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Abstract

An experimental unit is the portion of experimental material to which a treatment is applied. Randomization of treatments is
implied among experimental units. This simple definition is often overlooked, but statistical analyses are predicated on identifi-
cation of the experimental unit. Experimental error is the variation among observations of experimental units treated alike. The
group of animals on a pasture treatment is a single experimental unit. Redefining the experimental unit as the animal on the pas-
ture rather than the pasture will erroneously increase the degrees of freedom and increase the likelihood of declaring a significant
difference, but the test will be invalid. Regression analysis has been used as an alternative to traditional replication, but it results
in risks that some scientific communities find unacceptable. Using a continuous variable, each treatment is applied to a single
experimental unit (no true replication) and then deviation from a regression model is used to estimate experimental error. This
approach has resulted in strong differences of opinion in the analysis and publication of stocking rate studies without replication
of treatments. Objective standards are the core of experimental design, but there are still subjective decisions that must be made
on the utility of data. The publication of a single replication for later metanalysis or the use of an alternative approach such as

deviations from a regression model could be justified in some cases of unique or extensive experimental units.
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Introduction

An experimental unit is the portion of experimental ma-
terial to which a treatment is applied (Steel and Torrie,
1980; Gomez and Gomez, 1984). This simple definition is
often overlooked or misunderstood. The experimental units
used for an experiment should also be representative and
random samples of the population to which inferences will
be made. However, logistical constraints generally prevent
a rigorous application of that rule. Researchers typically use
statistical analyses that are predicated upon an accurate
identification of the experimental unit. The experimental
unit is the foundation of the definition of experimental
error, which is the variation among observations of experi-
mental units treated alike. Randomization is an implied
characteristic of distributing treatments among experimental
units.

Discussion
An Example from Plant Research

If an experiment is conducted without multiple experi-
mental units the observations made during the experiment
do not contain the information needed for an estimate of the
experimental error. On the other hand, absence of randomi-
zation means that the estimate of experimental error, even if
there is replication, may be seriously biased (Lee and
Rawlings, 1982). Even when using controlled environ-
mental chambers in plant science research, the plants within
chambers are subsamples and are not replicates. Lee and
Rawlings (1982) examined this issue in depth and found
that, even with the most uniform conditions that could be

Proceedings of the American Society of Animal Science, 1999

created using state-of-the-art environmental chambers, the
basic concepts of experimental design could not be violated
without losing the ability to accurately estimate experimen-
tal error. Poor design resulted in poor estimates of error.
This can result in the declaration of a significant difference
when in reality there is none, and of course the estimates of
probability associated with the estimated differences are
erroneous.

When subsamples are incorrectly represented as replica-
tions an unknown level of bias is introduced in the estima-
tion of treatment effects and the experimental error is un-
derestimated. Even in a uniform environment, grouping of
the experimental material for a given treatment and han-
dling the group as a unit introduces positive correlations
within the group, and the net result is that the experimental
error is underestimated if subsamples are mistakenly identi-
fied as replications (Lee and Rawlings, 1982).

Rangeland, Pasture, and Forage Research

When studying animal performance in grazing systems,
there are two primary sources of variation within each year
(Mott and Lucas, 1953): the variation as a result of pasture
or rangeland treatment and the variation due to animals.
Generally, animal-to-animal variation is thought to be two
to six times as large as paddock-to-paddock variation (Mott
and Lucas, 1953). In grazing research, the group of animals
on a pasture generally makes up a single experimental unit
(Stuedemann and Matches, 1989). The exception to this
rule is when a treatment such as a drug treatment is applied
as a split plot to one or more animals in an individual pad-
dock and one or more animals in the same paddock receive
a different treatment. Split-plot designs actually have more



than one estimate of experimental error, and it varies be-
cause there are, by definition, multiple sizes or types of
experimental units within the design.

When the experimental material is made up of discrete
units such as cattle, there can be a tendency to assume that
the unit of experimental material is the same as the experi-
mental unit. When treatments are applied to an entire pas-
ture (i.e., a forage species or herbage mass treatment), each
animal on a pasture is a subsample and the group of animals
is the experimental unit. The complex logistics and expense
of conducting a grazing trial can produce a strong desire to
redefine the experimental unit when more than one animal
grazes each pasture. This is because of the degrees of free-
dom in the analysis of variance in most grazing experi-
ments. However, few scientists would argue that the ani-
mals on a pasture have no influence on each other, are not
affected similarly by a common environment, and as a re-
sult do not exhibit responses that are correlated.

