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ABSTRACT 

Influences of voltage gradient, current density, pulse frequency, and 
duration of exposure on the mortality of salmon fingerlings exposed to 
pulsating direct current were examined experimentally in relation to the 
length of fish, water temperature, and pulse duration, using a current of 
square-wave form. 

The experiments indicated that mortality increased with an increase 
in voltage gradient, in current density, or in both. The effect of voltage 
gradient increased with the duration of exposure. The total voltage to 
which the fish were subjected (fish length X voltage gradient) was the 
effective factor in mortality, rather than the voltage gradient, and the 
effect of total voltage on mortality was actually greater on shorter fish 
when the exposure was only 30 seconds. Pulse duration was not a lethal 
factor, and there was no direct relation between mortality and the total 
energy applied per unit of time. Under the conditions of these experi
ments, mortality increased with the pulse frequency, and the effect of 
pulse frequency on mortality increased with the length of the fish and 
the duration of exposure. 

The mortality of the finger lings exposed to pulsating d. c. increased with 
the duration of exposure, and the effect of duration of exposure increased 
with the length of the fingerlings. Mortality increased with the water 
temperature, and the effect of water temperature on mortality increased 
with the duration of exposure. The effect of water temperature on 
mortality was greater on fish of greater length. 
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MORTALITY OF SALMON FINGERLINGS EXPOSED TO PULSATING 

DIRECT CURRENT 

By GERALD B. COLLINS, CHARLES D. VOLZ, and PARKER s. TREFETHEN, Fishery Research Biologists 

HISTORICAL BACKGROUND 

Protection of salmon fingerlings on their down
stream migrations is one of the major problems 
to be so]ved if the salmon fishery of the Pacific 
Northwest is to be maintained at its present 
level. Water resources are being developed for 
power, irrigation, navigation, and flood control at 
a rapidly accelerating pace, and the cumulative 
effect of many dams and water diversions seriously 
threatens this important natural food resource. 

Mechanical screening is used at some of the 
smaller installations to prevent fingerlings from 
being swept into turbine intakes or into water 
diversions, but it is expensive to install and 
difficult to maintain. At larger dams, where 
huge volumes of water are involved, mechanical 
screens are generally considered impractical. 

Electric screens have bee..1 in use for more than 
30 years, with roost applications endeavoring to 
establish an electrical field as a barrier or "fence" 
to prevent entrance of fish into a given area. 
These have generally been unsatisfactory with 
migrating fish, and particularly so with down
stream-migrating salmon. The fingerlings seem 
unable to avoid the electrical field and are stunned 
or even killed rather than diverted. 

Attention has been turned to the use of the 
directional properties of electric fields as a means 
of diverting the downstream migrants from 
hazardous areas. For many years it has been 
known that under certain conditions when fish 
are subjected to direct current (d. c.), the fish 
tend to move toward the positive electrode. 
Advances in the field of electronics now make it 
seem likely that this behavior can be put to 
practical use in controlling the movements of 
salmon fingerlings. Toward this end the United 
States Fish and Wildlife Service has initiated 
a program of research on electrical fish guiding 
which includes basic laboratory studies as well 
as large-scale field experiments. The material 

presented here is a report on one aspect of the 
research in progress. 

A prerequisite to field experiments on electrical 
fish guiding is a knowledge of the electrical con
ditions th.at are injurious or lethal to fish. The 
range of electrical conditions to which fish can 
be subjected safely shouJd be defined in advance 
to avoid the possibility of destroying large numbers 
of migrating fish during field tests. 

Although the effect of electric current upon 
fish has been a subject of interest and research 
for at least 50 years, relatively little attention 
has been paid to its effect upon the mortality of 
fishes. Scheminzky (1924) outlined the reactions 
of fish subjected to electric current that occur 
at successively higher energy levels as follows: 
(1) The threshold of sensory recognition, (2)
electrotaxis, (3) electronarcosis, and (4) at the
highest energy level, death. Most of the research
has been concerned with the responses at the
three lower levels, and observations on mortality
have been largely incidental.

Experimenting with electric fish screens, McMil
lan (1928) described tests using alternating current 
(a. c.), in which the mortality of salmon :fi.ngerlings 
increased with increases in voltage gradient and 
current density. He also pointed out the direct 
relation of mortality to the· duration of exposure. 
Groody, Loukashkin, and Grant (1950), investi
gating electrotaxis of sardines, reported a relation 
between current density and mortality that de
pended upon the size of the fish and the duration 
of exposure, which relation they found to be "espe
cially true when nonpulsating current was used." 
Similar observations by research workers studying 
the effects of electric fish screens and electric fish 
shockers were usually based on reactions to con
tinuous d. c. or to a. c. In general, the observa
tions on mortality which were made during inves
tigations of recognition thresholds, electrotaxis, or 
electronarcosis, were inadequate for the purposes 
of the present study on electrical guiding of salmon 
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fingerlings. A more detailed understanding of the 
factors affecting the mortality of salmon fingerlings 
exposed to pulsating or interrupted d. c. was 
needed. Li the laboratory experiments described 
in the following pages, the mortality of salmon 
fingerlings subjected to pulsating d. c. was meas
ured in relation to factors such as the voltage 
gradient, current density, pulse frequency (pulse 
repetition rate), pulse duration (pulse width), 
watel'. temperature, size of fish, and duration of 
exposure. 

Charles Ellis, supervisor of hatcheries, State of 
Washington, and Lewis Garlick, regional super
visor, Branch of Game Fish and Hatcheries, Fish 
and Wildlife Service, made available the supply 
of salmon fingerlings used in this study. The 
coopera�ion of personnel at the Green River, Issa
quah, and Samish·hatcheries of the State of Wash
ington and the Leaven worth hatchery of the Fish 
and Wildlife Service is gratefully acknowledged. 
Fishery aids Robert H. Lander and Gene D. Chard 
of the Fish and Wildlife Service carried out many 
of the tests and assisted in compiling the data and 
in preparing the material for publication. Pro
fessor Lorne Kersey, University of British Colum
bia, Professor George Hoard and Leon Verhoeven, 
University of Washington, and Harlan Holmes 
an.d Elizabeth Vaughan, Fish and Wildlife Service, 
critically reviewed the manuscript and offered 
many helpful suggestions. 

MATERIALS AND METHODS 

The experiments were conducted from May to 
August 1952, at the laboratory of the United 
States Fish and Wildlife Service in Seattle, Wash. 
Chinook :fi.ngerlings (0. tshawytscha) which were 
used in all tests (the one exception is noted) were 
transported in milk cans from the Washington 
State hatcheries at Green River, Issaquah, and 
Samish, and from the Federal hatchery at Leaven
worth, Wash., and were placed in circular, wooden 
holding tanks 4 feet in diameter and 3 feet in 
depth. The maximum holding period at the lab
oratory before the fingerlings were used in the 
experiments was 4 days. 

