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INTRODUCTION

CERTAIN DIFFICULTIES in interpreting the results of the ordinary analysis of
variance when applied to yield tests of genetically similar wheat strains, de-
rived through backcrossing, prompted a critical examination of the data.
These data indicated a bias inherent in any large-scale experiment that imposes
an inflexible design upon a soil whose fertility may fluctuate markedly within
short distances. Because of this bias, the usual analysis of variance tends to
overestimate significance grossly when the number of varieties is large and the
productivity levels of the soil change rapidly and erratically (as at Davis).
One may briefly describe the bias by saying that the inflexible design of the
experiment tends to subtract too little from the naturally high-yielding plots
and too much from the naturally low-yielding plots in attempting to correct
for differences in soil productivity. This has a spreading effect on the part of
the variation that is labeled “varietal differences” and thus causes a serious
overestimation of significance.

In a conventional analysis of variance, the natural variation of an experi-
ment is arbitrarily partitioned into categories according to a preconceived
mathematical model. These categories are labeled “variation due to varieties,”
“yariation due to soil produectivity,” and so on. If the experiment is in exact
aceord with the model, the labels are accurate. If the experiment is not as
called for by the model, the labels are misleading : for instance, the category
labeled “variation due to varieties” may contain some of the variation due to
soil productivity.

A mathematical model may be pleasing and beautiful to its creator or users.
If, then, nature does not conform to the model, workers having limited first-
hand experience with the vagaries of biological material may even feel that
nature has erred and should be corrected. Baten, Northam, and Yeager (2)°,
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for example, in a recent issue of Journal of the American Society of Agron-
omy, throw out the observed yields on two strains of tomatoes because those
yields are not in accord with their mathematical model. The observed yields
are replaced by computed yields based on the other observed yields. There is
another strong temptation: a model that has proved useful in a restricted
realm may be unquestioningly extrapolated to new and unexplored situations.
This has been done by workers in all branches of science. One main purpose of
this paper is to point out the danger of such extrapolation.

To construct an adequate mathematical model of some portion of nature, one
must have extensive and accurate data on all situations to which the model is
to apply. Such data are not now available. This paper aims to stimulate the
collection of data that will provide for an improved model for yield trials. It
may help to show that such data are necessary.

GENETIC RELATIONSHIP OF MATERIAL

As pointed out by Suneson and his co-workers (17), 182 F, strains of the
pedigree (Martin x White Federation’) x (Hope x White Federation®) and
157 F, strains of (Martin x Baart’) x (Hope x Baart®) were bulked to produce
White Federation 38 and Baart 38, respectively. These two new wheat vari-
eties have been shown (17) to be essentially like their prototypes except for the
incorporated resistance to bunt, or stinking smut (7T'lletia tritict), and to stem
rust (Puccinia graminis var. tritici). From the strains mentioned above, selee-
tions were made at random for the yield tests reported in this paper.

An understanding of the genetic relationship of these strains is important
in consideration of the results of this test and in the extension of the implica-
tions therefrom to other methods of testing similar or unrelated material.

As Briggs (3, 4) has pointed out, “the proportion of homozygous individuals
in any backeross generation is the same as would result from an equal number
of selfed generations.” This proportion may be calculated from the equation

2m — 1\

per cent homozygosity = (——§m—) x 100, (1)

where m is the number of generations of backerossing and » is the number of
heterozygous factor pairs in the original eross.

As Jones (8, p. 331) explains, “the proportion of complete homozygotes to
the different classes of heterozygotes in any generation” can be obtained by
expanding the binomial

[1+(2m-1)]~, (2)
where m and n are as above.

If we assume that the wheat parents used to develop the strains under test
differ by 21 factor pairs (that is, a 1-factor difference on each of their chromo-
some pairs) and that the genotypes have been randomly sampled in the course
of backerossing, we can approximate the degree of homozygosity of the wheat
strains in question. On the basis of these two assumptions, we ean show by
means of equations 1 and 2 that in the F, of the sixth backeross, 82.3 per cent
of the plants are homozygous for the recurrent parent genotype, and that an
additional 13.5 per cent differ by only 1 factor.

