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Diel and circadian rhythms of locomotor activity in male Parasteatoda tepidariorum
(Araneae: Theridiidae)
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Abstract. Despite recent interest, there still is relatively little known about the ecology and physiology of diel and
circadian rhythms in spiders. However, previous work on spiders suggests that there is a striking amount of variation in
circadian period both among, and within, species, when compared to model organisms. Whereas previous studies of
behavioral rhythms in spiders focused on females, here we describe the diel and circadian patterns of locomotor activity in
male Parasteatoda tepidariorum (C. L. Koch, 1841) (Theridiidae). We found that the males showed mostly nocturnal
activity under a light:dark cycle, with activity peaking very early after lights off and steadily declining to near zero just
prior to lights on. Under constant darkness most individuals showed significant circadian rhythmicity with a mean free-
running period of about 21.2 h. Though not the shortest average free-running period described for spiders, being so out of
resonance with the 24 h solar day strains conventional circadian rhythm theory. Our data also suggest that the phase angle
of entrainment for locomotor activity is in the mid-to-late photophase, but that activity may be masked by light. Of
particular note is that both the diel and circadian activity patterns reported here for male P. tepidariorum are similar to
those reported elsewhere for females of the species. This study deepens our understanding of the nature and variation in
circadian rhythm in spiders and builds a case for further developing spiders as a model system for research integrating the
fields of chronobiology and ecology.
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Circadian rhythms are generated by endogenous clocks with
periods close to 24 h. These clocks are temperature
compensated, entrain to (synchronize with) the solar day, yet
persist without an external time cue (Pittendrigh 1960), and
are generally ubiquitous among animals (Johnson & Kondo
2001). The circadian clock influences most aspects of an
organism’s physiology and behavior (reviewed in Panda et al.
2002). In spiders specifically, the circadian clock has been
shown to influence aspects of behavior and physiology such as
locomotor activity (Seyfarth 1980; Suter 1993; Ortega-Escobar
2002), eye sensitivity (Yamashita & Nakamura 1999), and
boldness (Jones et al. 2011).

Along with coordinating internal events (Green et al. 2008),
it is widely believed that a selective advantage to having a
circadian clock is that it allows organisms to anticipate, rather
than simply respond to, regular changes in their environment
associated with the 24 h solar day (for review see: Yerushalmi
& Green 2009). Theory predicts that, the more closely the
period of the circadian clock resonates with the 24 h solar day,
the more effectively it can be used to regulate physiology and
behavior to align with, or anticipate, daily environmental
changes. Evidence consistent with this prediction is that
dissonance between the period of the circadian clock and that
of the solar day leads to reduced fitness in cyanobacteria
(Woelfle et al. 2004) and mice (Spoelstra et al. 2016), as well as
adverse physiological consequences in humans (Scheer et al.
2009). It was, therefore, surprising to discover that a trashline
orbweaver Cyclosa turbinata (Walckenaer, 1841) (Araneidae)
has a mean circadian free-running period (FRP) of 18.5 h
(Moore et al. 2016), representing the shortest known naturally
occurring circadian period in animals. This period length is
similar to laboratory-generated mutants in Drosophila (Ralph
& Menaker 1988) and hamsters (Konopka & Benzer 1971;
Monecke et al. 2011). Another study of the orbweaver
Metazygia wittfeldae (McCook, 1894) (Araneidae), found a

mean FRP of 22.7 h, including two individuals with periods
shorter than 20 h (Jones et al. 2018). There is evidence that
having an internal clock period different from 24 h facilitates
entrainment to the solar day (reviewed in Johnson et al. 2003,
and discussed below). There is also natural variation in FRP
among species, which can be amplified by environmental
conditions (reviewed in Aschoff 1979, and discussed below).
However, the vast majority of measured (non-mutant) FRPs
are within 1 h of 24 h, suggesting that spiders may be quite
unusual.

