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Science & Society

Time me by the moon
The evolution and function of lunar timing systems

Andrés Ritter 1✉ & Kristin Tessmar-Raible 2,3,4✉

Luna alit ostrea et implet echinos
(Lucilius, ca. 150BC)

The moon and mythology

Since the dawn of mankind, the moon and its
nocturnal cycle has held a special place in
human myths and legends, often ascribing the
Earth’s satellite special powers over fertility
and reproduction. The above quote—“The
moon nourishes the mussels and inflates the
urchins”, which reflects a report on the
observations of fishermen in Aristotle’s work
“On the Parts of Animals”—shows that
already more than four millennia ago, people
saw a connection between the phases of the
moon and the physiology of animals. This
view has been generalized and exaggerated
over time. Sixteenth-century philosopher
Francis Bacon cited a contemporary belief
that “the brains of rabbits, woodcocks, and
calves are largest at the full moon” (Sylva
Sylvarum, 1627, cent.IX, sect.892).

While there is no scientific evidence for
such effects on brains, detailed biological
observations starting in the early and mid-
20th century have now clearly established a
connection between the apparent size of
specific marine invertebrates with different
phases of the moon, 2000 years after
Lucilius’ quote. It seems that human myths
and legends initially built on valid observa-
tions, namely that reproductive processes,
including gonad size of certain marine
species depend on the lunar cycle. In
species, where the gonads contribute to a
large proportion of the body mass, such as
some sea urchins and mussels, this effect is
particularly prominent and will reflect itself
in the size and body masses of these
animals, as if the moon inflated them. Like
archeologists, who can take leads from
historical texts and stories to search for

evidence, biologists now disentangle truth
from mythology in order to understand the
extent and the mechanisms of the moon’s
impact on life.

.........................................................
“It seems that human myths and
legends initially built on valid
observations, namely that
reproductive processes […] depend
on the lunar cycle.”
.........................................................

Timing systems

Still, for many scientists, research to understand
lunar effects on biology may appear dubious.
However, it might be helpful to look at the
timing systems used in various cultures to
appreciate the value of celestial clocks. Many
human cultures typically rely on the sun for
setting the time of calendars and watches. Yet,
by sheer numbers, probably most humans use
lunar-based calendars, which are common in
Chinese, Indian, Islamic, Jewish, and several
indigenous native cultures. In terms of human
cultural evolution, lunar-based calendars prob-
ably represent the earliest detectable evidence for
timing systems, dating back to the Stone Age.
Obviously, the moon provides reliable and
trackable time information to organize human
societies (Fig. 1).

.........................................................
“In terms of human cultural
evolution, lunar-based calendars
probably represent the earliest
detectable evidence for timing
systems, dating back to the Stone
Age.”
.........................................................

Likewise, biological systems require temporal
organization across different time periods.
Research during the past 100 years has demon-
strated the ubiquitous existence and importance
of daily rhythms and timing systems, aka
circadian clocks. These biological oscillators
ensure that the organism keeps its time based
on internal periodic processes. Biological oscil-
latory systems phase-synchronize by internal
and/or external cues, but they do not depend on
them. When properly functioning, circadian
oscillators, which run with an intrinsic period
length of about 24 h are—like any well-
functioning biological process—subconscious.
We only become aware of them when their
normal functions get unhinged, such as during
shift work or jet lags.

.........................................................
“The increasing knowledge about
the molecular mechanisms
underneath daily biological clocks
led to an increased recognition of
their widespread and fundamental
importance.”
.........................................................

The increasing knowledge about the molecu-
lar mechanisms underneath daily biological
clocks led to increased recognition of their
widespread and fundamental importance from
actin dynamics in liver cells (Gerber et al, 2013)
and cell division in various tissues and species
(reviewed in Brown, 2014) to complex processes
like cancer (reviewed in Sulli et al, 2019), plant
growth (reviewed in Greenwood and Locke,
2020) or animal behavior and cognition (reviewed
in Häfker and Tessmar-Raible, 2020; Salehinejad
et al, 2021). There is also little doubt that annual/
seasonal timing is critical for many species
(reviewed in Hafker et al, 2022; Häfker and
Tessmar-Raible, 2020; Wirz-Justice, 2018). Both
daily and annual timing is driven by the sun. But
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how about the impact of the lunar cycle on
biological systems?

