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Despite decades of reports of weak magnetic field effects in biology across the

tree of life and on a broad range of cell types, the evidence to date remains met

with skepticism. To remedy this, we present open-data, large-scale, and varied

morphological evidence that Xenopus laevis embryo development is accelerated in

a well-engineered, environmentally-calibrated hypomagnetic field of less than 1 nT.

These data imply that basal tadpole physiology can sense and react to the absence

of Earth’s minute magnetic field of approximately 50 µT. The effect is significant,

as demonstrated by a variety of statistical measures. As no definitive biophysical

mechanism has been identified to account for its occurrence, this study raises the

question of which mechanism provides the most plausible explanation. How that

question is answered may have implications in a variety of fields, including human

health, behavioral ecology, and space exploration.
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1. Summary

The biological effects of weak magnetic fields, such as Earth’s geomagnetic field (∼ 50 µT),

have long been reported, but remain poorly understood and met with skepticism [1, 2].

This scientific stalemate is due both to the absence of a definitive biophysical mechanism

to explain such effects, and to experimental shortcomings. First, the rationale has been

that the biological effects of weak magnetic fields are negligible because the field strengths

are thought to be too small to trigger a biophysical sensing mechanism. Second, large-scale,

thoroughly environmentally controlled data are lacking, and existing results are often

ambiguous regarding whether the effects are truly attributable to magnetic fields or other

environmental factors. However, the reality of a given effect can be established absent

a known mechanism with a sufficiently well-designed experiment. Here, we demonstrate

that the development of Xenopus laevis embryos is significantly accelerated when they are

raised in a hypomagnetic environment (< 1 nT) shielded from Earth’s geomagnetic field. Our

large-scale dataset and analysis code are publicly available. After extensive calibration of

environmental conditions, our assessment is that the origin of the effects is the absence of

Earth’s magnetic field. Our main finding is thus that the basal physiology of a non-migratory

species like Xenopus laevis significantly reacts to a magnetic shift on the order of 50 µT, with

effects observed as early as one day post-fertilization. These results are sufficiently robust

to advance the scientific consensus that weak magnetic fields indeed exert measurable

biological effects. We also raise the question of which underlying mechanism could best

explain our observations. Answering this could have far-reaching implications across fields

such as human health, behavioral ecology, and space exploration.
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2. Introduction

Weak magnetic field effects in biology have been reported for many years [1]. Reported

effects are wide-ranging, from the up- and down-regulation of cell proliferation [2], to DNA

repair [3], to cellular respiration and metabolism [4, 5], to cytoskeleton configuration [6, 7],

and ion channel functioning [8]. There are also established migratory phenomena, such as

the ability of birds to navigate at dusk, which are presumed to depend on Earth’s magnetic

field [9], which is itself very weak.

Nevertheless, these magnetic effects have remained controversial. First, weak magnetic

fields (we consider shifts of ∼ 1 mT, on the order of a cell phone’s field [10], or smaller to

be ‘weak’ for the purposes of this paper) are broadly not expected to be strong enough

to have any noticeable effect on biological organisms. Second, the magnitude of reported

effects does not vary directly with field intensity, yielding uncertainty about the underlying

mechanism. The reality of a given effect can be established absent a known mechanism with

a sufficiently well-designed experiment. However, until now the studies of weak magnetic

field effects in biology have suffered from shortcomings, ranging from small sample sizes to

inadequately controlled conditions.

In our experiment, we raise Xenopus laevis frog embryos in a carefully constructed

hypomagnetic chamber. The chamber, in combination with compensation coils, subtracts

the Earth’s magnetic field (of approximately 50 µT), yielding a hypomagnetic condition

of less than 1 nT, close to zero. We examine over 2,750 tadpoles over 10 batches. The

first seven batches have Xenopus embryos, raised in individual wells, divided randomly

between the hypomagnetic condition and a control condition, which is a deactivated cell

incubator with comparable light, humidity, and temperature conditions. Of these, the first

three batches were used to identify a plausible hypothesis, namely, that Xenopus embryos

raised in a hypomagnetic condition experience accelerated development; the remaining four

batches test this hypothesis. We then raise three further batches of embryos in a positive

control, where the Earth’s magnetic field is recreated inside the hypomagnetic chamber,

and embryos are again divided between the hypomagnetic chamber and the deactivated

incubator.
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Using a variety of objective morphological measures, we find significant differences between

the tadpoles raised in the hypomagnetic condition and the regular and positive controls.

Differences, which pertain to both the shape and color of the embryos, are visible upon

inspection and are confirmed by a variety of statistical tests, where the role of human

judgment is reduced as much as possible. The differences appear on day 1 post-fertilization

and are present on days 2 and 3 post-fertilization; on day 3, the embryos are preserved

in formalin. The differences we observe are consistent with those observed by other labs,

both those that studied the effects of minutely increasing and decreasing the intensity of

magnetic fields experienced by Xenopus embryos. All of our data has been made publicly

available.