METHOD 

A direct experimental approach was used in 
which two or three of the factors whose influence 
was to be examined were each varied while other 
factors were maintained relatively constant. The 

influence of voltage gradient, current density, pulse 
frequency, and duration of exposure upon the 
mortality of salmoJ.1 fingerlings exposed to pulsat
ing d. c. was examined directly in relation to the 
length of the fish, water temperature, and pulse 
duration. Fingerlings were held in uniform aline
me.at with reference to the direction of the electri
cal field and were subjected for a specified time 
to a pulsating d. c. field with defined characteris
tics. The fingerlings were then held 1 hour after 
exposure,· and the number of mortalities was 
recorded. 

Mortality was interpreted to include any fish 
that had not completely recovered equilibrium 
within 1 hour after exposure to the electrical field. 
This arbitrary definition was based on explora
tory tests in which 96 percent of the fish that had 
not recovered equilibrium within 1 hour after 
exposure died within the next 6 hours. 

APPARATUS 

The experiments were performed in a rec
tangular plastic tank (fig. 1) in which two flat, 
stainless-steel, screen electrodes were suspended 
perpendicular to the long axis. The electrodes 
exactly fit the inaide dimensions of the tank to 
ensure a uniform electrical field. Vertical stalls, 
2 cm. deep, 1.5 cm. wide, and 12 cm. long, made of 
thin plastic were placed between the electrodes, 
parallel to the long axis of the tank, · to keep the 
fish in alinement parallel to the field. In the 
test's in which fish were alined across the field, 
stalls made of plastic screening were used. Plastic 
screening at the end of the stalls and a plastic 
cover on the top prevented the fingerlings from 
jumping out when electric current was applied. 
The sides of the tank were marked in centimeter 
units for convenience in establishing the distance 
between the electrodes. 

Throughout the experiments, a current of 
square-wave form was used (fig. 2). The pulsa.t
ing, or interrupted, d. c. was supplied by a spe
cially constructed 1quare-wave generator (fig. 3) 
which was made up of seven units. Unit 1, the 
pulse-rate frequency generator, used a gas triode 
(6D4) as a relaxation oscillator, producing a saw
tooth wave of variable frequency (2 to 15 pulses a 
second.) The fl.yback of the saw-tooth was dif
ferentiated by an RC network, and the negative 
pulses produced were amplified and inverted by a 
pentode (6AC7) pulse amplifier, unit 2. The 



FrcunE 1.-Expcrimeotal tank, 60 cm. x 15 cm. x 11 cm. 

F1cunE 2.-Photograph of "·ave form on oscilloscope. 
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FIGURE 3.-Block diagram of square-wave generator. 

positive pulses from unit 2 triggered unit 3, two 
dual triodes- (6SN7) as a monostable multivi
brator with a variable period of 5 to 300 milli
seconds, which controlled the duration of the 
pulse. The negative square wave from unit 3 
controlled the power pentode (6L6) driver stage, 
which inverted the pulse to produce a positive 
square wave to drive the power amplifier (unit 5), 
two dual triodes (6AS7G). The gate-level con
trol on stage 4 controlled the cutoff bias of the 
power-amplifier stage and was used as a zero-set 
and fine-voltage control for the output. The 
plate supply for the power amplifier contained 
two mercury-vapor rectifiers (872-A). The pri
mary voltage of the plate transformer was con
trolled to provide output-voltage control, variable 
from 0 to 600 volts, at a maximum drain of 1.25 
amperes. The square-wave output of unit 5 was 
taken across a resistor in the cathode returns of 
the 6AS7G tubes. Plate, bias, and heater volt
ages were supplied by a separate power unit (7), 
which had power--rectifier (5V4G), bias-rectifier 
(6X4), and voltage-regulator tubes (2-OD3, 
1-0B3, and 1-0A2), plus the necessary trans
formers, chokes, capacitors, and resistor;:;. 

MEASUREMENTS 

All measurements of electrical characteristics 
were accurate to within 10 percent and most to 
within 5 percent. 

Voltage was measured with a calibrated cathode
ray oscilloscope. Voltage gradient was calculated 
from the distance between electrodes and the total 
voltage acro,ss the electrodes, since measurements 
made with the plastic stalls and screens in place 
showed the field to be uniform within the limits of 
the measuring equipment.· 

The specific resistance of the water was meas
ured by a conductivity bridge, Current density 
was computed from the resistance of the water 
and the voltage gradient. Current-density com
putations were checked against measurements 
made by reading voltage across a precision re
sistor (1 percent). 

Pulse frequency was calibrated by a low-fre
quency oscillator and checked frequently by 
means of a stop watch at low rates, and by visual 
oscilloscope comparison with 60-cycle sine waves 
at rates of from 5 to 16 pulses a second. Fre
quency stability was within 1 percent. 

Pulse duration was calibrated against a low
frequency oscillator by use of a direct-coupled 
electronic switch. The accuracy and stability 
was 1.0 millisecond. 

Fish lengths are total lengths from tips of 
snouts to extreme ends of tails. 

PROCEDURE 

Fingerlings, in groups of 10, were placed in the 
stalls in the area between the electrodes in the 
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plastic tank. No attempt was made to head the 
fish toward either electrode after exploratory 
experiments failed to reveal any significant dif
ference in mortality between fingerlings headed 
toward the positive electrode and fingerlings fac
ing away from it. A cover was placed over the 
top to prevent the fish from jumping out, then the 
electric current was turned on, and the duration of 
exposure was timed by a stop watch. Immedi
ately after exposure the fingerlings were placed in 
aerated glass bowls where they were held for 1 
hour. At the end of that time the dead fish and 
those that had not completely recovered equi
librium were removed, and their number and 
lengths recorded. The number and lengths of 
the remaining fish were also recorded. 

During most of the tests, to minimize the need 
for adjustment to new water conditions, the water 
used in the experimental tank and in the aerated 
bowls for holding the fish after exposure was 
taken from the large holding tank when the fish 
were brought into the laboratory. The temper
ature and resistance of the water were usually 
measured every fourth exposure; however, during 
tests examining the effect of current density, the 
resistance of the water was measured before each 
exposure and the water was adjusted to the de
sired resistance by the addition of distilled water 
or an NaCl solution. 

During tests examining the influence of water 
temperature, fingerlings were placed in large 
aerated containers, and temperatures were gradu
ally raised or lowered at a rate of change less than 
2° C. per hour until the desired temperature was 
reached. The fish were exposed to the electrical 
field at the desired temperature and were held 
for 1 hour after exposure at the same temperature. 

Throughout these experiments fingerlings were 
exposed to an electrical field only once (a fish 
surviving one test was never used in another) to 
avoid any possible effect due to conditioning. 

CONTROLS 

To ensure that mortality was not the result of 
handling, confinement, temperature change, et 
cetera, with each new supply of fishes, a control 
group was subjected to the same treatment as the 
experimental fish with the exception that power 
was not turned on. Among 2,800 fingerlings used 
as controls the mortality was only 0.5 percent. 

EXPERIMENTAL LIMITATIONS 

Lack of control over water temperatures in 
holding tanks and water sources for experiments 
( except in the circumstances described in Pro
cedure) resulted in experiments being carried out 
under a rather wide range of temperatures. The 
experiments began in May and continued until 
August with water temperatures increasing from 
10° to 19° C. 

