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Abstract 

The celestial mechanics of the Sun, Moon, and Earth dominate the variations in gravitational force that all matter, live 

or inert, experiences on Earth. Expressed as gravimetric tides, these variations are pervasive and have forever been 

part of the physical ecology with which organisms evolved. Here, we first offer a brief review of previously proposed 

explanations that gravimetric tides constitute a tangible and potent force shaping the rhythmic activities of organ-

isms. Through meta-analysis, we then interrogate data from three study cases and show the close association be-

tween the omnipresent gravimetric tides and cyclic activity. As exemplified by free-running cyclic locomotor activity 

in isopods, reproductive effort in coral, and modulation of growth in seedlings, biological rhythms coincide with tem-

poral patterns of the local gravimetric tide. These data reveal that, in the presumed absence of rhythmic cues such 

as light and temperature, local gravimetric tide is sufficient to entrain cyclic behaviour. The present evidence thus 

questions the phenomenological significance of so-called free-run experiments.

Keywords:  Animal activity, biological cycles, circadian biology, gravimetric tide, human activity, plant growth, plant movement.

Introduction

All organisms exhibit cyclical modulations in their levels of 
activity that are deemed to be of adaptive value. Long-term 
and short-term cycles are thus ubiquitous and can be regarded 
as ‘embodied rhythms of life’, a temporally organized homeo-
static activity dictated by or even exploiting the cyclic vari-
ations of environmental variables. Such variations are diverse 
and well known; examples are variations in day and night, 
the passing of the seasons and their associated periods of cold, 
dark, or wet, or any combination thereof, and also the abun-
dance or lack of resources in ecological niches. Such cyclic 
variations are ubiquitously found from microorganisms to 

unicellular and multicellular organisms, including human be-
ings and their socio-economic life, which also crucially de-
pends on natural daily and seasonal rhythms. The 2017 Nobel 
Prize in Physiology or Medicine was awarded to those who 
discovered some of the molecular mechanisms underpinning 
circadian rhythms, providing the first mechanistic insights into 
how organisms physiologically organize their cyclic activities, 
in particular to the ~24 h period of the Earth’s rotation (Nobel 
Assembly, 2017).

Biological cycles have long occupied the minds of the keen 
observers of nature. Early records date back to the early 18th 
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century, with Carl Linnaeus noting that it is possible to predict 
the closing and opening times of petals for different flowers 
(Kuhlman et al., 2007). Further observations by the astron-
omer de Mairan on the persistence of leaf movements even in 
constant or modified conditions of light and darkness led to 
the notion that ‘the sensitive plant thus senses the sun without 
seeing it in any way’ (de Mairan, 1729). Two centuries later, the 
pioneering chronobiologists Erwin Bünning and Kurt Stern 
provided the first evidence that a genetic mechanism influ-
enced circadian rhythms by demonstrating its inheritance in 
bean plants (Bünning and Stern, 1930; Kuhlman et al., 2007). 
This contribution constituted a seminal building block towards 
our understanding of a molecular, genetically based, and cen-
trally controlled ‘clock’ working using the interplay of intricate 
molecular feedback loops, known today as the internal circa-
dian clock (Patke et al. 2020).

Since then, great progress has been made in revealing the bio-
logical internal mechanisms for sensing environmental cycles 
and for producing rhythmic processes, be they physiological or 
behavioural (Kuhlman et al., 2007). Yet, open questions remain, 
such as whether the functional elements or constitutive com-
ponents of the internal clock are centralized or distributed—or 
both—across any given multicellular organism. In other words, 
can local oscillators exist within single cells, or do they obtain 
their functionality from larger multicellular interactions? At a 
larger scale, what is the nature of the interactions between the 
internal clock, or the distributed clocks, and the external en-
vironmental parameters, the so-called Zeitgeber (Lüttge, 2003)? 
What actually constitutes the master oscillator that maintains 
the periodicities observed in so many organisms and cells at 
behavioural, physiological, and molecular levels?

