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Abstract

In 1976, Pittendrigh and Daan established a theoretical framework which has coordinated research on circadian clock entrain-
ment and photoperiodism until today. The “wild clocks” approach, which concerns studying wild species in their natural
habitats, has served to test their models, add new insights, and open new directions of research. Here, we review an integrated
laboratory, field and modeling work conducted with subterranean rodents (Ctenomys sp.) living under an extreme pattern of
natural daily light exposure. Tracking animal movement and light exposure with biologgers across seasons and performing
laboratory experiments on running-wheel cages, we uncovered the mechanisms of day/night entrainment of the clock and of
photoperiodic time measurement in this subterranean organism. We confirmed most of the features of Pittendrigh and Daan’s
models but highlighted the importance of integrating them with ecophysiological techniques, methodologies, and theories to
get a full picture of the clock in the wild. This integration is essential to fully establish the importance of the temporal dimen-
sion in ecological studies and tackling relevant questions such as the role of the clock for all seasons in a changing planet.

Keywords Circadian clock - Entrainment - Photoperiodic time measurement - Subterranean rodents - Evening and morning
oscillators - Wild clocks

Introduction

The cyclic movements of rotation and translation of the
Earth have established the fundamental daily and annual
time frames underlying biological phenomena. Much has
been investigated on the endogenous nature and photic syn-
chronization of daily and annual biological rhythms follow-
ing the seminal, 1976 work of Pittendrigh and Daan. These
authors synthesized experiments of behavioral responses to
artificial light manipulation in four nocturnal rodents, shed-
ding light on photic entrainment mechanisms and the role
of the circadian clock in annual, photoperiodic phenomena.
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Due to the central role of the light/dark cycle on the syn-
chronization of both daily and seasonal phenomena, it was
natural to speculate that the systems underlying these two
modes of temporal organization had common elements.
Interestingly, while several authors investigated whether
the circadian clock located in the suprachiasmatic nuclei in
mammals would be part of an unidentified circannual clock
(Zucker et al. 1983; Dark et al. 1985), Pittendrigh and Daan
pursued a distinct path, trying to understand how entrain-
ment of the circadian clock could accommodate the day-to-
day, annual variation of daylength (Pittendrigh and Daan
19764, b, c¢). In other words, their seminal studies on the role
of the circadian clock in photoperiodic phenomena focused
on how the circadian clock participated in the input pathway
of photoperiodic time measurement, as proposed by Biinning
(1963) rather than on whether they participated in the pro-
duction of seasonal rhythmicity. With this question in mind,
they deepened into the realms of photic entrainment scruti-
nizing differences between nocturnal and diurnal organisms
at the level of their Phase Response Curves (PRC) (Daan and
Pittendrigh 1976a; Pittendrigh and Daan 1976b). Because
the PRC establishes when organisms start their daily activity
in relation to lights-on or off, they reasoned that intra- and
inter-individual differences in the shape of PRCs could shed
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light on how their clocks compensated for annual daylength
variation. A comparative study of these shape differences
in four nocturnal rodent species was masterfully conducted,
revealing functional inter-relationships between the value
and stability of their free-running period, the PRC shape,
range of entrainment, responses to different photoperiods,
and to constant light conditions. More detailed exploration
of the shapes of delay and advance areas of the PRC indi-
cated a fundamental nocturnal entrainment strategy for con-
serving the phase angle between activity and darkness onsets
(), in face of the seasonally varying daylengths (Pittendrigh
and Daan 1976b). However, to account for seasonally vary-
ing daily duration of activity (@), they transitioned master-
fully from a one to a two-oscillator model of the circadian
clock, proposing the Evening (E) and Morning (M) oscilla-
tors (Pittendrigh and Daan 1976c).

These studies established a theoretical framework that
applies to all organisms and that has coordinated circa-
dian system research until today. After decades since this
work, several new insights have been gained through new
approaches that spanned all levels of biological organiza-
tion (Yoshikawa et al. 2017; Olde Engberink et al. 2020;
Tackenberg et al. 2020). The objective of this review is to
focus on how the “wild clocks” approach (Kronfeld-Schor
et al. 2013; Schwartz et al. 2017), which concerns research
using wild species in their natural habitats, has served to
test Pittendrigh and Daan’s models and to add new insights.
Extreme photic environments, such as the subterranean,
caves, abyssal, or polar areas, can test the limits of labo-
ratory-born models of entrainment (Beale et al. 2016). In
particular, subterranean rodents have long been studied to
verify persistence of rhythms and sensibility to light (Ben-
Shlomo et al. 1995; Goldman et al. 1997; Oosthuizen and
Bennett 2022) and technical advances have increasingly
allowed studies under natural conditions (Skliba et al. 2007,
Vlasata et al. 2017). Here, we review how our studies con-
ducted with subterranean rodents in their natural habitats,
combined with Lab experiments and mathematical modeling
confirmed and translated Pittendrigh and Daan’s findings of
daily photic entrainment and the “clock for all seasons” into
the real world.

Synchronization of the circadian clock to the 24-h day/
night has long been studied with model organisms under
laboratory conditions, using artificially controlled light/
dark (LD) cycles. In most cases, patterns of photic entrain-
ment are studied under “rectangular” LD cycles comprising
hours of continuous light and darkness. These simplifica-
tions of light/dark patterns have surprisingly worked well
for entrainment and provided deep insights into synchroni-
zation mechanisms, but they indicated a long path toward
translating this knowledge back to more realistic settings.
De Coursey (1986) established the importance of rescuing
the ecological perspective by adding semi-natural elements
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that retained the controllable condition of the lab but added
more realistic light regimens than the rectangular cycles. She
maintained flying squirrels (Glaucomys volans) in simulated
den systems that allowed animals to expose voluntarily to
light, aiming to achieve a more realistic mode of entrainment
in the laboratory setting. In fact, their light-sampling pat-
terns turned out to display more day-to-day variability, but
entrainment could still be achieved and understood through
their PRC. The strength of the PRC-based model of entrain-
ment could also be associated with the fact that Pittendrigh
and Daan investigated entrainment of nocturnal rodent spe-
cies which were assumed to expose to light, in nature, during
brief exposures in twilight times. This could be fairly well
simulated by the T-cycles and skeleton photoperiods used
in their lab experiments and whose resulting patterns could
be explained by the PRC. On the other hand, decades later,
Hut et al. (1999) released diurnal ground squirrels (Sper-
mophilus citellus) into semi-natural enclosures carrying
miniature light sensors. They verified that unlike nocturnal
animals, these diurnal rodents did not expose to twilights at
all, concentrating light exposure almost continuously during
midday hours.

