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I. INTRODUCTION
This is the final report of the Science Advisors to the Minnesota Public Utilities Commission
(PUC). We are a multidisciplinary group with expertise in the fields of agricultural
engineering, animal physiology, biochemistry, electrical engineering, electrochemistry,
epidemiology, physics, soil science and veterinary science. The Minnesota Legislature
authorized the PUC to establish a committee of science advisors in response to claims by
some dairy farmers that electric currents in the earth from electric utility distribution systems
are somehow responsible for problems with animal behavior, health and production
problems of dairy cows. These claims were advocated by The Electromagnetic Research
Foundation (TERF), a group consisting mainly of dairy farmers from Minnesota and
Wisconsin. While TERF produced a report including anecdotal evidence, they did not
propose a specific mechanism for how currents in the earth might interact directly with dairy
cows to cause the problems with dairy production (TERF, 1994). It is important to note
that the issues associated with currents in the earth from grounded electric distribution
systems are quite different from concerns raised in the 1970's about Minnesota's DC
power line and from ongoing controversies related to low frequency fields from overhead
AC power lines.
On November 23, 1994 the PUC authorized us to carry out the following tasks:
(1) Review any evidence that might support the proposal that earth currents adversely affect
dairy herd health and production.
(2) Determine whether further research in this area is warranted.
(3) Oversee any research proposed to resolve questions related to possible earth current
effects.
(4) Provide recommendations to the PUC based on available evidence and the results of any
research conducted with funds appropriated under the legislation.
We issued a Progress Report in January 1996 (Minnesota PUC, 1996) in which numerous
electrical and related technical terms were defined2,information from interested parties was
reviewed, possible mechanisms of earth and ground current interaction with dairy cattle were
hypothesized, and a research plan to address unanswered questions was proposed. We
noted then that currents in the earth can only interact with dairy cows through their
associated electric fields, magnetic fields and voltages, and that these parameters should be
the focus of our analysis, rather than earth currents per se. The Commission approved our
research plan in February 1996 and the Minnesota Legislature appropriated additional
funding for some of the proposed work in April 1996and again in April 1997.
This report is based on all of the reviews and analyses we conducted and upon the results of
the dairy farm field study for which we served as advisors. Our overall conclusions and
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The "Definitions"

section of the 1996 Progress Report is included as Appendix A of this report.

7

recommendations are given in Section V. Section II describes a survey of Minnesota and
Wisconsin dairy operators that was designed to obtain information on the specific types of
herd health and production problems and to assess the extent to which owners of dairy herds
attribute such problems to stray voltage or other causes. Section III describes the results of a
field study to assess possible associations between selected electrical and non-electrical
parameters and the presence or absence of persistent problems associated with dairy cow
health and milk production. Section IV describes laboratory research at the University of
Wisconsin that is being funded by the Puc. Detailed descriptions of the field study protocols
and the laboratory research design also are appended to this report.

II.

MAIL AND TELEPHONE SURVEYS OF MINNESOTA AND
WISCONSIN DAIRY FARMERS

Dairy herd owners in Minnesota and Wisconsin were surveyed in late November 1996 in a
collaborative effort involving the Agricultural Statistics Services of Minnesota and Wisconsin,
the University of Minnesota, the University of Wisconsin, the Department of Public Service of
Wisconsin, the Minnesota Public Utilities Commission, the Minnesota Department of
Agriculture, the Wisconsin Department of Agriculture, Trade and Consumer Protection, and
various organizations representing dairy farmers and electric utilities in the two states. The
objectives of the survey were: (I) to collect more comprehensive and valid information than
had previously been available on the general health and milk production status of Minnesota
and Wisconsin dairy herds and (2) to learn more about perceptions of dairy operators about
electrical and non-electrical causes of persistent problems associated with health and
production.

A. Mail Survey
The most comprehensive database on dairy herd operations is maintained by the National
Agricultural Statistics Service of the U.S. Department of Agriculture. The PUC contracted
with the Minnesota Agricultural Statistics Services to conduct mail and telephone surveys
using the dairy operator listings in Minnesota and Wisconsin. At the time of the survey
(November 1996), there were about 11,000 dairy operations in Minnesota and 25,000 dairy
operations in Wisconsin.
Surveys were mailed to a random sample of2,500 dairy operators, 1,250 from each state's
database. Post card reminders and follow-up telephone calls were used to encourage
response. Thirty percent (752) of the surveys were completed and returned. The purpose of
selecting a random sample of dairy operators was to obtain results that would be
representative of the entire population of Minnesota and Wisconsin dairy operations. The
random selection method and the number of completed surveys obtained from the initial
mailing suggests that the results are representative ofthe opinions and perceptions of herd
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owners in the two states.

The results of the mail surveys are as follows:

I. GeneralHerd Information
Responses from dairy herd owners in Minnesota and Wisconsin were similar for almost every
parameter addressed in the survey; thus all response data could be averaged for the two .
states. The average reported herd size (milking and dry cows) was 56, with a range of 10 to
385. Average daily milk production at the time the survey was taken was 52
pounds/cow/day for cows in milk and 42 pounds/cow/day when dry cows were included.
From the dairy owners rough estimates, average annual mortality and culling rates for adult
cows were calculated at 4.3 percent and 20.6 percent, respectively.

2. ClinicalSignsof Herd HealthProblems
Herd owners were asked how often each of22 clinical signs of health or production
problems were observed in their herds over the last 12 months. Respondents reported poor
heat (estrus) expression, poor conception rate, and mastitis as the most frequently observed
signs. Some of the least frequently observed signs were unhealed sores on cows' legs and
bodies and various behavioral patterns (e.g., unusual behavior at the drinking cup, nose
pressing, and excessive kicking).
Ten percent of all herd owners at the time of the survey thought that cows in their herds have
persistent health and/or production problems. These dairy herds tended to have lower milk
production rolling herd averages, higher somatic cell counts, and more frequent adverse
clinical signs than herds for which no such problems were reported.
3. Perceiyed_Causesof Herd health and Production Problems
Herd owners were asked their opinions regarding importance of each of 26 factors in causing
problems with animal health and/or production problems in their herds. Factors rated as most
significant (top one-third) were forage quality, fresh cow performance, cow comfort, heat
detection, and animal housing or environment. Factors rated as least significant (bottom onethird), were soil type, quality of outside experts' advice, stray voltage and other electrical
phenomena, and chemical contamination of feed or water.

B. Telephone Survey
Each of the herd owners who had completed and returned a mailed survey was contacted by
telephone to obtain more detailed information concerning their experience with on-farm
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investigations of stray voltage and related electrical phenomena. Ninety percent of those who
completed and returned the mailed survey also participated in the telephone survey.
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findings:

Thirty percent of the dairy herd owners reported that at some time they had a problem
with herd health and/or production which they thought was caused mainly by stray
voltage or some other electrical phenomena.
Sixty percent of all dairy herd owners reported that their farms had been tested at least
once for stray voltage; 15 percent reported testing for other electrical phenomena, such
as magnetic fields, electric fields, EMF, ground currents or earth currents. Of these
respondents, about one-half reported that the persons who conducted the tests informed
them of stray voltage or other electrical conditions that should be corrected; eighty-seven
percent of those with problematic conditions reported that corrective steps had been
taken.
Sixty percent of dairy operators reported that stray voltage testing was performed by
employees of electric utilities. Thirty percent of dairy operators reported that electricians
conducted such tests. Milk processing field representatives and dairy farm owners were
also reported to have conducted stray voltage tests in 10-20 percent of the cases.
Eighty-seven percent of dairy herd owners in Minnesota and Wisconsin who reported
that electrical phenomena were investigated, also reported they were satisfied with both
the investigations and attempts to correct stray voltage or other electrical conditions.
Eight of the 679 owners in Minnesota and Wisconsin who both returned a completed mail
survey and answered questions in the telephone survey, indicated that their herds
presently had persistent problems with health and production and that they think
uncorrected stray voltage or related electrical conditions are having negative effects on
the health and production of their dairy herds.