In addition to the variation in FRP among spider species,
there is also an unusual amount of variation in FRP within
species. In C. turbinata, the standard error of the mean (SEM)
in FRP was 0.13 h, and the range among the studied
individuals was 15.7 – 27.2 h (Moore et al. 2016). For M.
wittfeldae, the standard error of the mean for FRP was 0.24 h,
with endogenous period ranging from 18.75 to 23.8 h (Jones et
al. 2018). Other spider species show similar or greater
variation in FRP (Moore and Jones unpublished data)
including Parasteatoda tepidariorum (C. L. Koch, 1841)
females (Mah et al. 2018). It is a challenge to reconcile these
high levels of variation in FRP with the general consensus that
FRP should be under strong selection to resonate with the 24-
h day (Yerushalmi & Green 2009). If FRP in spiders is a fixed
inherited trait, then the observed variation would reflect
among-individual genetic differences. Thus, such wide varia-
tion in FRP would suggest that it is not under strong selection
to resonate with the solar day in spiders. A non-mutually
exclusive alternative is that this variation may be the result of
plasticity in the period of the clock, perhaps reflecting
differences among individuals’ age, sex, foraging success, or
other life experiences (Aschoff 1979; Shemesh et al. 2007;
Dubruille & Emery 2008). This plasticity hypothesis has added
plausibility from the fact that most of the spider studies cited
above used wild-collected individuals of unknown previous
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experience. Because of their accessibility, diversity of life
history strategies, and distinct behaviors, spiders have great
potential to contribute to our understanding of the mecha-
nisms, ecology, and evolution of circadian rhythms. In fact,
there is a recent push for such integration of physiology-
focused chronobiology with ecology (Schwartz et al. 2017;
Helm et al. 2017). Our broad objective with this study is to
deepen our understanding of the nature of circadian rhythms
and their variation within and among species of spiders, a
group which could be a model system for integrating
chronobiology and ecology. Specifically, we are beginning to
address the question of how an individual’s sex affects
circadian rhythms in spiders. To our knowledge, all studies
of FRP in spiders have been on females (Seyfarth 1980; Suter
1993; Ortega-Escobar 2002; Moore et al. 2016; Jones et al.
2018), including P. tepidariorum (Mah et al. 2018), or
unidentified sex sub-adults (Soriano-Morales et al. 2013). In
this study we present an analysis of diel and circadian patterns
of locomotor activity in wild-collected male P. tepidariorum.

METHODS

Study species.—Parasteatoda tepidariorum (Theridiidae),
the common house spider, occurs widely in North America,
and is commonly found around human structures (Bradley
2013). Of particular importance to this study is that this
species captures both crawling and flying prey at a relatively
constant rate throughout the day and night (Riechert & Cady
1983). Both male and female juveniles disperse from their
natal webs and begin foraging individually from the second
instar to maturity (Valerio 1977). Whereas females remain in
their own webs indefinitely, males abandon their webs upon
maturing to search for mating opportunities, and are
frequently found in the webs of penultimate instar females
(Ewing 1918). Male spiders for this study were collected in
June 2018 from the exteriors of multiple inhabited structures
and outbuildings around Washington County, Tennessee,
USA, and placed into the experiment within two days after
collection. The spiders were all adults, though specific age,
mating status, and exposure to artificial lights were unknown.

Locomotor activity.—To record locomotor activity, individ-
uals (n¼ 19) were placed in 25 mm diameter X 100 mm length,
clear glass tubes loosely capped to allow airflow, which were
then inserted into a locomotor activity monitor (model
LAM25, Trikinetics Inc.,Waltham, Massachusetts). During
recording, the monitors were kept in a temperature-controlled
environmental chamber (25 6 0.5 8C) under a light-dark cycle
containing 12 hours of light and 12 hours of dark (LD 12:12)
for four days followed by eight days of constant darkness
(DD). Lights-on occurred at 08:00 h and lights-off at 20:00 h.
Light during photophase was provided by two horizontally
mounted, 32 W fluorescent tubes and the illuminance was
1400-1600 lux at the level of the activity monitor. Open
containers of water placed in the chambers maintained
humidity during the experiment. We recorded activity bouts
(measured by crossings of infrared beams bisecting the long
axis of the tubes) in one-minute bins. The results were
analyzed using Clocklab Analysis 6 Software (Actimetrics,
Wilmette, IL, U.S.A.), testing for significant periodicity under
DD conditions (i.e., free-running periods, FRPs) using Lomb-
Scargle periodogram analyses, the method of choice to analyze

records with frequent or large gaps (Van Dongen et al. 1999).
To be conservative in our analyses, we chose the most
stringent P value of 0.001 in determining significant period-
icities.