Admittedly, the parents differ by more than 21 factor pairs; but calcula-
tions accounting for all factor differences and the effects of linkage are not
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possible. Certain considerations suggest, however, that the estimates of homo-
2m 1
m

zygosity given above may approach the true situation. As the fraction

(from equation 1) approaches unity, » (the number of heterozygous factor
pairs) will change that value but little. Through the mechanism of crossing
over and random assortment of chromosomes, repeated backerossing facilitates
recovery of the complete chromosome complement of the recurrent parent
except for a small segment from the nonrecurrent parent on which the gene
being selected for is located. In developing these strains, rigid selection toward
the recurrent parent phenotype was practiced in early backeross generations;
this hastens return to the recurrent parental genotype and reduces the un-
favorable effects of linkage.

Actually, under the conditions of these tests the strains were morpho-
logically indistinguishable, except strain 1441, which averaged 2 inches taller
than the others. No other differences in growth habit were observed at any
stage, and there was no detectable difference in reaction to any disease among
the strains, although the original Baart and White Federation grown with
them were attacked by rust.

Although the strains are not genetically identical, the degree of similarity is
clearly such as to require a critical test of significance to detect any possible
differences in yielding ability.

METHODS AND DESIGN

Twenty-nine strains of Baart 38 and thirty-four strains of White Federa-
tion 38 were chosen at random for yield testing. These, together with the dis-
ease-susceptible prototypes, were set up in separate experiments in each of the
years 1939 and 1940. The design employed for these tests was a modified Latin
square suggested by “Student” (16) and by Snedecor (13, p. 38) and used
extensively by Pope (71) and others (15, 21). There were five replications
divided into five columns superimposed upon and situated at right angles to
the replications. The strains were grown in single 16-foot rows. They were
completely randomized except for the double restriction that each strain
occurred once (and only once) in each replication and each column. The same
randomization but totally different fields were used for the tests in the two
years. The high and low extremes from the 1939 and 1940 tests of both the
Baart 38 and the White Federation 38 strains, each with its susceptible proto-
type, were tested in separate 6 x 6 Latin squares in 1941 using single 16-foot-
row plots,

The data were analyzed by use of the analysis of variance, testing for sig-
nificance by F (14, p. 184). Least significant differences above and below the
general mean were established by the use of ¢ (14, p. 58) for the appropriate

rgr;ge expected from random sampling in a

degrees of freedom. The values of

normal homogeneous population of sample size N were obtained from Snedecor
(14, p. 89).

Yates (19) has criticized the modified Latin square as being subjeet to a
biased estimate of error. Repeated reference to this criticism in the literature
(5, 20) condemns the design in favor of the more complex incomplete block
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designs. The present writers do not defend the modified Latin square design
nor advocate its use; but they feel that information can be gained from the
data in these experiments in which the modified Latin square design was used.

There is evidence that the error estimates in these experiments are not
biased in the sense of Yates’s (19) criticism. The F values (table 4) due to
strain differences are greater than required for the 1 per cent level of sig-
nificance in all cases for the 1939 and 1940 modified Latin square tests. If these
F values are large only because of a biased estimate of error, then the estimates
of error variance must be considered too small in all cases. We may compare
certain variances as a test of Yates’s bias. The degrees of freedom for the Baart
38 tests, for instanee, may be set out from what Fisher (7) calls a topograph-
ical standpoint as :

replications 4
Between plots columns 4
replications X columns 16
Within plots 125
Total 149

If the interaction variance of replications x columns is the same as the within-
plot variance, then no Yates’s bias can exist. A comparison of these variances
for the 1939 and 1940 experiments in table 1 shows no significant nor consistent
differences when tested by F and therefore no indication of Yates’s bias.