Following the steps of these pioneering works, our group
developed a parallel lab, semi-field, and field study of
South American subterranean rodents known as tuco-tucos.
This desert species that we studied had its scientific name
changed three times throughout the last 10 years: Ctenomys
aff. knighti, Ctenomys famosus (Tammone et al. 2022) and
now established as Ctenomys coludo (Sénchez et al. 2023).
This species is neither social nor strictly solitary, showing
an intermediate sociability level (Amaya et al. 2021). These
rodents live underground in an extreme photic environment
with no light, making studies of their temporal organiza-
tion an opportunity to verify persistence of daily and annual
rhythms as well as the limits of their photic synchronization.
They displayed clear light-entrainable circadian rhythms
in lab conditions (Valentinuzzi et al. 2009; Tachinardi
et al. 2014; Yassumoto et al. 2019) and 24 h after-effects
when transferred directly from field to lab DD conditions
(Tomotani et al. 2012), indicating that they were robustly
entrained in the wild. However, because they were rarely
seen aboveground in the field, we hypothesized that their
daily light exposure would be minimal. The “single pulse
24 h T-cycle”, extensively used by Pittendrigh and Daan
(1976a), consists of one light pulse applied every day at
the same time under lab conditions being the most simpli-
fied light regimen that can entrain the clock. This led us
to hypothesize that tuco-tucos would emerge to the surface
every day at a definite time, exposing to a mimicked single
pulse T-cycle. However, visual observations of tuco-tucos
released into enclosures revealed that they emerge to the
surface several times during the day, apparently at ran-
dom times, mainly to forage and to remove soil from their
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burrows (Tomotani et al. 2012) (Fig. 1A). To get more auto-
mated data of these patterns, we searched for light loggers
that could be attached to their bodies to verify this hypothe-
sis. Animal welfare indicate that external devices attached to
animals should restrict to a maximum of 5% of their weight.
Tuco-tucos (average 100-200 g) are much smaller than the
ground squirrels (average 400-700 g) but the smallest light-
logger developed at the time lied within the limits of what
could be permissive for such animals. In this way, with these
collared devices, measurements of tuco-tucos’ daily light-
exposure released into semi-field enclosures confirmed our
previous observations and enabled development of computer
simulations to test how such lighting patterns were able to
entrain the clock (Flores et al. 2016). The temporal pattern
of their light-exposure did not resemble T-cycles at all due
to the greater amount of emergence events per day, but, on
the other hand, each emergence could fairly well be mod-
eled by a light pulse, differing from the almost—continu-
ous light—exposure of ground squirrels (Flores et al. 2013).
The temporal pattern of daily light-exposure of tuco-tucos
promoted two immediate questions: how do these animals
entrain their circadian clocks to 24 h through such irregu-
larly spaced random light pulses and how could they meas-
ure daylength throughout the year?

The subterranean clock for day and night

Pittendrigh and Daan developed two models to help coor-
dinate our understanding of photic entrainment, namely the
“non-parametric” (discrete) and “parametric”’ (continuous)
mechanisms of entrainment (Daan and Pittendrigh 1976b).
The non-parametric model relies on the knowledge that

A) Natural light-exposure

Days

SOVONOUAWN=
1

7 13 19 1
Time (h)

Fig. 1 Modeling daily light-exposure of tuco-tucos and experimen-
tal test of its efficacy as a zeitgeber. a Aboveground emergence times
(white marks) of one individual animal in a semi-natural enclosure
obtained by direct observation. b Experimental test of a daily single
random light regimen. Entrainment is achieved by parametric and
non-parametric features. The figure depicts the random dispersion of

a physical oscillator with period T can be entrained by a
cycle of discrete forcing pulses with period T, such as in a
periodically kicked pendulum. These pulses cause abrupt
phase-shifts on the oscillator, whose sizes and directions
are phase-dependent, making the PRC the link between cir-
cadian studies and oscillator theory (Winfree 2001; Roen-
neberg et al. 2003). Synchronization explained by PRC
is attained when each pulse causes a phase shift that cor-
responds exactly to the period difference (7—7) and a sta-
ble phase relationship y between the cycle of pulses and
the oscillator is established. Entrainment to single pulse
T-cycles and to two-pulse skeleton photoperiods are fairly
well explained by the non-parametric model. On the other
hand, the parametric model considers that light acts continu-
ously on the clock whenever it is on. Daily entrainment is
achieved by a continuous modulation of the velocity of the
clock, accelerating or decelerating it to match the period
differences (7—7) between its period and 24 h. This would
resemble a pendulum continuously forced by a sinusoidal
force which imposes its period T.

Considering entrainment in the real world, Pittendrigh
and Daan (1976b) proposed that nocturnal animals could
entrain basically via non-parametric entrainment assuming
that they would expose to light during twilight times. Hut
et al. (1999) proposed that, on the other hand, diurnal ani-
mals, which expose to light continuously during the day,
would entrain through parametric mechanisms of light.

Computer simulations have consistently reproduced
entrainment patterns of oscillators to single pulse 7-cycles,
as well as to rectangular or sinusoidal cycles, validating
the non-parametric and parametric models of entrainment.
More realistic light regimens require computer simulations

B) Test of Model

SOONOUAWN=

20 2 8 14 20
Time (h)

daily single light pulses (1 h; 1,000 Ix) along a fixed interval I. The
running-wheel activity of a representative tuco-tuco is represented by
black marks. In both graphs, the horizontal axis represents time of the
day and the vertical axis represent the number of days. Light expo-
sure is marked in white over the darkness (gray) background (Modi-
fied from Flores 2016)
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Fig.2 Representative actograms of running-wheel activity of ani-
mals freshly caught from the field and submitted to different artificial
photoperiods from extremely short (LD 3:21) to long days (LD 21:3).
The light regimen is indicated by the LD bars (white for L phases and
black for D) on top of each actogram as well as through the back-
ground colors in the body of the actograms (white represents the pho-

that cover more complex scenarios (Schmal et al. 2020).
We measured the PRC of tuco-tucos and verified that their
time-dependent response to single light pulses was equal to
the typical responses observed in other non-subterranean
rodents (Flores et al. 2013). To understand if a PRC-based
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Time (h)
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tophase while gray the dark phase). Animals were transferred from
LD to DD on day 20. Animal ID and gender are indicated on the top
right of each actogram. LD light/dark, DD constant darkness. Natu-
ral photoperiods on the days of capture, estimated from https://www.
timeanddate.com/sun/@3865734: LD13:11 for #277, #278, #335; LD
14:10 for #299, #269, #264. (Modified from Improta et al. 2022)

entrainment could still be attained by their daily random
light inputs, we modeled them focusing, first on the random-
ness of light pulse times. To this end, we first simplified
the light regimen to a single 24 h T-cycle and added tiny
random time deviations each day which did not break up
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entrainment. Then, the next step was to see how far we could
deviate the time range of pulse deviation from the origi-
nal 7-cycle and still maintain entrainment. To our surprise,
we achieved 24 h entrainment using single light pulses that
could each day occur at any time of day within a range that
went as far as 12 h (Flores et al. 2013, 2018). This showed
us that the single random light cycle was sufficient to entrain
the circadian clock, extending the limits of photic entrain-
ment to less predictable but nonetheless more realistic light
regimens. We then captured tuco-tucos out of their natural
burrows and tested our model of single random pulses inside
wheel-running equipped cages. They confirmed the model
by entraining fairly well to those most simplified light cycles
(Flores et al. 2016) (Fig. 1B).

