSl

W, T, Federer

Introduction

A1) too often the data from individual experiments are filed away or are
discarded shortly after reduction of the data to a few pertinent summary
statistics such as means, variances, standard errors, F values, etc,

The fact that data from individual experiments still contain a considerable
amount of information frequently escapes the attention of ressarch personnel.
Alse, our budgetary structure is such that more emphasis is placsd upon the
individual experiment or project than upon the coordination of results and
efforts, Our research men are rot, in general, urged or encouraged to use
every fifth or tenth year to summarize and to interpret past results. A
critical evaluation of the results and of the methods of past experimentation
is of considerable value in planning future work., Inadequate planning of
future research leads to inefficient use of research personnel and
facilities, and frequently to publication of inconsequential results.

The statistical problems associated with summarizing results from a
group of experiments have not been completely solved, and statisticians
will find this a fertile fieldfor research., Some relatively simple and
_ usable methods are, however, available in the published literature.

The purposes of this paper are:

(1) to illustrate certain types of information that are available
from the summarization of results from a group of experiments,

(2) to indicate the changes made in two research programs as a
result of a summarization of past results, and

(3) to present a method for summarizing experimental variances,

Examples of Types of Information Derived from a Summary of Results

Examples of the kinds of information that may be derived fvom summarizing
the results from several experiments are given belew, The list of
illustrations is incomplete, but it indicates the diversity of information
that may be obtained from summarizing results frem experiments conducted
primarily for other purposes, In this connection, experiments should be
designed to serve more than a single purpose. For example, the individual
experiment may be concerned with the effect of fertillzer treatments on
the yleld of grain, but the group of zll such experiments may be used to
investigate some aspect of the experimental technique.

(1) Loss in information due to subsampling the field plot.

Yates and Zacopanay (24) investigated the loss in information due to
harvesting only a fraction of the plot relative to complete harvesting.
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Thirty~three experiments on cereals were used in the investigaticn. The .
individual experiments were set up to compare the effect of various treat-
ments on the yield of wheat, barley, and oats. Since the plots were large
subsampling procedures were used to obtain a sample for threshing. The
subsampling rate in the experiments averaged six per cent of the total plot
area, and the loss in information relative to complete harvesting was 31.2
per cent, This means that 50 per cent more replicates would be required

- to attain the same degree of precision with a subsampling rate of six

. per cent as with complete harvesting. With subsampling rates of 12% and
18% the lssses in information due to subsampling relative to complete
harvesting were 18% and 13%, respectively. Yates and Zacopanay illustrate
the procedure and the gains in information obtained when use is made of
total unthreshed weight per plot., Also, certain sampling schemes and '
methods of stratifying the plot are more efficient than others- (1L, 2L).

Under. some cost situaticns it is more advantageous to use additional

replicates with subsampling than to use fewer replicates with complete

harvesting. Yates and Zacopanay present the procedure for determining

the optimum sampling rate and number of replicates for a given cost

situation,

In each type of -experimental work it is necessary to obtain factual evidenca
concerning the relative loss in information due to subsampling, Then,; in
light of cost and practical considerations,the experimenter is in a posn.taon
to decide the appropriate subsampling rate,

(11) Estimating a treatment response from a group of experiments, .

The same treatments or varieties may be repeated in a number of experiments,
and it mgy be desired to obtain a comparison over the group of experiments,
For example, it may be desired to estimate the mean response for various
nitrogen applications in a series of experiments conducted over a con-
siderable area and period of time. The responses to nitrogen applications

in the individual experiments may be subject to different errors, Cochran (2)
and Yates and Cochran (23) describe the procedure far estimating the mean
response under these conditions. They obtain a weighted mean respcnse fcr

the different fertilizers from a groun of experlments“

The individual experiments may not be large enough to detect small responses
whereas the combined set of exepriments may clearly indicate the presence
ef an effect. Also, the individual estimates of effects may be interesting
but rather uninformative with-regard to an entire region, For the latter
case a combined estimate is desired., In addition to obtaining a mean
response, an investigation of the responses from the individual experi-
ments may be informative in ascertaining which experimental situations
yield large responses and in observing the suitability of the treatments
selected,




3o
(114) . Relative precision of exp@rimental designs.