This experiment solidifies direct observational evidence for weak magnetic field effects in

a particular biological system. Since we remove a pre-existing magnetic field, rather than

applying a new one, it follows that Xenopus development is impacted by Earth’s magnetic

field. Xenopus is not migratory, so there is no reason to expect that it would evolve

mechanisms to navigate using Earth’s magnetic field, especially as early as day 1 post-

fertilization. There are also no indications of magnetite, as in magnetotactic bacteria, or

conduction channels, like those in sharks and rays. This raises the question of themechanism

and biological significance of the effect, which we speculate on only briefly.

Historically, our experiment bears some resemblance to that of Francis Hauksbee [11],

who in the early eighteenth century used a sophisticated air pump to create a superior

vacuum condition for studying electricity. In this case, rather than an air pump, we use

a mu-metal and copper-shielded box; rather than bringing air pressure close to zero, we

bring the magnetic field close to zero; and rather than confirming the electrical nature of

light emitted by frictional processes, we confirm that weak magnetic field effects in biology

are measurable.
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3. The experiment is well-controlled, with magnetic field environment as
the only significant variable

We chose Xenopus laevis for our experiments because it is a widely used model organism

in embryology, with straightforward husbandry and embryos that can be raised at room

temperature (Supplementary Section SI1). Frogs are mostly non-migratory, with known

exceptions of magnetic geofield sensing during pond changes [12]; we see no clear

evolutionary advantage for Xenopus laevis in being able to sense Earth’s weak magnetic

field early in embryogenesis. Our selection of Xenopus is thus based on how common it is,

rather than on any desired organismal trait.

For three days, we raise each tadpole individually in the wells of 24- or 48-well plates, with a

total of over 2,750 tadpoles. This setup disrupts chemical communication between tadpoles,

completely prevents cross-contamination, and, most importantly, allows us to monitor the

morphological development of each individual. All plates are prepared at the same time and

filled with 0.1x Marc’s Modified Ringer’s (MMR) solution (Supplementary Section SI2) from the

same bottle. After in vitro fertilization (Supplementary Section SI2) and egg randomization

(Supplementary Section SI3), embryos are placed in either a hypomagnetic or control

environment (i.e., exposed to Earth’s ambient magnetic field) and left undisturbed for 24

hours, with the plates’ plastic lids on. Imaging is performed approximately every 24 hours

post-fertilization (p.f.) for three days (Supplementary Section SI4). Day 1 and 2 imaging

sessions are usually completed in well under an hour, since the embryos are not motile,

while day 3 tadpoles are fixed in formalin prior to imaging. Typical images for each day are

displayed in panel c) of Fig. 1; the entirety of our image database, along with all developed

code, is organized and accessible in the project’s GitHub depository (a guide is found in

Supplementary Section SI69). We perform one in vitro fertilization per week, with the

resulting tadpole populations referred to as ‘batches’ (e.g., batch B2 is the second batch; for

a batch overview, see Supplementary Section SI5).

The hypomagnetic chamber, depicted in panel a)of Fig. 1, is a multi-layered metal enclosure

designed to block ambient magnetic fields primarily through passive shielding. Its residual

magnetic field is measured at less than 1 nT. Details on the chamber and the magnetic
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calibration procedure are provided in Supplementary Section SI9. Between batches B5

and B6, the chamber, which initially shielded only against DC and low-frequency fields

using mu-metal, was upgraded with a permanent copper shell to block AC fields as well.

Calibration curves thus refer to either the initial configuration (‘DC shielding’) or the final

configuration (‘AC+DC shielding’). Tadpole rates of embryogenesis inside the chamber

before and after copper shielding installation are similar, adding strength to the proposition

that the observed biological effects are due to DC field shielding. Tadpoles in the control

group are kept inside a closed, but switched off, cell incubator. This environment is referred

to as the ‘control box’ (see Supplementary Section SI10); Earth’s weak DC magnetic field

permeates the control box. Batches B1–B7 are regular experimental runs; batches denoted

+1–3 are positive control runs, where a magnetic field mimicking Earth’s is artificially applied

inside the hypomagnetic chamber (see Supplementary Section SI11).

Environmental factors that are known to perturb embryogenesis were recorded for the two

environments. Sensors were excluded from the experimental environments during runs to

prevent interference with the ambient magnetic field, so all calibrations were conducted

separately under carefully replicated conditions. A thorough discussion about the effects

of environmental factors, including a comparison of humidity, pressure, and light intensity

and spectrum is provided in Supplementary Section SI12. Light levels are low, with 0.0873±

0.0003 lux in the control box and 0.0751± 0.0002 lux in the hypomagnetic chamber. Curves

of temperature are presented in panel b) of Fig. 1.

