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Increasing Plot Length Reduces Experimental Error

of On-Farm Tests

Stewart B. Wuest, Baird C. Miller, J. Richard Alldredge, Stephen O. Guy,
Russ S. Karow, Roger J. Veseth, and Donald J. Wysocki

Research Question The use of side-by-side, combine-width experimental plots in farmer-
conducted on-farm tests is increasing. Information on how plot length

affects the success of these tests is lacking. It is also desirable 1o know
what level of precision to expect from on-farm tests performed in highly
variable dryland cereal production areas. This study investigated the
relationship between the length of combine-wide, side-by-side plots and
experimental error under the dryland grain production conditions of the
Pacific Northwest.

Literature Summary &?iﬁﬂgiiﬁdﬁf Ehe performaqce of on-farm tests have founq. that

plete block design used in the Midwest produces
results comparable in precision to research station small plot experi-
ments. These designs use 1200 to 1300 ft long plots 20 to 40 ft wide,
and primarily involve corn or soybean. The performance of on-farm
tests under dryland small grain production conditions has not been
evaluated. There has also been little research to date that can be used to
recommend minimum, maximum, or optimum plot lengths.

inti Fourteen uniformity trials were harvested in commercial wheat and
StUdy DeSCl’lpthﬂ barley fields in Washington, Idaho, and Oregon, A uniformity trial
measures natural variability between plots by harvesting plots where no
treatments have been placed. Side-by-side strips 1500 ft long were har-
vested in 250 ft segments to allow recombination of the data into plots
of different lengths. The grain yield data (bu/acre) were analyzed to de-
termine variance between pairs of side-by-side plots.

Ten of fourteen sites had a variance of <5 at plot lengths of 1500 ft,
and were classified as low variance. The remaining four sites ranged
from 6 to 22 {(high variance). Figure | shows least significant differences
at @ = 0.05 (LSD 0.03) for an individual on-farm test with twg treat-
ments and four replications based on average variances for the low and
high variance groups.

App]led QueStiOHS How long should on-farm test plots be?

In most fields there was a large decrease in variance as plot length in-
creased. Therefore, on-farm tests will produce more reliable results as
plot length increases from 230 to 750 ft or more. In some very uniform
fields even short piots will have acceptably low variability, but in every
field measured, variability decreased as plot length increased to 1500 fi.
To ensure the best results, we recommend that plots be as long as s
practical.

Full scientific article from which this summary was written begins on page 211 of thiy issue,
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How does replication affect precision?

The variability encountered in field experiments makes replication the
key to a successful test. Figure 1 shows how LSD (0.05) decreases when
replications are added. A low LS8D is important because it allows detec-
tion of smaller differences between the performance of the reatments,
or if there is no difference, it ailows a high confidence that the treat-
ments do not perform differently.

On-farm tests can provide valuable information to farmers and research-
ers. Small differences can be detected with a high degree of confidence
in most fields with four or more replications of 1000 ft or longer side-
by-side plots.
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Fig. 1. The effect of increasing plot length on LSD values at o = 4.05
is shown for experiments with different numbers of replications (reps).
(A) is based upon data from the 10 fields with low variance and (B)
from the remaining four fields with high vartance, Note that he scales
on the vertical axes differ.



Increasing Plot Length Reduces Experimental Error
of On-Farm Tests

Stewart B. Wuest,* Baird C. Miller, J. Richard Alldredge, Stephen O, Guy, Russ S. Karow,
Roger J. Veseth, and Donald J. Wysocki