Timing by the moon is
phylogenetically and
ecologically widespread

When it comes to understanding the
potential effects of the moon on biology, it
is obvious that organisms in tidal regions
should be particularly prone to it since tidal
cycles with a periodicity of about 12.4 h are
caused by the gravitational influence of the
moon (Kwiatkowski et al, 2024; Rock et al,
2022). The tides are obvious on the coast,
but they even extend to the deep sea, where
they cause significant and regular changes
to local current flows (Mat et al, 2020) and
to the land, as so-called solid earth tides
(Lau and Schindelegger, 2023).

The tidal cycles themselves exhibit ampli-
tude oscillations over a period of approximately
14.7 days. This is because superimposed on the
lunar cycle are the 14.75 and 29.5 days
periodicities when the sun and the moon are
in linear relation to each other, thereby
enhancing the gravitational forces.

However, like the sun, the moon also
provides timing information besides gravita-
tional changes—namely light intensity and
spectrum—that can impact organisms. The
most obvious periodicity is that of a full lunar
cycle, which encompasses 29.5 days. For
humans in urban areas, moonlight might
not be such an obvious environmental
stimulus, but those who experience truly dark
nights without artificial light will notice how
much difference the presence of moonlight
can make. This is not just true on land, but
also for the aquatic environment (Fig. 1).

.........................................................
“like the sun, the moon also
provides timing information
besides gravitational changes—
namely light intensity and
spectrum—that can impact on
organisms.”
.........................................................

When considering biological timing by
the moon, it is also important to note that
tidal versus (semi)monthly periods are of
quite different length and likely also have
different underlying molecular mechanisms
(Andreatta and Tessmar-Raible, 2020;
Hafker et al, 2022). In other words, lunar
timing is probably not all the same. To

further complicate matters, accumulating
evidence suggests that the underlying
mechanisms will likely differ even within
the same (semi)monthly period (Kaiser and
Neumann, 2021), although at present, the
data are too scarce on any moon-dependent
timing mechanism to come to a well-
founded conclusion.

The role of the moon for humans and
other animals

Monthly and semimonthly rhythms have
been documented for a wide number of
terrestrial and marine animal species
(Fig. 2). In essence, there are two major
and interlinked processes that are influ-
enced by these rhythms: reproduction and
daily activity/resting behavior. In many
cases, the lunar rhythms are, in addition,
modulated by annual cycles that, for
example, result in monthly spawning events
that only occur during a restricted time
window, which can be as rare as once per
year.

External fertilization is a frequent mode
of reproduction in marine animals, and the
lunar cycle provides a steady rhythm that
can be used to synchronize spawning across
a population and thus optimize reproduc-
tive success. Famous examples of such
reproductive rhythms are the mass spawn-
ings by corals, Samoan palolo worms or the
great migration of the Christmas Island red
crabs from the forests to the ocean to spawn
(reviewed in Andreatta and Tessmar-Raible,
2020; Kaiser and Neumann, 2021). It is not
clear yet whether these rhythms are trig-
gered by the lunar light cycle or by the
organisms’ internal clocks for most of these
examples. Yet, a few marine species, in
particular the midge Clunio and a close
relative of the Samoan palolo, the bristle
worm Platynereis dumerilii, have been
extensively observed under lab conditions,
which showed that they indeed possess
inner oscillators of yet unknown molecu-
lar/cellular mechanisms (reviewed in
Andreatta and Tessmar-Raible, 2020; Kaiser
and Neumann, 2021). It is the phase of
these oscillators that is entrained by full
moonlight. While light is necessary and
sufficient for phase synchronization of the
Platynereis lunar oscillator (Zantke et al,
2013), it is likely that other cues, such as
monthly tidal variations, will also be used
under natural conditions. In fact, specific
strains of Clunio marinus have lost their
lunar light sensitivity and instead use the

mechanical information provided by the
tides (reviewed in Kaiser and Neumann,
2021).

