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Abstract—The synchronization of mice motor activity, which reflects the activity—rest cycle, with variations
in the X component of the geomagnetic field vector (BOXX) in the range of fluctuations from 10 to 120 min
has been studied. The percentage of pixels on the video recording that changed their intensity within 10 s is
used as an indicator of motor activity. The experiment was performed simultaneously on 16 males of the
C57BL/6 line in October 2019 in Moscow. The mice were kept single in a plastic box (z = 22—26°C) under an
artificial 12-h light regime and free access to water and food. The degree of similarity of the rhythm of bio-
logical and BOXX indicators is analyzed for each animal by evaluating the degree of similarity of their Fourier
spectra for each 12-h day and night intervals. An analysis of the time series averaged over the group showed
that almost all harmonics in the interval of 50—120 min correspond to equal harmonics of the BOXX. The
cross-correlation function of two series has a statistically significant absolute maximum with a zero time lag
between the series. On average, 18% of individual segments show statistically significant correlation between
the spectra of activity—rest cycle and BOXX. This result indicates the adjustment of the biological rhythm for
the variations of the geophysical one, which corresponds to the effect of adjusting the rhythms of heart and

brain human activity to an external rhythm generator, the geomagnetic field.
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INTRODUCTION

One widely known manifestation of solar—bio-
spheric interactions is the presence of solar rhythm in
various biological processes. This phenomenon is
observed on different spatiotemporal scales (see
reviews (Temuryants et al., 1992; Vladimirskii and
Temuryants, 2000; Breus et al., 2016; Zenchenko and
Breus, 2021)).

Thus, the 11-year rhythm of solar activity could be
detected in the emergence of epidemics (Chizhevskii,
1976; Hayes, 2010; Gumarova et al., 2013; Qu, 2016;
Wickramasinghe, 2020), high mortality outbreaks
(Vieira et al., 2018), and noncommunicable diseases
such as cardiovascular diseases (Halberg et al., 2000;
Cornelissen et al., 2002) or mental diseases (Davis and
Lowell, 2006).

Infradian rhythms present in the dynamics of the
solar wind and the disturbance of the geomagnetic field
(GMF) (28, 14, 9, 6.8, 5.4, 4.5 days, etc.) have been
repeatedly observed in the diurnal dynamics of popula-
tion indicators (such as an increase in complications of
cardiovascular diseases, an increase in the number of
suicides, etc.) (Cornelissen et al., 2002; Breus et al.,
2016), as well as in the individual rhythms of a number
of physiological indicators of humans (Halberg et al.,
1991; Breus et al., 1995; Kornelissen et al., 1998) and
animals (Komarov et al., 1994), including protozoa
(Schweiger et al., 1986; Kuznetsov, 1992).

Recently, the manifestation of synchronization of
geophysical and biological rhythmics at the intraday
time scale is gaining more and more attention from
researchers. Such synchronization is shown for rhyth-
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mic processes in the human brain and heart. Thus, the
indicators of the total spectral power of the EEG,
averaged over a group of healthy volunteers, change
synchronously with the changes in the intensity of the
first mode of Schumann resonances (8 Hz), and this
synchronization increases with an increase in the gen-
eral level of solar activity (Pobachenko et al., 2006;
Saroka et al., 2016). The individual sensitivity of the
rhythm-generating structures of the human brain in
the high-frequency (14—35 Hz) and low-frequency
(up to 4 Hz) parts of the EEG spectrum turned out to
be associated with variations in the horizontal compo-
nent of the GMF (Poskotinova et al., 2018).

A number of studies analyzed long multiday heart
rate records in groups of healthy volunteers and com-
pared these data with the dynamics of the intensity of
Schumann resonances and variations in the total
GMF vector (Alabdulgade et al., 2015, 2018; McCraty
et al., 2017; Timofejeva et al., 2017).

Another series of studies shows that, in a healthy
person at rest, the heart rate adjusts to synchronous
variations in the geomagnetic field vector in the range
of oscillation periods from 3 to 30 min (millihertz fre-
quency range 0.56—5.56 mHz, close to the frequencies
of geomagnetic pulsations PC5-6) (Zenchenko et al.,
2013, 2014, 2015). This effect was observed in about
60% of 230 individual ECG recordings and did not
depend on the geographical point of observation.

