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PHYSIOLOGY

Women temporarily synchronize their menstrual cycles
with the luminance and gravimetric cycles of the Moon

C. Helfrich-Forster'*, S. Monecke?, I. Spiousas®, T. Hovestadt®, 0. Mitesser’, T. A. Wehr®

Many species synchronize reproductive behavior with a particular phase of the lunar cycle to increase reproduc-
tive success. In humans, a lunar influence on reproductive behavior remains controversial, although the human
menstrual cycle has a period close to that of the lunar cycle. Here, we analyzed long-term menstrual recordings of
individual women with distinct methods for biological rhythm analysis. We show that women’s menstrual cycles
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with a period longer than 27 days were intermittently synchronous with the Moon’s luminance and/or gravimetric
cycles. With age and upon exposure to artificial nocturnal light, menstrual cycles shortened and lost this synchro-
ny. We hypothesize that in ancient times, human reproductive behavior was synchronous with the Moon but that
our modern lifestyles have changed reproductive physiology and behavior.

INTRODUCTION
In many marine species (I-5) and some terrestrial species (6-9),
reproductive behavior is synchronized with a particular phase of
the lunar cycle (often full or new moon). This arrangement increas-
es reproductive success by synchronizing the reproductive behavior
of the individual members of a species. In light of this fact, it is of
interest that the human menstrual cycle has a period close to that of
the lunar cycle and that several older studies report a relation between
the cycles. Women whose cycles approach the ~29.5-day period
of the Moon have been reported to have the highest likelihood to
become pregnant (10-12). In these studies, about 28% of reproduc-
tively mature women showed a cycle length of 29.5 + 1 days. Among
populations of women selected for a cycle length of 29.5 + 1 days, a
significant pattern of menses onset at full moon emerged (13-15).
Each of these studies comprised >300 women, and the tests were
performed in different years and seasons. However, no correlation
between menses onset and the lunar cycle was found in other studies
that did not select for a cycle length of 29.5 days [reviewed in (13, 14)].
Significant correlations also appear to exist between birth rate and
moon phase. Two systematic large longitudinal studies carried out
between 1948 and 1957 and between 1961 and 1963 and encom-
passing around 250,000 and 500,000 births, respectively, found that
birth rates were elevated by 2 to 3% over the average at full moon
and reduced by the same amount during new moon (16, 17). More
recent findings indicate that the elevation of births at the full moon
occurs during the night, whereas births at the new moon tend to
occur during the daytime (18). Nevertheless, the scientific community
generally remains skeptical of reports of lunar influence on human
biology (19).

To address the question of lunar influence on human reproduc-
tion, we examined the course of menstrual cycles in 22 individuals
who kept long-term records (up to 32 years) of menses onsets, on a
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case-by-case basis. This idiographic approach allowed for the possi-
bilities that lunar influence might be present intermittently and in
different forms over the females’ life. To our knowledge, this ap-
proach to the evaluation of such long-term data has not been used
previously. Instead, previous studies included large numbers of women
whose menstrual cycles were analyzed in aggregate, combining results
of different women, ages, years, and seasons (14, 15, 20). Further-
more, in our study, we tested the Moon’s gravitational influences on
menses onsets, in addition to its nocturnal light effects.

The Moon exhibits three different cycles that affect moonlight
intensity and gravity on Earth and that are illustrated in Fig. 1 [see
also figure 1 in the work by Andreatta and Tessmar-Raible (5)]. The
full moon/new moon luminance cycle (the synodic month) repeats,
on average, every 29.53 days as the Moon moves through its two points
of alignment (syzygies) with the Earth and Sun (Fig. 1, A and B).
Since the Moon and Earth do not move at constant speed in their
elliptical orbits, the synodic period varies between 29.27 and 29.83 days
(fig. S1C; see also undulating lines of full and new moon in the raster
plots). The lunar standstill cycle (the tropical month) lasts 27.32 days
and arises from the declination of the Moon’s orbit relative to the
plane of Earth’s equator, which causes the Moon to move back and
forth between its northernmost and southernmost positions in the
sky (Fig. 1C). The perigee and apogee cycle (the anomalistic month)
lasts, on average, 27.55 days and recurs as the Moon moves back
and forth between the nearest (perigee) and farthest (apogee) ex-
tremes of its elliptical orbit (Fig. 1D). The anomalistic month shows
even larger variations in period than the synodic month: It varies
between 24.5 and 28.8 days (fig. S1D).

The synodic month clearly affects moonlight intensity and gravity
(visible in the tides), while the anomalistic and tropical months
mainly affect gravity and, to a lesser degree, light intensity (21, 22).
Furthermore, the three lunar cycles interact with each other. When
the Moon is at its perigee and simultaneously in Moon-Sun-Earth
syzygy (full or new moon), the gravitational forces on Earth are very
high. This perigee-syzygy occurs every 206 days and can result in
partial or full lunar or solar eclipses. Every 18 years and 10.33 days,
the Moon passes exactly the same node at which its orbital plane
intersects with the ecliptic Earth-Sun plane, and in addition, a full
or new moon occurs (equal to a Saros series). If total eclipses and a
close perigee distance characterize a certain Saros series, then the
gravitational forces of the Moon on Earth are maximal.
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Fig. 1. llluminance and gravimetric cycles that the Moon imposes on Earth.
(A) Schematic of the movements of Moon and Earth around the Sun (sizes of Sun,
Earth, and Moon and distances between them are not to scale). (B) The Sun illumi-
nates the Moon, which causes a 29.53-day cycle (the synodic month) of changing
nocturnal illuminance on Earth (full, half, and new moon). The synodic month is
~2.2 days longer than the orbital period of the Moon because Earth has moved in
its orbit around the Sun and it takes 2.2 days longer until the Moon is again in its
full moon position. The Moon also exerts gravitational effects on Earth that are
most evident in the tides. High and low tides occur twice a day with a period of
12.4 hours. Spring tides happen every 14.765 days during full and new moons and neap
tides during half-moons. (C) The Moon’s orbit around Earth is tilted with respect to
the plane of Earth’s orbit around the Sun (the ecliptic). When the Moon is high in
the northern sky, the difference in the amplitude between the two daily tides is
maximal in the Northern Hemisphere of Earth. This happens every 27.32 days, and
the corresponding cycle is called tropical month. (D) The orbit of the Moon around
Earth is elliptic with Earth in one of the focal points of the ellipse. Therefore, the
Moon-Earth distance varies cyclically: Every 27.55 days, the Moon is close to Earth
(in its perigee) and exerts maximal gravitational forces on Earth, resulting in high
tidal amplitudes, while it exerts minimal gravitational forces when it is far from
Earth (in its apogee). This cycle is called anomalistic month.