RESULTS

Entrainment profiles.—All of the 19 individuals we tested
showed locomotor activity during the LD 12:12 cycle, but one
individual died shortly into the DD phase and was omitted
from the analyses. The mean phase angle of entrainment (the
timing of a biological event relative to an external time cue) for
the onset of activity in LD 12:12 was 0.55 6 0.52 h (mean 6

SD here and throughout results section) after lights off. We
observed no differences in the entrainment profiles among the
four days of LD12:12, so an overall average profile is
presented (Fig. 1). A clear pattern in the entrainment profile
is a ramping up of activity within the first 30–40 minutes
immediately following lights-off. In most individuals, there
was a large bout of locomotor activity in early scotophase,
followed by irregularly scattered, diminishing activity through
the rest of scotophase (observed as a steady decline in the
averaged entrainment profile). There also was typically a small
burst of activity immediately after lights on. Because these
events occur in LD but do not persist in DD, they are often
interpreted as an exogenous effect (Englemann & Mack 1978).
We quantified the diurnality/nocturnality of activity in LD
12:12 using a modification of the ‘diurnality index’ (Hoogen-
boom et al. 1984) finding that activity was almost exclusively
nocturnal with a mean DiNoc ratio (Activitylight – Activitydark
/ Activitytotal; Suter & Benson 2014) of -0.88 6 0.12.

Circadian free-runs.—Under constant darkness, all but one
of the 19 individuals showed free-running locomotor activity
with Lomb-Scargle significance at P , 0.001. The FRPs were
generally short, with a mean of 21.18 6 1.5 h (Fig. 2). The
distribution of FRPs best fit a 2-parameter exponential
distribution (Anderson-Darling test statistic ¼ 0.32, P .

0.25), with most falling between 19.5 and 21.5 h, but with three
closer to 24 h (Fig. 3). Also, in four of the individuals it
appeared that the FRP was lengthening over the course of
DD, appearing as curvature in the actogram (an example is
seen in Fig. 2b). Along with the primary FRP peak on the
periodograms, all showed significant secondary peaks (Figs. 2
a–d). The only obvious generalization in these secondary
peaks was that there tended to be one at close to half the
period of the FRP.

Of particular note in the actograms was that the onset of
activity in DD usually did not extrapolate back to the last
onset of LD, but rather to mid-to-late photophase (indicated
by open arrows, Figs. 2 a–c). In fact, the mean onset of activity
on the 1st day of DD was 13.73 6 3.4 h, an average of 6.82 6

3.3 h earlier than individuals’ phase angle of entrainment
under LD 12:12. This was generally consistent among
individuals with one exception for which the initial onset of
activity under DD was actually later than that observed under
LD (Fig. 2d). To confirm that the phase advancement going
into the first day of DD was more than just the effect of a
short FRP, we compared the phase advancement between the
last day of LD and the first day of DD (mean 7.46 6 2.22 h)
with the phase advancement between day 1 and day 2 of DD
(mean 5.24 6 1.83 h). The two-phase advancements were
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statistically different (paired T-test: t ¼ 2.93, df ¼ 13, P ¼
0.012), with the phase advancement in the transition from LD
to DD being about 2.2 h greater than the following day.