C. Conclusions
The results reported here place dairy farmers' perceptions about stray voltage and related
electrical conditions into context with the variety of non-electrical factors that have long been
known to be associated with poor herd health and low milk production. From their answers
to several of the questions in both the mail and follow up telephone surveys, it is clear that
most owners of dairy herds in Minnesota and Wisconsin are much less concerned about stray
voltage and other electrical conditions as the source of their unresolved health and production
problems than claimed by TERF (TERF, 1994) and by individual dairy farmers who reported
to us in public hearings during meetings at the PUc. Most dairy farmers who have had
potentially problematic electrical conditions on their farms appear to follow up on them and
are generally satisfied with the corrections recommended by electric utility representatives or
other farm consultants.
The survey forms used and additional details on findings from the mail and telephone surveys
are included in Appendix B.
III. COMPARATIVE FIELD STUDY OF HIGH HEALTH AND PRODUCTIVITY
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(HHP) AND LOW HEALTH AND PRODUCTIVITY (LHP) DAIRY HERDS ON
MINNESOTA DAIRY FARMS

A. Overview
The focus of our charge as advisors to the PUC was to examine the effects, if any, of currents
in the earth and related parameters on dairy cows. However, such a mandate could not be
fulfilled without also assessing non-electrical factors. It has long been known that certain nonelectrical factors can significantly increase problems with cow health and production. Of all
the complaints brought to our attention by the PUC or directly by farmers where electric
currents in the earth were said to be involved, none showed convincing evidence that nonelectrical factors could be ruled out.
In addition, there is little information on the electrical conditions on farms that do not have
persistent problems with health and production. Further, we could not find any study in which
electrical measurement protocols had been used uniformly such that results could be
compared from farm to farm. For these reasons, we designed a small field study to assess
the effects of both electrical and non-electrical factors on the health and productivity of dairy
herds. The study included two different kinds of dairy operations, those with persistent and
unresolved health and productivity problems and those without such problems.
The primary objectives of the field study were:
(1) To test the feasibility of implementing protocols in relatively short visits to dairy farms that
would measure electrical factors, inspect electrical wiring conditions, and assess herd
health and productivity.
(2) To determine whether it is possible in a small field study to document associations among
specific electrical or non-electrical factors and the health and productivity of dairy herds.
(3) To assess the need for and approach to a larger scale study of potential factors that
contribute to poor health and production of dairy herds.
The study did not evaluate on-farm or off-farm sources of electric and magnetic fields and
voltages since the first step should be to establish whether the fields or voltages associated
with earth and ground currents interact with the cow in the barn to induce health and
production problems. Only if such an effect is found would it be appropriate to examine the
sources and undertake some kind of mitigation.
The field study was carried out under contract to the PUC by Dr. Ashley Robinson and Dr.
Will Marsh, both with the Department of Clinical and Population Sciences at the College of
Veterinary Medicine, University of Minnesota, at the time of the study.
Dr. Robinson was selected for his expertise in veterinary epidemiology; Dr. Marsh was
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selected for his expertise in agricultural statistics.
-

B. Selection of Study Farms for Evaluation

Several approaches to the selection of farms for the field study were considered. One was to
select farms directly from the Dairy Herd Improvement Association (DHIA) database, with one
group at the high end of production and the other at the low end. This option was not selected
because of concerns that the DHIA database may not represent all types of dairy operations in
Minnesota. Also, many of the farmers who have raised concerns about earth currents are not
members ofDHIA. A second option was to survey veterinarians and ask them to identify dairy
operations that seem to meet a pre-established set of conditions. This option was not chosen
because of potential concerns about bias of the veterinarians and the fact that, in many cases,
the serving veterinarians may not visit the farms regularly. The third option, which was chosen
by the study directors, was to use responses of dairy herd owners to the mailed surveys since
herd owners maintain the most comprehensive information pertaining to their herds.
Several conditions were established for a dairy operation to be a candidate for the field study.
The herd owner must have (a) provided a completed response to the mailed survey (367
Minnesota dairy herd operators returned completed surveys); (b) responded to the follow up
telephone survey questions (331 Minnesota dairy herd operators responded to the telephone
survey); (c) had more than 30 cows in his or her herd; (d) reported conditions for the herd that
placed it in either the "high health and productivity" or "low health and productivity" categories
within the total population of respondents; and (e) expressed a willingness to cooperate with the
on-farm study (over 95 percent of those who could be reached and who met criteria (a-d)
agreed to cooperate).
Farms were chosen that were at the two extremes in health and productivity of the available
population since such differences between the two groups would be most likely to reveal any
meaningful associations between electrical or non-electrical factors. Our aim was to identify
at least 10 farms of each type, since samples of this size - if different enough in type -may be large enough to provide statistically significant associations, yet small enough to
be carried out in a single season by a single research team.

The high health and productivity (HHP) herds and low health and productivity herds (LHP)
were defined as follows: HHP herds were defined as those reported by the owners to have 3
or more of the following conditions: a rolling herd average of 18,000 or above pounds of
milk/cow/year; somatic cell counts (SCC) below 250,000 in the last month recorded; cow
mortality rates of 0 percent; cow culling rates of 11 percent or lower; and an average score of
1.4 or below on a scale of 1-5 that ranks severity of each of26 clinical signs characterizing the
herd. Low health and productivity (LHP) herds were defined as those with 3 or more of the
following conditions as reported by the owners: a rolling herd average of 16,000
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pounds/cow/year or less; an SCC of350,000 or above in the last month recorded; a mortality
rate of 6.8 percent or higher; a cull rate of29 percent or higher; and an average score of2.1 or
higher on a scale of 1-5 that ranks severity of each of 26 clinical signs characterizing the herd.
Individual survey responses from the 331 Minnesota dairy operators who completed both the
mail and telephone surveys were reviewed to determine which ones met at least 3 of the 5
criteria for HHP or LHP herds. These subgroups were contacted in March and April 1997 to
determine whether they would participate in an on-farm field study. The telephone interviews
were used to ascertain whether the circumstances on the dairy farm were still the same as
reported in the previous November. If so, a visit was scheduled to the farm where one member
of the research team met with the owners and reviewed milk production and other records to
confirm the information provided in the surveys. Afterward, a total of 15 owners of potentially
LHP herds and 14 owners of potentially HHP herds agreed to participate in the field study.
Only 9 HHP herds and 10 LHP herds were finally chosen because the others were either
borderline in meeting some of the criteria, or lived in geographic regions already represented in
the study sample.

c. Field Study Process
The field study was conducted by a research team under contract to the PUC. The team
consisted of a veterinarian, a specialist in electrical measurements, an electrical inspector, and
two research assistants. One research assistant was responsible for pre-visit interviews and
collection of available farm records. The other assisted both the veterinarian and the electrical
measurement specialist. Three detailed protocols for the 3-4 day site visits by the team are
given in Appendix C: one for the evaluation of herd health, production and management; one
for inspection of the farm wiring; and another for measurements of the electrical environment.
The protocols were developed with our advice as well as input of staff from the PUC, the
Public Service Commission of Wisconsin, the Minnesota Department of Agriculture, and the
Wisconsin Department of Agriculture, Trade and Consumer Protection; and representatives of
special interest groups including various farm and dairy producer organizations, electric utilities,
research universities and others. The field study data was analyzed by Dr. Marsh, with
assistance from Ms. Doris Mold, also of the College of Veterinary Medicine of the University
of Minnesota, and members of the field study research team.
The protocols were tested on two farms before the study ofthe selected 19 farms began. Data
from these two farms were not included in the final analysis. The farm visits were conducted
from early June through early October 1997. Members of the 4-person team (i.e., the
veterinarian, the electrical inspector, the electrical measurements specialist and the field
research assistant) were not made aware of whether a dairy operation was classified in
the LHP or HHP herd category, with one exception. After the field data had been
collected, the data were analyzed using number designations for the farms and not the
owners name. This "blind" study approach was used to preclude bias in data collection
and the analysis.
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Field Study Results: Confirmation that HHP and LHP Herds are Different
The 19 study farms were widely distributed throughout the state of Minnesota in a pattern that
aligns with the known geographic distribution of dairy farms. The farms were concentrated
around a line beginning in West-Central Minnesota, roughly following Interstate 94 from Fergus
Falls to the Twin Cities, with the line then continuing into the south-east corner of the state. The
herds of the 19 study farms ranged trom 30 to 125 dairy cows; this range is similar to the herd
size distribution of the 10,400 Minnesota dairy operations registered in the database of the
Minnesota Agricultural Statistics Service at the time of the surveys were conducted. Further, of
the 19 study farms, 17 had stanchion and/or tie stall facilities and 2 were parlor facilities. This
proportion (9: 1) of stanchion and tie stall facilities relative to parlor facilities corresponds to that
reported by the total group of respondents to the mailed survey.
Thefirst step in the analysis of resultsfrom thefield study was to confirm that the two
study populations -- HHP and LHP herds -- were indeed different. Since the study farms
were selected initially using only data from the survey responses of dairy herd owners, it was
necessary to obtain data trom owner records, creamery receipts and owner interviews to
document that the information on the surveys was valid and up to date.
In this and subsequent analyses, mean values for a variety of descriptive and outcome
parameters were derived for each group of herds, HHP and LHP, and then compared. The "P
value" for each comparison was determined. The P value is a measure of the statistical
association between two measurable parameters. The statistical significance of any correlation
analysis increases with the size of the sample. In a small sample such as the 19 or fewer dairy
herds in this study, P values can best serve as a statistical tool for establishing a ranking among
factors that may be of interest when comparing HHP with LHP herds. The lower the P value,
the greater the probability that a real association exists. In this study, where the purpose is to
identify specific factors that may be associated with certain outcomes, those factors with the
lowest P values are of greatest interest.
1. Herd Data

Average rolling herd milk production and somatic cell counts (SCe) were obtained from up to
two years of records on the 19 study herds. The mean rolling herd average for all farms was
56 pounds per cow per year, with a minimum of 25.7 pounds per cow per year and a
maximum of78.7 pound per cow per year for the 2-year period ending in October 1997. The
rolling herd average for HHP herds was 67.2 pounds per cow per year and for the LHP herds
was 45.9 pounds per cow per year (P

= 0.0006).