Single random light pulse cycles entrain through both
non-parametric and parametric mechanisms. While each
light pulse causes a phase shift (non-parametric mode), each
phase shift causes a slowly recovering amplitude change of
the circadian clock, which is collectively translated into
velocity changes that are the basis of the parametric mecha-
nism. Figure 1B clearly shows that entrainment achieved by
a regimen of single daily pulses—which essentially cause
phase-shifts—does not result in abrupt phase changes with
zigzag patterns as would be expected from a purely non-par-
ametric response for random advancing and delaying pulses.
Rather, the regular pattern results from slowly recovering
amplitudes of the clock (Oda et al. 2000) which entail para-
metric velocity changes. In this sense, studies of wild species
adapted to extreme photic environments reminded us that
parametric and non-parametric mechanisms are models that
help coordinate our understanding but need not be exclusive,

especially in complex situations such as highlighted by the
subterranean case.

The subterranean clock for all seasons

Our next question was whether and how subterranean ani-
mals could extract daylength information across seasons
from the random nature of their daily light exposure.

Two conceptual models have been proposed for the mech-
anisms of photoperiodic time measurement, the “external”
and the “internal” coincidence models, both having the cir-
cadian clock playing a central role. The external coincidence
model of Biinning (1936) proposes that organisms discrimi-
nate long and short days through the detection of light occur-
ring during a light-sensitive phase of the circadian clock.
Under long days, light occurs during the sensitive phase
while under the short days of winter light does not reach
this phase. Alternatively, the internal coincidence model
(Pittendrigh and Minis 1964) developed by Pittendrigh and
Daan (1976¢) proposes that different photoperiods change
the internal conformation of the circadian clock, which is
composed by at least two neuronal subpopulations. The (E)
Evening and (M) Morning subpopulations of oscillators
are mutually coupled but synchronized separately to dusk
and dawn, respectively. As the timing of twilights change
throughout the year, the phase relationship between E and
M increases or decreases and so does the clock-controlled
daily duration of activity (a). This could explain two features
observed in natural conditions, namely the seasonal variation
of daily duration of activity (a) (Daan and Aschoff 1975),
as well as the seasonal conservation of y (Kenagy 1976).

Fig.3 Seasonal variation of Summer Winter
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Fig.4 Seasonal variation of daily voluntary surface activity and con-
sequent exposure to natural light of a female tuco-tuco in open field
during 3 months during the transition from summer in the South
hemisphere to almost the beginning of winter. Gray marks: time on
surface measured with collared light loggers that detect exposure to
illuminance >2 1x. Light and dark bars on top of the figure indicate
natural photoperiod at the start date of registration (From Jannetti
2018)

Other downstream outputs of this photoperiod-dependent
response of the clock, which were later confirmed, would
be responsible for the complex seasonal changes in physiol-
ogy (Ikegami and Yoshimura 2012; Nakane and Yoshimura
2019; Dardente et al. 2019).

Even though our studies indicated that the internal coin-
cidence model accounts for the subterranean clock, several
other factors also played important roles in the seasonal
organization in the subterranean. To test if tuco-tucos were
potentially able to detect different daylengths, they were
exposed to artificial regimens ranging from extremely short
to long photoperiods (LD 21:3, LD 18:6, LD 15:9, LD
9:15, LD 6:18 and LD 3:21) in the lab, spanning ranges
much farther than those faced in nature (approx. LD 15:9 to
11:13 in the Argentinan region that they live, https://www.
timeanddate.com/sun/@3865734). They changed their a
and y (Improta et al. 2022) in a similar way presented by
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Pittendrigh and Daan in their experiments with non-subter-
ranean rodents (Fig. 2). These results indicated that tuco-
tucos were potentially responsive to different photoperiods.
However, to fully understand how subterranean organisms
measure daylength in nature, some crucial elements that
are excluded from laboratory studies needed to be tackled:
while tucos running on a wheel are forcefully exposed con-
tinuously to unescapable light regimens in lab cages, they
expose to light as a result of their own behavior, in natural
conditions. This is especially true in lab experiments of arti-
ficially varying photoperiods, where animals are continu-
ously submitted to different daylengths, while their activity
parameters are registered (Improta et al. 2022) (Fig. 2). In
nature, they expose to long or short days voluntarily and
we had already seen that they emerge to light in brief and
random episodes.

To test if tuco-tucos in nature nevertheless are detecting
and responding to photoperiod variations, they were first
captured in summer and winter and released immediately
into lab DD. Their summer and winter free-running activity
rhythms clearly displayed different o, which are the imprint-
ing of photoperiod after-effects (Tackenberg et al. 2020;
Improta et al. 2022). This result showed that they were pro-
cessing photoperiodic time information under field condi-
tions (Flores et al. 2021). Our next step was to understand
how they achieved this.

Tuco-tucos were released into semi-field enclosures not
only carrying light loggers but also accelerometers (as used
by Williams et al. 2014; 2016) for long-term monitoring, to
verify how their daily light-exposure patterns and locomotor
activity changed throughout the seasons. Biologging devices
revealed very interesting seasonal changes in both rhythms.
Light-loggers—which detect aboveground activity—
revealed that the daily pattern of light exposure changed with
the seasons: while they concentrated their random exposure
during middays in winter (Jannetti et al. 2019), they exposed
to light mostly during twilight hours during summer (Flores
et al. 2021) (Figs. 3, 4). These results showed that through
their own voluntary behavior, they exposed to different day-
lengths which, in turn, resulted in seasonal variation of pho-
toperiod exposure. These results lead us to the question of
which factors drive these animals to emerge to the surface
in seasonally different times in nature, resulting in exposure
to short and long days?

Two factors, endogenous and exogenous, drive tuco-tucos
to emerge to the surface and see light at different times of
the day across seasons. The endogenous component was
highlighted by our accelerometer data which indicated that
the clock-controlled daily activity maintains y but changes
o throughout the year (Flores et al. 2021). This could be
interpreted by the internal coincidence model of Pittendrigh
and Daan provided that the circadian clock of tuco-tucos
is composed by coupled E and M oscillators (Valentinuzzi
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Fig.5 Double-plotted acto-
grams of two of the many
animals that showed splitting
when submitted to constant
light. Time is plotted across the
horizontal axis (48 h per line),
and successive days are plotted
beneath one another. The bar on
the top indicates the light—dark
cycle during the first days under
LD condition; triangles on the
right indicate start of constant
light condition. Lines through
onsets help visualize the periods
of the splitted components dur-

Days

ing the constant light condition:
last 50 days (left actogram) and
during 60 days (right actogram).
Top left of each actogram:
animal identification number
and gender (Modified from
Valentinuzzi et al. 2009)

Time (h)

et al. 2009; Flores et al. 2021) (Fig. 5). In this sense, accel-
erometer data indicate that long- and short-day photoperiods
shape the clock-driven activity of tuco-tucos making them
active underground for shorter or longer a durations of the
day. The next step was to understand the exogenous factor
which drives these animals to emerge to the surface at the
extreme twilight times of long days in summer or at middays
in winter, resulting in different photoperiod exposure.

