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The Ancient Black Art and Transdisciplinary Extent of Pseudoreplication
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The history, definitions, and transdisciplinary extent of pseudoreplication, as well as some key concepts of
experimental design, are briefly reviewed. Pseudoreplication, sometimes also referred to as the ‘unit of analysis
error,’ is one of the commonest errors of statistical analysis and interpretation. It is a simple albeit serious one. It
persists in part because of the failure of statisticians and scientists to develop a clear, consistent terminology for the
concepts of statistics, experimental design, and sampling design that is used across all disciplines, as well as a
terminology for specific categories of the more common errors. Lack of a clear terminology, in turn, has fostered
narrow, discipline-specific jargon, inconsistency among textbooks and reference works, and ineffective teaching.
Reform of terminology is possible, and great improvement in statistical practice would follow.
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“Dr. Box chuckled when I read him the letter – he has similar experience to yours, but in chemical experiments, and agrees that treating
subsamples from a single experimental unit as if each represented an independent experimental unit is one of the commonest errors of analysis.”

—Joan Fisher Box, in litt. to S. Hurlbert, 27 November 1981

Entreaty of a Youthful Offender

Said the student to professor:
Will you be my true confessor?

I have sinned a bit of late,
And I have to know my fate.

Last week sans contemplation
I did faulty replication;

All my data have been lumped –
Must my chi-squared tests be dumped?

Is my study superficial?
Was I blindly sacrificial?

What’s the verdict – I can’t wait –
Did I pseudoreplicate?

�cf Hurlbert (1981)

About those others who all did it –
Oh how cleverly they hid it!

Though you surely can expose them
It will not soon now depose them,

For they’ve got their modest fame.
Fending you off’s just a game.

What of me? I’m a beginner,
You could help me be a winner.

I’m in such a great big hurry –
Don’t have time for all this worry.

So please don’t depilate� it
If I’ve pseudoreplicated.

– Joy Zedler, 1985

This paper represents an invited commentary on Schank &
Koehnle (2009; hereinafter referred to as SK). The matters at hand
are serious ones involving the implication by SK that my papers on
pseudoreplication constitute a sort of statistician’s version of The
Satanic Verses (Rushdie, 1989), full of error, deception, and he-
retical “doctrine”; their injection of further terminological confu-
sion into an arena already overloaded with it; and some misstate-
ments of fact. But let me start with these chuckles from Wisconsin.

Joan Fisher Box, R.A. Fisher’s second oldest daughter, included
in her fine biography of her father (Box, 1978) an account of how
Fisher had committed what I was calling pseudoreplication in his
statistical analysis of a complex experiment on potatoes and fer-
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tilizers (Cochran, 1980; Box, 1978, pp. 110–112, Hurlbert, 1984)
but had removed that error, without comment, when he presented
that experiment as an example of ANOVA in his Statistical Meth-
ods for Research Workers (Fisher, 1925). I enquired of Mrs. Box
whether she had any further information on the history of her
father’s recognition of the error. She provided some quotes from
letters to Fisher in 1923 from his wise mentor, William Sealy
Gosset, suggesting that it was Gosset who gave Fisher some
second thoughts on the matter. As I explained to Mrs. Box, my
interest in summarizing this misstep by Fisher was, in part, to
“soften the blow for these modern pseudoreplicators, whose works
are listed and discussed in my paper; since they include several
journal editors and at least three recent presidents of the Ecological
Society of America, such softening may greatly increase the like-
lihood that my review will eventually be accepted for publication
by an ecological journal” (S. Hurlbert in litt. to J. F. Box, 9
November 1981).

That apparently was what got the chuckle out of “Dr. [George
E. P.] Box,” who was Mrs. Box’s husband, author of Statistics for
Experimenters: An Introduction to Design, Data Analysis, and
Model Building (Box, 1978) and more than a hundred other sta-
tistical publications, and the R. A. Fisher Professor of Statistics at
the University of Wisconsin in Madison. “Dr. Box” perhaps would
have thought the time of Mssrs Schank and Koehnle better in-
vested in analysis of pseudoreplication in reports of industrial
chemical experiments, where Box himself had earlier worked, than
in an attempt to suppress a convenient label for a specific class of
statistical error.

The poet, Joy Zedler, also is renowned as a wetland ecologist
and is currently the Aldo Leopold Professor of Restoration Ecol-
ogy at the University of Wisconsin. She composed the poem,
however, when she was my colleague at San Diego State Univer-
sity, in the cauldron where we were instilling in our graduate
students the discernment and blood lust required for competent
pseudoreplication psleuthing. SK have much to say about the
matter of “lumping” or “pooling” in analyses of continuous vari-
ables and its attempted justification on the basis of F tests. Joy’s
poem refers to the pooling of replicate tables of categorical data
prior to a �2 or G-test for a treatment effect, where justification for
pooling is sometimes attempted on the basis of a preliminary �2 or
G- test for “heterogeneity.” In either circumstance, as discussed
later, sacrificial pseudoreplication is usually the result of such
pooling. Joy, I should mention, has always been fastidious about
her �2 tests, and nothing autobiographical is to be inferred from the
poem. Not that she was a beginner even in 1985.

