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ABSTRACT: The use of power tests in the planning
and design of beef cattle experiments provides critical
information on sample sizes necessary to detect treat-
ment differences at a predetermined significance (α)
level. Retrospective power analysis provides additional
information about previous experiments that may be
helpful in designing subsequent investigations. How-
ever, in retrospective power analyses, power is in-
versely related to observed significance level. Benefits
of prospective and retrospective power analyses in beef
cattle experiments are similar to those for other species;
however, because of differences in the methods and
conditions involved, considerations for the use of power
test procedures are specific for beef cattle research. Ret-
rospective power analyses were conducted on 78 pub-
lished experiments and on two unpublished experi-
ments. Experiments were compiled into categories that
represented group (or pen) feeding, individual feeding,
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Introduction

Power of the test considerations used in beef cattle
research studies are distinct from those for other live-
stock species because of major differences in the meth-
ods and conditions involved. Sample size, number of
true replications, and experimental design have been
discussed in beef cattle research for many years (Hen-
derson, 1969; Norton, 1969; Gill, 1980). Several consid-
erations have been used in designing experiments to
decrease experimental error and the probability of com-
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and metabolism studies. Estimated power in pen feed-
ing experiments using randomized block designs (RBD,
n = 30) was less than 0.80 for ADG and feed efficiency
(FE), but not different from 0.80 for completely random
designs (CRD, n = 4). Furthermore, estimated power
was less for ADG than for FE in both design types.
For individual feeding experiments using RBD (n = 4),
power was not different from 0.80 for either ADG or
FE; however, for CRD (n = 18), power was less than
0.80 for both ADG and FE. Power was similar for ADG
and FE for both RBD and CRD in individual feeding
experiments. In metabolism experiments, estimated
power for nitrogen retention was less than 0.80 for
Latin square designs (n = 20) but not for CRD (n =
4). Comparisons of power between experimental design
types were likely influenced by the number of experi-
ments involved. These results indicate that retrospec-
tive power in beef cattle experiments is affected by de-
sign type, and response variable measured.

mitting a Type II error (Meyer et al., 1960; Lofgreen et
al., 1962). A primary goal of beef experimentation is
to reject the null hypothesis of no difference between
treatments when it is false; however, many beef experi-
ments seem to be conducted without apparent calcula-
tions of prospective power of the test considerations,
which decreases the value of the planning phase of
experimentation and may result in a need for additional
studies. In addition, estimating power retrospectively
from beef research provides information for comparing
relative power for different types of experiments (pen
feeding, individual feeding, and metabolism) and offers
the opportunity for appraisal of different types of beef
cattle research. Power of the test in beef experiments is
affected by experimental design, sample size, response
variables being measured, and size of true differences
between treatments. Other factors that likely affect
power include pen type, seasonal and regional effects,
and diet composition.

Although several publications are available on the
subject of power tests for use by researchers (Steidl et
al., 1997; Gerard et al., 1998; Novak and Haslberger,
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2000; Kuiper et al., 2002), none specifically addresses
beef cattle experiments and the associated factors that
make them unique. Shortcomings of power calculations
as a means to evaluate research also have been reported
(Thomas, 1997; Hoenig and Heisey, 2001). Our objec-
tives were to analyze data from publications of beef
cattle research to 1) estimate retrospective power for
selected response variables and 2) compare retrospec-
tive power between types of experiments (pen, individ-
ual, metabolism) and types of experimental design
(completely random designs, randomized block designs,
and Latin square designs).

Methods

Data were compiled on subject areas of ionophores
(pen feeding), general nutrition (individual feeding),
and nitrogen utilization (metabolism), and were used
to estimate the power of each experiment involved in
these three types of beef cattle research methods. Beef
cattle articles published in the Journal of Animal Sci-
ence from 1974 through May 2003 were screened for
inclusion in the database for calculation of retrospective
power. Only articles that reported individual treatment
means were included. These totaled 78 articles. In addi-
tion, two manuscripts in review (our unpublished data)
were included, yielding a total of 80 experiments.

Both prospective and retrospective power analyses
are explored in this paper. Prospective power analysis
is reviewed through a Monte Carlo exercise. This is
explained more thoroughly in the Results and Discus-
sion section. The procedures used to retrospectively an-
alyze power in experiments reviewed are explained
below.