Temperature is a critical factor regulating the speed of Xenopus embryogenesis: Warmer

temperatures accelerate development [13]. Before installation of the AC shielding (batches

B1–5), the temperature was up to half a degree lower in the hypomagnetic chamber than

in the control box. After the AC shielding was added (batches B6–7), this temperature

difference shifted slightly, with the hypomagnetic chamber now being marginally warmer

by 0.10–0.15oC. In positive control runs (batches +1–3), the heat generated by the coils

further increased the temperature difference to approximately 0.45oC. All those figures are

conservative; actual temperature differences are likely less pronounced due to

thermalization with the lab environment (details in Supplementary Section SI12).
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After thoroughly assessing temperature, light levels, humidity, and pressure between the

hypomagnetic chamber and the control box, we conclude that any observed significant

effects are most likely due to the difference in magnetic field conditions between them.

In our experiments, we detect significant variability in the developmental speed of embryos

across different weekly batches. This variability does not appear to arise solely from the use

of different females as the egg source every week (see Supplementary Section SI6). Although

not extensively documented in the literature—with the exception of one comprehensive

study [14], which reaches a similar conclusion—we suspect that such variability is a common

occurrence that remains largely unreported; we have reported and quantified it in a way

that we believe is adequate and meets or exceeds the standards of the field.

Despite the large batch-to-batch variability, we can qualitatively distinguish the control from

the hypomagnetic population as early as day 1 p.f. These observations are evident in panels

d) through f) of Fig. 1. First, day 1 p.f. embryos in the hypomagnetic chamber exhibit greater

eccentricity, suggesting accelerated development. d) depicts all day 1 images of batch B2

arranged by increasing eccentricity. By 24 hours p.f., most embryos in the hypomagnetic

population have progressed beyond the circular-shaped egg stages, exhibiting a more

elongated, bean-like shape. Day 1 images have frames color-coded based on the health

assessment of the tadpoles by day 3 (see Supplementary SectionSI7: Green indicates healthy

tadpoles; orange indicates one health condition; red indicates multiple health conditions;

and black indicates those that were deceased by day 1 p.f.). The images also show the major

and minor axes of each embryo, as determined by the algorithm to calculate eccentricity

described in Section 4. Second, hypomagnetic tadpoles appear paler in color in both day 2

and day 3 images. e)displays the three least and three most yellow healthy tadpoles for each

condition from batch B2 by day 3, as identified by the algorithm detailed in Section 5. Third,

hypomagnetic tadpoles tend to be longer and are typically at more advanced developmental

stages compared to control tadpoles. f) highlights this point by depicting the five shortest

and the five longest healthy tadpoles for each condition from batch B7 by day 3, after

segmentation by the algorithm described in Section 6.
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We then conducted the following gross morphological analysis, including positive control

runs, to quantify the qualitative differences observed. Throughout our study, we aimed to

minimize human intervention by ensuring that our image analysis is nearly fully automated

(with a few exceptions detailed in Supplementary Section SI13). In addition, we propose that

key morphological measures, derived from Nieuwkoop and Faber (NF) [15] stage-labeled

images from reliable sources such as Xenbase [16], could be effectively used to characterize

embryo developmental stages; we provide select examples to support this approach in the

Supplementary Information (see Supplementary Figs. SI10, SI12, SI14, SI16, SI33, SI35,

and SI37). We also aimed to provide multiple objective measures to corroborate each

morphological observation. While the absolute magnitude of the effect depends on the

measure chosen (for example, in the data of Section 4, a 20% increase in eccentricity

corresponds roughly to a 1% decrease in solidity; both measures are good predictors of the

same process of accelerated development, see Supplementary Figs. SI9 and SI15), we also

consistently calculated a range of effect-size and effect-change metrics; these metrics are

magnitude-insensitive because they standardize differences, being mostly reliable statistical

indicators of the morphological distinctions between the control and hypomagnetic tadpole

populations, independent of absolute scale. Our confidence in the presented results thus

arises from a comprehensive analysis involving 19 distinct morphological measures, four

effect-size metrics, and four effect-change metrics, applied across three days of imaging

and tracking over 2,750 individual tadpoles.
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Fig. 1: Environmental conditions are well-controlled, and the differences between
control and hypomagnetic populations are qualitatively evident. a) The hypomagnetic
chamber is equipped with both AC (copper shell) and DC (mu-metal) shielding, and x
and z coils for positive control runs; the sample placement is shown. b) Temperature
calibration reveals nearly identical temperatures within the hypomagnetic chamber and
the control box, with a maximum temperature difference of 0.45oC during positive control
runs. c) Representative images depict the 3-day development of individually tracked
tadpoles, totaling over 2,750 individuals. d) Day 1 images of batch B2, ordered by
increasing eccentricity, show that the hypomagnetic population exhibits significantly higher
eccentricity. e) Least and most yellow tadpoles of batch B2 on day 3; those from the
hypomagnetic population exhibit noticeably less yellow pigmentation. f) Shortest and
longest tadpoles of batch B7 on day 3; the hypomagnetic population tends to be longer,
suggesting accelerated developmental progression. 10 of 250
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4. The hypomagnetic field increases the eccentricity of day 1 embryos

At day 1 p.f., we observed frog embryos at various developmental stages, which we

determined to range from NF stages 18 to 24 with the help of a standard table [15, 16]. During

these stages, the embryos transition in shape from egg-like to bean-like and eventually to a

more elongated, worm-like form.