) TABLE 1
COMPARISON OF VARIANCES INDICATING No YATES’S B1AS IN THE DATA
Experiment and year Ix:’t:;:;cr:.;zn W‘i,;l;ég;%got F F, 5 per cent
Baart 38—1939.........ccoiiiiiee 5,361 3,861 1.39 1.72
Baart 38—1940. . .........ooiiiiie i 5,638 5,905 1.05 2.04
White Federation 38—1939................. 3,096 3,166 1.02 2.04
White Federation 38—1940................. 7,479 5,404 1.38 1.71

Yates’s bias, if it exists, seems to be sometimes in one direction and some-
times in the other, hence resembles the biases considered by Weleh (18). Such
a bias can be expected to balance out in the long run ; one could allow for it by
slightly changing the probability levels at which significance is accepted or

rejected.
EXPERIMENTAL RESULTS

Yield data for the Baart 38 and White Federation 38 component strains
tested in 1939, 1940, and 1941 are given in tables 2 and 3, respectively. The
several strains are listed in descending order of average yields for 1939 and
1940 combined. Row numbers per replication are listed for each strain in
recording the 1939 and 1940 results, to facilitate additional treatment of the
data if desired. Table 4 summarizes the analysis of variance for each experi-
ment, and gives pertinent statistical constants.

Indicated Stgnificances.—In all 1939 and 1940 tests, F values due to differ-
ences in mean yields of strains exceed those required at the 1 per cent level of
significance (see table 4). Standard errors were calculated; and minimum
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TABLE 4

SUMMARY OF VARIANCE ANALYSIS AND STATISTICS OF BAART 38 AND WHITE FEDERATION 38
STRAINS TESTED FOR YIELD, 1939-1941

F value
Experi}nent and source Degrees Sum of Mean
of variation squares square
freedom Actual 5 Per cent | 1 Per cent
a. Baart 38 strains—1939:
Between means of replicates.. .. 4 524,648 131,162
Between means ot columns. 4 367,251 91,813
Between means of strains. . 29 200,139 6,901 2.10 1.57 1.89
Error.............o 112 368,291 3,288
Total................oooioall. 149 1,460,329
b. Baart 38 strains—1940:
Between means of replicates. ... 4 202,727 50, 682
Between means of columns. 4 40,766 10,192
Between means of strains 29 283,937 9,791 2.02 1.57 1.89
Error............o.coiiiiiiinl. 112 544,176 4,859
Total.......cooveviiinnns. 149 1,071,606
c. Baart 38 strains—1941:
Between means of replicates. ... 5 25,432 5,086
Between means of columns. 5 16,783 3,357
Between means of strains....... 5 18,700 3,740 0.71 2.711 4.10
Error........ooooiiiiiii 20 105, 850 5,292
Total..................oilt 35 166,765
d. White Federation 38 strains—1939:
Between means of replicates. . . . 4 894,616 223,654
Between means of columns. .. .. 4 246.805 61,701
Between means of strains....... 34 186,975 5,499 2.15 1.55 1.85
Error.........ooooiiiiiiiiii 132 337,509 2,557
Total..........cooveiiiiiinl, 174 1,665,905
e. White Federation 38 strains—1940:
Between means of replicates. . . . 4 75,467 18,867
Between means of columns..... 4 9,565 2,391
Between means of strains....... 34 438,644 12,901 3.46 1.55 1.85
Error.........oooooi 132 491,588 3,724
B 174 1,015,264
f. White Federation 38 strains—1941:
Between means of replicates. ... 5 §0,757 16,151
Between means of columns. .. .. 5 4,422 884
Between means of strains....... 5 15,430 3,086 1.02 2.71 4.10
Error........ooooiiiiiineinn. 20 60,613 3,031
Total..........oovvvvniniinn 35 161,222
Experiment
Statistics
a b c d e f
1. General mean (gms. per 16 ft. row)....................... 512.7 | 550.7 | 397.5 | 584.2] 577.1 | 399.2
2.8.E.of asingleplot (gms.)............ccovvveiiinnnin.. 57.3 69.7 50.6 61.0
3. Least significant difference at 5 per cent level between
any strain mean and general mean (gms.)............ 51.4 62.6 45.2 54.6
4. Range in strain means/S.E. of a strain mean:
Observed.........ooovviiiiniee it 5.7 6.7 7.8 10.5
Expected (approximate).............................. 4.1 4.1 4.1 4.1
8. Coefficient of variability (percent)....................... 5.0 5.7 3.9 4.7
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significant differences, at the 5 per cent level, above and below the general
mean were established. The general mean yield of all strains was used as the
reference point for judging significance because, if significant differences did
exist, the strains higher in yield than the general mean of all strains would be
of greatest agronomic value.

