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ABSTRACT

Time-of-day is a crucial, yet often overlooked, biological variable in biomedical research. We examined the top
25 most cited papers in several domains of behavioral neuroscience to determine whether time-of-day infor-
mation was reported. The majority of studies report behavioral testing conducted during the day, which does not
coincide with the optimal time to perform the testing from an functional perspective of the animals being tested.
The majority of animal models used in biomedical research are nocturnal rodents; thus, testing during the light
phase (i.e. animals’ rest period) may alter the results and introduce variability across studies. Time-of-day is
rarely considered in analyses or reported in publications; the majority of publications fail to include temporal
details when describing their experimental methods, and those few that report testing during the dark rarely
report whether measures are in place to protect from exposure to extraneous light. We propose that failing to
account for time-of-day may compromise replication of findings across behavioral studies and reduce their value

when extrapolating results to diurnal humans.

1. Introduction

The United States National Institutes of Health (NIH) has under-
scored rigorous experimental design and unbiased analyses, as well as
transparent reporting of results, as essential to improve reproducibility
within the biomedical scientific enterprise (Baker, 2016; Collins and
Tabak, 2014). Consideration of relevant biological variables including
sex, age, body mass, and underlying health conditions that may
contribute to health or disease is now compulsory for individuals
seeking research funding through the NIH. The NIH has emphasized a
focus on sex as a biological variable, in part, to remedy a long history of
male-dominated studies in preclinical research (Beery and Zucker,
2011) that was apparent even in some models of female-prevalent dis-
eases (Yoon et al., 2014). Not surprising, given the many sex differences
in physiology and behavior, the exclusion of females from clinical and
non-clinical research has likely had negative consequences for women’s
health (Beery and Zucker, 2011; Correa-De-Araujo, 2006). Similarly,
there are well-documented temporal differences in physiology and
behavior that should be considered across all biological studies.

We propose that time-of-day is a crucial biological variable in
biomedical research, generally, and behavioral neuroscience,

specifically. Time-of-day should be considered in analyses and reported
in publications to improve reproducibility of studies and to provide the
appropriate context to the conclusions. Virtually, all physiological and
behavioral processes display daily fluctuations driven by endogenous
circadian clocks; circadian rhythms (i.e. circadian cycles) are internal
representations of the external solar day that optimize biological func-
tion. Despite these strong daily fluctuations in physiology and behavior,
the majority of behavioral neuroscience studies we reviewed conduct
behavioral testing during the light phase, which may not produce
optimal performance for nocturnal rodents because it is typically their
less active period. As noted below, there is little consistency across
studies; some labs place rodents on a reverse light-dark cycle and test
during the animals’ active period, others maintain animals in a light-
dark cycle similar to the external environment, but test the animals
during the dark phase of the daily illumination cycle, whereas others test
either early or late during the active phase. Unfortunately, the majority
of publications fail to include sufficient temporal details when
describing their experimental methods, and those that report testing
during the active phase rarely report whether measures were in place to
protect circadian rhythms by preventing exposure to extraneous light on
route to or in the testing environment. However, even a brief pulse of
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light (~2 s of 100 Ix) is sufficient to have biological effects in nocturnal
rodents (Gorman et al., 2006). Furthermore, few of the studies we
examined included time-of-day factors when interpreting their data.

We believe that failing to account for time-of-day as a key biological
variable could hamper reproducibility across behavioral neuroscience
laboratories, complicate interpretation of the results, and reduce the
value of the data when extrapolating results based on animal studies to
diurnal humans. Below, we (1) briefly review daily rhythms and circa-
dian regulation of a wide range of behaviors, (2) review the importance
of critical biological variables that should be considered in the design
and conduct of biomedical research, and then (3) illustrate, using highly
cited publications from several subdisciplines in behavioral neurosci-
ence, the lack of consistency in accounting for time-of-day. Our goal is to
raise awareness of the importance in time-of-day as a biological variable
that influences reproducibility, reliability, and validity in behavioral
phenotyping across biomedical disciplines.