While it is trivial to state that any biological activity is not 
constant with time, the fluctuations observed can vary greatly 
as a function of the time of day or, for that matter, along shorter 
or longer time scales. Measurements made on biological sys-
tems are therefore very likely to be time sensitive, and so 
particular attention must be paid to time series unfolding at 
various scales. The fluctuations that have been long reported 
to dominate are the well-known circadian cyclic patterns that 
vary with the succession of day and night (Sweeney, 1977). 
Hence, natural circadian rhythms have been intimately linked 
to light/dark cycles and their ubiquity on Earth. Yet, other en-
vironmental factors have been proposed and studied in the 
long history of chronobiology (Aschoff, 1981). A rhythmic 
sensitivity of biological systems to other, and sometimes very 
weak, parameters has been studied and demonstrated in many 
cases (Sweeney, 1977; Brown, 1983; Lüttge, 2003). Notably, a 
viable hypothesis was expressed in the late 1950s that an in-
ternal clock could be also driven by external cyclic cues of a 
geophysical nature, rather than light/dark cycles only (Brown, 
1983). In that view, the clocks were considered to be ‘open 
systems depending upon subtle geophysical rhythms’ (Brown, 
1959).

The chronobiologist Frank A. Brown proposed that inter-
actions with atmospheric electromagnetic forces or other 
geophysical cyclic processes could act as external drivers of 
observed biological rhythms, and pointed out that these po-
tential drivers would be ‘always operative and hard to block’. 
In effect, Brown documented variations in the coloration of 
crabs organized in cycles of 24 h (circadian) and 12.4 h and 
24.8  h (circatidal) (Brown, 1976), and persistent tidal cycles 
in the activity of oysters in controlled laboratory conditions 
(Brown, 1954). Notably, these rhythms were observed in ex-
periments run under conditions of constant darkness, for ex-
ample, the so-called free-running conditions. In oysters, the 
remarkable feature was the expression of the tidal cycle far 
away from the seashore, hence remote from actual maritime 
tides. The persistence of such tidal-like cycles has also been 
documented in other seashore organisms, including crust-
acea (Skov et al., 2005; Zhang et al., 2013), annelids, molluscs 
(Tran et al., 2016), fish (Cresci et al., 2019), and even some 
insects (Bruce and Pittendrigh, 1957). It was invariably found 
that these animals modulate their behaviour in tune with the 
~12.4 h ebb and flow of the water tides. Moreover, when they 
were moved to a nearby laboratory providing controlled and 
stable aquatic conditions, this activity cycle was maintained for 
several days, matching the expected lunisolar tidal timing at the 
location from where the organisms had been collected in na-
ture (Palmer, 1973; Wilcockson and Zhang, 2008).

Such circatidal cycles of activity also occur in deep-sea in-
vertebrates (Mercier et al., 2011), animals that are not exposed 
to the actual bulk motion of water tides. Interestingly, for 
terrestrial mangrove crickets, cyclic circadian locomotor ac-
tivity appears to depend on the expression of the circadian 
Clock (Clk) gene when measured in constant-light condi-
tions, whereas the slightly longer 24.8 h circatidal cycle is not 
affected by interfering with Clk expression (Takekata et al., 
2014). Persistent circatidal cycles in free-running conditions 
were found for the stickiness (Straley and Bruce, 1979), the 
melatonin level (Tal et al. 2011), and the gravitactic locomo-
tory behaviour of Euglena algae (Lebert, 1999). Rhythmic ac-
tivity in the breeding of insects was also reported (Bruce and 
Pittendrigh, 1957), presenting a period of ~24.5  h, close to 
the length of the circatidal day. Similar tide-like cycles are evi-
dent in the water distribution inside roots (Takase, 2011), in 
the respiration of shrimps (Leiva, 2016), in the metabolism of 
seedlings (Ievinsh and Kreicbergs, 1992), in the growth of moss 
(Mironov et al., 2020), in bipolar mood cycles and sleep in hu-
mans (Cajochen et al., 2013; Wehr, 2018), and in the activity 
of luminescent fungi (Oliveira et al., 2015), to cite some of the 
numerous well-documented cases (Lüttge, 2003; Kuhlman et 
al., 2007).

