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INTRODUCTION
The biological effects of exposure to nonionizing radiation of radio and microwave
frequencies have been studied at length.1-6 More recently data have been reported on effects
of exposure to low frequency nonionizing radiation. This paper is an attempt to review the
latter material, which heretofore has not been done in any comprehensive way. We will
deal only with the effects associated with exposure to fields of extremely low frequency
(ELF); i.e., fields generally limited to frequencies of less than 100 Hz. Effects associated
with the application of electric current via conducting electrodes are discussed elsewhere.7-9
With few exceptions, ELF field research did not exist prior to about 1967. Since then,
however, numerous pertinent studies have appeared. Some were performed as part of an
evaluation of the environmental impact of a proposed antenna (Project Sanguine).10 Also,
since the ELF range includes the power frequencies of most nations, ELF radiation is
pervasively present as artificial components of the earth's electromagnetic background.
This has prompted some studies of the human health consequences. But in most instances
the ELF field studies were a result of increasing general interest in the effects of electricity
on growth and physiology.11-14
We have endeavored to provide a reasonably complete review of primary ELF field
biological research; related aspects of such research have been summarized elsewhere.15-17
Electric and magnetic studies are described separately. Within each group a further
distinction is drawn between acute and chronic exposure, with the dividing point generally
assumed to be about 3 days. Exposure was usually accomplished through the medium of
air. In some cases an aqueous solution such as seawater or nutrient media was employed.
In all instances, the electric field listed herein is that to which the test organism was
exposed. Epidemiological findings, and reported effects on bird orientation and plant
growth, are described separately.
ELECTRIC FIELD EFFECTS
1. Acute Exposure

A variety of biological organisms, including man, have been shown to be sensitive to
relatively brief exposure to ELF electric fields. Solov'ev18 demonstrated that several
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hours of exposure to 5,000 volts/cm at 50 Hz is fatal to mice and Drosophila. Lethal
consequences have also occurred with bees.19,20 Above 500 volts (v)!/cm, bees sting
each other to death; 30-500 volts/cm at 50 Hz is sufficient to change metabolic rate and
motor activity. The mitotic index of liver and corneal epithelia] cells in mice was tripled
following application of 200 v/cm at 50 Hz for 4 h.21
The influence of ELF electric fields on animal behavior has received some attention.
Spittka et al .22 studied the effect of 500-700 v/cm. at 50 Hz on the drinking behavior
of operantly trained rats; they showed a significant decrease in response rate when the
field was applied. The operant response rate of rhesus monkeys was increased by
application of 0.0035-0.35 v/cm at 7-75 Hz.23,24 Employing classical conditioned cardiac
deceleration techniques, McCleave et al.25 showed that eels and salmon were able to
perceive 0.0007-0.00007 v/cm at 60-75 Hz. The perception, which occurred only when
the field was applied perpendicularly to the body axis, is the most sensitive ELF-induced
biological effect yet reported. Friend et al.26, found that amoebas exhibited changes in
shape and orientation within a few minutes of the application of 10 v/cm at 1-100 Hz.
The question of whether the observed effects were due to simple physical forces or arose
from cellular activity was not resolved. Sazonova27 examined the results elicited by
300-400 v/cm at 50 Hz on motor performance of rabbits. After cumulative exposure of
18 h he observed a statistically significant decrease in the rabbits' ability to do work (lift
a fixed weight).
Five controlled laboratory studies have treated the interaction of ELF electric fields
and human subjects. In each instance alterations in reaction time were reported.
Johansson et al.28 exposed subjects in toto to about 1,000 v/cm at 50 Hz for 75 min.
The results, while suggesting decreased performance, were not statistically significant.
Also employing full body exposure, at the same frequency but at field strengths ten
times less intense, Hauf29 reported that after 3 h he observed an improvement in
performance. This result he attributed to a nonspecific stimulatory effect. Hauf's
subjects, unlike those of Johansson et al., were electrically grounded throughout the
exposure period. Hamer30 and Konig3l both utilized extremely weak ELF electric fields
(0.01-0.04 v/cm). Konig observed decreased human performance at 3 Hz as compared to
the field-free situation, and increased performance at 10-25 Hz when similarly compared.
