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Abstract
We examined in laboratory settings the effects of power-frequency electric (14 kV/m) and magnetic (150 µT) field exposures,
mimicking that of high voltage overhead transmission lines, on the viability of resting eggs of a cosmopolitan freshwater
ostracodHeterocypris incongruens. The experiment was carried out in two consecutive phases: (I) an incubation (dry) phase, and
(II) a hatching and development (wet) phase. In the first phase, eggs were incubated dry in one of three conditions: electric
field, magnetic field and control, and then, in the second phase, the eggs were inundated with water and assigned to one of two
hatching conditions: either the same as in incubation or control. Eggs incubated in control conditions were assigned either to
the electric field, magnetic field or remained in control conditions. Differences in: hatching success, dynamic of hatchability,
and juvenile survival between control eggs/juveniles and those exposed to each of the stress treatment combinations were
compared in the balanced design. The magnetic field significantly affected the dynamic of hatchability: 40% of neonates
appeared at 4 days in magnetic field treatment vs. 8 days in control; however, final hatching success was equal in all
combinations of treatments. Incubation in both magnetic and electric fields significantly affected juvenile survival: only
21.7% (vs. 51.7% in control) and 16.7% (vs. 41.7% in control) of juveniles reached the adult stage in magnetic and electric
fields, respectively. We conclude that the power frequency electromagnetic field created by high voltage overhead transmission
lines can have important consequences for fitness-related life history traits of aquatic invertebrates.

Keywords: Freshwater invertebrates, eggs viability, postembryonic survival, electromagnetic radiation, overhead power lines

Introduction

As a result of the increased use of electricity and the
long distances between energy production and con-
sumption, a grid of new high-voltage overhead trans-
mission power lines is going to increase dramatically
its expansion, covering and crossing a substantial
number of habitats, including priority areas for wet-
land conservation. The possible adverse biological
effects on humans and agricultural or laboratory ani-
mals due to exposure to the 50–60Hz electromagnetic
fields generated by transmission lines have been of
concern for over four decades; however, the results of
the previous studies have been as yet inconclusive or
controversial (reviewed in U.S. Congress OTA 1989;

Fernie & Reynolds 2005; WHO 2007; Lewczuk et al.
2014; Redlarski et al. 2015).
Due to the health hazard and other probable negative

effects of electromagnetic fields on living organisms,
the Council of the European Union issued a
Recommendation 1999/519/EC (Recommendation
1999) and a Directive 2004/40 EC (Directive 2004)
specifying limitation of exposure of the general public
and occupational zones to electromagnetic fields, based
on limit values from guidelines of the International
Commission on Non-Ionizing Radiation Protection
(Vecchia 2007; ICNIPR 2010). According to these
two EU legislative documents (Recommendation
1999; Directive 2004) exposure limits for the general
public for power frequency (50 Hz) electromagnetic
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fields are set as 5000 V/m for electric field strength and
as 100 μT (microTesla) for magnetic flux density,
whereas occupational exposure limits are 10,000 V/m
and 500 μT, respectively. Because neither the
Recommendation (1999) nor the Directive (2004) has
been transposed in binding national legislation in all EU
member states yet, there is still a variety of restrictive
policies associatedwith electromagneticfields in theEU
countries. Some member states decided to implement
these regulations or even more rigorous values, while in
others there aremore lenient limits or there is no regula-
tion. Diversity of national rules and limits in the mem-
ber states and some other countries are reviewed by
Stam (2018). However, even in the states where the
national limit regulations are in force, real values exceed
the reference levels (Goiceanu & Danulescu 2006;
WHO 2007).
Although electromagnetic fields easily enter all shal-

low aquatic ecosystems, the impacts of power lines on
freshwater biodiversity have been poorly addressed,
and relatively little is known about how electric and
magnetic components of electromagnetic fields gener-
ated by power wires may influence the life history
characteristics of freshwater invertebrates. Some nota-
ble exceptions are laboratory studies on the deleterious
consequences on survival, development and reproduc-
tion parameters under electromagnetic field exposures
in a water flea Daphnia magna Straus, a key species in
many lentic freshwater habitats (Krylov 2008, 2010;
Krylov & Osipova 2013).
It should be also stressed that most studies have