To quantify our qualitative observation that frog embryos in hypomagnetic conditions exhibit

accelerated development compared to control embryos already by this time point, we

calculated morphological metrics assessing deviation from circularity—namely, eccentricity,

elongation, roundness, and solidity. All fourmetrics consistently confirmour initial qualitative

observation of advanced development under hypomagnetic conditions; they are detailed in

Supplementary Section SI17, with a particular focus on eccentricity in the main text. Our

code fits an ellipse to each day 1 p.f. image, defining the embryo’s eccentricity as e≡
√
1− b2

a2 ,

where b and a are the minor and major axes of the fitted ellipse, respectively.

Results for the eccentricity of day 1 images are presented in Fig. 2. A detailed guide on

how to read the analysis plots is available in Supplementary Section SI74. Due to significant

batch-to-batch variability, we present the normalized plots in the main text, where each

batch is scaled relative to the average control value. The non-normalized data are presented

in the Supplementary Information. In the figure, batches B1–7 correspond to experimental

runs, while batches +1–3 represent positive control runs, where a magnetic field simulating

Earth’s is applied within the hypomagnetic chamber (see Supplementary Section SI11).

Throughout the plots, magnetic field conditions are denoted as C for control and H for

hypomagnetic. The plots alternate between results for all tadpoles and for those classified

as healthy based on the human scoring criterion described in Supplementary Section SI7.

In the a) and b) violin plots, each tadpole’s value is represented by a horizontal line. The

violin width reflects the kernel density estimation of the data distribution at that value. It is

quantitatively evident that eccentricity is higher for tadpoles in hypomagnetic conditions,

indicating a more elongated shape. In the non-normalized version of these plots, available

in Supplementary Section SI19, we provide predicted tadpole stages based on elongation
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from a few stage-labeled reference images found in Xenbase [16].

The eccentricity in tadpoles exposed to hypomagnetic conditions exceeds that of control

tadpoles by nearly 20%. Plot c) illustrates the average eccentricity for both control and

hypomagnetic conditions across batches, along with their 95% confidence intervals (as

detailed in Supplementary Section SI16). The standard deviation of the mean plotted in

a) and b) reflects the variability or dispersion in the data; in contrast, the 95% confidence

interval in c) emphasizes the accuracy of the estimate, indicating the range within which

the true population mean is likely to fall with 95% confidence. The aggregate values for all

experimental runs (B1–7) and all positive control runs (+1–3) are also shown. For normalized

plots, each data point is adjusted relative to its corresponding control within the batch,

while for non-normalized plots, the raw data is used despite batch-to-batch variability. Data

aggregation is performed prior to statistical analysis.

Our dataset is generally non-parametric, so we also examine themedian as a robust measure

of central tendency. In plot d), we apply bootstrapping (explained in Supplementary Section

SI16) to estimate the median difference in eccentricity between the control and

hypomagnetic groups. The median eccentricity for tadpoles exposed to hypomagnetic

conditions exceeds that of the control group by also nearly 20%.

In plots e) and f), we evaluate several measures of effect size (details in

Supplementary Section SI14). Notably, both Cohen’s d and Cliff’s ∆ (shown in e) ), which

are commonly used in biostatistics [17], tend to produce large and potentially overestimated

values in our dataset. In contrast, Binhi’s E (shown in f) ), a metric specifically designed for

weak magnetic field effects in biology [1], more closely aligns with the net effects observed in

plots c)and d); it estimates that the effect size of the hypomagnetic condition on eccentricity

in day 1 embryos is again approximately 20%. Binhi’sE quantifies the effect size by comparing

the difference in the groups’ means relative to their combined variability, accounting for

both the magnitude and uncertainty of the measurements. We find that the visibility ν (also

shown in f) ) reliably yields a conservative estimate of effect size. Visibility ν is analogous to

signal-to-noise, as it expresses the relative difference in the groups’ means as a percentage
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of their sum, providing a conservative estimate when the groups are close in magnitude.

Below each plot, we also display the p value of a statistical test comparing the control and

hypomagnetic populations (details in Supplementary Section SI74); points below the red

dashed line indicate that the differences are statistically significant at the 0.01 level.

We provide a quantitative comparison of the observed accelerated development in terms of

NF canonical stage numbers [15] in the Supplementary Information, using all day 1 measures

of deviation from circularity—namely, eccentricity, elongation, roundness, and solidity (see

Supplementary Figs. SI10, SI12, SI14, and SI16). These metrics were calculated from a few

NF stage-labeled images sourced from Xenbase [16], offering an objective method to assess

embryonic developmental stages.

The variability in major axis length for control embryos in day 1 p.f. images closely aligns

with the 38% maximum difference reported in [14] for over 2,000 similar stage embryos.