Preliminary Clearing of the Deck

SK contains many errors, erroneous attributions, and confusing
statements. Space limitations preclude detailed rebuttal of them all,
so let me simply state some corrections telegraphically in list form:
pseudoreplication is not a “doctrine,” nor a synonym or neologism
for “experimental confounds” or “failure of statistical indepen-
dence”; I have never recommended that any “experimental designs
. . . [be] labeled pseudoreplicated” or argued “that certain experi-
mental designs are inherently invalid” (though they can be invalid
for a particular objective); I have never argued “that locations
close in space and time are by their very nature statistically
dependent”; I have never stated or implied that “study [of] a

particular lake or watershed..[can provide no] knowledge about
lakes or watersheds in general . . .”; I have never stated or implied
that “temporal pseudoreplication . . . occurs [automatically, is im-
plied] when repeated measures are taken on an experimental unit
over time;” in every discipline there are “satisfactory criteria for
drawing boundaries around experimental units”; in no type of
experimentation is it appropriate to “control physical conditions
. . . as much as possible”; I do not “reject the importance of
physical control or regulation of the environment” where regula-
tion is useful to the objectives of an experiment, but such regula-
tion “is often [non-]essential for well-controlled experiments,” as
in the case of ecological field experiments; and if there is high
potential for “interactions or contamination among units,” then the
experimental unit has been inappropriately defined or constructed,
and results will be compromised and resources wasted. It should be
easy to locate in SK where the corresponding problematic state-
ments are found.

The rest of this paper is intended to be of value to a broad
audience with minimal interest in fine debating points. It puts
forward a coherent conceptual and terminological framework for
discussing not only pseudoreplication, but the basics of experi-
mental design as well. It recounts some classic cases of pseudorep-
lication in early education, agricultural, and genetic experiments
that still have lessons for us. It discusses problems that arise when
clear, universally accepted labels are lacking, both for specific
types of statistical errors, such as pseudoreplication, and for spe-
cific concepts in experimental design. Finally, it documents the
poor advice on pooling in textbooks responsible for much test-
qualified sacrificial pseudoreplication. And it points out how mul-
tilevel modeling, valuable as it is, cannot prevent the commission
of pseudoreplication by persons who do not yet understand t tests,
�2 tests, and the basics of experimental design. My comments on
further aspects of SK are embedded in these discussions.

A Conceptual and Terminological Framework for
Experimental Design

SK ignore much of the conventional terminology of experimen-
tal design. This is not entirely their fault as clear definitions for key
concepts are rare in books on experimental design or statistics and
the jargon varies from discipline to discipline. On the other hand,
I reviewed earlier versions of SK in 2001 and 2004 and recom-
mended on each occasion that they consult some of the more
cogent introductions to experimental design, mentioning Cox
(1958); Steel and Torrie (1980), and Mead (1988). These
works—or ones of comparable clarity—remain unreferenced in
SK.

Before we proceed to a discussion of pseudoreplication, a clear
terminology needs to be established covering the key concepts of
experimental design. In the absence of a common language, useful
discussion is difficult. The specific definitions below are taken
from papers by myself and my colleagues, but in all cases repre-
sent slight reformulation or relabeling of ancient concepts most
recently codified by authors such as Cox (1958); Kempthorne
(1979); Urquhart (1981), and Milliken and Johnson (1984). They
are applicable to all fields in the natural, social, and behavioral
sciences and in engineering, where manipulative (or controlled or
comparative or randomized) experiments are conducted. Pseu-
doreplication can also be committed in observational studies,
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where alternative terminologies would apply but that topic will not
be treated here.

So here are some definitions proposed for universal adoption. I
note places where SK seem not to accept these definitions.

Experiment: “A manipulative experiment is an exercise de-
signed to determine the effects of one or more experimenter-
manipulated variables (� experimental variables or treatment fac-
tors) on one or more characteristics (� response variables) of some
particular type of system (� the experimental unit). Its primary
defining features are: (1) that the experimenter can assign treat-
ments or levels of each experimental variable at random to the
available experimental units; and (2) that there are two or more
levels established for each experimental variable used.” (Hurlbert,
2004).

In a radical departure from conventional terminology, SK label
as a “controlled experiment” a sampling exercise “to determine
which of two urns contain the greater proportion of red to blue
marbles.” While it is an ancient custom across most of the sciences
to use “experiment” and “experimental” to refer to any set of
empirical observations undertaken to test a hypothesis or answer a
question (Truesdell, 1987; Hurlbert, 2004; Lombardi, 2007), con-
fusion is introduced when authors’ meanings jump back and forth
between this ancient, broader sense of “experiment” and the more
precise, modern, statistical definition.

Experimental unit: “The smallest system or unit of experimen-
tal material to which a single treatment (or treatment combination)
is assigned by the experimenter and which is dealt with indepen-
dently of other such systems under that treatment at all stages in
the experiment at which important variation may enter. By ‘inde-
pendently’ is meant that, aside from both receiving the same
treatment, two systems or experimental units assigned to the same
treatment will not be subject to conditions or procedures that are,
on average, more similar than are the conditions or procedures to
which two systems each assigned to a different treatment are
subject” (Kozlov & Hurlbert, 2006).

In their urn example, SK refer to the urns as “experimental
units,” but the term and concept of experimental unit have no
application outside manipulative experiments. The same confusion
is exhibited in their statement that “there are no satisfactory criteria
for drawing boundaries around experimental units (see Burstein,
1980, for an excellent overview of this problem . . . ).” Burstein’s
is indeed a fine review article, but its coverage was “restricted to
multilevel issues in large-scale, nonexperimental [italics supplied]
educational research and evaluation” (Burstein, 1980, p. 159), and
so not surprisingly the term experimental unit is nowhere to be
found in it.