DISCUSSION

Our results here corroborate recent studies demonstrating
that spiders, from a chronobiological perspective, are consis-
tently inconsistent with well-studied model species, validating
the recent call to phylogenetically diversify the discipline
(Schwartz et al. 2017; Helm et al. 2017). In the case of male P.
tepidariorum, both the mean and variation in FRP are
noteworthy. The mean FRP of 21.18 h, though not as short
as that in C. turbinata (Moore et al. 2016), is nearly three
hours shorter than the solar day. Therefore, these animals
must phase-delay about three hours per day simply to remain
entrained. Theory (reviewed by Johnson et al. 2003) suggests
that having a circadian period different from 24 h actually
benefits entrainment to the solar day in terms of maintaining a
stable phase angle of entrainment (Pittendrigh & Daan 1976)
and in adapting to changes in day length (Daan & Aschoff
1975). Models and evidence, however, also suggest that
entrainment becomes increasingly difficult or impossible if
the difference between the circadian clock and external light
cycle is greater than one hour (Johnson et al. 2003). Moreover,
evidence broadly suggests that circadian dissonance greater
than an hour has myriad adverse physiological consequences
(reviewed in Evans & Davidson 2013). In spite of this, we now
know of three spider species, representing two families, that
are over an hour out of resonance with the solar day: P.
tepidariorum (this study), C. turbinata (Moore et al. 2016), and
M. wittfeldae (Jones et al. 2018). This strongly suggests that
spiders are ‘released’ from such adverse physiological conse-
quences, relaxing the selection to resonate with the solar day.
As yet, we have no insight into the mechanism of this release,
nor do we have evidence to distinguish if the release is allowing
FRP to selectively adapt or merely drift. However, the
consistently wide variation in within-species FRP observed
here (SEM: 6 0.38 h) and elsewhere (C. turbinata SEM: 6

0.13 h, Moore et al. 2016; M. wittfeldae SEM: 6 0.24 h, Jones
et al. 2018; Lycosa tarantula Linnaeus, 1758 SEM: 6 0.59 h,

Ortega-Escobar 2002; Cupiennius salei (Keyserling, 1877)(
Trechaleidae) SEM 6 0.31 h, Seyfarth 1980) would seem
inconsistent with the idea that species are under strong
purifying selection for a particular FRP. For reference, typical
within-species standard error of the mean in FRP is much less,
at about 6 0.03 h in humans (Czeisler et al. 1999), 6 0.07 h in
golden hamsters, (Ralph & Menaker 1988), and only 6 ~ 0.02
h in D. melanogaster (Seggio 2013). We should note that
environmental conditions, particularly those involving light,
can have lasting effects on an individual’s FRP (Aschoff 1979).
The animals in the above studies used lab-reared animals,
whereas animals in this study were collected haphazardly from
around buildings. Thus, differential exposure to artificial light
may have influenced the variation among individuals. Further
study of this possibility is certainly warranted.

The presence of significant periodicities at approximately
half the length of the FRP observed under DD in this study is
similar to the phenomenon observed in M. wittfeldae, but in
M. wittfeldae the peaks were more precisely half the FRP
(Jones et al. 2018). While not well understood, other studies
have attributed activity bouts at a phase angle juxtaposed by
1808 to the main activity bout, but free-running with the same
period, to separate outputs of one circadian oscillator
(Wiedenmann 1980). In M. wittfeldae, these peaks were quite
pronounced in the periodograms and corresponded to a
distinct bout of activity in the actograms (Jones et al. 2018),
whereas in male P. tepidariorum, it is not clear what
component of the actogram corresponds to the second
periodogram peaks.

An aspect of the FRPs that has not been reported in other
spider species, including C. turbinata with its unusually short
FRP (Moore et al. 2016), is that the onset of activity in DD
does not extrapolate back to the last onset in LD, but rather
about seven hours earlier to mid-photophase. This would
suggest that the circadian phase angle of entrainment for onset
of activity in LD is actually much earlier than the observed
phase angle, but that locomotor activity governed by the
circadian clock is masked in the presence of light (for review of
masking see: Rietveld et al. 2011) but revealed during constant
dark conditions. An alternative explanation for the misalign-
ment would be that the lack of light in DD on exclusively the

Figure 1.—Pattern of entrainment to LD 12:12 h cycle. Shown are mean activity levels, in 1-min bins, for five consecutive days of exposure to
the light-dark cycle. Shading indicates scotophase.
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Figure 2.—Double-plotted actograms, each with its accompanying periodogram, of four individuals (a–d) illustrating entrainment and free-
running locomotor activity in four different males of P. tepidariorum. Actograms (left panels) depict the timing of activity for four consecutive
days under a LD 12:12 h cycle, followed by constant dark (DD) conditions thereafter. Dark periods are represented by gray background. Lomb-
Scargle periodograms (right panels) indicate significant periodicities (P , 0.001) of locomotor activity under DD. Filled triangles on the
periodograms indicate the strongest secondary peak in the data, while open triangles in the actograms indicate the point to which the free-
running activity extrapolates back to on the last day of LD.
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first subjective day causes a one-time circadian phase advance
of nearly seven hours. The latter hypothesis seems less likely,
but further experiments are needed to confirm masking of
locomotor activity by light.