The exogenous component shaping the activity of tuco-
tucos was verified through ecophysiological statistical mod-
eling that showed that emergence times are significantly
associated to ambient temperature (Flores et al. 2021).
Studies in non-subterranean rodents had shown before that
they avoid being active during the hottest hours of the day
in summer, restricting activity at twilight times and pre-
fer being active in the warmest hours of midday in win-
ter (Kenagy et al. 2002; Rezende et al. 2003). In the case
of subterranean rodents, we verified that additionally, the
underground temperature plays an important role especially
in winter. This is due to the time delay between surface and
underground temperature, which can attain 12 h difference
in winter (Jannetti et al. 2019). In this sense, tuco-tucos tend
to emerge to the surface during midday when it is coldest
underground and warmest on surface, while they emerge
during twilights in summer to avoid the surface heat load of
midday. In sum, ambient temperature shapes the seasonal
change in the timing of surface emergence in tuco-tucos,
which results in exposure to long days in summer and short
days in winter. This differential exposure to seasonal photo-
period in turn shapes the circadian clock to extend activity
time in summer and shorten it in winter, further increasing
the probability of surface emergence at those different times,
closing the loop. In sum, while wheel-running tuco-tucos

Time (h)

measure daylength in the lab under constant temperature and
continuous exposure to LD cycle, they achieve daylength
measurement in nature by voluntarily leaving the tunnel to
surface and exposing to light at different times of the day,
which are in part shaped by varying ambient temperature
and in part by their endogenous clock.

As a final step, we performed explicit computer simula-
tions of Pittendrigh and Daan’s conceptual model of internal
coincidence. We wanted to verify if skeleton photoperiods
were really able to differentially entrain E and M oscilla-
tors and produce the experimentally observed changes in
activity onset and o variations. This system was depicted as
a two-zeitgeber model (Oda and Friesen 2011) using each
light pulse of the skeleton photoperiod as a distinct zeit-
geber. Our simulations confirmed and indicated the minimal
two-oscillator configuration which were necessary and suf-
ficient to replicate the experimental findings (Flores et al.
2020). We then asked whether the random light exposure
of tuco-tucos would be able to differentially entrain E and
M (Fig. 6). To this end, we added randomness to the timing
of the two daily light pulses that comprised the skeleton
photoperiods and verified that when we changed the range
of these random pulses, they were still able to differentially
entrain E and M and cause the observed seasonal changes
in o (Flores et al. 2021).

Laboratory and field studies

By the same time Pittendrigh and Daan’s seminal works
were conducted in strictly controlled laboratory conditions,
Patricia de Coursey called attention to the ecological coun-
terparts of entrainment models, adding several semi-natural
elements to laboratory studies. The wild-clock approach
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Fig.6 Schematic representation of the two-oscillator model of the
circadian clock and its role in photoperiod encoding. The model pro-
posed by Pittendrigh and Daan (1976c) consists of a morning (M)
oscillator that tracks dawn and an evening (E) oscillator that tracks
dusk. M and E (circles) are coupled to each other (curved arrows). In
the upper graphs, blue and red curves represent the state variables of
M and E, respectively. As the photoperiod changes from short days
in winter to long days in summer, there is a change in the phase rela-
tionship between E and M (A®, red horizontal arrows), which modi-
fies the state of the circadian clock. Below the graphs, gray/white bars
represent the light/dark times of the LD cycles. Upper bars indicate
an LD cycle with complete photoperiod, i.e., light occurring during
the complete photophase. Lower bars represent skeleton photoperi-

benefitted greatly from technological advances enabling
long-term and automated tracking of animals in their natu-
ral environment (Williams et al. 2014; 2016; Dominoni et al.
2017; Silvério and Tachinardi 2020). This approach allowed
testing and confirming several aspects of Pittendrigh and
Daan’s daily photic entrainment and the internal coincidence

@ Springer

ods, a simplified experimental protocol that reproduces the effects
of photoperiod with only two light pulses, applied at the twilights.
A mathematical model was used to simulate three scenarios of light
exposure at different seasons (Models 1-3, in winter and summer
photoperiods), and their impact on the synchronization of a two-oscil-
lator model of the circadian clock. M and E oscillators, mutually cou-
pled, were exposed to daily light pulses at random times within the
photophase. Pulses between light onset and midday were applied to
M (blue squares), and pulses from midday to light offset were applied
to E (pink squares). Lines around the light pulses on each day delimit
the distribution interval of the pulses. For details on the light expo-
sure models, see Flores et al. (2021) (Modified from Flores et al.
2021)

model behind the clock for all seasons. While transitioning
from the lab to the field, we could pinpoint at least three
elements that had not been considered in Pittendrigh and
Daan’s models of entrainment and which offers plenty of
study opportunities:
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(a) The feedback of output rhythms on the clock: The
circadian system is formally depicted as a linear sequence
of zeitgeber input pathways, the circadian oscillator and
several output pathways (Roenneberg and Merrow 2005).
While laboratory experiments which impose lighting
regimens are literally based on this model, field stud-
ies highlight the importance of the feedback of output
rhythms on the clock itself, closing the loop of the lin-
ear zeitgeber-clock-output model. Subterranean rodents
called attention on the voluntary nature of light expo-
sure and how the resulting time of light input depends
on the output activity time. The same idea applies to
more complex scenarios of translational research such
as those involving human natural photic (Wright et al.
2013) and food entrainment, because the timing of food
input depends primarily on that of output eating behavior
(Kaczmarek et al. 2017; Zhang et al. 2023). Furthermore,
still on translational research, several studies go deeper
on the complexity of the circadian system, focusing on
how activity per se, translated into exercise, feed-backs
on the timing and stabilization of the clock itself (Reebs
and Mrosovsky 1989; Buijs and Escobar 2007; Leise et al.
2013).