The long-recognized, most fundamental criterion for the bound-
ing of experimental units is that this be done in such a way that
what transpires on or in one experimental unit will have no effect
on other experimental units. Student (1923, p. 278) gave an early
example of the conflict between the desirability of having “max-
imum contiguity” of experimental units (in what would later be
called a block) and the possibility of biased treatment effects
arising from shading of a short variety of barley by a taller one in
an adjacent plot. Cox (1958, pp. 19–21) treated the topic nicely in
a three-page section titled “Interference between different units.”
Wiley (2003) gives an excellent synopsis of the principle in his
review of design and analysis issues in bird behavior studies. Mead
(1988) throughout his text emphasizes that “to achieve good ex-

perimental design, the experimenter should think first about the
experimental units” (p. 7) and gives an example (p. 120) of how a
biased estimate of hormone effect could result if pigs receiving
different hormone treatments are penned together. SK imply that
Heffner, Butler, and Reilly (1996) did not understand this principle
in advocating “separate rooms” (e.g., units with independent air
circulation systems) as the kind of experimental units needed for a
study involving mouse pheromones; yet, apart from possible am-
biguity injected by their phrase “far apart,” Heffner et al. (1996)
got it exactly right.

Standing as a marked counterexample to Burstein’s care with
language is a review by Koch, Amara, Stokes, and Gillings (1980)
published in the same year. Those authors say they are concerned
only with “split-plot experiments” and “repeated measurements
experiments,” yet of the 12 hypothetical cases they construct for
discussion, four are actually observational or sampling studies, not
manipulative experiments; and in each of those four cases, Koch et
al. explicitly synonymize “primary sampling unit” with “experi-
mental unit.” SK are not the originators of such careless terminol-
ogy which has long been widespread, but they are perpetuating it.

SK present some “simulated contamination experiments,” the
main point of which seems to be to show the obvious—that
problems arise when events on one experimental unit influence
events on other experimental units. Though they present only
systematic or completely randomized layouts and no randomized
block designs, SK call the experimental unit a “block.” They thus
end up with confusing text that refers to “block effects,” “control
blocks,” “treatment blocks,” and “experimental blocks.” For the
better part of a century, blocking has been defined as the grouping
of experimental units into sets, all units in a set being as alike as
possible in some key respect(s), and assigning treatments in such
a way that the replicates of each treatment are distributed as evenly
as possible among the sets, with a block being defined as a set so
created (e.g., Fisher, 1935; Cox, 1958; Kirk, 1982; Mead, 1988).

Evaluation unit: “The unit of research material on which a
response is evaluated” (Urquhart, 1981), or “that element of an
experimental unit on which an individual measurement [of a
response variable] is made” (Hurlbert, 1990; Hurlbert & White,
1993).

The critical distinction between the experimental unit and eval-
uation unit and its implications for statistical analysis are recog-
nized even in older literature (e.g., Neyman & Pearson, 1938;
Lindquist, 1940), and Urquhart’s (1981) distinct label of evalua-
tion unit greatly assists definitions of pseudoreplication (e.g., Hurl-
bert & White, 1993; Lombardi & Hurlbert, 1996; Hurlbert &
Meikle, 2003; Hurlbert, 2004; Hurlbert & Lombardi, 2004; Kozlov
& Hurlbert, 2006) as indicated below. And it also nicely sets the
stage for the long overdue project of banishing of the overused
term subject from the design and statistical analysis literature.
More on that later. Though observational unit and, sometimes,
sampling unit, have long been used for what Urquhart (1981) calls
evaluation unit, the former terms seem less desirable in experi-
mental contexts as they potentially foster further confusion over
the distinction between experimental and observational or purely
sampling studies (Kozlov & Hurlbert, 2006).

Experimental design: “the logical structure” of a manipulative
experiment (Fisher, 1935).

“An experimental design has four aspects: (1) treatment struc-
ture, (2) treatment replication, (3) design structure, and (4) re-
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sponse structure . . . Treatment structure is the set of experimen-
tal treatments or treatment combinations used and how they relate
to each other . . . Treatment replication refers to the number of
experimental units that will be subjected to a treatment . . . Design
structure refers to the manner in which treatments or treatment
combinations are assigned to experimental units . . . There are
three basic design structures . . . a completely randomized design,
. . . a randomized block design, [and] . . . a split-unit design . . .
The response structure consists of the list response variables to
be measured and the sampling plan that specifies when, where, and
on what components of the experimental unit one will make and
record their observations and measurements [that is, measure those
response variables]” (Hurlbert & Lombardi, 2004, after Urquhart,
1981).

To date only a few texts (e.g., Milliken & Johnson, 1984;
Valiela, 2001) have adopted this conceptual framework, or some
variation of it, for experimental design. It eventually will find more
widespread adoption as it helps resolve conceptual and termino-
logical problems that have long plagued many disciplines.

Pseudoreplication Is a Real Problem and a Useful Label

More Precise Definitions

SK in their abstract refer to “the growing criticism of the
concept of pseudoreplication,” but I am aware of only a single
paper (Oksanen, 2001) that is as critical and disdainful of the term
as are SK. The misunderstandings in Oksanen (2001) were cor-
rected by Cottenie and DeMeester (2003) and Hurlbert (2004), and
further assuaged in private correspondence. There now is contro-
versy over the issue in Russia (Tatarnikov, 2005; Rosenberg &
Gelashvili, 2008) provoked in part by Kozlov (2003) and Kozlov
and Hurlbert (2006) and exacerbated by a lack of good Russian-
English terminological concordances. The latter derives from
structural differences in the languages as well as from political
suppression in Russia of theoretical and applied statistics as “bour-
geois” from the 1930s into the 1950s (Kotz, 1965), just the period
when the principles of modern experimental design were being
refined.