2. Circadian rhythms

As eminent circadian biologist Colin Pittendrigh noted, “A rose is not
necessarily and unqualifiedly a rose...it is a very different biochemical
system at noon and at midnight” (Pittendrigh, 1965). The same can be
said of virtually all vertebrate animals, including humans. Accounting
for time-of-day as a biological variable begins with the rigorous design
and conduct of research studies and should include consideration of
temporal factors in data collection and analysis of results, as well as
reporting of findings. Consideration of time-of-day of all experimental
manipulations (including behavioral training, testing, time of pharma-
cological, or surgical interventions, etc.) and sample collection may be
critical to the interpretation, validation, and replication of research
results.

Life on our planet is adapted to the 24 -h solar day. Essentially all
animals display daily rhythms in physiology and behavior. Internal
circadian (circa = about; dies = day) rhythms allow synchronization of
biological and behavioral processes to the external temporal environ-
ment. Endogenous circadian rhythms have a period of ~24 h and are
reset on a daily basis to precisely 24 h, typically via exposure to light
during the day.

The suprachiasmatic nuclei (SCN) serve as the master circadian clock
in vertebrates (Moore and Eichler, 1972; Stephan and Zucker, 1972).
External light information is relayed from specialized non-image form-
ing retinal ganglion cells via the retinohypothalamic tract (RHT) to the
paired SCN in the hypothalamus. In turn, neural and humoral signals
emit from the SCN to synchronize circadian rhythms throughout the
body (Bedrosian and Nelson, 2017; Roenneberg and Merrow, 2016).

The SCN molecular clock comprises a set of transcriptional-transla-
tional feedback loops that drive rhythmic 24 -h expression of the core
canonical clock components (Partch et al., 2014; Takahashi, 2015). In
the primary feedback loop, circadian locomotor output cycle kaput
(CLOCK) and brain and muscle ARNT-like protein 1 (BMAL1) proteins
form heterodimers outside of the nucleus of SCN cells. The
CLOCK-BMAL1 complex translocates to the nucleus and binds to DNA
regulatory elements containing E-boxes, which in turn activate expres-
sion of period (per1, per2, and per3) and cryptochrome (cryl and cry2)
genes. PER and CRY proteins then heterodimerize and translocate into
the nucleus, where they repress their own transcription by acting on the
CLOCK-BMAL1 complexes. In mice, activation of CLOCK-BMALI1 occurs
during early morning (onset of rest period) leading to peak transcription
of PER and CRY protein in the early afternoon and subsequent repression
of CLOCK-BMALI transcription during the evening/night (active
period) (Takahashi, 2017). In an interacting feedback loop,
CLOCK-BMALI complexes also activate expression of nuclear receptors,
REV-ERB o and RORa. Their protein products feedback to regulate
BMAL1 by competitively binding retinoic acid-related orphan receptor
response elements to the BMAL1 promoter (Takahashi, 2017).
REV-ERBs repress the transcription of BMAL1, whereas RORs activate
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BMALLI transcription. These two loops form the basis of the molecular
clock, but a complex network of interacting genes and post-translational
modifications ensure that the process takes ~24 h to complete (Taka-
hashi, 2015, 2017). This molecular transcriptional-translational feed-
back loop forms the basis of the intrinsic daily circadian rhythm that
provides temporal organization throughout the brain and rest of the
body.