We found that all three lunar cycles—the synodic, the anomalis-
tic, and, to a lesser degree, the tropical month—affect menses onset.
Nocturnal moonlight appears to be the strongest zeitgeber through
which the Moon exerts its influence, but the gravitational forces of
the Moon clearly contribute. We hypothesize that in ancient times,
human reproductive behavior was synchronous with the Moon but
that our modern lifestyle, notably our increasing exposure to artifi-
cial light, has changed this relation.
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RESULTS

Our study comprised 22 women, who kept recordings of their menses
onsets, on average, for 15 years (median: 14 years) (Table 1). Ten
women’s recordings spanned both young (<35 years) and older
ages (>35 years). The remaining women’s recordings spanned only
young or only older ages. Together, we had recordings of 15 women
aged <35 and of 17 women aged >35 years (Table 1). As earlier
studies have already shown (11, 23-26), we found a significant de-
crease in cycle length with age (Table 1 and Figs. 2 and 3). To deter-
mine whether menses onsets were ever synchronous with the lunar
cycle, we analyzed the relation of menses onsets to the full moon
and the new moon, to minimum and maximum lunar standstills,
and to lunar perigees and apogees for each individual.

Menstrual data were displayed as raster plots, together with lines
depicting the courses of the full and the new moon (Figs. 3 and 4) or
of minimum and maximum lunar standstills and perigees and apogees
(Figs. 5 and 6 and fig. S1). The menstrual data were also subjected to
time series analysis (27).

Relation of menses onset to the synodic lunar cycle

Figure 3A shows examples of raster plots that were plotted with the
period of the synodic month for six women who kept long-term
records between 1978 and 2014. All lived in South Germany (47.5°
to 51° latitude and 6.5° to 12° longitude), and except for subjects 5
and 6, they inhabited rural areas or boundary areas of towns with
less than 100,000 inhabitants. Subjects 1 and 2 were sisters but lived
apart. Subject 5 lived in a town of ~500,000 inhabitants and was
exposed to moderate nocturnal light coming from street lamps.
None of these first five women led an extensive nightlife. In con-
trast, subject 6 mostly lived in large cities (>1.5 million inhabitants),
was quite active during the night, and preferred to sleep with a night
light; thus, she continuously exposed herself to high artificial light
levels at night.

Although all of the records overlapped in time, they displayed
menstrual rhythms that differed greatly among individuals and that
varied over time within individuals. For example, the cycles of all
women were regular at some times and irregular (exhibiting phase
jumps and period changes) at other times, but these variations
happened during different years in the different individuals (Fig. 3A).
In addition, the duration of menstrual cycles differed greatly among
the individuals, including those of the two sisters (subjects 1 and 2).
However, as expected, in all cases, the period of the menstrual cycle
shortened with age (Table 1 and Fig. 3B). Notably, in all cases with
the exception of subject 6, there were intervals during which menses
onsets recurred at times of the full or the new moon, meaning that
the ovulations that preceded the menses onsets would have happened
around the times of the new or the full moon, respectively (17, 18).
In the following, we describe the courses of menstrual cycles in the
six women in more detail.

The menses of subject 1 occurred around the new moon from
1979 until the middle of 1980. Between 1990 and 1995, they coupled
briefly and repeatedly to the new moon without remaining stably
synchronized with it: a phenomenon called “relative coordination”
(28). In 1997, the menses exhibited continuous synchrony with the
new moon and, from August 1998 to May 2001, with the full moon
phase. Last, beginning in 2008, they displayed weak synchrony with
the new moon phase until menopause, 1.5 years later. Menses of
subject 2 coincided precisely with the full moon for the first 7 years
of recording. Between 1993 and 1998, she showed several instances
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Table 1. Summary menses of recorded subjects.

Percent of time
synchronized to the
Percent of time anomalistic or
Period length in days synchronized to the tropical month (a:
(mean = SD/median)* synodic month (f: full apogee; p: perigee; ma,
moon; n: new moon) mi: maximum,
minimum lunar
standstills)

Nocturnal
light
exposure

Age at Number of recorded

Record Record

begin ] Years Menses Births# <35years >35 years <35years >35years <35years >35years

14.6
Subject i® 21 53 32 337 3 322+42/320 284+21/280 31.8(f+n) 450 (f+n) 0.0 (a, ma, Low
and mi)
Subject 2° 19 50 311l 331 4 29.2+2.1/29.0 26.8+3.0/26.0 56.3(f+n) 14.3 (n) 7.5 (mi) (a?ii) Low
Subject 3 24 51 27 360 0 30.4+3.7/30.0 25.5+2.3/25.0 41.7 () 13.8 (f+n) 34 (p) (azl—“:)) Low
28.1 333
Subject 4 23 42 19 259 0 29.1+£3.7/29.0 25.8+2.1/26.0 65.0 () 0.0 (a,p,and  (a, p,and Low
ma) mi)

62.5 39.0
Subject 5 25 53 28 368 2 27.8+1.8/28.0 26.7+3.0/27.0 2.0 (n) 257 (f+n) (a,p, ma, (a, p, ma, Medium
and mi) and mi)
Subject 6 19 44 25" 226 2 26.0+4.9/250 24.7+24/25.0 0.0" 0.0 7.1 (p)