Misunderstanding of pseudoreplication by SK can be laid partly
on my shoulders because my first article (Hurlbert, 1984) on the
topic indeed offered characterizations of the nature of the problem
more than it did precise definitions. That in turn led to many
inaccurate characterizations and definitions of pseudoreplication in
works of other authors. My description of pseudoreplication in
terms of replicates, though consistent with much of the prior and
current statistical literature, was also unfortunate. It led to others
promoting or coining misleading terms such as true replicates,
false replicates, and pseudoreplicates. I have tried to counter such
language by strongly recommending that replicate be used only as
a qualifier, as in replicate experiments, replicate experimental
units, replicate blocks, replicate evaluation units, replicate sam-
ples, replicate subsamples, and so on (Hurlbert, 1990).

Nevertheless, the clarifications and numerous additional exam-
ples in my and my colleagues’ post-1984 papers on the topic
should have removed all confusion about the meaning of pseu-
doreplication by now. SK cite but seem not to have read Hurlbert
and White (1993) wherein the first three of the following five
definitions were offered:

Simple pseudoreplication. “There is a single experimental unit
per treatment, but multiple measurements on each experimental
unit . . . These multiple measurements are then treated statistically
as if each represented a separate experimental unit.”

Temporal pseudoreplication. “ . . . multiple measurements on
an experimental unit are taken successively in time [and] . . . are
treated as if each represented a different experimental unit.”

Sacrificial pseudoreplication. “When the number of experi-
mental units (n) per treatment is 2 or more and . . . the number of
evaluation units (k) measured per experimental unit is 2 or more
. . . [and] the analyses ignore the structure in the set of nk mea-
surements per treatment and treat each measurement as if it rep-
resented an independent replicate of the treatment.”

Test-qualified sacrificial pseudoreplication. Sacrificial pseu-
doreplication committed on the ground that the multiple evaluation
units within an experimental unit are supposedly validly treated as
experimental units “when tests for differences among experimental
units (within treatments) yield high p values.” (Hurlbert, 2004).

In experimental contexts then, pseudoreplication “represents
confusion between the experimental unit and the evaluation unit”
(Hurlbert & White, 1993) and is broadly defined as “a serious type
of statistical error that . . . occurs when measurements made on
multiple evaluation units, or multiple times on a single evaluation
unit, in each experimental unit are treated statistically as if each
represented an independent experimental unit . . . The usual [but
not universal] consequence of pseudoreplication is exaggeration of
both the strength of the evidence for a true difference between
treatments and of the precision with which any difference that does
exist has been estimated” (Hurlbert & Lombardi, 2004). It is
simply an error of statistical analysis and interpretation and is not
merely a weak design or an inevitable consequence of such (Hurl-
bert, 1984, 2004; Hurlbert & White, 1993; Hurlbert & Lombardi,
2003, 2004; Hurlbert & Meikle, 2003; Kozlov & Hurlbert, 2006).

An Ancient Tradition

As the mathematical apparatus and recipes for modern statistical
tests developed well ahead of clear, consistent conceptual and
terminological frameworks for facilitating their proper application
and interpretation, it is not surprising that both scientists and
statisticians have long made errors in applying these tests. Pseu-
doreplication, a rather simple type of error, has been committed,
recognized, and warned against for a long time. Brief review of
some early and little known cases may be of interest.

At the beginning of the 20th century, agronomists conceived the
reasonable idea of taking a limited number of samples (� evalu-
ation units) from the large plots used as experimental units in grain
experiments instead of harvesting the entire plots. This could save
time with possibly only small losses in precision. One team of
researchers in Minnesota, Arny and Steinmetz (1919), carried out
several experiments using 1/10 acre plots and measuring yields for
the entire plots as well as for 1 square yard subplots within them.
When all yields were expressed on a per acre basis, they found, not
surprisingly, higher variability among square yard-based estimates
than among 1/10 acre-based estimates. They also determined that
if field conditions were not too heterogeneous and if, in essence,
the square yard subplots were treated as the experimental unit, then
the standard error of a treatment based on �5n samples of one
square yard (obtained by sampling 5 square yards in each of the n
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experimental units) was about the same as the standard error
obtained using only the n values for the total yields of 1/10 acre
plots. They concluded that, “Under similar circumstances the
yields from a greater number of square-yard areas may be consid-
ered more accurate than those from the entire [1/10 acre] plots.”
This was archetypical sacrificial pseudoreplication. Reflecting the
spurious increased power that pseudoreplication usually confers,
statistically significant differences among treatments were found
more often with 5n to 10n measurements per treatment for square
yard plots than with the n measurements for total yields of 1/10
acre plots. It was W.S. Gosset (Student, 1923, p. 286) who first
caught this error, dryly remarking, “It is rather surprising that they
did not realize that there are 484 square yards in 1/10th acre, so
that by taking 484 yards they would be likely to be more accurate
than if they took any lesser number . . . ” When Fisher (Barbacki
& Fisher, 1936) committed the same type of error several years
later, it was once again Gosset (Student, 1938, p. 368) who had to
point it out. There are grounds for considering Gosset the Original
Pseudoreplication Psleuth.

Pseudoreplication was the norm in early experimental research
in education and remains very common in that field (McCall,
1923; Confrey & Stohl, 2004). Pittman (1921) wished to compare
two supervisory systems on student performance. He applied each
system to all the schools and students in a single county, the
schools and pupils in schools representing two levels of nesting in
the response structure for the single experimental unit (� county)
under each treatment. Assessment of the effect of supervisory
system was conducted with a primitive sort of t test that treated the
individual student as the experimental unit. That analysis formally
qualified as simple pseudoreplication, but Pittman did two things
to minimize bias in his estimate of a treatment effect: he selected
the two counties specifically for their similarity on a variety of
relevant sociological and economic measures, and, at the end of
the experiment, he paired students (one from each treatment) on
the basis of their test scores before estimating a treatment effect.
As usual, the conclusions of such a study require a careful, but
mostly subjective, assessment of other possible sources of, or
contributors to, the apparent effect of supervisory system, but the
study is not without value.