It is easy to overlook time of day as a critical biological variable. For
example, during an early phenotyping study of mice in which the
neuronal nitric oxide synthase (nNOS or NOS1) gene was knocked out,
we initially reported that balance and motor coordination was unaf-
fected (Nelson et al., 1995). This outcome seemed inconsistent with a
subsequent report that the cerebellum possesses the highest numbers of
nNOS neurons in the brain (Eliasson et al., 1997). Notably, our original
behavioral phenotyping study (Nelson et al., 1995) was conducted
during the day (between 1400 and 1600; lights on at 0700). In contrast,
when locomotor behavior was examined during the dark phase, we
observed striking differences in citrulline, a marker for nitric oxide
production, as well as abnormalities in balance and motor coordination
among nNOS mice (Fig. 1) (Kriegsfeld et al., 1999). When considered
together, the data suggest that the reason we observed an effect of nNOS
on motor behavior during the dark phase, but not the light phase, is that
a “floor effect” on balance and coordination was observed among both
genotypes of mice when tested during the middle of their rest phase,
which may be analogous to waking and testing humans for balance and
coordination at 0300 h (Hines, 2004).

We have examined the top cited 25 papers in several domains of
behavioral neuroscience to determine when behavioral testing was
conducted or whether time of day was even reported. The methodology
of our search is detailed in Table 1. Despite documented significant daily
rhythms in the behaviors under study, the majority of publications fail to
include sufficient temporal details when describing their experimental
methods (Fig. 2). The majority of studies report testing during the day
(rest period), and only a few tested during the animals’ active phase at
night (or during the dark in reverse light-dark schedules). In the latter
cases, it was rarely reported what measures were in place to protect
circadian rhythms by preventing exposure to extraneous light during the
dark periods. Although our focus is on behavioral neuroscience, a
similar lack of attention of time-of-day as a key biological variable likely
occurs during behavioral phenotyping in animals with altered gene
expression or in rodent models of disease, as well as in physiological
studies examining immunology, metabolism, and endocrinology.
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Fig. 1. Mean latency (sec) to fall from a 2 cm pole during the day (rest phase)
did not differ between wild-type (WT) and nNOS-/- mice (Nelson et al., 1995).
However, latency to fall was increased for WT mice when tested during the
night (active phase) suggesting a floor effect when tested during the day
(Kriegsfeld et al., 1999).
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Table 1

We examined the timing of behavioral testing in the top 25 cited
research (non-review) papers in several domains of behavioral
neuroscience from 2000-2020 using Web of Science.

Search Terms Hits
Learning and Memory in Rodents 2636
Sensation and Perception in Rodents 1123
Attention Behavior in Rodents 617
Food Intake Behavior in Rodents 717
Mating Behavior in Rodents 548
Maternal Behavior in Rodents 1253
Aggression in Rodents 451
Drug Seeking Behavior in Rodents 388

3. Learning and memory

Circadian rhythms in learning and memory are well established
(Krishnan and Lyons, 2015; Smarr et al., 2014). Typically, peak memory
formation for intermediate and long-term memory tasks coincides with
individuals’ active periods. Nocturnal rodents such as rats (Rattus) and
mice (Mus) display peak performance in the Morris water maze test of
spatial memory during the dark phase when they are active (Valen-
tinuzzi et al., 2001, 2004). Similarly, diurnal grass rats (Arvicanthis
niloticus) display peak Morris water maze performance during the light
phase, their active period (Martin-Fairey and Nunez, 2014). Expression
of the core circadian clock genes is similar among diurnal and nocturnal
rodents in the SCN, but vary in phase downstream in the amygdala and
hippocampus (Martin-Fairey and Nunez, 2014; Otalora et al., 2013;
Ramanathan et al., 2010; Wang et al., 2009). Persistence of memory
depends on the time of training; nocturnal rodents display increased
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retention when trained during the night in both spatial learning and
operant learning tasks (Gritton et al., 2012). This effect appears to be
dependent on daily corticosterone rhythms, as adrenalectomy abolishes
circadian variations in conditioned fear extinction learning (Woodruff
et al., 2015). In contrast, mice trained during their inactive phase on
cued fear conditioning acquired the conditioning faster and recalled it
longer than mice trained during the active phase (Snider and Obrietan,
2018; Chaudhury and Colwell, 2002). However, extinction was similarly
achieved more readily during the dark phase (Chaudhury and Colwell,
2002). It is possible that there are ecological reasons underlying this
difference in learning and memory outcomes or that the fear learning,
which is measured as freezing behavior in rodents, may reflect circadian
differences in locomotion, sensory perception, or motivation.