In studies during which two discrete frequencies within the range 2-12 Hz were applied
consecutively to the head region of each subject, Hamer reported a decrease in
performance at the higher frequency as compared to the lower frequency. Persinger et
al.32 looked for changes in the reaction time of 70 subjects as a consequence of
0.003-0.03 v/cm at 3-10 Hz applied for 40 min. Mean reaction times were not affected;
however, significant sex, intensity, and frequency interactions were seen in the degree of
reaction time variability.
Two animal studies describe direct effects of brief ELF electric field exposure on the
central nervous system. Gann 33 subjected dogs to a small controlled hemorrhage and
examined the effect of 150 v/cm at 60 Hz for 5 h on the physiological compensatory
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control mechanism invoked by the hemorrhage. Blood pressure and heart rate were found
to be significantly different in the exposed dogs, indicating a central nervous system
disturbance interfering with compensatory cardiovascular mechanisms. Lott and
McCain34 applied an inhomogeneous field of 0.4 v/cm maximum at 640 Hz to
anesthetized rats. Recording from implanted microelectrodes, those investigators
measured a significant increase in hypothalamic activity during the 1 h exposure period.
Short-term in vitro studies have disclosed ELF-induced alterations in calcium
release35 and biochemical function. In the former study, exposure of brain tissue from
chicks and cats to 0.05-1.0 v/cm at 1-75 Hz for 20 min significantly reduced the release
of calcium from the tissues to the surrounding medium. In the latter study, 1.55 v/cm at
60 Hz caused complete loss of biochemical function in brain mitochondria after 40 min.
2. Chronic Exposure
Behavior has been the most frequently studied biological parameter in acute exposure
experiments, whereas in chronic exposure experiments growth or some other
physiological aspect of a developing biological system has been studied more often.
Utilizing the most intense ELF electric field yet employed in controlled animal37
research, Knickerbocker et al. intermittently applied to mice a vertical field of 1,600
v/cm at 60 Hz. The field was applied to male mice only for 6.5 h/day, 5 days/week, for a
duration of 10.5 months. During non-exposure periods the mice were mated with
non-exposed females and the offspring then reared in a field-free region. It was found that
the male progenies but not the female progenies of the exposed males were smaller in
weight when compared at 30, 60, and 87 days postpartum to male and female progenies
respectively of the control males.
The results of Knickerbocker et al. have been confirmed and extended by Marino et
al.,38 who continuously exposed three successive generations of mice to a 60 Hz electric
field. Initially, male and female mice were separated into horizontal, vertical, and control
groups. Mice in the horizontal group were allowed to mate, gestate, deliver, and rear
their offspring in a horizontal field of 100 v/cm. At maturity, randomly selected
individuals from the first generation were similarly allowed to mate, gestate, deliver, and
rear their offspring while being continuously exposed. Randomly selected individuals
from the second generation were then mated to produce the third and final generation. A
parallel procedure was followed both for the vertical group, three generations being
produced in a vertical electric field of 150 v/cm, and for the control group, three
generations of the latter being produced in the ambient electric field. In the first and
second generation, males and females reared in the horizontal or vertical fields were
significantly smaller than the comparable control group when compared at 35 days
postpartum. In the third generation, the males exposed to the vertical field exhibited
depressed body weights at 35 days postpartum.
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Aberrant growth responses following chronic exposure have been reported in rats,
Dugesia (flatworms), and Physarum polycephalum (slime mold). McElhaney and
Stalnaker39 intermittently applied 70, v/cm at 3 and 30 Hz to the immobilized but intact
femurs of rats. Most of the exposed rats developed bone tumors whereas no tumors were
seen in the control rats. In the second study,40 two species of Dugesia were sectioned
transversely and subjected to 3.1-4.2 v/cm at 60 Hz applied along the antero-posterior
regeneration axis. In a significant number of animals the normal regeneration pattern
(head anterior, tail posterior) was altered, resulting in bipolarity (the production of a head
at both the anterior and posterior surfaces). In the experiments on Physarum
polycephalum,41,42 the investigators simultaneously applied 0.007 v/cm and 2 gauss (G)
at 45, 60, and 75 Hz. At all three frequencies they observed delays in the mitotic cycle
and retardation in protoplasmic streaming.