Retrospective Power Analysis

To estimate power retrospectively, the following in-
formation was used: 1) an observed F-statistic (and its
degrees of freedom) associated with a test of the null
hypothesis of no treatment effect in the original data
set, 2) a stated α level, and 3) the noncentrality parame-
ter associated with the F-statistic. The observed F-sta-
tistic can be calculated using treatment means, samples
sizes, and the standard error of the mean. This calcula-
tion assumes that variances of treatment means are
homogeneous, and in the case of randomized block de-
signs, both block and treatment effects are fixed.

There are several estimators of the noncentrality pa-
rameter. We used the estimator described by Johnson
et al. (1995):

λ̂ = (v1(v2 − 2)F / v2) − v1 [1]

where v1 and v2 are numerator and denominator de-
grees of freedom of the calculated F-statistic. Power is
given by (Graybill, 1976):

Power = ∫
∞

Fa;v1,v2

F(w:v1,v2;λ)dw [2]

where Fa;v1,v2
= the upper α probability point of the

central F-distribution with v1 and v2 degrees of freedom;
F(w:v1, v2; λ) is the probability density function of the
noncentral F-distribution; and w is the F-statistic;
when λ̂ is used in Eq. 2, then power is estimated. It
should be noted that λ̂ (Eq. 1) is an unbiased estimator
of the noncentrality parameter. However, negative esti-
mates are possible, in which case power cannot be esti-
mated; in these cases, λ̂ was set to zero (this biases the
estimator). Other common estimators of power, namely
λ̂1 = v1F (used by the software “GPOWER”) and

λ̂2 =
(t − 1)(TRTMS − MSE)

MSE , where t = number of treat-

ments, TRTMS = the treatment mean square, and
MSE = the experimental error mean square (e.g., Winer
et al. 1991; Kirk, 1995), are also biased estimators of
the true noncentrality parameter.

For each of the studies in the database, power was
estimated using Eq. 2 with the noncentrality parameter
estimated by Eq. 1. This estimate of power was then
used for further analyses. In particular, we wished to
provide descriptive information about estimated power
in beef cattle research as it is related to type of experi-
mental design, kind of experiment (e.g., pen-fed ani-
mals, individually fed animals, and metabolism trials),
and response variable (e.g., ADG, feed efficiency [FE],
and nitrogen retention). We are not aware of any theo-
retical studies of the distribution of power as a random
variable. Thus, in our statistical tests that used power
as the dependent variable, we employed nonparametric
tests. For example, many texts suggest that power of
0.80 or greater is desirable. In our analysis, we tested
the hypothesis that power equals 0.80 with a one-sam-
ple, Wilcoxon signed-ranks test. Similarly, when we
compared power of ADG to power of FE, we used a
Wilcoxon paired-samples test, and when we compared
power in randomized block designs (RBD) to power
in completely random designs (CRD) for a particular
response variable (e.g., ADG), we used a Kruskal-Wal-
lis test.

Results and Discussion

Prospective Power Analysis—A Monte Carlo Exercise.
Prospective evaluation of power in the planning and
design phase of beef cattle experiments provides re-
searchers with critical information on the appropriate
design type and sample sizes necessary to detect a treat-
ment effect at a predetermined significance (α) level.
For example, suppose a researcher is studying ADG by
300-kg crossbred steers. Even when steers of a similar
breeding and weight class are fed the same control diet,
ADG will not be the same for each animal because
of variability resulting from experimental error (i.e.,
variation among experimental units treated the same).
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Now, suppose that it is known that the variance in
ADG among animals treated alike is σ2 = 0.01. If the
researcher is interested in studying ADG by animals
fed three different diets, he or she randomly selects
animals from the target population (300 kg crossbred
steers) and randomly assigns them to diets, with r ani-
mals per diet. The experimental design is therefore a
CRD, with t = 3 treatments and r replications per treat-
ment. Under the assumptions that experimental errors
are normally and independently distributed with a com-
mon variance in each treatment, an ANOVA and its
accompanying F-test is used to test the null hypothesis
that there is no difference in mean ADG among the
three treatments. The alternative hypothesis is that
the three treatment means are not equal.