When the experimental unit is misidentified as a sub-
sample, the correlation of subsamples within an experimen-
tal unit results in an erroneous estimate of experimental
error that is too small. As a result, it can seem advantageous
to redefine animals as replications in the analysis of vari-
ance of grazing trials simply because it makes it easier to
find a “significant” difference. This at the root of the prob-
lem identified by Lee and Rawlings (1982) and it is much
more serious in the complex experiments that make up
grazing trials in both pasture and rangeland. Any flaw in
experimental design that allows for correlation of animal
responses within a treatment across replications results in
reduced estimates of experimental error and increases the
possibility of declaring a significant difference when there
is none. The experimenter will minimize animal-to-animal
variation by placing animals together in a paddock to be
treated similarly (Mott and Lucas, 1953). Even if no treat-
ments were falsely declared to be different, the probabilities
associated with the differences would be in error. This is a
product of misidentification of the experimental unit and
consequently using an inappropriate statistical model.

A Simple Example with Animals Fed in Confinement

In the case of a simple trial to test three hays (Figure 1),
a researcher may acquire the hays and then randomize the
feeding to each animal. For example, consider the use of six
animals as shown in Figure 1. As indicated, the hays are
randomized to each of six animals and, in the example,
three time periods are used to feed each animal each hay
and form two Latin squares. This design would generally be
publishable in the Journal of Animal Science if we assume
that the treatments selected make a contribution to the sci-
entific literature. Multiple environments and a larger num-
ber of animals would be desirable but not necessary. In
contrast, if the same hays were fed for the same time period
with animals in separate pens but grouped by treatment to
simplify feeding (Figure 2), most animal scientists would
protest that this design was inappropriate, despite the fact
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that the same numbers of animals were fed for the same
duration.

Although the treatments may have been assigned at ran-
dom to the pairs of animals, each pair was fed the same hay
side by side. Even if the animals are in separate pens,
grouping the feeding treatments tends to correlate the re-
sponse variables of the animals receiving the same treat-
ment side by side. It should be noted that the trial repre-
sented in Figure 2 could be turned into a Latin square with
each pair of animals making a cell if two additional periods
were added. However, that is not proposed here, and it
would triple the duration of the trial. Assume simply that
the animals are in separate pens but that the feed treatments
are grouped for logistical reasons and no other animals are
used to achieve replication.

In the proposed example (Figure 2) the pair is the ex-
perimental unit and there is no replication. Most animal
scientists would object to the flawed design, point out the
lack of replication, and recommend that the manuscript not
be published. This design is analogous to a single replica-
tion of a typical grazing trial. Animals are grouped and
actually penned in the same paddock for a pasture treat-
ment. The group is the unit because they are all together
feeding on the same treatment. Conceptually, that portion of
the experimental material is not divided and forms a unit.
They are expected to display correlated responses to any
treatment variables. Most animal scientists would have
natural and appropriate objections to grouping animals by
treatment in any trial unless the trial was designed to use
groups as experimental units. Most grazing trials are de-
signed to use the group as the experimental unit. They use
the group as an experimental unit and replicate groups with
multiple pastures.

Exceptions to the Rule and Lack of Replication

The first exception to optimal experimental design I
would like to point out is illustrated in Figure 1. Notice that
only three hay fields are used, each producing a single ex-
perimental hay. This is generally the way experimental hay
treatments are generated. However, this means that any
peculiarity of the field used to produce the hay is con-
founded with the experimental treatment. The desired infer-
ence is generally to all hays of that type at a similar stage of
growth, and this could result in serious errors. This is gen-
erally acceptable because of the logistics of replicating hay
sources and incorporating them into the experimental de-
sign. The Journal of Animal Science has established a de
facto standard that permits this exception to what would
otherwise be a more robust experimental design.

The primary topic I need to address in this section is the
use of regression analysis in grazing research as an alterna-
tive to replicating treatments with experimental units. This
approach uses deviation from regression to estimate ex-
perimental error. Without multiple experimental units for
each treatment some scientific communities find these de-
signs unacceptable. For example, Hart and Ashby (1998)
published a grazing experiment covering 55 yr of research



in the Journal of Range Management. Although few would
question the utility of these data, it is unlikely that this ex-
periment would have been published in the Journal of Ani-
mal Science, Crop Science, or Agronomy Journal because
it lacked replication of each treatment with multiple ex-
perimental units and error was estimated solely by deviation
from the regression model.

Some scientists review manuscripts as though the use of
regression analysis, rather than replication of the experi-
mental unit, is not statistically valid. The use of regression
with multiple levels of a treatment effect to predict a re-
sponse variable is statistically valid but in some scientific
communities it may not be sufficient for publication. In this
approach, multiple experimental units are used but gener-
ally each treatment is applied to only one experimental unit.
When a regression model is used to estimate error the esti-
mate should actually be a conservative estimate. For exam-
ple, although we may use a model that provides an adequate
fit to observations the model will be a gross simplification
of the “true” model. For example, a linear or quadratic
model is sometimes applied to explain a relationship be-
cause the models are simple but the relationship under
study is not thought to be truly linear or quadratic. As a
result, deviations from the models should be larger and the
error term inflated because we are not using the “true”
model. In grazing research, this issue has been most evident
in the analysis and publication of stocking rate studies
without replicated experimental units.