The results from all experiments may te a~ed to determine the relativs
gfficiency of the various experimental cesigns used. Prior to obtaining

an average efficiency over all deosigns the experiments ghould be grouped
according to type. If the experimental errcr varianese in sach of wwo
designs are denoted as Ey, with f, degrees of freedom and E, with £q degraes
of fresedem, if the corrssponding numbers cf replitatos ars denotad as r
and Ty and {f the corresponding costs of conducting the experiments are
denoted sg ¢y and ¢,, then the efficiency per unit of cost of the firstv
design (subs cript l% to the second dgsicn (subscript 2) is squal to

o , o
( rlel\‘ fl'%l_ ,/ /FQCZ {f}""é 1 \

.31) 3 / \ B/ (e 3) - 1)
If the first design is more efficient than the secend the ratio din the
above equation is larger than cno., The cos? of experimentation includes
the costs associated with the design, the analysis and the conduct of an

experimant. In many situations the costs for the two aXperiments are
nﬂarly aqual, and €1 is set equal to Cao

In cartain experimental designs it is possible to estimate the error
variance for a design with less complete stratification. For example,

it is possible to obtain an estimate of the errcr variancs for a completely
randomized design even though the experiment is designed as a 1atin square,
This property -allows the computation of efficieney of the actual design
with one having fewer restrictions on the allocation of treatments over

the experimental area.

Cochran (L) presents a summery of the results from £ield oxperimguts

earried eub at Rothamsted and assoeiated centers batween the years 1927

to 1934, He found that ten replicates of a compieteiy randomized design
were required to give the same precisicn as six replicates of a randomized
complete block., Four to five replicastes of a latin aquars were as accurate
as eix replicates of the randomized complete block design or as ten replicates
of the completely randomized deslgn.

Furthey wovk by Coehran (5) illustrated that largs gains in inforwation
were tc be realized from using lattice designs rather than ths randomized
complete bloek design for corn varietdl trials in Iowa. He found that the
precision of the lattice designs tended to incresse as the size of thg
block increased, Cox (6) found similar results from a summary of
efficignsiss of lattice dosigns sarried out at tho North Carolina station.

Sueh summarizations tend to point up the value of certain designs and the
defzcts of others, Some designs are excellent in certain fields of
research and of little use in others, A summary of the efficiensy of

. various dosipgns is suggested for each field of ressarch and for each
experimental set-up, It is recommended that at leas® 30 and prefersbly
LO to 50 experiments be included in each summary singte an individual
estimate of relative efficiency is subject to considerable variation.
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(iv) Investigation of differential errors in fertilizer experiments, .

Kempthorne (16) investigated the individual experimental errors for main
¢ffects and interactions from 128 experiments on sugar bsets. He found
that the affects were subject to the same error variances, and hence, the
use of the pooled error in a factorial experiment, and the wse of confounded
arrangements are warrgnted for fertilizer experimenis on sugar beeis,

(v) Effect of size of pampllng unit on the relative Vdriabili‘t.y in ,
marketing studies. ‘ o : L

Prcfessor Max E. Brunk and his associates have conducted a number of con-
trolled experiments in retail grocery stores to compare the effect of

various marketing procedures on the sales of apples. The treatments (the
various marketing procedures) remained in a store for different lengths

of time. Some treatments remained in a particular store for one day

vhile other treatments in another experiment remained in a store for

longer periods. The coefficient of variation was computed for each of 2l
latin square experiments in which the experimental unit, or the period

of observation on a treatment, was one day. The average coefficiant of
variation was 37,7%#. In another group of six latin squave experiments