examined either the coupled effects of two primary
components of electromagnetic fields or focused on
just one of these, electric or magnetic, and ignoring the
other. However, for low-frequency fields of the power
transmission system the wavelength is much larger than
the distance to the source, and therefore the two fields
(electric and magnetic) are uncoupled (Hanningan
2013), and their effects may be studied separately.
In the present paper we examined in laboratory set-

tings effects of power frequency (50 Hz) intense elec-
tric (14 kV/m) and magnetic (150 μT) components of
electromagnetic field, simulating and/or exceeding
parameters existing in the immediate proximity to
high voltage overhead transmission lines, on fitness-
related life history traits (hatchability dynamic, hatch-
ing success and juvenile development) during incuba-
tion and hatching of a cosmopolitan ostracod
Heterocypris incogruens (Ramdohr). This is a fairly ubi-
quitous and euryvalent microcrustacean species
recorded from various fresh- and slightly brackish-
water habitats, however, it clearly prefers small and
shallow freshwaters. Reproducing mainly partheno-
genetically and producing eggs highly resistant to

desiccation and freezing, H. incongruens easily colo-
nizes new water bodies, has the capacity to develop
populations of great size and is a key species in seasonal
wetland ecosystems (Meisch 2000).

Materials and methods

Material of test species

The experiment was conducted using resting (dormant
or diapausing) parthenogenetic eggs of Heterocypris
incongruens obtained as Ostracodtoxkit FTM from
MicroBioTest Inc., Belgium. Given thatH. incongruens
displays considerable genetic clonal diversity, we con-
sider high-quality eggs of Ostracodtoxkit FTM, pro-
duced in strictly controlled conditions, a kind of
reference material of this species as the test conforms
to the ISO Standard 14371 and has already been used
extensively in ecotoxicology to perform highly standar-
dized bioassays for toxicity screening with a sensitivity
similar to that of other common freshwater inverte-
brates. See web pages of the International
Organization for Standardization (ISO 2012) and that
of the MicroBio Tests Inc. company (Microbiotests
2020) for additional references.

Electric and magnetic fields exposure system

In order to produce an electric field specially designed
cube-shaped chambers were used with the following
dimensions (length x width x height)
605 × 170 × 180 mm. Every chamber was made of
acrylic glass (Plexiglass) plates. The bottom
(605 × 170 mm) and smaller wall (170 × 180 mm) of
the chamber were one-layer Plexiglass plates, whereas
the bigger side walls (605 × 180 mm) were formed of
two layers of Plexiglass plates, between which cooper
plates of a 0.1 mm thickness were inserted, and thus
forming a flat condenser (with a space for ostracod
culturemultiplates inside). The copper plateswere con-
nected to a high voltage power supply producing
a 14,000 ± 700 V/m electric field between the walls
inside the chamber.
Chambers producing a magnetic field expressed as

amagnetic flux density of 150 ± 7.5 μTwere cylindrical
glass containers with an outer diameter of 250 mm and
a height of 80mm.The transformer wire waswound on
the cylinder forming amagnetic coil and the two ends of
thewirewere connected to the lowvoltage power supply
through a resistor. Both cubic (producing electric field)
and cylindrical (producing magnetic field) chambers
were placed on a rack with integrated lighting and con-
trolled temperature.
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Electric field and magnetic flux density were mea-
sured by means of a calibrated device PMM 8053
with a PMM EHP-50C probe, and the final para-
meters of such power frequency (50 Hz) electric and
magnetic fields as well as the control conditions
during the experiment were as follows: electric field
of 14,000 ± 700 V/m and <0.1 μT, magnetic field of
<10 V/m and 150 ± 7.5 μT, and control of <10 V/m
and <0.1 μT. The parameters of the electric and
magnetic fields generated in our experiment were
equivalent to conditions existing under high voltage
overhead transmission lines.