Different consequences of ELF electric field exposure have been seen in chick growth,
depending on the strength of the applied field. Day-old chicks were exposed continuously
for 22 days to 400 and 800 v/cm at 60 Hz.43 Growth appeared to be affected, and gross
motor activity measured after the birds had been removed from the field was reduced
relative to that of the control birds. These observations led to experiments on male and
female chicks separately. Female chicks were exposed continuously to 200 or 800 v/cm
for the first 14 days posthatching, and body weights were obtained at 1-8 weeks of age.
The mean body weight of the chicks exposed at both field strengths was greater than that
of the control birds. The results, which were on the order of 5-10%, became statistically
significant during the second week. Male chicks were then exposed to 400 to 800 v/cm
for the first 20 days posthatching, and body weights were obtained during the exposure
period. A significant enhancement in the early growth response was observed.
Giarola and Krueger 44 observed that day-old chicks exposed to a non-uniform field of
maximum value 35 v/cm exhibited depressed body weights when compared to unexposed
chicks. The effect became significant after 22 days at 45 Hz and 28 days at 60 Hz. In
another study45 the same group found that exposure of egg-laying hens to 16 v/cm at 60
Hz for 16 weeks caused a decrease in egg production during the first half of the test
period but not during the second half. Durfee46 exposed chick eggs during incubation,
hatching, and development through 4 weeks of age to a uniform field of 36 v/cm, and
found that any differences between the exposed and control birds with regard to. rate of
growth were masked by the effects of crowding. In similar studies by the same group
involving uniform fields of 0.01-0.10 v/cm at 60 and 75 Hz46 and at 72-80!Hz,47 only
scattered effects on chick growth response were observed.
In vitro observations of the impact of chronically applied ELF electric fields have
been made at widely different intensities. Utilizing the most intense fields on record in
chronic exposure experimentation, Gann and LaFrance48 found that the threshold of a
100% lethal effect on mammalian cells exposed for 1 week at 60 Hz in cell culture is
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between 2,000 v/cm and 6,000 v/cm. At 1,000 v/cm, a 12% increase in the growth of
embryonic chick tibiae was seen . 49 Growth inhibition and growth acceleration were
noted following exposure of chick embryo cells to 0.01-0.1 v/cm at 60-75 Hz for 1-3
days.46
Earlier work had revealed the ability of a magnetic field to function as a biological
stressor.50 An investigation was therefore undertaken to determine whether an ELF
electric field could produce a similar response. Rats 21 to 24 days old were exposed to
150 v/cm at 60 Hz for one month in ten separate experiments.51,52 A variety of
statistically significant effects were found including depressed body weight, depressed
water consumption, increased adrenal and pituitary weights, and altered serum levels of
albumin, hydroxycorticosterone, and glutamic oxaloacetic transaminase. The results
indicated that exposure to the ELF field produced a physiological stress response. Noval
et al.53 independently performed similar experiments at much lower field strengths and
reached essentially the same conclusion. They exposed rats 30 to 35 days old to
0.005-1.0 v/cm at 45 Hz for 30-40 days. The treated rats exhibited depressed body
weights, decreased levels of brain choline acetyltransferase activity, and elevated levels of
liver tryptophan pyrrolase.
Mathewson et al.,54 after exposing 49-day-old rats for 28 days to 0.02, 0.10, 0.20,
0.50, and 1.0 v/cm, reported failure to observe effects comparable to those seen by
Noval et al. However, since the 60 Hz background at both the control and experimental
cages was as high as 0.07 v/cm,55 it is appropriate to regard the rats exposed to
0.02!v/cm as part of the control group for the purpose of comparing them jointly to
those animals exposed at 0.5-1.0 v/cm (whereat the applied field was sufficiently greater
than the background). Under that approach the data of Mathewson et al. reveal a variety
of statistically significant changes including a decrease in blood glucose in three
consecutive replicative experiments as well as changes in blood hemoglobin and
hematocrit in two of the three experiments. Changes also occurred in at least one of the
experiments in each of the following parameters: blood globulin, total lipids,
triglycerides, final body weight, and red blood cell count. Neither Mathewson's nor
Noval's data, nor indeed the data of any ELF investigator, support a hypothesis that the
observed biological effects are dose-related.