with the psriod of observation being either one or two weeks the average
coefficient of variation was 1L.3% with none of the experiments having a
coefficient of variation as high -as the lowest one in the group of 24
experiments. The decidedly larger coefficient of variation associated

with periods of cbservation of one day's duration points up the fact that
mere replicates are required tc attain the degree of precision abtained .
with experiments in which the period of observation is one week in ‘duration, -
If the treatments are difficult to change it may be more ef fic1ent to use

a ionger period of observation,

(vi) Estimate of heritability.,

The estimates of heritabll*ty presented in the literaturs often pertain

tc animals reared under the particular experimental conditions assodiated
with experim31t stations,  The results may or may not b3 applirable to
animais resred by commercial breeders, King (17 summarized the estimates
of heritability for varicus characteristics of poultry prssented in the
literaturs, He investigated the heritability of several traite on a
commercial ‘poultry flock and found good agreement of ths estimates if he
ignored ths effect of hatching date, but not otherwise. Ths effect due

tc date of hatching was large and appeared to be random, Henss, it should
not be ignored in computing heritability estimates sincs a change in thes®
estimates may change the method of breeding employed in selecting for
certain characteristies. T ‘

(vii) Investigation of results from corn experiments in Jowa

Dr. G. F, Sprague has conducted a rslatively large number of experiments
on corn sach year since 1940. The individual experiments were designed
primarily to ccmpare grain yield and other characteristics, but they havs
been used for wvarious other purposes. Some of the experiments wers useful
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for estimating the specific and general combining ability of various inbred
lines (15, 21), Since most of the experiments. were conducted as lattice
designs Cochran (5) made use. of the data to estimate the efficiency of
lattice designs relative to the randomized complete block d951gn.

More recently an investigation (9, 10, 11, 20) of the 302 experiments on
corn conducted in Iowa between the years. 19&0—19&7 was made “to determine

the adequacy of the experimental technlque. "More specifically, information
was desired on the optimum combination of numbers of varieties, replicates,

. locationg, and years for selectlng the hlghest yleldlng varlety or varieties,

Some of the outstanding results dbtained from this study are:

(1) The size of the genetic variation among doublecrosses, topcrosses,
and single crosses relative to the error variation was .52, .82,
and 1,1l, respectively. The higher genetic variation associated
with singlecrosses points up the value of selecting &mong
singlecrosses,

(2) For a given number of plots in a 31ngle experlment and for certain
numbers of varieties the largest average genetic advance in yield
is made with two replicates for singlecrosses and with four
replicates for doublecrosses. ‘~

(3) The variety X year and the variety x location components of
variance are important sources of variation. The former com-
ponent is consistently larger than the varlety x locatlon
component,

(L) The use of a single. tester parent to evaluate total combining
ability of inbred lines of corn is an inefficient procedure.
Also, the choice of the tester parents depends upon the
particular objectives of the breeding program.

(5) The initial work (11) en determining the optimum number 6f“ .
tester parents led to further work (15, 19) which clarlfled the
whole problem of evaluating inbred lines.

(6) A relatively simple statistical procedure for comblnlng the’
ratlos of varlance components was evolved. o

(7) The cost, of experlmentation is 1mportant in determlnlng alloca—
tion of resources. A procedure was developed- to take into
account the cost of. experlmentataon.

Although other miscellaneous results were obtained from the investiga~
tion of the individual analyses the above results illustrate the diversity
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of informat:.on that may be available for a summary of the results from
individual experiments. ,

(viii) Investlgation of results from forage crops experlments in New .{ork.

Lowe (18) investigated the ylelds from Ll perennial and nine biennial
forage crops experiments conducted in New York during the period 1945-1950,
The purpose of the investigation was to determine the adequacy of the
experimental technique and to determine what changes in the breeding
program were indicated. The chief results of this study are:

(l) Due to the divergent results from the various forage crop ¢
species each species should be treated separately. Also,
due to the high correlation between maturity and yields
grass strains should be grouped into maturity groups
before comparing them for yield.