Two distinct situations are possible. First, suppose
that there is no true difference in ADG among the three
diets (i.e., the null hypothesis is true). Because of vari-
ability in ADG, even among animals treated alike, it is
possible that an experiment might yield data that would
lead the investigator to reject the null hypothesis that
there is no difference in ADG among the three diets—
this would be a Type I error, and its probability of
commission is controlled by selecting a desired α level,
typically, α = 0.05.

A second kind of error is possible. Suppose that there
actually is a difference in ADG among treatments.
Again, because of experimental error, it is possible that
an experiment might yield data that would lead the
investigator not to reject the null hypothesis—this
would be a Type II error, and its probability is denoted β.

Clearly, it is undesirable to reject the null hypothesis
when it is in fact true. Likewise, it is undesirable to
conclude that there is no difference among treatment
means when in fact a true difference exists. This leads
to the concept of statistical power: the power of a test
is the probability of rejecting the null hypothesis when
it is in fact false. Power is denoted by 1 − β. It is clear
that the power of a test depends, in part, on the exact
nature of the inequality among treatment means.

Suppose that in addition to knowing that σ2 = 0.01,
the investigator knows that the true treatment means
of ADG are �1 = 0, �2 = 0.1, and �3 = 0.2, with an overall
population mean of � = 0.1. In this example, it is also
true that the differences between each treatment mean
and the grand mean are τ1 = �1 − � = −0.1; τ2 = �2 −
� = 0.0; and τ3 = �3 − � = 0.1. Suppose that logistic
considerations and available resources are such that it
is possible to have r = 6 replications per treatment.
Even though it might be known that treatment means
differ, it is nevertheless possible that, because of experi-
mental error, an experiment might yield data that
would lead to the conclusion that there is no difference
among treatment means (i.e., a Type II error). With
this possibility in mind, the investigator might ask,
“Given that I know that the true population means
are different, and further given that ADG varies even
among animals on the same diet, what is probability

of rejecting the null hypothesis with six replications
per treatment?”

When the population parameters are known, power
can be calculated. In this example, with σ2 = 0.01, and

∑
t

t=1

τ2
i = 0.02, the noncentrality parameter is (Graybill,

1976):

λ =
E[SS(H0)]

2σ2 − df(H0)
2 [3]

where E[SS(H0)] is the expected value of the sum of
squares associated with the null hypothesis, df(Ho) are
the degrees of freedom associated with the null hypothe-
sis, and σ2 is the experimental error. For a CRD,

E[SS(H0)] = (t − 1)σ2 + r ∑
t

i=1

τ2
i

when ∑
t

i=1

τi = 0. In this example, λ = 6. A final parameter,

usually denoted φ, is calculated by φ = √2λ/n1, where

n1 = df(H0) + 1. In this example, φ = 2.0. With φ, power
can be determined by consulting Table T-11 in Graybill
(1976). In this example, power is 0.8049; thus, the prob-
ability of rejecting the null hypothesis is 80.49%.

The foregoing example can be empirically supported
using Monte Carlo simulation methods. The IML proce-
dure of SAS (SAS Inst., Inc., Cary, NC) was used to
write a program that would generate experimental er-
rors from a normal distribution with a variance of 0.01.
Six experimental errors were assigned randomly to
each of three treatments; then, a value of 0.1 was added
to each experimental error in Treatment 2, and a value
of 0.2 was added to each experimental error in Treat-
ment 3. With randomly generated data, an ANOVA
was completed with an F-statistic. This process was
repeated 100,000 times in the Monte Carlo simulation.

Out of these 100,000 simulated experiments, the null
hypothesis was rejected 80,497 times. Thus, the empiri-
cal power of the test statistic was 80.497%. The theoreti-
cal power, following Graybill (1976; see above) was
80.49%. We conclude that when population parameters
are known, and assumptions underlying the F-test are
satisfied, power can be determined.

A total of 100,000 experiments were simulated in the
Monte Carlo exercise, and the results showed clearly
that for these 100,000 experiments, there was an
80.497% chance that the null hypothesis was rejected.
Clearly, this concept deals with the population of exper-
iments.