Farmer conducted on-farm research is an effective tool for
development of crop management practices. The randomized
complete-block experimental design is being used in on-farm
tests, with blocks consisting of two or more long, narrow, side-
hy-side plots. This study examined the relationship between plot
length and experimental error, and assesses the probabie statisti-
cal outcome of on-farm tests performed in the dryland region
of the Pacific Northwest, USA. Fourteen trials were conduct-
ed in wheat (Triticum aestivum L.) and barley (Hordeum vul-
gare L.) fields to measure yield variance of combine-width plots
ranging in length from 250 1o 1500 ft. The relationship between
plot length and variance for each site followed a logarithmic
decay model (average r* = 0.88), Variance declined rapidly as
plot length increased from 250 to 750 f( at most sites. Averag-
ing tie ten least variable sites, the LSD (0.05) with three degrees
of freedom declined from 6.5 to 2.6 bu/acre as plof length in-
creased from 250 to 1500 f1. At the same 10 sites, power for
meun separation (o = 0.0%5) of treatments with 4 bu/acre true
difference was = 0.80 with six replications and 750 ft plot Jength,
or four replications and 1250 ft plot length. With adequate repli-
cation and plot length, on-farm tests can be designed for high-
Iy variable dryland regions with good control of experimental
error.

FARMER CONDUCTED ON-FARM TESTS are an effective
tan! for development of improved ¢rop manage-
ment practices. The on-farm test is also useful as an ex-
tension tool for the promotion of new technology. The
distinction between an on-farm test and a demonstration
is the use of a replicated, scientific experimental design
in the on-farm test to greatly increase reliability of meas-
ured results and allow the use of statistical analysis (Kit-
trel, 1974}, With recent increased interest in on-farm tests,
there is a need 10 check the effectiveness of the experimen-
tal designs being used (Lockeretz, 1987).

The most common experimental design promoted for
use in on-farm tests is the randomized complete block
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with a limited number of treatments and four or more
replications. A common plot size for on-farm tests in the
Midwest is 20 to 40 ft wide by 1200 ft long, and the rreat-
ments are replicated six to eight times in adjacent blocks.
The use of this design for on-farm tests was analvzed un-
der Midwest row crop conditions and was shown o give
satisfactory results (Rzewnicki et al., 1988}, Again n the
Midwest, Schmitt et al. (1992) found the randomized
comnplete-block design 10 be more efficient than the Tester
design, which utilizes periodic contro! plots to analvze
unreplicated treatments.

In contrast to row crop production in the Midwest,
dryland farming in the Pacific Northwest takes place in
a highly variable topography. At some locations, an in-
dividual field may have slopes ranging from 0 to 45%.
The region’s fields are also characterized by variable soil
depths, fertility, and aspect. For these reasons, it is not
unusual for gram yields to vary up to 30% across a sin-
gle field. Studies of opuimum plot length for on-farm tests
under these conditions have not been reporred.

The influence of plot size on control of experimental
error has been investigated most intensely for researcher-
size plots of < 0.1 acre (LeClerg et al., 1962, p. 113). Most
of these studies assumed that, due to limited available
area, use of smaller plots would make increased replica-
tion possible, and the goal was to maximize experimen-
tal precision by optimizing the relationship between plot
size and number of replications. Available field arca is
often not a limiting factor in on-farm tests, Cur ¢x-
perience with on-farm tests indicates that plots should be
a minimum of =0.1 acre for practical reasons, mostly
related to precision of harvest measurements. Increasing
the length of plots adds little to labor or cost and usualty
does not Jimit the number of replications possible. The
most practical design we have found for on-farm rests
consists of blocks of long, side-by-stde plots that are wide
enough to be harvested by a grain combine. It can be ar-
gued from a theorerical standpoint that the longer and
closer these narrow sample areas are, the smaller the var-
lance between the plots should be, assuming they do not
run parallel to a gradient.

We report on a study designed 1o determine the rela-
tionship between experimental error and the length of
combine-width plots. We also compare experimental er-
ror between on-farm tests and small plot research, and
examine the least sigmficant difference and the power for
mean separation that an individual, single-location on-
farm test will probably produce.
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Tabte 1. Mean annual precipitation. soil taxenomic description, crop. average yield ol uniformity trial, log-log regression coefficients,

predicied variaaee of 1500 1t lony plots. and high or low variance group assignment for ithe 14 uniformity trial sites.
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MATERIALS AND METHODS