The dependency on moonlight to syn-
chronize reproduction can become a pro-
blem, in particular in the light of human
civilization. Artificial light at night (ALAN)
obviously disrupts light/dark cycles and can
seriously threaten the reproductive rhythms
of many marine organisms that use lunar
light cycle to synchronize their reproduc-
tion or to entrain their inner oscillator
(Jägerbrand and Spoelstra, 2023).

.........................................................
“The dependency on moonlight to
synchronize reproduction can
become a problem, in particular in
the light of human civilization.”
.........................................................

More than 22% of coastal regions are
exposed to anthropogenic light pollution
(Marangoni et al, 2022), which has well-
documented effects on biological rhythms,
especially for corals (Ayalon et al, 2021).
Analyses of long-time spawning records
document a desynchronization for multiple
species. Substantial evidence in Acropora
species shows that ALAN disrupts natural
moonlight cycles, which in turn impacts the
dynamics of reproductive-tissue develop-
ment (Ayalon et al, 2021).

These findings underscore the alarming
implications of ALAN for coral reef ecosys-
tems. Given that a significant proportion of
marine organisms rely on synchronized
spawning for optimizing reproduction, such
disruptions likely compromise their repro-
ductive success, which creates significant
challenges for the resilience and recovery of
already stressed coral reefs and many other
marine ecosystems.

The value of non-human
model systems

It is clear that research into lunar-controlled
biological rhythms and their mechanisms is
not merely fascinating science, but critical
to provide knowledge that will help to
prevent or counteract the destructions
caused by anthropogenic impacts, including
ALAN. Understanding the features of the
oscillatory systems are especially important
given their limits of temperature compensa-
tion and ranges of entrainment (Häfker and
Tessmar-Raible, 2020).
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Moreover, there is increasing evidence that
the menstrual cycle of great apes and humans
is also influenced by the monthly lunar cycle
(Fig. 2) (Graham, 1981; Helfrich-Forster et al,
2021). Menstrual disorders, including irregu-
lar cycles, oligomenorrhea and amenorrhea,
occur in up to 75% of adolescent females,
which makes them a significant public health
concern (Odongo et al, 2023). Thus, a
better understanding of human monthly
oscillators and what could cause their

disruptions can greatly benefit from a mole-
cular mechanistic understanding of such
oscillators in general.

As biological research has proven many
times, model systems that can be functionally
interrogated in the laboratory are critical to
test for causal relationships, which will lead to
molecular models and more generally applic-
able mechanisms. During the past years, four
marine systems have been particularly pro-
mising to lift the fog on (semi)monthly lunar

rhythms and clocks: the brown algae Dictyota
dichotoma (Coelho and Cock, 2020), the
midge Clunio marinus (Kaiser and Neumann,
2021), the annelid Platynereis dumerilii
(Zantke et al, 2013) and the pufferfish
Takifugu alboplumbeus (Chen et al, 2022).
They cover very different phylogenetic posi-
tions, lifestyles, and habitats (Fig. 2), and thus
will provide an overview of conserved and
divergent principles of circalunar oscillators
and their up- and downstream pathways.

Figure 1. Sun and moon provide time information for human cultures and biological systems in their natural environment.

Top: Left versus right represents existing solar (e.g., Gregorian) versus lunar (e.g., Chinese, Jewish, and Islamic) human calendar systems. Middle: Presence of the moon in
the sky across the lunar phases relative to sunrise and sunset. Bottom: Representative solar versus lunar (full moon) illumination at the surface and different water depths.
Spectra based on (Veedin Rajan et al, 2021; Zurl et al, 2022). Created by Claudia Amort under a CC-BY license.
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How do animals sense the
lunar phases?

Like human calendars, the inner calendars
of organisms need to be aligned, that is,
phase-synchronized, to moon phase. Other-
wise, the month would start on a different
day for each individual. Indeed, the full
moon is a necessary and sufficient cue for
phase synchronization of the Platynereis
dumerilii’s inner monthly oscillator. It raises
the question of how these worms are able to
determine the “right”moon phase? After all,
moonlight is reflected sunlight, and what
reaches the photoreceptor proteins are
photons, irrespective of origin. A biological
system that synchronizes to a specific moon
phase thus needs to fulfill at least three
conditions: the involved photoreceptors
need a very high sensitivity and sensitivity
range, given that moonlight is 105–106

orders of magnitude dimmer than sunlight
(Fig. 1); the system needs to give the light a
specific ‘ecological meaning’, that is, to

discriminate if the spectral range and
intensity correspond to moonlight or sun-
light; and the system needs to decode the
duration of moonlight.