The meanSCC was lower for HHP herds

than LHP herds (319,000 vs. 413,000; P = 0.0994). The mean bacteria count was also lower
for the HHP herds: 28,000 vs. 9,000 (P = 0.0896). The owners also were asked to confirm
the presence or absence of some of the 26 clinical signs they had reported in the mailed survey.
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Some of these parameters were later evaluated quantitatively as part ofthe veterinary protocol
during the visit by the research team.
The other 3 parameters that were used initially to identify HHP and LHP herds from the dairy
operators' survey data (Le., annual mortality rate, annual culling rate and average score for
clinical signs) were confirmed in interviews with the dairy operator by a member of the research
team. However, the differences among the two groups of herds were not very significant.
Rough estimates ofthe mortality rates and culling rates were based on discussions with the
owner. According to these estimates, the mean annual culling rate for HHP herds was 34.5
percent and that for LHP herds was 28.3 percent (P = 0.33). HHP herds had an estimated
annual death rate of3.7 percent while the rate in LHP herds was 5.9 percent (P = 0.32).
2. Individual Cow Data
Further characterization of the differences among the two types of herds at the individual cow
level was carried out as part ofthe study protocol. The veterinarian examined a total of965
adult cows in the 19 herds. Cows in HHP herds were found to be taller (56.26 inches vs.
54.95 inches; P = less than 0.0001), heavier (1,359 vs. 1;305 pounds; P = less than 0.0001)
and to have higher body conditionscores(3.25vs. 3.10;P = less than 0.0001) than their
counterparts in LHP herds. Cows in the HHP herds were younger (4.23 vs. 4.69 years; P =
0.001), likely due to a younger age at first breeding (14.8 vs. 16.2 months; P = 0.0038), and
had shorter inter-calving intervals as indicated by the lower average days in milk (177.6 vs.
196.1; P = 0.0510) at the time of farm visits. There was no difference in lactation number of
cows in HHP and LHP herds (2.56 vs. 2.43; P = 0.2881). Individual cow data, although
useful for confirming differences among HHP and LHP herds, was not used in subsequent
analyses of risk factor associations because statistically, it is not appropriate to compare herd
data (19 data points) with individual cow data (over 900 data points).

3. Findings
The above data show that the two groups of field study herds

--HHP and LHP -- are most

clearly distinguished by the measure of pounds of milk produced/cow/day. This is also the most
commonly used parameter to characterize overall herd performance in most research. The
difference between HHP and LHP herds in mean somatic cell counts is also convincing given
the low sample size. The other herd level data collected show various degrees of statistical
differences among the two herds. There are also some very significant differences among the
two types of herds when data on the individual cow level is used (e.g., height, weight, body
condition etc.). After all the data are considered, there are, indeed, significant differences
between HHP and LHP herds.
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E. Field Study Results: Analysisor Non-Electrical Parameters
1. Background
Some of the main outcomes cited by farmers who are concerned about possible effects of earth
current are reduced milk production, increased somatic cell counts, reduced water consumption
and hocks that are swollen or have sores and abrasions. However, there are known causes for
these adverse health and production outcomes that are not electrical. These risk factors are
described below.
Among the main risk factors for lowered milk production are poor nutrition, high environmental
temperature, infectious diseases, milking machine defects and improper handling of cows by
those who care for them. Water intake is also important in dairy cows and is primarily
determined by 4 factors: dry matter intake, milk production, ambient temperature and sodium
intake. Exceptions occur when cows are not able to swallow water because of some physical
disability or when the cow cannot reach a water source. Over a period of several days, a cow
mustconsumeenoughwatereitherthroughdrinkingor in foragesto maintaina balancein body
constituents. A change in water intake can occur whenever one or more of the four major
determinants of water needs is altered.
An elevated somatic cell count (SCe) in milk indicates that the mammary gland has an
inflammatory condition and is shedding more cells than normal in the milk. Inflammation ofthe
mammary gland can be caused by many factors such as traumatic injury or bacteria that
originate in the environment or come ITomanother cow through contamination of milking
machine equipment, defective milking equipment or improper milking techniques. Improper
nutrition can also lead to deficiencies in the immune system which are often associated with high
SCC. In addition, poor environmental conditions such as dirty stalls and muddy pastures can
produce high levels of contamination in the teat openings.
A lack of cow comfort and rumen acidosis are the primary causes of swollen hocks, abscesses,
sore feet and nose bleeding. Small stalls and little or no bedding commonly cause increased
standing time and sore feet and swollen hocks. Rumen acidosis typically results from feeding
high carbohydrate rations that, in addition to the signs listed above, increase the production of
lactic acid, cause a metabolic acidosis, and reduce rumen motility, feed intake and milk
production.
The veterinary management protocol for the study focused on three main types of non-electrical
risk factors which have been well-characterized in previous research:
(1) nutrition, as measured by dry matter intake, net energy, crude protein and fiber; (2) overall
cow comfort, which takes into account size and cleanliness of stalls, bedding levels and types,
and ventilation; and (3) vaccination and related disease prevention practices.
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2. Findings
Table I summarizes the data collected from the 19 herds on the key risk factors addressed in
the veterinary evaluation protocol. The results of statistical analyses comparing these factors
among the HHP and LHP herds are summarized in
Section III, J.
Table I: Non-Electrical Risk Factor Findings
Study Herds
Non-Electrical Factor
Nutrition (percent ofNRC3
Recommendation)
Dry Matter Intake
Net Energy
Crude Protein
Fiber
Cow Comfort4
Comfort Score - Cows
Comfort Score - Heifers
Rubber Mats
Stall Sizes
Width
Length

- Range and Mean Values for the 19
Mean Value

Range

77.8 to
77.3 to
61.5 to
98.8 to

106.4 percent
108.3 percent
121.4 percent
182.9 percent

97.3 percent
97.3 percent
97.4 percent
124.1 percent

1 to 4
1 to 5
5 of 17 stanchion and tie stall barns

2.61
2.96

40 to 54 inches
56 to 92 inches

47.7 inches
69.2 inches

0 to 8
0 to 8

4.4
4.3

Vaccinations
Cows
Heifers
(13 types possible)

J NRC: National Research Council
4Cow comfort ratings were performed by the veterinarian on the research team using the following scoring
system: I = clean, dry, well-bedded; good ventilation. 3 = adequate cleanliness, mostly dry, with some
stale air. 5 = dirty, wet, with little or no bedding and stagnant air.
5 Recommended stall sizes (Hurnink, 1990) are at least 40 inches wide and 54 inches long for a 1300 pound
cow and 43 inches wide and 56 inches long for a 1500 pound cow.
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F. Field Study Results: Electrical Measurements
In our 1996 Progress Report we identified five possible mechanisms by which the various
electrical parameters associated with the electrical distribution system that supplies power to
dairy farms could conceivably affect dairy cows' behavior, health or milk production
(Minnesota PUC, 1996). The purpose of this section is to evaluate these hypotheses with the
information now available.
The hypotheses are:
1. AC Voltage: Continuous or frequently repeated contact of confined cows to sources of
low level stray voltage may result in electric fields inside the cow at levels high enough to
produce biological effects without producing observable or measurable behavior
modifications.
2. Transient Voltage: Current transients may affect a cow through the associated transient
stray voltage or through magnetic induction. Examples include 60 Hz transients from motor
starting events, and high frequency transients from electrical switching events and from
malfunctioning cow trainers and electric fences. The sources of these transients can
originate on or off the farm.
3. AC Magnetic Fields: Magnetic fields from AC ground current on water lines in the barn
may be large enough at the head of a cow to induce biological effects.
4. Interaction of AC and DC Magnetic Fields: Exposure of cows to AC magnetic fields
from all sources in the barn combined with particular levels of the geomagnetic field may
conceivably produce biological effects.
5. Pulsed Electric Fields: Pulsed electric fields from sources such as cow trainers may be
locally large enough at the cow's back to be sensed by cows.
In the following sub-sections the rationale for each of these hypotheses and is given together
with the range of values obtained for each electrical measurement made across the 19 herds.
Our conclusions from the electrical measurements and inspection components of the field study
are also given. Measures for HHP and LHP herds are compared in Section III, 1.
1. AC Volta~e
Rationale: This mechanism was proposed because internal body electric fields of
0.001 volt/meter to 0.01 volt/meter have been shown to produce physiological responses in
other animals, mostly rodents and small primates. Studies have indicated that internal electric
fields within this range are associated with a change in bone formation in the isolated turkey
ulna, a decrease in concentrations of metabolites of dopamine and serotonin in cerebrospinal
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fluid of macaques, and
decreases in testosterone concentrations in rats. Effects such as these can be either adverse,
beneficial or neutral, and may be reversible. They are not necessarily applicable to dairy cow
health or milk production. However, field strengths in the range of 0.001 volts/meter to 0.01
volts/meter could be induced in the head of a cow (depending on cow and contact electrical
resistance), if the cow were exposed to 0.007 to 0.07 volts between water cup and rear hoof.
Further, we estimated that a front-to-rear hoof step potential exposure of 0.002 to 0.02 volts
would produce such field strengths in the cow's leg muscle tissue.
Resultsfrom the 1997 Field Study: The average exposure trom water cup to rear hoof was
0.041 volts over 12 hours, 0.051 volts during a high electrical use hour, and
0.026 volts during a low electrical use hour. The average step potential in the stall was 0.006
volt over twelve hours, 0.008 volts during a high electrical use hour, and 0.005 volts during a
low electrical use hour. The highest one-hour average cow contact voltage measured on the
water line on a single study farm was 0.209 volts. This voltage is less than the 0.5 volts or
higher necessary to initiate a behavioral response in dairy cows as presently established in the
stray voltage literature. The highest step potential in a study barn stall was 0.047 volts,
measured as a one-hour average. The step potentials measured in all of the study farm stalls
were 10 to 100 times lower than the established threshold to initiate an observable behavioral
response in dairy cows.
However, the measured voltages are high enough to support the low level voltage hypothesis.
Twelve of the 17 stanchion and tie stall farms had water cup voltages higher than 0.007 volts
(corresponding to an estimated internal electric field on the order of 0.00 I volts/meter) as a 12hour average. Five of 17 farms had water cup to rear hoof voltages higher than 0.07 volts
(corresponding to an estimated internal electric field of 0.01 volts/meter). Considering the
threshold range for step potentials as defined by the low level voltage hypothesis, the lower end
of the estimated range of values for leg muscle tissue (0.002 volts) was exceeded as a 12-hour
average on 14 of 17 farms; the higher end ofthe estimated range (0.02 volts) was exceeded on
only one farm. Only the front to rear hoof step potentials measured in the study results in the
continuous and longer term exposure required to satisfy the low level voltage hypothesis.
Measured AC earth current densities on 19 dairy farms included the range from 21 to
1139 microamps/meter in the barnyards and trom 2 to 184 microamps/meter in the field away
trom the barn. The AC magnetic fields which result from these earth currents are too low to be
measured, and are very much lower than those levels currently of concern in published reports.
Therefore, if earth currents induce any kind of physiological response, it must be through the
associated step potential across the ground. Measured open circuit step potentials (for a step
of 1.5 meters) on these 19 farms ranged from 0.001 to 0.052 volts in the barnyard and trom
0.0001 to 0.012 volts in the field. These voltages were all substantially lower when measured
across a 500 ohm resistor similar to the electrical resistance of a cow.
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These values were measured during a single season. Step potentials vary with soil resistivity
which may change with soil moisture and temperature throughout the year. To examine this
possibility, a long-term step potential measurement series was carried out at a rural residential
site, the characteristics of which insured an adequate test of seasonal variations in earth current.
Open circuit step potentials were measured infrequently (every one or two weeks) over a
period of 17 months. No discernable pattern related to seasonal changes was evident in the
data.