For each of these experiments, power also can be
retrospectively estimated. It is instructive to consider
the possibilities that emerge from post hoc power esti-
mation. For example, in one of the simulated experi-
ments, the calculated F-statistic was F = 8.0699. This
result can be used to estimate the noncentrality param-
eter using Eq. 1, from which power can be estimated
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Figure 1. Relationship of P-value (α) to power in beef
cattle pen-feeding experiments (includes both ADG and
feed efficiency values, n = 34).

using Eq. 2. For this particular simulated experiment,
power is retrospectively estimated to be 80.49023%, a
value very close to the true power in this example.
However, another of the experiments in the Monte
Carlo simulation yielded a calculated F-statistic of F =
14.731091, with an estimated power of 98.057%. And
still another of the simulated experiments yielded a
calculated F-statistic of F = 1.2001352, with an esti-
mated power of 5.499%.

These results clearly demonstrate that estimated
power is a random variable. Thus, any given set of
experimental data can be used to estimate power, and
the resulting estimate may or may not be close to true
power. This is a consequence of the inherent variability
in the experimental errors associated with the observed
dependent variable.

A Disclaimer on Interpretation of Retrospective Power.
Retrospective power is related to observed significance
level (Figure 1). It is important to appreciate that when
the observed significance level is large (i.e., nonsignifi-
cant), then retrospectively estimated power will be low;
conversely, when the observed significance level is
small (i.e., significant), then retrospectively estimated
power will be high. Hoenig and Heisey (2001) provided
a theoretical explanation of this relationship, and Fig-
ure 1 provides empirical support. The importance of
this relationship between observed significance level
and retrospectively estimated power cannot be over-
stated. For example, some practitioners advocate esti-
mating power following a nonsignificant test result,
with the following in mind: if power is relatively high,
then this tends to support the null hypothesis (i.e., be-
cause power is relatively high, then one would probably
have found a difference if it existed, but because the

null was not rejected, then there probably was not a
difference). In a similar manner, if observed power is
relatively low and the null hypothesis is not rejected,
then a common interpretation is that perhaps there
may actually have been a difference, but the low power
of the test made it unlikely to reject the null hypothesis.
Hoenig and Heisey (2001) termed this “thought experi-
ment” the “power approach paradox.” Given the rela-
tionship between observed significance level and retro-
spective power estimation (Figure 1), it is clear that
“computing the observed power after observing the P-
value should cause nothing to change our interpretation
of the P-value” (Hoenig and Heisey, 2001).

Sample Size Estimation. One concept that is related
to power deals with estimation of sample size to detect
a specified difference among treatment means. Contin-
uing the example above, suppose the investigator
knows that the variability among experimental units
treated alike is σ2 = 0.01. Further, suppose that the
investigator would like to conduct an experiment (using
a CRD) studying differences in ADG among three treat-
ments. The investigator wishes to know how many ex-
perimental units are needed so that a difference be-
tween the largest and the smallest means of 0.2 kg is
statistically significant at the 5% significance level with
a power of 80%. Thus, four pieces of information are
needed: 1) experimental error; 2) the maximum differ-
ence between treatments that is desired to detect; 3) a
significance level; and 4) power. With this information,
the tables provided by Bowman and Kastenbaum (1975)
can be used to determine the necessary sample size.
In particular, following the notation of Bowman and
Kastenbaum (1975), let �max = ξmax = 0.20 and �min =
ξmin = 0.00. Then let τ = (ξmax − ξmin)/σ = 2 for the present
example. With k = 3 treatments, α = 0.05, and β = 0.20,
Table 1 in Bowman and Kastenbaum (1975, page 142)
can be consulted. From this table, the number of experi-
mental units per treatment is equal to r = 5.947 � 6.
The Monte Carlo simulation described above empiri-
cally confirms the accuracy of the Bowman and Kasten-
baum (1975) tables.