No significant shifts in the average values of cardiac
parameters beyond the physiological norm were
recorded in these studies. This suggests that the syn-
chronization of the heart rhythm is observed during
the normal functioning of the studied body systems.

The authors of the studies also analyzed individual
characteristics of rhythmics. They emphasize that
characteristics of the reaction such as the amplitude of
oscillations and the phase shift differ in different indi-
viduals (Zenchenko et al., 2013, 2014; Alabdulgade
et al., 2015; Timofejeva et al., 2017; Poskotinova et al.,
2018). Thus, group-averaged results of studies on mag-
netobiological synchronization confirm the funda-
mental existence of the effect and the individual ones
show significant interindividual variability. Thus, it
can be concluded that averaging over the group largely
smooths the severity of the effect.

Studies on animals indicate the presence of syn-
chronization between physiological rhythms in the
range of periods of 10—120 min (0.14—1.67 mHz) in
different individuals, even at a considerable distance
from each other (Dzalilova et al., 2019; Diatroptov
et al., 2020a, 2020b). This effect makes it possible to
assume the presence of an external rhythm sensor; how-
ever, in these studies, no direct synchronization with
any specific geophysical rhythms have been established.

The effect of synchronization is manifested in the
processes associated with the central and autonomic
nervous system. Therefore, it can be assumed that a
similar “rhythm seizure” can also be manifested in the
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activity—rest cycle. The study of this effect is important
for assessing the possible contribution of the geomag-
netic factor to human well-being. It has been previously
shown (Ohayon et al., 2019; Dorokhov et al., 2020) that
weak artificial electromagnetic fields of ultra low fre-
quency have a positive effect on human sleep.

Small rodents, including mice, are characterized
by frequently alternating periods of rest and activity. It
is believed that the brain dopaminergic system is
involved in the formation of such cycles (Bourguignon
and Storch, 2017). This statement is based on the fact
that fluctuations in the dopamine level in the struc-
tures of the corpus striatum are synchronous with the
ultradian cycles of motor activity. A mutation in the
Slc6a3~/~ dopamine transporter gene leads to an
increase in the period of the ultradian rhythm of motor
activity (Blum et al., 2014).

The aim of this work is to detect and then conduct
a preliminary study of the possible effect of biogeo-
physical synchronization in animals in relation to the
rhythm of motor activity reflecting the activity—rest
cycle.

‘We have set and solved three tasks:

(i) Develop a method for detecting synchroniza-
tion taking into account the specifics of biological and
geophysical data (such studies have not been con-
ducted before);

(ii) Reveal the effect of synchronization on the test
group of animals in the middle-group and individual
analysis;

(iii) A preliminary study of the characteristics of
the effect, namely, its distribution within a group of
animals in time and the presence or absence of prefer-
ential frequencies.

MATERIALS AND METHODS
Experiment Design and Data Collection

For the analysis, we used data on the intensity of
locomotor activity, continuously recorded simultane-
ously in 16 mice (line C57BL/6, males) from October 7
(night from 6 to 7 October) to October 22 (day), 2019.
An automated device for recording the motor activity
of mice consisted of two sound-insulated ventilated
chambers with an internal size of 110 X 45 x 70 cm
each. The mice were kept single in a transparent plastic
box measuring 16 X 16 X 40 cm; each chamber con-
tained 8 boxes. The chambers were kept at a constant
temperature of 22—26°C with an artificial 12-h light
regime (08:01—20:00 bright white light; 20:01—08:00
weak red light), water and food ad libitum.

The illumination uniformity was provided by LED
strips with SMD 3528 LEDs. Daylight illumination
had a color temperature of 3200 K (warm white light).
The illumination at the location of a mouse was about
100 Lx. Night illumination was provided by 900 K
LED lamps (red light). The illumination measured at
Vol. 57
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the location of a mouse was about 15 Lx. A Smart Sen-
sor AR823 luxometer was used. It is known that mice
are the least sensitive to the red part of the spectrum
and illumination less than 20 Lx does not disrupt their
sleep—wake cycle (Zhang et al., 2017).

The LED strips and fans were powered bya 12 VDC
network. Four A4Tech PK333E webcams (with inte-
gral infrared illumination) were used for video record-
ing of motor activity. Each of the webcams provided
simultaneous video recording of the activity of four
mice in four quadrants of the field of view of the video
camera. In each quadrant, every second, the analysis
program quantified the ratio of the proportion of
changed and unchanged pixels and averaged these
data over 10 s (Manolov et al., 2016). Then this data
was recorded to a file individually for each mouse.