2. TransientVoltage
Rationale: In addition to steady state voltages, cows are exposed to transient voltages. The
limited amount of research published on this topic suggests that overt behavioral and some
physiological responses to transient voltages are similar to responses to 60 Hertz (Hz) voltages
when comparisons are made based on total energy. Thus, since transient voltages have both a
magnitude and duration, the shorter the transient duration, the higher must be the voltage to
elicit the same behavioral response. Transient voltages found in the barn can be classified as
either "60 Hz transients" due to high starting currents drawn by electric motors or "high
frequency (HF) transients" which are usually caused by nearby electrical switching events and
by malfunctioning electric fence and cow trainer systems.
Results from the 1997 Field Study: Transient voltages between cow contact points were
measured using an impedance model of a cow which allowed simultaneous measurement of
high and low frequency voltages (Aneshansley et aI., 1995), (Stringfellow, et aI., 1996). The
largest 60 Hz transient voltage occurring between cow contacts on any of the 17 stanchion and
tie stall barns in the study was 2.603 volts rms (between water line and rear hoof). This is
marginally larger than the single-cycle voltage necessary to cause a behavioral response in 1%
of the cows in a herd in another published study (Reinemann et aI., 1996). The second-largest
60 Hz transient measured on any farm was 1.533 volts on the water line of another farm. Low
frequency step potential transients were usually much smaller than those occurring on the water
line. The largest 60 Hz step potential transient detected on any of the farms was 0.148 volts
(the largest of seven similar events occurring on this farm in 12 hours).
High frequency (20 kHz to 10 MHz) transient voltages also were detected between cow
contacts and recorded. They typically lasted from a few to a few hundred microseconds. Long
transients often were composed of several shorter transients and were due to switch contact
points bouncing upon closure. The largest water line to rear hoofHF transient had a peak
voltage of 1.9 volts. High frequency step potential transients were detected on only two farms:
On one farm they were shown to be caused by lightning, and were as large as 0.7 volts peak.
On the other farm they were shown to be caused by a faulty cow trainer where the high voltage
wire was in contact with barn metalwork; these were as large as 0.9 volts. High frequency
transients were detected between the milk line and rear hoof on a number of farms. The largest
high frequency transient on a milk line had a peak voltage of 2.48 volts.
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In addition, high frequency transient voltages that exceed the 4 volt threshold of the equipment
used in the study were measured on the barn neutral bus and referenced to a near (<20 foot)
ground stake. On some farms, almost no high frequency transients above the 4 volt threshold
were recorded on the neutral, while others had hundreds during a 12-hour period. On three
farms, equipment caused neutral high frequency transients to occur every half cycle. These
were traced to a kitchen range in two cases, a solid state motor controller for a barn fan, and a
countertop air ionizer/purifier. The most common sources of high frequency transients found on
farm neutrals, however, were electric fence and cow trainer systems. High frequency transients
caused by these devices were detected on the secondary neutral of 14 of the 17 stall barns
studied, although they were not always large enough to be recorded (i.e., above the 4 volt
threshold) or observed between cow contact points (0.5 volt threshold). These transient
voltages were caused by one or more of the following: (1) an energizer grounded to or near the
electrical ground on 14 farms, (2) a high voltage wire in contact with barn metalwork or ground
on five farms, and (3) a faulty energizer unit on four farms. While sources of transient voltages
other than those from electric fences and cow trainers were not characterized in every case, it is
well known that they are attenuated with distance due to reactive components in the circuit
impedance. Therefore, high frequency transients are usually, but not exclusively, caused by
nearby sources.
3. AC Ma~netic Fields
Rationale: Cows are confined in stanchion or tie stall barns such that they are close to ground
current on water lines, stanchions and other metalwork. The magnetic fields from these currents
are not reduced by those from parallel return currents as with most modern electrical wiring.
Localized magnetic fields due to ground currents in dairy barns could thus be problematic if
they were much larger than about 10 milligauss.
A wide range of magnetic field exposure intensities has been studied in the laboratory. From
the data in the literature, there is a general scientific consensus that fields of 1000 milligauss and
above produce physiological responses in exposed animals. These effects mayor may not
adversely affect the health of these animals. Effects in animals below 10 milligauss have not
been reported. Only a very few animal studies have been performed using field intensities
between 10 and 100 milligauss. Most studies in this range showed no effects. Some studies in
the 10 to 100 milligauss range have shown both a reduction in the hormone melatonin in rats
and changes in the development of chick embryos, but such changes have not been reported in
studies involving humans. Four independent laboratories have found effects in cellular systems
(e.g., effects in growth of breast cancer cells in culture) at levels as low as 12 milligauss.
Physiologicaleffects havebeenreportedin laboratorystudieswhereanimalswereexposedto
fields between 100 and 500 milligauss. However, results of these studies are mixed; some
report field-associated effects and some do not. Effects in animals exposed in this higher range
generally have not been independently replicated. In contrast to laboratory animal experiments,
evidence in isolated cell systems suggests statistically significant effects with exposures above
100 milligauss. In light of the laboratory study results, data from epidemiological studies are
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perplexing in that associations between exposures to magnetic fields and adverse health effects
in humans have been reported in a fairly large number of studies at levels below 10 milIigauss,
but above approximately 2 or 3 milIigauss. However, firm connections have not been
established between such field levels and effects, primarily due to imprecision in assessments of
exposure levels. In most human epidemiological studies, it has been difficult to establish both
the duration and the intensity of exposure of individuals.
Results from the 1997 Field Study: In each of the 17 stanchion and tie stall barns studied, the
60 Hz magnetic flux density was measured at the cow's head, at the top ofthe back closest to
the overhead water line, and at the base of the tail of each cow. The bam was surveyed during
a milking period when barn neutral voltages and ground currents were highest. The barn was
also surveyed during an electrically quiet period. Data show that the average exposure of dairy
cows in this study was at a fraction of one milligauss. Rarely did exposures exceed several
milligauss. The largest single measurement of magnetic flux density on the 17 farms was 9.56
milligauss at the back of a cow; this was caused by an electrical appliance (cow trainer
energizer) and disappeared within 1 meter «0.04 milIigauss at the tail of the same cow). These
data illustrate that the AC magnetic flux density is commonly highest at the back of each cow
(averages across all stalls and farms during milking were 0.44 milligauss at the head, 0.68
milligauss at the back, and 0.59 milligauss at the tail). This is due to proximity of the cow's
back to ground current carried by the water line or metal vacuum line to which the barn neutral
is bonded.
4. Interaction of AC and DC Magnetic Fields
Rationale: Mechanisms other than Faraday induction have been proposed in the published
literature to explain effects attributable to alternating magnetic fields. Several laboratory studies
have shown physiological effects that depend upon the simultaneous presence ofa DC (static)
magnetic field and an AC (alternating) magnetic field of at least one tenth the magnitude of the
static field, or about 50 milIigauss. Other, more recent studies have indicated effects on cell
cultures at 12 milIigauss. In addition, laboratory studies are underway to confirm isolated
reports that ac magnetic fields at or below I milligauss may affect biological systems in the
presence of a dc magnetic field.
The magnitude of the DC field determines particular frequencies ("ion cyclotron resonances") at
which systems respond. Responses have, for example, been observed in solutions of amino
acids. Possible mechanisms to explain these experimental results comprise an active area of
research. Other research has established the effect of relatively large, at least 500 milligauss,
static and time varying fields on chemical and biochemical reactions involving free radicals.
Results from the 1997 Field Study: Magnetic fields were examined in detail for one short time
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period in one stall for each of the 19 of the farms in the field study. Both ac and dc magnetic
flux densities were determined for multiple points in the stalls of stanchion or tie stall barns and
parlor barns. Then cyclotron resonance conditions for six biologically important ions at 60 Hz
were evaluated at each grid point. Resonance (or near resonance) conditions were observed
for one or more of the ions to some degree on each farm. The ions K+and Mg2+scored the
highest when summed across all farms, then, in descending order Cl-, H+,Li+,and Ca2+.
However, the single highest alternating magnetic flux density recorded during these
measurements was 9.24 milligauss, which is still lower than the lowest field level (12 milligauss)
at which physiological effects have been demonstrated in laboratory cell cultures.
5. Pulsed Electric Fields from Cow Trainers
Rationale: Exposure to electric fields in air has been shown to affect biological systems only at
magnitudes of several kilovolts/meter. Such fields are found, for example, between a high
voltage transmission line and the earth. In a dairy barn, the only source of large electric fields is
the cow trainer system. The currents induced in a cow from such high frequency pulsed fields
may be strong enough to be sensed. Sensations might be expected with pulsed electric fields
larger than 5 to 10 kilovolt/meter.
Resultsfrom the 1997 Field Study: For each barn in the field study the peak pulsed electric
field was approximated by dividing the cow trainer peak voltage by the average height of the
trainer bar above the cows' backs. Average heights of trainer bars ranged from 6.4 centimeters
(cm) to 11.2 cm with a mean of 8.1 cm. Peak output voltage ranged from 0.88 kilovolts to 3.0
kilovolts with a mean of2.0 kilovolts. The calculated average peak electric field varied from
13.9 kilovolts/meter to
43.3 kilovolts/meter with a mean of25.3 kilovolts/meter. The cow might be able to sense the
field at these levels. These field values should be considered to be only representative; higher
or lower fields exist as the bar height above the cow changes, as it does often during the day for
all cows with normal movements in their stall.
Charge transfer via high frequency conduction is likely to exceed that due to pulsed electric field
induction. As noted above, pulses from cow trainer or electric fence were found on the barn
neutrals of 14 of the 17 study farms. We estimated that a cow trainer could induce a current in
the cow of 0.5 amperes with a duration of
resistance x capacitance = 3 nanoseconds, equivalent to a charge transfer of
0.0015 microcoulombs. For comparison, if voltage pulses of 0.1 volt appeared for
100 microseconds between cow contacts, this would result in a charge transfer by conduction
ofQ = volts x time/resistance = 0.033 microcoulombs, assuming a cow impedance of300 ohm
at a frequency on the order of 1/(100.10-6) = 10 kilohertz. This 'conducted' charge resulting
from a nominal, negligible cow contact transient of
0.1 volts is approximately 20 times the estimated charge transferred via electric field induction.
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G. Field Study Results: Electrical Inspection
Farm wiring was inspected to identify conditions that could cause or contribute to the voltage,
magnetic field and electric field levels measured in the study. Electrical systems on the farms
were evaluated with respect to requirements of the National Electrical Code (NEe) as they
apply to secondary grounded-neutral electrical systems. The properties of interest were those
that may affect (1) neutral-to-earth voltage, (2) voltage relative to earth on equipment
connected to equipment grounding conductors, and (3) flow of load current through any path
external to the intended circuit conductors.
The electrical inspection of the farms included a preliminary inspection ofthe premises, a survey
of the barn and associated equipment for hazardous electrical conditions, an inspection of the
barn and associated equipment for conditions that would produce stray voltages and magnetic
fields, a check of the secondary distribution system neutrals and grounding on the farm, an
evaluation of the approximate farm grounding impedance and the primary neutral impedance,
and a check for grounding of submersible water pumps and well casings. Observations noted
during these inspections follow:
I. Hazardous Electrical Conditions
Six farms had line connections supplying main circuit breakers that were severely overheating
and in danger of imminent failure. Every farm had one or more pieces of equipment that were
not grounded. All but two dairy barns had one or more ungrounded units; some had several.
Thirteen had one or more buildings that did not have a grounding electrode as required by the
NEe. Interior water piping systems were generally not bonded to the electrical systems except
through inadvertent connections at eql:lipmentsuch as water heaters. Some enclosures of
service entrances were not bonded (grounded), raising the shock hazard. A number of barns
had "temporary" or other makeshift wiring such as extension cords. One farm lacked any
connection between the neutral and ground, a condition which could potentially elevate the farm
grounding system to 120 V. Many older buildings were served through original, often bare
conductors or conductors with badly deteriorated outer jackets.

