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Figure 7. Relative growth of G. catenatum observed 24-hour after addition of culture media pre-treated 
with a magnetic fi eld versus non-treated distributed accordingly with the daily a) RADIO fl ux (N=18, when 
GMA < 10 or >18 nT), b) GMA activity (N=23, when RADIO <81 F10.7 units). In c) global comparison for 
treatment eff ect between A. pacifi cum and G. catenatum (N=30).

Figure 8. Changes in selected MAA’s concentration relative to control in G. catenatum distributed 
accordingly with the daily: a) and b) GMA activity (N=26, 4 outliers removed, see Fig. 8); c) and d) 
RADIO fl ux (N=19; data selected for days when GMA ≤10 or ≥18 nT, 4 outliers removed).
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Previous experiments had alerted that these kinds of 
experiments could suff er infl uence, in addition to SPW, 
from seismo-electromagnetic (SEM) phenomena from 
earthquakes and volcanic eruptions. Such phenomena 
might take place hours or days before earthquakes. In 
cases where seismic activity near the experimental loca-
tion was close to or higher than M3 on the Richter scale, 
unexpected results were obtained in dinofl agellate cul-
tures (Vale, 2017b). No similar explanation could be as-
sociated with other outliers. Overall, all MAAs increased 
in MTCM-exposed cells, with a median at circa 110% and 
the 25-75% probability intervals at circa 100-120% from 
control (Fig. 6a).

Next, we compared the relative diff erence in cell concen-
tration observed between control and MTCM-exposed G. 
catenatum cells regarding GMA and SA parameters. Cell 
concentrations were inferior to control when solar radio 
fl ux was below 77 F10.7 units (90.0%) or geomagnetic ac-
tivity was above 10 nT or 18 nT (90.0 and 89.0%, respec-
tively; Fig. 7). In contrast, cell concentrations were slightly 
above control when these parameters fell outside these 
windows: 103% and 104% for SA and GMA, respectively 
(Fig. 7). For GMA below 10 nT, the relative cell concentra-
tion was signifi cantly diff erent from all results obtained 
above 10 nT (data not shown; p < 0.05).

These observations were the reverse of those observed 
for normal growth. Median growth in the control was 
higher below 77 F10.7 units or above 10 nT: 114% and 
117%, respectively (Fig. S7). Outside these intervals, me-

dian growth was 104% and 111% for SA and GMA param-
eters, respectively (Fig. S7). The inverted-U shaped curve 
typical of hormesis dose-response was not discernible 
when observing cell counts. Comparing the global eff ect 
of treatment between both microalgae, in A. pacifi cum
the concentration of treated cells was 99.5% from con-
trol while in G. catenatum, treated cells represented only 
95.5% of control (Fig. 7c).

For analysis of UV-photoprotective pigments in G. catena-
tum, MAAs were grouped into those with an additional 
relevant role as osmolytes (shinorine, porphyra-334) or 
antioxidants (mycosporine-glycine, M-370, palythene). 
Distribution of MAA variance in the MTCM-exposed cells 
followed an inverted-U shaped curve for GMA, but not 
for solar activity (Fig. 8). For geomagnetic activity, both os-
molytes and antioxidants increased above control in the 
middle 10-18 nT interval: 110% and 108%, respectively, 
decreasing outside this interval down to 74% and 84%, 
respectively (Figs. 8a-b). For SA, there was a non-signifi ca-
tive but decreasing trend with increasing radio fl ux (Figs. 
8c-d). When relating MAAs with another proxy for solar 
activity, the number of solar X-ray fl ares, MAAs generally 
decreased either at 0 or ≥ 1 solar fl ares (80-93%), except 
for antioxidants at F ≥ 1 (107%) (Fig. 4b).

These trends were opposite to those found when observ-
ing cell numbers (Fig. 7). The relative MAA concentration 
was then inversely related to relative growth. Examples 
were provided in Fig. 9: shinorine, one MAA with an addi-
tional role as an osmolyte, and mycosporine-glycine, one 

Figure 9. Relative changes in a) shinorine and b) M-370 versus relative growth in G. catenatum (N=30). 
Selected outliers (orange diamonds) were removed for regression analysis: (a) R=0.694; p < 0.01; b) 
R=0.883; p < 0.001.
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MAA with an additional role as an antioxidant. In the case 
of an MAA with an additional role as an antioxidant, its 
co-relation (p<0.001) with relative growth was stronger 
than in the case of an MAA with an additional role as an 
osmolyte (p<0.01) (Fig. 9).