In contrast, the hypomagnetic embryos exhibit approximately 20% greater variability (see

discussion in Supplementary Section SI63).
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Fig. 2: At day 1 p.f., the eccentricity of hypomagnetic embryos is approximately 20%
higher than that of the control population. a)and b)Normalized eccentricity by batch and
aggregate data; B1–7 represent experimental runs, and +1–3 correspond to positive control
runs, in which an artificial magnetic field inside the hypomagnetic chamber simulates
Earth’s. c) and d) Analysis of the population averages and medians further support
the observed 20% increase in eccentricity. The abscissa points labeled B1–7 and +1–3
represent the aggregate values for the experimental and positive control runs, respectively.
e) and f) Effect size metrics, namely Cohen’s d and Cliff’s ∆, and Binhi’s E and the visibility
ν, confirm a medium to large effect, consistently reflecting the 20% level difference.
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5. The hypomagnetic field decreases the yellowness of day 2 tadpoles

We qualitatively observed a difference in the yellow coloration of tadpoles which were

exposed to hypomagnetic conditions. The yellow coloration in tadpoles is due to the

presence of carotenoid and pteridine pigments [18] (one study also cites flavin pigments [19]),

which absorb light in the blue spectrum and reflect yellow and orange wavelengths, resulting

in the tadpoles’ characteristic yellow hue. After confirming that the ambient light

environment was similar between the hypomagnetic and control groups (see Supplementary

Fig. SI8 for light intensity and spectral comparison), we inquired whether the magnetic field

itself could be directly related to these observed differences.

To quantify the color differences, we calculated several color metrics related to yellowness:

L⋆a⋆b⋆ yellowness, RGB yellowness, the Yellowness Index, and HSV yellowness. Thesemetrics

are described in detail in Supplementary Section SI26, with a primary focus on L⋆a⋆b⋆

yellowness in the main text. All four metrics indicated distinct color development under

hypomagnetic conditions. Although color differences are quantitatively evident in both day

2 and day 3 images, our analysis is exclusively for day 2 images. This is because day 3 images

were taken after tadpole fixation with formalin, a process known to alter tissue color.

The L⋆a⋆b⋆ color space [20] is designed for perceptual uniformity, meaning that small

changes in objective color correspond to similar perceived differences. Unlike traditional

color spaces such as RGB or CMYK, L⋆a⋆b⋆ separates luminance from chromatic information,

making it widely used in image processing for more accurate color representation. The b⋆

channel, in particular, captures the blue-yellow axis, with positive values indicating increased

yellowness. To simplify analysis, in Fig. 3 we present results for the b⋆ channel—referred to

as L⋆a⋆b⋆ yellowness—in normalized plots, with each batch scaled relative to the average

control value; the non-normalized data is presented in the Supplementary Information.

The violin plots a) and b) consistently show lower L⋆a⋆b⋆ yellowness for tadpoles in

hypomagnetic conditions. This effect, observed at the 5% level for day 2 images, is confirmed

by both the average and bootstrapped median values plotted in c) and d), respectively, as

well as by the magnitude of Binhi’s E in f). Importantly, no color difference is seen in the
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positive control tadpoles, which were raised inside the hypomagnetic box with an applied

magnetic field mimicking Earth’s. This result supports a mechanism through which the

observed color change is driven primarily by the altered magnetic field conditions.

To investigate the cause of reduced yellowpigmentation, we examine the sources of pteridine

and carotenoid in Xenopus embryos.

Tadpoles are capable of synthesizing pteridines as early as NF stages 39–40 [21], which occur

well after the 2 day p.f. mark; therefore, synthesized pteridines could not account for the

observed color changes already visible in day 2 p.f. images.

Carotenoids are either deposited in the egg during oogenesis or ingested from the diet

after hatching. Since tadpoles do not begin feeding until well after day 3 p.f., all carotenoids

present at this stage must originate from the yolk. Carotenoid content is reduced in

amphibians that have undergone pituitary gland removal, leading to paler coloration [19].

In Xenopus tadpoles, the pituitary gland begins to form around NF stages 24–25 [15], i.e.,

before our day 2 images are captured. However, the gland only starts to secrete hormones

between stages NF 46–48 (5–6 days p.f.) [15], which is beyond the time frame of our study.

Consequently, we do not believe the color differences we observe are of hormonal origin.

The visible changes in color during early developmentmight thus reflect themetabolic use of

the yolk’s contents, including the pigments [22]. The specific concentrations of carotenoids

and pteridines in Xenopus yolk are not well-documented and can vary depending on factors

like maternal diet, environmental conditions, and species [21]. The major yolk protein,

vitellogenin, is a lipoprotein that acts as a nutrient source for the developing embryo.

While vitellogenin itself lacks color, it often binds to carotenoids, which contribute to the

yellowish hue of the yolk [23]. As vitellogenin is processed into yolk proteins like lipovitellin

and phosvitin during embryogenesis, and the yolk is gradually consumed, the yellow color

fades due to the depletion of carotenoids. This process may explain the slightly decreased

yellow hue we observe in hypomagnetic tadpoles, which exhibit morphological markers

indicative of accelerated embryonic development.
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We did not assess the levels of the more commonly studied eumelanin pigment [24, 25].