The procedure followed in the experiments 
tended to minimize the effect of variation of 
temperature upon the slope of the curves shown. 
Fingerlings in groups of 10 were subjected to a 
complete range of the variables being examined 
each time the tests were run. The entire experi
ment was then repeated several times at a later 
date until the numbers of fish were sufficiently 
large. Thus one part of the curve was not 
determined at one temperature and another part 
at a different temperature. The curves represent 
the effect at the median temperature of the range 
shown. 

The experiments began with fingerlings in the 
smaller size ranges, and as the season progressed 
the sizes increased. Usually only a limited range 
of length was available at one time. The fish 
were taken from four different hatcheries through
out a period of 4 months. They were transported 
and held under a variety of conditions, and 
undoubtedly some groups were in better physical 
condition than others. An attempt was made to 
expose the fish from each group to the entire 
range of all the variables being examined. For 
the experiments in which large numbers of fish 
were used, the data include the reactions of several 
groups of fish, and the curve represents the effect 
on fish of the average physical condition. 

Fluctuations in water temperature and the 
physical condition of the fish are probably re
sponsible for some of the scatter shown in the data. 
However, the validity of relations shown by the 
compiled data was verified by examining the 
same relations in single tests with one group of 
fish under a single set of conditions. Examples 
of this method of verification are shown by the 
circled data in figure 12 and the insert in figure 14. 

Another factor that must be considered is the 
distortion of the lines of current flow due to the 
difference between the resistance of the fish and 
resistance of the water. The voltage gradients 
and current densities shown in the graphs are 
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those existing in the water before the fish were 
placed in it and are not the voltage gradients and 
current densities created· within the fish. Meas
urements made during those experiments in 

which there would be a maximum distortion of 
the field (minimum electrode spacing, large fish, 
and water of high resistance) indicated that the 
maximum error due to distortion of the field 
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FIGURE 4.-Combined effects of voltage gradient and current density in relation to fish length upon mortality of salmon 
fingerlings (Oncorhynchus tshawytscha) exposed to pulsating d. c. Tests run at 2 pulses/sec., pulse duration 20 milli
secs., temperature range 10.0° to 19.9° C., duration of exposure 30 seconds. Sizes of symbols correspond to fish num
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was less than 10 percent. For example, measure
ments of the total current across the electrodes 
made with no fish in the apparatus, with one 
:fish in each stall, and with two fish in each stall, 
with electrode spacings varying from 20 cm. to 
50 cm. at a gradient of 1 volt/cm., and a water 
resistance of 16,000 ohms/cm.3

, were all in agree
ment within 10 percent. It is probable that some 
of the scatter in the data may be due to the 
distortion of the electrical field, or perhaps to 
electrolysis; however, it is unlikely that the 
errors are great enough to seriously affect the 
relations shown. 

GRAPHS AND COMPUTATIONS 

The curves shown in figures 4 to 14 were 
calculated by the method of least squares weighted 
to the number of fish at each point and include 
all data with mortality values greater than zero 
and less than 80 percent. Some of the relations 
shown would probably be best described by sig
moid curves if the data were more complete, 
but for simplification straight lines of regression 
have been used to describe them, 

The fish lengths indicated in the graphs are the 
midvalues of 2 cm. groupings (e. g., 5 cm. includes 
lengths from 4 cm. to 5.9 cm.). 

EXPERIMENTS 

VOLTAGE GRADIENT AND CURRENT DENSITY 

To examine the combined effects of voltage 
gradient and current density in relation to fish 
length upon the mortality of salmon fingerlings 
exposed to pulsating d. c., a series of experiments 

was run in which chinook :fingerlings of different 
sizes were subjected to a pulsating field at various 
levels of voltage gradient and current density. 
During each of these experiments, water tempera
ture, water resistance, pulse frequency, pulse 
duration, and duration of exposure were main
tained constant. The results of the tests are 
summarized in figure 4, and the numerical data 
are given in table 1. 

The data indicate that above a certain thresh
old, mortality increases in proportion to each 
increase in voltage gradient and current density. 
There is no indication of a relation between the 
length of the fingerlings and the combined effect 
of voltage gradient and current density upon 
mortality. 

The situation in the experiments described above 
was comparable to what would exist in field ap
plications of d. c. for guiding fish, in that the 
resistance of the water remained constant while 
the current density changed as the voltage gradient 
was varied. To complete the study, it was decided 
to examine independently the effect of current 
density upon mortality of fingerlings exposed to 
pulsating d. c. A series of experiments was run 
in which fingerlings of different lengths were 
exposed at various levels of current density while 
the voltage gradient was held constant. This 
was achieved by modifying the resistance of the 
water with NaCl solution. Water temperatures, 
pulse frequency, pulse duration, and duration of 
exposure were also held constant during each of 
these experiments. The tests are summarized 
in figure 5 and the numerical data are shown in 
table 2. 

TABLE 1.-Combined effects of voltage gradient and current density in relation to fish length on mortality of salmon jingerlings 

Fish length of-

4 to 5,9 cm. 6 to 7.9 cm. 8 to 9,9 cm. 10 to 11.9 cm. 

Number Number Mortality Number Number Mortality Number Number Mortality Number Number Mortailty 
exposed dead (percent) exposed dead (percent) exposed dead (percent) exposed dead (percent) 

3 volts/cm ••••••••......••••••• 
3.5 volts/cm .••••.......•.••••• 
4 volts/cm .•••••.......••••••• 
4.5 volts/cm •••••••••••.••••••• 
5 volts/cm •••..••.••••••.•••••. 
5.5 volts/cm •••••.......•...•.. 
6 volts/cm ••.•••......•...•... 
6.5 volts/cm •••••.....•...... 
7 volts/cm •.••••.......•••.•.. 
7.5 volts/cm .......••..•.••.... 
10 volts/cm ...•.••.•..•..•.•.. 
12.5.volts/cm .•..••••••••...•.. 
15 volts/cm ...•..•••..•..•.... 

24 
12 

227 
137 
123 

79 
200 
89 

100 
88 

167 
91 

104 

0 
0 
1 
1 
3 
2 

14 
11 
17 
14 
31 
38. 
59 

0 •••••••••• •••••••••• •••••••••• •••••••••• •••••••••• •••••••••• •••••••••• •••••••••••••••••••• 
0 ···-·-···· ··-·---··· •••••••••• -········· ---······· ···-·-···· •••••••••• •••••••••• •••••••••• 
. 4  241 3 1.2 102 6 5. 9 125 6 4.8 
. 7 69 1 1. 4 ·-·-·····- ·-·······- ·······-·· -········· ••...•••.• ·····-··--

!14 •••••••••• ·····-···· •••••••••• •••••••••• •••••••••• ·········- •••••••••• •••••••••• ···-·····-
2. 5 ·-········ ·-········ -········· ••••....•• ·····-···· ···-···-·- •••••••••• .•.••....• ·········-
7. 0 130 10 7.7 23 4 17. 4 25 3 12.0 

12. 4 ·····---·· ···-·-·--· ········-· -·-······· ·······-·· ···-·-···· ······-··· ·-···-···· ---······-
17 O -··-·-·-·· ······-··· ··-------- ---------- ---------- ---------- ·------··- ---------- ----------
15. 9 12 2 16. 7 ---------- ---------- ---------- ---------- ---------- ----------
18. 6 154 44 28.6 30 8 26. 7 86 32 37. 2 
41.8 148 75 50. 7 22 10 45.4 19 7 36.8 
56.8 135 105 77. 8 24 15 62.5 14 8 57.0 
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FIGURE 5.-Effect of current density in relation to fish length and water temperature upon mortality of salmon fingerlings 
(Oncorhynchus tshawytscha) exposed to pulsating d. c. Tests run at 4 volts/cm., 2 pulses/sec., pulse duration 20 milli
secs., duration of exposure 30 seconds. Sizes of symbols correspond to fish number categories: 28-74, 75-149, and 
150-443.