(2) For perennial grass experiments the highest value for
genetie progress was made with three to four replicates
and two years of harvest,

(3) For alfalfa experiments the best combinatl_on was six to
eight replicates with one year of harvest, Since informa-
tion on persistence is usually desired a portion of the
replicates will need to be retained for more than one year,
The fact that stands of alfalfa do not become thicker in
succeeding years leads to a high year to year correlation
of yields., For this reason more replicates and fewer
years are recommended for alfalfa strains than for grass
strains. -

(L) Although grass strains may exhibit considerable variation-
when grown alone this variation tends to disappear when grass
strains are overseeded with a legume, Since weaker grass
strains offer less competition to the accompanying legume
the yields of the mixtures tend to equalize, .

(5) For many grass species the yields of the first cutting (the
hay cut) are already acceptable, but the yields of subsequent
cuttings (the aftermath) are not. The recommended combination
of number of replicates and years of -harvest is different '
for aftermath yields than for total seasonal yields. The
yearly variation in aftermath production in New York is -
quite large,




Changes in the Corn Research Program in Iowa

Dr; G. F. Sprague (written correspondence) lists the following changes
in the Corn Research Frogram in Iowa resultlng from the various investiga-
* tions cited under section (v11)

(1) Reduction in number of repllcates In 1951 the number of
.Vrepllcates was reduced to two. The plot size was 2x10 hills.
. In 1952 four repllcates of 2x5 hill plots were used, This
... appeared to be a satlsfactory arrangement. There is a possi-
bility that a further ch ange will be made to three replicates
of 2x5 hill plots. . -

(2)‘ Change in procedure for testing new lines: In the past, this
' has been done by making and testing the n(n-1) possible

combinations. Beeeuse of the high variety x location or variety
X.year 1nteract10n, this did ‘not appear to be a very practical
approach. The plan used at present is to select a group of
single crosses which are acceptable as single crosses and to
use these as testers. ©New lines are therefors evaluated as -
three-way combinations. An example of the savings in area and
effort can be illustrated by the following example. Twenty..

. lines in all possible combinations equals 190 entries to test..
Using 4 single cross testers, croseing each of the 20 lires to

. each tester makes 80 items to test; a saving of over 50% in
‘planting and harvesting cost, as well as costs of seed production.
Three way test crosses permit double cross predictions as well as
single crosses, so there. is no loss there. The gain in time and
cost is, Of course, related to number of lines. For 100 lines,

_ all possible single crosses equal 4950 comblnations, 100 x 4 =
400 three way test crosses.

Theoret1cally, through the use of only 4 testers, some decrease
in efficiency of estimating general combining ability is

" involved. However, this seems to be of limited importance,
since the new lines will elmost certainly be used in some
combination with the standard lines involved in the testers.
Therefore, beyond a certain point, increased efficiency in
estimating general combining &bility through using more
testers becomes a question of academic¢ interest, primarily.

(3) Additional information on types of gene action involveds: This
is a somewhat intangible item, but the data accumulated on
specific and general combining ability has been of value in

clarifying the general problem of testers ancd has indicated
that specific combining ability is made up to-a large degree
of genotype-environmental interaction. Although it is not
apparent how this information would be expressed in terms: of
.cost the findings have been very valuable from a theoretical
point of view.

Changes in the Forage Crop Research Program in New York

Drs. C. C. Lowe and R. P. tiurphy list the following changes that were made
in the forage crops breeding program in New York:
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(1) Changes in emphasis on breeding objectives and methods of evaluation:.
The total season yield of grass-legume mixtures has not been very
effective in determining variety differences for grasses. Future
tests of this type will be conducted primarily for studying legume
persistence with the dlfferent graes varietiese

. Greater emphasis in the breeding of grasses will be placed upon
the improvement of more specific oharacteristies such as aftermeth

" production, disease resistance; etcs rather than on total yleld. (
The summarization of the data indicated that the evaluatien pro-
cedure may vary considerably with these epecific breseding objectives.