At day 2 p.f., eumelanin levels remained low. While the binarization procedure detailed in

Supplementary Section SI26 improved the accuracy of yellow pigment assessment, it was

less reliable as a good discriminator of dark pigments like eumelanin.
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Fig. 3: At day 2 p.f., the L⋆a⋆b⋆ yellowness of hypomagnetic embryos is approximately
5% lower than that of the control population. a) and b) Normalized L⋆a⋆b⋆ yellowness
by batch and aggregate data; B1–7 represent experimental runs, and +1–3 correspond to
positive control runs, in which an artificial magnetic field inside the hypomagnetic chamber
simulates Earth’s. c) and d) Analysis of the population averages and medians further
support the observed 5% decrease in L⋆a⋆b⋆ yellowness. The abscissa points labeled B1–7
and +1–3 represent the aggregate values for the experimental and positive control runs,
respectively. e) and f) Effect size metrics, namely Cohen’s d and Cliff’s ∆, and Binhi’s E
and the visibility ν, confirm a small to medium effect, consistently reflecting the 5% level
difference.
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6. The hypomagnetic field increases the length of day 3 tadpoles

The most striking evidence of accelerated development is the increased length of day 3

tadpoles exposed to hypomagnetic field conditions.

Day 3 tadpole images were segmented, and their major axes were calculated (as detailed in

Supplementary Sections SI13 and SI35). The results are displayed in Fig. 4, with each batch

normalized to the average control value. We opt not to present non-normalized data due to

slight differences in magnification across batches.

Plots a) and b) illustrate the distribution of major axis lengths, with b) showing a distinct and

quantitatively different violin shape for the hypomagnetic population.

The mean, shown in c), and the bootstrapped median, in d), both indicate an approximately

7.5% increase in major axis length for the hypomagnetic population. This result aligns with

Binhi’s E reported in f). Additionally, both Cohen’s d and Cliff’s ∆, plotted in e), classify this

effect as medium in size. Notably, this effect is absent in the positive control tadpoles.

Additional morphological measures, namely perimeter, area, total curvature, solidity,

elongation, and roundness (the latter reflecting the relationship between area andperimeter),

as detailed in Supplementary SectionSI35, consistently indicatemore elongated and complex

shapes in tadpoles exposed to the hypomagnetic conditions. These findings further reinforce

the major axis results presented here.

We present a quantitative comparison of the observed accelerated development in terms of

NF canonical stage numbers [15] in the Supplementary Information, using all day 3 measures

that can be accurately reported in their non-normalized form (i.e., without normalization by

the control group average)—namely, solidity, elongation, and roundness (see Supplementary

Figs. SI33, SI35, and SI37). Using NF stage-labeled images from Xenbase [16], we once more

propose this as an objective approach for assessing embryonic development.
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No evident difference in major axis is observed in day 2 images, as detailed in Supplementary

Section SI63. We hypothesize that this is due to the reduced robustness of segmentation

in day 2 images, likely caused by the pale coloration of the tadpoles, which may affect the

accuracy of the major axis analysis. Additionally, the imaging conditions on day 2 were less

controlled, with live tadpoles that were not manipulated, potentially leading to distortions or

tadpoles being out of the focal plane. In contrast, on day 3, the fixed tadpoles were carefully

positioned with tweezers to lie flat and on their sides, yielding more reliable measurements.
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Fig. 4: At day 3 p.f., the major axis of hypomagnetic embryos is approximately 7.5%
higher than that of the control population. a) and b) Normalized major axis by batch and
aggregate data; B1–7 represent experimental runs, and +1–3 correspond to positive control
runs, in which an artificial magnetic field inside the hypomagnetic chamber simulates
Earth’s. c) and d) Analysis of the population averages and medians further support the
observed 7.5% increase in major axis. The abscissa points labeled B1–7 and +1–3 represent
the aggregate values for the experimental and positive control runs, respectively. e) and f)
Effect size metrics, namely Cohen’s d and Cliff’s∆, and Binhi’sE and the visibility ν, confirm
a medium effect, consistently reflecting the 7.5% level difference.
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7. The hypomagnetic field alters themorphological progression of
tadpoles between days 2 and 3

In Fig. 5, we compare the day 2 to 3 progression of four key morphological properties

of tadpole development, namely major axis length, curvature, convexity, and solidity. A

Z-score metric for effect change normalizes the data by accounting for variability, allowing

us to quantify changes in each property in relation to the mean values for both days (see

Supplementary Section SI15). A positive Z-score difference indicates a greater deviation

from the mean on day 3 compared to day 2. Although Z-score differences are our primary

measure, additional metrics such as effect change visibility, percentage change, and relative

difference were also calculated; they are described in detail in Supplementary Sections SI15

and SI46, and corroborate the trends observed in the Z-score analysis.