Selected outliers were removed from regression analysis 
(Fig. S5). Two outliers were associated with earthquakes: 
outlier 1 was related to an M3.4 event that took place 3 
days after the experiment onset with an epicentre at 20 
km northeast (on March 28, 2021), and outlier 2 was re-
lated to a stronger M3.7 event that  took place 12 hours 
after the experiment onset with an epicenter at 300 km 
north (on May 20, 2021) (IPMA, 2022b). In outlier 1, both 
osmolytes and antioxidants reduced to 70% from con-
trol; in outlier 2 these reduced to 38% (30% for shinorine) 
and 68% (36% for mycosporine-glycine), respectively (Fig. 
9). Outliers 3 and 4 refer to experiments carried out on 
two consecutive days, when mucilage was prominently 
observed (Fig. S5). In these cases, MAAs with an osmo-
lyte role were mainly altered, with shinorine surpassing 
240% from control, while those with an antioxidant role 
not deviating from expected (Fig. 9). Overall, most MAAs 
decreased to 86-89% from control with the 25-75% prob-
ability intervals circa 70-105% from control. The excep-
tions were M370 and palythene (104% and 99%, respec-
tively) (Fig. 6b). The pigment M-370, so far has only been 
described in G. catenatum, and its broad absorption cov-
ers the entire UVA up to the violet range (Vale, 2015).

Another metabolite, the PSTs, were next evaluated. A 
limited number of A. pacifi cum samples were processed 
(N=10), while in G. catenatum, PSTs were searched in most 
samples (N=26), as the screen of the PSTs was not initially 
in the goals of the present research. For MTCM-exposed 
cells, an increase in PSTs was observed for both dino-
fl agellates, mainly with an increase of C1+2 up to 107% 
and 109%, respectively (Figs. 10a-b). C1+2 are commonly 
dominant over B1 in both microalgae, with a ratio that 
often approaches 10:1 (Vale, 2022). The cellular concen-
tration of PSTs was then inversely related to growth in G. 
catenatum (Fig. 10c), but not in A. pacifi cum (not shown).

4. Discussion
The present research explored the so-called “water 
memory” eff ect for transferring magnetic information 
into microalgae cultures. The minimal time required for 
imprinting or the duration of this imprinted information 
was not the subject of this research. In the absence of 
this information, a long exposure period was chosen: 24 
hours. Other authors have transferred information elec-
tronically in a much shorter time, such as 15-min (Jerman 
et al., 2005). Previous experiments with the transfer of 
molecular information showed the stored information 
can work in a similar way as the donor substance (Dav-
enas et al., 1987; Endler et al., 1994; Rey, 2003; Thomas 
et al., 2000; Jerman, I., 2005). The present research also 

Figure 10. Changes in individual PSTs observed 24-hour after addition of culture media pre-treated 
with a magnetic fi eld in relation to control cells in: a) A. pacifi cum (N=10), b) G. catenatum (N=25). In 
c) variation of toxins (C+B toxins) in G. catenatum versus relative growth (N= 26; R=0.839; p < 0.001).
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highlighted that imprinted information can work in a sim-
ilar way as the original information source, which in this 
case is an extremely weak low-frequency magnetic fi eld 
(Vale, 2020a). Addition of distilled water (hypo-osmotic 
shock) following a 7-hour exposure to an ELFMF reduced 
cell concentration in relation to the control, in particular 
when GMA was around 7-12 nT (Vale, 2020a). The trans-
fer of the electromagnetic imprint in the culture medium, 
although not producing the hypo-osmotic shock, also 
originated “shock” and reduced cell concentration in rela-
tion to the control, in particular when GMA was around 
9-18 nT, or radio fl ux was 76-83 F10.7 units for A. pacifi cum
or below 77 F10.7 units for G. catenatum.

