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A B S T R A C T

Reproducibility and replicability are fundamentally important aspects of the scientific method. From time to
time the discussion about whether scientific findings are replicable enough flares up. In fact, some recent
publications claim we are witnessing a replication crisis. This is a particularly important problem in laboratory
organisms that are relatively new, i.e., for which only limited amount of information is available, and for which
only a limited number of methods have been developed. The zebrafish is a relative newcomer in behavioral
neuroscience. This review considers four distinct reasons as possibly underlying reproducibility issues in be-
havioral neuroscience studies using the zebrafish. One, publication bias for positive results. Two, statistical
issues that surround the question of how to address type 1 and type 2 errors, and how to make statistical
inference. Three, inappropriate control of factors that are known to potentially influence results. And four,
methodological issues stemming from insufficient understanding of factors that may influence experimental
results. The review will mainly focus on experimental issues and solutions, i.e. the latter two reasons listed
above. It is not intended to be comprehensive, and its examples are drawn mainly from the author's own studies
and experience with zebrafish. Nevertheless, most issues discussed are not unique to his laboratory, to the
zebrafish, or even to behavioral neuroscience.

1. Introduction

A fundamental aspect of the scientific method that concerns ex-
perimental or empirical research is that it relies upon testable hy-
potheses. Testing hypotheses, or simply generating data upon which
future hypotheses will be based, is expected to be achieved in an ob-
jective manner, i.e., in a way that allows replication of results. In other
words, the research method, procedure, technique, or experiment is
expected to yield fundamentally the same answer irrespective of when
and where the study was performed and who conducted it (Fisher,
1935). Replicability is a core requirement of the scientific method. In
recent years, replicability is distinguished from reproducibility (see e.g.
Leek and Peng, 2015). Reproducibility is defined as the ability of ob-
taining the same results repeatedly when using identical methods. Re-
plicability is similarly defined, except the requirement of sameness of
methods and results is made somewhat less stringent. Briefly, replic-
ability refers to being able to reach fundamentally similar conclusions
even when slight variations in methodology exist. In the current paper,
I use the term reproducibility interchangeably with replicability. That
is, I do not sharply distinguish these two terms, mainly because in real-
life empirical research their definitions actually overlap.

2. The replicability “crisis”

In recent years, several scientists rang the alarm bell and claimed
that science was experiencing replicability and reproducibility crises
(Baker, 2016a, 2016b; Peng, 2015; Savalei and Dunn, 2015). According
to a recent survey conducted on behalf of the magazine Nature, for
example, 50% of scientists have experienced issues with reproducibility
of their own results, and 70% of them had trouble reproducing findings
obtained by others (Baker, 2016a). And the problem was not limited to
a particular field of science, but was found in chemistry, physics and
engineering, earth and environmental sciences, biology, medicine, as
well as in other scientific fields. From cancer prognosis (Baggerly and
Coombes, 2009), through brain imaging (Vul et al., 2009), to global
economic policies (Herndon et al., 2014) results have been found un-
replicable. The problems are deemed so acute that entire journal issues
have been published on this topic. A recent example is the ILAR Journal
(Vol 58, issue 1, July 2017, pages 115–128), whose special issue was
titled “Bridging the gap between reproducibility and translation, data
resources and approaches”. Another example is the very issue of the
journal Pharmacology, Biochemistry and Behavior in which this paper
is published. In fact, an entire conference was organized recently to
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discuss these issues (https://en-exact-sciences.tau.ac.il/sites/exactsci_
en.tau.ac.il/files/media_server/Exact_Science/math/events/
Replicability_Reproducibility_of_Discoveries.pdf), and a comprehensive
review based upon this conference expressing the opinion of the be-
havioral neuroscience and behavioral genetics community's views has
just been published (Kafkafi et al., 2018). Furthermore, major funding
agencies, including the NIH, have also taken notice, and have been
implementing guidelines for scientists on how to enhance rigor and
reproducibility in grant applications (https://grants.nih.gov/
reproducibility/index.htm).

But is the problem of diminished reproducibility and replicability
new? Are we, scientists, doing our job less well than before? I suspect
the answer to these questions is no. I suspect the main reason for the
“crisis” is that we communicate more efficiently, generate more data
and more complex data, publish more, and have access to a wider
spectrum of findings and studies. Thus, we have better means of dis-
covering and of discussing these problems. That is, the replicability
crisis is not new. This, of course, does not diminish the importance of
the issue. Reproducibility and replicability are fundamentally im-
portant, and should be considered. In order to eliminate or reduce the
problem with replication of results, one must first understand its root
causes.

3. The root causes of reproducibility and replicability issues

I consider four somewhat overlapping, but still distinct causes that
may lead to reduced reproducibility and replicability. One, publication
bias for positive results. Two, statistical issues that surround the ques-
tion of how to address type 1 and type 2 errors and the asymmetry of
statistical decision making, or, in general, the way we make statistical
inferences. Three, inappropriate control of factors that are known to
potentially influence results. This latter point partially overlaps with
the second one, as it includes questions about inappropriate randomi-
zation or sampling bias as well as issues associated with individual
differences among study subjects, an increasingly fashionable topic not
discussed in this review. And four, methodological issues stemming
from insufficient understanding of factors that may influence experi-
mental results. In the analysis of brain function and behavior, the focus
of this review, the latter two points represent a particularly vexing
problem. The brain is perhaps the most complex organ in the organism,
and thus it is potentially responsive to a large number of environmental
and genetic factors, some of which may not be well controlled, and
others may not even be known. In this review, I will focus mainly on
experimental issues affecting reproducibility and replicability in zeb-
rafish behavioral neuroscience, i.e. points three and four above, but
first I will briefly discuss the other causes, i.e. those resulting from
publication bias and statistical decision making.