Experimental design

The experiment was carried out in two consecutive
condition phases: (I) an incubation (dry) phase, and
(II) a hatching and development (wet) phase. Eggs in
the incubation phase were incubated dry in 6-well poly-
styrene multiplates (mean ± standard error = 69 ± 5.6
eggs per well) at 16°C in the dark for 6 weeks in one of
twofield treatments: electricfield (EF) ormagneticfield
(MF), and control (C). After the incubation phase, eggs
were inundated with mineral water (Primavera, Polska
Woda Sp. z o.o., Poland) and assigned to hatching
conditions, so that six replicates from each stress
(field) incubation treatment remained for hatching in
the sameconditions as theyhadbeen incubated, and the
other six were transferred to C, while eggs incubated in
C were assigned to one of three hatching treatments:
EF, MF and C (each of also six replicates). The hatch-
ing phase of the experiment lasted 22 days and was
conducted at 25ºC, at a light intensity of 5500 lx
(6500 K) with a 14:10-hour light:dark photoperiod.
The first 30 neonates from each of seven treatment
combinations (incubation x hatching: C x C, C x EF,
C x MF, EF x C, EF x EF, MF x C, MF x MF) were
transferred to new 6-well multiplates with water (5
neonates per replicate well), fed by Spirulina powder
from blue-green algae, and the experiment was contin-
ued in the same treatment combinations until ostracods
reached adulthood or died. Every day (except day 9)
during the first 15 days and then every other day of the
hatching phase, hatching and mortality were recorded
by counting the number of emerging and surviving
ostracod individuals in each replicate.

Tested life history traits and statistical analysis

We tested three fitness related life history traits: (I)
dynamic of hatchability (shape of cumulative
hatching curves), (II) the total hatching success
(proportion of resting eggs that hatched), and
(III) proportion of juvenile survival to the adult

stage. Difference in the life history traits between
control eggs or juveniles and those exposed to the
stress treatments (either to electric or magnetic
field) was tested separately for each combination
of the incubation and hatching conditions in the
balanced design by two-way PERMANOVA (with
Euclidean distance as resemblance measure in case
of hatching success and juvenile survival, and max-
imum distance in case of hatchability curves) using
the software package PRIMER v. 7 (Anderson
et al. 2008; Clarke & Gorley 2015).

Results

In total, 2907 resting eggs were incubated and
subsequently inundated, of which 1335 (45.9%)
hatched within the 22-day monitoring period of
the hatching phase of the experiment. The pro-
portion of resting eggs that successfully hatched
varied only inconsiderably among treatments and
neither exposure of electric nor magnetic field
affected total hatching success (Pseudo-F
= 0.029–3.260, p(perm) ≥ 0.084; Table I).
In case of electric field exposure, there were no

main and interaction effects of incubation and
hatching conditions on the hatchability (Pseudo-
F = 0.757–2.210, p(perm) ≥0.089; Table I).
However, magnetic field exposure affected signifi-
cantly the hatchability of resting eggs of
H. incongruens. The cumulative hatching curve in
magnetic field (irrespective of incubation condi-
tion) was significantly different (Pseudo-F =
9.409, p(perm) = 0.002; Table I) from that in
control condition (Figure 1). Hatching of juveniles
in the magnetic field was faster, 40% of neonates
appeared at 4 days, whereas in control it took two
times longer – after 8 days. However, in spite of the
significant main effect of hatching conditions, there
was no main effect of incubation conditions
(Pseudo-F = 0.875, p(perm) = 0.420) and finally,
there was also no interaction between incubation
and hatching conditions (Pseudo-F = 0.384, p-
(perm) = 0.726; Table I), and the final hatching
success was also the same in magnetic field and
control (Figure 1).
Despite no effect of the incubation condition in

magnetic and electric field exposures vs. control on
hatchability dynamic and the final hatching success,
the incubation conditions in both, the magnetic field
and electric field did significantly decrease juvenile
survival to the adult stage (in magnetic field Pseudo-
F = 8.526, p(perm) = 0.008, and in electric field
Pseudo-F = 6.148, p(perm) = 0.029; Table I).
When eggs where incubated in a magnetic field,
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only 21.7% of juveniles became females, whereas if
eggs where incubated in control as much as 51.7% of
juveniles reached adulthood. After incubation in elec-
tric field juvenile survival to the adult stage was low-
ered to 16.7% vs. 41.7% in the control condition
(Table I).