Differences in the definition of acceptable designs may
be partly responsible for the diverse theories on the rela-
tionship of stocking rate to ADG in the literature and for the
association of these theories with particular regions and
environments (Hart, 1993). Using varied stocking rate and
deviations from regression analysis to estimate experimen-
tal error is sometimes associated with risks (real and per-
ceived) of inadequate estimation of experimental error and
model parameters. The relative value of eliminating replica-
tion in favor of multiple stocking rates in some grazing
experiments has been considered (Riewe, 1961; Bransby et
al., 1988; Bransby, 1989).

I have presented a hypothetical result from a grazing
trial without replication in a diagram (Figure 3). The graph
represents observations of ADG at three stocking rates. One
serious problem with the approach is evident with this
minimum implementation of only three levels of treatment
(stocking rate). In effect, the slope is determined by the
observations of ADG at the maximum and minimum rates
of treatment, whereas the error is determined by the devia-
tion of the observed ADG from the regression line for the
intermediate treatment. The situation is not as serious when
more than three levels of treatment are applied. However,
influential points representing single pastures are always
possible issues with this approach. It should also be noted
that even though the error estimated for the slope is limited
it could be used to apply a level of confidence to both the
slope and the estimated optimum gain per hectare.

When replication of the experimental unit would pre-
vent the investigation of a scientific principle, the use of an
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alternative design clearly should be considered. For exam-
ple, scale can be of importance when evaluating manage-
ment systems and in interpretation of grazing data (Hart et
al., 1993). Particularly as we move up to the analysis of
systems at full scale we do not have the option of simply
saying we cannot do the work. In some cases it is appropri-
ate to publish a single replication in anticipation that other
researchers will publish another. This is handled well in the
Journal of Range Management and the Journal of Envi-
ronmental Quality. In both of these journals, variation in
the size or unique characteristics of the experimental unit is
taken into account, and great diversity is seen within an
individual volume of these journals.

Each scientific community interacts to establish de facto
standards for experimental design and analysis. Studies
conducted on experimental units that are very large or
unique may have no replication, but it may be appropriate
to publish a single replication as a case study for compari-
son with other similar case studies. In part, standards are
based on the logistics of conducting research in a particular
field of science and an acceptable level of risk in the re-
sults. Less rigorous designs may be appropriate for
conducting experiments that are very difficult, expensive, or
extensive.

Implications

The logistics of grazing research typically result in ex-
perimental designs with limited degrees of freedom for
estimating treatment differences. This makes it difficult to
detect significant effects, but it is inappropriate to use ob-
servations of each grazing animal as replications when the
treatment is applied to the pasture. This practice can erro-
neously increase the degrees of freedom, but it is inappro-
priate to assume that the experimental unit can be redefined.
On the other hand, scientific societies may establish rigid
standards that exclude data that could be of value. Objec-
tive standards are the core of experimental design, but there
are still subjective decisions that must be made on the util-
ity of data. The publication of a single replication for later
metanalysis or the use of an alternative approach such as
deviations from a regression model could be justified in
some cases of unique or extensive experimental units.
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Forage Forage Forage Forage Forage Forage
LLA77 GCB17 CLC77 LLA77 GCB17 CLC77
Field 1 Field 2 Field 3 Field 1 Field 2 Field 3
Make Hays, Randomize to Animals, Make Hays, Randomize to Pairs
Utilize 3 Periods to Create 2 Latin Squares of Animals
Animal Number Animal Number
1 2 3 4 3 6 1 2 3 4 3 6
Hay3 | Hayl | Hay2 | Hay1 | Hay3 | Hay 2 Hay3 | Hay3 | Hay1l | Hay1 | Hay 2 | Hay 2
Hay2 | Hay3 | Hay 1l | Hay 2 | Hay 1 | Hay 3 Hay3 | Hay3 | Hay1l | Hay1 | Hay2 | Hay 2
Hay1l | Hay2 | Hay3 | Hay3 | Hay2 | Hay 1 Hay3 | Hay3 | Hayl | Hay1l | Hay 2 | Hay 2
Figure 1. Diagrammatic representation of a double Latin Figure 2. Diagrammatic representation of a feeding trial
square design in a feeding trial. with feed treatments grouped to make for simpler logistics.
Stocking Stocking Stocking
Rate A Rate B Rate C
“Low” ‘Medium’ “High”

! ! !

Randomize Animals to Stocking Rate
Treatments and Observe Performance

I

. Average Daily Gain
|
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A B C

Figure 3. Hypothetical average daily gains in a stocking
rate study with three rates.
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