Geophysical Data for Analysis

As geophysical indicators, 1-m values of the hori-
zontal X component of the GMF vector (BOXX) were
selected according to the data of the Borok geomag-
netic station (58°04’ N, 38°14" E), nearest to the mea-
surement point (Moscow, 55°45” N, 37°37" E). Data
were taken from INTERMAGNET (International
Real-time Magnetic Observatory Network, http://
ottawa.intermagnet.org/Welcom_e.php). We chose
the X component because in the investigated frequency
range it spreads over considerable distances without dis-
tortions. Earlier, we determined that during quiet times
the data for the Borok station coincide with the data for
the Kiev station (Zenchenko et al., 2014).

The geomagnetic activity during the entire period
of measurements was calm (Kp < 4); no geomagnetic
storms were observed.

Analysis Methods

Filtration. In this work we were interested in the
possible synchronization of oscillations with periods
from 10 to 120 min (0.14—1.67 mHz); so, to exclude
diurnal variations, trends, and low-frequency compo-
nents to biological and geomagnetic time series, we
preliminarily applied a Blackman—Harris window.
The specific parameters of the bandpass filter (lower f,
and upper f, cutoff frequencies (from the Nyquist fre-
quency) and filter length /) are listed below for each
result.

Similarity assessment methods. Since, as was men-
tioned above, group-averaging can lead to a significant
decrease in the severity of the effect and even results in
its total vanishing, we used both the mean-group and
individual approaches.

Mean-group analysis. In the mean-group analysis,
first, the activity values averaged over each minute
were calculated for all 16 animals. A series with a total
length of 23278 points was filtered with a low-fre-
quency filter (see above), then divided into sequential
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12-h intervals corresponding to day and night observa-
tion intervals. In total there were 32 intervals consist-
ing of 720 points (16 day and 16 night). For each 12-h
interval, a cross-correlation function between the bio-
logical and the synchronous geophysical interval of
the time series was determined.

Individual analysis. Individual time series of 1-min
activity values for each animal were transformed into
3-min ones, then divided into 12-h intervals
(240 points each). A total of 32 time intervals were
obtained for each animal; in total for the whole group
of 16 animals, there were 512 individual time intervals.
After the abovementioned low-frequency filtering, the
Fourier spectra of the time series of variations in the
geomagnetic vector and 16 individual biological activ-
ity series were calculated for each of the 12-h intervals.

A conclusion about the similarity of the biological
and geomagnetic series for each animal at each of the
12-h intervals was made on the basis of the correlation
analysis of their Fourier spectra. Intervals from the 5th
to the 72nd harmonics (periods from 10 to 144 min,
0.12—1.67 mHz) were separated from each spectrum,
the spectra were normalized to the maximum power
value of this spectrum interval, a linear trend was
excluded to prevent excessive contribution large peri-
ods, the Spearman r-correlation coefficients (non-
parametric method) for synchronous time intervals
were calculated, and the level of statistical significance
of the correlation (p) was estimated.

Results of the individual analysis. The values of the
r-correlation coefficients were converted to the form
of indices:

K = —sgnr X logp. (1)

This representation is more convenient for analyz-
ing large arrays or tables of results than the traditional
one in the form of pairs of » and p values. The K value
uniquely depends on rand p and contains information
about the sign of the correlation coefficient (it is
reflected by the function sign 7) and about the degree
of connection between the two series (—logp). Since
the value of the —logp function increases with an
increase in the level of statistical significance, the
K value also increases, while the p-value decreases.

The traditionally accepted first level of statistical sig-
nificance p < 0.05 corresponds to the values |K| > 1.3,
since —log0.05 = 1.3. Similarly, p < 0.01 corresponds
to |[K] > 2 and p < 0.001 to |K| > 3. |K]| < 1.3 means that
there is no statistical relationship between the tested
series.