The tables in Bowman and Kastenbaum (1975) do
not include all experimental conditions. For example,
for single-factor CRD, these tables include situations
for t = 2 through 11, and then for t = 13, 15, 20, 25, 30,
40, 50, and 60; other numbers of treatments are not
included. Desu and Raghavarao (1990) provided the
following approximation for sample size. Let

m* = 2{√χ2
1−α;(t−1) − (t − 2) + zβ}2(σ/�)2

where χ2
1−α;(t−1) is the 100(1 − α) percentile point of the

χ2 distribution with (t − 1) df; zβ is the β percentile point
of the standard normal distribution; σ is the square
root of the experimental error variance, and � is the
difference between the largest and smallest of t treat-
ment means. The sample size needed per treatment is
r = [m*] + 1, where [�] is the greatest integer function.
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Table 1. Description of beef cattle experiments included in the pen-feeding databasea

Power
Experiment No. of No. of No. of blocks or
No.b Designc animals treatments replicationsd ADG FEe

1 RBD 800 4 20 0.752 1.000
2 RBD 192 4 6 0.078 0.919
3 RBD 280 4 7 0.538 1.000
4 RBD 800 4 20 0.411 1.000
5 RBD 400 4 10 0.360 1.000
6 RBD 320 4 10 0.063 0.360
7 RBD 320 4 10 0.222 0.606
8 CRD 105 5 3 0.185 0.590
9 CRD 126 6 3 0.050 0.098

10 RBD 80 4 4 0.050 0.147
11 RBD 120 4 5 0.998 0.124
12 RBD 114 6 3 0.850 0.087
13 RBD 120 6 2 0.050 0.125
14 RBD 216 6 6 0.492 0.471
15 RBD 120 4 5 0.102 0.119
16 RBD 96 4 4 0.121 0.901
17 RBD 96 4 4 0.050 0.050
18 RBD 128 4 4 0.050 0.179
19 RBD 96 4 3 0.347 0.05
20 RBD 120 5 3 0.768 0.815
21 RBD 140 5 4 0.290 0.488
22 RBD 200 5 4 0.050 0.050
23 RBD 72 4 3 0.938 0.378
24 RBD 72 4 3 0.168 0.592
25 CRD 96 4 4 0.050 0.131
26 CRD 64 4 4 0.050 0.734
27 RBD 96 4 4 0.413 0.975
28 RBD 144 4 6 0.050 0.841
29 RBD 100 4 5 0.050 0.050
30 RBD 96 4 4 0.050 0.050
31 RBD 192 8 6 0.456 0.814
32 RBD 80 4 4 0.178 0.734
33 RBD 96 4 6 0.952 0.863
34 RBD 200 5 5 0.183 0.617

aCompiled from selected articles on ionophores in the Journal of Animal Science.
bIndicates the order of compilation in the database. A complete list is available from the authors.
cRBD = randomized block design; CRD = completely random design.
dRepresents true replications of experimental units.
eFE = feed efficiency.

In this example, m* = 4.73, so the approximate sample
size is five replications per treatment.

Another method for determining the number of repli-
cates required in a proposed animal experiment is de-
tailed by Berndtson (1991). Similar to the previous
methods, four pieces of information must be known in
order to determine sample size. Three of these (differ-
ence between treatments, significance level, and power)
are the same in each of these methods. However, in the
Berndtson (1991) approach, a coefficient of variation
involving the control treatment is used in tables he
provided to estimate sample sizes. In addition to requir-
ing a coefficient of variation that involves only the con-
trol treatment, his tables provide estimated sample
sizes only for two-treatment experiments and only for
situations involving a 5% significance level.

Because of inherent differences between research
facilities, and thus in the experimental error associated
with beef cattle experiments, it is to be expected that
the estimated number of replications needed to achieve

a desired power will vary between facilities. Continuing
with the above example, suppose that a beef nutritionist
wants to study ADG as affected by three treatments in
a CRD; he or she wishes to know how many replications
are needed to detect a difference among treatments if
the largest difference between treatment means is 0.2
kg/d, with alpha = 0.05 and power = 0.80. She or he
estimates experimental error at their research facility
to be σ2 = 0.0036. Using the tables of Bowman and
Kastenbaum (1975), τ = 3.33 and thus r = 3 replications
would be used in this experiment. Now, suppose that
this nutritionist is collaborating with a colleague at a
different facility, where the estimate of experimental
error is σ2 = 0.02. Using the tables of Bowman and
Kastenbaum (1973), τ = 1.414 and r = 11 replications
would be used in the experiment at the second facility.
Thus, even when the same experiment is repeated at
two different facilities, estimated sample sizes will be
affected by the inherent variability in the response vari-
able associated with each facility. Finally, it should also
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Table 2. Estimated power in beef cattle pen-feeding experiments on animal perfor-
mance variablesa