Discussion

Resting eggs of ostracods inhabiting inland waters
are well known to be highly resistant to a range of
adverse conditions, e.g. prolonged desiccation,
freezing and high temperatures, low atmospheric
pressure, UV-B radiation, hypoxia, vertebrate

Figure 1. Cumulative hatching curves for Heterocypris incongruens resting eggs as a function of time in control and in magnetic field
hatching conditions. Lines show mean cumulative hatching success of 12 replicates per each of the two treatments of hatching conditions
without differentiation between the incubation conditions; whiskers display 1 × SE (standard error).

Table I. Statistics of two-way crossed PERMANOVA (Pseudo-F value and p(perm) value) testing in the balanced design for effects of
incubation condition treatments (IN), hatching condition treatments (HA) and their interaction (IN x HA) on the dynamics of
hatchability (similarity between cumulative hatching curves), the total hatching success (proportion of resting eggs that hatched), and
the juvenile survival to the adult stage of Heterocypris incongruens in the exposure of intense electric (EF) and magnetic (MF) fields versus
control conditions (C). Data are mean and standard error (SE).

Hatchability Hatching success Juvenile survival

Effect Mean SE Pseudo-F p(perm) Mean SE Pseudo-F p(perm) Mean SE Pseudo-F p(perm)

Electric field (EF) vs. Control (C)
IN C 0.196 0.016 0.757 0.536 0.434 0.018 0.058 0.828 0.417 0.090 6.148 0.029*

EF 0.161 0.011 0.429 0.015 0.167 0.048
HA C 0.190 0.016 1.604 0.187 0.450 0.012 2.774 0.112 0.350 0.093 1.339 0.263

EF 0.168 0.011 0.414 0.019 0.233 0.064
IN x HA C x C 0.233 0.026 2.210 0.089 0.472 0.018 3.260 0.084 0.533 0.143 1.339 0.257

C x EF 0.160 0.014 0.397 0.022 0.300 0.100
EF x C 0.147 0.013 0.428 0.009 0.167 0.062
EF x EF 0.175 0.018 0.431 0.030 0.167 0.080

Magnetic field (MF) vs. Control (C)
IN C 0.195 0.019 0.875 0.420 0.477 0.011 0.029 0.872 0.517 0.087 8.526 0.008**

MF 0.144 0.008 0.474 0.013 0.217 0.058
HA C 0.182 0.017 9.409 0.002** 0.472 0.011 0.134 0.723 0.433 0.085 1.684 0.193

MF 0.157 0.014 0.478 0.013 0.300 0.084
IN x HA C x C 0.233 0.026 0.384 0.726 0.472 0.018 0.047 0.830 0.533 0.143 0.947 0.350

C x MF 0.158 0.026 0.482 0.012 0.500 0.113
MF x C 0.132 0.011 0.472 0.012 0.333 0.084
MF x MF 0.156 0.012 0.475 0.025 0.100 0.045

* - statistically significant differences at 0.01 < p(perm) ≤ 0.05
** - statistically significant differences at 0.001 < p(perm) ≤ 0.01.
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digestive enzymes, high salinity or pesticides and
insecticides (Proctor 1964; Kornicker & Sohn
1971; Sohn & Kornicker 1979; Angell & Hancock
1989; Martins et al. 2008; Van den Broecke et al.
2012; Vandekerkhove et al. 2013 and reference
therein). Our data are the first to demonstrate also
the high tolerance of ostracod resting eggs to an
intense electric field (14,000 V/m) and a magnetic
field (150 µT), mimicking that which is generated by
high-voltage overhead transmission lines. We did
not detect any effect of the studied field exposures
on the hatching success of H. incongruens (Table I).
However, we detected some sensitivity of the