As indicated in tables 2 and 3, certain strains were found to differ signifi-
cantly from the general mean in both 1939 and 1940 and in the combined 1939
and 1940 results. In addition, two criteria suggest that the observed mean dif-
ferences are not of the order expected from random sampling in a homogene-
ous population : first, the high values of F'; second, the high values of range in
mean yields divided by standard error of the mean (table 4).

Difficulties of Interpretation.—Considering the genetic relationship of the
strains tested, we might expect that their mean yields would not be signifi-
cantly different. Yet, as mentioned above, significant differences above and
below the general mean are indicated, and they are such as to deserve consider-
ation agronomically. Furthermore, if differences do exist, the strains might be
expected to maintain somewhat the same relative positions in repeated tests.
Certainly such characters as growth habit at any stage, plant height, or date
of maturity showed no observable difference that would suggest a differential
response to environment. Moreover, of the strains indicated as significantly
different from the general mean in tables 2 and 3, only one strain, 5037 (a Baart
38 strain), holds the same position for the two years, 1939 and 1940, in having
a yield significantly greater than the general mean. Two strains, namely 5129
(a Baart 38 strain) and 1617 (a White Federation 38 strain), reversed their
position from significantly lower in 1939 to stgnificantly higher than the gen-
eral mean in 1940. All other strains that were significantly different in one or
the other of the two years were not significantly different in the alternate year.
As will be observed in tables 2 and 3, the Baart and White Federation proto-
types did not differ significantly from the general mean in 1940 even though
they were attacked by stem rust.

So far in the analysis, two reactions have been indicated that are not in
accord with expectation if the genetic relationship of the strains agrees with
that expressed under the section on “Genetic Relationship of Material.” These
reactions are, namely, significant differences in yield, and failure to exhibit
comparable relative yield responses in two different years.

The correlation of one year’s yields with another year’s depends upon the
variance of the true yields and upon the experimental-error variance. If for
the two years the variances of the true yields are the same, if the strains main-
tain their relative positions, and if the error variance is the same for every
plot, then the expected correlation between the yields for the two years is a
value equal to the variance of the true yields divided by the quantity true-
yield variance plus strain-mean variance; hence it is less than 1. Conceivably,
the spread among the true yields might be large enough to insure detection
four times out of four, and yet small enough relative to the error of the experi-
ment so that the correlation between yields for two years might be small.
Neyman’s tables® for the probability of failing to detect differences between

8 Supplied in manuseript form by Professor J. Neyman of the Statistical Laboratory,
University of California, Berkeley.
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yields when they actually exist show that this situation is not possible for
these data.

The 1941 6 x 6 Latin square yield test, sampling the 1939 and 1940 high-low
extremes, constituted a more critical attempt to determine whether the strains
actually differ in yielding ability. If true yield differences exist, they should
certainly be represented in those extremes indicated by previous tests to be
significantly different. As shown in the analysis of variance applied to the
1941 data (table 4), the F values due to differences in mean yields of previ-
ously indicated high-low strains are not significant. The results of this test do
not indicate differences in yield of the strains tested. Neyman’s tables indicate
that this test was sufficient to detect, with a probability greater than 0.8, dif-
ferences of the order necessary to account for the observed F values if the
usual mathematical model is assumed.

Considering these difficulties, we may well examine critically the statistical
methods used and the assumptions on which those statistics are based.

BASIC ASSUMPTIONS IN ANALYSIS OF VARIANCE

The derivation of the analysis-of-variance technique is based on four as-
sumptions: (1) that the productivity levels of the plots assigned to any variety
are independent of those assigned to any other; (2) that the estimates of indi-
vidual plot yields are normally distributed about the “true” plot yield; (3)
that the distribution of yield estimates for every plot has the same variance;
(4) that in yield trials the productivity levels follow some prescribed law.

The work of Neyman (10) and MeCarthy (9) relates to the first assumption.
According to Neyman, the Latin square design may often indicate significance
between hypothetical “varieties” in uniformity trials, partly because of un-
equal correlations between fertility levels of the plots assigned to the different
“varieties.” McCarthy shows further that these unequal correlations, when the
varieties are tested in randomized blocks, may cause a serious overestimation
of significance—that is, may indicate significance where none exists.