Uniformity trials were harvested in 14 wheat or barley
fields farmed by commercial growers in 1991 and 1992.
A unitormity trial is used to measure the variability of
a potential research site, and consists of marking out plois
and measuring vields where no treatments have been ap-
plicd. Locations were representative of the dryland small
grain growing region of the Inland Pacific Northwest, and
ranged from Spokane, WA, in the north, Condon, OR,
inn the sourh, and as far east as Craigmont, [D (Table 1}.
Mean annual precipitation ranges from 11 1o 37 in. at
tite locations sampled. Although 1991 and 1992 were be-
low the normal in precipitation, vields were within the
typical range for each of the sites. Crop rotations, til-
lage, fertilizers, and herbicide applications varied among
the sites. Soil raxonomic descriptions for each site are in-
cluded in Table 1.

Fields were selected by farmer cooperators. An arca
suitable for side-by-side test plots was selected using the
farmer's knowledge of the field aiong with the field’s
visudl appearance. We attempted to minimize between-
sinp varation by careful placement of rhe plots. After
measuring and marking the appropriate lengths, the farm-
er harvested full header-width strips, leaving 2 10 5 ft of
uncut crop between strips to ensure 2 full-width cut. Com-
bine header widths ranged from 16 to 25 fi. After each
strip was cut, the grain was unloaded into a weigh wag-
on. Weights were converted to bushel per acre, based on
60 ibsbu for wheat and 48 ib/bu for barley.
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The uniformity trials were arranged as eight [500-f1
long side-by-side sirips at six locations in 1991 {Fig. 1).
The strips were in pairs, the first consisted of six 230 f1
segments (end-to-end), and the second a single 1500 fi
segment. The full 1500 ft strip was a check for measure-
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Fig. 1. Uniformity trial layouts for 1991 and 1992,



ment error accumulated when the six 250 fr sirips were
sumimed 1o estimate a long strip. There was no signifi-
cant difference (£ = 0.03)1n vield between the full strips
and the segmented sirips. In three of the six ficlds, the
variance between full strips was higher than between seg-
mented strips, but we presently have no explanation as
to why, Full stnips are not included in the remainder of
the analysis.

A small-plot version of the uniformity trial was placed
adjacent to cach large uniformity trial in 1991, This smail
unifarmiuty trial had the same plot arrangement, but the
scgments were 23 ft long and the harvest width was 4 t.
Two fewt of unharvested crop was left between harvest
Nigie:y

At eipght sites in 1992, cight side-by-side sinips 1500 ft
lonye were harvested. Each of the strips was harvested in
four segments: 230, 230, 500, and 300 1 long (Fig. 1},
Full length 1300 [T sirips were not harvested as was done
mn 1991,

[n one field in 1991 (Dayton) the uniformity trial was
harvested in two separate parts of a field. Four strips were
in one contour strip and the other four in another, near-
by contour strip. They were separated by a fallow con-
tour strip. Simnilarly, each half of the 1992 Davenport trial
were different barley varieties. At Helix in 1992, the strips
were only 1000 ft long, with the two 250 {t and one 500
fr segments being harvested.

To assess variability that would be encountered within
one black ot a two treatment, randomized complete-block
experiment, sample variances were calculated for all pairs
of adjacent plots. Since there were four (1991) or eight
(1992) strips, there were three or seven pairs of adjacent
plots to estimate variance (Fig, 1), The variance estimates
are for all possible pairs of plots of all possible lengths,
Longer plots were made by combining segments in end-
to-end fashion and computing a combined yicld. The
number of possible pairs of plots for each length in 1991
were: 18 at 250 fr, 15 at 300 fr, 12 at 750 fr, 9 ar 1000
fr, 6at 1250 f1, and 3 at 1500 fr. The 1992 lavout provid-
ed the following number of possible pairs: 14 at 250 ft,
21 at 500 ftr, 7 at 750 fr, 14 ay 1000 ft, 7 at 1250 f1, and
7 at 1300 ft. For example, in 1991 there were a total of
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four ways (o combine the segments in & srip 10 make
750 11 plots: the first, second, and third segments; the
second, third, and Tourth segments; third, fourth, and
fifth segments; and fourth, fifth, and sixth sepments. The
four adjacent strips allowed three csumates of varance
for a pair of side-by-side plots, Theretore, the variance
data for 750 ft plots at each site in 1991 were the average
of 12 single degee-oi-freedom estimates. These estimates
are not independent, and we do not use them for tests
of significance or statistical inference. This analysis and
the following model are used to describe and summartze
the data.