Moon phases differ not just by the
intensity of light, but by the duration of
light during the night (Fig. 1). Thus, at a
given geographic location, certain durations
of moonlight will only be reached during
the full moon and the days close to it. The
exact durations of the full moon vary with
the photoperiod, but the general rule that
the full moon rises when the sun sets and
sets when the sun rises is independent
of photoperiod and geographic location
(Hafker et al, 2022).

A possible mechanism how such a
moon-phase detection system can work
has recently been uncovered in Platynereis
dumerilii (Fig. 2), which involves the L-Cry
protein, a type 1 cryptochrome. In its dark
state, it occurs as a dimer bound by
correspondingly two molecules of FAD+

(Poehn et al, 2022). Oligomers might exist

too, but at present, the dimer-state is best
verified.

Biochemical, structural, genetic, and cell
biological data suggest a model, in which
this cryptochrome has different quantum
efficiencies for the photoreduction reactions
of its two FAD+. While the first reaction has
a high efficiency that allows the low-
intensity moonlight to photoreduce the first
FAD+, the second photoreduction requires
an amount of energy that can only be
achieved by sunlight. The hypothesis is that
photoreduction of the first FAD+ changes
the dimer conformation, which reduces the
quantum efficiency for the second reaction
(Poehn et al, 2022). Experimental data also
suggest that L-Cry can photo-accumulate.
This would imply that the amount of L-Cry
dimers with one reduced FAD and one
oxidized FAD+ (“moonlight state”) is
proportional to the duration of moonlight
(Fig. 1).

In the test tube, purified L-Cry takes 6 h
and more to be fully converted to its moon-

Figure 2. Moon-controlled monthly and semimonthly reproductive cycles are widespread across eukaryote phylogeny.

Exemplary selection of species with moon-controlled reproductive cycles documented in the scientific literature. Phylogenetic tree based on (Baldauf, 2003). Created by
Claudia Amort under a CC-BY license.
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light state, a duration that, at the natural
habitat of the worms, is only reliably
reached around the full moon (Hafker
et al, 2022; Poehn et al, 2022), Fig. 1). The
cellular localization of the different L-Cry
dimer states differ correspondingly, suggest-
ing differential signaling pathways (Poehn
et al, 2022; Zurl et al, 2022). Of note, l-cry
mutant worms are still able to sense and
entrain moonlight, but they lose the ability
to discriminate between the light they
should entrain to versus ecologically
“wrong” light. Thus, L-Cry likely functions
as a “light interpreter” (Poehn et al, 2022)
by regulating the information flow of other,
yet unknown, photoreceptor(s) to the
oscillator.

A commonly asked question is how
moonlight-dependent systems work during
clouded nights or turbid waters. It is
important to remember that lunar-period
depending organisms entrain their oscilla-
tory systems. This means that these oscilla-
tors, once synchronized, can run
independently of moon or any other light
over several months (Kaiser and Neumann,
2021; Zantke et al, 2013). Thus, any
rhythmic output will continue irrespective
of clouds or turbid waters.

The human condition

Monthly oscillators also synchronize the
reproductive circalunar cycles of human
females (Helfrich-Forster et al, 2021),
other great apes such as orang utans and
gorillas (Graham, 1981) (Fig. 1). The
question remains, especially for humans,
whether they are synchronized by the
lunar environmental cycle, for which there
is some evidence (Helfrich-Forster et al,
2021). What seems to cause this uncer-
tainty is the fact that the phase of the
human female circalunar oscillator and the
environmental lunar cycle are not always
aligned.

Is this variance due to low numbers of
study individuals and, hence, statistical
artifacts? Or is it caused by differences in
local environmental parameters, either of
natural or anthropogenic origin? Could
there be different susceptibilities depending
on genetic background and/or age? A
combination of all these factors?