Test of Ho:
Estimated power power = 0.80

Experimental Response No. of
designb variablec experiments Mean Minimum Maximum P > |S|d

RBD ADG 30 0.3360 0.0500 0.9982 0.001
FE 30 0.5135 0.0500 1.0000 0.001

CRD ADG 4 0.0837 0.0500 0.1849 0.125
FE 4 0.3881 0.0977 0.7337 0.125

aData were pooled within design type for the response variables studied. RBD = randomized block design;
CRD = completely random design; FE = feed efficiency.

bFor CRD − Ho: ADG = FE→ P < 0.001 (n = 4; Wilcoxon paired test); for RBD − Ho: ADG = FE → P <
0.004 (n = 30; Wilcoxon pairied test).

cFor ADG − Ho: CRD = RBD → P < 0.073 (n = 4, 30; Kruskal-Wallis test); for FE − Ho: CRD = RBD →
P < 0.520 (n = 4, 30; Kruskal-Wallis test).

dP-value for a Wilcoxon signed ranks test.

be appreciated that if true experimental error at the
first facility was in fact σ2 = 0.01, but a value of 0.0036
was used to estimate sample sizes, then an experiment
with r = 3 replications would in reality have a power
of 0.3857 rather than the nominal value of 0.80. Like-
wise, if the (overestimate) of 0.02 was used when the
actual experimental error was 0.01, then an experiment
with r = 11 replications would in reality have a power
exceeding 0.99. For these reasons, it is imperative that
researchers collect and retain historical data associated
with their facilities, and that every effort is made to

Table 3. Description of beef cattle experiments included in the individual feeding databasea

Power
Experiment No. of No. of No. of blocks or
No.b Designc animals treatments replicationsd ADG FEc

1 RBD 60 6 5 0.050 0.050
2 RBD 60 6 5 0.412 0.175
3 CRD 60 3 20 0.110 0.050
4 CRD 20 4 5 0.050 0.050
5 CRD 20 4 5 0.351 0.050
6 CRD 33 3 11 0.198 0.050
7 CRD 27 3 9 0.050 0.050
8 CRD 44 4 11 0.130 0.126
9 CRD 45 5 9 0.935 0.080

10 RBD 60 5 4 0.050 0.050
11 CRD 56 7 8 0.784 0.989
12 CRD 36 3 12 0.946 0.050
13 CRD 36 3 12 0.998 0.050
14 CRD 36 3 12 0.568 0.909
15 CRD 72 6 12 0.999 0.999
16 RBD 16 4 4 0.050 0.143
17 CRD 54 6 9 0.930 0.395
18 CRD 18 3 6 0.050 0.050
19 CRD 120 10 12 0.050 0.050
20 CRD 16 4 4 0.050 0.198
21 CRD 60 5 12 0.055 0.318
22 CRD 24 2 12 0.050 0.050

aCompiled from published (n = 20) and unpublished (n = 2) sources.
bIndicates the order of compilation in the data base. A complete listing is available from the authors.
cRBD = randomized block design; CRD = completely random design.
dRepresents true replications of experimental units.
eFE = feed efficiency.

provide an accurate estimate of experimental error to
be used in designing future experiments.

Pen-Feeding Experiments. A description of experi-
ments included in the pen feeding database and retro-
spective power values for ADG and FE are given in
Table 1. Thirty pen-feeding evaluations of animal per-
formance in our database used RBD. Only four studies
included used a CRD.

A comparison of the influence of design type on re-
sponse variables and power data is presented in Table
2. In RBD, the estimated power associated with ADG
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Table 4. Estimated power in beef cattle individual-feeding experiments on animal perfor-
mance variablesa

Test of Ho:
Estimated power power = 0.80

Experimental Response No. of
designb variablec experiments Mean Minimum Maximum P > |S|d

CRD ADG 18 0.4059 0.0500 0.9999 0.003
FE 18 0.2508 0.0500 0.9999 0.001

RBD ADG 4 0.1404 0.0500 0.4115 0.125
FE 4 0.1045 0.0500 0.1749 0.125

aData were pooled within design type for the response variables studied. RBD = randomized block design;
CRD = completely random design; FE = feed efficiency.