We examined the top 25 cited research (non-review) papers within a
behavioral neuroscience domain (e.g., “Learning and Memory in Ro-
dents”) and examined the temporal dimensions of behavioral testing.
Examination of the top 25 cited research in learning and memory arti-
cles (Supplemental Table 1) revealed that five papers described behav-
ioral testing occurring during the light phase of the daily light-dark
cycle, 17 papers did not report time of day of behavioral assessment (but
presumably during the light phase given that the learning tests required
visual cues), and three papers provided ambiguous time of day report-
ing. We classified papers as ‘ambiguous’ if they reported the time of
behavior testing without providing timing of the lighting cycle, provided
timing for some, but not all behavioral tests, or when timing was not
explicitly stated but cited published methods that reported time of day
for behavioral testing. Only one paper in this domain suggested, but did
not explicitly state, that they tested the animals during the dark (used
infrared cameras under low light illumination). Several of these studies

Fig. 2. Time-of-day reporting in eight behavioral neuro-
science domains. (A) Frequencies of behavioral testing timing
reports from the top 25 cited articles in eight domains of
behavioral neuroscience. Non-review articles from 2000-2020
were identified using Web of Science search queries and were
cataloged according to reporting within the manuscript. (B) A
pooled summary of reporting percentages across the eight
examined domains reveals that over half of the 200 examined
articles either failed to report timing of behavioral testing or
had ambiguous reporting.
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were conducted on mouse models of Alzheimer disease; others examined
aspects of hippocampal-dependent spatial learning and memory.

4. Sensation and perception

Both sensation and perception vary across the day among rodents.
For example, pain sensitivity and responsiveness display daily rhythms
(Segal et al., 2018; Palada et al., 2020), with higher pain thresholds
typically observed during the night (i.e., dark phase) when nocturnal
animals are most likely to encounter painful stimuli. Furthermore,
endorphin levels and virtually all metabolites involved in the pain
pathway vary across the day (Finlay, 2019; Segal et al., 2018). Olfactory
stimuli provoke neural activity based on the phase of the circadian clock
(Miller et al., 2014). Fos expression, a marker of neural activities, in the
main olfactory bulb, anterior olfactory nucleus, and piriform cortex of
rats were higher during the subjective night compared to the subjective
day in response to neutral and predatory odors (Amir et al., 1999; Funk
and Amir, 2000). These rhythms may be regulated by a circadian clock
in the olfactory bulbs (Granados-Fuentes et al., 2006) that may be
entrained by timing of food intake (Pavlovski et al., 2018). Visual
perception (Finlay and Sengelaub, 1981) and auditory perception
(Basinou et al., 2017; Meltser et al., 2014) also vary across the day
among nocturnal rodents.

Examination of the top 25 cited empirical research articles (Sup-
plemental Table 2) in sensation and perception revealed that 21 of these
top-cited papers did not report the time-of-day during which behavioral
tests were performed, but were presumably conducted during the light
phase given other described experimental activities. Two studies
explicitly reported behavioral testing during the day, and two studies
performed behavioral testing in the dark (animals were housed in a
reverse light-dark cycle).

5. Attention

A relationship exists between attention and time-of-day in mammals
(Schmidt et al., 2007; Valdez, 2019; Valdez et al., 2005). Though
attentional processes and arousal are intrinsically linked, the two should
not be conflated. Various attentional processes appear to be differently
affected by time-of-day; this can be observed by the varying results of
different attention tests in humans. Performance on the psychomotor
vigilance test remains consistent across the day in subjects with 8 -hs of
sleep, yet performance on the same task worsens across the waking
phase in sleep deprived subjects (Mollicone et al., 2010). In a “two letter
search” visual attention task, a time-of-day effect on performance was
observed in the ‘simpler’ search portions of the test, but not the
exhaustive search portion (Natale et al., 2003). Similarly, time-of-day
effects on performance were observed in some — but not all — compo-
nents of a continuous performance task (Valdez et al., 2010). Use of the
attentional network test revealed different time-of-day variations within
its individual subtests (Matchock and Mordkoff, 2009).