According to the second and third assumptions, the estimates of individual
plot yields are normally distributed about the “true” plot yield with equal
variances. In this connection the work of Baker (1) and Salmon (12) may be
cited. Baker shows that the distribution of the estimates of a “true” plot yield
is usually skewed one way or the other and that the variance of the distribution
of estimates depends on the variations of the fertility within the plot. Some-
times the nonnormality of the distribution may be such as to cause a serious
overestimation of significance. Baker shows further that adjacent plots of 15
square feet cannot be assumed to have the same fertility levels. Salmon and
many others have discussed unequal variance as affecting the results of the
analysis of variance.

The importance of assumption 4 is well recognized by some authorities (see
Neyman [10]), but has been generally overlooked or deémphasized by many
workers concerned with yield trials. The present data show clearly the im-
portance of the failure of conventional designs to prescribe a sufficiently flex-
ible law for fertility levels.

Failure of the data to comply with any one of the assumptions on which the
statistic is based may result in misleading or invalid conclusions.
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CRITICAL EXAMINATION OF DATA

The nature and extent of the material tested and the relative simplicity of
the design employed in these tests facilitate a critical examination of the data
from the standpoint of the validity of the four assumptions mentioned above.

Residuals have been calculated and used in testing these data for the valid-
ity of the fundamental assumptions. Residuals are defined as plot yield plus
twice the general mean minus the column mean minus the replication mean
minus the variety mean.

‘We can roughly state the basic assumptions of the analysis-of-variance test
in terms of residuals by saying that the residuals are normally distributed and
that there is no pattern or system in the way in which they occur.

If we test by chi-square the hypothesis that the combined residuals of the
1939 and 1940 tests are normally distributed, then the resultant P = 0.06. Such
avalue of P indicates only a slight departure from normality. The distribution
appears to be slightly peaked and positively skewed.

‘We should now examine the possibility that the residuals occur acecording to
some plan or pattern.

If we consider that the residuals come at random from a normal population
with a fixed standard deviation, then the six or seven residuals’ occurring
within a block (a block being the six or seven plots common to a given eolumn
and a given replication where the two cross at right angles) should be independ-
ent of the block-mean yield. These values are not independent for the 1939
and 1940 data. Thus when block-mean yields are correlated with block-mean
residuals, the values of r for the Baart 38 strains in 1939 and 1940 are 0.23 and
0.24 respectively, and for the White Federation 38 strains for the same two
vears 0.23 and 0.54. Using the tables of David (6), one can calculate the prob-
abilities of getting from a normal population for which the correlation is zero,
correlation coefficients as high as the observed ones or higher. In samples of 25
these probabilities are 0.14, 0.13, 0.14, and 0.003 respectively. Let us compute,
by the chi-square method of combining independent probabilities (6), the
probability of the set of four observed values under the set of alternatives that
the correlation coefficients of the sampled populations are unequal but all
greater than zero. We find P =0.0006. It is striking that the r values are the
same for the three similar F values (see table 4), and that the much larger
value of r occurs for the experiment with the exceedingly large F value.

Judging from the correlation between block-mean yields and block-mean
residuals, too much has been subtracted from the poor plots and too little from
the good plots in caleculating the residuals. Hence, part of the variation in soil
fertility has been assigned to the variation between varieties. That is, the
design is too inflexible to take care of soil variation adequately from one set of
stz or seven contiguous plots to another. The result is a spreading effect on the
strain means, and a tendency to indicate significance where none exists.

This correlation, furthermore, implies a parabolic relation between yield
and the sum of squares of residuals.

Row totals (that is, a summation of yields of the plots occupying comparable

78ix in the experiments with Baart 38 strains and seven for White Federation 38 strains.
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positions across all replications) show pronounced coincident peaks of fer-
tility culminating at the sixteenth row for both years for the Baart 38 strains,
though the experiments occupied different areas in the two years. These coin-
cident produectivity peaks explain why, in the analysis of variance, the same
Baart 38 strain appeared significantly higher in yield in both years. The row
totals of White Federation 38 strains show a similar peak in 1939, but no very
definite peak in 1940.