(b) Masking of daily rhythms by environmental factors:
While Pittendrigh and Daan’s studies focused on the
clock-controlled, endogenous factors that shape activity
rhythms, it has long been known that exogenous factors,
including light itself, can in parallel mask the amplitude
of output rhythms (Aschoff 1960). Masking was appar-
ently ignored throughout their seminal work, but we con-
jecture that perhaps it was the reason for the absence of
extremely long-day photoperiods in the graphical depic-
tions of photoperiod-dependent y (Pittendrigh and Daan
1976b). In our experiments of tuco-tucos under artificial
photoperiods, all animals were released into DD at the
end of the protocol (Fig. 2). For those individuals exposed
to extremely long-day photoperiods, y could only be
deduced from the time of activity onset at the first days
in DD, because they were clearly masked under LD but
reliable under DD due to the after-effects of entrainment.
More interesting than that was the challenge of identify-
ing masking under field conditions. While there are sev-
eral protocols that allow identification of masking factors
in lab experiments by isolating the effects of each factor,
it is extremely complex to do it with field data due to the
simultaneous occurrence of all masking factors. In the
field, even the decision of where to fix the thermometer
is far more complex than the simplicity of attaching it
on any wall inside the lab (as described in the legend of
Fig. 7, for instance). To identify the masking factors that
shape activity rhythms in the wild, we need to rely on
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Fig. 7 Prediction of a generalized linear model of tuco-tucos’ time on
surface in response to environmental temperature factors. This pre-
diction was constructed with time of day, Te (operative temperature,
as measured with a temperature sensor placed inside a taxidermied
tuco-tuco maintained for many days in a selected spot of their natural
habitat and exposed daily directly to the meteorological conditions.
The preserved skin was secured/mounted over an internal form (man-
nequin), and arranged in a life-like pose), Tund (20 cm underground
temperature obtained with buried sensors) and Wind values of an
arbitrary day during winter (15 July 2016), in Anillaco, La Rioja,
Argentina. Green line: predicted time on surface; black line: Te; red
line: Tund. Wind speed variation was omitted for better clarity (From
Jannetti et al. 2019.). Biinning E (1936) Die endonomen Tagesrhyth-
men als Grundlage der photoperiodischen Reaktion. Ber Dtsch Bot
Ges 54:590-617

sophisticated statistical modeling commonly used in eco-
physiology studies that rank the factors that significantly
inhibit or stimulate the behaviors under study (Long et al.
2005; Jannetti et al. 2019; Flores et al. 2021) (Fig. 7).
However, these often ignore the time of day and the
endogenous component of biological rhythmicity. In this
sense, a better integration is needed to get a full picture
of the factors that shape activity patterns in nature: eco-
physiological methodologies for identifying exogenous
factors and chronobiological protocols for identifying
endogenous factors (Halle and Stenseth 2000; Kronfeld-
Schor et al. 2013; Schwartz et al. 2017). Our wild-clock
study on subterranean rodents showed the simultaneous
action of the circadian clock and of temperature masking
in shaping activity patterns, highlighting the importance
of integrating interdisciplinary approaches.

(c) The unsolved mechanism behind nocturnal/diurnal
definition.

Responses of dark- and light-active animals to manipu-
lations of artificial light—dark cycles in the lab provided

@ Springer
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Fig.8 Diurnal activity in the
field and activity during subjec-
tive night in constant condi-
tions in the lab. Activity time

is defined downstream from

the clock, while onset-to-offset
transition times are dictated by
photoperiod entrained clock.
Double-plotted actogram of
daily rhythms of gross motor
activity of one female tuco-
tuco (#238) kept inside field
enclosures during summer (left)
and winter (right) and then
released into constant dark-
ness in the lab. Black marks:
gross motor activity measured
with accelerometers. Bar above
actograms: natural photoperiod
at which each recording started
in the field (white: day; gray:
night). Arrows indicate day of
transference. Top left of the
figure: animal identification and
gender (Modified from Jannetti
et al. 2023)
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the first insights toward the far more complex issue of
nocturnalism and diurnalism in nature. Pittendrigh and
Daan (1976b) assumed that diurnality and nocturnality
were defined at the level of the clock and they searched
for differences in their PRCs. However, more ecologically
oriented studies (Halle and Stenseth 2000) contrasting
laboratory and field conditions along with the gained
knowledge on the anatomical basis of the circadian sys-
tem (Yan et al. 2020) have indicated, with increasing evi-
dence, that the diurnal/nocturnal determination in nature
may occur downstream from the circadian oscillator and
that this determination presents far more plasticity than
originally suspected. One of the main indications that
the definition of nocturnal/diurnal activity occurs down-
stream the clock comes from experiments where animals
are transferred from field to laboratory DD. When tucos
are maintained under lab LD and then released into lab
DD, they display nocturnal activity, after-effects of pre-
vious entrainment and then free-run during subjective
night, from the phase dictated by the clock (Valentinuzzi
et al. 2009). When transferred from the field, despite the
diurnal activity presented there, we see under DD the
same aftereffect and free-running activity in subjective
night without transients, showing that the clock did not
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change its phase during the field-to-lab transition and
that the field diurnal activity was not dictated by the
clock (Levy et al. 2007; Tomotani et al. 2012; Jannetti
et al. 2019) (Fig. 8). The mechanism behind the diurnal/
nocturnal switch between field and lab is still unsolved,
but several works have indicated that discrepant energy
requirements may be an important factor (Hut et al. 2012;
Tachinardi et al. 2015, 2017; Van der Vinne et al. 2015).
Our study using accelerometers, which register activity
both in field and lab conditions confirmed unequivocally
that tuco-tucos are dark-active in the lab but diurnal in
the field and this was shown also for body temperature
rhythm (Jannetti et al. 2023). It has been demonstrated
that a threshold level of electrophysiological activity in
the SCN defines the switch time between rest and activ-
ity (Houben et al. 2009). Interestingly, our studies high-
lighted that the clock does in fact define this switch- time
but does not determine, within this timeframe, whether
the animal is diurnal or nocturnal. This was shown dra-
matically by our field/lab transfer experiments where
activity-on switched to activity-off immediately (Fig. 8).
A diurnal animal became nocturnal instantly but the time-
frame did not change. Interestingly, this was also true
when comparing lab/field activity in summer and winter:
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while their activity o is shorter and longer, respectively,
under long and short artificial photoperiods in the lab,
the inverse is displayed after the switch in the lab. Fur-
thermore, this switch occurs by activity onset switching
to offset, without change in phase (Fig. 8). Whichever the
mechanism behind these flexible activity time switches,
the timeframe established by the entrained clock is rigid,
as emphasized by Pittendrigh and Daan. And this time-
frame changes with photoperiod, being functional across
seasons.

Macro-ecology studies based on field populational activ-
ity patterns have been increasing due to the development of
new animal tracking technologies. While most studies of
the effects of global climate change are focusing on changes
in space distributions, such as migrations between latitudes
or altitudes, there are increasing evidence that temporal
changes have also occurred in some species and environ-
ments, with diurnal animals finding refuge from heat load
or from new predators during the night (Gaynor et al. 2018;
Calebe 2020). Additionally, changes in seasonal patterns
have also been verified in populational activities, associ-
ated to global warming (Chmura et al. 2023). While most
of these changes have been interpreted by ecophysiolo-
gists exclusively as acute reactions to new external factors,
chronobiologists need to clarify the endogenous mechanisms
at the individual level determining the time of output activ-
ity. This will enable us to understand if and how much the
clock for all seasons can accommodate climate alterations
in a changing planet.