Time of day should be considered in the context of short-term and
long-term attention behavioral experiments. For example, rats trained
on a sustained attention task in the dark phase displayed better acqui-
sition and performance in comparison to rats trained in the light phase
(Gritton et al., 2012). Shifting the time of testing within the light phase
can reduce performance on the sustained attention task in rats (Paolone
et al., 2012). Further, attentional processes can also reciprocally influ-
ence circadian rhythms. Training on a sustained attention task in the
light phase can induce a diurnal locomotor activity pattern in typically
nocturnal rats (Gritton et al., 2009).

Of the top 25-cited relevant research articles on the topic of attention
behavior in rodents (Supplemental Table 3), three performed experi-
ments during the light phase, seven performed experiments during the
dark phase, two performed experiments during both phases, 11 did not
report timing of experiments, and two had ambiguous reporting. Addi-
tionally, one paper did not explicitly report time of day, but cited the
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methods of a previous publication that provided this information.
6. Motivated behaviors
6.1. Food intake

Food intake patterns in rodents follow marked circadian rhythms
(Challet, 2019; Johnston et al., 2016). Rodents eat the majority of their
food near the beginning and end of their active phase and consume small
amounts of food throughout the inactive phase (Rosenwasser et al.,
1981; ter Haar, 1972; Possidente and Birnbaum, 1979). Daily patterns of
food intake are driven by both orexigenic/anorexigenic homeostatic
signaling and by circadian processes (Challet, 2019). Not only are food
intake patterns driven by circadian rhythms, but the timing of food
intake can also reciprocally influence circadian rhythms via central and
peripheral food-entrainable circadian oscillators (Damiola et al., 2000;
Mistlberger, 2011). Because of the interaction between these systems,
mis-timed consumption has behavioral and physiological consequences
(Loh et al., 2015; Ramirez-Plascencia et al., 2017). Accordingly, studies
examining food intake behaviors or factors affected by food intake need
to consider the time of day at which the experiments are performed to
enhance rigor and reproducibility. Further, studies examining the effects
of injected hormones or compounds on food intake should consider the
timing of injections in relation to the typical circadian rhythms of the
rodents.

Of the top 25 cited research articles on rodent food intake behavior
(Supplemental Table 4), five papers conducted experiments during the
light phase, two papers conducted experiments during the dark phase,
four papers conducted experiments during both phases, two papers did
not report timing of experiments, and 12 papers provided ambiguous
time-of-day information.

6.2. Mating behavior

In many mammals, mating behavior is coordinated by circadian
rhythms (Antle and Silver, 2016; Goldman, 1999; Rusak and Zucker,
1975); rhythmicity of mating behaviors has been observed and studied
in spontaneously ovulating rodents (e.g., mice, rats, and hamsters). Male
rodents preferentially engage in sexual behaviors during the dark phase
(Beach and Levinson, 1949; Logan and Leavitt, 1992; Mahoney and
Smale, 2005; McElhinny et al., 1997). Sexual receptivity in female ro-
dents is regulated by estrous cycles driven by a complex cycle of
gonadotrophin releasing hormones, gonadotropins, and sex steroid
hormones (Goldman and Sheridan, 1974), all of which are directly
regulated by circadian rhythms (de la Iglesia and Schwartz, 2006).
Because of this, female rodents tend to be most sexually receptive during
the dark phase (Reuter et al., 1970).

Of the top 25-cited research articles on rodent mating behavior
(Supplemental Table 5), five performed experiments during the light
phase, six performed experiments during the dark phase, one tested
during both phases, eight did not report the timing of experiments, and
five had partial or ambiguous reporting.