TABLE 2.-Ejfect of current density in relation to fish length and water temperature on mortality of salmon fingerlings 

Fish length of-

Current density Tempera- 4 to 5.9 cm. 6 to 7.9 cm. 8 to 9.9 cm. 10 to 11.9 cm. 
ture 

c•o.) Number Number Mortality Number Number Mortality Number ��:�er Mortalit
5 

Number Number Mortality exposed dead (percent) exposed dead (percent) exposed (percent exposed dead (percent 

0.17 milliamps/cm •- 10. 0-19. 9 157 1 0.6 ---------- ---------- ---------- 11 0 0 ---------- ---------- ----------
0.21 milliamps/cm •- 20. 0-25.0 17 0 0 66 0 0 10 0 0 - -

100 
--------6-

0.2 2 milliamps/cm •- 10. 0-19. 9 63 0 0 89 2 2.2 81 6 7.3 6. 0 
0.27 milliamps/cm •- 20.0-25.0 15 0 0 58 0 0 28 5 17.9 14 0 0 
0.31 milliamps/cm •- 20.0- 25.0 39 1 2.6 44 0 0 

-------77-
--------

3 
- ----

2 0.33 milliamps/cm •- 10.0-19. 9 68 0 0 111 2 1.8 3.9 13 15.4 
0.41 milliamps/cm •- 20.0-25.0 96 5 5. 2 297 34 11.5 50 9 18. 0 11 0 0 
O. 63 milliamps/cm •- 10. 0-19. 9 --------- --------- ---------- 89 9 10.1 34 3 8.8 ---------- ---------- ----------
0.61 milliamps/cm •- 20.0-25.0 25 1 4.0 156 13 8.3 54 15 27.8 48 6 1 2.5 
0.7 2 milliamps/cm •- 10.0-19. 9 23 3 13.0 83 4 4.8 81 6 7.4 28 0 0 
0.78 milliamps/cm •- 20.0-25.0 41 11 26.8 108 33 31. 5 45 20 44.4 10 1 10.0 
1.13 milliamps/cm •- 10.0-19.9 19 11 57. 8 69 10 14. 5 1 20 5 4. 2 34 2 5.9 
1.21 milliamps/cm •- 20. 0-25.0 30 11 36. 7 84 37 44.0 34 20 58.8 26 4 15.4 
1.93 milliamps/cm •- 10.0-19. 9 20 15 75.0 20 9 45.0 ---------- ---------- ---------- 1 2  1 8.3 
1.93 milliamps/cm •- 20.0-25.0 27 18 66. 7 59 29 49. 2 19 1 2  63. 2 ---------- ---------- ________ ,.._

2943 25-54-2 
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The data, although there is considerable scatter, 
particularly where only small numbers of fish are 
used, show a pattern similar to that in the experi
ments in which both current density and voltage 
gradient were varied. Above a certain threshold 
mortality increased in proportion to the increase 
in current density, and there was no discernible 
relation between fish length and the effect of cur
rent density under the conditions of the experi
ments. The range of water temperatures in which 
the experiments were run was so great that the 
data were divided into two groups to reveal the 
influence of water temperature upon the mortality 
of fingerlings exposed to pulsating d. c. 

The effect of voltage gradient in relation to 
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current density was calculated (fig. 6) from the 
combined effects of voltage gradient and current 
density (fig. 4) and from th� effect of current, 
density alone (fig. 5). Mortality is shown to be 
proportional to the voltage gradient. The relative 
influence of voltage gradient and current density 
under the experimental conditions is illustrated by 
the insert in figure 6. 

During the tests, the fingerlings were held in 
uniform alinement with the direction of the elec
trical field (see Procedure). This subjected the 
longer fish to a greater difference in potential. 
When the data shown in figure 4 are replotted in 
terms of the total voltage to which the fish were 
subjected (fish length X voltage gradient), they 

VOLTAGE GRADIENT 
(VOL TS/CM.) 

FIGURE 6.-Effect of voltage gradient in relation to current density upon mortality of salmon fingerlings (Oncorhynchus 
tshawytscha) exposed to pulsating d. c. calculated (see insert) from the combined effects of voltage gradient and current 
density (fig. 4) and the effect of current density (fig, 5). 
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indicate that the shorter fish are actually affected 
to a greater degree (fig. 7). 

To determine whether the voltage gradient or 
the total voltage to which the fish were subjected 
was the effective factor, a group of tests was made 
with silver salmon (0. kisutch) in which the mor
tality of :fingerlings alined parallel to the electrical 
field was compared with the mortality of finger
lings alined perpendicular to the field. Evidence 
(table 3) that the total voltage to which the fish 
were subjected is the effective factor in mortality 
was very conclusive. Electrical conditions that 
proved fatal to 77 .6 percent of the fingerlings 
alined parallel to the field had no discernible injuri
ous effect on -:fingerlings alined perpendicular to 
the field. 
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Experiments made to examine the effect of du
ration of exposure upon :fingerlings subjected to 
pulsating d. c. in relation to the combined influence 
of voltage gradient and current density are sum
marized in figure 8, and the numerical data are 
shown in table 4. During these tests, pulse fre
quency, pulse duration, water temperature, water 
resistance, and fish length were maintained con
stant. Similar experiments examining the effect 
of duration of exposure in relation to current 
density alone are shown in figure 9, and the nu
merical data are listed in table 5. In these tests, 
pulse frequency, pulse duration, voltage gradient, 
water temperature, and fish size were held constant 
while the resistance of the water was modified. 
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TOTAL VOLTAGE TO WHICH FISH WERE SUBJECTED 

(FISH LENGTH X VOLTAGE GRADIENT) 

FIGURE 7.-Effect of the total voltage to which the fish were subjected in relation to fish length and current density upon 
mortality of salmon :fingerlings (Oncorhynchus tshawytscha) exposed to pulsating d. c. (fig. 4 replotted in terms of the 
total voltage to which fish were subjected). 
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TABLE 3.-Relative effects of voltage gradient and total voltage 
to which fish were subjected on mortality of salmon finger
lings (Oncorhynchus kisutch) exposed to pulsating d. c. 

[Tests run at 8 pulses/sec., pulse duration 40 milllsecondsl water temperature 
16.5° C., duration of exposure 1 minute; fish ength , 7 cm.) 