4. Publication bias: is there a solution?

A large proportion of published studies report positive results, i.e.
results that show significant differences among groups, significant ef-
fects of treatment or of the manipulation used in the study. Negative
results, i.e. results that show lack of such significance, are rarely re-
ported. Where does this bias come from? Perhaps it is basic human
nature that we are interested in finding new things. Novelty preference
is almost universal in the animal kingdom to which our own species
also belongs (Thompson et al., 1991; Bardo et al., 1989; Gerlai, 1998;
Gómez-Laplaza and Gerlai, 2010). Similarly, most of us like being
correct. Thus, when a scientist formulates a working hypothesis, he or
she is usually more pleased when it is proven correct. But even when
the scientist is completely unbiased, which most of us claim we are,
there are forces that may bias us towards publishing positive, i.e. sig-
nificant, results. We all know the slogan “publish or perish”. Funding
agencies, tenure promotion committees, performance evaluation boards
in Academia and Industry all look at number and quality of studies

completed and/or published. But a large majority of peer reviewed
scientific journals and their editors prefer studies with significant re-
sults. A case in point was a recent publication from my laboratory
(Seguin et al., 2016), in which we found a lack of significant effect of
embryonic alcohol exposure on fear and anxiety-related behavioral
responses in zebrafish. Although this study did get published at the end,
the initial response from referees and editors was what we expected: the
study only presents negative findings and thus it is not very interesting.
Only after we further emphasized the point that the negative results
presented in the study are crucial for the interpretation of prior findings
showing significant (positive) effects of embryonic alcohol treatment on
another phenotype, social behavioral responses, did the journal finally
accept the paper. What has this got to do with replication? Studies
aimed at showing reproducibility and replicability are inherently about
“old” stuff, findings that have been obtained before. They are also about
showing lack of difference between the past and current results, an
essentially negative type finding. Old and negative findings are not the
favorite of referees and editors of peer reviewed scientific journals.

Could this publication bias be reversed? And if yes, how? My own
impression is that it will be difficult to go against the current tradition.
Nevertheless, science literature is becoming more and more open, i.e.,
the number of peer reviewed journals that allow, or in some cases de-
mand, open access to data is increasing, so is the number of publicly
searchable electronic data bases that often allow deposition and second
party analysis of raw data. These changes facilitate openness, re-eva-
luation of results and more objective discussion of findings, but also
importantly, publication of negative results. Briefly, the importance of
publishing negative results is increasingly better appreciated (Baxter
and Burwell, 2017).

5. Statistics: what does significance or the lack of it mean?

The second main reason for lack of ability to replicate findings lies
deeply in the way we make statistical inferences. Although all uni-
versity programs designed for students of behavioral neuroscience and
related fields, I know of, include courses on statistics, and although all
researchers of behavioral neuroscience routinely utilize a variety of
methods of statistics, it appears that occasionally basic concepts of this
field are forgotten. Let me briefly examine one of the most basic of all,
the concept of significance itself.

Most scientists accept the classical threshold of significance being
p < 0.05, which means that the probability of the experimental ma-
nipulation not having an effect, or of groups of animals not differing
from each other, is less than five percent. If the probability of the null
hypothesis (lack of effect or lack of difference) is this small or smaller,
we accept the result as being significant. But what happens when the
result is non-significant? How do we interpret that? For example, if the
p value we obtain using a statistical test equals, say, 0.09, i.e. proving
lack of significance. Lack of significance demonstrated by this p value
would be interpreted quite often as proof that the treatment had no
effect, or that the groups of animals did not differ from each other. But,
is this interpretation correct? p= 0.09 means that the probability of the
treatment having an effect, or the probability of the groups of animals
differing, is 91%. In other words, statistical inference is asymmetrical. It
is designed to detect presence of effect or difference with high certainty,
but it is not designed to prove absence of difference or absence of effect.
A “significant” absence of effect would require an equally stringent p
threshold, i.e. p > 0.95. And there lies one of the issues with our
ability to replicate negative findings.

But why cannot we replicate positive findings, i.e. those results that
did turn out to reach the conventional level of significance? There may
be several reasons for this inability. Some of these relate to experi-
mental design and sampling methods. Others are more fundamental to
our statistical methods. I deal, briefly, with the latter first.

Experiment-wise false-discovery rate is one issue that has been
discussed in the literature (Ioannidis, 2005). This issue is known as
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type-1 error in statistics, i.e., accepting significance of results when in
fact they are not significant. False positive results may be obtained in a
study if the study utilizes many statistical comparisons, each with the
traditional p=0.05 threshold for accepting significance. For example,
if a study has a large number of groups to compare in a pair-wise
manner, or if it uses a large number of variables along which small
number of groups are compared, the cumulative false discovery rate
will be n x p, where n is the number of comparisons and p is the sig-
nificance threshold value. There are two simple statistical methods by
which one can minimize this error. One, in case of multiple group
comparisons, one needs to use post-hoc multiple-comparison proce-
dures, e.g. the Tukey Honestly Significant Difference Test, or the Holm-
Bonferroni correction (Holm, 1979), methods that minimize type-1
error without inflating type-2 error (the latter concerns claiming lack of
significance when in fact the result was significant). Two, in case of
multiple variables used, one can utilize a multivariate method, e.g.
MANOVA, or correlation coefficients-based reduction method, in-
cluding Factor analysis. However, all the above methods are expected
to be appropriate when the number of groups or the number of vari-
ables are not very large, which is most often the case in behavioral
neuroscience studies, but not when one deals with hundreds or thou-
sands of comparisons, such as the case, for example, in DNA microarray
or other large scale systematic analyses (Sham and Purcell, 2014). An
alternative to significance level correction or multivariate statistical
methods, others have suggested, is to abandon the use of p=0.05
threshold requirement, and replace it with the use of confidence in-
terval (Savalei and Dunn, 2015). Last, some even advocate complete
abandonment of the black or white statistical hypothesis testing in-
herent in classical statistical methods (Szücs and Ioannidis, 2017).
These authors suggest that the dichotomous decision making associated
with null hypothesis significance testing is partially responsible for the
replication crisis seen in several fields of neuroscience including be-
havioral neuroscience. They recommend that instead of relying on the
all or nothing hypothesis tests, other types of inferential methods, e.g.
Bayesian statistical approaches (also see Wellek, 2017), may be em-
ployed. They recommend that the use of classical null hypothesis-based
statistical inference must be properly justified by pre-study power cal-
culations as well as estimation of effect sizes.