As circatidal timings emerge as ubiquitous from the lit-
erature on biological rhythms (Lüttge, 2003; Kuhlman et al., 
2007), a few words seem adequate to introduce the phenom-
enology of the lunisolar tides. In a first and probably sufficient 
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approximation, the system to consider is that of the Earth, 
the Moon, and the Sun. From the perspective of any piece of 
matter on Earth, living or non-living alike, the relative instant-
aneous positions of Moon and Sun in the sky will determine 
the magnitude, phase, and direction of the total force of gravity, 
the lunisolar gravimetric tide and its variations, exerted on that 
piece of matter. This gravitational force is not only responsible 
for the tides of oceans, rivers, and wells, but also has substantial 
effects on the cyclical mechanical oscillations of the Earth’s 
crust (Arnaudon et al., 1993; Takao and Shimada, 2000; Boerez 
et al., 2012). As well as impacting man-made structures, the 
lunisolar tide also affects in a lesser known but no less potent 
way the cyclic modulations of the Earth’s geomagnetic shield 
and other geo-electromagnetic phenomena around the world 
(Akasofu, 1982; Adushkin et al., 2017). Interestingly, the influ-
ence of such tidal cycles on organisms has been used to infer 
the changes in the Earth–Moon system through the ages by 
quantifying the daily and monthly growth of the Nautilus shell 
(Kahn and Pompea, 1978).

The gravimetric tide, about a millionth of g, is a force of 
nature that has been pervasive on Earth for as long as days 
and nights have existed. The question has arisen as to whether 
local gravimetric tides play any role in biological systems. In 
effect, the daily, monthly, and annual cycles of the Earth–Sun–
Moon orbital system impose a variation of the net gravita-
tional force, called ‘δg’ here, on every object with mass. Here, 
our question pertains to the possible influence of patterns in 
δg on isopods, coral, or a developing plant, and whether δg 
can indeed be regarded as a pervasive and bona fide rhythm 
generator, or Zeitgeber. Could gravity cycles act as an external 
trigger, an ever-present and very predictably rhythmic envir-
onmental parameter that could influence the development and 
rhythmicity of so-called internal clocks (du Pré et al., 2014)? 
This question is not new and has been debated for decades, 
yet with only limited success in resolution (Lüttge, 2003). In 
addition, would such tidal triggering help us in understanding 
the Moon-related traditional practices in forestry and agri-
culture that have been reported and used for so long across 
the continents (Zürcher, 2001)? Could such a gravitational 
Zeitgeber help our understanding of human physiological and 
behavioural rhythmicity (Erren et al., 2020)? Here, we propose 
that, while so-called clock genes play a clear and firm role in 
keeping and regulating an organism’s rhythms, a persistent and 
pervasive oscillatory force such as gravity tide may act as an 
exogenous driver to many—if not all—internal oscillators of 
living organisms.

Evidence exists that such a tidal-like synchronism does 
occur for different cyclic patterns, for example, for wood 
quality (Zürcher, 2001; Vogt et al., 2002), for the daily vari-
ation of tree trunk size (Zürcher et al., 1998; Barlow et al., 
2010) and tree stem electrical potential (Barlow, 2012), for root 
growth (Barlow and Fisahn, 2012; Fisahn et al., 2012; Barlow 
et al., 2013), for chlorophyll fluorescence (Fisahn et al., 2015), 
and for the ultra-weak photon emission (UPE) from seedlings 

(Moraes et al., 2012; Gallep et al., 2017). Here, revisiting ex-
isting data from well-documented studies, we also find a tidal 
synchronism for the swimming activity of isopods kept in free-
running conditions (Enright, 1965), and for larvae release in 
a coral reef, recorded for 6 months after being in controlled, 
water-tide-free conditions for 16 months (Jokiel et al., 1985). 
This effect is examined in further detail later on in this review.

A well-known case is that of leaf movements, the rhythmic 
motion that occurs due to changes in turgor of the pulvini 
and petioles extensor cells. This kinetic process is regulated 
by the influx and efflux of water and potassium ions that 
serve to change cellular volume over time (Sweeney, 1987). 
Calcium ion content was also recently found to be involved 
in generating rhythmic leaf motions (Moysset et al., 2019). 
Such movements, first studied in detail by Darwin (1897), 
are notably persistent in continuous light (Hoshizaki and 
Hamner, 1964) and were once considered the ‘Rosetta Stone’ 
of plant cyclic behaviour (Satter and Galston, 1973), with the 
related circadian nature of the motion still lacking full under-
standing (Ueda et al., 2019). Similar results by Brouwer (1926), 
Kleinhoonte (1929, 1932), Bünning and Stern (1930), and 
Stoppel (1912, 1916, 1926) on the cyclic motion of either ar-
ticulated or non-articulated leaves (Schmitz, 1934) promoted 
the idea of an internal autonomous clock. Most notably, the 
close inspection and analysis conducted by Barlow (2015) of 
results available in the literature revealed ubiquitous tidal pat-
terns and synchronism. The first data review of this type con-
tributed by Barlow appeared in 2008, using data from Klein 
(2007). This meticulous meta-analysis revealed nastic move-
ments of leaf blades that were synchronous with the local 
gravimetric pattern. Time-resolved analyses of numerous ex-
amples indicate that an increasing tidal force usually depresses 
the leaf downwards, and that rapid leaf bending movements 
occur when the local δg changes its variation, that is, when 
the gravimetric ‘force changed from either a minimum (“low 
tide”) or a maximum (“high tide”)’ (Barlow et al., 2008). The 
extensive data review of Barlow (2015) shows that the oscilla-
tory patterns found in the leaf movements for different species 
and cultivars are coincident with the patterns of the calculated 
local gravimetric tide. Barlow (2015) proposes the following 
important statement:

‘a lunisolar clock, in which the zeitgeber is exogenous 
and independent of metabolism, has been suggested as 
lying within a category of “primal” phenomena … [that 
could allow] both animal and plant organisms to con-
tinue to express rhythmic patterns of behavior under 
conditions where light is absent’.

The subsequent independent analysis of more recent data 
also showed that stem growth, nutation, and leaf movement 
in young peppermint plants follow the pattern of variation of 
the local δg (Zajączkowska and Barlow, 2017; Zajączkowska et 
al., 2019), corroborating Barlow’s idea of a tide-related drive 
for leaf movements. Interestingly, Barlow presents a similar 
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phenomenology from data obtained in the unique conditions 
of the International Space Station, where a tidal cycle takes 
just 90 min to complete and where leaf movements undergo 
90 min cycles, coinciding with the local gravimetric patterns 
of the orbiting space station (Johnsson et al., 2009; Fisahn et 
al., 2015).

Another example of such cyclic patterns stems from the 
group of Gallep, who uncovered strong and novel evidence 
during germination tests, that is, the daily and monthly pat-
terns occurring in the UPE from seedlings exhibiting co-
variation with lunisolar gravimetric patterns (Gallep et al., 
2007). UPE, also known as biological autoluminescence or 
chemiluminescence, has been reported to occur across many 
taxa, and is proposed to happen in all living organisms, in a 
spectrum spanning from near UVA to visible light and near 
IR (Devaraj et al., 1997). Related to by-products of the meta-
bolic activity, reactive oxygen species and other electronically 
excited chemical species that occur inside living cells (Cifra 
and Pospíšil, 2014), UPE can be detected during normal de-
velopment (Ichimura et al., 1989) or in response to alterations 
of the organism’s normal physiological state (Makino et al., 
1996). Gallep’s group, using UPE data recorded during series 
of germination tests with different toxic compounds, found 
that the control groups present UPE patterns that vary from 
day to day, and also during the course of the month (Gallep 
et al., 2007; Gallep, 2014). Further series of germination tests 
were performed, in Gallep’s laboratory and in those of re-
search partners in other countries, working with the con-
tributions of Barlow and colleagues, with the objective of 
comparing UPE time series with the local δg cycles (Moraes 
et al., 2012; Gallep et al., 2013, 2014, 2017). The collected 
data—several series of consecutive germination tests from 
different species—show that seedlings present variations in 
UPE intensity directly related to sprout growth, and that 
the UPE time patterns are similar to those of the local δg. 
Further, the UPE for a single sunflower seedling, as one ex-
ample, also turned out to co-vary with the local δg (Gallep 
2014), as detailed in the next section.

Data meta-analysis: interrogation of 

previous data

In this section, we offer a renewed presentation and interroga-
tion of published data, stemming from studies with temporally 
and geographically well-documented data and enabling the 
proper determination of the local gravimetric tide, performed 
here using the software D-Tide, based on the numerical 
model of Longmann (1959) [see Appendix at the Repositório 
de Dados de Pesquisa da Unicamp (REDU), https://doi.
org/10.25824/redu/UGMCJV; Gallep and Robert (2021)]. 
Whenever possible, the intention is to position the data in the 
time frame of the local gravimetric tide, and to explore tem-
poral relations with it. Hence, we recall here three case studies: 
the swimming activity of isopods, the release of larvae in a 
coral reef, and the UPE of single sunflower seedlings.