0.0 High

Subject 75 25 50 25 297 2 30.2+2.9/30.0 26.4+2.0/26.0 27.1(f+n) 19.4(f+n) 0.0 138 Low
(pandma)

Subject 8 31 51 20 195 3 31.5+6.4/29.0 25.8+3.0/26.0 0.0 0.0 @ ;lj o) 12.1 (p) High

258 16.0

Subject 9 25 42 17 229 0 28.6+22/29.0 27.2+1.4/27.0 36.0(f+n) 37.5( (aand (aand p) Low

26.9+4.7/26.0 0.0 0.0 0.0 18.2 (p) Medium
Subject 11 29 38 9 104 1 26.5+1.6/26.0 - 0.0 - 17.6 - High
(@aandp)

Subject 10 33 47 14 182 0 27.8+4.8/27.0
85
108
66

49
114

Subject12®  12* 18 28.5+4.9/28.0 = 200 (f+n) = 28.5 (p) = Low

30.3+6.2/31.0 = 323(f+n) - 0.0 - Low
30.6 £4.9/30.0 = 14.3 (n) = 3.8 (ma) = Low

32.4+5.6/30.5 = 27.3(H - 0.0 - Low
= 27.1+£4.5/26.0 = 5.0 (n) = 16.7 (p) Low
_ 29.7 .
Subject 17 38 49 11 166 0 = 26.1+3.7/26.0 = 0.0 = Medium
(@andma)

e
e
e i
i e

foivnioiNio;
iociciociocio}

Subject 18 36 49 13 180 0 - 26.5+2.8/26.0 - 0.0 - (35165 High
and mi)

Subject‘IQ . 45 - 51 . 5 . 81 . 0 e 2571 25/250 s 00 e 00 [ |_ow e

SUbJectzo . 43 - 48 . 5 . 70 . 0 e 254i 66/240 e 00 . _”3(m|) e Medmm .

Subject2‘|§ . 40 - 46 . 5 . 109 . 0 e 263i 57/250 s 00 e oo s Med|um .

197 (@,ma, Medium

Subject 22 36 50 14 196 0 - 26.0+5.0/26.0 - 0.0
and mi)

Summary 4112 17 294+1.9/28.9 26.3+0.9/25.9 23.6% 9.5% 13.1% 17.7%

*Period was determined by measuring the distances between the menses. tSynchronization was determined on the actograms; only intervals at which
menses occurred at least three times in a row at full (f) or new (n) moon were judged as synchronized. $Includes miscarriages; with the exception of subject
21, only the births occurring during the recorded years are included. For subject 21, the births of the two daughters (subjects 12 and 15) are included, although
they happened long before she started the recording of her menses. §Relations between subjects. Subject 8 is the mother of subjects 1 and 2; subject 21 is
the mother of subjects 11 and 14. Actograms of subjects 19 to 21 are not shown in the figures. IIRecording was interrupted for several years. Menses
oscillated for five to six cycles with a period of 29.5 days and occurred during the waxing moon. These women were judged as not synchronized because the
phase of menses onset was not at full or new moon. #Recording started at menarche.
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Fig. 2. Distribution of periods of the menstrual cycle relative to age. Periods were determined by calculating the distances between individual menses for all women
for the ages <35 years (red) and >35 years (blue). In the box plots, the medians are indicated as horizontal lines and the means are indicated as crosses. A Kruskal-Wallis
nonparametric test revealed that the period of the menstrual cycle was significantly shorter at ages >35 years than at younger ages (P < 0.001).

of relative coordination with the new moon phase of the synodic
month until she interrupted the recording. Menses of subject 3 co-
incided with the full moon for 4 years, beginning in 1988. Menses of
subject 4 occurred around the full moon during three periods: 1 year
at the beginning, ~3 years between 1995 and 1997, and another year
in 2000. In the case of subject 5, menses onsets coincided with the
new moon for about 1 year after the birth of her first child in 1991
and then with the full moon at age 36. Last, when the rhythm
became more irregular after age 46, it displayed three instances of
relative coordination with the new moon phase of the synodic month.
In contrast to the other subjects, subject 6 never clearly synchronized
to the synodic month. At younger ages, the average period of her
menstrual cycle was 26.0 (+4.9) days, which is already rather short.
With increasing age, it shortened further to an average period of
24.7 (£2.4) days (Table 1), which is far shorter than the lunar cycles.
Nevertheless, in 1996-1997, before the birth of her first child, her
menses oscillated in synchrony with the time of the waxing moon
phase of the synodic month. Subsequently, her two children were
born around the time of the full moon (Fig. 3A).

In summary, at certain intervals, the rhythm of these individuals’
menstrual cycles appeared to oscillate in synchrony with the synodic
lunar month. Menses onsets occurred close to its full moon or its new
moon phase, with the full moon phase predominating (Fig. 3, A and C).
This was also true for the majority of the other women who had
recorded their menses at ages <35 years (Fig. 4 and Table 1). Only
subjects 8 and 11 failed to show any obvious synchrony with the full
or new moon (Fig. 4). Similar to subject 6, these two women were
“night-owls” who exposed themselves to much artificial light before
going to bed, and their menses had rather short periods. Neverthe-
less, in 2000, between the births of her two children, the menses of
subject 8 oscillated in synchrony with the waxing moon phase of the
synodic month for six consecutive cycles, as occurred in subject 6
(Fig. 3A). Subject 10 was not included in Fig. 4 because she kept
records from age 34 onward and thus had only 1 year of records for
the <35 years period. During this 1 year, she was not synchronous
with the synodic month (Table 1). Of the subjects >35 years old, the
majority was not synchronous with the synodic cycle (Table 1). In
summary, we found that the menses of women <35 years old syn-
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chronized with the full or new moon for an average of 23.6% of the
recorded time, while the menses of women >35 years old showed
this synchrony for an average of 9.5% of the time (Table 1). These
results indicate that the probability of synchrony with the synodic
cycle decreases with age. This probability also appears to decrease
with the exposure to artificial light at night: All the younger women
who had limited exposure to nocturnal light showed intermittent
synchrony with the full or new moon, while the three young women
who were exposed to high levels of nocturnal light failed to do so
(Table 1).