Although these statistical considerations are important, one must
not forget that irrespective of what statistical approach one uses, the
validity (and thus reproducibility and replicability) of one's results will
depend upon the quality of data collected, i.e. the manner in which data
were obtained. For example, proper experimental design, including
appropriate randomization and sampling methods and proper sample
sizes must be employed. While these basic principles of experimental
design and procedure are well known in theory, in practice they may
not be implemented for two main reasons. One, the factors that po-
tentially influence the outcome of the experiment are not controlled, or
two, perhaps not even known. Randomization and proper sampling can
only be achieved if we understand along what factors we must properly
randomize, and which subjects may be differentially affected by such
factors. These are basic empirical questions that are still being ad-
dressed in the field of neuroscience, neurobehavioral genetics and
psychopharmacology of the mouse, despite that this research organism
is perhaps the most well studied among vertebrate laboratory species.
The problems are even more severe in case of the zebrafish, which is a
relative newcomer in these fields.

6. Factors we knowmay influence brain function and behavior: an
example of anxiety in rodents

One reason why findings within a laboratory or across laboratories
may not be reproducible or replicable is that not all factors that po-
tentially influence the outcome of the experiment are properly con-
trolled. To experimentally test the question how well one can control
such factors, Crabbe et al. (1999) conducted a coordinated set of

experiments with mice that involved three geographically separated
laboratories. In this study, the authors investigated reproducibility in
the context of genotype x environment interaction. They set up their
behavioral experiments exactly the same manner, using the same set of
apparati, test procedures and the same inbred and genetically modified
mouse strains, and conducted their studies at the same time, but across
the three different laboratories. They found significant laboratory-spe-
cific differences in the absolute values of the behaviors they measured.
But, even more importantly, in some behavioral tests, the relative rank
order of their mouse strains was found laboratory dependent. That is,
they found genotype x environment interaction. These results were
widely discussed by the scientific community, and some even made the
general conclusion that conducting behavioral analysis appropriately,
i.e. in a replicable and reproducible manner, is just not possible.
However, closer examination of the data and procedures of the Crabbe
et al. (1999) study yielded some interesting insights that did not sup-
port this harsh view. Some behavioral tests produced a remarkably si-
milar strain rank order across all three laboratories. These were the
tests that required minimal handling of the animals or in which the
assumed chance of induction of fear or anxiety was lower. Tests in
which the latter factors were potential driving force behind the beha-
vioral responses provided more inconsistent findings. The authors of
this study made the excellent observation, for example, that specific
experimenters performing the testing of their mice were unique to each
laboratory, and could have had a laboratory-specific effect on the be-
havior of the experimental animals. They stated, for example, that the
experimenter in one of the laboratories was highly allergic to mice, and
performed all tests while wearing a respirator. An experimenter isolated
from airborne allergens is also isolated from the mice in terms of ol-
factory communication. Experimenters in the other laboratories were
not. Mice, as several other rodent species too, are highly sensitive to
olfactory cues, and tend to respond with anxiety-like or fear behaviors
to the smell of large mammals, potential predators. Thus, the Crabbe
et al. (1999) study exemplified a rather difficult experimental issue,
controlling or standardizing the effect of the human experimenter.

Another interesting, and perhaps underappreciated, aspect of the
Crabbe et al. (1999) study concerns the behavioral analysis of the null
mutant mouse line they studied. Crabbe et al. detected laboratory
specific differences in these mice, a finding that many interpreted again
as resulting from laboratory specific unknown environmental factors.
However, there was another possibility: The genetic background of the
studied null mutant mice was not identical across the three labora-
tories. Without delving into too much detail, the genetic background of
these mice suffered from the same issue most other classical knock out
mice had: hybrid genetic origin and hitch-hiking alleles around the
target locus (Gerlai, 1996). And because the mouse lines used in the
three different laboratories were not obtained from the same source, the
possibility existed that their genetic background was not the same
across the three laboratories. Briefly, the observed differences could
potentially be due to not laboratory environment or procedure specific
effects, but rather to genetic factors. Zebrafish studies also suffer from
these two above exemplified issues: experimental error arising from the
difficulty to standardize or eliminate human handling, and potentially
uncontrolled genetic effects. I discuss the former first.

7. Human handling: the issue of fear and anxiety in zebrafish
research

I list this problem under the category of factors that are known to
influence our results. But this does not mean we have good solutions for
it. In most studies, the experimental zebrafish have to be removed from
their home tank, and have to be placed in an experimental apparatus.
How the test fish is caught and transported to the test tank, can make a
huge difference in how it will behave during the test. Zebrafish, unlike
rodents, have not gone through domestication, intentional or uninten-
tional artificial selection that would make them better adapted to
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human handling. Also, when zebrafish are removed from their home
tank, they experience a short period of hypoxia as well as restraint
stress: they cannot properly breathe and cannot properly move in the
net. Last, zebrafish are small but very fast little creatures, and thus
catching them is not always an easy task. Why does this matter from the
perspectives of reproducibility and replicability? Because depending on
how fast and how delicate the experimenter is with zebrafish, and what
method he/she uses for catching and transporting the experimental fish,
he/she can introduce large differences in the level of fear and anxiety in
the test fish.

There are two possible ways one may be able to address this source
of error variation. One is that the behavioral test may be preceded by
habituation sessions (Sison and Gerlai, 2011). Multiple exposures to
human handling without any deleterious consequences may allow the
zebrafish to habituate to the handling procedure. However, in our own
experience, such habituation trials may be counterproductive. If not
conducted with utmost care, they can achieve the opposite, i.e. they can
lead to sensitization, enhanced fear and anxiety responses to human
handling in zebrafish. This is because handling of zebrafish may re-
present too strong an aversive stimulation for this species. The second
way one could avoid handling induced anxiety and fear in zebrafish is
to not handle the fish at all. To avoid handling, the fish may be tested in
its home-tank, an idea that has been implemented for the mouse (de
Visser et al., 2006), but not yet for the zebrafish.

The above discussed factors, i.e., the genetic background, and en-
vironmental factors that affect fear and anxiety, are known to influence
a variety of behavioral responses in zebrafish (Gerlai, 2010; Luca and
Gerlai, 2012; Ahmed et al., 2012; Mahabir et al., 2013; Gerlai et al.,
2008). In addition to these factors, there may be many others that have
not yet been explored, or whose potential effects on brain function and
behavior we do not even suspect yet. Unfortunately, given the relative
newcomer status of the zebrafish in behavioral neuroscience, there may
be many such factors, and this requires future investigation. But before I
return to these yet to be characterized environmental factors, I would
like to focus first on another important potential confound, often ig-
nored or misunderstood in zebrafish research, the genetic background.