The swimming activity of cirolanid isopods, studied by J.T. 
Enright, constitutes an interesting case. The test animals were 
collected on 5 October 1964 from the sandy beach in front 
of the Scripps Institute of Oceanography, La Jolla, CA, USA 
(32°52ʹ05.3″N 117°15ʹ13.0″W), and then kept in a controlled 
laboratory (environmental conditions in Enright, 1965). Two 
groups were entrained by an artificial wave action, and a third 
group was kept as a control and not swirled about, in a free-
running light regime of continuous illumination. The swim-
ming activity of this control group, after having been taken 
out of the natural environment and kept in ‘free-running’ con-
ditions for 13 d, is reproduced in Fig. 1. To these activity data 
we have superposed the calculated local gravimetric tide pro-
files, showing both vertical and horizontal components (see 
Appendix at https://doi.org/10.25824/redu/UGMCJV). It 
is noteworthy that the animals were active just after negative 
peaks of the gravimetric tide, which occur twice a day, in this 
case at around 06.00 h and 18.00 h—a timing that locally re-
lated to maxima in the water levels in the natural environment.

Enright’s data on Excirolana chiltoni clearly show that rhythmic 
activity persists in free-running conditions (Fig. 1). An internal 
circadian clock with ~24 h cycles would not coincide with, 

Fig. 1. Number of swimming isopods (Excirolana chiltoni) in controlled free-running conditions, superposed to the local gravimetric tide (δg, μGal): 
vertical (Total_V, solid blue line) and horizontal (Total_H, dashed purple line) components. Increased swimming appears in conjunction with local δg peaks, 
which in field conditions are the timing of high water tides. From Enright (1965). Entrainment of a tidal rhythm. Science 147, 864–867. Reprinted with 
permission from AAAS. 
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or track, the onset of swimming activity. After several days in 
free-running conditions, significant delays would have arisen, 
and the timing for onset of swimming (the actual best time 
for swimming activity) would be delayed by about 1 h every 
day. From these data, it becomes apparent that the most robust 
predictor for the timing of swimming activity is the lunisolar 
gravimetric tide that dictates the time of arrival of high tide, 
rather than the light:dark regime dictated by the solar circadian 
rhythm.

The release of planula larvae by coral (Pocillopora damicornis) 
in the reef constitutes another well-documented example. 
Jokiel et al. (1985) collected planula larvae at Kaneohe Bay, 
Hawaii (21°25ʹ59.1″N 157°47ʹ18.7″W) and moved them to 
laboratories of the nearby Hawaii Institute of Marine Biology, 
where the organisms were cultivated for 16 months in con-
trolled conditions, with constant water flow, temperature, and 
salinity. The production of larvae was accurately recorded from 
September 1980 to February 1981 for field coral and for the 
population cultivated in the laboratory. The time series of 
the laboratory planula emergence is reproduced here in Fig. 
2, and superposed to the monthly variation in amplitude of 
the local gravimetric tide, obtained by a low-pass frequency 
filtering (f <5.10–4 min–1; see details in Appendix at https://
doi.org/10.25824/redu/UGMCJV), showing the long-term 
changes in the tide excursion occurring due to the lunar cycle 

of ~28 d. Interestingly, planula emergence in the free-running 
laboratory situation showed the same periodicity as that of the 
freshly collected samples from the field. The magnitude of pla-
nula emergence peaked at the first quarter and the full moon, 
that is, at the times of the highest water tides. It is noteworthy 
that the reproduction cycles of the free-running samples 
mostly fit the amplitude of the horizontal gravimetric com-
ponent, which at that time and location is much bigger than 
the vertical component. In addition, although the Moon phase 
advances a few days every month and planula release increases 
a few days later, as seen in data from November onwards, the 
cessation of planula release is delimited by the tidal cycle, in ef-
fect when the tide amplitude decreases towards the end of each 
month. In Jokiel and colleagues’ study, the authors used artifi-
cial Moon irradiance to induce change in rhythmicity in the 
treated groups. This served to draw the conclusion that Moon 
light is the cue that maintains the tide-tracking, even for ‘such 
simple animals lacking complex sensory organs, endocrine sys-
tems and neurological systems’ (Jokiel et al., 1985).