Based on an empirically denved formula relating vari-
ance per unit area to plot size (Smith, 1938}, the model

log{variance} = A % log{plot length) ~ constani

where b is the regression coefficient, was used to relate
variance to plot lenuth For each of the 14 sites, Regres-
sion coefficients and #° are given in Table 1.

Sites were separated into two groups according to varia-
bility predicted by the model at 1300 ft plot tength (Table
1}. Ten of fourteen sites had variance of <5 at 1500 fr
length, and were classified as fow vanability. Variance
at the remaining four were above five and were ¢lassi-
fied as high vanability. A single curve was fit to the com-
bined data of each group for use in examining least
significant difference and power for mean separation.

Least significant differences were calculated using
predicted variances for a hypothencal randomized
complete-block design with two treatments and four repli-
cations (i.e., three degrees of freedom for Swudent’s ¢).
Power for mean separation was estimated as a function
of predicied variances, and hence plot length, through
the relationship:

= Pl =1, = disg) <1 < (L, = d7sy)]
where 7.+ is the two-tailed critical value of Studeni’s ¢

at the selected significance level, ¢ is the desired detect-
able difference in mean values, s, 1s the estimated sian-
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Fig. 2. ¥ariance vs. plot length at six sites in 199%F, and eight sites in 1992. Lines are regression of log(variance) oo log{length}.
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dard error of the mean difference and cquals (257 myt?,
where o is the number of replications for each of the treat-
ments (Carmer and Walker, 1988). Desired detectable
difference in mean values of 4 bu/acre for the low varia-
biltty group and 7 busacre for the high variability group
were chosen for discussion because they produced accept-
able power given sufficient replication and plot length.

RESULTS AND DISCUSSION

Variance decreased with ncreasing plot length at all
uniformity trial sites in a decay function pattern (Fig. 2).
Thus result differs from most previous work on the rela-
tionship berween plot size and variance that indicated 1n-
tle decrease beyond 1740 acre (LeClerg et al., 1962,
p. 114} The shape and size of our plots compared with
common research plots may explain the discrepancy. We
used long, narrow, side-hy-side plots, and typical field
variability was probably localized in patches. As our plot
length increased without becoming wider, more and more
separate patches of heterogeneity were included in each
plot. Since the plots were a constant width and distance
from each other, the field areas they sampled did not be-
come more distant with increasing size, as occurs with
rectangular plots.

In the small uniformity trials placed near the large
trials in 1994, variances were much bke those of the large
trials (Fig. 3). Despite a 10-fold difference in lengths, the
response of variance (o increasing plot length foilows the
same decay pattern, Of the six small uniformity rrials,
three had lower and three had higher variance than their
large counterparts. 11 is remarkable that a 10-fold reduc-
tion in lengths and 5-fold reduction in widths would
produce data so similar in magnitude and in the relation-
ship of plot length to variance. It might be expected that
the magnitude of variance would continue to decline from
the 130 ft plot length of the small trial 1o the 250 ft plot

length of the large trial, but it does not. A partial expla-
nation for the return 1o high variance ievels at plot lengths
of 250 ft compared with very low variance levels for 150
ft plots may involve measurement errors such as incom-
plete unioading of the farmer's combine. We may fur-
ther specuiate that the different widths of harvest (4 ft
vs. 16 to 25 ft) caused the smaill and large triais to en-
counter different scales of field heterogeneity, or perhaps
the proportion of width to length of a plot and proximi-
ty to the adjacent plor has a major influence on variance.
Although the data presented here do not provide an ex-
planation for the similarities between the small and large
uniformity trial data, they do provide conclusive evidence
that on-farm tests can be designed to produce data with
experimental errors that compare favorably to those of
small research plots.,

The small tnals covered a total area of only abour one-
third acre, and this makes selection of 4 uniform site
easier. Uniformity is an important factor when the num-
ber of treatmenis is large, as is often the case under small
plot research conditions. Oune could guestion how well
small plot data represent an entire field, and while not
eliminating the problem, large plots decrease this poten-
tial bias. This study does not allow us to speculate about
the optirnum plot size and shape for research plots shorter
than 25 ft, but we can conclude thar 75 ft plots are less
variable than 25 f1 ploty.