Acknowledgements The authors thank the invaluable contributions of
all students who shared opinions and decisions throughout this study,
performed field work and lab experiments, developed data analysis and
computer simulations, and brought new techniques and enthusiastic
collaboration: Danilo Flores, Barbara Tomotani, Patricia Tachinardi,
Milene Jannetti, Jefferson Silvério, Tamiris Yassumoto, and Giovane
Improta. Technical assistance of Johanna Barros is deeply acknowl-
edged. The authors also thank Prof. Mirian Marques for promoting the
study of Pittendrigh and Daan’s works, Prof. Otto Friesen for making
mathematical modeling possible and introducing the study of natural
entrainment, Prof. Loren Buck for introducing biologging devices and
improving field and lab methods, Prof. James Kenagy for construc-
tive criticisms, James Fox from Migrate Company and Carlo Cattoni
from Technosmart Company for the confection of biologgers and kind
attention, Jose D. Paliza, Eugenio Sanchez (Charly), Carlos Herrera
(Carlitos) and Juan Mulet for the construction and maintenance of the
enclosures, Prof. Martin Ralph, Prof. Diego Golombek, and Prof. Juan
Chiesa for all help and encouragement in the early years.

Author contributions GAO and VSV wrote the main manuscript
text and GAO and VSV prepared Figs. 1, 2, 3, 4, 5, 6, 7. All authors
reviewed the manuscript.

Funding This work was supported by FONCyT—Agencia Nacional de
Promocién Cientifica y Tecnolégica, CONICET—Consejo Nacional
de Investigaciones Cientificas y Técnicas, FAPESP—Fundacao de
Amparo a Pesquisa do Estado de Sao Paulo, CAPES—Coordenagao

de Aperfeicoamento de Pessoal de Nivel Superior, and CNPq—Con-
selho Nacional de Pesquisa.

Data availability Data is available upon request.

Declarations

Conflict of interest The authors declare no competing interests.

References

Amaya JP, Cuello PA, Valentinuzzi VS, Lacey EA (2021) Dynamic
spatial overlap in a solitary subterranean rodent: the Anillaco
tuco-tuco (Ctenomys sp.). ] Mammal 102:826-836. https://doi.
org/10.1093/jmammal/gyab011

Aschoff J (1960) Exogenous and endogenous components in circadian
rhythms. Cold Spr Harb Symp Quant Biol 25:11-28. https://doi.
org/10.1101/sqb.1960.025.01.004

Beale AD, Whitmore D, Moran D (2016) Life in a dark biosphere:
a review of circadian physiology in ‘arrhythmic’ environments.
J Comp Physiol B-Biochem Syst Environ Physiol 186:947-968.
https://doi.org/10.1007/s00360-016-1000-6

Ben-Shlomo R, Ritte U, Nevo E (1995) Activity pattern and rhythm in
the subterranean mole-rat superspecies Spalax ehrenbergi. Behav
Genet 25:239-245. https://doi.org/10.1007/BF02197182

Buijs RM, Escobar C (2007) Corticosterone and activity: the long arms
of the clock talk back. Endocrinology 148(11):5162-5164. https://
doi.org/10.1210/en.2007-0926

Biinning E (1936) Die endonomen Tagesrhythmen als Grundlage der
photoperiodischen Reaktion. Ber Dtsch Bot Ges 54:590-607

Calebe PM, Carreira D, Pedrosa F, Beca G, Lautenschlager L, Akkawia
P, Bercé W, Ferraz KMPMB, Galetti M (2020) Landscape of
human fear in Neotropical rainforest mammals. Biol Cons. https://
doi.org/10.1016/j.biocon.2019.108257

Chmura HE, Duncan C, Burrell G, Barnes BM, Buck CL, Williams CT
(2023) Climate change is altering the physiology and phenology
of an arctic hibernator. Science 380(6647):846. https://doi.org/10.
1126/science.adf5341

Daan S, Aschoff J (1975) Circadian rhythms of locomotor activity in
captive birds and mammals: their variations with season and lati-
tude. Oecologia 18:269-316. https://doi.org/10.1007/BF00345851

Daan S, Pittendrigh CS (1976a) A functional analysis of circadian
pacemakers in nocturnal rodents: II. The variability of phase
response curves. ] Comp Physiol A 106:253-266. https://doi.org/
10.1007/BF01417857

Daan S, Pittendrigh CS (1976b) A functional analysis of circadian
pacemakers in nocturnal rodents: III Heavy water and constant
light: homeostasis of frequency? J Comp Physiol A 106:267-290.
https://doi.org/10.1007/BF01417858

Dardente H, Wood S, Ebling F, Saenz de Miera C (2019) An integrative
view of mammalian seasonal neuroendocrinology. J Neuroendo-
crinol 31(5):e12729. https://doi.org/10.1111/jne.12729

Dark J, Pickard GE, Zucker I (1985) Persistence of circannual rhythms
in ground squirrels with lesions of the suprachiasmatic nuclei.
Brain Res 322:201-207. https://doi.org/10.1016/0006-8993(85)
90589-x

DeCoursey P (1986) Light sampling behaviour in photoentrainment
of a rodent circadian system. J Comp Physiol A 159:161-169.
https://doi.org/10.1007/BF00612299

Dominoni DM, Akesson S, Klaassen R, Spoelstra K, Bulla M (2017)
Methods in field chronobiology. Philos Trans R Soc B Biol Sci
372(1734):20160247. https://doi.org/10.1098/rstb.2016.0247

@ Springer



Journal of Comparative Physiology A

Flores DEFL, Oda GA (2018) Novel light/dark regimens with mini-
mum light promote circadian disruption: simulations with a model
oscillator. J Biol Rhythms 34(1):105-110. https://doi.org/10.1177/
0748730418820727

Flores DEFL, Oda GA (2020) Quantitative study of dual-oscillator
models under different skeleton photoperiods. J Biol Rhythms
35(3):302-316. https://doi.org/10.1177/0748730420901939

Flores DEFL, Tomotani BM, Tachinardi P, Oda GA, Valentinuzzi
VS (2013) Modeling natural photic entrainment in a subterra-
nean rodent (Ctenomys aff. knighti), the tuco-tuco. PLoS ONE
8(7):e68243. https://doi.org/10.1371/journal.pone.0068243

Flores DEFL, Jannetti M, Valentinuzzi VS, Oda GA (2016) Entrain-
ment of circadian rhythms to irregular light/dark cycles: a sub-
terranean perspective. Sci Rep 6:34264. https://doi.org/10.1038/
srep34264

Flores DEFL, Jannetti MG, Improta GC, Tachinardi P, Valentinuzzi
VS, Oda GA (2021) Telling the seasons underground: the cir-
cadian clock and ambient temperature shape light exposure
and photoperiodism in a subterranean rodent. Front Physiol
12:738471. https://doi.org/10.3389/fphys.2021.738471