Stigler (1986, p. 244) suggested that portions of Fechner’s
(1860) Elemente der Psychophysik “constituted the most compre-
hensive treatment on [experimental design] before R.A. Fisher’s,
1935 Design of Experiments,” but a good case can be made that the
honor should go to McCall’s (1923) How to Experiment in Edu-
cation. That book summarizes the concepts and methods devel-
oped mostly in the United States in the first two decades of the
20th century by education researchers. Though McCall’s pre-
Fisherian terminology will be mostly unfamiliar it parallels mod-
ern terminology. It recognizes the various forms an experimental
unit may have (“experimental subject, thing, or group”), empha-
sizes that prior to application of a treatment, the experimental units
should be “equivalent . . . have like means and like variability of
subjects within them” (e.g., pupils in classrooms), acknowledges
the possibility of achieving this by randomized assignment of
students to classrooms but says “measurement . . . is the best basis”
for doing this, that is, using measured characteristics such as
grades, test scores, sex, and so forth to assure a similar spectrum
of pupils in each classroom. He discusses cross-over design struc-
ture (“rotation experimental method”) and the potential problem of

carryover effects. He states that “normally” (1923, p. 18) there is
only a single experimental unit under each treatment (“equivalent
groups experimental method”). But he does not even acknowledge
the possibility of completely randomized designs with replicate
experimental units (e.g., classes) under each treatment even though
he claims to treat in his book “all the common varieties of exper-
iments” (p. 140). Prior to Fisher (1935) there was independent but
parallel evolution of experimental design principles in educational
and agricultural research. The notion of educational researchers
that they could avoid bias or confounding merely by assuring the
pre-experiment “equivalence” of individual experimental units had
its parallel in the notion of early agricultural researchers and
statisticians like W. S. Gosset (Student, 1923, 1938; Box, 1978;
Hurlbert, 1984) that systematic design structures (or, more pre-
cisely, randomized block designs with systematic allocation of
treatments to experimental units within blocks, which were Gos-
set’s focus) can do the same by favoring pre-experiment “equiv-
alence” of different sets of experimental units. Eventually the
value both of replicate experimental units and of randomized block
designs to their common objective became clear to all. Neverthe-
less, it is understandable that the perspectives of educational and
agricultural researchers still differ. To include more field plots in
an experiment is “child’s play” compared to the headaches, hassle,
and expense of including more classrooms in an experiment that
involves various fractious elements of a hierarchical Homo sapiens
social structure.

While Fisher’s commission of pseudoreplication in Fisher and
Mackenzie (1923) and Barbacki and Fisher (1936), was, as earlier
discussed, recognized long ago, it has not been recognized that he
also provided us with one of the earliest examples of simple
pseudoreplication in the context of a regression analysis (Fisher,
1925, p. 214, 1958, p. 252). This concerned an experiment to
assess the relation between rearing temperature and the number
facets in the eyes of fruit flies. One rearing bottle (� experimental
unit) of flies was kept at each of nine different temperatures
(15–31 °C), and facet number was determined for 53 to 137 flies
from each bottle. No statistical analyses were presented in the
original work (Hersh, 1924), but Fisher analyzed the data, testing
for significance of the negative slope observed (7 error d.f., p �
.001)) and for deviations from linearity (814 error d.f., p � .001).
The first test is fine and used the mean facet number calculated for
the flies of each bottle. The second test represented simple pseu-
doreplication in that the individual flies were being treated as
independent experimental units rather than as the evaluation units
they were. The deviation from linearity of the best-fit line could
have been due to either a bottle effect or a temperature effect, and
a mathematician might not care which. But a biologist conducts the
test for deviation from linearity in order to examine how much
evidence there is for curvilinearity in the true functional relation
between temperature and facet number. There are different ways to
do that, the most obvious involving use of two or more experi-
mental units at each temperature; but it is not validly done as
Fisher did it.

Joseph Berkson (1942), an early critic of significance testing,
plotted the fruit fly data, observed that the nine means seemed to
be closely and roughly randomly distributed about the regression
line and intuited something was wrong. He concluded that, Fish-
er’s finding of a “significant” deviation notwithstanding, “it ap-
pears as straight a line as one can expect to find in biological
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material. What has betrayed the author [Fisher] is a faithful ad-
herence to an unsound principle: to wit, reject the null hypothesis
tested.. if the P of the test is small.” That principle is, of course, not
unsound, but any test does involve certain assumptions, and Berk-
son correctly guessed that Fisher’s suspicious result could have
resulted from strong violation of one or more of them. Berkson
speculated that heterogeneity of within-bottle variances or fluctu-
ations in the independent variable, temperature, might have been
involved. It did not occur to Berkson that the most obvious, and
perhaps only, violation on Fisher’s part was his assumption that the
“bottle effect” was zero, that is, that measurements on individual
flies possessed the statistical independence to be treated as if they
represented individual experimental units.

His stiletto pen ever at the ready and his paternal affection for
significance tests raising the hairs on the back of his neck, Fisher
(1943) shot back:

“It is not my purpose to make Dr. Berkson seem ridiculous, nor, of
course, to prevent him from providing innocent amusement. Had he
looked up Hersh’s original paper he would have been spared a
blunder, but we should have lost an example of the dangers of
authoritarian judgment, based on subjective impressions . . . It is very
well worthwhile to be reminded that general condemnations of ‘bio-
logical material’ based on limited experience, as Dr. Berkson’s judg-
ment must be, may vastly underestimate the cogency of the evidence
which careful and extensive work neatly provides.”