When synchrony occurred, circular statistics showed that the
phase distributions of the menses had a preferential direction and
were not uniformly distributed (Figs. 3C and 4). A polar histogram
of menses’ phases that included the menses of all 22 women regardless
of age and synchrony with the synodic cycle confirmed the bimodal
phase distribution (Fig. 7). Furthermore, a systematic test with dif-
ferent hypothetical lunar cycle lengths ranging from 27 to 32 days
showed that the significant results for the a priori hypothesis of syn-
chronization with the full/new moon did not emerge by chance (fig.
S1). A maximum likelihood approach for the pooled data showed
that the data are best described by a bimodal distribution with peaks
slightly before the full and new moon (1.87 and 0.93 days, respec-
tively) (Fig. 7 and table S2; see Material and Methods and the Sup-
plementary Materials for details). Circular statistics did not reveal a
significant synchrony of the recorded births with full or new moon,
but the last menses before a pregnancy showed a tendency to be
directed to full or new moon (Rayleigh statistics: P = 0.061).

Nevertheless, the synodic lunar cycle alone does not appear to be
a strong zeitgeber because synchronization occurred only intermit-
tently and, during any particular period, the women differed from
each other in the courses of their menstrual cycles and in the timing
of synodic synchronization. There were four episodes, in the second
halves of 1961, 1979, 1997, and 2015, in which seven of nine women’s
menstrual cycles oscillated in synchrony with the synodic month
(blue shaded areas in Figs. 3A and 4). The 18+-year interval be-
tween these years corresponds to the period of a cycle of lunar
eclipses that occur in September at those years, called Saros series
#137. Saros #137 eclipses are distinguished by the contemporaneous

40f13



SCIENCE ADVANCES | RESEARCH ARTICLE

A Subject 3 (*1960)

Subject 1 (*1957)

Subject 2 (*1959)

Subject 4 (*1968) Subject 5 (*1961) Subject 6 (*1964)

1 2 3
2953d 29.53d 29.53d}1980

F 1985

2015, ] i
B “T . on . :
— . ' 2 oox x A . * * . A *AF A A
1.0y o '%sﬁ e | b e
: RGN | L vl
= e, ] 3 . .
5 o5 ] @5‘ -- VETEEE | e wiSeg i
20 25 30 35 40 45 50 5518 23 28 33 38 43 48 5320 25 30 35 40 45 50 5520 25 30 35 40 45 50 5520 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
Age (years) Age (years) Age (years) Age (years) Age (years) Age (years)
Cq o o o o o
o P<001 oo 7 on  P<001 [P<0.01 oot on P<001 [P<00T oo T on P<001 [P=002 oo 5on P<001 [P<0.0T ooFon P<001 [P=083 _ox 7o, P=059
2 25 o5 o 30 os s 0 30] o8 o1 20 o o1 e o o o
g 20- a7 o 087 013 og7 o1 15{  oe7 013 201 o ot |0 ost ot
« 15 ‘ oy [20] of \ oy [20{ os o [4o] 0% o |15 os o od o
<] 10
Pl 104 10 /
2 g ,,,,, bk A AR /S e / E AR 7 ami
E ors N otr| “lore AN otr| %ore / ol e PN onr| %Jore
: Lo AR T S ]l\
033 087 083 07 033 0%7 083 087 033
oe oes Be7 oeg b oes ba7 oef o os ba7
o % o4 b4 od % o b4 o4 b4
083 2 our® n 337 08 0ks 2'S‘Lm°°3”= 331 ”UaaR nw““n =360 0804 o5 nn"“n = 259 P05 %ou“’n: 368 08 ﬂ.i“’mn= 226
O
o Full moon o New moon Saros #137

Fig. 3. Menstrual cycles in relation to the Moon’s synodic cycles. (A) Raster plots of menstrual cycles of six women (birth years in parenthesis) recorded between 1978

and 2015. The raster plots consist of 29.54-day segments of the time series of each
another. The segments approximate the 29.53-day period of the synodic month. The
al inspection of the courses of the menstrual cycles. Onsets of menses are shown as bl

individual’s record of menses onsets, which are shown consecutively beneath one
plots are repeated three times, as indicated in the plot of subject 6, to facilitate visu-
ack dots, while times of full moons and new moons are indicated as yellow and blue

undulating lines, respectively. Black circles indicate miscarriages; red asterisks indicate births, and triangles indicate gaps in the record. In subjects 1 to 5, the menstrual

cycle coupled temporarily to full moons (yellow arrows) or new moons (blue arrows).

Light blue shaded areas indicate years of Saros #137, which were characterized by

high luminance and high gravitational influence of the Moon during periods when Sun-Earth-Moon syzygies coincided with perigees in which the Moon was exception-
ally close to Earth. (B) Periods of menstrual cycles over age. (C) Circular plots of the distribution of menses phases throughout the synodic cycle. The synodic cycle was
divided into 30 equal segments each lasting for about 1 day. The number of menses onsets that occurred within a certain segment of the synodic month is plotted radi-
ally. Rayleigh tests to check for the presence of a uni- or bimodal distribution with the phases synchronized to the full/new moon (left P values) and for deviations from a
uniform frequency distribution of any phase (right P values). Numbers in the lower left corner of each graph indicate the sum of all recorded menses.

occurrence of perigees that are unusually close to Earth. The con-
junction of these two events may have augmented the Moon’s
strength as a zeitgeber.