2. ~

Voltageand MagneticFieldConditions

The neutral-to-earth voltage in several barns could have been substantially reduced by
balancing 120 volt loads such as light and fan circuits. One farm had an isolation device at the
barn service entrance that was ineffective because of a previously undiscovered bypass in a
wiring circuit in the barn. One farm had a bad neutral connection resulting in 5 volts on the
neutral to outbuildings and a cattle waterer. Another neutral connection on this farm was warm
and would fail eventually. Another farm supplied power to a cattle shed through substandard
wiring resulting in 2 volts on the neutral with a 10 ampere load. One farm had an open neutral
in the feeder to a machine shed. Two farms had high resistance barn neutrals resulting in
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elevated neutral-to-earth voltages. In at least three barns, 120 volt loads were improperly
supplied trom 240 volt circuits that did not contain a neutral, but an equipment ground was
present. This produced a flow of current on the grounding conductor that caused elevated ac
magnetic fields. Eight barns had more than one service (an accepted practice), resulting in at
least one case where interconnections raised the magnetic field level in the barn by I to 3
milligauss. Several failing conductor connections occurred because oxide inhibitor was not
used when terminating aluminum conductors.
3. .Em:m.Groundin~ Impedance and Primary Neutral Impedance

Farm grounding impedances ranged from 0.2 to 2.6 ohm with an average of 1.1 ohm. Primary
neutral impedances ranged from 0.2 to 1.0 ohm with an average of 0.48 ohm.
4. Grounding of Submersible Water Pumps and Well Casings
Few submersible pumps or well casings were grounded according to NEC requirements.
Where grounds were used, grounding impedances were generally about 5 ohm.

H. General Conclusions: Electrical Inspection
The field study indicates that farm wiring is likely to result in hazardous conditions on many
Minnesota farms. In many cases farm wiring resulted in elevated neutral-to-earth voltages in
the barn. These hazardous conditions appear to be caused by the following factors:

.

..
.

A substantial amount of wiring was done by the owner, operator, or other persons
without electrical training.
Many code violations were present in work done by electrical contractors.
Electrical inspectors failed to note or did not require correction of some code violations.
The wiring in general was not properly maintained or replaced when it became
defective.

This situation could be improved by providing information to the users, improving the training of
electricians, and by more effective administration of electrical inspection statutes in the state.
Also, a re-inspection program, if implemented, could be effective.

I. General Conclusions: Electrical Measurements
The 1997 field study was one vehicie for examining whether certain electrical parameters can
be found to be within the range needed for any of the five hypotheses cited above to be
relevant. We have used this examination for setting priorities for further research. For each of
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the five electrical hypotheses posed in our 1996progress report, we conclude the following:
1. AC Voltage
The range of average tront to rear hoof step potentials of dairy cows in stalls on the 17 fanns
where the measurement was made was 0.001 volts to 0.047 volts. Using data from published
studies on animals other than dairy cows, we have estimated that voltages as low as 0.002 volts
could conceivably cause internal electric fields in the cow that are high enough to produce a
physiological response. If a physiological response is to occur in dairy cows, it is more likely to
be produced by step potential exposures in the stalls rather than outside because (1) step
potentials in the stall are larger than outside and (2) step potentials in the stall last longer
because of long periods of cow confinement.
No one has proposed a specific physiological response in dairy cows that are exposed to low
level voltages (Le., 1-100 millivolts range). It is not possible to extrapolate directly the research
findings trom other animal species directly to dairy cows. The various types of physiological
responses (e.g., circulating honnones or their metabolites) to electric and magnetic field
exposures that have been shown in the published literature to occur in various animals other
than dairy cows, are neither equivalent to nor indicative of pathological effects that cause poor
health and production in dairy cows. Since it is not possible to extrapolate to dairy cows, we
recommend further studies that specifically examine exposure of dairy cows to step potentials
lower than those threshold levels already known to elicit behavioral responses.