The third revisited case is that of spontaneous UPE meas-
ured during the germination of single sunflower seedlings, 
as reported by Gallep (2014) (Fig. 3). Time-resolved data are 
displayed as the superposition of the consecutive cycles (see 
Appendix at https://doi.org/10.25824/redu/UGMCJV) and 
provide evidence of cycles with oscillation periods around but 

Fig. 2. Coral larvae release rate [log(P+1), where P is the number of larvae) (Pocillopora damicornis). The jagged curve depicts daily values; the solid 
smooth line depicts a 5-day average. The amplitude modulation of the local gravimetric tide was calculated, and superposed to the original data by Jokiel 
et al. (1985). Total vertical (T_V, dashed blue line) and total horizontal (T_H, solid purple line) components (low pass-filter for f <5.10–4 min–1, A_δg, μGal). 
Time scale is in d, starting on 1 September 1980. From Jokiel et al., 1985. Night irradiance and synchronization of lunar release of planula larvae in the 
reef coral Pocillopora damicornis. Marine Biology 88, 167–174. Reprinted by permission from Springer Nature, © 1985.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/7
3
/4

/1
0
9
3
/6

4
1
7
2
5
0
 b

y
 U

N
IC

A
M

P
 u

s
e
r o

n
 1

0
 M

a
y
 2

0
2
3



1098 | Gallep and Robert

not exactly on a 12  h and 24  h basis for both the UPE of 
seedlings and local gravimetric force. Average data in UPE and 
gravimetric tide profiles highlight the covariance and delay be-
tween tidal force and photon emissions (Fig. 3). Oscillations 
(Fig. 3A) present evidence for bi-circadian cyclic UPE pat-
terns that sequentially repeat in keeping with the gravimetry 
tidal curves. The graphs are arranged such that successive gravi-
metric tides are plotted over each other, keeping the phase of 
maximal tide coincidental with others. Here, the periods of 
five cycles show 13 h patterns. On a longer time scale spanning 
a quarter moon cycle of 5 d (Fig. 3B), oscillations of gravi-
metric tide and UPE follow similar patterns of about but not 
exactly 12 h and 24 h that reflect the main components present 
in the tide patterns. This example highlights the presence of 
rhythmicity that looks very much like that of a circadian os-
cillator, yet in the detail of its time course can be linked to the 
effect of the gravimetric tide.

Discussion 

The proposal that the organization of cyclic patterns in the 
activity of organisms involves ions and ion-transport channels 
is nearly 50 years old (Njus et al., 1974). Transmembrane ion 
transport, foundational to explaining the mechanisms at work 
in neuronal systems and their signalling, has also been invoked 
in regulating more general rhythmic activities (Njus et al., 1974; 
Kohn et al., 2017; Miley et al., 2018). It is, however, notable that 
research on non-transcriptional oscillators lost momentum and 
slowed down its accumulation of evidence with the discovery 
in the 1990s of the so-called clock genes, which were iden-
tified to orchestrate many rhythmic activities across diverse 
plant and animal taxa (Takahashi, 1993). Consequentially, al-
ternative models, such as redox cycles working autonomously, 
were put forth only recently (Milev et al., 2018). Some authors 

clearly point out recently that, even with ‘clock genes’ being 
active in the cyclic process, the presence of some external 
cue—a Zeitgeber—such as light, exercise, or food is needed for 
developing and maintaining the periodic rhythmic regulation 
of mature cells (du Pré et al., 2014). It is important to express 
the view here that the timing of information issued by en-
vironmental cues has often been shown to be critical for the 
temporal organization of biological systems, widely expressed 
as, among many others, patterns of behavioural activity, sleep 
schedules, variation in body temperature, blood pressure, endo-
crine cycles, or gene expression (Takahashi, 1993). In effect, the 
dependence and influence of possible different natural Zeitgebers 
on each other are complex and still poorly understood, while 
being barely taken into account in laboratory experiments (van 
der Veen et al., 2017). In view of this, the question of the pres-
ence and nature of internal, external, or hybrid clocks, and 
functional models for them, is far from settled. The simple ob-
servation that organisms living at different latitudes are very 
flexible with their temporal organization, as they track local 
cycles of light and temperature during the passing seasons of 
a year, still awaits a proper empirical explanation based on the 
operation of an internal clock (Hut et al., 2013). The possibility 
that more than one rhythm, if not many, could run independ-
ently in a single cell prompts the notion that a multitude of 
oscillators, for instance, one for each rhythm, is at work. Albeit 
not parsimonious, such oscillators are often deemed to connect 
to each other in a non-linear manner (Roenneberg and Morse, 
1993; Lillo et al., 2001). This latter view is remarkably daunting, 
considering the complexity of coupling non-linear oscillators 
to the inherently unstable (and potentially genuinely chaotic) 
nature of outputs, in contrast to the invariably smooth and ra-
ther harmonic nature of the observed collective oscillations.

