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EDITORIAL
Reproducible Science䌤
The reproducibility of an experimental result is a fundamental assumption in science. Yet, results that are
merely confirmatory of previous findings are given low priority and can be difficult to publish. Furthermore,
the complex and chaotic nature of biological systems imposes limitations on the replicability of scientific
experiments. This essay explores the importance and limits of reproducibility in scientific manuscripts.

There may be no more important issue for authors and
reviewers than the question of reproducibility, a bedrock principle in the conduct and validation of experimental science.
Consequently, readers, reviewers, and editors of Infection and
Immunity can rightfully expect to see information regarding
the reproducibility of experiments in the pages of this journal.
Articles may describe findings with a statement that an experiment was repeated a specific number of times, with similar
results. Alternatively, depending upon the nature of the experiment, the results from multiple experimental replicates might
be presented individually or in combined fashion, along with
an indication of experiment-to-experiment variability. For
most types of experiment, there is an unstated requirement
that the work be reproducible, at least once, in an independent
experiment, with a strong preference for reproducibility in at
least three experiments. The assumption that experimental
findings are reproducible is a key criterion for acceptance of a
manuscript, and the Instructions to Authors insist that “the
Materials and Methods section should include sufficient technical information to allow the experiments to be repeated.”
In prior essays, we have explored the adjectives descriptive
(6), mechanistic (7), and important (8) as they apply to biology,
and experimental science, in particular. In this essay, we explore the problem of reproducibility in science, with emphasis
on the type of science is that routinely reported in Infection and
Immunity. In exploring the topic of reproducibility, it is useful
to first consider terminology. “Reproducibility” is defined by
the Oxford English Dictionary as “the extent to which consistent
results are obtained when produced repeatedly.” Although it is
taken for granted that scientific experiments should be reproducible, it is worth remembering that irreproducible one-time
events can still be a tremendously important source of scientific
information. This is particularly true for observational sciences
in which inferences are made from events and processes not
under an observer’s control. For example, the collision of
comet Shoemaker-Levy with Jupiter in July 1994 provided a
bonanza of information on Jovian atmospheric dynamics and
prima facie evidence for the threat of meteorite and comet
impacts. Consequently, the criterion of reproducibility is not
an essential requirement for the value of scientific information,
at least in some fields. Scientists studying the evolution of life
on earth must contend with their inability to repeat that magnificent experiment. Gould famously observed that if one were
to “rewind the tape of life,” the results would undoubtedly be
different, with the likely outcome that nothing resembling our䌤
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selves would exist (12). (Note for younger scientists: it used to
be fashionable to record sounds and images on metal oxidecoated tape and play them back on devices called “tape players.”) This is supported by the importance of stochastic and
contingent events in experimental evolutionary systems (4).
Given the requirement for reproducibility in experimental
science, we face two apparent contradictions. First, published
science is expected to be reproducible, yet most scientists are
not interested in replicating published experiments or reading
about them. Many reputable journals, including Infection and
Immunity, are unlikely to accept manuscripts that precisely
replicate published findings, despite the explicit requirement
that experimental protocols must be reported in sufficient detail to allow repetition. This leads to a second paradox that
published science is assumed to be reproducible, yet only rarely
is the reproducibility of such work tested or known. In fact, the
emphasis on reproducing experimental results becomes important only when work becomes controversial or called into
doubt. Replication can even be hazardous. The German scientist Georg Wilhelm Reichmann was fatally electrocuted during an attempt to reproduce Ben Franklin’s famous experiment
with lightning (1). The assumption that science must be reproducible is implicit yet seldom tested, and in many systems the
true reproducibility of experimental data is unknown or has
not been rigorously investigated in a systematic fashion.
Hence, the solidity of this bedrock assumption of experimental
science lies largely in the realm of belief and trust in the
integrity of the authors.
Reproducibility versus replicability. Although many biological scientists intuitively believe that the reproducibility of an
experiment means that it can be replicated, Drummond makes
a distinction between these two terms (9). Drummond argues
that reproducibility requires changes, whereas replicability
avoids them (9). In other words, reproducibility refers to a
phenomenon that can be predicted to recur even when experimental conditions may vary to some degree. On the other
hand, replicability describes the ability to obtain an identical
result when an experiment is performed under precisely identical conditions. For biological scientists, this would appear to
be an important distinction with everyday implications. For
example, consider a lab attempting to reproduce another lab’s
finding that a certain bacterial gene confers a certain phenotype. Such an experiment might involve making gene-deficient
variants, observing the effects of gene deletion on the phenotype, and, if phenotypic changes are apparent, then going further to show that gene complementation restores the original
phenotype. Given a high likelihood of microevolution in microbial strains and the possibility that independently synthesized gene disruption and replacement cassettes may have sub-

“Non-reproducible single occurrences are of no
significance to science.”
—Karl Popper (18)
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Limits of replicability and reproducibility. Although the
ability of an investigator to confirm an experimental result is
essential to good science, with an inherent assumption of reproducibility, we note that there are practical and philosophical limits to the replicability and reproducibility of findings.