RESULTS
Mean Group Analysis

For the mean group analysis of animal activity, the
series of biological and geophysical data were prelimi-
narily filtered with filter parameters f; = 0.007, f, =
0.9995, and /= 7500. Figure 1 shows the Fourier spec-
Vol. 57
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Fig. 1. Fourier spectra of the mean-group biological and geophysical 1-min time series. The row length is 23278 points, f; = 0.007,
f,=10.9995, and ;= 7500. The values of the spectral power are normalized to the maximum value.

tra of two series in the range of periods of 50—120 min
(0.14—0.33 mHz). It can be seen that, for 11 of the
13 most pronounced harmonics of the activity series of
animals (the values of the periods are indicated in the
figure), there are corresponding harmonics of the geo-
physical series that coincide exactly with them in mag-
nitude.

Spearman’s nonparametric correlation coefficient
calculated for the biological and geophysical series was
low (r = 0.053); however, due to the very large length
of the series (23278 points) the level of statistical sig-
nificance was p < 10~. Then the series was divided
into 12-h intervals; for each of the 32 intervals (day
and night data for 16 mice), a cross-correlation func-
tion was calculated between the animal activity values
and BOXX values at time shifts of +200 min. The dis-
tributions of the correlation coefficients over the time
lag in the form of the median, as well as the first and
third quartiles, are shown in Fig. 2. It can be seen that
the absolute maximum of the distribution corresponds
to a zero shift between the rows.

Individual Analysis

The first step of the individual analysis was to
develop a method for identifying the effect.

Figure 3 shows examples of two 12-h intervals of the
activity of a certain animal and synchronous variations
of the horizontal GMF component (initial and after
applying a band-pass filter (f, = 0.1, /, = 0.95, [;=79)).
It can be seen that, in the initial series, the daily varia-
tion of the GMF vector has large amplitude, which
practically hides fluctuations with shorter periods.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

After the filtering procedure, they become more pro-
nounced.

The data (Fig. 3) also show the nature of the syn-
chronization effect: cyclic oscillations with periods of
40—100 min (0.17—0.42 mHz) are observed both in the
geophysical and biological time series. Their ampli-
tude and phase vary significantly. In these examples,
17—20 cycles fit into a 12-h observation period. If the
observed quasiperiodic oscillations were independent
and the phase coincidence in a certain area was ran-
dom, then a significant desynchronization of the
oscillation phases would occur during the chosen
observation time. However, Figs. 3a, II and 3b, II
show that the coincidence of the extrema in the two
series persists throughout the entire observation
period, despite the variability of the cycle length.

Thus, at least in some cases, in the biological series
of the activity—rest cycle, the oscillations are close in
frequency and phase to similar oscillations in the
BOXX dynamics. If we assume that this relationship
is not accidental, then the most appropriate method
for assessing their similarity degree is the method for
assessing the proximity of the Fourier spectra of
these series.

Development of a Method for Analyzing the Similarity
of Individual Fourier Spectra

Table 1 provides a correlation coefficients between
12-h intervals of biological (separately for each ani-
mal) and synchronous geophysical series. The tradi-
tionally accepted level of statistical significance p < 0.05
(K> 1.3) in Table 1 satisfies 172 out of 512 coefficients,
i.e., 34% (in bold).

No. 10
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Fig. 2. Value of the cross-correlation function between the mean-group biological and geophysical series averaged over 32 con-
secutive 12-h intervals. The filtering parameters are the same as in Fig. 1.

However, in this case, the traditional criterion
p <0.05 turns out to be too weak, since we are not
interested in the probability of a random coincidence
of the spectra, but in their similarity. Therefore, it is
necessary to conduct additional research and deter-
mine the limits of the correlation coefficients that are
sufficient to consider the spectra similar.

The compared spectra segments can be considered
space vectors (in this case, the dimension n = 68), and
their scalar product, similar to the linear correlation
coefficient, can serve as a measure of their proximity.

The distribution of the significance levels (K) of the
correlation coefficients obtained in accordance with
formula (1) for 512 time intervals is represented in
Fig. 4. It can be seen that this distribution is asymmet-
ric and shifted relative to zero (the mode is 0.5). If we
assume that the distribution of features of the two
coincidentally random spectra follow the normal
probability law (shown in the figure by the solid line),
then the observed anomalously large values (in this
case, for K > 2.5) can be considered outlets of the ran-
dom distribution.