Relation of menses onset to the gravimetric lunar cycles
To assess whether the gravimetric forces of the Moon, which ex-
press themselves in the cycles of the tropical and anomalistic month,

Helfrich-Forster et al., Sci. Adv. 2021; 7 : eabe1358 27 January 2021

also affected the menstrual cycles, we plotted onsets of menses in
raster plots with a period of 27.32 days and delineated 27.32- and
27.55-day recurrences of lunar standstills and perigees/apogees,
respectively (Figs. 5A and 6 and fig. S2). We found that menstrual
cycles temporarily appeared to follow both types of cycles. This was
confirmed by periodogram analyses (Fig. 5A) and was true for the
majority of the women in both age clusters (Table 1). On average,
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Fig. 4. Relation between timing of menses and the synodic month in the remaining eight women who kept records for several years before 35 years of age. Two
of the eight women (subjects 8 and 11) exhibited a rather short cycle length and did not show any synchronization to the synodic lunar month. The other six temporarily
followed the full or new moon by visual judgement (see arrows in the raster plots). The Rayleigh tests for uni- or bimodal distribution with central tendency at full or new
moon confirmed the latter judgement for three of these women (subjects 9, 13, and 15) and showed a tendency (P < 0.1) for two women (subjects 1 and 14) (left P values
in the raster plots). In subject 1, this tendency became significant, when only the first 15 years were included in the analysis. For subject 12, the phase relation between

menses onsets and the full or new moon was rather irregular; nevertheless, menses appear to have coupled loosely to the Moon. Labeling as in Fig. 1.
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Fig. 5. Menstrual cycles temporarily follow the tropical and anomalistic cycles of the Moon. (A) Triple raster plot of subject 5 plotted with a period of 27.33 days,
which approximates the orbital period of the Moon and the duration of the tropical month (27.32 days). Lunar phases are indicated as colored undulating lines. Time in-
tervals demarcated by stippled lines in the raster plot were assessed by periodogram analyses. The respective periodograms are shown to the left or right of the raster
plot. Stippled lines in the periodograms indicate the 5% significance level. The stronger the rhythm and the longer the duration of its presence, the higher the power.
Menses temporarily followed the tropical month or the anomalistic cycles or exhibited phases of relative coordination to these cycles (long arrows). After age 46, when
the rhythm displayed three instances of relative coordination with the new moon phase of the synodic month (Fig. 3A), sudden changes in period occurred when the
cycle coincided with perigees or apogees (open arrows). (B) Circular plots showing the distribution of menses throughout the tropical and anomalistic month (labeling
as in Fig. 1). The Rayleigh tests showed that menses distribution significantly deviates from a uniform distribution for both lunar cycles. During the anomalistic month,
menses onsets were preferentially directed to apogees. During the tropical month, menses phase distribution was more variable.
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Fig. 6. Relation of menses to the tropical and anomalistic months in five women who began recording onsets of their menses in their 30s. Subject 16 was syn-
chronized with the synodic month during the first year of recording, while the others were never synchronized with the synodic month. Instead, by visual judgment, all
five women temporarily followed the anomalistic and tropical months as indicated by colored arrows. Two colored arrows point to the times at which synchronization
happened when the two types of cycles coincided. The circular statistics confirmed the alignment of menses onset with the anomalistic and tropical month only in a few
cases. Labeling as in Fig. 5.

menses were synchronized with the anomalistic or tropical month  (October to March). We hypothesized that the Moon’s influence
during 13.1% of the time in records of women <35 years old and would be smaller during the short nights of summer than on the
17.7% of the time in records of women >35 years old (Table 1). long nights of winter if luminosity plays a major role. This was the
As was true for the 29.53-day synodic month, we observed a sys-  case (Fig. 7). In addition, we found that the effects of the anomalis-
tematic phase relation across individuals between menstrual cycles tic cycle were only significant during the winter (Fig. 7).
and the 27.55-day anomalistic month with a significant accumulation
of menses around perigee and, to a lesser extent, around apogee
(Fig. 7 and table S3). Only with the tropical month did we fail to  DISCUSSION
detect a systematic phase relation between menses onset and maximum/ ~ We show here that menstrual cycles were intermittently synchronous
minimum lunar standstills, indicating that the tropical month is the ~ with the luminescence and/or gravimetric cycles of the Moon,
weakest zeitgeber of the three (Figs. 5 to 7 and table S4). The in-  strongly suggesting that both cycles influence reproduction in
teraction between all three cycles might be the source of the sudden humans. On its own, each type of lunar cycle appears to be a weak
phase jumps and period changes that we observed in the behavior of ~ zeitgeber. However, both appear to cooperate, leading to the best
the menstrual cycles (Figs. 3 to 6), as reported previously for perigee  synchrony between lunar and menstrual rhythms when the Moon
syzygies in bipolar mood cycles (29, 30). was close to Earth.
To evaluate the importance of variations in the Moon’s lumines- While our findings do not prove causality, several of their features
cence in the synchronization of menstrual cycles, we tested menses  support the plausibility of a causal relation between the Moon’s
distribution separately for summer (April to September) and winter ~ cycle and women’s menstrual cycles. The Moon controlled not only
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Fig. 7. Menstrual cycle phases are aligned with the phases of full/new moon and perigee/apogee, and this alignment is stronger during winter. Left plots: Phase
relation between menstrual cycles and the synodic, anomalistic, and tropical months. These plots combine all 4112 menses of the recorded 22 women. While menses
onsets significantly align with the time of the full or the new moon and with the time of perigee or apogee, no systematic phase relation of menses to lunar standstills was
observed (P values of Rayleigh tests are given at the top left and right corners). The best models of bimodal von Mises distributions are superimposed on the polar plots
(red points and red curve). The parameters for these models have been estimated by a maximum likelihood approach (tables S1 to S4). The differences between the best
model and a uniform distribution (null model) are expressed as AAIC values (right bottom corner in the plots). AAIC values >2 indicate peaked distributions, as found for
the synodic and anomalistic months but not for the tropical month. For the full moon, the MLE (maximum likelihood model estimations) bootstrapping confidence inter-
val for the central tendency (95% confidence interval between 0.96 and 0.98) was located left of “0,” meaning that most menses onsets occurred ~1 day before full moon
(for details, see Material and Methods and the Supplementary Materials). Middle and right plots: Phase relation between menstrual cycles and the synodic, anomalistic,
and tropical months separated for spring/summer (April to September) and autumn/winter (October to March). For the synodic month, the alignment with the Moon was
highly significant for both times of the year but appeared stronger for autumn/winter. For the anomalistic month, the alignment was only significant for autumn/winter,
while it reached no significance at any time for the tropical month.