Examination of Hersh’s paper would have been of no help to
Berkson, and the “cogency of the evidence” provided by Fisher
was simply less cogent than Berkson’s “subjective impressions,”
albeit just as weak as Berkson’s critique of significance tests.
Forty-four years after Fisher’s analysis of this fruit fly experiment,
Sokal & Rohlf (1969, p. 438) presented an exactly parallel exper-
iment and statistical analysis involving four tanks of fish each
established with a different density of fish. The ANOVA they
applied to their data represented simple pseudoreplication, as dis-
cussed elsewhere (Hurlbert, 2004; Kozlov & Hurlbert, 2006), but
so did their test for deviations from linearity (error d.f. � 96) when
they conducted a regression analysis on the same data. This fish
experiment example was retained in their second edition but de-
leted from the third (Sokal & Rohlf, 1981, p. 488, 1995).

Value of Clear Labeling Versus Redundant,
Imprecise Terms

Pseudoreplication can be found in the literature of any discipline
from the moment that discipline began using statistical analyses,
and discussion of the phenomenon and dissections of individual
cases, such as those in the preceding section, have long abounded.
For many, general awareness of the problem was given a sharp
boost by reviews in the 1980s that focused on the problem in
education (Barcikowski, 1981; Hopkins, 1982), medicine
(Whiting-O’Keefe, Henke, & Simborg, 1984; Andersen, 1990, pp.
147–156), ecology (Hurlbert, 1984), animal behavior (Machlis,
Dodd, & Fentress, 1985), and social sciences (Wolins, 1982, pp.
39–52). Surveys of its frequency are now numerous, with it often
being found in 30%–80% of experimental studies examined (e.g.,
Gøtzsche, 1988; Kroodsma, 1990; Divine, Brown, & Frazier,
1992; Hurlbert & White, 1993; Heffner et al., 1996; Kroodsma,
Byers, Goodale, Johnson, & Liu, 2001; Chuang, Hripcsak, &

Heitjan, 2002; Kozlov, 2003; Thomas Ramsay, McAuley, & Grim-
shaw, 2003; Confrey & Stohl, 2004). Of four introductory statistics
texts using real data sets, Alf & Lohr (2007) found that three
recommended analyses that represented sacrificial pseudoreplica-
tion.

The term pseudoreplication is not one that was used prior to
1984, though it is now common in various biological and envi-
ronmental sciences. The phenomenon has been and continues to be
discussed under a variety of other labels, including design effect,
analytical mismatch, pooling fallacy, spurious replication, trial
inflation, wrong sampling unit problem, confounding, variable and
observational unit mistake, and unit of analysis error. Typical of
the terminological chaos in experimental design and statistics,
none of these terms have ever been given specific, precise defini-
tions. None except the somewhat awkward last term listed is
widely used, and Murray (1998, pp. 104–107) discusses at length
how “The phrase unit of analysis is the source of much confusion
in the context of group-randomized trials.”

Without doubt this chaos has impeded communication among
statisticians serving different disciplines and between those statis-
ticians and experimenters, and thus played a large role in foment-
ing erroneous analyses. SK seem unperturbed by the terminolog-
ical chaos, have no well-defined alternative label for the
phenomenon, and simply want editors and reviewers—and pre-
sumably others—to be barred from using the term pseudoreplica-
tion. An alternative view is that adoption by all disciplines of the
error labels defined above, as well as the classical terminology of
experimental design, would quickly improve education, commu-
nication, and statistical analysis. In their excellent review, Boruch
& Foley (2000:213) emphasize how lack of a standardized termi-
nology greatly complicates the searching and interpretation of the
methodological literature—though they themselves seem happy to
replace experimental unit with “primary unit of allocation and
analysis”!

Subject is a widely used term whose relegation to the dustbin of
history would be propitious for statistics and science. Textbooks
and literature on experimental design and statistics typically in-
corporate full understanding of the historically core term and
concept of the experimental unit and present other terms and the
subject matter in language fairly similar from one book to another
(e.g., Cox, 1958; Gill, 1978; Kempthorne, 1979; Kirk, 1982; Glass
& Hopkins, 1984; Mead, 1988; Neter, Wasserman, & Kutner,
1990; Steel, Torrie, & Dickey, 1997). However, there also are
many widely used textbooks that avoid experimental unit and
much of the classical terminology of experimental design and
attempt to make do with terms such as subject, participant, cluster,
group, subgroup, and so on. These often are books aimed primarily
at researchers in medicine, psychology, and education (e.g., Alt-
man, 1991; Winer, Brown, & Michels, 1991; Kantowitz, Roediger,
& Elmes, 1997; Murray, 1998; Donner & Klar, 2000; Mitchell &
Jolley, 2001). Consider the terminological tar pit that Winer et al.
(1991) create for themselves and their readers. Instead of experi-
mental unit they use “element assigned to a treatment class” (p.
80), they define “subject” as “the basic unit of observation” and
then coin labels such as “subject-by-treatment designs” and
“subjects-by-trial designs” (p. 220). They present a hypothetical
example of two drugs being compared, one being given to patients
in three randomly selected hospitals and the other being given to
patients in three other hospitals (p. 359). Winer et al., (1991) label
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this a “two-factor experiment [with a] hierarchical design,” but in
conventional terms it is nothing other than a simple unifactorial
experiment with a completely randomized design, with multiple
evaluation units in each experimental unit; other books use similar
terminology or talk of “between-subjects designs” and “within-
subjects designs” (e.g., Lindquist, 1940; Keppel, 1991; Kantowitz
et al., 1997), rejecting the fully adequate classical terminology.