6.3. Maternal behavior

In contrast to most of the other commonly studied motivated be-
haviors, natural variation in the expression of maternal behavior in
laboratory rodents favors increased pup contact and pup-oriented be-
haviors during the light phase (Grota and Ader, 1969; Ivy et al., 2008;
Jensen Pena and Champagne, 2013; Leon et al., 1984; Toki et al., 2007).
For example, among rats the amount of time spent in arched-back
(kyphosis) nursing is nearly two-fold higher during the light period
than during the dark period (Jensen Pena and Champagne, 2013).
Duration of nursing is also elevated during the light phase in guinea pig
dams (Hennessy and Jenkins, 1994). In contrast to most other behaviors
examined, the amount of pup licking/grooming (LG) is relatively stable
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across the day in rats, although differences between subpopulations of
high-LG versus low-LG rats are more apparent toward the end of the
light-phase and during the dark-phase (Jensen Pena and Champagne,
2013).

Of the top 25 cited relevant research articles on maternal behavior
among rodents (Supplemental Table 6), four reported performed
behavioral tests during the dark phase, four performed tests during the
light phase, five performed tests during both light and dark phases, nine
did not report timing of tests, and three had inadequate reporting to
determine conclusively the timing of the testing.

6.4. Aggressive behavior

Nocturnal rodents are more active during the night and aggressive
behaviors display a predictable daily pattern of occurrence (Todd and
Machado, 2019). Among male Syrian hamsters, aggressive behaviors
peak shortly after the onset of dark and this rhythm persists in constant
lighting conditions (Landau, 1975b). Intra-cage rat aggression and
muricide peak during the early hours of dark in standard light-dark
cycles (Kane and Knutson, 1976; Russell and Singer, 1983). In male
mice, aggression towards an intruder similarly peaks one hour after the
onset of darkness and displays a nadir one hour after the onset of light
(Todd et al., 2018). Daily rhythms in aggressive behavior in rodents may
be facilitated by daily rhythms in glucocorticoids (Haller et al., 2000;
Landau, 1975a) that are associated with aggressive behavior (Nelson
and Trainor, 2007).

Mutations of canonical clock genes also increase the likelihood of
aggression in mice (Hood and Amir, 2018). For instance, mice that do
not express the clock gene rev-erb display more aggression towards an
intruder compared to wild type mice (Chung et al., 2014; Jager et al.,
2014).

Humans also display daily rhythms in aggression. People tend to
display elevated anger and aggression during the afternoon (Hood and
Amir, 2018). Indeed, this pattern is exaggerated in people with Sun-
downing Syndrome where patterns of angry and aggressive outbursts
peak late afternoon or early in the evening (Bedrosian and Nelson,
2013). There is no sex difference in temporal behavioral patterns among
patients in a psychiatric facility who also display daily peaks of
aggression during the afternoon (Manfredini et al., 2001).

Of the top 25 cited relevant research articles on aggressive behaviors
among rodents (Supplemental Table 7), eight did not report the timing
of aggression behavioral tests, whereas five conducted the tests during
the light phase. Twelve studies were conducted during the dark phase,
although six of these did not mention strategies used to protect the an-
imals from extraneous lighting or other techniques to minimize
disruption to circadian rhythms (e.g., testing under dim red
illumination).

6.5. Drug seeking behavior

Drug-seeking behaviors are influenced by circadian rhythms (Falcon
and McClung, 2009; McClung, 2007; Webb, 2017). Time-of-day can
influence drug-seeking behavior and behavioral sensitization to drugs in
rodents (Arvanitogiannis et al., 2000; Sleipness et al., 2007); drug
sensitization is influenced by the circadian system (Abarca et al., 2002;
Baird and Gauvin, 2000; Sleipness et al., 2005) and drugs of abuse can
also feedback to modulate circadian rhythms (Kosobud et al., 1998; Uz
et al., 2005). For example, using locomotor output as a behavioral
measure of cocaine sensitization, time-of-day influences sensitization.
Rodents become more sensitized to cocaine when treated with the drug
during the light phase (inactive phase) than during the dark phase
(active phase) (Akhisaroglu et al., 2004; Uz et al., 2002). Further,
conditioned place preference tests are influenced by the timing of tests;
cocaine-induced conditioned place preference occurs more reliably
during the light phase than the dark phase (Abarca et al., 2002).