Figure 5a presents examples of spectra estimated as
dissimilar; Fig. 5b presents them as similar according
to the chosen similarity boundary, K > 2.5 (which cor-
responds to » > 0.354). It can be seen that the chosen
criterion is quite strict. It excludes as dissimilar not
only the cases with great differences of the main peak
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frequencies (if it is one) (see Figs. 5a, 5b; K = —1.43,
K=0.47), but also such cases when the frequencies are
close, but do not coincide (Figs. 5¢, 5d; K= 1.56, K=
1.77). According to the criterion, in the case of multi-
plicity of high-amplitude peaks, a small frequency dis-
crepancy of one of them turns out to be admissible
(Figs. 5e, 5f; K=2.59-2.62).

Thus, the examples of the spectra shown in Fig. 5
confirm the validity of the K value chosen as the limit
value of distribution for all sample values (see Fig. 4):
the spectra for which K > 2.5 do indeed have similar
values of the main presented periods, while the spectra
with K < 2.5 differ.

This criterion is much more rigorous than the tra-
ditional p < 0.05 (K > 1.3) and even p < 0.01 (K > 2).
However, in the sample of correlation coefficients, it
corresponds to 18% of the values.

Thus, according to the similarity criterion for Fou-
rier spectra, which we developed on the basis of stan-
dard methods of statistical, correlation, and spectral
analyses, there is a significant number of cases that go
beyond the boundaries of random coincidence.

Characteristics of the Synchronization Effect

Distribution features for individual animals and days
of observation. Figure 6 presents the results of the anal-
ysis of the table data for individual animals (see Fig. 6a)
Vol. 57
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Fig. 3. Examples of series of 3-min values of animal activity (/) and the value of the horizontal component of the geomagnetic
vector BOXX (2): initial (I) and after applying a band-pass filter (II). (a) October 14, 2019, night, M4 mouse; (b) October 17,

2019, day, mouse M6.
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X component over the entire sample of results. Solid line designates the approximation of the distribution by the Gaussian function.
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Fig. 5. Examples of spectra recognized as dissimilar according to the criterion K < 2.5 (I) and recognized as similar according to
the criterion K > 2.5 (II). (/) Biological series; (2) geophysical series. Spectra are normalized to the maximum value.

and for the observation time (see Fig. 6b). The distri-
bution of the number of cases N in which the Fourier
spectra were found to be similar (» > 0.354 or, conse-
quently, K> 2.5) is shown. The presented data (Fig. 6a)
show that, for different animals, the number of such
cases varies from 2 to 9 (or from 6 to 28%; 18% on
average for the entire sample of animals). With the

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

exception of the animal M 12, for which only two cases
of similarity of spectra were noted, we failed to dis-
cover objective criteria by which the mice could be
divided into “magnetically sensitive” and “magneti-
cally insensitive.” If we consider the limit values of this
distribution, then the similarity of the spectra in more
than 20% of cases (7—9 cases) was found for animals
Vol. 57
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Fig. 6. Distribution of the number of cases of similarity (K > 2.5) between the Fourier spectra of biological and geomagnetic time
series for 16 mice (a) and for each observation interval (b). (b) (/) Night; (2) day.

M3, M6, M7, M9, and M16; less than 15% (2—
4 cases) was found for M1 and M 11— M 14 animals.

Figure 6b shows the distribution according to
observation days separately for day and night intervals.
For day intervals, 39 matches were noted (in total for
all animals); for night intervals, 54 were noted.

The number of cases varies considerably by day,
from a complete lack of coincidences (October 16) to
9—11 cases per day, which is 28—34% (October 11 or
October 17—19). More research is needed to identify
the reasons for these differences.

A comparison of the specific features of the day
and night intervals shows that, over 4 days (October 8,
10, 11, and 17), the daytime value of the number of
coincidences exceeded the nighttime one, and on the
other days it was the opposite. Thus, there is a certain
trend towards an increase in the percentage of coinci-
dences at night; however, the comparison of the sam-
ples of the obtained day and night values of the num-
ber of coincidences turns out to be indistinguishable
according to the nonparametric Wilcoxon test (» =
0.14, p > 0.05). For a more accurate answer to the
question of whether there is a predominant coinci-
dence of the spectra at night intervals in comparison to
day intervals, it is necessary to increase the sample
number of animals and analyzed intervals, which is a
task for future studies.

Peculiarities of Spectrum Frequency Distribution

To explain the reasons for the effect of the similar-
ity of biological and geomagnetic periods, two mech-
anisms can be proposed.