The frequency used here was chosen not only to mimic 
geomagnetic storms, but also because several biological 
eff ects have already been observed in vitro combining 
weak static and alternating magnetic fi elds, with an alter-
nating component of tens to hundreds nT and frequen-
cies around 5 Hz or lower with a collinear static fi eld of 42 
µT, which is equivalent to the geomagnetic fi eld (Novikov 
et al., 2010). The same authors also concluded that the 
presence of accompanying technogenic fi elds does not 
cause a noticeable infl uence on the eff ects of weak MF 
with a very small alternating component, at least in those 
cases when its frequency signifi cantly diff ers from the in-
dustrial frequency (Novikov et al., 2010).

In addition, a clear distinction in susceptibility to MTCM 
was observed between the two species, with G. catena-
tum more susceptible than A. pacifi cum regarding reduc-
tion in growth and in the cellular pool of UV-photopro-
tectors/antioxidants. PSTs increased by direct exposure 
to an ELFMF in a previous study (Vale, 2022), and here 
increased also by exposure to MTCM. The small increase 
in the synthesis of PSTs might simply result from the in-
crease in oxidative stress resulting from magnetic fi elds 
(Vale, 2022). PSTs might have no role in antioxidant de-
fense, but their synthesis is rather triggered by exposure 
to predators (Selander et al., 2015). So far, among marine 
PST-producers worldwide, such a remarkable natural 
susceptibility to high solar activity (comprising geomag-
netic activity among other solar cycle derived variables) 
was found only for Iberian G. catenatum strains (Vale, 
2013; Vale, 2020b).

The present set of experiments also provided additional 
evidence on how these microalgae promptly respond 
to subtle daily variations in space weather. SPW eff ects 
have been mainly studied in humans inhabiting high lati-
tudes but are not widely recognized in the biology fi eld 

(Chernouss et al., 2001; Krylov et al., 2014; Vale, 2020a). 
During periods of low solar activity, these kinds of ex-
periments might suff er interference from other types of 
electromagnetic signals, such as those derived from SEM 
phenomena. Such phenomena, which might take place 
hours or days before earthquakes, include the changes 
in the following observations: the earth’s resistivity, the 
geoelectric fi eld, the geomagnetic fi eld, electromagnetic 
emissions at various frequencies, and secondary electro-
magnetic phenomena (e.g., the disturbance of the iono-
sphere) (Huang and Liu 2006). Observation of SEM eff ects 
in wildlife has been mainly restricted to animal behavior 
and could explain how terrestrial or aquatic animals ap-
parently can sense impending earthquakes in advance 
(Bhargava et al. 2009; Freund and Stolc, 2013). During 
nearby earthquakes, cell loss was often observed in both 
species (Figs. S4-5). The relevance of SEM precursors was 
best related to alterations in the cellular pool of MAAs, 
which can function also as antioxidant molecules. Other 
instances of cell losses were unrelated to M3 earthquakes 
and occurred mainly in G. catenatum. These might simply 
refl ect the fragility of this microalga in comparison to the 
Alexandrium strain.

Information imprinting and erasing into water is still a 
restricted and poorly understood scientifi c fi eld. Water 
imprinting, such as in homeopathic preparations, can be 
erased by a microwave oven or mobile phone energy, 
while airport X-ray and red- light barcode scanning do 
not diminish the eff ect of homeopathic solutions (We-
ber et al., 2008). In addition, homeopathic medicines lose 
their properties at around 70-80ºC and in strong magnet-
ic fi elds (Thomas, 2007). Successful microalgae cultures 
have been performed by the author since 2014 without 
autoclaving at 120ºC (Vale, 2015). Heating seawater cul-
ture media above 70ºC (80ºC for 1 h) was enough as a 
sterilization procedure. But, in addition to killing living 
microorganisms by heat, this procedure was also enough 
to “erase” previous seawater “memory.” It has been rou-
tinely used for cultures and was used here for the trans-
fer of magnetic information.

Besides the classical feature of bonding in liquid wa-
ter, the hydrogen bonds, a wide range of van der Waals 
bonds, are present between and among the various 
oligomeric (cluster) structural units. These weak bonds 
could account for the remarkable ease of changing the 
structure of water. Such weak bonds would also allow for 
the changes in structure caused by electric and magnetic 
fi elds and by radiation of all kinds (reviewed by Roy et al.,
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2005). Only a few biologists have plunged into exploring 
the complexity behind the physics theory paradigm of 
quantum fields explaining water-water and water-mole-
cule interactions (Alfinito and Vitiello, 2002; Montagnier 
et al., 2017).