8. The genome as confound in zebrafish research

Unlike in case of the laboratory mouse, zebrafish researchers do not
have a large selection of genetically well-defined inbred strains.
Standard strains of zebrafish do exist, but the proportion of homo-
zygous loci in these strains rarely exceeds 80% (Johnson and Zon,
1999). Briefly, inbred zebrafish strains are lacking. AB is one of the
most frequently used zebrafish strains, one which has been bred in
several laboratories all around the Globe. But because the strain is not
fully inbred, due to random genetic drift, subpopulations of AB strains
are expected to differ genetically, a problem ignored in zebrafish re-
search, but one which can easily lead to lack of replicability. Others
utilize so called “wild-type” populations, obtained from pet-stores. This
is, of course, not a problem in itself. For example, we established a
zebrafish population in our own zebrafish facility at the University of
Toronto Mississauga starting the breeding from zebrafish obtained from
a local pet store (Big Al’s Aquarium Warehouse, Mississauga). Our ra-
tionale was that such a population is likely to possess large genetic
variability across individuals and large percentage of heterozygosity
within each individual (e.g. Miller and Gerlai, 2007; Bass and Gerlai,
2008; Speedie and Gerlai, 2008; Al-Imari and Gerlai, 2008). As such,
this population, unlike inbred strains, may not be genetically unique,
and, we argued, should better represent species-specific features of the
“prototypical” zebrafish. The problem, however, is that when one stu-
dies pet-store fish, the actual genetic make-up of these individuals can
vary from one location to the other and from study to study, further
contributing to the issue of lack of replicability. Furthermore, some
researchers use the very fish they purchased from pet stores (as opposed
to breeding them and establishing a laboratory population for their

study). These pet store fish thus are potentially influenced by a large
number of unknown and uncontrolled environmental factors that af-
fected them at the commercial breeding facility and pet store before
their transport to the laboratory.

Another issue, still concerning genetics, is the occasional mixing and
misunderstanding of the meaning of genetic marker and genetic back-
ground. A study conducted by Dlugos and Rabin (2003) represents a
case in point. These authors compared three different groups of zeb-
rafish for their behavioral responses to acute and chronic alcohol
(ethanol) treatment, and reported what they called significant “strain
differences”. Even the title of their study claims “model for genetic
investigations”. However, the authors purchased the three groups of
zebrafish from pet stores, and used these purchased fish for their stu-
dies. Thus, as explained above, they could not distinguish potential fish
group specific differential environmental effects from genetic effects.
But even more importantly, the claim that they were comparing dif-
ferent strains of zebrafish had no foundation. The authors called their
“strains” WT (wild-type, zebrafish that have short wild type fin and
wild type color and stripe pattern), LFS (long-fin striped, zebrafish
whose fins are elongated but their body coloration and pattern is wild
type), and BLF (blue long fin, zebrafish whose fins are elongated and
whose body is uniformly bluish, lacking the wild type color and striped
pattern). What is the issue with all this? The problem is that the phe-
notypical traits that the authors used to distinguish their “strains” are
just genetic markers. These markers represent a very limited number of
loci, perhaps as few as only two, and do not define the genome, the
genetic background of the studied populations of fish. In fact, the three
“strains” could have been different in alleles of only these two loci (one
determining color-pattern and the other fin length), or the LFS could
have differed from the BLF at thousands of loci but not from WT, or WT
could have differed from BLF at a few hundred loci, etc. No one can tell.
Perhaps even more importantly, an LFS fish obtained from one pet store
could have an entirely different genetic background compared to an LFS
fish obtained from another pet store. In fact, two LFS fish obtained from
the same pet store at the same time could have entirely different genetic
backgrounds. And there lies the issue of replicability. A superficial
phenotypical feature, a genetic marker, does not define the genetic
background of the population or individual in these fish. Briefly, it is
crucial that one uses genetically well-defined strains, if one wants to
make inferences about genetic effects.

But even if one uses genetically well-defined strains of zebrafish,
one may have to face the fact that there may be numerous experimental
procedure related or zebrafish maintenance-dependent environmental
factors whose effects we do not understand, or even worse, do not even
know of yet. The subsequent section focuses on the former, experi-
mental factors we do not fully understand.

9. Experimental procedures in zebrafish research: do we know
what we are doing?

Without trying to be too negative, below I list a few examples that
show how many things can go wrong when we try to manipulate zeb-
rafish. Some of these examples illustrate simple and correctable ex-
perimental errors, others discuss more vexing issues to which we do not
yet have answers. But all of them exemplify how replicability may be
compromised in a laboratory organism that is quite novel for behavioral
neuroscience, the zebrafish. The first example concerns lack of re-
plication of psychopharmacological effects of a well-known drug of
abuse, nicotine.