1. In geophysical and biological series, there is a
definite endogenous rhythm with a constant set of
characteristic periods. A correlation between the series
is recorded in time intervals when the values of these

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

internal periods are close, although the causal rela-
tionship may be completely absent.

2. The biological rhythm adjusts to the vibrations
that are present at a given moment in the geomagnetic
field. Therefore, at each separate moment of time, a
predominance of different frequencies can be observed.

To determine which of the proposed mechanisms is
more probable, we analyzed the features of the spectra
for various samples of experimental animals. Figure 7a
shows the total spectra of the BOXX time series (sepa-
rately for the day and night intervals of the experi-
ment); Figs. 7b—7d show the total spectra for the fol-
lowing samples: (b) all 16 animals in total, (c) 5 ani-
mals (M3, M6, M7, M9, and M16) with the highest
frequency of similarity, and (d) 5 animals (M1, M 11—
M 14) with the lowest frequency of similarity.

It is easily seen that the spectra of the BOXX day
and night intervals (Fig. 7a) differ significantly: the
period of 45—48 min (0.35—0.37 mHZ) dominates in
the day intervals and there are also periods of 65 and
80 min (0.21-0.26 mHZ), while at night the maxi-
mum frequency of occurrence shifts to periods of 65
and 80 min (0.26 and 0.21 mHZ, respectively) and
there are practically no periods of 45 min (0.37 mHZ).
The period of 72 min (0.23 mHZ) corresponds to a
local minimum both in the day and night spectra.

Distributions of spectrum amplitudes of biological
series look almost the same both in the daytime and at
night within each of the three samples and for different
samples. There are no clearly defined extrema. This fact
testifies in favor of the assumption that stable (mono-
chromatic) endogenous frequencies are not present in
the rhythm of the studied biological parameter.

At the same time, an analysis of the individual
characteristics of the frequency distribution in the
spectra of biological series shows that in a number of
cases there is still a change in the characteristics of the
rhythm depending on the time of day, and these
Vol. 57
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Fig. 7. Total spectra of the investigated geophysical and biological time series separately for night (/) and day (2) observation
intervals. (a) BOXX, (b) all animals, (c) 5 animals with the highest frequency of similarity, and (d) 5 animals with the lowest fre-

quency of similarity.

changes are similar to the features observed in the geo-
physical series. Thus, Fig. 8 shows the time-frequency
distribution of the presented periods sequentially for
16 night (Fig. 8a) and day (Fig. 8b) observation inter-
vals of the BOXX series and the reactions of animals
M3 and M5. Each horizontal line displays the spec-
trum of a certain day; the intensity of the periods is
reflected by the intensity of the red color.

A comparison of the data presented in Fig. 8 shows
that the highest frequency of the maximum intensity
periods in biological series in the daytime corresponds
to 60 min (0.28 mHZ) and, at night, to 80 min
(0.21 mHZ). In the figure these intervals are limited by
vertical lines. This behavior of the spectral rhythm sug-
gests that the averaged spectra shown in Fig. 7 do not
fully reflect the peculiarities of biological rhythm, and
there is not enough material for the final choice in favor
of any of the hypotheses formulated above.

DISCUSSION

In this study, the following tasks were set and
solved.

1. On the basis of traditional methods of statistical
and correlation analysis, we developed a method to

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

reveal the effect of synchronization of variations in the
GMF vector and time series of motor activity in labo-
ratory mice, which in these animals is largely deter-
mined by the activity—rest cycle.

2. It has been shown that the coincidence of spectra
on 12-h intervals of the time series occurs many times
more often than is possible with a random coinci-
dence; i.e., for the activity—rest cycle in mice, the
effect of the frequency adjustment of biological
rhythm to the vibrations present in the geomagnetic
spectrum has been observed.

3. A primary assessment of the characteristics of
the effect, namely, the peculiarities of its variations
over individual animals, days of observation, and cer-
tain frequencies of the spectrum, has been made.

It was found that the distribution of correlation
coefficients calculated for 512 time intervals of biolog-
ical and geomagnetic series is highly asymmetric.
Approximately 18% of anomalously high values are
outside the boundaries of random distribution, which
corresponds to cases of significant proximity of the
compared spectra.