In the case of marine cultures, not only water contributes 
to the storing media. Seawater contains circa 35 g per 
litre of dissolved salts. These are mostly Cl-, Na+, Mg2+, 
SO2-

4, Ca2+ and K+. Magnetic water treatment can infl u-
ence limescale formation, favoring the precipitation of 
aragonite (Knez and Pohar, 2005). Coey (2012) hypoth-
esized how a non-classical nucleation mechanism for cal-
cium carbonate via prenucleation clusters, which exist in 
equilibrium under ambient conditions, could originate a 
long-lived chemical memory imprinted on these clusters.

Water imprints from biological molecules have also been 
discovered. The subtle fi eld of biological origin in coral 
calcium can infl uence water status if transferred at a dis-
tance, i.e., in a fi eld-like manner (Jerman, 2021). Some 
bacterial and viral DNA sequences have been found to 
induce low-frequency electromagnetic waves in high 
aqueous dilutions (Montagnier et al., 2011). In turn, Mon-
tagnier et al. (2015, 2017) showed that recorded electro-
magnetic signals and nanostructures induced in water 
carry the DNA information (sequence) by retrieving that 
same DNA by classical PCR amplifi cation using the TAQ 
polymerase, including both primers and nucleotides.

To understand the eff ect of the magnetically treated 
aqueous culture media, results had to be interpreted in 
light of the hormesis dose-response curve regarding nat-
ural fl uctuations in space weather. These biphasic dose-
responses have been observed with animals, plants and 
bacteria (Calabrese and Blain, 2009). Hormetic responses 
occur at low doses of gamma radiation, toxic metals, 
synthetic drugs and natural molecules (reviewed in Ca-
labrese and Blain, 2011). Plants also present hormetic 
responses to a variety of environmental factors resulting 
from physiological or biological stress (temperature, ul-
traviolet radiation, nutrients, ozone, CO2, O2) (reviewed 
in Agathokleous, 2018; Agathokleous et al., 2018). Hor-
mesis is also fundamental to understanding response to 
homeopathic preparations (Calabrese and Jonas, 2010).

Hormesis responses were already observed in these two 
microalgae in several instances (reviewed in Vale, 2020b). 
A “hormesis optimum” regarding geomagnetic activity 
was observed several times in a wide interval of 7-20 nT or 
a more restricted interval of around 8-12 nT. The MTCM 

reduced growth at the hormesis optimum for selected 
SPW parameters. In these cells with reduced growth, the 
metabolite MAAs probably increased due to the cell ar-
rest not allowing their dilution by daughter cells. How-
ever, the overall trend for paralytic shellfi sh poisoning 
toxins was an increase in concentration (Fig. 10), while for 
mycosporine-like amino acids there was a net increase 
in A. pacifi cum and a net decrease in G. catenatum (Fig. 6).

These indirect exposures to an ELFMF reinforce the 
existence of a magnetic window for optimal growth, 
which may derive from the combination between the 
local (Earth’s) static fi eld and the oscillating (GMA) fi eld 
(Novikov et al., 2010), meaning that values of geomag-
netic activity close to zero are not optimal. The existence 
of “frequency windows” and “amplitude windows” is now 
widely recognized in magnetobiology (Markov, 2005). 
For example, reducing background (ambient) extremely 
high-frequency radiation (such as X-rays, Gamma-rays) 
can impact negatively in bacteria, Paramecium, hamster 
and mouse cells, the so-called radiation hormesis eff ect 
(Luckey and Lawrence, 2006; Kawanishi et al., 2012; Fra-
tini et al., 2015; Castillo and Smith, 2015).