In chronobiological comparisons between females and
males in insects, differences are often observed in entrainment
profiles (Loher 1979; Rivas et al. 2008; Bertossa et al. 2013;
Prohaska et al. 2018). Two studies of dipteran insects found
that, along with differences in entrainment profiles, males had
significantly shorter FRPs (Helfrich-Förster 2000; Rund et al.
2012). Mah et al. (2018) provide a description of diel and
circadian locomotor activity in female P. tepidariorum, finding
very similar patterns to what we observed here in males. As
shown in the present study with males, there is a sharp increase
in activity immediately after lights-off followed by a steady
decline through the night. The only consistent difference was
that females showed more daytime activity, which is reflected
in the average DiNoc ratios (mean 6 SD: females: -0.71 6

0.05; males: -0.88 6 0.12). The fact that males are more
strictly nocturnal might be advantageous because at maturity
they leave the relative safety of their webs in search of females
(Ewing 1918). The FRPs are statistically indistinguishable
between females and males (Mean 6 SD, females: 21.7 6 1.12
h; males 21.18 6 1.5 h; T¼ 1.11, df¼ 32, P¼ 0.14), and both
show the phenomenon of the onset of activity in DD not
extrapolating back to the last onset in LD. Notably, there is
high within-species variation in FRP for both males and
females. While far from distinguishing whether this variation
reflects phenotypic plasticity or underlying genetic differences,
the latter might seem more supported given that, in all
likelihood, males and females experience different ecological
conditions. We are currently exploring the contribution of
genetics and phenotypic plasticity in lab-reared clutches of P.
tepidariorum.

Returning to the misalignment of activity onset in DD with
LD: if P. tepidariorum phase angle of entrainment for
locomotor activity onset is in the mid to late photophase but
hidden by masking, why might this be so? We speculate that
this phenomenon might cause individuals to be ‘neurologically
primed’ in late photophase, allowing them to capture prey
opportunistically should environmental conditions permit.

There is circumstantial evidence to support this. It is widely
believed that predation risk for web-building spiders is
generally higher during the day because of the presence of
visual predators such as birds and wasps (Foelix 2011).
Furthermore, day-hunting mud-dauber wasps are a particular
threat to P. tepidariorum (Muma & Jeffers 1945). Also, spiders
are precariously balanced as both predators and prey, and
their own foraging behavior can increase their predation risk
(Riechert & Hedrick 1993; Pruitt et al. 2008; Watts et al.
2014). Taken together, this would suggest that masking
locomotor activity in the light would reduce predation risk
(assuming a correlation of locomotor activity and likelihood
of attacking prey as seen in another spider; Watts et al. 2014).
Though not tested in P. tepidariorum habitat specifically, two
studies found that spider prey abundance is highest in the late
afternoon to early evening, and lowest at dawn (Watts et al.
2014, 2017). This would suggest that the opportunity cost of
not foraging in the day is greater in the late afternoon than
early morning. Finally, because P. tepidariorum tend to build
webs under rock outcrops (Riechert & Cady 1983), individuals
likely experience higher variation in the onset of local darkness
relative to more exposed species (due to depth and angle of
rock cover, cloudiness, etc). This would suggest a particular
advantage of being able to respond to late-day opportunities
when it is dark enough in P. tepidariorum (and other secluded
species) compared to exposed species. Admittedly, all this is
speculation, but it does demonstrate how spiders may be an
ideal system for future studies integrating classic chronobiol-
ogy and ecology (Schwartz et al. 2017; Helm et al. 2017).
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