bFor CRD − Ho: ADG = FE → P < 0.260 (n = 18; Wilcoxon paired test); for RBD − Ho: ADG = FE → P <
0.999 (n = 4; Wilcoxon paired test).

cFor ADG − Ho: CRD = RBD → P < 0.158 (n = 18, 4; Kruskal-Wallis test); for FE − Ho: CRD = RBD →
P < 0.853 (n = 18, 4; Kruskal-Wallis test).

dP-value for a Wilcoxon signed ranks test.

was less (P < 0.001) than 0.80. Similarly, estimated
power associated with FE was less (P < 0.001) than
0.80. In CRD, estimated power did not differ (P > 0.125)
from 0.80 for either ADG or FE; however, sample sizes
associated with these tests limit conclusions.

In RBD, estimated power associated with tests of
ADG was less (P < 0.004) than the power associated
with tests of FE. Similarly, in CRD, estimated power
was less (P < 0.001) for ADG than for FE.

In studies of FE, estimated power did not differ (P >
0.520) for CRD and RBD. Nonetheless, there was an

Table 5. Description of beef cattle experiments included in the metabolism databasea

Power

Experiment No. of Nitrogen
No.b Designc No. of animals treatments retention

1 CRD 8 2 0.050
2 LS 6 3 0.050
3 LS 8 4 0.945
4 CRD 20 4 0.148
5 LS 8 8 0.801
6 LS 4 4 0.858
7 LS 12 4 0.227
8 LS 4 4 0.143
9 CRD 12 3 0.924

10 LS 5 5 0.741
11 LS 6 3 0.050
12 CRD 16 4 0.816
13 LS 6 6 0.449
14 LS 4 4 0.050
15 LS 5 5 0.463
16 LS 6 6 0.244
17 LS 5 5 0.201
18 LS 4 4 0.972
19 LS 5 5 0.999
20 LS 5 5 0.994
21 LS 6 3 0.050
22 LS 6 3 0.050
23 LS 5 5 0.050
24 LS 4 4 0.050

aCompiled from selected articles on nitrogen utilization in the Journal of Animal Science.
bIndicates the order of compilation in the database. A complete listing is available from the authors.
cLS = Latin square; CRD = completely random design.

indication (P < 0.073) that RBD were more powerful
than CRD when ADG was measured.

Individual Feeding Experiments. A description of ex-
periments included in the individual feeding database
and retrospective power values for ADG and FE are
given in Table 3. Eighteen studies of animal perfor-
mance that were based on individual animals used a
CRD, whereas only four studies used a RBD. A compari-
son of the influence of design type on response variables
and power data is presented in Table 4. In RBD, esti-
mated power did not differ (P > 0.125) from 0.80 for
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Table 6. Estimated power in beef cattle metabolism experiments on nitrogen retentiona

Test of Ho:
Estimated power power = 0.80

Experimental No. of
designbc experiments Mean Minimum Maximum P > |S|d

Latin square 20 0.4193 0.0500 0.9994 0.002
CRD 4 0.4844 0.0500 0.9238 0.625

aData were pooled within design type for the response variables studied.
bLS = Latin square; CRD = completely random design.
cFor N_RET − Ho: LS = CRD → P < 0.844 (n = 20, 4; Kruskal-Wallis test).
dP-value for a Wilcoxon signed ranks test.

ADG or FE. However, in CRD, estimated power was
less than 0.80 when ADG was measured (P < 0.003),
as well as when FE was measured (P < 0.001).

In RBD, estimated power did not differ (P > 0.999)
for tests of ADG and tests of FE. Likewise, in CRD,
there was no difference (P > 0.260) in the power associ-
ated with ADG and FE.

In evaluation of FE, power did not differ (P > 0.853)
in CRD and RBD. Similarly, in studies of ADG, power
did not differ (P > 0.158) in CRD and RBD.

The relationship of estimated P-value to retrospective
power in individual feeding experiments for ADG and
FE is graphically presented in Figure 2.