Voltage Total 
Fish alinement rela· voltage 

tive to electrical gradient to which 
field (volts/ fish were cm.) subjected 

Parallel •••.•.••••...•• 6 142 
Perpendicular •••••.••• 6 •6 

1 Fish length X voltage gradient. 
• Fish width X voltage gradient. 

Mor· Number Number tallty exposed dead (percent) 

107 83 77.6 
105 0 0 

The results of both groups of experiments indi
cate, as would be expected, that the mortality of 
finger]ings exposed to pulsating d. c. is propor
tional to the duration of exposure. The results 
further suggest that the effect of voltage gradient 
increases with the duration of exposure while the 
e:ff ect of current density may actually decrease 
with an increase in duration of exposure. How
ever, because of the scatter in the data, additional 
evidence should be obtained to substantiate this 
latter conclusion. 

TABLE 4.-Effect of duration of exposure in relation to the combined effects of voltage gradient and current density on mortality of 
salmon fingerlings 

Duration of exposure 

Fish exposed to-

1 v./cm. and 0.05 ma/cm.s 2 v./cm. and 0.10 ma/cm.' 

Number 
exposed 

Number 
dead 

Mortality Number 
(percent) exposed 

Number 
dead 

Mortality
(percent/ 

4 v./em. and 0.19 ma./em.s 

Number 
exposed 

Number 
dead 

Mortality
(percent/ 

0.5 min •••••••••....••••••••••..•••••••••••. ••••·•·•··•• ·••·····••·• •..••••••••. •...•••..••• .•••••••..•• •••••·•·•••• 241 3 1. 2 
1 min •.....•.............•.•..........••.... ............ ·•·········• ············ ............ ............ ............ 198 9 4. 5
2 min....................................... ............ •••..••••••• •..••••••••• .....•....•• .•••..•....• ••••.....••• 179 8 4. 5 
3 min •••.....•••...................•........ ••.......... .. �......... ............ 31 0 0 84 7 8. 3
: ::::::::::::::::::::::::::::::::::::::::: :::::::::::: :::::::::::: :::::::::::: � � g_ 4 98 12 

•••• 
12. 3

6 min....................................... ............ •••••••••••• ••••..•••••• .••••..•.... .•••••.....• ••.•..•••••• 99 17 17. 2 
7 min....................................... •••••••••••• ••••....•••• •....•..•••. .•••.••••..• ••••••.•.•.. ••••••.•.••• 99 19 19. 2 
7.5 min ••••••••••••••••••••••••••••.• -._·_-- -------····· ···--····--- ·-·-·-·-···· 52 6 11. 5 ··--········ ···········- •.•••••..••• 
8 min.·-·······-···························· ·-·········· ............ ···-······· ............ ............ ............ 142 38 2(1 ll 
9 min.·-···································· ............ ............ ............ ............ ............ ............ 129 41 31. 8 
10 min-································-···· ............ ••.••••••••• ••••••.••••• 37 12 32. 4 125 65 52. 0 
11 min •..•.•.••••••...••••••••••.•.••••••••• ·····-······ •••••···•••• ••••..•••••• •...••••.••• ·•••••·•···• ••••••••.••. 23 9 39.1 
12 min-..................................... ............ ............ ............ ............ ............ ............ 25 12 48.0
13 min ••••.•••••...•••••.••••••.•••• ·-······ ···········- .••.....•••• •....•...••• ............ ·•·•·•······ ·•·•·······• 17 13 76 fi 
15 min •••••••• ·-···················-········ 48 1 2.1 20 6 30,0 ••..•••••••• •.••••.•..•• ·•••••••••··
20 min...................................... 117 20 17.1 ........•.•• ••••••...•.• ..••.....••. ···········- ••..•••..•.. ·····-······ 

TABLE 5.-Effect of duration of exposure in relation to 
current density on mortality of salmon fingerlings 

Fish exposed to-

Duration 0.10 ma.fem.• 0.17 ma.fem.• 
of 

exposure 
Mor- Mor· Number Number Number Number 

exposed dead tality exposed dead tality 
(percent) (percent) 

2 min ••••••• ---------- ---------- ---------- 46 2 4.4 
3 min ••••••• 58 2 3.5 49 3 6.1 
3.5 min.---· 45 1 2.2 
4 min.·-·-·· 27 3 11.1 16 7 43.6 
5 min ••• -••• 67 9 13.2 55 15 36.8 
7.5 min ••.•• 65 21 32.2 19 11 58.0 
10 min·-···· 27 16 59.3 25 12 48.0 

PULSE FREQUENCY 

The effect of pulse frequency in relation to 

fish length upon mortality of fingerlings exposed 

to pulsating d. c. was examined experimentally 
by subjecting fingerlings of different lengths to 
a range of pulse frequencies while the voltage 
gradient, current density, pulse duration, water 

temperature, and the duration of exposure re
mained constant. 

The data summarized in figure 10 (numerical 
data shown in table 6) reveal that the mortality 
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FIGURE 8.-Effect of duration of exposure in relation to the combined effects of voltage gradient and current density upon 
mortality of salmon fingerlings (Oncorhynchus tshawytscha) exposed to pulsating d. c. Tests run at 2 pulses/sec., 
pulse duration 20 millisecs., temperature 10.0° to 19.9° C., fish length 7 cm. Sizes of symbols correspond to fish number 
categories: 17-49, 50-99, 100-199 and 200-241. 

of salmon fingerlings exposed to pulsating d. c. 
increases with the pulse frequency and that the 
effect of pulse frequency upon mortality increases 
with the length of the fingerlings. 

The relation of pulse frequency to the effect of 
duration of exposure was explored in the group of 
tests summarized in figure 11 (numerical data 

are shown in table 7). Fingerlings were exposed 
to a pulsating d. c. field for various lengths of 
time at two different pulse frequencies while the 
voltage gradient, current density, pulse duration, 
and water temperature were held constant. The 
effect of pulse frequency upon mortality was 
found to increa.se with the duration of exposure. 
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FIGURE 9.-Effect of duration of exposure in relation to current density upon mortality of salmon fingerlings (Oncorhynchus 
tshawytscha) exposed to pulsating d. c. Tests run at 2 volts/cm., 2 pulses/sec., pulse duration 20 millisecs., tempera
ture range 10.0° to 19.9° C., fish length cm. Sizes of symbols correspond to fish number categories: 16-49 and 50-65. 

PULSE DURATION 

To study the relation of pulse duration to the 

effect of duration of exposure upon the mortality 
of fingerlings exposed to pulsating d. c., tests were 

run in which fingerlings were subjected to different 
pulse durations while the voltage gradient and 
current density, pulse frequency, water tempera

ture, and fish length were held constant. On their 
face, the data, gra':>hically shown in figure 12 and 
numerically presented in table 8, suggest that 
pulses of long duration may beless injurious than 

pulses of short duration. 