2. TransientVoltage
Measured magnitudes of transient voltages are lower than would be necessary to elicit a
behavioral response in dairy cows according to the most recent laboratory research. Further,
data from the field study demonstrate that transient voltages in a dairy barn are most often trom
nearby sources, a finding which supports previous research.
3. AC Magnetic Fields
Adverse physiological or biological effects of ac magnetic fields at levels in the range of those
found in the field study have not been documented in the laboratory (Reinemann et aI., 1996;
and Burchard et aI., 1996). As noted in Section III F. 3., laboratory research on other animals
has demonstrated effects caused by ac magnetic fields, but these results involve field strengths
generally well above the 10 milligauss measured in this study. No AC magnetic fields were
detected away trom outside distribution lines; thus, there were no measurable ac magnetic fields
associated with electric currents in the earth. These findings indicate that, at this time, further
research on effects of AC magnetic fields on dairy cows is not a priority.
4. Interaction of AC and DC Magnetic Fields
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Some magnetic resonance conditions were found in the test stall at each of the farms studied.
However, even the largest, single ac magnetic flux density measured in the field study was not
as large as those used in published laboratory studies where effects have been observed.
Because of this large difference, the likelihood is low that cyclotron or ion parametric
resonance has affects cows under normal circumstances. Thus, further research on the
interaction of AC and DC magnetic fields in dairy cows is not a priority at the present time.
5. Pulsed Electric Fields from Cow Trainers
There does not seem to be a practical need to further study pulses of electric fields ITomcow
trainers. As more farmers expand herd size and adopt loose housing for dairy cattle, the need
for these devices will be reduced. The likelihood of electrical problems associated with
improperly installed or malfunctioning cow trainer systems is high, and the pulsed electric
fields ITomnormally operating cow trainers may be large enough to be sensed by the cow. If
trainers are perceived to cause problems, farmers can work to improve installation practices
or discontinue using them altogether. There are many reasons why even the best installation
and maintenance practices can lead to new problems over time. Intentionally shocking a cow
when she arches her back has been judged not to be justifiable in Sweden.
The findings ITomthe field study support placing the greatest priority on future research that
addresses continuous or ITequentlyrepeated contact of confined cows to sources of low level
voltage which may produce internal electric fields at levels high enough to produce
physiological responses. The range of step potentials measured in the test stall on the 17
farms was 1 to 47 millivolts. The prediction in the original hypothesis was that physiological
responses might be induced with exposures as low as 2 millivolts. A laboratory investigation
of the low voltage hypothesis is warranted and has already been initiated (see Section IV). If
additional research funds were to become available, then basic research in the area of
magnetic field effects (beneficial, adverse or neutral) would also be useful, particularly
because the threshold magnitude of magnetic fields exposure expected to elicit some type of
response decreases as more studies are undertaken at progressively lower exposures (i.e.,
into the 10 milligauss range).
Conclusions Regarding Sources of Earth Currents
As noted in section III-A an extensive evaluation of the relative importance of on-farm and
off-farm sources of earth currents and related step potentials or magnetic fields was not an
objective of the field study, because it was to be established first whether such potentials or
fields at the small expected amplitudes could be related to milk production or animal health.
Furthermore, the measurements necessary to establish conclusively the sources of currents on
the farm would have made the measurement protocol prohibitively time consuming and
expensive. However, in view of concerns about earth currents expressed by some farmers
and the field study results concerning step potentials and soil resistivity, it is still useful to
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extract from the available field study data all possible information about source location.
If the source of step potentials is in the barn, one would expect that step potentials should fall
off with distance from the bam. Indeed, on most of the study farms step potentials in the
stalls were higher than they were in the barnyard and much higher than in the field. All
exceptions were in the five bams where rubber mats were used which imposed a high
resistance between the floor and the resistor that simulated the animal and across which the
step potential was measured. Furthermore, the step potential was always larger in the
barnyard than in the field, often by an order of magnitude. The only exceptions were two
farms, one where a transmission line was located at 0.1 mile from the farm (potential in the
field. 1/2 potential in yard) and the other where a combination of increasing soil resistivity
with distance and nearness to a distribution line over part of the measurement path led to
about equal step potentials in the field and barn yard. These data can suggest that cumulative
background earth current density due to off-farm sources is relatively small unless these
sources are close to the farm or are extremely strong compared to earth currents from
sources such as ground current flowing to earth on stall pipes. It is well known that step
potentialsdeclineas one movesaway fromgroundrodsor other groundingelectrodes.
However, it must be pointed out that multiple grounds, connected directly (or indirectly, i.e.
through a short earth path when "isolation" is used) to a primary neutral can also concentrate
current from distant sources when the potential difference between this neutral and the distant
source is large enough. The reason for this is that a potential difference between a single
"point" (the farm) and a distant distributed source will lead to current concentration at that
point. Thus, while data from the field study suggest that in most farms the predominant source
of earth current was local, a firm exclusion of distant sources would have required additional
measurements. Current from distant sources can also access the farm through the
primary/secondary neutral bond on farms that are not isolated.

J. Statistical Analysisof Possible AssociationsbetweenHHP or LHP Herds and
SelectedElectrical and Non-Electrical Factors
1. Background
The goal of the field study was to collect data that could be correlated with herds in the HHP
and LHP categories. The average values of data measured in each group for a specific factor
provide an initial indicator of a possible association between the factor and high or low health
and productivity. A factor or variable that shows a possible association mayor may not be a
cause of the outcomes that characterize the LHP and HHP herds. The P value for comparing
averages indicates the statistical significance that can be attached to the differences in
averages. Low P values indicate a high statistical significance for an association, high P values
indicate a low statistical significance. In addition to the statistical comparison of averages of
factors for LHP and HHP herds, all factors measured for each of the 19 herds in the field
study were combined in a single data set and assessed by a second statistical procedure
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called Pearson correlation coefficient analysis.
By using these two statistical methods - comparison of averages and correlation coefficient
analysis - the relative significance of all the possible risk factors can be assessed. For
example, if a comparison of average values for a particular measurement shows a significant
difference between LHP and HHP herds, such as P = 0.04, the degree of significance is
strengthened if the correlation coefficient analysis also gives a low P value (e.g., P = 0.05).
When the P values are low for both statistical tests, it is more likely that the data will continue
to show the same trend even if more data points (i.e., larger sample size) are added. If the P
value for the correlation coefficient analysis of a particular variable plotted against pounds of
milk/cow/day proves instead to be relatively high (e.g., 0.2 or higher), this indicates that there
may be some spurious or "outlier" data points that account for the observed "significant"
difference in the comparison of averages between LHP and HHP herds.6

2. Findinss
The results of the statistical analyses are given in Table II. This table shows that HHP herds
were offered more high-energy feed (i.e., dry matter intake and net energy in feedstuffs were
greater), were provided with greater cow comfort (Le., overall scores were higher and cows
had longer stalls) and were more likely to have a vaccination program. In addition, HHP
cows were exposed to lower maximum voltages between the milk line and cow hoofs, lower
average step potentials, lower soil resistivity in the field, and higher magnetic fields. The
Pearson correlation coefficient analysis showed that net energy in feedstuffs, cow vaccination
score, cow comfort score and dry matter intake were strongly correlated with milk
production. Less strongly correlated with milk production were: soil resistivity in the field and
average step potential during low electrical use. Factors that did not correlate well with milk
production were: soil resistivity in the barnyard, maximum voltages between the milk line and
the cow's hoofs, cow comfort scores for calves, magnetic fields, and average voltages
between the milk line and cow's hoofs during low electrical use.

6 The Pearson correlation coefficient analysis was performed to estimate the strength and direction of linear
associations between pounds of milk/cow/day in the herd and all other variables in turn. The different
variables tested could have a positive or a negative correlation coefficient, "rho," between -I and + I ("+"
rho values indicate that the factor increases with milk/cow/day; "-" rho values indicate that the factor
decreases with milk/cow/day).

The correlation coefficient analysis also yields a P

value.

This P value

tests strength of association of the factor with milk/cow/day. It tests the probability that this association is
unlikely to have occurred by chance. A high P value indicates that the association is likely to have
occurred by chance. Rho is a measure of the strength of the association between the factor and
milk/cow/day. If the factor increases by a certain number of units, then milk production should likewise
increase. Rho values closest to +/- 1.0 indicate the strongest associations between the factor and
milk/cow/day.
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The data indicate that good nutrition, cow comfort and a vaccination program are significant
factors associated with higher health and productivity. Soil resistivity in the barnyard was not
well correlated with milk production. Soil resisitivity in the field, while correlated with milk
production, may be related to the amount of water, electrolytes, soil fertility and nutritional
quality of forages grown in the field, may vary greatly, and from a practical standpoint, may
not be easily controlled. Higher soil resistivity also leads to greater dispersion of the earth
portion of the unbalanced current underneath the neutral wire of a distribution line (Pender,
1936).
Amounts of feed offered daily to lactating cows varied between 52.0 and 93.6 pounds on an
as-fed basis, which corresponds to a range of36.6 to 53.7 pounds per cow per day on a dry
matter basis. On average, cows in HHP herds were given the opportunity to consume more
dry matter per head per day than cows in LHP herds (48.8 vs.
44.3 pounds, P=0.049). Rations for HHP herds contained more net energy for lactation
(36.9 vs. 31.6 percent, P = 0.0059) and crude protein (7.8 percent vs.
7.0 percent, P = 0.1994).
When compared to published National Research Council standards, rations fed to cows in
HHP herds met or exceeded requirements for dry matter intake, net energy for lactation, and
crude protein. Conversely, the amount of dry matter offered to cows in LHP herds averaged
2.75 pounds per head per day below NRC recommendations. Consequently, rations for
LHP herds contained insufficient energy to support a desirable level of milk production while
maintaining body conditions. In order to meet NRC requirements, cows in the LHP herds
would, on average, need to be fed 5.7 percent more dry matter, 5.9 percent more crude
protein and 7.8 percent more energy per day than was offered to them to adequately meet
the nutritional demands of their level of milk production at the time of the site visits. Based on
the Acid Detergent Assay (see protocol in Appendix C 3), the amount of fiber in rations fed
to lactating cows in all herds studied was well in excess ofNRC requirements.
Cows are effectively insulated from milk line voltages because of the high resistance of plastic
milk hoses and the air pockets in the milk stream during milking. Cows otherwise do not
make contact with the milk line. The maximum voltages between milk line and hoofs
measured in the field study represent one 60 Hz transient voltage on each farm, and are too
low to produce a behavioral reaction according to the most recent research measuring
performance of dairy cows while subjected to these types of transient voltages (Reinemann,
1997). Step potentials were well documented in the test stall in each dairy barn. They were
4.2 times higher on average on LHP farms than HHP farms, indicating a possible electrical
association. However, the step potential values from measurements made on cows in the
HHP herdscouldhavebeen lowerthanthosefor LHPherdssimplybecauseofthe insulation
provided by rubber mats used in the stalls (Le., 5 of the 8 HHP herds housed in stanchion or
tie stall barns used rubber mats in the cows' stalls; 0 of the 9 LHP herds used rubber mats).
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Table II: Low Health and Productivity (LHP) and High Healtb and Productivity
(HHP) Herds Compared by Average (Mean) Scores for Various Factors'
Discrimination Between
LHP and HHP Herds
Risk Factor