Of the top 25 cited relevant research articles on rodent drug seeking
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behaviors (Supplemental Table 8), seven performed behavioral tests
during the dark phase, five performed tests during the light phase, three
performed tests during both phases, eight did not report timing of tests,
and two provided ambiguous reporting.

7. Discussion

Significant variation occurred across the day for all of the behaviors
examined for this report. With the exception of rodent maternal be-
haviors that peak during the light hours, the vast majority of rodent
behaviors including learning and memory, sensation and perception,
attention, as well as motivated behaviors such food intake, mating, and
drug seeking behaviors peak during the dark (active) period. These time-
of-day effects are likely driven by the circadian system; however, for
some there may be some direct effects of light and dark on the behavior
itself. Our analyses of the most cited papers in several domains of
behavioral neuroscience revealed that time-of-day is rarely considered
in either the design or analysis of experiments despite the potential
significant effect on behavioral outcomes. Indeed, many behavioral tests
were conducted during the day, although the majority of papers were
not explicit about the time of behavioral testing. Importantly, the vast
majority of animal models (i.e., mice and rats) used in behavioral
research are nocturnal rodents (Supplemental Table 9); thus, testing
during the light phase and the nocturnal animals’ rest period may alter
the results and introduce unnecessary variability across studies and
laboratories.

Very few of the studies we examined included time-of-day factors
when interpreting their data (Fig. 2). Failing to account for time-of-day
as a key biological variable may contribute to reproducibility issues and
inconsistent behavioral results across laboratories. Disregarding time-of-
day when nocturnal animal models are examined may reduce the value
of their data when extrapolating results to diurnal humans, in turn
compromising translation of rodent studies to humans. The current re-
view focused primarily on variations in rodent behaviors across the day.
However, humans also demonstrate variations in behaviors throughout
the day.

Of course, there are many sources of variability in animal behavioral
phenotyping tests ranging from variation in animal testers’ odors, ani-
mal handling styles, and other gene-environment interactions (Bohlen
et al., 2014; Chesler et al., 2002; Gouveia and Hurst, 2017; Nelson and
Young, 1998). Some of these factors are difficult to control or interpret
(e.g., gene-environment interactions), whereas others are less so (e.g.,
no perfumes or body sprays when interacting with animals). However,
time-of-day is a controllable and critical biological factor that should be
considered in the design, implementation, and analyses of experimental
data. Importantly, time-of-day of animal testing, as well as lighting
conditions should be tightly controlled and described in detail. In some
cases, it may be necessary to test during the light phase. For example the
use of some automated behavioral testing tools often requires animals to
be tracked in the light. Nonetheless, details regarding photoperiod, time
of testing (either clock time or zeitgeber (ZT), and whether testing
occurred during the dark or light should always be reported. If testing
occurs during the dark, then methods for protecting circadian rhythms
such as using dim red lighting or night vision goggles should be
described.

In sum, consideration of circadian rhythms in physiology and
behavior is paramount to enhancing experimental rigor and reproduc-
ibility, and crucial for the interpretation of study results. Life on our
planet is adapted to the 24 -h solar day and adaptations to temporal
niches have shaped physiology and behavior over evolutionary time to
increase fitness. Ignoring these temporal influences during the conduct
of animal studies unnecessarily skews the data and muddles interpre-
tation. Together, evidence based decision-making in the timing of data
collection, protection against exposure to extraneous light during dark
phase testing, incorporation of temporal factors in data analysis and
interpretation, and meticulous reporting of temporal factors in



R.J. Nelson et al.

publications, have the potential to improve experimental rigor and
reproducibility across studies.

Data availability

The data that support the findings of this study are available in the
Supplemental Information.
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