Although to our knowledge this question has not been formally
studied, replicability is likely to be inversely proportional to the
number of variables in an experiment. This is all too apparent
in clinical studies, leading Ioannidis to conclude that most
published research findings are false (13). Statistical analysis
and meta-analysis would not be required if biological experiments were precisely replicatable. Initial results from genetic
association studies are frequently unconfirmed by follow-up
analyses (14), clinical trials based on promising preclinical
studies frequently fail (16), and a recent paper reported that
only a minority of published microarray results could be repeated (15). Such observations have even led some to question
the validity of the requirement for replication in science (21).
Every variable contains a certain degree of error. Since error
propagates linearly or nonlinearly depending on the system,
one may conclude that the more variables involved, the more
errors can be expected, thus reducing the replicability of an
experiment. Scientists may attempt to control variables in order to achieve greater reproducibility but must remember that
as they do so, they may progressively depart from the heterogeneity of real life. In our hypothetical experiment relating
specific antibody to host resistance, errors in antibody concentration, inoculum, and consistency of delivery can conspire to
produce different outcomes with each replication attempt. Although these errors may be minimized by good experimental
technique, they cannot be eliminated entirely. There are other
sources of variation in the experiment that are more difficult to
control. For example, mouse groups may differ, despite being
matched by genetics, supplier, gender, and age, in such intangible areas as nutrition, stress, circadian rhythm, etc. Similarly,
it is very difficult to prepare infectious inocula on different days
that closely mirror one another given all the variables that
contribute to microbial growth and virulence. To further complicate matters, the outcomes of complex processes such as
infection and the host response do not often manifest simple
dose-response relationships. Inherent stochasticity in biological processes (19) and anatomic or functional bottlenecks (2)
provide additional sources of experiment-to-experiment variability. For many experiments reported in Infection and Immunity, the outcome of the experiment is highly dependent on
initial experimental conditions, and small variations in the initial variables can lead to chaotic results. In such systems where
exact replicability is difficult or impossible to achieve, the goal
should be general reproducibility of the overall results. Ironically, results that are replicated too precisely are “too good to
be true” and raise suspicions of data falsification (3), illustrating the tacit recognition that biological results inherently exhibit a degree of variation.
To continue the example given above, the conclusion that
antibody was protective may be reproduced in subsequent experiments despite the fact that the precise initial result on
average survival was never replicated, in the sense that subsequent experiments varied in magnitude of difference observed
and time to death for the various groups. Investigators may be
able to increase the likelihood that individual experiments are
reproducible by enhancing their robustness. A well-known
strategy to enhance the likelihood of reproducibility is to increase the power of the experiment by increasing the number
of individual measurements, in order to minimize the contri-
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tly different effects, then the attempt to reproduce findings
does not necessarily involve a precise replication of the original
experiment. Nevertheless, if the results from both laboratories
are concordant, then the experiment is considered to be successfully reproduced, despite the fact that, according to Drummond’s distinction, it was never replicated. On the other hand,
if the results differ, a myriad of possible explanations must be
considered, some of which relate to differences in experimental
protocols. Hence, it would seem that scientists are generally
interested in the reproducibility of results rather than the precise replication of experimental results. Some variation of conditions is considered desirable because obtaining the same
result without absolutely faithful replication of the experimental conditions implies a certain robustness of the original finding. In this example, the replicatibility of the original experiment following the exact protocols initially reported would be
important only if all subsequent attempts to reproduce the
result were unsuccessful. When findings are so dependent on
precise experimental conditions that replicatibility is needed
for reproducibility, the result may be idiosyncratic and less
important than a phenomenon that can be reproduced by a
variety of independent, nonidentical approaches.
Replicability requirement for individual studies. Given the
difference between reproducibility and replicability that depends on whether experimental conditions are subject to variation, it is apparent that when most papers state that data are
reproducible, they actually mean that the experiment has been
replicated. On the other hand, when different laboratories report the confirmation of a phenomenon, it is likely that this
reflects reproducibility, since experimental variability between
labs is likely to result in some variable(s) being changed. In
fact, depending on the number of variables involved, replicability may be achievable only in the original laboratory and
possibly by the same experimenter. This accounts for the
greater confidence one has in a scientific observation that has
been corroborated by independent observers.
The desirability of replicability in experimental science leads
to the practical question of how many times an experiment
should be replicated before publication. Most reviewers would
demand at least one replication, while preferring more. In this
situation, the replicability of an experiment provides assurance
that the effect is not due to chance alone or an experimental
artifact resulting in a one-time event. Ideally, an experiment
should be repeated multiple times before it is reported, with
the caveat that for some experiments the expense of this approach may be prohibitive. Guidelines for experimentation
with vertebrate animals also discourage the use of unnecessary
duplication (10, 17). In fact, some institutions may explicitly
prohibit the practice of repeating animal experiments that reproduce published results. We agree with the need to repeat
experiments but suggest that authors strive for reproducibility
instead of simple replicability. For example, consider an experiment in which a particular variable, the level of a specific
antibody, is believed to account for a specific experimental
outcome, resistance to a microbial pathogen. Passive administration of the immunoglobulin can be used to provide protection and support the hypothesis. Rather than simply replicating
this experiment, the investigator might more fruitfully conduct
a dose-response experiment to determine the effect of various
antibody doses or microbial inocula and test multiple strains
rather than simply carrying out multiple replicates of the original experiment.