What is clear is that (semi)monthly
reproductive cycles synchronized by the
moon are very widespread in the animal
kingdom (Fig. 2), and humans are just one
type of animal. After all, it might not be too

surprising if lunar effects were still obser-
vable in our biology. Why we and other
terrestrial animals have such (semi)monthly
cycles is still largely unclear. It might simply
be an advantage to not leave biological
processes up to temporal randomness and
to employ timers at different period lengths,
like watches and calendars are useful for the
organization of human societies.

.........................................................
“What is clear is that (semi)
monthly reproductive cycles
synchronized by the moon are very
widespread in the animal kingdom
[…], and humans are just one type
of animal.”
.........................................................

The modulation of daily timing by
the lunar cycle

A second aspect at which the monthly lunar
cycle exerts influences on biology is the
modulation of daily activity/resting beha-
viors. By way of example, the annelid
Platynereis dumerilii adjusts its nocturnal
swarming hour depending on the phase of
the month. This is likely achieved by free-
running – that is, no phase resetting by
sunlight—a plastic circadian-circalunidian
clock with a period length of ~24.8 h during
the waning quarter moon, followed by
normal entrainment to sunlight until the
subsequent full moon nights. The entrain-
ment to sunlight results in a constant
spawning time every 24 h at the end of the
night. Finally, in order to reach the early
darkness hours of the waning moon (Fig. 1),
the plastic circadian-circalunidian clock
exhibits a <24 h period length under full
moonlight (Zurl et al, 2022).

Of note, the resulting behavioral mod-
ulations are reminiscent of changes seen in
human sleep patterns across the month/
lunar cycle (e.g., Cajochen et al, 2013;
Casiraghi et al, 2021). However, these
findings in humans have remained contro-
versial given that different studies keep
producing different results. Yet, it should
be considered that human studies are more
difficult to control than lab animal studies.
The current status might be best summar-
ized by quoting a recent overview article:
“Longitudinal observations call into ques-
tion the scientific consensus that humans
are unaffected by lunar cycles” (Wehr and

Helferich-Forster, 2021). Hence, non-
human model systems will need to pave
the way for a deeper understanding of
possible molecular and cellular mechanisms
that underly the influence of the moon even
on humans.

The role of moon outside the
animal kingdom

While the lunar phases affect various
aspects of animal biology, its influence
extends to terrestrial plants and seaweeds,
which reveals a fascinating interplay
between flora and the lunar cycle (Fig. 2).
One striking example of lunar synchroniza-
tion is the blossoming of Cereus peruvianus,
commonly known as the Peruvian apple
cactus. This majestic columnar cactus ori-
ginates from South America, where it
blossoms during summer nights. Further-
more, its flowering pattern oscillates pre-
dictably in synchrony with the lunar phases,
resulting in waves that overlap with the full
moon’s glow. But what drives this floral
synchrony during full moon nights? The
answer to this question could lie in the
partnership between the cactus and a
nocturnal bat pollinator. As dusk descends
and the moon rises, the cactus adorns itself
with large, cream-colored flowers. These
ephemeral flowers open for just a single
night, likely serving as a crucial nectar
source for the bats.

In the shadowy world of the moonlight,
another intricate dance unfolds between
night-flying insects and the plant Ephedra
foeminea (Rydin and Bolinder, 2015). Pollina-
tion of this species is orchestrated by night-
flying dipterans and lepidopterans, which are
attracted by nectar droplets produced during
the full moon phase. A proposed hypothesis
suggests that these droplets act as mirrors that
reflect the moonlight and thereby visually
attract pollinators to the flowers.

.........................................................
“In the shadowy world of the
moonlight, another intricate dance
unfolds between night-flying
insects and the plant Ephedra
foeminea.”
.........................................................