Nicotine has been employed in rodent research and has been found
to possess anxiolytic as well as memory altering properties. Given the
evolutionary conservation of neurotransmitter receptors, including ni-
cotinic acetylcholine receptors, nicotine (in the form of nicotine ditar-
trate) has been also employed using zebrafish with success. For ex-
ample, Levin et al. have shown significant anxiolytic effects (Levin
et al., 2007) as well as learning (Levin et al., 2006) and memory (Levin
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and Chen, 2004) altering effects of this drug in zebrafish. We (Miller
et al., 2012) have also found nicotine to be efficacious, this time in
altering shoaling (group forming) behavior of zebrafish. Our findings
made sense, we argued, because the main function of shoaling is be-
lieved to be predator-avoidance, and a drug that affects anxiety, like
nicotine, should thus influence shoaling (Miller et al., 2012). These
results appear to show good replicability, at least for the anxiolytic
properties of nicotine in zebrafish. However, we encountered a major
problem. The doses routinely employed in the above cited studies
(50–800mg/l nicotine ditartrate bath concentration administered via
immersion of the fish) conducted by Levin et al. led to significant de-
leterious effects in my own laboratory. In fact, in our hand, bath con-
centration of as low as 12mg/l of nicotine ditartrate already induced
twitching, lethargy and even leading to death in some cases in our
zebrafish. That is, despite that we employed the same administration
method (immersion), same nicotine salt (nicotine ditartrate) and same
length of immersion (3min), the concentrations of nicotine that did not
induce grossly deleterious effects in zebrafish were one to two orders of
magnitude lower that those employed in the Levin et al. studies cited
above. How could such discrepancies arise? We currently have no an-
swer to this question. But notably, the age and strain origin of the ex-
perimental zebrafish were not disclosed in the Levin et al. studies.
Genotype as well as the age of the fish may influence drug effects, but it
is unlikely these factors could explain the huge dose effect differences.
The source of nicotine ditartrate is also not disclosed in the Levin et al.
studies, but again, one would hope that large dose effect differences
should not arise because the drug is obtained from different vendors.
Perhaps, the most reasonable explanation for the discrepancies is the
possibility that the obtained drugs were stored differently and perhaps
for different periods of time. In my laboratory, we used the drug soon
after we obtained it from Fisher Scientific, but in other laboratories the
drug may have been kept for prolonged period of time on the shelf.
Although nicotine ditartrate is considered fairly stable, exposing it to
higher temperatures, or oxidative conditions, may have reduced its
potency.

Despite all precautions my students and I attempt to make, however,
mistakes are also made in my laboratory. The following example con-
cerns such a mistake, a simple one, but nevertheless one that led to
irreproducible results in my laboratory when we wanted to study cir-
cadian rhythm in zebrafish. Contrary to common belief, fish sleep too.
They show circadian activity pattern typical of diurnal species, high
activity during subjective daytime and low activity or absence of ac-
tivity during subjective night-time. We were interested in the potential
circadian/sleep altering effects of embryonic alcohol exposure in zeb-
rafish, and ran a pilot study in which we wanted to quantify activity
patterns of adult zebrafish followed continuously for 48 h. Given that
sleep, and in general typical diurnal circadian activity changes have
been demonstrated in the zebrafish (for a review see e.g. Zhdanova,
2011), we expected the classic activity pattern. The pilot study included
setting up a newly acquired infrared light source illuminating the fish
with light invisible to them, and digital cameras equipped with new
infrared filters and a video-tracking system that allowed us to quantify
numerous parameters of the swim path of the experimental fish. The set
up seemed to be well designed by a member of my laboratory, so she set
out to record circadian activity of our fish. The surprize came when we
analyzed the data: our fish remained active throughout the 48 h period,
no sleep, only minimal activity pattern change between day and night.
How was this possible? We went through numerous procedural details
and at the end realized we had made a mistake. The student who set up
the cameras needed to adjust the angle of the camera so that it properly
viewed the fish, and she used the built-in view screen of the camera.
The only way she could view this screen was to open it and turn it
towards the outside. However, the viewscreen emitted light frequencies
that were visible not only to her but also to the zebrafish. In effect, we
were monitoring circadian activity under constant light.

The next example I illustrate here for lack of replicability due to

experimental procedures exemplifies a problem that is somewhat more
complex, and less easy to fix, than making a trivial mistake like the
above one. It concerns the use of light-dark choice tasks for the analysis
of anxiety. Light-dark test paradigms have been successfully utilized in
rodent research. The nocturnal rodent has been found to avoid illumi-
nated areas and prefer dark places, presumably because the latter offers
protection from visually hunting predators. Irrespective of the ecolo-
gical or adaptive aspect of this behavior, it has been well utilized for
screening for anxiolytic compounds in psychopharmacology research in
academia and industry alike. A similar reasoning prompted us to study
how the diurnal zebrafish would behave. We conducted a light-dark
study using adult zebrafish in which our subjects were offered a choice
in a shuttle box with one side being well illuminated and having
transparent glass walls and the other completely covered and dark.
Also, we exposed some of our zebrafish acutely to low concentrations of
ethanol, an anxiolytic drug at these doses, and compared their re-
sponses in the light-dark task to control fish. Our results demonstrated a
significant preference for the well illuminated side of the apparatus in
control fish (zebrafish is diurnal and we argued would avoid dark places
where it cannot see predators), and this dark avoidance was reduced by
acute alcohol treatment (Gerlai et al., 2000). These results made sense
both in the broader context of what we knew about diurnal versus
nocturnal species and also from the perspective of the natural habitat
and sympatric predators of the zebrafish (Gerlai et al., 2000). However,
our results were not always replicated. In fact, Maximino et al. (2010)
found the opposite in zebrafish, dark preference, and named the be-
havior scototaxis (movement towards the dark). Subsequently, a
number of studies have been published in which one or the opposite
finding was supported. From the controversies the only main conclu-
sion one could draw was that adopting a task from the rodent literature
for the zebrafish was not as simple as it originally seemed to be. By
now, however, some studies have started to disentangle the con-
troversies and are starting to provide answers (e.g. Blaser and Peñalosa,
2011; Facciol et al., 2017). Briefly, it appears that the zebrafish does
prefer well illuminated areas, but also prefer dark backgrounds to light
backgrounds, and they also avoid cave like environments. The light-
dark paradigm confused three independent factors: level of illumina-
tion, background/substrate shade, and openness of the environment.