LHP
Herds
(Avg.)
00f9

HHP
Herds
(Avg.)
50f8

31.6

Correlation witb
Milk/CowlDay
P
values

P
value

0.0048

Correlation
Coefficient
(rho)
Notdone

36.9

0.0059

0.635

0.0047

3.1

5.9

0.0109

0.722

0.0005

Comfort score - COWS9

3.1

2.1

0.0134

Maximum AC voltage
between milk line and cow
boofs
Stalllenl!th (inches)

0.63

0.25

0.0334

-0.772
-0.175

0.0002
0.4869

64.0

73.7

0.0446

0.452

Dry matter intake

44.3

48.8

0.0490

0.564

0.1209
0.0147

8960.4

2962.0

0.0506

-0.233

0.3381

3.3

0.0543

-0.219

9726.4

2.4
2830.0

0.0670

-0.474

0.3832
0.0406

0.0070

0.00167

0.0727

0.471

0.0418

1.2
0.26

2.4

0.0778

-0.348

0.1714

1.24

0.0779

0.299

0.2437

Use of mats in stalls
(17 stanchion and tie stall
barns onlv)
Net energy in feed stuffs
(percen tal!e)
Cow vaccination score

Not
Done

(13 types of vaccinations
possible)

(pounds/cow/dav)
Soil resistivity
(ohm-em)

in barnyard

Comfort score - calves
Soil resistivity
(ohm-em)

in the field

Average step potential, low
electrical use (volt)
Comfort score
heifers

-

Magnetic field at the cow's
back during milking
(milliuauss)

, Data is ordered from lowest P value for the comparison of averages to highest P value. Nineteen herds were
included for all herd parameters except those indicated.
8P value calculations were based on a two-sample "T" test for all variables except for use of mats in stalls,
for which a chi square test for independent variables was employed.
9Cow comfort ratings were performed by the veterinarian on the research team using the following scoring
system: 1 = clean, dry, well-bedded; good ventilation. 3 = adequate cleanliness, mostly dry, with some
stale air. 5 = dirty, wet, with little or no bedding and stagnant air.
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Average AC volts between
milk line and cow hoofs, low
electrical use

0.0662

0.0282

0.0832

-0.195

0.4380

K. Field Study Conclusions
1. Characteristics ofHHP and LHP Herds
The average milk production (pounds/cow/day) for a two-year period prior to the study was
the major difference between HHP and LHP herds. In addition, the herds differed in cow
height, weight, body condition, age, calving intervals, etc. Some of these factors used to
differentiate among the two productivity groups may themselves influence herd productivity
(e.g., average size and weight of cows).
2. Influence of Electrical and Non-Electrical Factors
There is convincing evidence that several of the non-electrical risk factors measured are
associated with the LHP herds. The risk factors found to be of greatest importance in LHP
herds were lower standards for nutrition, cow comfort and the use of vaccinations to prevent
infectious disease. There is a lower association with both step potential during low electrical
use times and soil resistivity in the field. Step potentials were in the range of those predicted
by the low level voltage hypothesis to induce some kind of physiological response. The use
of rubber mats likely contributed to lower step potentials on 5 of the HHP fanns;
nevertheless, there was a difference between HHP and LHP herds.

3. Complexitiesof PossibleInfluences
The field study provides further documentation of how the dairy fann environment represents
an extremely complex web of potentially interacting variables that can positively or negatively
impact overall productivity. Some of the factors identified with low or high health and
productivity in the field study could be possible causes of the conditions. Alternatively, they
may be confounders of other factors or indirect effectors (e.g., smaller cows have smaller
rumens and smaller appetites which can, in turn impact production of milk; soil resistivity in
the field can impact feed and thus affect overall nutrition and milk production.). It is important
to note, however, that we cannot make definitive statements from this field study about
possible "causes" of herd health and productivity problems. This would require conducting
experiments that control for one variable at a time. By the same token, a positive result in a
controlled laboratory experiment may not necessarily reflect what actually would occur in an
on-farm context where the single variable under study would never exist independently of all
others.
4. Assessment of Need for a Larger Studv
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One purpose of the pilot field study was to determine whether a larger scale study (e.g., 50 or
more farms) is feasible and. warranted. Such a large study is neither practical nor warranted.
While there were only 19 herds in this field study, it was possible to identify variables that
associate clearly with HHP and LHP herds. Data from this study can be used effectively to

prioritize which electrical variables should be included in any future field or laboratory studies.
The low level step potential hypothesis is supported by the data in the field study and this is
being pursued in the laboratory (see Section IV). Scaling up the field study to 50 or 100
herds may be prohibitively expensive (at least $500,000); further, statistics from the 19 farm
study indicate that more data is unlikely to change the present findings, especially for the nonelectrical and electrical factors that show major differences between LHP and HHP herds. In
addition, it is desirable to conduct the study in a single season so that seasonal variations
would be excluded. In order to conduct a larger study in a single season, multiple research
teams would be required; however, such multiple teams would reduce the uniformity of the
approach.

5. Choice

of Farms

In the design phase of the field study, there were suggestions that the study sample should
include more of the 1.2 percent of dairy operators who reported that persistent health and
production problems on their farms were caused by stray voltage or related electrical
conditions. In fact one such respondent was selected in the initial screening. This dairy
owner's herd did meet the study criteria and was included among the 19 farms in the study.
We concluded that the perceptions of farmers about the possibility of electrical causes of
problems with herd health and production are not sufficiently objective to use as a basis for
farm selection. Further, we concluded that a more objective basis for choosing farms was
needed, and that it should be based on well-documented outcomes rather than qualitative
perceptions of causes. Thus the two groups of study farms in the field study were identified
on the basis of outcomes such as milk production.
6. Applications ofthe Field Study
In addition to future research possibilities, the results of this study can guide individual dairy
farmers to prioritize those factors most strongly associated with herd health and production
problems on the typical dairy farm. Further, the protocols that were developed in the study
can be used to evaluate the factors that are of greatest potential concern. Brief, confidential
reports were developed and provided to individual study participants. The veterinarian, the
specialist in electrical measurements, and the electrical inspector who collected data on the
farms prepared these reports. Dairy operators reported that these summaries were very
helpful. The protocols developed for this study and the approach to reporting could easily be
adapted for use in investigations by others who want to assist dairy operators.
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IV. LABORATORYSTUDIES IN PROGRESS
The combined electrical data from the field study indicated that while none of the five
electrical hypotheses can be ruled out, only one of them is a priority for research at this time.
The hypothesis states that, Continuous orfrequently repeated contact of confined cows
to sources of low level stray voltage may result in internal electric fields at levels high
enough to produce biological effects. A laboratory study to test this hypothesis under
controlled conditions was proposed by a team led by Dr. Douglas Reinemann, Associate
Professor in the Department of Biological Systems Engineering at the University of
Wisconsin, Madison. The PUC contracted with Dr. Reinemann and his colleagues to
conduct the laboratory study. The research was initiated in May 1998.
The laboratory study has four major objectives:
I) Investigate immune function response to continuously applied, low-level voltage. The
presumed pathway of exposure is hoof-hoof step potential.
2) Compare dairy cow sensitivity to voltage applied hoof-hoof with muzzle-hoof pathways.
3) Investigate the relationship between behavioral responses previously observed and other
physiological methods of quantifying stressors.
4) Compare responses to low voltage exposure and responses to other stressors.
Three experiments will be conducted to meet these objectives. Two types of voltage and
current exposures will be performed as described below. Short-term exposure (from 1 to 10
minutes) will be used for Parts I and II and objectives 2, 3, and 4. Longer-term (2-week)
continuous exposure will be used for Part III and objective 1.