Exploring the memory of water was used here to under-
stand if, indeed, water can be important as a primary 
receptor for electromagnetic fi elds, as postulated some 
time ago by Fesenko and collaborators (1995). From 
these and previous experiments by the author, an impor-
tant issue arises for biology: cell division does not occur 
at a constant pace even under optimal culture conditions 
(suffi  cient nutrients, light, absence of predation, etc), and 
can fl uctuate on a daily basis due to the pervasive expo-
sure to SPW. Even inside a building, time-fl uctuating mag-
netic fi elds penetrate quite easily at all times. And these 
extremely low frequencies are quite relevant in biological 
processes. Here, two organisms closely related behaved 
slightly diff erently regarding these external informational 
fi elds.
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Discussion with Reviewers
Reviewer #3: How long were samples cultivated before being 
tested?

Author: The algae were in culture for at least a couple of 
years before the experiments. Before each experiment, 
culture media was added, and each of the inocula were 
allowed to grow for 5-7 days, as already described.

Reviewer #3: Wouldn’t it be useful to run one sample on a 
(solar) maxima and compare? 

Author: Choosing to run experiments in solar maxima or 
solar minima is a very limiting choice; if we are in solar 
minima conditions, we need to wait around 5 years to be 
in solar maxima conditions again. If we want to repeat 
again a set of experiments in solar maxima, we need to 
wait another 10 years or so! 

Reviewer #3: Why not consider other pervasive forces? Most-
ly these are always active, with long coherence times, such 
as gravity tides. 

Author: This ongoing research line has been devoted to 
electromagnetic signals. Gravity surely aff ects living or-
ganisms, but experiments were always carried out at the 
same place = same gravity (sea-level altitude). Gravity is 
circa 978 Gal at the equator. It varies more due to latitude 
(up to 5000 mGal) or altitude (up to 2000 mGal) than to 
tides (0.3 mGal) (https://gpg.geosci.xyz/content/gravity/
gravity_basics.html). 

For a constant magnetic fi eld of circa 43000 nT (Lisbon), 
there were geomagnetic variations during the experi-
ments of circa 40 nT or higher, which represents a varia-
tion of 0.09%. Tidal gravity variation is just 0.00003%. It 
seems variations in electromagnetic force are more “per-
vasive” than variations in gravitational force. 

Reviewer #2: It is unclear to me whether the shape of the 
EM signal coming from an electronic clock would be sinusoi-
dal as I would expect for natural phenomena; I would expect 
such a signal to be “square,” so quite diff erent from a “natu-
ral” signal. 

Author: Indeed, the signal is more square-like. But natu-
ral oscillations are not perfectly sinusoidal and they look 
like random “noise” (see Fig. S2b, exemplifying variation 
during an episode of natural geomagnetic unrest).

Reviewer #2: No shielding was used for the exposure phase; 
this lack of shielding makes it hard to know what signal the 

sample actually received. It seems, at least, to overpower 
natural EM fi elds at that frequency (unclear what the natural 
intensity is at 0.5Hz). 

Author: This is a shortcoming of these experiments. The 
requirements for biophysical experiments are quite com-
plex. Unfortunately, at a fi sheries department like ours, 
we are not devoted to such deep biophysical experimen-
tation. Also, the relevance of this solar-terrestrial interac-
tion is not easily accepted by my personal peers as well 
and by the general scientifi c community working on toxic 
microalgae. Recently I found another positive (stimula-
tion) correlation between geomagnetic activity and the 
production of the amnesic toxin ASP. It presents both 
decadal-like periodicity and seasonal periodicity due to 
the stronger geomagnetic disturbance taking place annu-
ally near the equinoxes. It was fi rst reported here: https://
link.springer.com/article/10.1007/s10113-022-01972-6

Reviewer #2:  I suggest keeping the topic of hormesis for the 
intro and discussion and removing it from the title and ab-
stract as it distracts from the main topic for this paper. Your 
previous papers have already dealt with the hormesis aspect 
of the response curve, which is very interesting in its own 
right, but (again my suggestion) not the main topic for this 
paper. 

Author: Hormesis has been removed from the title only. 
Although not the main topic here, I was obliged to in-
corporate this concept to interpret daily fl uctuations in 
growth. Actually, since the topic of the journal is “WATER 
Journal,” water is seen here as a receptor of electromag-
netic fi elds. Exploring water memory was used here to 
understand if indeed water can be important as a pri-
mary receptor of EMF as postulated long ago by Fesenko 
and collaborators. This was emphasized in the discus-
sion section. From these and previous experiments, an 
important issue arises for biology: cell division might not 
be constant even under optimal conditions (suffi  cient nu-
trients, light, absence of predation, etc), and can fl uctuate 
on a daily basis due to the pervasive exposure to space 
weather. Even inside a building, time-fl uctuating mag-
netic fi elds penetrate quite easily at all times. And these 
extremely low frequencies are quite relevant in biological 
processes (text placed at the end of discussion). 