hatching dynamics to the magnetic component of
the electromagnetic field. In particular, even if there
was no significant difference in the final hatching
success between the magnetic field and control con-
ditions (Table I), the hatching rate since hydration
was accelerated in the magnetic field compared to the
control. Comparison of the hatching accumulation
curves suggests that eggs exposed to the magnetic
field hatched during the first 2 weeks of the experi-
ment faster and more synchronously than control
eggs (Figure 1). Such a hatching strategy may
enhance the success of completion of the reproduc-
tive cycle, reducing the competition for resources. On
the other hand, fast hatching response or a high pro-
portion of ostracod eggs hatching immediately after
the first hydration may cause dramatic fitness
decrease in case the hydroperiod is too short for
completion of the life cycle (Martins et al. 2009). In
fact, asynchronous hatching (or some kind of bet-
hedging strategy) was hypothesized as an advanta-
geous strategy for sexually reproducing populations
of an ostracod Eucypris virens (Jurine) compared to
their asexual conspecifics, tailoring the hatching
response to the unpredictability of the hydroperiod
cycle in the Mediterranean area (Martins et al. 2008).
The mechanism by which hatching dynamic upon
inundation was accelerated and synchronized under
the magnetic field exposure remains unclear.
However, we can speculate that electromagnetic
field which is perceived as light (Reiter 1993; Fernie
& Reynolds 2005) may be an additional stimulus (as
lengthened photoperiod) to the presence of water,
triggering the hastened hatching of resting eggs of
ostracods inhabiting temporary inland waters. It is
also difficult to explain why the magnetic field had
a significant impact on the hatchability dynamics,
while we did not detect any effect of the electric
field on the hatchability of our test species. It appears,
however, that of the two components of the power
frequency electromagnetic field, the magnetic com-
ponent is more important biologically than the

electric one. The magnetic field can easier and with-
out attenuation penetrate inside biological tissues
than the electric filed which is significantly absorbed
by water present in living cells (Kaune 1993).
Our study clearly showed that both magnetic field

and electric field were also detrimental for ostracod
juvenile survival when eggs were incubated dry
under the magnetic or electric field exposures
(Table I). It is difficult, however, to compare our
results with other studies using different experimen-
tal parameters (frequency, field strength, magnetic
flux density or exposure duration). Nonetheless, it
should be emphasized that even considering only the
effects of electromagnetic fields of parameters simi-
lar to those used in our study (power frequency 50/
60 Hz, magnetic flux density of 10–500 (1000) μT
and electric field strength of around 10–20 kV/m) on
fitness components of invertebrate juvenile or larval
stages (hatching dynamic and viability during post-
embryonic development), the current knowledge is
clearly inconclusive.
Similarly to the results found in our study, negative

effects upon survival have been associated with the
magnetic field exposure for gastropods, crustaceans
and insects. Ossenkopp et al. (1990) show that mor-
tality levels in a grove snail Cepaea nemoralis (L.)
increase with the duration of exposure to a 60 Hz,
100 μT magnetic field. Krylov (2008) demonstrates
that magnetic field with a density of 150 μT and
frequencies 17 Hz and 500 Hz exposed during 7
days has the most deleterious consequences on survi-
val and maturation of Daphnia magna, while a 21
days exposure to a frequency of 500 Hz during the
juvenile stage decreases body size and viability of the
next generation. The same author in other studies on
D. magna (Krylov 2010) documents decreased num-
ber of viable offspring in the first brood of females
that develop from exposed eggs (45–175 Hz electro-
magnetic field), despite no significant differences in
mortality in either embryos or adult females of the
parental generation between the test specimens and
control. Panagopoulos et al. (2013) found that the
number of pupae of Drosophila melanogaster Meigen
decreases with the strength of the 50 Hz, 100–2100
μT magnetic fields applied for 5 days, although the
effects were only statistically significant with high
magnetic flux densities of 1.1 and 2.1 mT.
Similarly, Ramírez et al. (1983) report increased
mortality of eggs, larvae, pupae and adults as well as
reduced oviposition by D. melanogaster exposed to
60 Hz, 1000 μT magnetic field for 48 h. Finally,
increased mortality has been also documented in
strong magnetic field exposures: larvae of a large pig
roundworm Ascaris suum (Goeze) (Kuźna-Grygiel
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et al. 2005) and of a common liver fluke Fasciola
hepatica L. (Kołodziejczyk et al. 2010) both in
2-mT fields as well as larvae of a mill moth Ephestia
kuehniella Zeller in 1.4-T field (Pandir et al. 2013).
Contrary to our results, no effects of the electro-