A. Part I: Short-Term Exposure, Hoof-to-HoofSensitivityTesting, and Comparison
of Behavioral to PhysiologicalResponses
Previous methods have relied primarily upon behavioral response as an indication of the
sensitivity threshold to electrical exposure. Behavioral responses have also been used by
several other researchers to measure the threshold response to voltage exposure. As stated
in our 1996 report, "less subjective and more quantitative dairy cow behavioral response
indicators and more reliable physiological response indicators are desired in further laboratory
studies." Recent studies indicate that behavior and performance are reliable indicators of
stress (Hicks et. aI., 1998; Turner et. aI., 1998).These reports provide evidence that
behavioral, endocrine and immune system studies combined with studies on performance
criteria, such as fertility, reproduction, weight of newborns, dry matter intake, weight gain,
feed conversion, body condition, and milk production are required to fully assess potential
harmful impacts of stressors.
Little work has been done to document hoof-hoof exposures, yet this is a common exposure
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pathway in the field. Short-term experiments involving acute exposures will be performed to
establish the relationship between sensitivity to hoof-hoof and muzzle-hoof pathways.
Four cows each will be tested using the muzzle-hoof pathway and the hoof-hoof pathway.
The following day each cow will be tested using the alternate pathway. These tests will
establish the threshold behavioral response level for each cow.
The test cows will then be exposed to the hoof-hoof pathway for at least 3 days. Blood
samples will be drawn at I5-minute intervals for 1 hour before testing. The main physiological
measures will be endocrine response. Each cow will then be exposed to current equal to
50%, 75% and 100% of the sensitivity threshold determined in the first part of the
experiment. Ifno behavioral response is found a fourth level of 150% of the sensitivity
threshold will be applied. These voltage exposures will be applied for 5-minute intervals once
every hour. Blood sampling will continue at I5-minute intervals throughout the testing and for
an additional hour after the last exposure.

B. Part II. Comparison of Treatments Applied during Milking
The treatments for these experiments will be applied in one of the milking stalls during milking.
Treatments will be applied over 4 consecutive days using a Latin square design with 8 cows
per experiment and 2 cows per treatment group.
The frequency of behaviors such as hoof lifting and kicking during milking have been
suggested as measures of cow discomfort during milking. These are likely to be sensitive
measures for hoof-to-hoof voltage exposure. The milk letdown reflex is influenced by
stresses experienced during milking. Discomfort during milking may decrease both the peak
and average milk flow rate during milking, increase the time taken to remove the milk and
increase the amount of milk remaining in the udder after machine milking.
The results of these experiments should provide valuable information on the relative effects of
voltage exposure and other common stressors in the animal environment such as sub-optimal
milking machine performance.

c. Part III: Longer-Term Continuous Exposure to Sub-AcuteVoltages.
The primary objective of these experiments will be to measure immune and endocrine system
responses to continuously applied hoof-to-hoof voltage exposure below the sensitivity
threshold of individual cows. The treatments will be applied continuously for a period of 2
weeks. The cows will be exposed to voltage whenever they are in the housing area. The level
of voltage exposure will be 1/2 to 1 volt (1 - 2 milliamp). The low level voltage will be
cycled on and off on a 10 minute intervals as biological effects previously observed appear to
be most pronounced when the exposure is changing with time.
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D. Research Schedule
The experimental apparatus has already been assembled and tested. Progress reports will be
issued to the Minnesota PUC throughout the study. Experiments will be repeated until a
significant response is documented, until there is sufficient statistical evidence to conclude a
negative result, or until the end of the contract period (June 30, 1999), whichever comes first.
Thus, some experiments may be repeated more or less than others and there may not be time
and resources to complete the full schedule. It is estimated that three replicates will be
required for each experiment. Dr. Reinemann will forward a final report summarizing all of
the experiments completed to the PUC by June 30, 1999.
Peer review will be provided by three scientists throughout the course of this research. The
review will consist of a site visit to the laboratory in early fall 1998, review of Dr.
Reinemann's mid-term report on research progress, and technical review of draft publications
as they become available. The study reports and peer reviews will be forwarded to the PUC
upon completion.

V. FINDINGS AND RECOMMENDATIONS TO THE MINNESOTA PUBLIC
UTILITIES COMMISSION
The findings and recommendations given below take into account our review and analysis of
many different sources of information acquired by or provided to us over the four years of our
term as advisors to the Minnesota Public Utilities Commission. The primary information
sources we have used include:

.
.

.
.

.
.

.
.

Research studies published in the peer-reviewed literature.
Oral and written reports by concerned dairy farmers.
Oral and written reports by electric utility company representatives.
Oral and written reports by other citizens or scientists.
Information provided by government agency staffwith responsibility for matters pertaining
to stray voltage and/or dairy cow health and production in Minnesota and Wisconsin.
Information provided by groups that represent large numbers of dairy farmers such as the
Minnesota Farmers Union and the Minnesota Milk Producers Association.
The 1994 report of The Electromagnetics Research Foundation (TERF) written under
contract to the Minnesota Department of Public Service with funds provided under the
same legislation that authorized our own work.
Site visits to Minnesota dairy farms with persistent, unresolved herd behavior, health
and/or milk production problems.
Results of the mailed and telephone surveys of Minnesota and Wisconsin dairy farmers.
Results of the field study described in this report.
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A. General Findings
Based on our analysis of infonnation from the above sources, we have reached the following
conclusions:
1. We have notfound credible scientific evidence to verify the specific claim that
currents in the earth or associated electrical parameters such as voltages, magnetic
fields and electric fields, are causes of poor health and milk production in dairy
herds.
2. At the present time, there is no basis for altering the P UC-approved standards by
which electric utilities distribute power onto or in the vicinity of individual dairy
farms.
3.

There are many well-documented non-electrical factors that are known and
accepted by the scientific com,,?unity, and by most farmers as well, to cause dairy
cow health and production problems. Among the most noteworthy stressors are
poor nutrition, poor cow comfort and hygiene, and low or no use of vaccinations
and related preventive veterinary practices. Those who want to improve
performance of dairy herds should always address these factors.

At the present time, there is only one electrical condition that is well documented in the peerreviewed, published literature to influence adversely cow behavior, health or milk production
under specific circumstances. That is cow contact stray voltage. The 19-fann field study did
find significant differences between high and low producing herds in the levels of electrical
step potentials and soil resistivity in the field. Findings from epidemiological studies (Le.,
those that employ field data to examine risks associated with specific factors) and laboratory
research are important in uncovering and exploring new ideas about possible biological or
physiological effects resulting from the various electrical parameters associated with electric
distributionsystems. In studieswhereeffectshavebeenestablished,they haveeitherbeen
potentially adverse, potentially beneficial or potentially neutral to the cell, animal or human
system under study. Indeed the scope and direction of current research in this area is in flux
and we encourage additional basic research.
There has been some confusion among the general public, politicians and government
decision makers about the relationships between currents in the earth and their possible
effects on dairy cows versus the possible effects of overhead AC power lines or the high
voltage DC power line built in Minnesota and widely debated in the late 1970's. Our analysis
has focused only on the question of currents in the earth arising from the grounded AC
electric distribution system. This report excludes other types of electrical power distribution
systems, such as the DC power line. The 60 Hz magnetic fields that arise from overhead
powerlines were recently addressed in the report of an advisory committee to the National
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Institute of Environmental Health Sciences (NIEHS) that met in June 1998. The NIEHS
committee found a possible relationship between low frequency magnetic fields from
overhead ac power lines and certain forms of cancer in humans. However, the NIEHS
committee findings should not be used to draw conclusions about possible effects on dairy
cows from currents in the earth from electric distribution systems.
It is important to note here that there is a difference between what is conceivable or possible
and what is likely or probable. For example, the NIEHS committee concluded that there is a
"possible" not a "probable" association between the presence of 60 Hz magnetic fields of2-3
rnilligauss or higher and childhood leukemia. In the 19-farm field study described in this
report, the average AC magnetic fields measured inside the dairy barns were on the order of
0.5 milligauss. Thus with the present body of evidence, it is our bestjudgement that
magnetic fields from earth currents or any other contributory sources in the dairy barn
are not of sufficient levels to cause any health or production problems in dairy cows.
Recommendations

.

.
.

.

The Minnesota Public Utilities Commission should advise the Minnesota Departments
of Agriculture and Public Service, the Minnesota Board on Electricity, the University
of Minnesota, and other agencies with appropriate missions on the need to support
training of dairy farmers, utility electric engineers, government agency staff, electrical
inspectors, veterinarians, insurers, milk processors and other consultants to dairy
farmers. This training should address the importance of collaboration, discussion and
evaluation by consultants with varying expertise in simultaneously assessing the
potential for both electrical and non-electrical causes of health and production
problems.
The protocols developed for the field study and appended to this report should be
given to the Minnesota Department of Agriculture so they can make them available
for use by the dairy diagnostic team grants program in the state of Minnesota, as
needed.
Depending on the results of the research on low level step potentials that is now
underway in Dr. Reinemann's laboratory, the Minnesota Public Utilities Commission
should encourage investigators, including Dr. Reinemann, to pursue additional funds
for extending that research, as appropriate.

Althoughresearchon low levelstep potentialsis the priorityat this time,if more funds
becomeavailablefor research,attentionshouldbe paidto possibleeffectsof
magneticfieldson farmanimals.
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