Nowadays, medical researchers might label Winer et al.’s
(1991) drug experiment a “cluster randomized” or “group random-
ized” trial (e.g., Campbell & Grimshaw, 1998; Murray, 1998;
Donner & Klar, 2000), but, like ‘subject,’ the term cluster (or
group) is unneeded and ultimately confusion-generating even if it
has helped wake up medical researchers to the fact that in many of
their experiments the individual patient has not been the experi-
mental unit and cannot be treated as such in a statistical analysis.
The basic problem with subject and cluster is that they do not
represent statistical concepts, lack clear definitions, have very
general connotations, and hence transport all this baggage with
them wherever used. An individual person, patient, pupil, or ani-
mal—or a group of them—in a given experiment could be an
experimental unit, an evaluation unit within an experimental unit,
or a block (as in crossover designs). So, in this regard, SK are
correct when they say Hurlbert, like most real statisticians, be-
lieves “the individual organism holds no special status in experi-
mental research.”

Cluster sampling remains a useful term in sampling design
where it labels one of the commonest types of sampling. Other-
wise, continued use of labels such as subject, group, and cluster
seems to be driven by a well-intentioned desire on the part of many
authors of introductory statistics texts to employ vague or com-
promise terminology as a way of making clear that the statistical
methods discussed have utility for both experimental and obser-
vational studies.

The term subject perhaps also appeals to researchers in medi-
cine, psychology and education, because the ultimate objective of
their experiments, however structured, usually is to understand and
assist the individual person, pupil, or patient. In teaching I have
long used an informal label, material of prime interest (MOPI), to
denote the ‘experimental material’ or type of entity (or entities) a
study is focused on without implying anything about what that
entity may correspond to in the structure of an experimental
design. Perhaps others can find MOPI useful.

Pooling in Simple Unifactorial Nested Designs

As it has historically been used to label a wide variety of
procedures each of which has different costs and benefits, pooling
is a large and complex topic. Here let me address only the situation
where a researcher is considering whether to treat individual
evaluation units as independent experimental units in order to
increase power. Basic principles to consider are (Hurlbert, 1997):
doing this will bias p values and confidence intervals unless there
is no “experimental unit effect,” that is, unless experimental units
are identical, a matter that cannot be demonstrated with the often
recommended “preliminary” significance tests; the bias will usu-
ally be downward for both p values and confidence interval
widths; good power is normally obtained by increasing replication,
increasing homogeneity of experimental units, and/or using design
techniques such as blocking, and statistical controls such as co-

variates; and pseudoreplication may seem to increase power but
the increase is spurious, not real.

SK, along with many others (e.g., Bancroft, 1964; Hairston,
1989, p. 33, Sokal & Rohlf, 1995, pp. 715–730, Underwood, 1997,
p. 268, Zar, 1999, pp. 500–505, Quinn & Keough, 2002, p. 260),
find test-qualified sacrificial pseudoreplication acceptable, saying
“If there is no statistically significant effect among cages or pens
within conditions, then it may be justified to pool individuals
within conditions and ignore cages or pens as a unit of analysis.”
SK believe it is possible to select “an alpha level for concluding
there is no [experimental unit] effect,” but in fact even very high
p values, for example, �0.25, give no grounds for preferring the
null over the alternative hypothesis, that is, for concluding the true
variability among experimental units to be zero. SK can and do
claim that, in some sense, setting alpha at 0.25 for these purposes
is “objective,” but that does not eliminate bias in the p value from
a consequent test for a treatment effect. The alpha selected for the
preliminary test only sets a limit to the magnitude of the bias, a
limit that will vary according to the specifics of an experimental
design. Statisticians (e.g., Barcikowski, 1981; Zucker, 1990;
Hines, 1996; Janky, 2000; Jenkins, 2002; Kromrey & Dickinson,
2007; Picquelle & Mier, 2009) are much less accepting of this sort
of “pooling” or test-qualified pseudoreplication than are biologists,
psychologists, and others. The general advice of the former is, if
you want more power, design better. Even Sokal & Rohlf (1995),
though they present Bancroft’s (1964) recipe in detail, give it no
strong recommendation, saying “One might well pool . . . [but] the
experimenter cannot go wrong by not pooling . . .”

�2 and G-tests have long been misused in analyses of categorical
data, and sacrificial pseudoreplication resulting from “pooling” –
or “lumping,” as Joy the Poet put it—is one of the commonest
errors (Lewis & Burke, 1949; Wolins, 1982; Hurlbert, 1984;
Kramer & Schmidhammer, 1992; Hurlbert & White, 1993; Wick-
ens, 1993; Lombardi & Hurlbert, 1996; Hurlbert & Meikle, 2003).
In their survey of zooplanktivore experiments, Hurlbert & White
(1993) found that of 23 papers using �2 or G-tests, 78% committed
sacrificial pseudoreplication using those tests, 22% committed
simple pseudoreplication, and only 13% committed neither of
those errors. In contrast, of the 48 papers using methods for
continuous variables (t test, ANOVA, U test, Kruskal-Wallis test),
only 17% committed sacrificial pseudoreplication, 10% commit-
ted simple, and 75% committed neither. The literature of experi-
mental population genetics is rife with this problem, an Augean
stable waiting for some young Hercules (or Hercula) with energy
to spare.