Data from 23 farmer-implemented on-farm tests
(Wuest et al.,1992) located in the same region as this study
confirm that the variability estimated by the large unifor-
mity trials represent the degree of variability which actual
on-farm tests encounter. Most of the on-farm tests in-
volved two tillage treatments with two to four replica-
tions in wheat, barley, or canola {Brassica nopus L.)
fields. Plot lengths ranged from 100 to 2500 ft. After sub-
traction of block and rreatment effects, mean square
error for yield {in bu/acre) ranged from < 1 to 135, with
19 of the 23 cases below 11, and 13 cases below 5. This
agrees with data from the uniformity trials, where vari-
ance ranged from <1 to 112 over all plot lengths. A great-
er range of estimates of variances would be expected in
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Fig. 3. Variance vs. plot length of small plots (4-f1 width) placed near
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ances are based upon log-log regression of grouped data: low ¥ariance
(10 of 14 sites}, and high varience (4 of 14 sites).



Low variance group, d = 4 bufacre
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Fig. 5. Power for mean separation of experiments with differnet plot lengths and number of replications (reps). Power is shown for detectinyg
a true difference (o = 0.05) of 4 bu/acre for low variance data, and 7 bu/acre for high variance data.

the on-farm tests due to the lower number of replications
and sometimes very short plot lengths, These were the
first on-farm tests performed by these particular farm-
ers, and increased experience may reduce experimenter
errors and improve designs.

Least significant differences for sites classified in low
and high variance groups werc calculated at o levels of
0.05, 0.20, and 0.40 {Fig. 4). These calculations are ap-
propriate for an individual two-treatment, four-
repiication test. The larger « levels are presented because
of increasing interest among production management
researchers in significance levels that are selected based
upon risk assessments instead of scientific hypothesis test-
ing (Carmer & Walker, 1988). The low variability sites
should be able ro produce LSDs of = 6 busacre at a high
significance level (e = 0.05) even with relatively short
plot length. This approaches 4 bu/acre at plot lengths
> 1000 fi. For management decisions with less risk in-
volved (e = 0.20 0r 0.40), LSDs of <2 bu/acre are pos-
sible with long plots. At sites with high variability, short
piots and a demand for high significance will result in
high LSDs, above 12 bu/acre (Fig. 4). Plots > 1000 f1
long or a levels >0.05 can produce LSDs of 8 bu/acre
or less.

Given an estimate of variance, it is possible to calcu-
late the probabiiity that a proposed experiment will cor-
rectly detect a true difference between treatments. This
probability is called power for mean separation. Power
calculations are useful for designing experiments that are
likely to accomplish predetermined geals. If it is desired
that a test have 80% or better probability of detecting
a mean difference of 4 bu/acre (at @ = 0.05), four repli-
cations of 1230 ft plots at a low variability site would be
required according to the resulis of this study (Fig. 5).
Six repiications would allow a higher probability of de-
tecting a 4 bu/acre difference if plots are over 500 ft long.
Two or three replications arc not likely to detect a 4 bu
difference at any plot length.

Sites with high variability are very unlikely to detect
a4 pusacre difference ar « = 0.05; even at 1500 ft the
power rises ta only 0.38 with six replications (not shown).

At a 7 bu/acre desired detection level, six replications and
1250 ft plots are needed to ensure power >0.80.

We conclude that, in most fields of the dryland Pacif-
ic Northwest, 750 ft or longer side-by-side on-farm test
plots will have much less experimental error than 250 or
500 fr plots. With four or more replications, properly
designed on-farm tests can be expected to produce LSDs
{a = 0.05) of 5 bu/acre or less.
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