Another example from my own laboratory on lack of reproducibility
also shows how simple and trivial mistakes may lead to dramatic pro-
blems in the study of animal behavior. The example again concerns
zebrafish shoaling. Zebrafish are highly social, and thus when placed
singly into a test tank and shown a group of conspecifics, attempt to join
the group and thus swim close to the stimulus. In one of our studies,
however, we obtained a highly unexpected finding. Upon presentation
of the computer animated images of zebrafish, the experimental zeb-
rafish moved away from the stimulus presentation screen, a highly
significant change, but one which was the exact opposite of what we
saw before (Gerlai unpublished results). We examined and scrutinized
every possible parameter of this study, rearing conditions, experimental
procedures, everything we could think of. After a long and arduous
examination of our methods, we discovered the root cause of the pro-
blem: the experimenter, who set up the image presentation, forgot to
double check what the images looked like on the actual presentation
screen. He used a new computer monitor whose aspect ratio differed
from that of the computer that ran the image presentation software we
developed in-house (Saverino and Gerlai, 2008). This software allows
us to precisely set several parameters of image presentation, including
the size, pattern, color, shape of the images, how many conspecific
images are shown, how fast and where exactly they would be moving,
how long they are shown, and when exactly they are turned on and off.
This level of control allows us to present a stimulus that is consistent
across all our studies, but it also allows us to test what aspects of the
stimulus zebrafish responds to, and how modification of certain aspects
may alter the behavior of our subjects. As it turned out, the images set
up on the computer screen correctly, showed differently on the actual
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presentation screen the experimental fish could see. These images ap-
peared abnormally elongated and slim compared to normal looking
zebrafish. The discovery of this error explained well why we could not
reproduce our previous results. Again, we used this error to our ad-
vantage, and ran a study in which we systematically altered different
aspects of the conspecific stimulus images (Saverino and Gerlai, 2008).
For example, we presented images that were colored red or yellow, that
wore vertical, as opposed to the natural horizontal, stripes, or had no
stripes at all, and also presented images of zebrafish that appeared “fat”
or slim while keeping the overall surface area of the image constant. We
found that elongated images were highly aversive, and speculated that
this may be because they resembled the needle fish, a natural predator
of zebrafish (Saverino and Gerlai, 2008). The above examples show
how serendipitous findings leading to irreproducibility may be used to
advance our understanding of zebrafish behavior and also that under-
standing of the responses of a relatively unknown laboratory species to
environmental stimuli requires thorough and systematic analyses.

The next experimental example is also drawn from my own la-
boratory. It is based upon a line of research that led to excellent re-
producibility and replicability, but also to an unexpected surprize. We
have been investigating the effect of alcohol exposure during em-
bryonic development in zebrafish (e.g. Fernandes and Gerlai, 2009;
Seguin and Gerlai, 2017). The hope has been to establish a zebrafish
model of the less severe and most prevalent forms of Fetal Alcohol
Spectrum Disorders. We have discovered that if we expose zebrafish
embryos at their 24th hour post-fertilization stage to alcohol for only
2 h at a concentration not exceeding 1% (vol/vol) in the external bath
(into which intact, i.e. not dechorionated, eggs were placed), zebrafish
develop without any obvious signs of defects. But when these pre-
viously alcohol exposed fish are tested at their adult stage (i.e. several
months after the alcohol exposure) they exhibit significant impairment
in their shoaling (social or group forming) behavior (Fernandes and
Gerlai, 2009). We measured how a single adult zebrafish placed in a test
tank alone responds to social stimuli, moving images of zebrafish.
Control zebrafish move towards and stay close to these images, a sign of
social cohesion, or shoaling. Our results indicated that zebrafish ex-
posed to alcohol exhibited a reduced response to moving images of
conspecifics, i.e. the adult fish that were exposed to a small amount of
alcohol for a very short period of time during their embryonic devel-
opment did not approach and did not stay close to the conspecific
images. And this change was found alcohol concentration dependent
(Fernandes and Gerlai, 2009). In fact, the dose response curve was al-
most perfectly linear: the higher the concentration of embryonic al-
cohol exposure, the more robust the impairment. This dose-dependency
itself represents excellent replicability, but we also found that when the
embryonic alcohol exposed zebrafish were tested at their adult stage in
another manner, i.e. by allowing these fish to swim freely in natural
shoals, they too showed reduced shoaling, i.e. exhibited increased inter-
individual distances compared to control fish (Buske and Gerlai, 2011).
Thus, we have had good replicability for the social behavior disrupting
effect of embryonic alcohol exposure. Other laboratories, using the
same dosing regimen and concentrations as ours, but a different strain
(population) of zebrafish and a slightly different method of inducing
and measuring shoaling, also found similar results (Baggio et al., 2017),
again confirming replicability. We too found practically identical re-
sults in our own laboratory when we repeated our experiments testing
fish that were older than the ones we studied before, suggesting good
reproducibility for a lasting embryonic alcohol effect on shoaling in
zebrafish (Fernandes et al., 2015a, 2015b; Fernandes and Gerlai, 2009).
Why are the above findings relevant for a discussion about issues with
reproducibility and replicability? They are, because we did not always
find good reproducibility in our laboratory. In one of our studies, we
observed lack of changes in shoaling behavior in zebrafish exposed to
embryonic alcohol. This was a surprize to us, as all procedures, we
thought, including the timing and concentration of alcohol adminis-
tered, the manner in which the adult fish were tested, etc., were

performed exactly the same way as before (Fernandes & Gerlai un-
published results). Upon closer examination of our methods, however,
we discovered that the rearing conditions were slightly different (more
enriched environment) in this study compared to those of previous
ones. We still do not know, and thus have not published about, what
specific factors during rearing rescued the embryonic alcohol induced
impairment. We view our inability to reproduce our findings, however,
not as a problem, but rather as an opportunity. It will potentially allow
us to discover environmental manipulation methods that may coun-
teract the deleterious effects of embryonic alcohol exposure in zebra-
fish.

Understanding how environmental factors may influence zebrafish
is also crucial from the perspective of maintenance and breeding of this
species. The subsequent section discusses some of these factors
focussing mainly on what we do not yet know.

10. Environmental factors whose effects on zebrafish behavior
have yet to be explored

There are numerous environmental factors that may affect brain
function and behavior of zebrafish, but we do not yet know them, or
have not yet explored how their effects may manifest. Even what would
constitute optimal parameters of zebrafish maintenance and breeding is
not well understood (Tsang et al., 2017). This is an important short-
coming in zebrafish research, because if one does not know about such
factors, one may not be able to properly randomize the experiment, or
sample experimental subjects. For example, it is possible that differing
illumination levels at different heights of the frequently employed
multi-shelved high-density zebrafish rack has an effect on the devel-
opment of the visual system of the zebrafish or in the functioning of
many brain areas of the adult (Villamizar et al., 2014). But most do not
report on, or even consider, randomizing experimental zebrafish ac-
cording to the location of their holding tank on the rack system. Briefly,
exploring the potential role of numerous environmental factors on
zebrafish brain and behavior, and increasing our understanding of their
effects, will allow us to better design our experiments, and to reduce
issues with reproducibility and replicability.