Gaynor KM, Hojnowski CE, Carter NH, Brashares JS (2018) The
influence of human disturbance on wildlife nocturnality. Science
360(6394):1232-1235. https://doi.org/10.1126/science.aar7121

Goldman BD, Goldman SL, Riccio AP, Terkel J (1997) Circadian
patterns of locomotor activity and body temperature in blind
mole-rats Spalax ehrenbergi. J Biol Rhythms 12(4):348-361.
https://doi.org/10.1177/074873049701200407

Halle S, Stenseth NC (2000) Activity patterns in small mammals—an
ecological approach. Springer, Berlin

Houben T, Deboer T, van Oosterhout F, Meijer JH (2009) Correlation
with behavioral activity implies circadian regulation by SCN
neuronal activity levels. J Biol Rhythms 24(6):477-487. https://
doi.org/10.1177/0748730409349895

Hut RA, van Oort BEH, Daan S (1999) Natural entrainment without
dawn and dusk: the case of the European ground squirrel (Sper-
mophilus citellus). J Biol Rhythms 14:290-299. https://doi.org/
10.1177/074873099129000704

Hut RA, Kronfeld-Schor N, van der Vinne V, De la Iglesia H (2012)
In search of a temporal niche. Prog Brain Res 199:281-304.
https://doi.org/10.1016/b978-0-444-59427-3.00017-4

Ikegami K, Yoshimura T (2012) Circadian clocks and the measure-
ment of daylength in seasonal reproduction. Mol Cell Endo-
crinol 349:76-81. https://doi.org/10.1016/j.mce.2011.06.040

Improta GC, Flores DEFL, Oda GA, Valentinuzzi VS (2022) Day-
length shapes entrainment patterns to artificial photoperiods in
a subterranean rodent. J Biol Rhythms. https://doi.org/10.1177/
07487304221085105

Jannetti MG (2018) Sazonalidade dos padroes diarios de atividade
de superficie em um roedor subterrdneo, o tuco-tuco. Disser-
tacdo de Mestrado, Instituto de Biociéncias, Universidade de
Sao Paulo, Sdo Paulo

Jannetti MG, Buck CL, Valentinuzzi VS, Oda GA (2019) Day and
night in the subterranean: measuring daily activity patterns of
subterranean rodents (Ctenomys aff. knighti) using bio-logging.
Cons Physiol 7:c0z044. https://doi.org/10.1093/conphys/coz044

Jannetti MG, Tachinardi P, Oda GA, Valentinuzzi VS (2023) Tempo-
ral dissociation between activity and body temperature rhythms
of a subterranean rodent (Ctenomys famosus) in field enclo-
sures. J Biol Rhythms 38:074873042311547. https://doi.org/10.
1177/07487304231154715

Kaczmarek JL, Thompson SV, Holscher HD (2017) Complex inter-
actions of circadian rhythms, eating behaviors, and the gastro-
intestinal microbiota and their potential impact on health. Nutr
Rev 75(9):673-682. https://doi.org/10.1093/nutrit/nux036

@ Springer

Kenagy GJ (1976) The periodicity of daily activity and its seasonal
changes in free-ranging and captive kangaroo rats. Oecologia
24:105-140. https://doi.org/10.1007/BF00572754

Kenagy GJ, Nespolo RF, Vasquez RA, Bozinovic F (2002) Daily
and seasonal limits of time and temperature on the activity of
degus. Rev Chil Hist Nat 75:567-581. https://doi.org/10.4067/
S0716-078X2002000300008

Kronfeld-Schor N, Bloch G, Schwartz WJ (2013) Animal clocks: when
science meets nature. Proc R Soc B 280:20131354. https://doi.org/
10.1098/rspb.2013.1354

Leise TL, Harrington ME, Molyneux PC, Song I, Queenan H, Zim-
merman E, Lall GS, Biello SM (2013) Voluntary exercise can
strengthen the circadian system in aged mice. Age 35:2137-2152.
https://doi.org/10.1007/s11357-012-9502-y

Levy O, Dayan T, Kronfeld-Schor N (2007) The relationship between
the golden spiny mouse circadian system and its diurnal activity:
an experimental field enclosures and laboratory study. Chron Int
24:599-613. https://doi.org/10.1080/07420520701534640

Long RA, Martin TJ, Barnes BM (2005) Body temperature and activity
patterns in free-living arctic ground squirrels. ] Mammal 86:314—
322. https://doi.org/10.1644/BRG-224.1

Nakane Y, Yoshimura T (2019) Photoperiodic regulation of reproduc-
tion in vertebrates. Annu Rev Anim Biosci 7:173-194. https://doi.
org/10.1146/annurev-animal-020518-115216

Oda GA, Friesen WO (2011) Modeling two-oscillator circadian
systems entrained by two environmental cycles. PLoS ONE
6(8):623895. https://doi.org/10.1371/journal.pone.0023895

Oda GA, Menaker M, Friesen WO (2000) Modeling the dual pace-
maker system of the tau mutant hamster. J] Biol Rhythms
15(3):246-264. https://doi.org/10.1177/074873040001500306

Olde Engberink AH, Huisman J, Michel S, Meijer JH (2020) Brief
light exposure at dawn and dusk can encode day-length in the
neuronal network of the mammalian circadian pacemaker. FASEB
J34:13685-13695. https://doi.org/10.1096/1j.202001133RR

Oosthuizen MK, Bennett NC (2022) Clocks ticking in the dark: a
review of biological rhythms in subterranean mole rats. Front
Ecol Evol 10:878533. https://doi.org/10.3389/fevo.2022.878533

Pittendrigh CS, Daan S (1976a) A functional analysis of circadian
pacemakers in nocturnal rodents. I. The stability and lability of
spontaneous frequency. J Comp Physiol A 106:223-252. https://
doi.org/10.1007/BF01417856

Pittendrigh CS, Daan S (1976b) A functional analysis of circadian
pacemakers in nocturnal rodents: IV. Entrainment: pacemaker as
clock. J Comp Physiol A 106:291-331. https://doi.org/10.1007/
BF01417857

Pittendrigh CS, Daan S (1976c) A functional analysis of circadian
pacemakers in nocturnal rodents: V. Pacemaker structure: a clock
for all seasons. J] Comp Physiol A 106:333-335. https://doi.org/
10.1007/BF01417857

Pittendrigh CD, Minis DH (1964) The entrainment of circadian oscil-
lations by light and their role as photoperiodic clocks. The Am
Nat 98:261-294. https://doi.org/10.1086/282327

Reebs SG, Mrosovsky N (1989) Effects of induced wheel running on
the circadian activity rhythms of Syrian hamsters: entrainment and
phase response curve. J Biol Rhythms 4(1):39-48. https://doi.org/
10.1177/074873048900400103