Plots a) and b) illustrate a predominantly positive Z-score difference for the major axis

in the hypomagnetic group compared to the control. Plots c) and d) similarly reveal an

overall positive Z-score difference for the total curvature, despite greater variability across

batches. In contrast, convexity and solidity Z-score differences, depicted, respectively, in

plots e) and f) and in plots g) and h), are lower for the hypomagnetic population. Across the

four morphological properties analyzed, the Z-score difference metric reveals a divergence

of approximately 0.5 units of standard deviation between the control and hypomagnetic

populations, indicating a significant shift in the data associated with the hypomagnetic group.

The higher Z-score differences for major axis length and total curvature suggest accelerated

morphological development under hypomagnetic conditions (as qualitatively observed in

tadpole length and curvature differences between day 2 and 3 p.f. images in Fig. 1 c) ). We

interpret the average decrease in convexity and solidity Z-score differences as an indication

of a faster increase in tadpole shape complexity. Lower convexity correlates with more

indentations and protrusions, while lower solidity points to a more fragmented or irregular

structure.
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Fig. 5: From day 2 to 3 p.f., the hypomagnetic conditions significantly influence the
morphological progression of the tadpoles. This progression is quantified, for each
population (control or hypomagnetic), through differences in Z-scores at days 2 and
3 p.f. For the progression of the four morphological properties studied, the control
and hypomagnetic populations differ by approximately 0.5 units of standard deviation,
indicating a significant shift in the hypomagnetic population’s data. The abscissa points
labeled B1–7 and +1–3 represent the aggregate values for the experimental and positive
control runs, respectively. a) and b) The major axis length in the hypomagnetic population
exhibits a Z-score difference of approximately 0.5 higher than that of the control
population. c)and d)A similar Z-score difference of about 0.5 higher for the total curvature
is found in the hypomagnetic group. e)and f) In contrast, the convexity in the hypomagnetic
population shows a Z-score difference around 0.5 lower than in the control group. g) and
h) Solidity in the hypomagnetic population also has a Z-score difference nearly 0.5 lower
than in the control. The higher Z-scores for major axis length and total curvature suggest
accelerated morphological development under hypomagnetic conditions, while the lower
Z-scores for convexity and solidity indicate a faster increase in shape complexity.
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8. Discussion

After quantitatively analyzing over 8,000 images of nearly 3,000 viable tadpoles across 19

morphologicalmeasures, using four effect-size and four effect-changemetrics, we conclude

that magnetic fields as weak as the Earth’s can have a macroscopic impact on biological

processes such as embryo development.

We have demonstrated the existence of a link between Earth’s minute DC magnetic field

and basal tadpole physiology regulation that is present as early as one day p.f., for purposes

likely not related to orientation, navigation, or homing. In the absence of the geomagnetic

field, embryo development accelerates, a trend we observed and tracked over a three-day

period in our experiments.

Potential influence of magnetic field variations. We cannot entirely dismiss the possibility

that variations in magnetic field strength—i.e., those occurring when plates are inserted or

removed from the hypomagnetic chamber—may have influenced the baseline physiology of

the tadpoles, rather than the constant hypomagnetic environment. This unlikely scenario

would require a lasting biological response to short-term magnetic field variations.

Developmental response to the hypomagnetic field. It remains unclear whether Xenopus

embryos sense Earth’s magnetic field for a specific developmental purpose, or if their

physiological response to hypomagnetic conditions simply reflects a deviation from an

evolutionary adaptation that is arguably optimal for the geophysical environment in which

the species evolved. Nonetheless, it is striking that in the absence of the geomagnetic field,

the tadpoles consistently exhibit accelerated developmental speed, rather than a broad

or indiscriminate alteration in developmental rhythms. This uniform response suggests the

existence of a coordinated mechanism controlling the rate of development that includes

magnetic cues. In rare instances, our data might be better modeled as a two-state system,

which is consistent with responding and non-responding populations. These cases

correspond to plots of type b) in which the aggregate violin suggests two distinct peaks

in width, indicating a bimodal distribution.

Implications of accelerated embryogenesis. We speculate whether the observed

accelerated development under hypomagnetic conditions could, in principle, increase
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the incidence of embryo abnormalities and/or carcinogenesis. While no such effect has

been detected in our data, it is possible that faster growth inherently raises the risk of

developmental errors, as it has been previously reported in studies on the biological effects

of hypomagnetic fields [1, 6, 26]. For example, hypomagnetic conditions have been linked

to disturbances in the mitotic spindle [6], aligning with previous findings that weak magnetic

fields alter cytoskeleton dynamics [1, 2, 7]. Consistent with our results, there are two

literature reports that link the application of aweakmagnetic field (rather than the elimination

of a weak magnetic field)—specifically, 25 µT and 2 mT, albeit at low AC frequencies—with

slowed development (rather than accelerated development) in Xenopus [27, 28].