At this point, it is important to note a few items of
importance with respect to pen-based and individual
animal-based studies. Each of these types of studies is
important to beef cattle research, and one is not neces-
sarily better than the other. The primary factor influ-
encing which type of feeding regimen to use is facility
design; one can only conduct the type of research al-
lowed by the facility. With this stated, there are factors
that need to be taken into account when choosing be-
tween pen and individual animal feeding, given that
the option exists. Pen-based studies are likely the most
appropriate choice when overall animal performance is
of interest, with real-world application being the ulti-
mate goal. Because a group of animals is fed, values for
DMI should more accurately reflect practical conditions
and consequently, so should values for FE. However,
even in pen settings, there may be differences resulting
from the size of pens and the number of animals in the
pen that affect applicability of the results. In contrast,
individual animal feeding trials are typically conducted
when more basic questions are of interest, and animal-
specific measurements, which would not be readily ob-
tained in a group setting, need to be measured. Al-
though the feed intake by individually fed animals may
be measured very precisely, it may not accurately re-
flect the intake by groups of animals. This is because
individually fed animals often lack the driving forces
of social interaction and competition that likely affect
feed intake in groups.

It is also important to address the manner in which
pen data are analyzed, especially the analysis of ADG
and carcass data. In research settings, it is often tempt-
ing to analyze ADG and carcass measurements on an

individual-animal basis because individual BW of each
animal is known. When conducting pen-based studies,
however, all variables should be analyzed with pen as
the experimental unit. This is because treatments are
applied to the pen of animals, not to the individual
animal. Consider a completely randomized design with
pen as the experimental unit; suppose that there are
five animals per pen. In this setting, there are two
sources of unexplained variation: 1) variation among
animals within a pen (called “sampling error”) and 2)
variation among pens within a treatment (“experimen-
tal error”). Perhaps the most important assumption for
the ANOVA is independence of experimental errors.
When pens are randomly assigned to treatments, it
is reasonable to assume independence of experimental
errors; the correct error term for testing treatment ef-
fects is the experimental error mean square. It is also
reasonable to suggest that social interactions among
animals within a pen might result in correlated sam-
pling errors. However, the nonindependence of sam-
pling errors within a pen does not bias the F-test on the
treatment effects when the experimental error mean

Figure 2. Relationship of P-value (α) to power in beef
cattle individual feeding experiments (includes both ADG
and feed efficiency values, n = 22).
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Figure 3. Relationship of P-value (α) to power in beef
cattle metabolism experiments for nitrogen retention
(n = 24).

square is used to test treatment effects (although it can
affect the power of this test). When individual animals
are used as the experimental unit instead of pen, this
leads to an analysis wherein the errors comprising the
error (residual) mean square (i.e., the denominator of
the F-test) are not independent. This violation of inde-
pendence has serious consequences on the performance
of the F-statistic in detecting differences among treat-
ment means. Therefore, it is imperative that the F-
test on the treatment effects use the appropriate error
mean square.

Metabolism Experiments. Our database included 20
studies of nitrogen retention that used a Latin square
and four studies that used a CRD (Table 5). A compari-
son of design type on nitrogen retention and power data
for metabolism experiments are presented in Table 6.
For Latin squares, estimated power was less (P < 0.002)
than 0.80. However, for CRD, estimated power did not
differ (P > 0.625) from 0.80. There was no difference
(P > 0.844) in estimated power between Latin squares
and CRD.

The relationship of P-value to retrospective power
in metabolism experiments for nitrogen retention is
graphically presented in Figure 3.

Implications

Prospective and retrospective power analyses are
fundamentally different, and researchers should be
aware of this to avoid misinterpretation of comparative
power values. Differences in retrospective power in beef
cattle experiments are affected by experimental design,
the number of experiments in each design type, and
the response variable under investigation. These data

show a higher estimate of retrospective power for feed
efficiency than for average daily gain in pen feeding
experiments. Low estimated retrospective power for a
given experiment, or for a group of experiments, may
indicate inappropriate experimental design or inaccu-
rate experimental technique, leading to high estimates
of experimental error. Nonetheless, a properly designed
and conducted experiment can produce a low retrospec-
tive estimate of power. Our results show that even in
a population of experiments for which true power was
relatively high, individual experiments could produce
low estimates of power because estimated power is a
random variable. Finally, estimated power may be low
because true treatment effects are in fact small.
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