Remarkably, circadian oscillators exist without the in-
volvement of gene transcription, as exemplified by the in vitro 

Fig. 3. Time patterns of the spontaneous photon emission (UPE, cnt/10s) of sunflower seedlings measured individually (dashed grey lines) and average 
values (solid black line), and of the local gravimetric tide (δg, μGal) at the time and location of the experiments (dashed cyan lines, individual tides; 
solid blue line, average time course of tide). (A) and (B) show two germination tests conducted in controlled conditions, for 13 h and 25 h time scales 
respectively, using UPE data (d-UPE; de-trended from linear growth, for B), as detailed in Gallep (2014). a.u., arbitrary units. See Appendix at https://doi.
org/10.25824/redu/UGMCJV for information.
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self-sustainable and cyclic phosphorylation of KaiC cyano-
bacterial proteins (Nakajima et al., 2005). Endowed with a 
circadian-like rhythm, phosphorylation was shown to persist 
even without transcription or translation, and was temperature 
independent. Quite similarly, heterogeneous reaction networks 
can generate robust oscillations within complex mixtures com-
prising precursors that do not oscillate on their own (Wagner 
and Ashkenasy, 2019). Corroborating the non-necessity of gene 
transcription for circadian rhythmicity, two studies document, 
using red blood cells lacking a nucleus, the circadian regulation of 
glucose metabolism (O’Neill and Reddy, 2011; Ch et al., 2021). 
In effect, a number of well-documented studies strongly suggest 
that canonical circadian clock genes (i.e. the homologous clock 
genes identified in many higher organisms) are not necessary or 
even may not be involved in the generation of circadian or tidal 
rhythms and the resulting phenotypes (Bulla et al., 2017).

Current understanding of the mechanisms of gravity sensing 
in plants rests on a widespread model and rich evidence 
from numerous studies from the past 100 years (Moulia and 
Fournier, 2009) based on the sedimentation of dense starch 
granules inside specialized cells. While evidence for the in-
volvement of starch granules or amyloplasts in the sensing of 
gravity is overwhelming, sensitivity to gravity may also rely 
on additional mechanisms and therefore may be more com-
plicated than previously surmised. In effect, plants deprived of 
such sensing cells can still display gravitropism (Mancuso et 
al., 2006; Edelmann, 2018). Notably, recent work has shown 
that amyloplasts are more than passive starch granules, as they 
undergo constant active mobility, in fact always interacting 
dynamically with the cytoskeleton (Volkmann et al.,1999; 
Forterre and Pouliquen, 2018). The motion of amyloplasts 
persists even when they are not exposed to the gravity force 
(Saito et al., 2005). Remarkably, it was demonstrated recently 
that plant gravitropism is independent of the magnitude of 
gravity, with the position of amyloplasts being more important 
than the force they exert upon the cell wall in determining 
gravitropic reactions (Chauvet et al., 2016).

While the identity of the actual ‘gravity transducer’ re-
mains unknown, the role of changes in cell membrane flu-
idity with variations in gravity has been considered (Kohn 
et al., 2017). Plasma-membrane-based mechanisms, such 
as mechanosensitive ion channels, have been proposed as a 
common principle for force sensation (Kung, 2005), because 
of their exquisite sensitivity to small fluctuations in force, and 
they are ubiquitous across phyla, from bacteria to mammals 
(Peyronnet et al., 2014). Such mechanosensitive channels are 
demonstrably involved with calcium ions in the response of 
organisms to the variation in micro-gravity (Nazir et al., 2014; 
Bizet et al., 2018). These cell-level mechanisms could also help 
explain the presence of phonotropism in plants (Rodrigo-
Moreno et al., 2017), that is, their reaction to imposed sounds 
and vibrations (Gagliano et al., 2012).