It seems reasonable to conclude that Mathewson et al.54 generally confirmed Noval et
al.,53 the chief difference being that the effects observed in the latter study were more
severe than those observed in the former. This has led to an effort to delineate the
specific differences in the respective conditions of the two studies that could arguably be
responsible for the differences in results.
The Noval study was performed inside a Faraday cage formed by the steel wall
construction of the facility at which the test and control animal populations were
housed. The possible significance of the electrical shielding was not recognized ab initio
and therefore was not incorporated in the experimental design of the Mathewson study.
To the extent that Faraday shielding can of itself produce biological changes,
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it may account for the observed differences in severity between the two studies. Such
effects due to shielding have been reported in humans,56-58 guinea pigs,59 and mice60.
In the most thorough study of the phenomenon, Wever56-58 isolated human subjects in
underground bunkers for 3-8 weeks and measured their temperature and activity circadian
rhythms. He found that subjects living in a shielded bunker exhibit periodicities in body
temperature significantly different from those of subjects living in a non-shielded
bunker. He also reported that desynchronization between the two rhythms occurred only
in the shielded bunker. Both effects ceased when an artificial electric field of 0.025 v/cm
at 10 Hz was applied, indicating that the total ambient electromagnetic environment on
the one hand and the artificial field on the other influence human circadian rhythms
similarly in the respects investigated. Altman and Soltau59 exposed guinea pigs to 2.4
v/cm at 10 Hz and maintained parallel groups under Faraday conditions and under normal
ambient conditions. They found that shielding produced changes in the hematocrit and
the distribution of blood proteins but that both parameters returned to normal in the
presence of the artificially applied field. Lang60 exposed mice to 35 v/cm at 10 Hz and
maintained parallel groups under Faraday conditions and under normal ambient
conditions. Shielding produced changes in body water content, blood hemoglobin, and
blood sodium levels. The effects were eliminated following exposure to the artificial
electric field.
Blanchi et al.61 found that after 1,000 h of exposure to 1,000 v/cm at 50 Hz, the
electrocardiograms of mice were significantly altered. In particular, there was a
lengthening of PR interval, R-wave duration, and duration of QRS complex. It has also
been reported that after 192 h of exposure at 400 and 800 v/cm, chicks exhibited
significantly altered electroencephalograms.43 The spectra of the experimental and control
chicks were compared in 512 frequency bands between 0-62.5 Hz. Four significantly
different bands were found in the chicks exposed at 400 v/cm, while in the animals
exposed at 800 v/cm seventeen significantly different bands were observed.
Early work suggested that weak electric and magnetic fields produced genetic
aberrations in Drosophila.62 However, subsequent work at 1 G and 0.1 v/cm63 and at 2 G
and 0.2 v/cm64 has failed to confirm these observations.
MAGNETIC FIELD EFFECTS
1. Acute Exposure
The consequences of acute exposure at high magnetic field strengths have received
some attention in connection with the phenomenon of magnetic phosphenes. Most
studies of the biological effects of magnetic fields, however, have involved relatively
brief exposure to low-strength fields. In such instances the effects of the fields on
behavior or perception are what was usually studied.