We may briefly summarize the evidence from these studies and from the
previously mentioned work of Neyman, McCarthy, Salmon, and Baker relat-
ing directly to the assumptions on which the analysis of variance is based.
According to both Neyman (10) and McCarthy (9) there are some cases of
unequally correlated levels of fertility of plots assigned to different varieties,
and such correlation causes overestimation of significance when the analysis-
of-variance technique is used. According to Baker (1), serious overestimation
of significance may result from nonnormal distributions of yield estimates.
According to Salmon (12) and others, the analysis of variance is invalid when
the error variance differs from one part of the experiment to another. In the
present work, correlation between fertility levels and residuals has been estab-
lished. That is, the design has not prescribed a sufficiently flexible law of soil-
productivity levels. This correlation means, not that residuals measured from
their mean are more variable in one part of the experiment than in another,
but that a bias in the residuals exists because soil productivity has been
partially incorporated into strain differences. The bias to which we call atten-
tion is not attenuated as a cause of overestimation by the near identity of the
strains tested. Certain conditions on soil-productivity levels, size of plot, and
number of strains tested will lessen or make negligible the overestimation due
to correlation between soil productivity and residuals.

APPLICATION TO OTHER YIELD-TESTING DESIGNS

So far as the authors are aware, no design now in use for testing large num-
bers of varieties is free from the danger of seriously overestimating signifi-
cance when conditions are such that (1) fertility levels of plots assigned to
different varieties are unequally correlated, (2) distribution of the estimates
of a “true” plot yield is not normal, (3) the variances for different parts of the
experiment are significantly different, and (4) an insufficiently flexible law is
imposed on the productivity levels by an inadequate design. We believe, fur-
thermore, that none of the conventional designs can adequately eliminate all
these possible invalidating eonditions under all conditions of testing. The lat-
tice designs, now coming into vogue as the most efficient design for testing
large numbers of varieties, have one admitted limitation : since varietal means
are partially confounded with block effects, the use of these incomplete block
designs may be cautioned against where large varietal differences are expected.
In addition, the lattice designs seem to involve exactly the same difficulty
experienced in these tests—namely, the danger of not subtracting the right
amount from each plot yield or of not making the right “correction.” They
impose on the experiment a fixed formal framework, which may not be flexible
enough to take care of spotted or abrupt changes in fertility levels.

Uniformity experiments are frequently recommended as preliminary steps
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in determining the specific design best suited to test specific material in a given
locality. Such tests, usually in operation for one year, or a very few years,
cannot take into account the fluctuation of productivity levels from year to
year as they are affected by changed environments, varying biological factors,
tillage, and the like. They also provide no means of measuring the possible
effect of complicating interactions when dissimilar rather than uniform mate-
rial is under test.

‘We should not overlook the possibility that significance may be dangerously
overestimated in any yield test of large numbers of varieties.

SUMMARY

An extensively used design, the modified Latin square, was used to test the
comparative yielding ability of random selections from genetically similar
component strains of Baart 38 and White Federation 88. Significant differ-
ences between strains were indicated in 1939. When the experiments were
repeated in 1940, significant differences were again indicated, but with re-
versals from the previous year. When the results of the two years were
combined, and the strains significantly greater and less than the general mean
were again tested, these strains were found to be not significantly different.
This last experiment was a small-scale Latin square experiment covering only
a few strains. These facts prompted a critical examination of the data from
the standpoint of the validity of the assumptions underlying the statistics used.

If the residuals in these experiments are examined, the block mean residual
proves to be significantly and positively correlated with the block mean yield.
Evidently, therefore, some of the difference in fertility levels of the plots has
been assigned to strain differences. The result is a spreading effect on strain
means, and a tendency to indicate significant differences in this large-scale
experiment when, in fact, none exists.

Admittedly, small differences in yielding ability may actually exist between
the strains tested in these experiments. Any such differences are masked, how-
ever, by the spotted variation in soil-fertility levels. Certainly the differences
are not of the order of magnitude nor of the degree of significance indicated
by the ordinary analysis of variance.

The demonstrated causes of overestimating significance in the analysis of
variance are frequently assumed to be nonexistent. Indicated significant dif-
ferences between “varieties” tested under conditions where any invalidating
factors are operating should be viewed with skepticism.
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