(2) Changes in teohniques on the grassess- With greater emphasis on
~aftermath production in grasses, & change to fewer replicates and
more years of harvest is planneds,

(3) Changes in techniques on perennial legumess Mcre replicatiens and
" fewer years of harvest are planned for future experimehts to
measure yield when stands are good. Experiments will be continued
to determine persistence but yields will not be determined each years.

A Method for Combining Variance Components

Several methods for combining variance component estimates from a group

"'of experiments could be used, The relative efficiency of the various

methods has not been ascertained to date. The distribution for variance ‘
gomponents is not known. Therefore, we have to rely on empifioal

evidence in choosing among the various methods of estimation.

One method for combining variance component estimstes is to take a
weighted or umweighted average of the variance components from the indi-
vidual experiments (10, 19): A second method for combining variance com=
ponents is to obtain an unbiased estimate of the ratio of variance
components in the individual experiments, and then to average the ratios.
‘The latter procedure is the one used by a number of workers (2, 9, 10,

11, 18, 20, 24) in summar1z1ng variance oomponent estimatess The ratio

of" variance components is of interest in estimates of heritability, genetie
progress, relative loss in information, etce The method is rather non=
restrictive in that no assumption is made about the equality of variances
in the individual experiments. If the assumption of equality of variances
is tenable then more efficient procedures of estimetion are available (9)»
Due to the very nature of field experiments, ahd perhaps other experiments,
the individual errors are affested by different fastors in the different
locetions and in the different years, Differential erosion, insect
infestation, rodent damage, etc. are factors affecting the error variances
in the individual experiments. Each individual experiment furnishes an
estimated variandée component associated with a specified parameter. The
perameters may vary from experlment to experimento If the variation

among the parameters is large compared to the variation among estimates

of the individual parameter: then an unweighted mean may be more efficient
in that it has a lower variance than the weighted mean (2, 9). The in-
dividual variances in each experiment are assumed to have a ohi-square .
distrzbution.
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~ The method for combining ratios of variance components from simple
randomized complete block designs and from randomized complete block de-
signs at several places is illustrated below. In addition, cost of

- experimentation is considered for the latter case. It should be remembered
that the treatments or varieties may change from experimert to experiment,
but that the group of experiments used should be similer in type. Also,
smell inequalities in the size of the experimental unit mey be ignored since
the ratio is independent of the units of measure.

The pertinent part of the analysis of vér;ance for a randbmized complete
block of r repllcates conducted at a single place and in-a single year is:

Souroe of variation af Average value of mean square
Varieties . S v-1 . o2 7 ro2

: 2
Error S fe c§

The unbiased estimate of the ratio of the estimated variety varisnce com-

ponent, s&, to the estimated emror variance component, sg, from the uth
experiment is '

to
Ko
i

[
@

2 ) o
I‘Zfe—,Zis- ¢ . (2)

Lo
P, PN

The unweighted mean of the ratios from n experiments is

A

n
& = E: ./, (3)
u=1l u/h
with an epproximated variance equal to

S (a, - 8)2 | |
“n(n1) -' (4)

The verience given in equation (4) is only an aprroximation 31nce the a

u
are not subject to the same variances.

The average genetic progress, expressed in stenderd deviation units, made
by selecting the highest yielding variety from the v varieties grown in
e randamized complete block experiment of r replicates is estimated to be:

G, = a n, , (8)

ot

1
r

where m is the expected value of the largest deviate in a sample of size v
from a normally distributed population with a mean of zero and a variance
of one (10, 13). Computation of the value for equation (5) for various
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values of r and v give an indisation of the rate of genetic progress at-

tained under the different schemes. Fify singlecrosses of corn in two .
replicates of a randomized complete block design geve a higher rate of

progress in selecting for high yield than did 25 strains in four replicates.
The reverse was true for corn doublecrcsses since the value for & is much

lower for doublecrosses than for singlecrosses. If the highest k varieties
were always selected instead of the single highest yielding variety the

optimum nimber of replicates and varieties would be different for the two
situations. : :