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ducibility of experimental science to the logical inconsistencies
identified by philosophers of science, experimental reproducibility remains a standard and accepted criterion for publication. Hence, investigators must strive to obtain information
with regard to the reproducibility of their results. That, in turn,
raises the question of the number of replications needed for
acceptance by the scientific community. The number of times
that an experiment is performed should be clearly stated in a
manuscript. A new finding should be reproduced at least once
and preferably more times. However, even here there is some
room for judgment under exceptional circumstances. Consider
a trial of a new therapeutic molecule that is expected to produce a certain result in a primate experiment based on known
cellular processes. If one were to obtain precisely the predicted
result, one might present a compelling argument for accepting
the results of the single experiment on moral grounds regarding animal experimentation, especially in situations in which
the experiment results in injury or death to the animal. At the
other extreme, when an experiment is easily and inexpensively
carried out without ethical considerations, then it behooves the
investigator to ascertain the replicability and reproducibility of
a result as fully as possible. However, there are no hard and
fast rules for the number of times that an experiment should be
replicated before a manuscript is considered acceptable for
publication. In general, the importance of reproducibility increases in proportion to the importance of a result, and experiments that challenge existing beliefs and assumptions will be
subjected to greater scrutiny than those fitting within established paradigms.
Given that most experimental results reported in the literature will not be subjected to the test of precise replication
unless the results are challenged, it is essential for investigators
to make their utmost efforts to place only the most robust data
into print, and this almost always involves a careful assessment
of the variability inherent in a particular experimental protocol
and the provision of information regarding the replicability of
the results. In this instance, more is better than less. To ensure
that research findings are robust, it is particularly desirable to
demonstrate their reproducibility in the face of variations in
experimental conditions. Reproducibility remains central to
science, even as we recognize the limits of our ability to achieve
absolute predictability in the natural world. Then again, ask us
next week and you might get a different answer.
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bution of errors or random effects. For example, using 10 mice
per group in the aforementioned experiment is more likely to
lead to reproducible results than using 3 mice, other things
being equal. Along the same lines, two experiments using 10
mice each will provide more confidence in the robustness of
the results than will a single experiment involving 20 animals,
because obtaining similar results on different days lessens the
likelihood that a given result was strongly influenced by an
unrecognized variable on the particular day of the experiment.
When reviewers criticize low power in experimental design,
they are essentially worried that the effect of variable uncertainty on low numbers of measurements will adversely influence the reproducibility of the findings. However, subjective
judgments based on conflicting values can influence the determination of sample size. For instance, investigators and reviewers are more likely to accept smaller sample sizes in experiments using primates. Consequently, a sample size of 3 might
be acceptable in an experiment using chimpanzees while the
same sample size might be regarded as unacceptable in a
mouse experiment, even if the results in both cases achieve
statistical significance. Similarly, cost can be a mitigating factor
in determining the minimum number of replicates. For nucleic
acid chip hybridization experiments, measurements in triplicate are recommended despite the complexity of such experiments and the range of variation inherent in such measurement, a recommendation that tacitly accepts the prohibitive
cost of larger numbers of replicates for most investigators (5).
Cost is also a major consideration in replicating transgenic or
knockout mouse experiments in which mouse construction
may take years. Hence, the power of an experiment can be
estimated accurately using statistics, but real-life considerations ranging from the ethics of animal experimentation to
monetary expense can influence investigator and reviewer
judgment.
We cannot leave the subject of scientific reproducibility
without acknowledging that questions about replicability and
reproducibility have long been at the heart of philosophical
debates about the nature of science and the line of demarcation between science and non-science. While scientists and
reviewers demand evidence for the reproducibility of scientific
findings, philosophers of science have largely discarded the
view that scientific knowledge should meet the criterion that it
is verifiable. Through inductive reasoning, Bacon used data to
infer that under similar circumstances a result will be repeated
and can be used to make generalizations about other related
situations (11). However, the logical consistency of such views
was challenged by Hume, who posited that inferences from
experiences (or, in our case, experiments) cannot be assumed
to hold in the future because the future may not necessarily be
like the past. In other words, even the daily rising of the sun for
millennia does not provide absolute assurance that it will rise
the next day. The philosophies of logical positivism and verificationism viewed truth as reflecting the reproducibility of
empirical experience, dependent on propositions that could be
proven to be true or false. This was challenged by Popper, who
suggested that a hypothesis could not be proven, only falsified
or not, leaving open the possibility of a rare predictable exception, vividly depicted as the metaphor of a “black swan” (20).
One million sightings of white swans cannot prove the hypothesis that all swans are white, but the hypothesis can be falsified
by the sight of a single black swan.
A pragmatic approach to reproducibility. Given the challenges of achieving and defining replicatibility and reproducibility in experimental science, what practical guidance can we
provide? Despite valid concerns ranging from the true repro-
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