the frequency of the menstrual cycle but also its phase. This was the ~ women are still awake and, consequently, more likely to be exposed
case both across individuals and within individuals over time. The to it. In addition, they are more likely to be exposed to moonlight
fact that menses slightly precede the full moon is notable because at  for a longer period at that time because sleep onset occurs at its latest
that time, the Moon shines brightly during evening hours when times during those nights (31).
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Our observation that gravitation works as a zeitgeber on humans
may explain why menstrual cycles, mood cycles (30), and cycles in
sleep onset and sleep length (31) coupled temporarily either close to
the full moon or close to the new moon since at both phases, the
Moon’s gravimetric influence on Earth is similar. Effects of gravity
might also account for the fact that synchrony of sleep onset and
sleep duration with the lunar cycle has been observed in college
students living in the light-polluted city of Seattle, where the Moon’s
luminance cycle is scarcely perceivable (31). Together, these obser-
vations raise a possibility that the human organism can respond not
only to fast gravitational changes, like those detected by the vestibular
system, but also to slow, periodically recurring gravitational changes.
These changes might be sensed indirectly through changes in geo-
physical variables. For example, atmospheric pressure cycles are
measurable during perigee-syzygy tides (32), and there are initial
reports that terrestrial plants and animals can sense them (33, 34).
In addition, the Moon affects Earth’s magnetotail, thereby creating
oscillating electromagnetic fields on Earth’s surface that can be sensed
by animals (35, 36). Perhaps humans can sense all these types of
oscillations, as well (29, 31, 35). Our data revealed that synchroniza-
tion with the synodic and anomalistic months was stronger during
winter. This is intuitive for the synodic month because the full
moon is more conspicuous in long nights but harder to understand
for the anomalistic month since variations in night length do not
affect gravitation. However, the atmospheric pressure and the electro-
magnetic fields on Earth’s surface show annual variations (37, 38),
making it possible that the sensing of lunar rhythms may be facili-
tated during the winter.

Comparison with earlier studies

Our principal results are consistent with the results of earlier studies
on menstrual, mood, and sleep-wake cycles, which revealed that
humans are sensitive to the Moon’s luminance cycle and even syn-
chronize with it (10, 13-15, 29, 39, 40). Earlier studies showed that
about 22 to 32% of reproductive age women experienced menstrual
cycles with 29.5-day cycle lengths and onsets of menses around the
time of the full moon (11, 12, 14, 15, 20, 23). In our study, the
younger women had an average cycle length of 29.4 (SD: £1.9) days,
but we found intermittent synchrony with the synodic month even
in women who had longer and shorter cycle lengths (Table 1). Most
likely, the high synchrony with the Moon escaped detection in pre-
vious studies because they were not based on long-term recordings.
In addition, we found that menses onsets recurred in synchrony with
the synodic month not only around the time of the full moon but
also around the time of the new moon. Similar to the present find-
ings, bipolar mood cycles also have been reported to oscillate in
synchrony with either the full moon phase or the new moon phase
of the Moon’s luminance cycle (30), and a very recent naturalistic
study of human sleep in rural and urban environments showed that
most individuals went to sleep later and slept the least on nights that
preceded the full moon, while others did so on nights that preceded
new moon (31). Together, these observations indicate that synchro-
nization with the lunar cycle may have changed with the modern-
ization of our lifestyle (see below).

Comparison with other species and putative impact
onreproductive physiology

Duration of the interval between ovulation and menses onset shows
little variability among individuals and over age (18-20). Therefore,
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the time of menses onset can be used as measure of the time of the
ovulation that preceded it. According to a recent study that measured
menstrual characteristics of more than 600,000 menstrual cycles,
the time between ovulation and menses lasts, on average, 12.4 days
(26). Our finding that menses onsets that were synchronous with
lunar cycles tended mainly to cluster 1 to 2 days before the full
moon suggests that, in former times, humans’ most fertile phase
would have clustered around the time of the new moon. There are
parallels in other species. For example, Platynereis dumerilii swarms
(4) and badgers, Meles meles, mate mainly during the darkest Moon
phases (8), times when it would be least likely to be seen by preda-
tors. Similarly, there might have been a selection for humans who
avoided predation by staying in a secure refuge around the time of
the new moon, and those humans might have used this time for
reproduction. Gorillas and orangutans also have menstrual cycle
lengths of about 30 days, and similar to humans, the length shortens
with age (41). We are not aware of any study that investigated whether
their fertile phases couple to the Moon, but one study in mountain
gorillas suggests that this might be the case (fig. S3) (42). It will be
most promising to investigate this in more detail in the future.

While former studies found onsets of women’s menses that oc-
curred around the time of the full moon (11, 12, 14, 15, 20, 23), con-
sistent with the hypothesis that ovulation happened predominantly
at the new moon, we found that onsets of menses also occurred
around the time of new moon. Thus, something may have changed
over the decades that followed earlier studies. Certainly, light pollu-
tion has increased markedly during the past decades. In addition,
human lifestyles have changed. In particular, in larger cities, where
humans enjoy the nightlife, many expose themselves to artificial
light at night. Several studies (43-45) including ours have shown
that night light shortens the length of the menstrual cycle, which, in
turn, reduces the probability of synchronization with the lunar cy-
cle as ongoing synchronization is only possible if the length of the
menstrual cycle is close to that of the lunar cycle. Since menstrual
cycle length appears to be an age-dependent marker of female fertil-
ity (46), our findings may prove to be relevant not only to human
physiology and behavior but also to fertility and contraception.

Limitations of our study are the relatively low numbers of inves-
tigated women. It will be most interesting to investigate the tempo-
ral relation of menstrual cycles and the Moon and especially the
influence of artificial light on menses cycle length in a large number
of women all over the world. The availability of modern cell phone
apps makes this endeavor possible. In view of the differences that
we observed between responses to lunar influence in women living
in different lighting environments, it will be important to investi-
gate menstrual cycle rhythms in native populations that are not ex-
posed to artificial light.