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D'Arsonval65 first reported that a sensation of light could be produced when a
magnetic field was applied to the region of the head (magnetic phosphene). Subsequently
the production of magnetic phosphenes by a field of 1,000 G was reported by Thompson
at 50 Hz66 and Dunlap at 60 Hz,67 Barlow et al.68 described the production of magnetic
phosphenes by 400-900 G at 10-90 Hz, and reported that the threshold for the effect did
not change depending on whether the subject's eyes were open or shut. Recently
Lovsund et al.69 reported the production of magnetic phosphenes by a field of 150-300 G
at 10-50 Hz in 13 subjects. There are presently many unanswered questions concerning
the nature and the characteristics of the phenomenon of magnetic phosphenes.70
Utilizing 60 human subjects, Friedman et al .71 demonstrated that 3 G at 0.2 Hz
superimposed on a static field of 5 G significantly affected reaction time in both males
and females. When behavioral instructions to monkeys are substituted for verbal
instructions to humans, however, the resulting variability in response makes it difficult
to observe effects. Grissett and deLorge 72 performed reaction time measurements on 3
monkeys exposed for 10 h to 3 G at 7 and 45 Hz but failed to uncover any influence of
the magnetic fields. Even chronic exposure (42 days) of the monkeys to 10 G failed to
elicit an effect.73
The effect of full-body exposure on human cognitive and psychomotor functions was
examined by Gibson and Morony.74 They discovered that after 24 h exposure to 1 G at
45 Hz, both short-term memory and the ability to perform addition were altered.
Milburn75 investigated the ability of human beings to perceive magnetic fields (1 G)
and electric fields (2.3 v/cm). Employing a forced-choice testing procedure, he found that
2 of 48 subjects studied were able to perceive a magnetic field at 400 Hz. No subjects
sensitive to the electric field were found.
Smith and Justesen76 exposed mice to 17 G at 60 Hz and found that locomotor
activity levels increased immediately upon application of the field. Persinger et al.77
found that rats exposed for 21-30 days to 3-30 G at 0.5 Hz displayed greater activity
upon removal from the field.
In a series of experiments involving 4 monkeys, deLorge utilized operant
conditioning techniques to study the effect of 8.2-10 G and 0.01-0.3 v/cm at
10-75!Hz.78-81 He failed to demonstrate that the fields were detected by the monkeys or
consistently affected the stimulus control of the operant schedules. Marr82 similarly
failed to detect effects on operant behavior of pigeons and rats as a consequence of
exposure to 2 G and1 v/cm at 45-75 Hz. On the basis of their work, deLorge and Marr
have suggested that there are no field-induced biological effects ascertainable by operant
methodology.83 Persinger has pointed out, however, that the failure to detect effects may
indicate only that the response measures studied were not sensitive to the physiological
systems that mediate the stimulus effect.84 Additionally, one would not expect that the
stimulus control of the reinforcement schedule would be appreciably disrupted by
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such relatively weak and short-duration stimuli as those employed by deLorge and
Marr.85
2. Chronic Exposure
Chronic exposure to low-strength magnetic fields is generally associated with some
effect on growth or physiology.
Udintsev and Moroz86 exposed rats to 200 G at 50 Hz and observed a significant
increase in hydroxycorticosterone in adrenal tissue and blood plasma after 1 and 7 days of
exposure. Lantsman87 explored the effect of exposure to 200 G at 50 Hz on the
phagocytic function of the reticulo-endothelial system of mice. He found that 8 h of
exposure per day for 4 days inhibited phagocytotic efficiency in several organs.
Bassett et al.88 investigated the effect of a magnetic field on the organization and
strength of the repair process that occurs during the healing of a bone fracture. They
applied an asymmetrically pulsed field repeating at 65 Hz with a peak value of several G
to dogs that had undergone fibular osteotomies. It was found that the field accelerated the
time course of the repair process. In a subsequent study89 a magnetic field with similar
characteristics was applied to patients suffering from pseudarthroses; markedly beneficial
results were observed. Patients exposed for 12-16 h per day for 3-6 months achieved a
success rate of 73-76% in the induction of new bone growth.
There are two other reports involving chronic exposure of human beings to a
lowintensity magnetic field. Erhman et al.90 examined the effect of a magnetic field on
the amounts of medication used by several hundred patients. With regard to 10 typical
medical complaints, it was found that a field of several G at 4-12 Hz brought about a
reduction in the amount of medication consumed which greatly exceeded the reduction
achieved with placebos. Beischer et al.91 exposed subjects to I G at 45 Hz for 1 day. In 9
of the 10 subjects he observed a significant increase in serum triglycerides, 1-2 days after
the exposure. In a subsequent study,92 it was found that exposure of mice to 1 G at 45
Hz for 1 day did not affect the concentration of liver triglycerides.