Since the tests with the 20-millisecond pulse 
duration and the tests with the SO-millisecond 
pulse duration were made several days apart and 
with fish from two sources, an experimental check 
was made (see circle, fig. 12) testing fish from only 
one source on the same day. Fingerlings used in 
this experin,ental check were from the group of 
fish used in the SO-millisecond pulse-duration 
tests. The results of the check fall along the 
trend of the SO-millisecond pulse-duration tests, 
indicating that the difference shown between the 
reaction to the 20-millisecond and to the 80-
millisecond pulse duration is probably due to 
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FIGURE 10.-Effect of pulse frequency in relation to fish length upon mortality of salmon fingerlings (Oncorhynchus 
tshawytscha) exposed to pulsating d. c. Tests run at 4 volts/cm., current density range 0.15to 0.27milliamps./cm.2, 
pulse duration 20 millisecs., temperature range 10.0° to 19.9° C., duration of exposure 30 seconds. Sizes of symbols 
correspond to fish number categories: 10-49, 50-99, and 100-199. 
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TABLE 6.-Ejfect of pulse frequency in relation to fish length on mortality of salmon fingerlings 

Fish length of-

Pulse frequency 4 to 5.9 cm. 6 to 7 .9 cm. Sto 9.9cm. 10 to 11.9 cm 
Number Number Mortality Number Number Mortality Number Number Mortality Number Number Mortalityexposed dead (percent) exposed dead (percent) exposed dead (percent) exposed dead (percent)

3 pulses/sec.................... 92 1 1. 1 4 pulses/sec.................... 10 0 0 5 pulses/sec................... 187 3 1. 6 6 pulses/sec................... 2 9  1 3. 5 7 pulses/sec................... 107 2 1. 8 8 pulses/sec................... 77 1 1. 3 1 0 pulses/sec.................. 199 17 8. 5 12 pulses/sec.................. 14 4 28. 6 13 pulses/sec.................. 98 11 11 . 2 14 pulses/sec .•••••••••••••••.. •••....••• ••..•.•..• •••••....• 1 5  pulses/sec.................. 178 24 13. 5 
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FIGURE 11.-Effect of duration of exposure in relation to pulse frequency upon mortality of salmon :fingerlings (Oncorhyn

chus tshawytscha) exposed to pulsating d. c. Tests run at 2 volts/cm., current density range 0.08 to 0.13 milliamps./ 

cm.2, pulse duration 20 millisecs., temperature range 12.0° to 19.9° C., fish length 9 cm. Sizes of symbols correspond 

to fish number categories: 27-49, 50-99, and 100-111. 
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TABLE 7.-EjJect of duration of exposure in relation to pulse 
frequency on mortality of salmon fingerlings 

Duration 
of 

exposure 

Fish exposed to pulse frequency of-

2 pulses/sec. 8 pulses/sec. 

Number Number Mortality Number Number Mortality 
exposed dead (percent) exposed dead (percent) 

0.5 mln _____ ---------- ---------- ----------
1.0 min _____ __________ __________ _________ _ 
1.5 min _____ --------·- __________ -----·-·--
2.0 min _____ __________ __________ _________ _ 
2.5 min _____ __________ ---------· _________ _ 
3.0 mln_____ 69 3 4. 4 
3,5 min_____ 101 10 9. 9 
5.0 min_____ 171 19 11. l 
7.5 min_____ 69 21 30. 4 
10.0 min_ --_ 36 21 58. 3 
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TABLE 8.-Effect of duration of exposure in relation to pulse 
duration on mortality of salmon jingerlings 

Fish exposed to pulse duration of-

Duration 20 milliseconds 80 milliseconds of 
exposure 

Number Number MortalltJ Number Number Mortality 
exposed dead (percent exposed dead (percent) 

0.5 mln _____ 71 0 0 -------
50 

-
1.0 min _____ 14 0 0 2 4.0 
1.5 min _____ 56 11 19.6 49 5 10. l 
2.0 min _____ 46 8 17. 4 48 7 14.6 
2.5 min _____ 58 28 48.2 -------

17 
-

3.0 min _____ 15 8 53, 3 45 37.8 

• 

• 

• 

C) 

o...._ ________ ...,.. ______ __._ _______ _._ ______ _.___. 

2 3 
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4 

FIGURE 12.-Effect of duration of exposure in relation to pulse duration upon mortality of salmon :fingerlings (Oncorhyn• 
chus tshawytscha) exposed to pulsating d.c. Tests run at 2 volts/cm., current density 0.10 milliamps./cm.2, 8 pulses/sec,, 
temperature range 10.0° to 16.0° C., :fish length 9 cm. For explanation of circled data see text. Sizes of symbols 
correspond to :fish number categories: 14-49 and 50-58, 
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variation in condition of the two groups of fish. 
Therefore, the data are interpreted (as shown in 
fig. 12) to mean that under the conditions of these 
experiments the pulse duration has no relation to 
the effect of the duration of exposure upon mor
tality of fingerlings exposed to pulsating d. c. 

An examination of the data thus interpreted 
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shows that the mortality of fingerlings exposed to 
a pulse duration of 20 milliseconds at a frequency 
of 8 pulses per second (power on 16 percent of the 
time) is equal to the mortality of fingerlings ex
posed under similar conditions to a pulse duration 
of 80 milliseconds at a frequency of 8 pulses per 
second (power on 64 percent of the time). It is 
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FIGURE 13.-Effect of duration of exposure in relation to fish length upon mortality of salmon fingerlings (Oncorhynchus 
tshawytscha) exposed to pulsating d. c. Tests run at 4·volts/cm., current density range 0.14 to 0.27 milliamps./cm.2,
2 pulses/sec., pulse duration 20 millisecs., temperature range 15.0° to 19.9° C. Sizes of symbols correspond to fish 
number categories: 11-49, 50-99, and 100-154. 
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TABLE 9.-Effert of duration of exposure in relation to fish length on mortality of salmon fingerlings 

Fish length of-

Duration of exposure 4to 5.9cm. 6to 7.9cm. 8 to 9.9 cm. 10 to 11. 9 cm. 

Number Number Mortality Number Number Mortality Number Number Mortality Number Number Mortality 
exposed dead (percent} exposed dead (percent) exposed dead (percent} exposed dead (percent} 