Besides terrestrial plants, the timing
dictated by lunar cycles holds significant
influence over the biology of various sea-
weed species, encompassing green
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(Chlorophyta) and brown algae (Phaeophy-
ceae) from disparate evolutionary lineages
(Fig. 2). These sessile macroorganisms
share habitats and seem to have thus
evolved convergent adaptive strategies,
particularly in response to environmental
factors such as tides. These green and
brown algae undergo sexual reproduction
via external fertilization in the water
column, necessitating precise timing for
gamete mating (Pearson and Serrão, 2006).
Long-standing observations showed the
occurrence of spawning in semilunar

rhythms, where reproductive activities
coincide with particular tidal conditions,
often during full and new moons, that is,
during spring tides (Hoyt, 1907; Monteiro
et al, 2016).

Like for animals, the fertilization success of
plants largely depends on the frequency of
gamete encounters. By aligning spawning with
lunar cycles, there is an increased likelihood of
gamete encounters, thereby enhancing the
species’ fitness. For example, studies on several
brown algal species within the genus Fucus
showed that spawning and embryo settlement

happens on a daily and semilunar fashion
during neap tides (Pearson and Serrão, 2006,
Monteiro et al, 2016).

The precise coordination in reproductive
timing is also synchronized such that it
plays a crucial role in maintaining species
boundaries, particularly among closely
related species that coexist in the same
habitat. Indeed, maintaining reproductive
isolation in marine species that operate
through external fertilization are challen-
ging, and temporal differences in
gamete release, therefore, prevent cross-
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reproduction (Palumbi, 1994). Hybrids
often exhibit lower fitness than their
parental lineages, and for this reason there
is a strong selection pressure for setting
asynchronous timing of reproduction in
species that could potentially hybridize.
Several sexually compatible Fucus share
the same habitat along the intertidal zone.
They all spawn within the same semilunar
pattern, but at different times of the day.
This divergence in timing creates distinct
temporal niches, contributing to prevent
cross-reproduction (Monteiro et al, 2016).

How do algae sense the
lunar phases?

Again, as in animals, synchronizing to lunar
cycles involves internal biological clocks
entrained by environmental cues. Despite
the limited understanding of the lunar-
timed clocks in brown algae, it appears that
they integrate several information sources
to establish semilunar rhythms (Fig. 1).
Coastal areas under tidal influence are
unique oscillatory environments where the
day-night cycle ads to the regular variations
in water depth induced by the tides. The
seawater selectively absorbs visible wave-
lengths as depth increases (Fig. 1), and for
this reason, the water column acts as a light
filter, altering light spectrum and intensity.
These periodic light variations provide
crucial timing information about the lunar
and tidal cycles.

Marine algae are equipped with photo-
receptors capable of detecting changes in
their photic environment. While certain
photoreceptors are present in all algae,
others are specific to particular lineages
(Jaubert et al, 2017; Mat et al, 2024).
Although the photoreceptors responsible
for moonlight perception in seaweeds
remain unidentified, the illumination dur-
ing full moon acts as a vital signal for
coordinating semilunar rhythms in brown
algae, implying their role in synchronizing
the circalunar clock (Kaiser and Neumann,
2021)

Early work on the brown algae Dictyota
dichotoma demonstrated the presence of an
endogenous circalunar clock (Kaiser and
Neumann, 2021). Experimental manipula-
tion through regular artificial moonlight
cycles showed semilunar spawning
rhythms lasting for approximately 14 days.
Notably, these rhythms can persist for
weeks even in the absence of lunar
cues, indicating independent timekeeping

mechanisms. Attempts to decipher the
underlying mechanisms of this clock have
led to the formulation of a ‘beat’ coin-
cidence model (Kaiser and Neumann,
2021). It suggests that semilunar rhythms
result from the overlapping oscillations
of both a circadian and a circatidal
clock, aligning every two weeks to
generate semilunar beats. Additionally, this
mechanism is proposed to be synchronized
on a monthly basis by the illumination of
full moon nights. However, the precise
manner in which moonlight synchronizes
fortnightly rhythms of seaweeds, as well as
the specific components of the circatidal
and circadian clocks, remains elusive even
after six decades of work. These lines of
study present intriguing avenues for
exploration by chronobiologists.

After decades of research into biological
clocks, their entrainment by environmental
cues, and their effects on organisms’ beha-
vior and reproduction, it seems that our
ancestors were, after all, quite right by
associating the moon with romance and
fertility.
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