The distribution of such cases of spectrum similar-
ity by individual animals and by days of observation
No. 10
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Fig. 8. Spectra of sequential 16 night (a) and day (b) intervals of time series. See text for explanations.

does not provide reasons for dividing the group of
experimental animals into magnetically sensitive and
magnetically insensitive, since the number of cases of
similarity varies smoothly from 2 to 9 for different ani-
mals. This is similar to the effect of synchronization of
the heart rate with variations in the geomagnetic field
(Alabdulgade et al., 2015; Timofejeva et al., 2017): it
was not possible to divide the participants of the study
into certain groups of stably magnetically sensitive or
stably magnetically insensitive persons.

It was found that the number of cases of similarity
varies greatly from day to day, with a slight predomi-
nance of the number of cases at night. To date, no data
have been found in the literature on the symmetry or
asymmetry of the sensitivity distribution at different
day periods, but this issue is extremely important for
understanding the mechanism of the effect. The data-
base we used in our work may simply not be sufficient
to evaluate such differences.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

It was also shown that, in different individual time
intervals, synchronization is found at different values
of the main fluctuation periods. This result testifies in
favor of the assumption about the adjustment of the
biological rhythm to the variations of the geophysical
rhythm. Consequently, the revealed association of
changes in the activity of animals and GMF variations
is determined not simply by a random coincidence of
the period characteristics of these studied parameters.
This conclusion is consistent with the results obtained
earlier in the studies on synchronization of the human
heart rate with GMF variations (Zenchenko et al., 2013,
2014) and the physiological rhythms of animals in the
range of periods of 10—120 min (0.14—1.67 mHz) in dif-
ferent individuals, even at a considerable distance from
each other (Dzalilova et al., 2019; Diatroptov et al.,
2020a, 2020b).

However, further experimental studies are needed
to conclude that it is the fluctuations of the magnetic
Vol. 57
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field, not related to their formation other physical fac-
tors, that affect the rhythm of the activity of animals,
particularly the activity—rest cycle. There are two rea-
sons to explain the complexity of such studies.

1. The mechanism of magnetic-field reception in
organisms is tuned precisely to the registration of
extremely weak variations in magnetic fields, which
are comparable in amplitude to the GMF oscilla-
tions. The ability of the body’s cells to respond to
ultraweak magnetic fields during distant intercellular
interactions has also been mentioned earlier (Kaz-
nacheev et al., 1981). Consequently, more intense
artificially generated signals may not be perceived by
the organisms.

2. Passive magnetic shielding does not provide the
complete elimination of GMF variations in the inves-
tigated ultra-low-frequency range. If the body has a
highly sensitive mechanism of magnetoreception,
even a significant decrease in the signal amplitude
does not always cause a corresponding decrease in the
response in the rhythm of the activity—rest cycle, since
we observe precisely the phenomenon of synchroniza-
tion and not the direct activating/inhibiting effect of
geomagnetic pulsations.

CONCLUSIONS

(1) The existence of the synchronization effect in
the geophysical and biological time series shows that
the degree of sensitivity of various animals changes
smoothly and varies over time. A more accurate deter-
mination of the prevalence of the effect in the popula-
tion and in time requires larger experimental samples
and duration of observations.

(2) In some cases, the mean group and individual
analysis reveal synchronization effect in the geophysi-
cal and biological time series: observed fluctuations
are close in frequency and phase to similar fluctua-
tions in the dynamics of the geomagnetic field vector
with periods of 40—100 min (0.17—0.42 mHz), the
amplitude and phase of which vary; distribution of the
obtained correlation coefficients over the time lag in
the form of a median shows that the maximum corre-
sponds to a zero shift between the series.

(3) The BOXX spectra of the day and night inter-
vals differ: the period of 45—48 min (0.35—0.37 mHz)
dominates in the day intervals and there are also peri-
ods of 65 and 80 min (0.21—0.26 mHz) (with a lower
amplitude), while at night the maximum frequency of
occurrence shifts to periods of 65 and 80 min (0.26 and
0.21 mHz, respectively), and there are practically no
periods of 45 min (0.37 mHz). The period of 72 min
(0.23 mHz) corresponds to a local minimum in both
the day and night spectra. The distribution of ampli-
tudes in the spectra of biological series also looks sim-
ilar and there are no clearly pronounced extrema.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS
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