MATERIALS AND METHODS

Data collection and subjects

Menses data were collected over the past 15 years from healthy
women who were free of contraceptive medications and had re-
corded the onsets of their menses out of personal interest. The
women provided their records to the first and second authors after
they learned of their interest in diaries of menstrual cycles. The
study was not funded by third parties and had no official or specific
recruiting process. All records that comprised 5 years or longer were
included in the study. No other selection took place. All 22 datasets
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were from women who originated from the Northern Hemisphere
(latitudes ranging between 41°N and 51°N) and started recording
the first day of their menses at ages between 14 and 45. They all
agreed to our use of their data in a scientific study. In most cases, the
women sent us the data as copies of calendars, in which the onsets
of menses were noted as a cross (example in fig. S4). Others sent
Word files with lists of their menses onsets. We had no or only little
information about special life events except for the births of children.
However, we asked the women about their lifestyle and exposure to
nocturnal light. Women, who lived in rural areas or boundary areas
of towns with less than 100,000 inhabitants and additionally led no
distinctive nightlife, were judged as exposed to low nocturnal light
levels. Women without distinctive nightlife but living in middle-sized
towns (~500,000 inhabitants) or in villages with few street lamps close
to their bedroom were judged as exposed to medium nocturnal
light levels. Women living in large cities (>1 million inhabitants)
and night-active women were judged as exposed to high nocturnal
light levels. Table 1 summarizes the data for all women.

Data handling

Moon phases (full and new moons, apogees and perigees, and min-
imal and maximal lunar standstills) were downloaded for each year
between 1950 and 2020 from www.fourmilab.ch/earthview/pacalc.
html and http://astropixels.com/ephemeris/moon/moondec1901.
html or http://astropixels.com/ephemeris/moon/moondec2001.
html and copy-pasted to Notepad++. Only the relevant information
such as date (year, month, and day) and time (in full hours) was
transformed into a CSV file. The CSV file was then imported into a
common Microsoft SQL Server database. A spreadsheet was generated,
in which the first column contained date/time (from 1 January 1950,
0000 until 31 December 2018, 2300) in 1-hour steps in consecutive
lines. The next six columns contained the dates/times of lunar
events (perigee, apogee, full moon, new moon, and maximal and
minimal lunar standstill). The time points of lunar events were ap-
proximated to full hours and set to “1” at the relevant date/time. All
other values in the columns were set to “0.” The spreadsheet with
the lunar data was opened in Excel, and the onsets of menses for all
women were entered manually (as “1”) in consecutive columns, re-
spectively. Since we had no information about the exact times of
menses onset, we entered “1” for each hour of the respective day.
The file was then exported as a txt file and uploaded in Actogram]
(27) to display the data of each woman as raster plot. The raster
plots were plotted with periods close to the synodic and tropical
months together with the lunar data. This facilitated the visual
detection of any correlations of lunar events with menses onsets. To
display these plots in composite figures, they had to be greatly
reduced in size, which made the following modifications necessary.
(i) The horizontal lines indicating months in the original raster
plots were removed; (ii) the dots indicating the menses onsets were
manually enlarged, and (iii) phases of the lunar cycles were colored.
We made all of these modifications manually in Microsoft Paint or
Corel Photo-Paint.

Determination of phase jumps and menses period

All raster plots were visually inspected, and phase jumps were de-
termined by eye. For recorded intervals at which no phase jumps
occurred and the menstrual period appeared stable by visual inspec-
tion, we calculated the period length with * periodogram analysis
software embedded in Actogram] (27). In addition, we determined
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the number of days between consecutive menses for all women and
plotted these as histograms and boxplots, separately for the two age
intervals <35 and > 35 years (Fig. 2). For each woman, we then cal-
culated means and medians of these values during the two age inter-
vals (Table 1).

Circular plots and Rayleigh test

For determining the phase distribution of the menses onsets in rela-
tion to the lunar phases, we plotted the data in circular plots and
tested for deviation from a uniform distribution with the Rayleigh
test using the statistics software R [R Core Team (2020). R: A lan-
guage and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL: www.R-project.org/].
To do so, we had to convert the dates of menses onsets to cyclic data
within the different moon cycles. This was slightly complicated by
the fact that the latter is not strictly constant but varies cyclically
around a certain mean (29.53 days for the synodic, 27.55 days for
the anomalistic, and 27.32 days for the tropical month). Further-
more, menstrual data were provided only in full dates, i.e., with lower
precision than the data for the Moon cycles. To reduce rounding
artifacts and artificial clumping of data, we thus created hourly
menstrual dates by assuming that they occurred in the middle of the
day at 1200. These “hour-accurate” menstrual dates were then nor-
malized to the exact length of the time interval between the previous
and next full moon (or perigee or maximal lunar standstill, respec-
tively); resulting values were then converted to radians by multiply-
ing them by 2m. For the graphical presentation in circular plots, we
split the range 0 to 2m into 30 equally sized segments (one segment
is ~1 day for the synodic and ~22 hours for the anomalistic and
tropical cycles). We created separate circular plots for each woman
in relation to the relevant phases of the lunar cycles (full/new moon,
apogee/perigee, maximum/minimum lunar standstills) (Figs. 3 to 6
and fig. S1). We also combined all data into a single graph (sepa-
rately for the synodic, anomalistic, and tropical months), as well as
separately for the summer and winter term (Fig. 7).