Persinger et al.93 exposed rats for 10-26 days to 1-30 G at 0.5 Hz and observed
progressive changes in total body weight, thyroid weight, testicle weight, and water
consumption. Ossenkopp94 explored the influence of 3-12 G at 0.5 Hz on rats exposed
in utero for 22 days. A number of physiological and behavioral effects were manifested
by the pups after birth, including retardation of time of eye opening and teeth eruption,
and depression of motor activity.
Giarola et al.44 found that exposure of one-day-old chicks to 1.3 G at 45 and 60 Hz for
28 days depressed their growth rate by 9-11 % as compared to that of unexposed birds.
Durfee et al. exposed chicks for 4 weeks to 8-30 G at 45-75 Hz,46 and to 1-8 G at
72-80!Hz.47 The results disclosed that any effect of the magnetic field on growth was
negligible as compared to that caused by the effects of overcrowding.
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SPECIAL TOPICS
1. Epidemiological Investigations
Soviet studies. Soviet investigators have conducted medical and physiological surveys
of personnel occupationally exposed to strong electric fields emanating from
components of the Soviet electrical power system.
Physical examinations of high-voltage switchyard workers revealed that 41 of 45
subjects studied presented some neurological or cardiovascular disorder during and shortly
after field exposure.95 No organic pathologies were found, but examinations did reveal
instability of pulse and blood pressure, tremors of the extremities, and hyperhidrosis.
Electrocardiograms showed bradycardia in 14 subjects and slowed atrioventricular
conduction in 10 subjects. Laboratory studies of the peripheral blood showed mild
changes from normal except for marked spherocytosis in 60% of the subjects examined.
A physiological study of 54 occupationally exposed workers showed that the electric
field produced functional changes in the autonomic nervous system which were related to
the duration of exposure.96 Medical surveys carried out at 16 high-voltage substations
involving a total of 286 people revealed adverse effects of exposure to the electric field
on the central nervous system and the cardiovascular system.97 A physiological survey
of 319 people who worked at high-voltage substations and near overhead transmission
lines also revealed unfavorable changes in health.97 Twenty-three men were exposed to
power frequency electric fields while various central nervous system and cardiovascular
system indices were measured; the results showed that fields stronger than 50 v/cm have
an adverse effect on man.97 A clinical study of personnel of 330 kV substations revealed
a variety of harmful effects of field exposure manifested by alterations in blood pressure
and electrocardiogram.98
Within the Soviet Union at least some occupational exposure to power frequency
electric fields is regulated by a set of so-called Hygienic Rules that govern the
permissible duration of exposure at various field intensities.99 Although as early as 1970
the Soviet literature contained more than 100 reports of the influence of ELF electric
fields on biological systems,100 it appears that the Rules are based principally on the
medical and physiological surveys discussed above.99 Standards governing the exposure
of agriculture workers and the general public are being developed.101 A variety of other
rules relating to the design and construction of high-voltage transmission lines presently
provide some protection to both groups.101,102
Other studies. Strumza103 searched the health records of 142 employees occupationally
exposed to power frequency fields; he found no correlation between such exposure and
the number of visits to a physician. In one of the first studies of any kind involving the
biological effects of fields, complete physical examinations were given to 11 linemen
who serviced 345 kV transmission lines. No effects related to exposure were found104 nor
did any such effects develop after cessation of the occupational

140

A. A. MARINO and R. O. BECKER

exposure.105 Exposure to the fields of the Project Sanguine antenna apparently did not
seriously affect the health of the operating personnel106-108 or alter the metabolic rate
of 5 species of soil-dwelling animals gathered from the general area of the antenna. 1O9
2. Bird Orientation
Several investigators have inquired into the possible effects of the electromagnetic
near-field of the Project Sanguine antenna on bird orientation. In pilot studies,110 it was
observed that the headings of homing pigeons were slightly altered in the vicinity of the
antenna. In more detailed studies, Southern111 constructed cages on the ground directly
over the buried antenna to explore the effect of the field on the instinctive directional
preferences of ring-billed gull chicks 3-9 days old. When the chicks were released in the
center of the cage with the antenna turned off they showed a directional preference for the
southeast. When the antenna was energized the birds dispersed randomly and exhibited no
mean bearing. Larkin and Sutherland112 carried out radar tracking of individual migrating
birds flying over the antenna at altitudes of 80-300 meters. They observed that when the
antenna was activated or when its operating condition was being changed (off to on, or
on to off ) departures from straight and level flight occurred significantly more often
than when the antenna was turned off. In radar tracking studies not yet fully analyzed,
Williams and Williams113 reported changes in the flight direction of migrating birds of
5-25° when the antenna was activated. No investigation has yet been made of the effect
of duration of exposure nor has it been determined whether the birds sense the electric or
magnetic field of the antenna, or both.