Reviewer #1:  The author points out that EMF was generated 
by the solenoid of an electronic clock with a frequency of 0.5 
Hz (Materials and Methods section). Figure S1 clearly shows 
that the generated EMF is extremely inhomogeneous with a 
high intensity gradient. The leading edge of the liquid in the 
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tube was irradiated with an intensity of approximately 60 μT, 
and the opposite front - about 20 μT. Accordingly, the diff er-
ent volumes of aqueous solution received diff erent electro-
magnetic infl uence. So, the intensity 30 μT, pointed out in the 
manuscript, is the very approximate and average value…. At 
the same time, Figure S1 also shows that the electromag-
netic signal generated by the clock solenoid is not monochro-
matic. 

Author: These are the constraints of a low- or non-exis-
tent budget for biophysical experimentation. See also 
the answer above on the same subject. In bioelectromag-
netic experiments, it has often been found that higher in-
tensities do not produce necessarily a more detrimental 
eff ect in living objects. 

The information (in this case the frequency) is more rel-
evant than the intensity. «The presence of accompanying 
technogenic fi elds does not cause a noticeable infl uence 
on the eff ects of weak MF with a very small alternating 
component, at least in those cases when its frequency 
signifi cantly diff ers from the industrial frequency; in real-
ization of the eff ects of weak MF of essential importance 
are both MF components (static and alternating) (Novikov 
et al., 2010). Citation added to text. 

Reviewer #1: The methodological weakness of the work is 
also the lack of control over the objective parameters of the 
aquatic media (water solution) upon the infl uence of the 
EMF, such as, for example, the refraction index or scattering 
of light (or scattering spectrum) 

Author: This was an interesting addition to the experi-
mental work. No equipment available for that! Citation 
added on changes of water parameters (XiaoFeng and 
Bo, 2008).

Reviewer #1: It is not clear what the author means by “The 
coeffi  cient of variation between triplicate tubes was kept be-
low 10% for A. pacifi cum and 15% for G. catenatum.” Is the 
reference to triplicate tubes a statistical array of three tubes 
with identical samples in each experiment? Is it something 
else? Why is the variability with one biological object 10% 
and with another 15%? For what index was the coeffi  cient of 
variation calculated. Is it the variability of the number of cells 
per unit volume? 

Author: Each day experiments were carried out in a 220-
mL aliquot of culture. Sub-aliquots were removed in trip-
licate for analysis (cell counting and metabolite analysis). 
Accepted variability was higher in G. catenatum due to its 

long-chain forming habit, increasing experimental error. 

Reviewer #1: Why are such ranges of space weather in-
dices taken? Why were only three ranges, very diff erent in 
width, used? On what principle were these ranges chosen? 
And what are the minimum and maximum values of space 
weather indices for the time period when these experiments 
were carried out?

Author: Although the concept of hormesis is controver-
sial, nevertheless it cannot be ignored in the fi eld of ion-
izing radiation: «Radiation hormesis proposes that radia-
tion exposure comparable to and just above the natural 
background level of radiation is not harmful but benefi -
cial…» (https://en.wikipedia.org/wiki/Radiation_horme-
sis) 

Novel citation added: Luckey and Lawrence (2006) on the 
topic of radiation hormesis. 

I found a similar need to use the hormesis interpretation 
for geomagnetic activity and solar activity (non-ionizing 
natural radiation). 

Reviewer #1:  On Fig.12c, the data are given only for the case 
of G. catenatum for toxin C1 + 2, but for B1, the data are ab-
sent. Why is this so? Why are data absent for A. pacifi cum? 

Author: C1-2 is the dominant toxin (see Vale, 2022 cited 
in this manuscript). At the time only a limited number of 
analyses were carried out for A. pacifi cum and were not 
enough to analyze their correlation with growth. Later on 
it was decided to analyze all the individual experiments 
with G. catenatum. 