The standard Rayleigh test can discriminate between a uniform
(null hypothesis) and a unimodal frequency distribution. As men-
strual cycles could be locked either on the full or the new moon and
thus be axial bimodal, we applied phase duplication to the data so
that both data close to the full moon or close to the new moon will
fall into the same residual class (thus transforming an axial bimodal
into a unimodal distribution) (47). Two separate Rayleigh tests,
(i) for any deviations from a uniform frequency distribution of any
phase and (ii) for the particular presence of a uni- or bimodal distri-
bution with the phases synchronized to a central parameter 0 (e.g.,
the full/new moon, perigee/apogee or maximum/minimum lunar
standstill, respectively), were then carried out for each woman us-
ing the R package “circular” from C. Agostinelli and U. Lund: Cir-
cular Statistics (version 0.4-93) (available at https://cran.r-project.
org/web/packages/circular/citation.html).

Maximum likelihood approach and model selection

In addition, we confirmed our results by a maximum likelihood
approach independent of symmetry assumption for the distribution
using R package CircMLE (47). To directly assess the potential bimodal
distribution of menses phases and the location of parameters for the pooled
data, we applied a maximum likelihood approach combined with model
selection based on the Akaike information criterion (AIC) (table S1)
(47). Calculations were performed with R package “CircMLE” (48).
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As candidate models, we considered the model set suggested by
Schnute and Groot (48), implemented in CircMLE by Fitak and
Johnsen (47) and based on bimodal von Mises distributions (tables
S2 to S4). These models can represent one of three types: (i) a uni-
form model (M1) with random onset of menses, which is the null
model of the set; (ii) unimodal models (M2A, M2B, and M2C) with
a single preferred phase; and (iii) bimodal models (M3A, M3B,
M4A, M4B, M5A, and M5B) with two preferred phases. In addi-
tion, bimodal models can either be characterized as axial (M3A, M3B,
M4A, and M4B) where preferred phases point into opposite direc-
tion or nonaxial (M5A and M5B). Models are specified by up to five
parameters: mean direction (¢1) and concentration (k1) for the first
mode (e.g., full moon, perigee, or maximum lunar standstill), mean
direction (¢2) and concentration (k2) for the second mode (e.g.,
new moon, apogee, or minimum lunar standstill), and the relative
weight of the first distribution (0 < A < 1; with the second distribution
fixed at fraction 1 — ). We calculated models for menses distribu-
tion during the synodic lunar cycle (table S2), the anomalistic lunar
cycle (table S3), and the tropical lunar cycle (table S4), always pre-
senting the best to least fitting models in descending order. The best
fitting models and the models assuming a uniform distribution
(M1, the null model) are highlighted in bold letters, respectively. In
general, models with an AIC deviation (AAIC) less than 2 from the
best model are well supported, models with AAIC between 2 and 7
should rarely be dismissed, and models with AAIC >9 have little
support (49, 50). In tables S2 to S4, all models with a AAIC >9 (differ-
ence from the best model) are shown in gray letters. The differences
in AIC values between the best model and M1 (uniform distribution)
are of specific interest because they indicate a peaked distribution
when AAIC > 2. These AAIC values are given in Fig. 7, and they
indicate a peaked distribution of menses during the synodic and
anomalistic lunar cycles (tables S2 and S3) but not for the tropical
lunar cycle (table S4).

Assessment of menses phase distance to the phases

of the Moon

To assess mean phase distance of menses onset to the full/new moon,
perigee and apogee, and lunar standstills, we estimated 95% confi-
dence intervals (CI) of the central tendency by bootstrapping the
maximum likelihood model estimations (from R package CircMLE)
with 200 replications. The phases of new moon, apogee, and mini-
mum lunar standstill are at 0.5 (50% of the full circle representing
the oscillation period of the different lunar events), respectively, and
that of full moon, perigee, and maximum lunar standstill are at 0/1
(0/100% of the full circle), respectively [mean direction (full moon):
lower CI = 0.95 (28.2 days) and upper CI = 0.99 (29.1 days); mean
direction (new moon): lower CI = 0.45 (13.4 days) and upper
CI = 0.49 (14.4 days); mean direction (perigee): lower CI = 0.95
(26.1 days) and upper CI = 1.04 (28.6 days); mean direction (apogee):
lower CI = 0.45 (12.4 days) and upper CI = 0.54 (14.8 days); and
mean direction (lunar standstills): lower CI = 0.01 (0.30 days) and
upper CI = 0.91 (24.7 days)]

For the synodic and the anomalistic cycles, the average phases of
menses onset lie before full moon and perigee, respectively. However,
the 95% CI of mean menses onset does exclude the 0/1 direction
only for the synodic cycle. This provides strong evidence that mean
onset of menses is, in fact, slightly earlier than full/new moon in this
case. While the 95% CI is small for the synodic lunar cycle and of
intermediate size for the anomalistic cycle, it is very large for the
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tropical lunar cycle. Menses onsets do not happen at a specific phase
in the tropical cycle, as already shown in the polar plot and by modeling.

Rayleigh tests to exclude accidental significances

To test whether the significant bidirectionality (synchronization)
detected for the synodic and anomalistic lunar cycles did not occur
just by chance, we performed additional Rayleigh tests based on the
empirical menstrual cycle data but under the assumption that the
lunar cycle would have fixed lengths different from the empirical
means (29.53 and 27.55 days). For this purpose, we created artificial
Moon cycle data with alternative lengths in the range from 27 to
32 days; we covered this range in 100 steps of 0.05 days, i.e., 72 min.
We added two further cycles with the exact mean length of the tropical
(27.32 days) and anomalistic (27.55 days) lunar cycle, respectively.
Following the same procedures as described in our main text
(cf. Fig. 7), we then carried out Rayleigh tests for unidirectionality using
the phase-duplicated empirical data for the menstrual cycles but in
relation to these artificial lunar cycles. As we tested particularly for
the hypothesis of synchronization with the full and/or new moon
and with perigee and/or apogee (the hypothesis is specific on the
phase of synchronization), the exact onset of the lunar cycle in rela-
tion to the menstrual cycle data may also be relevant. We thus rep-
licated each test five times assuming different starting moments
(after 0, 23, 46, 69, and 92% of the time spanning the first period) for
the onset of the lunar time series. In addition, we tested for uni-/
bimodality without specifying a particular direction.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabe1358/DC1

View/request a protocol for this paper from Bio-protocol.
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