Rezende EL, Cortés A, Bacigalupe LD, Nespolo RF, Bozinovic F
(2003) Ambient temperature limits above-ground activity of the
subterranean rodent Spalacopus cyanus. J Arid Environ 55:63-74.
https://doi.org/10.1016/S0140-1963(02)00259-8

Roenneberg T, Merrow M (2005) Circadian clocks—the fall and rise
of physiology. Nat Rev Mol Cell Biol 6(12):965-971. https://doi.
org/10.1038/nrm1766

Roenneberg T, Daan S, Merrow M (2003) The art of entrainment.
J Biol Rhythms 18(3):183-194. https://doi.org/10.1177/07487
30403018003001



Journal of Comparative Physiology A

Sanchez RT, Tomasco IH, Diaz MM, Barquez RM (2023) Review of
three neglected species of Ctenomys (Rodentia: Ctenomyidae)
from Argentina. ] Mammal. https://doi.org/10.1093/jmammal/
gyad001

Schmal C, Herzel H, Myung J (2020) Clocks in the wild: entrainment
to natural light. Front Physiol 11:272. https://doi.org/10.3389/
fphys.2020.00272

Schwartz WJ, Helm B, Gerkema MP (2017) Wild clocks: preface and
glossary. Phil Trans R Soc Lond B Biol Sci 372(1734):20170211.
https://doi.org/10.1098/rstb.2017.0211

Silvério JT, Tachinardi P (2020) Chronobiology in the wild: toolkit to
study daily rhythms in free-living animals. Sleep Sci 13:87-91.
https://doi.org/10.5935/1984-0063.20200020

Skliba J, Sumbera R, Chitaukali WN, Burda H (2007) Determinants of
daily activity patterns in a free-living afrotropical solitary subter-
ranean rodent. ] Mammal 88:1009-1016. https://doi.org/10.1644/
06-MAMM-A-235R1.1

Tachinardi P, Bicudo JEW, Oda GA, Valentinuzzi VS (2014) Rhythmic
24 h variation of core body temperature and locomotor activity in
a subterranean rodent (Ctenomys aff. knighti), the tuco-tuco. PLoS
ONE 9:e85674. https://doi.org/10.1371/journal.pone.0085674

Tachinardi P, Tgien @, Valentinuzzi VS, Buck CL, Oda GA (2015)
Nocturnal to diurnal switches with spontaneous suppression of
wheel-running behavior in a subterranean rodent. PLoS ONE
10:e0140500. https://doi.org/10.1371/journal.pone.0140500

Tachinardi P, Valentinuzzi VS, Oda GA, Buck CL (2017) The interplay
of energy balance and daily timing of activity in a subterranean
rodent: a laboratory and field approach. Physiol Biochem Zool
90(5):546-552. https://doi.org/10.1086/693003

Tackenberg MC, Hughey JJ, McMahon DG (2020) Distinct compo-
nents of photoperiodic light are differentially encoded by the
mammalian circadian clock. J Biol Rhythms 35:353-367. https://
doi.org/10.1177/0748730420929217

Tammone MN, Torres TF, Ojeda AA, Chemisquy MA (2022) Dis-
entangling the taxonomic status of Ctenomys (Rodentia: Cteno-
myidae) populations inhabiting northern areas of La Rioja Prov-
ince, Argentina. Mammalia 86:527-538. https://doi.org/10.1515/
mammalia-2021-0169

Tomotani BM, Flores DEFL, Tachinardi P, Paliza JD, Oda GA, Valen-
tinuzzi VS (2012) Field and laboratory studies provide insights
into the meaning of day-time activity in a subterranean rodent
(Ctenomys aff. knighti), the tuco-tuco. PLoS ONE. https://doi.
org/10.1371/journal.pone.0037918

Valentinuzzi VS, Oda GA, Aratjo JF, Ralph RM (2009) Circadian pat-
tern of wheel running activity of a South American subterranean
rodent (Ctenomys knighti). Chron Int 26(1):14-27. https://doi.org/
10.1080/07420520802686331

Van der Vinne V, Gorter JA, Riede SJ, Hut RA (2015) Diurnality as an
energy-saving strategy: energetic consequences of temporal niche
switching in small mammals. J Exp Biol 218:2585-2593. https://
doi.org/10.1242/jeb.119354

Vlasata T, Skliba J, Lovy M, Meheretu Y, Sillero-Zubiri C, Sumbera R
(2017) Daily activity patterns in the giant root rat (Tachyoryctes
macrocephalus), a fossorial rodent from the afro-alpine zone of
the Bale Mountains, Ethiopia. J Zool 302:157-163. https://doi.
org/10.1111/jzo.12441

Williams CT, Wilsterman K, Kelley AD, Breton AR, Stark H, Hum-
phries MM et al (2014) Biologging in small mammals: light log-
gers reveal weather-driven changes in the daily activity patterns
of arboreal and semi-fossorial rodents. ] Mammal 95:1230-1239.
https://doi.org/10.1644/14-MAMM-A-062

Williams CT, Barnes BM, Buck CL (2016) Integrating physiology,
behavior, and energetics: biologging in a free-living arctic hiber-
nator. Comp Biochem Physiol A 202:53-62. https://doi.org/10.
1016/j.cbpa.2016.04.020

Winfree AT (2001) The geometry of biological time, vol 12. Springer,
New York

Wright KP, McHill AW, Birks BR, Griffin BR, Rusterholz T, Chinoy
ED (2013) Entrainment of the human circadian clock to the natu-
ral light-dark cycle. Curr Biol 23:1554-1558. https://doi.org/10.
1016/j.cub.2013.06.039

Yan L, Smale L, Nunez AA (2020) Circadian and photic modulation of
daily rhythms in diurnal mammals. Eur J Neurosci 51(1):551-566.
https://doi.org/10.1111/ejn.14172

Yassumoto TI, Tachinardi P, Oda GA, Valentinuzzi VS (2019) Acute
effects of light and darkness on the activity and temperature
rhythms of a South-American subterranean rodent, the Anillaco
tuco-tuco. Physiol Behav 1:112645. https://doi.org/10.1016/j.
physbeh.2019.112645

Yoshikawa T, Inagaki NF, Takagi S, Kuroda S, Yamazaki M, Wata-
nabe M, Honma S, Honma K (2017) Localization of photo-
period responsive circadian oscillators in the mouse supra-
chiasmatic nucleus. Sci Rep 7:1-13. https://doi.org/10.1038/
s41598-017-08186-5

Zhang Y, Li Y, Sehgal A (2023) The microbiome stabilizes circadian
rhythms in the gut. PNAS 120(5):¢2217532120. https://doi.org/
10.1073/pnas.2217532120

Zucker 1, Boshes M, Dark J (1983) Suprachiasmatic nuclei influence
circannual and circadian rhythms of ground squirrels. Am J
Physiol 244:R472-R480. https://doi.org/10.1152/ajpregu.1983.
244.4.R472

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