Although the zebrafish has been in the forefront of developmental
biology and genetics (Grunwald and Eisen, 2002), for the past four
decades it has essentially been looked at as an egg producing machine.
Scientists were concerned about how frequently they could make zeb-
rafish spawn, how many eggs they could squeeze out each time from
their subjects, and how they could save on costs and space while
achieving maximal egg yield. Unfortunately, the design of zebrafish
facilities, high density holding systems, and the environmental para-
meters in these systems, were all established with this view in mind.
Nowadays, however, when zebrafish are being used in a variety of
subdisciplines of biology, including neuroscience, behavioral neu-
roscience, behavior genetics and psychopharmacology (Kalueff et al.,
2014), the question of what environmental parameters may be optimal
for the zebrafish has become urgently pertinent. The level of urgency is
demonstrated, for example, by a recent workshop spearheaded and
organized by the Office of Research and Infrastructure Programs of the
NIH, titled “Zebrafish and Other Fish Models: Extrinsic Environmental
Factors for Rigorous Experiments and Reproducible Results” (https://
orip.nih.gov/zebrafish-and-other-fish-models-extrinsic-environmental-
factors-rigorous-experiments-and). Briefly, very little is known about
how many and which environmental factors, parameters of zebrafish
husbandry, and in what way may affect brain function and behavior of
this species. What are considered optimal holding, maintenance or
breeding conditions is often a matter of tradition and not the result of
systematic and controlled analyses (Tsang et al., 2017).

For example, zebrafish are usually housed in small tanks in large
numbers, an efficient and cost effective high-density housing method
typical of most zebrafish facilities, including my own. However, in a
recent study, we stumbled upon a surprising finding that suggested this
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housing method may be far from optimal. We found socially isolated
fish to exhibit reduced signs of anxiety and stress compared to those
housed in a standard manner in groups (Shams et al., 2015), the exact
opposite of what we originally expected. Others have also obtained
similarly paradoxical results showing that socially isolated zebrafish
exhibit lower level of cortisol compared to socially housed zebrafish
(Parker et al., 2012). A similarly surprising result was recently com-
municated at a workshop by Stephen Ekker who reported that one of his
colleagues (Karl Clark of Mayo Clinic, Rochester) found larval zebrafish
in the 96 well plate, the standard high-throughput screening set up, to
exhibit signs of elevated stress, as compared to larval fish tested in the
plates that had smaller number of, and thus larger volume, wells (Ekker
and Clark, personal communication, Workshop on Zebrafish and Other
Fish Models: Extrinsic Environmental Factors for Rigorous Experiments
and Reproducible Results, NIH/ORIP, Bethesday MD, 2017). Larval or
adult zebrafish used as control that are housed and tested in the tra-
ditional manner thus cannot be considered normal or representing
baseline. These fish may suffer from elevated levels of stress and/or
anxiety, a condition that may interfere or interact with whatever ex-
perimental manipulation the investigator wishes to employ. Given that
housing density varies greatly across laboratories, within a laboratory,
and perhaps even within an experiment, reproducibility and replic-
ability of results may suffer.

Numerous other environmental factors may also need to be con-
sidered, examined, and re-examined. Most zebrafish researchers report
on the light-cycle employed in their facilities, but almost never on light
intensity, and especially not on the variation in light intensity across the
tanks in which the experimental zebrafish are housed. The type of light,
i.e. whether it is provided by incandescent, fluorescent or LED lamps, is
also usually not considered. These different lamps produce a source-
specific idiosyncratic spectral distribution pattern. Although we do not
exactly know how the source or the type of light affects behavior and
brain function of the zebrafish, we do know that these different light
sources provide a light frequency spectrum signature that grossly differs
according to the light source. We also have some evidence that brain
function can significantly be affected by what wavelengths of light are
employed (Villamizar et al., 2014; Sovrano et al., 2016; Di Rosa et al.,
2015). Furthermore, the effects of rearing zebrafish under specific re-
stricted spectral conditions have already been demonstrated on retinal
physiology in zebrafish (Dixon et al., 2004), a finding whose implica-
tions are wide-ranging for the behavior of this primarily visual species.

Another environmental parameter that must be systematically
analyzed, controlled, and also importantly, precisely reported in pub-
lications is salinity (conductivity) as well as the salt composition of the
holding (system) water. Most zebrafish facilities employ reverse os-
mosis (R/O) filtered water. This allows the experimenter to remove any
and all potential impurities, trace elements, chlorine, etc., from the
local water source. These impurities or chemicals are not harmful for
humans, and thus are present in tap-water in fluctuating amounts, but
could alter the biology of zebrafish, and could also introduce error
variation in zebrafish research. However, R/O water is close to pure,
distilled, water, and as such, it is devoid of crucial dissolved elements
required for the health, normal development and functioning of zeb-
rafish. Thus, most researchers reconstitute salinity of the “system
water” used for maintaining zebrafish by adding sea salt back to the R/
O purified water. Surprisingly little is known, however, about what the
optimal level of salinity is, and what type of salts should be added. It is
also troubling that zebrafish facilities utilize widely different salt con-
centrations in zebrafish husbandry, ranging among facilities by an order
of magnitude, i.e. from 200 to 2000 μS conductivity. Some studies re-
port, while others do not even disclose, the salinity of water used. It is
also noteworthy that most facilities, including our own, use sea salt
(e.g. Fernandes and Gerlai, 2009). But sea salt is made up mostly of
sodium chloride (about 85% of the salts), a salt that is not the main
constituent of dissolved molecules in natural waters of the zebrafish.
Zebrafish live in a variety of waters with sandy or muddy bottoms

(Spence et al., 2006), where the main salt constituent is likely calcium
carbonate which zebrafish facilities do not add to R/O water, perhaps
because it can form deposits and stains that can clog up valves and
water lines. Last, the exact salt composition of the sea salt employed by
zebrafish facilities is not precisely controlled. Thus, depending on the
brand of salt, the batch, the time of year when the purchase was made,
or the local store where the salt was obtained from, salt composition
may vary without the knowledge of the experimenter, which may all
contribute to problems with replication of results. Similar issues may
arise because of fish food (source, type, amount, frequency of feeding),
parameters that may vary across laboratories, food sources, and even
across time periods for the same food obtained from the same company.