For the second illustration of the method for combining estimates of
variance components suppose that ths individual experiments consisted of
v varieties grown in r replicates of a randomized complete block design
at each of p randomly selected places (20). The pertinent part of the
analysis of variance is: N

Source of wvsriation _c_l_{ Average value of mean sguare
Varieties v-1 Gg / rdsp / rpcs%

Vériet.y'x plvai::ek - | - ) (v.;-%)(p-l) qg 7 ;'ésp

Error | i‘e »o‘g

The unbiased estimates of the ratio of the estimat.ed variety, s%, and
variety x place, sé.p, variance components to the estimated error variance

component, sg, are:s .
(¢ - o) (2) -
(fg ) (62) .
and ‘
( )« )
b o= (fe"?) (tp-_2 ) (7)
( e \' (8% r(fe“ 2)) *

- n a
b = E bu /n (8)
usl
and _
. . n a . .
a - z du /n . » : (9) P

The average genetic progress made by selecting the highest yielding variety
in eacgh experiment is:
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'/T/__B.;/_L . ,."'(m)

P rp-

For given values of b and d the various va’ues of v, r, and p result in
different values for Gos For a.fixed number of plots, the comblnatlon
giving the largest value is the desired one.‘ :

Since the cost of adding an edditional place is often considerably larger
than the cost of adding an additional replicate at a given place the rate
of genetic progress per dollar spent is desired rather than the wvalue for
Gp. The cost relationship suitable for growing v varieties:in Iowa is:

Cost = X ; (p / lg A # rpB, - "'(11)
(—5—

where A = all costs associated with one round trip to a place and B I all
costs associated with planting and harvesting & single replicate of v
varieties. Sinceé the cost of going to an additional plade is approximately
one-half that of going to a single place the coefficient for A is (1 /'p-l)
= (p #/ 1)/2. 1If the cost for travelling to the p places is ( 2
independent of the number of places then the coefficient for A is p. The
particular value of the coefficient for A depends upon the experimental
conditions.

Teking the cost equation into account and assuming that v. varieties are
to be tested the optimum number of repllcates and p;aces is given by the
following two equations:

=‘\/A7§§‘§" - (12)

P = 2X - A .
A;r . . (13)

and

To illustrate let b = .4, X = 160, v = 25, A = §39.38, and B = §8. 38 (20).
From equation (12) r is equal to 2.42, and from equation (13) p is equal
to 3.51. In practice then one would use either four locations with two
replicates per place or three locations with three replicates- per place.

The above examples illustrate the procedure for combining ratios of’
variance components and for malking use of the combined estimates for a
given cost situation. The procedure for extending the results to other
experimental situations is described in the references cited at the end
of this paper.

Concluding Remarks

The foregoing was limited to a discussion of types of information that
may be derived from a summary of past results and to the discussion of a
method for summarizing estimates of variance components. No discussion



. =12 -

is given on the types of information derived from the efficient planning .
of long-term experiments, such as those discussed by Cochran (3), Cochran
end Crowther (7), Dutton (8), Fisher (12), and Yates (22), and from well
planned groups of experiments bearing on the same problem. Rapid progress
in research depends upon a complete summarization and interpretation of
.past research as well as on the gfficient planning of future experiments.
A comprehensive summary and interpretatlon of past research highlight the
gaps in our knowledge about certain ereas and emphas1ze the 1mportanca or
lack of importance of other areas.

It has been assumed that the summary of experimental data has proceeded
further than the collection of the data and the reduction of the data to
a few summary figures. If thls assumption is not tenable then it is
recommended thet the results from the individual experiments be studied
prior to summarizing the results from a group of experiments.

In closing, I would like to urge all experimenters to preserve the original
data from experiments for future use and to meke use of these data to ac-
celerate the progress of research. There is still a large amount of

golden information to be mined from the original deta from past experiments.
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