Pigmentation changes and carotenoid depletion. There is one literature report linking

the exposure to a weak magnetic field (of strength 0.5 mT) to an increase in eumelanin

(dark) pigmentation in tadpoles [29]; while our study focused on yellow pigments, that result

mirrors our own findings. We hypothesized that the depletion of yolk carotenoids could

explain the paler-yellow appearance observed in hypomagnetic tadpoles. Carotenoids

are known to be degraded by reactive oxygen species [30]. Overall levels of reactive

oxygen species have been documented to increase under hypomagnetic field environments

[31, 32]; an elevated reactive oxygen species concentration may thus have contributed to

the observed reduction in carotenoid levels.

The effects of weak magnetic fields in biology have often been overlooked, including in

studies of native organismal behavior, human health, and space exploration, as well as in

guidelines for electromagnetic exposure. The rationale has been that the biological effects

of weak magnetic fields are negligible because the field strengths are thought to be too

small to trigger a biophysical sensing mechanism. Given the results of this study, however,

this reasoning is flawed. Further investigation is therefore warranted, especially the use of

omics and molecular techniques, to identify the nature of changes likely to be caused by the

presence or absence of weak magnetic fields.

The fact that living beings can respond to magnetic field shifts of this magnitude thus usually

comes as a surprise. To explain our findings, we note that organisms are traditionally thought

to sense weak DC magnetic fields via three mechanisms (see Supplementary Section SI77).
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In a small minority of cases, most notably in magnetotactic bacteria, cells contain biogenic

magnetite crystals, which allow the organism to respond to magnetic fields like a classical

compass [33]; these crystals must be large enough to overcome thermal motion and align

with Earth’s magnetic field [34, 35]. To date, there is only one report of ferrimagnetic

material found in an amphibian, specifically in the newt [36]. Given that Xenopus is one

of the most extensively studied biological model organisms worldwide, we find it unlikely,

but not impossible, that such a magnetite-based magnetosensing mechanism is at play in

this species, as cells containing large particles of magnetite would have likely been identified

by now.

In another minority of instances, organisms possess specialized organs that function as

conductive channels. When these channels intersect magnetic field lines, a voltage is

induced according to the classical law of electromagnetic induction; such a voltage is then

sensed by the organism. This is believed to explain how sharks and rays detect magnetic

fields [37]. Given the structural complexity involved, we find it very unlikely that similar

systems exist on day 1 p.f. Xenopus embryos, which contain fewer than 50,000 cells [38],

yet are already capable of detecting the absence of Earth’s magnetic field. In addition, the

detection of DC magnetic fields through this mechanism requires the organism to move and

cross magnetic field lines, and Xenopus embryos are not mobile until at least day 2 p.f.

In most cases, however, scientists have been unable to explain how weak magnetic fields

impact biology, especially because the effects do not necessarily get larger when the

magnetic field strength is increased, and are broadly nonspecific, occurring across diverse

species and cell types [1, 2, 5, 8]. A chemical explanation that aligns with these observations

exists but remains unverified microscopically and in living cells: electron spin-dependent

chemical reactions [9, 39–41]. These reactions bear striking similarities to the simplest

form of room-temperature technological quantum sensing in the solid-state [42, 43] and, at

least in vitro, can detect magnetic fields using electron spin superpositions—even at room

temperature [44]. In this hypothesis, organisms ‘sense amagnetic field’ by detecting changes

in the physiological concentrations of reaction products, as the reaction rate responds to

the magnetic field.
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This hypothesis, which we favor, would itself be a surprise. If further experiments

demonstrate that these or similar findings [45, 46] are a result of quantum sensing-like

chemical reactions happening within living cells, the implications are major (see

Supplementary Section SI78 for details). This will mean, first, that electron spin

superpositions survive the strongly decohering environment of the cell for long enough

to be used for function (e.g., to sense and physiologically react to Earth’s weak magnetic

field); and second, that weak magnetic fields could, in principle, be quantum-engineered to

influence the endogenous spin physics of biological matter, thereby enabling the up- and

down-regulation of the machinery of the cell. While the effects reported so far remain

largely nonspecific, enough knowledge of the spin physics within the specific proteins

sustaining electron spin-dependent chemical reactions in vivo could, in principle, allow

the targeted and predictable manipulation of physiological processes with weak magnetic

fields.
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9. Conclusion

We individually tracked the development of more than 2,750 Xenopus laevis embryos for

three days under extremely carefully controlled magnetic field conditions. It is our

assessment that other environmental factors such as temperature and light were controlled

to a level where their variation would not be the origin of the observed biological effects.

Through robust statistical analysis, we observed clear morphological changes in the tadpoles

during experimental runs under hypomagnetic conditions of less than 1 nT; these largely

disappear in the positive control runs.

We conclude that exposure to a hypomagnetic environment accelerates tadpole

development in a measurable way. Therefore, Xenopus laevis embryos can detect and

respond to the absence of Earth’s minute DC magnetic field of approximately 50 µT as early

as day 1 p.f.

Our data is publicly available and sufficiently robust to advance the scientific consensus that

weak magnetic fields indeed exert measurable biological effects.
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