magnetic field exposure on viability have been found
for a wrinkled snail Helicella caperata (Montagu)
(60 Hz, 100 μT – Child et al. 1992), Drosophila
melanogaster (60 Hz, 1 mT – Walters & Carstensen
1987) and Drosophila subobscura Collin (50 Hz, 500
μT – Zmejkoski et al. 2017). For the latter species
even increased viability has been revealed under the
magnetic field exposure (50 Hz, 500 μT –

Dimitrijevic et al. 2014). See also above about the
results on Daphnia magna by Krylov (2010).
Effects of low-frequency magnetic fields on the

development have also been demonstrated for inver-
tebrates and again, both retardation (Zimmerman
et al. 1990: a purple sea urchin Strongylocentrotus
purpuratus (Stimpson) in 60 Hz, 100 µT; Gutzeit
2001: D. melanogaster in 50 Hz, 150 µT) and accel-
eration have been recorded (Krylov 2010: Daphnia
magna in 45–175 Hz; Dimitrijevic et al. 2014;
Zmejkoski et al. 2017: Drosophila subobscura in
50 Hz, 500 μT). Moreover, the magnetic field
(60 Hz, 80 μT) causes significantly lower develop-
mental stability measured by fluctuating asymmetry
and a reduction in the weight of D. melanogaster
(Graham et al. 2000). On the other hand, no sig-
nificant changes have been found in lifespan, repro-
duction and hatching rate of a free-living nematode
Caenorhabidis elegans (Maupas) exposed to 50 Hz
magnetic fields at intensities of 500–3000 μT com-
pared with that of the control (Shi et al. 2015).
Excepting differences in laboratory parameters

(frequency, exposure duration, magnetic flux den-
sity, electric field strength) and/or environmental
conditions in field investigations (voltage of power
lines, distance from the power lines, etc.), the above
inconsistencies between our results and those of
other studies as well as between various studies can
be attributed to several causes of various natures.
First, as laboratory and field experimental data
have shown, different species may respond differen-
tially to the exposure of electromagnetic fields
(Levin & Ernst 1997; Doherty & Grubb 1998). In
addition, data also suggest that electromagnetic
fields might have different effects at various devel-
opmental stages and depend on the genetic back-
ground (Zmejkoski et al. 2017). A further problem
is that unlike most biohazard chemical compounds,
both components of the electromagnetic field may
produce no clear dose-response (non-linear and/or
“window”) effects (Doherty & Grubb 1998). The

experimental results also suggest that the biological
effects of electromagnetic fields could be transient or
at least partially reversible, synergistic with other
factors or depend on some threshold values (Pan
1996; Doherty & Grubb 1998). We cannot also
rule out the possibility that some of the published
effects are the results of experimental artifacts, as
suggested by Walters and Carstensen (1987).
Finally, some effects or no response could be due
to the fact that the tested animals have lived for
generations under laboratory conditions where they
were exposed to the electromagnetic fields and may
have adapted to these conditions (Krylov 2008).
To conclude, our results show that both compo-

nents of the power frequency electromagnetic field
(50 Hz), equivalent to that created by high voltage
overhead power transmission lines, can have impor-
tant consequences for ostracod reproduction. Further
long-term experiments are clearly needed to clarify
the results obtained so far and to shed light on the
long-term consequences of the environmental pollu-
tion by electromagnetic field exposure associated with
power transmission lines on fitness-related life history
traits of ostracods and other aquatic invertebrates.
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