But how do we know if this all matters or not? The problem is that
we do not. Analyses controlling and systematically modifying these
factors are needed before we can decide what may be important, and
what aspects of the environment we may be able to ignore. I re-
commend the guiding principle in this quest should be ecology, i.e.
understanding of the conditions in the natural habitat of the zebrafish.
Not all agree. Some argue that as long as we keep parameters controlled
and stable, it does not matter how close these parameters match those
characterizing the natural habitat of zebrafish. I disagree. If we consider
the ecology and ethology of the species we study in our laboratory, and
set up the maintenance and test conditions according to the specific
features and requirements of the species under study, we will likely
experience less fluctuations in the biological, including behavioral, re-
sponses we record, a sentiment that has been voiced in the context of
behavioral neuroscience research before (Gerlai and Clayton, 1999a,
1999b). The main argument is that by not exposing our subjects to
abnormally artificial conditions, we can expect better buffering from
our animals against inevitable fluctuations in the environment. In other
words, if we keep our subjects within the range of environmental
parameters they are evolutionarily adapted to, we can expect better
reproducibility and replicability.

Therefore, we need to better understand what may be the optimal
range of parameters we must employ, and how deviating from the
optimum may influence our research with zebrafish. Although the
above appear to be important problems that should be addressed to
increase reproducibility and replicability in zebrafish research, and in
fact in research with any laboratory organisms in general, not all agree.
Some argue that standardization is a fallacy (Würbel, 2000).

11. Should we standardize?

At first sight the answer to this question seems trivial: Of course, we
should standardize. After all, reducing unwanted variation, and making
procedures, conditions, methods, equipment and genotypes of animals
comparable across laboratories should enhance reproducibility and
replicability, and thus should enhance the validity of our findings and
advance our knowledge. However, others argue this may not be so
(Würbel, 2000; Richter et al., 2009). Consider the example of genotype
x environment interaction. We may assume that inbred strains should
exhibit reduced phenotypical variance. This is because phenotypical
variance is made up of two main components, environmental variance
and genetic variance. If the latter is zero (as it is expected in a fully
inbred strain), the total phenotypical variance is reduced. However, this
is often not what we see in empirical research. Outbred (genetically
heterogeneous) populations often exhibit smaller phenotypical variance
than inbred strains. Why? Because phenotypical variance has a third
component arising from genotype x environment interaction. For ex-
ample, an individual whose genome has a high heterozygosity ratio is
expected to be able to cope with fluctuating environmental conditions
better than a fully inbred individual whose loci are in a homozygous
form. This is simply because many of these loci (in the inbred in-
dividual) may have fixated an allele that is sub-optimal from a
homeostatic control standpoint. Thus, this inbred individual may ex-
hibit higher intra-individual variance, or put it in other way, multiple
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inbred subjects within a strain may show higher inter-individual var-
iance as a result of fluctuating environmental conditions. Whereas, in-
dividuals with high number of their loci in a heterozygous form, or
individuals within a genetically heterogeneous population, may be
buffered against such fluctuations, and thus will remain relatively
uniform (exhibiting reduced environmentally induced variance).
Should we prefer standardized inbred strains of zebrafish to outbred,
genetically heterogeneous stock, then?

Similarly, one may argue that although rigorous control of en-
vironmental conditions may reduce environmentally induced error
variation in our experiments, and thus may increase reproducibility and
replicability, such rigor may come with a price. If the environment is
fixed to a particular set of parameters, the investigator's results will be
valid only in this fixed context. The problem with narrowly defining
and controlling environmental conditions is that we will not know how
robust our findings may be. That is, how well such results would gen-
eralize to conditions that even slightly differ from the one we employed.
And we know that it is very difficult to set all relevant environmental
parameters and maintain them at the same pre-set value across multiple
laboratories, because we often do not even know what parameters we
should worry about. One could then ask: should not we allow the en-
vironment to vary, and should not we let ourselves suffer from irre-
producibility on the short run at least? Allowing fluctuation of, or
variability in, environmental conditions (or genomes) would allow us to
weed out results that are highly dependent upon idiosyncratic en-
vironmental (or genetic) contexts/conditions, and would allow us to
keep those results that are more robust against fluctuations in such
factors. The latter argument essentially invokes the idea of natural se-
lection in scientific discoveries. Over the long run, given the myriad of
variations around methods, procedures and conditions employed by
scientists, only those results will stand the test of time (that is will be
regarded as valid, and thus will be kept in mainstream science) that are
indeed robust against such fluctuations. A similar debate has occurred
in the context of mouse behavioral phenotyping (Richter et al., 2009;
Würbel, 2000; van der Staay and Steckler, 2002), a field that is much
more mature than zebrafish behavioral neuroscience. Despite the ma-
turity of this former field, however, answers to the above questions still
remain, and the above points are still debated.

My own impression is that asking whether we should or should not
standardize, or how much we should worry about reproducibility or
replicability is perhaps too general and too esoteric. The answer to
these questions will likely be dependent upon specific studies and
particular research contexts. But one thing is certain, understanding
which factors may contribute to increasing our ability to reproduce and
replicate our results, which factors may need to be controlled tightly,
and which ones may be ignored, will require detailed and systematic
analyses, research that will keep zebrafish behavioral neuroscientists
busy for decades to come.

12. Conclusions

Issues concerning reproducibility and replicability are neither un-
ique to zebrafish behavioral neuroscience research, nor new. The issues
have multiple sources, which include bias for publishing only positive
(significant) findings, the way we make statistical inferences, and nu-
merous empirical or experimental problems associated with not con-
trolling or not being able to control potentially important factors that
influence results. Some advocate statistical solutions to address re-
producibility and replicability related problems, but I believe the most
stressing issue is to improve our methods of data collection. Even the
most appropriate statistical procedure is meaningless unless the data it
is used to analyze are inappropriately obtained. Appropriate experi-
mental data collection means that one needs to investigate, understand,
and, ultimately, control as many factors that may influence the outcome
of research as possible. For zebrafish, a relative newcomer in behavioral
neuroscience, this is an especially urgent and crucial goal.
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