0.5 min------------------····· 92 O o 154 2 1. 3 65 3 4. 6 56 3 5. 4 
1.0 min---····-·-·-···-······· -········· ·-·-·····- ··---··-·- 126 8 6. 3 93 8 8. 5 ·-·-·--··- --······-- -·-·-·--·-
2.0 min---·--·-------·-···---- ·-----·-·- ·---·---·- ·---·-·-·- 122 7 5. 7 105 25 23. 8 -·----···- --···-·--- --·-·--·-· 
3.0 min--··-·-·-·-·--·---···-· -·-·-·---· ·--------- ·-----·-·- 77 7 9. 1 21 5 23. 8 11 2 18. 2 
4.0 min----·······--·------··· -·-·-·-·-- --·-·-··-- ---·-·--·· -···-·-·-- ·-·-----·- --···--··- ·--··--·-· ··--···-·- -··-···--- ---------· -·-··-··-- ----------
5.0 min---------·····-·-···--- 29 2 6. 9 71 11 15. 5 19 13 68. 3 16 12 75. 0 
6.0 min--·-·-·-·-····-·--·-·-- 18 3 16. 7 68 14 20. 6 18 11 61. 2 14 9 64. 2 
7.0 min--·-·-------·-·-·-·---· 31 4 12. 9 76 18 23. 7 20 12 60. 0 14 10 71. 5 
8.0 min--·-·-···--·--·-····-·- 26 8 30. 8 113 33 29. 2 21 13 61. 9 ·--·-·-·-- ··-···--·- ···-····--
9.0 min----·---·-----···---··- 25 8 32.0 99 35 35. 3 17 9 52. 9 ···-·-··-· ---··---·- ·····-···· 
10.0 min---·-·-··-·---·------- 12 6 50. 0 99 64 54. 6 20 13 64. 9 ··-·-·-·-- ·-·-·---·- ·--··-·--· 
11.0 min·-------------·------- ---------- ---------- ---------- 23 9 39. 1 ---------· -------·-- -----·---· ·----·-·-· ·---·----- --··--·---
12.0 min---·----·------------- ---------- ---------· ---------- 25 12 48. 0 -·-···---- -------·-- ------·-·- ·-·---·--- -·-------- ·--··-·---
13.0 min _____________________ • ----·----· __________ __________ 17 13 76 11 -·-····-·- ·-·······- -----·--·· ·---·-·-·· ·-------·· -·--··--·· u n min--·--------·---------- __________ ____________________ ---·-----· -·-··----- ·-··------ -········- ----·····- --------·· ·-·-··--·· ·-·-----·· -······--· 
15.0 min_--·-----····--------- ---------- ---------· ---------· 17 13 76. 5 -·····-··- --·······- --------·· ···--·-··· ·-·-----·· ·---····-· 
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DURATION OF EXPOSURE 
(MINUTES) 

FIGURE 14.-Effect of duration of exposure in relation to temperature and fish length upon mortality of salmon fingerlings 
(Oncorhynchus tshawytscha) exposed to pulsating d. c. Tests run at 4 volts/cm., current density range 0.14 to 0.27 
milliamps./cm.', 2 pulses/sec., pulse duration 20 millisecs. (Insert: tests run at 2 volts/cm., current density range 0.09 
to 0.11 milliamps./cm.2, 2 pulses/sec., pulse duration 20 millisecs., fish length 9 cm.) 
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TABLE 10.-Effect of duration of exposure in relation to temperature and fish length on mortality of salmon fingerlings 

Duration of exposure 

!minute: 

Number 
exposed 

4to 5.9 cm. 

Number 
dead 

Mortality 
(percent) 

Number 
exposed 

Fish length of-

6 to 7.9 cm . 

Number 
dead 

Mortality 
(percent) 

Number 
exposed 

Bto 9.9cm. 

Number 
dead 

Mortality 
(percent) 

14° C___________________________________ 1 5 0 0 83 1 l, 2 1 60 0 0 
1s0 c___________________________________ 1 6 o o 115 8 7. o 84 8 9. 5 

2minutes: 
14° C___________________________________ 1 2 0 0 77 2 2, 6 67 8 11. 9 
1s0 c___________________________________ 1 4 o o 102 6 5. 9 98 22 22. 5 

3 minutes: 
14° c___________________________________ 110 o o 27 o o 3 o o 
1s0 c___________________________________ 18 o o 57 7 12.3 19 5 26.3 

4 minutes: 

t:: g::: ::::: ::::: _____________ --------- ------------ ------------ ------------ ------------ ------------ --------__ --
--------- - 6 - ----------2- ----- --- 33. 3 

5 minutes: 
14° C___________________________________ 1 52 0 0 21 1 4. 8 4 1 25. 0 
18° c___________________________________ 21 2 9. 5 51 n 21. 6 17 12 70. o 

6minutes: 
14° c___________________________________ 55 2 3. 6 53 8 15.1 3 1 33. 3 
18° 0 ___________________________________ 12 2 16.7 46 9 19.6 5 3 60. 0 

7 minutes: 
14° c___________________________________ 60 1 1. 7 48 4 8.3 2 o o 
18° c___________________________________ 17 3 17. 7 51 15 29. 4 19 12 oa. 2 

8miuutes: 
14° c___________________________________ 47 3 o. 4 52 9 17. 3 2 1 5o. o 
1s0 c___________________________________ 20 8 40.o 90 26 28.9 20 rn 65.o 

9 minutes: 
14° c___________________________________ 51 6 11. 8 48 11 22. 9 11 1 100. 0 
18°0 ___________________________________ 13 5 38. 5 81 30 37.o 17 9 52.9 

l0mlnutes: 
14° c___________________________________ 13 2 26. a 40 21 52. 5 6 1 16. 7 
18° c___________________________________ 11 6 54. 6 85 44 51. 8 15 12 so. o 

1 Data not included in calculation of curves. 

concluded that pulse duration is not a lethal fac
tor, at least within the range of conditions exam
ined, and that there is no direct relation between 
mortality and the total energy applied per unit of 
time. 

FISH LENGTH AND DURATION OF EXPOSURE 

The relation of fish length to the effect of dura
tion of exposure upon the mortality of chinook 
fingerlings exposed to pulsating d. c. was exam
ined in a series of experiments in which fingerlings 
of different lengths were subjected for various 
periods of time to a pulsating electrical field with 
voltage gradient, current density, pulse frequency, 
pulse duration, and water temperature held 
constant. 

The data graphically presented in figure 13 and 
numerically shown in table 9 indicate that the 
effect of duration of exposure upon mortality in
creases with the length of the fish. 

TEMPERATURE 

The relation of water temperature to the effect 
of duration of exposure on the mortality of chinook 
fingerlings subjected to pulsating d. c., was demon
strated by a group of experiments in which finger
lings of different lengths were subjected to pul-

sating d. c. at different water temperatures for 
various lengths of time. During these tests, volt
age gradient, current density, pulse duration, and 
pulse frequency were held constant. 

The data graphically shown in figure 14 and 
numerically presented in table 10 reveal that above 
a certain threshold exposure the influence of water 
temperature on the mortality of chinook finger
lings exposed to pulsating d. c. increases with the 
duration of exposure and that the influence of 
water temperature upon mortality is greater upon 
longer fish. The pattern of response was verified 
(see insert, fig. 14) by testing fingerlings from a 
single source on the same day. The curves shown 
in the insert illustrate the greater effect of water 
temperature at higher temperature levels. The 
marked difference in mortality related to temper
ature in the current density experiments (fig. 5), 
where exposure to the electrical field was only 30 
seconds, may have been due to the higher temper
ature levels involved. 

DISCUSSION 

The results of these experiments are in general 
agreement with the findings of other research 
workers investigating the effect of electric current 
on fish. McMillan's (1928) experiments with a. c. 
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showed an increase in mortality with an increase 
in voltage gradient and current density and with 
an increase in the duration of exposure. Similar 
results were obtained in the present study with 
pulsating d. c. That the total voltage received 
b.v the fish is the effective factor rather than the
voltage gradient has been pointed out several
times in the literature (Okada 1929, Bramsnaes
et al. 1942, Kuroki 1951). The evidence indicating
that shorter fish are affected to a greater degree
by total voltage than longer fish (fig. 7) agrees
with the :findings of Kuroki, whose conclusions
were based on a study of the reactions of Oarassius
auratus in approximately the same length range
as those used in this study.