This strong association of sacrificial pseudoreplication with �2

and G-tests, which is a widespread phenomenon, has an obvious
source: the bad or misleadingly incomplete advice long given on
pooling of replicate sets of “two-cell samples” of categorical data
in widely used statistics texts (e.g., Snedecor & Cochran, 1989, pp.
202–206, Sokal & Rohlf, 1995, pp. 715–730, Zar, 1999, pp.
500–505, Steel et al., 1997, pp. 516–518). The problems reflect
confusion of evaluation units with experimental units in situations
where the response variable is a continuous one, such as a per-
centage or ratio that is measured by assessing the state of a binary
categorical variable (e.g., green peas/yellow peas; male/female;
alive/dead; responded/did not respond) for multiple evaluation
units in each experimental unit. Such response variables can be
analyzed with the standard statistical methods for continuous vari-
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ables. However, at some point in some influential minds, these
cases got mixed up with situations where the entity being catego-
rized is indeed a bona fide experimental unit and not just an
evaluation unit, for example, as when at a medical center 30
patients (� experimental units) are randomly assigned to one
medication and 30 to another, and the response variable is survival
(yes/no) at the end of 2 years.

The bad advice is fairly standard. A “heterogeneity” �2 or
G-test, with alpha set at 0.05, is required by these books to see
whether the experimental units are “homogeneous.” If p � .05, it
is concluded they are and their separate sets of evaluation units are
pooled together. Via another �2 or G-test this table now can be
tested for goodness-of-fit to some specified percentage (e.g., 50%
males) or ratio (e.g., 3:1 in a genetics crossing trial), or it can be
tested for a difference from a similarly constructed table yielded by
another experimental treatment. If the preliminary test, however,
does find, with p � .05, “heterogeneity” among experimental
units, the next procedural step is left unclear. Sokal & Rohlf (1995,
p. 721), for example, suggest we need to discover “Precisely which
samples are homogeneous and which samples are different from
the rest significantly enough to cause the heterogeneity?” They
offer a convoluted way to attempt that quixotic quest, but they
never get around to saying what to do with “deviant” samples [ �
experimental units]. Similarly, Snedecor & Cochran (1989) rec-
ommend upward adjustment of the standard error for the estimated
mean proportion when “heterogeneity” is “significant.” That rep-
licate experimental units never need be presumed identical or
“homogeneous” and that a simple t test would be adequate to
compare two sets of proportions, or to compare one set with a
hypothesized value, are facts completely missing from these ac-
counts. These issues were discussed with clarity by Lewis & Burke
(1949, pp. 447, 471) long ago and by Hurlbert (1984, p. 206) with
a simple hypothetical example concerning effects of fox predation
on vole sex ratio. Wickens (1993) gives an excellent discussion of
how to treat replicate 2 � 2 contingency tables without falling into
another variety of test-qualified sacrificial pseudoreplication.

The reader should be struck by the conspicuous lack of consis-
tency between the textbook pooling “recommendations” in the two
situations we have considered. With a nested ANOVA situation,
the test for differences among experimental units is optional and
pooling is also said to be an option but perhaps only when the test
yields a Bancroftian p � .25. With the categorical data situation,
the test for differences (“heterogeneity”) among experimental units
is obligatory and pooling is an option so long as the test yields p �
.05; but if you don’t like that option or if p � .05, you are left to
stumble along on your own. Obviously many textbook authors
have not yet fully thought these things out. You cannot go wrong,
however, if you operate with the principles in the first paragraph of
this section.

Multilevel Modeling

SK are correct in that the more sophisticated multilevel model-
ing procedures now available were not readily available when I
was writing my 1984 paper. This was particularly true of methods
for highly hierarchical data sets where one wished to use as
explanatory variables, variables defined at levels in the hierarchy
(e.g., student test score, teacher experience, mean family income
for school district; or, tissue lipid content, fish length, tank am-

monia concentration) other than that of the experimental unit.
Every scientist new to this area would benefit from reading the
first chapter or two of books on this topic cited by SK (e.g., Hox,
1995; Sniders & Bosker, 1999; Kreft & de Leeuw, 1999), as well
as more recent ones (e.g., Raudenbush & Bryk, 2002; Goldstein,
2003; Bickel, 2007).

On the other hand, the mere availability of those methods is not
“solving these problems” of pseudoreplication, and SK present no
survey evidence indicating they have “largely disappeared . . . in
sociology and education research,” over, say, the last decade. None
of the cases of pseudoreplication reported in the 251 experimental
papers examined by Hurlbert (1984) and Hurlbert and White
(1993) would have been prevented by the new multilevel methods.
At least I can recall no experiment there where, for example, the
evaluation unit was treated as the experimental unit because of a
desire to use as a covariate a characteristic of the evaluation unit.
In the cases reported, avoidance of pseudoreplication required
understanding only such elementary matters as when a t test, not a
�2 or G-test, was required, or the distinction between evaluation
unit and experimental unit. With such understanding, statistical
methods widely available for many decades would have sufficed
for all but the cases of simple pseudoreplication. And where no
covariates are involved and the only objective is assessment of
treatment effects on the experimental unit, as it often is, averaging
over evaluation units and using, in a simple ANOVA, the mean for
each experimental unit sacrifices no information and gives exactly
the same result for the treatment effect test as would a nested
ANOVA. Where there are additional objectives, clearly other
approaches can be employed.

In conclusion, reform and standardization of terminology in
statistics, experimental design, and sampling design is badly
needed, is possible, and would improve statistical practice. Clear
labels for specific types of statistical error, like pseudoreplication,
can play an important part in such a reform.
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