3. Plants
Remarkably little attention has been devoted to the effects of ELF fields on plants.
Gardner et al.114 studied the effect of 0.1 v/cm at 45 Hz on the growth of beans. When
the seeds were planted in soil, the growth of the exposed plants was 40% greater than
that of the control plants after 64 days of exposure. When the soil was replaced with a
nutrient solution, however, no significant effects were seen after 37 days of exposure.
The latter result has been partially confirmed by Miller,115 who reported that 1-144 h of
exposure of beans in nutrient solution to 0.1 v/cm at 75 Hz did not affect growth.
Rosenthal116 applied 0.01-0.1 v/cm and 1 G at 75 Hz to sunflower seeds planted in soil;
he observed differences in seedling mortality and stem and root length between the
exposed and unexposed populations.
A survey of plant life near the Project Sanguine antenna in Wisconsin suggested that
the antenna near-field did not affect the normal vegetative pattern.117 A survey of the
plant life near high-voltage transmission lines suggested that the fields caused a slight
enhancement of growth.118
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DISCUSSION
Many different biological effects have been seen following exposure to ELF fields.
Biological systems have exhibited a sensitivity to electric fields varying over eight
orders of magnitude, and human beings have been found to be sensitive to magnetic
fields as small as one G.
Acute electric field exposure is generally associated with effects on behavior. The
reports linking such exposure with alterations in human reaction time are particularly
worthy of attention. Chronic electric field exposure is generally found to affect growth,
often producing retardation in development. Additionally, the evidence indicates that
chronic exposure is a biological stressor. Acute exposure to magnetic fields has
generally been studied in relation to behavioral effects or perception. Chronic exposure
has been reported to be useful in human therapy.
Orthodox theory gives no definite indication of the nature of the interaction between
the applied fields and the biological systems other than to rule out the possibility that
the observed effects arise as a consequence of tissue heating. Employing some
simplifying assumptions, it can be shown that neither ELF electric fields applied in air
nor ELF magnetic fields up to at least 200 G can induce Joule heating in biological
tissue. Thus the observed biological effects are not thermal in origin. Whatever
molecular mechanisms may ultimately be uncovered, it is apparent that the observed
effects are not energetically driven by the applied field. An analysis of the energy
coupled into the biological system by the field leads to the conclusion that the role of
the field is to perturb or trigger the biological system, thereby causing it to change from
one state to another.4,119 In this respect the mode of action of the ELF field is closer to
that of a drug than to that of ionizing radiation. Consequently, biophysical approaches
treating biological systems merely in terms of passive electrical characteristics120,121 are
inherently inadequate to explain the observed effects.
The reports of ELF field-induced biological effects have obvious environmental health
implications. A typical high-voltage transmission line creates a ground level electric
field on the order of 100 v/cm and 1 G. Background power frequency fields in a typical
office are about 0.01-0.10 v/cm and 0.01-0.10 G.122 Numerous investigators have
reported biological effects in animals and human beings following exposure to such
fields. Prediction of whether specific effects will occur in the general population as a
consequence of exposure to the fields of various electrical devices depends in each
instance on an evaluation of the nature and extent of the exposure and the results of the
related laboratory research.
Further experimental research is imperative in view of the large element of the
general population currently at risk involuntarily. Theoretical studies similarly are
necessary to elucidate the underlying biophysical principles. The current dearth of such
knowledge renders the process of standards-setting in general, together with related
choices such as the selection of appropriate safety factors, extremely difficult.
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