It has been proposed that the mechanical sensing of small 
changes in gravity occurs across a large number of cells, 

beyond the realm of root apical cells containing starch gran-
ules. This proposition pertains to the function of large webs 
of extracellular interlinked microtubules that connect tissue 
(Nick, 2013). Such an extracellular matrix is thought to me-
diate long-range mechanical interactions between cells in a 
tissue (Baluška et al., 2004). In this model, individual cells 
would be disturbed by very weak forces, whereby the gravita-
tional force upon a cell of ~10–12 N applied to the cell mem-
brane (10–8 m length scale) would lead to an imparted energy 
of ~10–20 J. This quantity of energy is commensurate to that 
of an action potential relative to the resting membrane po-
tential. The direct effect on the cell might be large enough to 
elicit variations in membrane potential, alter the probability 
of channel opening, and/or activate sensitive secondary 
messaging processes (Persinger, 2014). This proposition is 
worth considering and testing empirically with modern ana-
lytical methods in mechanical biophysics.

It has been pointed out that cellular-level interfaces have 
complex glass-like interactions with structured aqueous do-
mains, with biophysical properties that are deemed to play 
a role in the flow of mechanical energy into protein-based 
mechano-transduction and signalling (Pagnotta, 2005; Hwang, 
2018). A better understanding of water clusters inside the cell, 
and their unusual material properties, would also be necessary 
to elucidate the proposed roles of water during cyclic forced 
interactions with a gravimetric tide Zeitgeber (Chaplin, 2000; 
Gadre et al.,2014). The role of interfacial and ‘bound’ water in 
the interactions of biological and mineral material is beginning 
to be studied and modelled (Tuladhar et al., 2020; Tanaka et al., 
2021), shedding light on the modulation of mechanical forces 
exerted by the gravimetric tide.

In effect, matter does not need to be alive to undergo the 
effects of the gravimetric tide. Basic physical attributes of 
matter exhibit periodic oscillations related to the Sun–Moon–
Earth cycles, such as the conductivity of water (Ageev, 2018) 
and the decay of radioactive isotopes (Fischbach et al., 2009; 
Sturrock et al., 2014). These physical processes are poised 
to impact on biological processes, such as the electrotonic 
potentials that are the force driving ion pumps and trans-
membrane electron and proton transport (de Toledo et al., 
2019). More exotically, the possibility has been considered 
that quantum coherence plays a role in sustaining long-range 
electron transfer in proteins, a very intriguing form of se-
quential interaction and isolation of the organism with its 
environment (Lambert et al., 2013).

Finally, the question arises whether it would be a mere fan-
tasy to propose that the gravimetric tide, an ever-present force 
acting on every living organism across its evolutionary history, 
could be a driving force on the internal oscillators of every or-
ganism. If, as nicely expressed by Szent-Györgyi 50 years ago, 
‘life is water dancing to the tune of the solids’ (Szent-Györgyi, 
1971), why would the daily and monthly gravimetric tides not 
directly act upon organisms, since gravity and its variations act 
upon all matter?
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Conclusions

We would like to propose, emulating many such prior pro-
positions (i.e. Brown, 1983; Zürcher et al., 1998; Klein, 
2007; Persinger, 2014; Barlow, 2015; Zajączkowska et al., 
2019), that the interactions of biological organisms with 
the weak cyclical forces of gravimetric tides constitute a 
key and determining driver of biological oscillators. We also 
propose that such forces are sufficient to entrain biological 
rhythms. Naturally, the enormous role of circadian genes 
is also recognized here, in view of their cyclic expression 
and regulation, as part of a tremendously complex signalling 
network orchestrating physiology and behaviour in a timely 
manner.

The brief analysis presented here highlights a possible 
caveat in the phenomenological significance of so-called 
free-run experiments in the laboratory. Free-running seems 
to assume that constant light, constant darkness, or constant 
humidity or temperature imply overall constant conditions 
and an absence of temporal cues to the organism under test. 
This is evidently not the case, as several other and distinct 
physical quantities can vary, and do so with their own cyclic 
patterns. Such quantities are the gravimetric tide, geomag-
netic field fluctuations, daily variations in the atmospheric 
electric potential gradient, and the flux of cosmic rays. As 
potential cues, such physical quantities are not easily detect-
able and controllable in laboratory conditions. Some of them 
are not even avoidable, such as the tidal variations in gravity 
presented here. These potential cues have, however, some fun-
damental temporal characteristics in common, as their cyclic 
patterns depend on Sun–Moon–Earth orbital dynamics. 
Thus, an organism’s sensory ecological niche may well offer 
richer and more structured information than previously sur-
mised. As to the gravimetric tide, it has been acting on Earth 
for as long as the sun rose and set, and the moon waxed and 
waned, a discrete but pervasive force that has accompanied 
the rhythms of life since their beginnings.
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