There is some evidence suggesting that the rela
tion of fish length to the influence of total voltage 
upon mortality may be a function of the duration 
of exposure. Figure 7 indicates that shorter fish 
are more affected by the total voltage than longer 
fish when the exposure is only 30 seconds. A 
comparison, in terms of the total voltage to which 
the fish were subjected, of mortality of fingerlings 
of different lengths subjected to pulsating d. c. 
under almost similar conditions at exnosures of 4 
minutes and 8 minutes (figs. 8, 11, and 13), sug
gests that the relation may reverse with increased 
exposure. At a 4-minute exposure the effect of 
total voltage is approximately equal for fish of 
7-cm. and 9-cm. lengths while with an 8-minute
exposure the longer fish are affected to a greater
degree. The data, however, do not make clear
whether the increased mortality of the longer fish
is due solely to the greater effect of total voltage
upon longer fish with increased duration of ex
posure or to the increased effect of some other
factor such as pulse frequency.

In several of the experiments that showed a 
significant relation between mortality and fish 
length (see figs. 10, 13, and 14), the difference in 
mortality related to fish length was greater between 
the 7-cm. and 9-cm. lengths than it was between 
the 7-cm. and the 5-cm. lengths or between the 
9-cm. and the 11-cm. lengths. This suggests the
possibility that the difference in mortality may
also be a function of some other aspect of the size
of fish such as the cross-sectional area of the body.

One of the relations brought out by the experi
ments is the influence of water temperature upon 
the. mortality of :fingerlings exposed to pulsating 
d. c. The importance of water temperature,

apart from its effect upon the resistance of water, 
is clearly shown by the marked increase in mortal
ity occurring under similar electrical conditions 
with an increase of a few degrees in water temper
ature "(see figs. 5 and 14). The experience of 
Larimore, Durham, and Bennett (1950) in stunning 
fish with an electric fish shocker indicates that the 
effect of temperature upon mortality shown in 
the laboratory experiments will also be found in 
the field. Larimore et al. found that during cold 
weather the speed of their collecting operation 
was slowed down because a longer exposure was 
required to stun the fish. 

Since pulse duration does not appear to be a 
lethal factor and since there does not appear to be 
a direct relation between mortality and the total 
energy applied per unit of time, as contrasted 
with the marked effect of pulse frequency upon 
mortality, the evidence points to the probable 
importance of wave form. If the increased 
mortality caused by an increase in pulse frequency 
is not due to the increase in total energy applied 
per unit of time, it must be due to the increase in 
the number of changes in potential. If change in 
potential is the effective factor, then the rate of 
change in potential should be of great importance. 

The relation between mortality of the fish sub
jected to pulsating d. c. under the experimental 
conditions just described and mortality of wild 
fish subjected to pulsating d. c. under natural 
stream conditions must remain a matter of specula
tion until it is examined experimentally. Differ
ences in the condition of wild fish and of hatchery 
fish might result in a marked difference in their 
ability to withstand subjection to electric current. 
The definition of mortality used in the laboratory 
experiments allowed 1 hour after exposure for 
recovery, during which time the fingerlings were 
held in aerated glass bowls. Whether the propor
tion of recoveries would be as great or greater 
under stream conditions where factors such as 
turbulence and predation would be in operation 
during that hour is open to conjecture. 

In general, one might expect the greater mor
tality under the laboratory treatment. The 
:fingerlings had to be netted several times, trans
ported, held in tanks, and subjected to several 
complete water changes. During their exposure 
to the electrical field the fish were restricted by 
plastic stalls, and this may have resulted in some 
mechanical injury due to violent movements when 
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upon the mortality of salmon fingerlings exposed 
to pulsating direct current was examined experi
mentally in relation to the length of fish, water 
temperature, and pulse duration. A current of 
square-wave form was used and the following 
ranges were explored: Voltage gradient, 0.5 to 15 
volts/cm.; pulse frequency, 2 to 15/sec.; pulse 
duration, 20 to 80 milliseconds; current density, 
0.05 to 1.9 milliamps./cm.2

; duration of exposure, 
0.5 to 20 minutes; fingerling lengths, 4 to 12 cm.; 
and temperature, 10° to 25° C, 

For simplification, the assumption was made 
that a straight line of regression was the most 
satisfactory description of the relations examined, 
and the results of the experiments, above threshold 
values, were interpreted as follows: 

1. Mortality increased in a constant ratio with
an increase in voltage gradient, an increase in 
current density, or an increase in both. The 
effect of voltage gradient increased with the dura
tion of exposure. 

2. The total voltage to which the fish were sub
jected (i. e., fish lengthXvoltage gradient) was 
the effective factor in mortality rather than the 
voltage gradient, and the effect of total voltage 
upon mortality was actually greater on the shorter 
fish when the exposure was only 30 seconds. 

3. Fingerlings exposed to a pulse of 20 milli
seconds at a frequency of 8/sec. (power on 16 per
cent of the time) had the same mortality as finger
lings exposed under similar conditions to a pulse 
of 80 milliseconds duration at a frequency of 8/sec. 
(power on 64 percent of the time), indicating that 
under the conditions of the experiment pulse 
duration was not a lethal factor and that there 
was no direct relation between mortality and the 
total energy applied per unit of time. 

4. Mortality increased with the pulse fre
quency, and the effect of pulse frequency upon 
mortality increased with the length of fish and 
the duration of exposure. 

5. Mortality of fingerlings exposed to pulsating
d. c. increased with the duration of exposure, and
the effect of duration of exposure increased with
the length of the fingerlings.

6. Mortality increased with the water tem
perature, and the effect of water temperature 
upon mortality increased with the duration of 
exposure. The effect of water temperature upon 
mortality was greater on fish of greater length. 

the current was first applied. The fingerlings 
were always held in alinement parallel to the 
direction of the electrical field (the one exception 
is noted on p. 69) and would therefore be con
tinually subjected to a maximum voltage: In a 
stream the free-swimming fish may be alined 
directly parallel to the field for only a part of the 
total exposure. 

Interpretation of the data from these laboratory 
experiments for use in electrical fish-guiding ex
periments in the field must take into consideration 
other factors as well. The maximum width of a 
directional electrified zone that could be used 
would be determined by the rate at which the fish 
swim out of the electrified zone and by the maxi
mum duration of exposure that is "safe" for the 
fish. Assuming that the fingerlings are dis
tributed at random throughout the stream, only 
those fish entering at the extreme negative end of 
the electrified zone would be subjected to the 
entire width of the zone in moving to the positive 
end. Thus, a 15-percent expected mortality for 
those fish exposed to the maximum field width 
may represent only a negligible mortality in terms 
of the total number of fish being directed by the 
electrified zone. It may be possible to safely 
direct fingerlings in ranges of electrical conditions 
which produced a mortality of 30 or 40 percent in 
the laboratory experiments. One of the tasks of 
field experiments in electrical fish guiding will be 
to determine the relation between mortality under 
standardized laboratory conditions and that 
under conditions in the stream. 

The experiments reported here emphasize one 
point-a significant part of the ranges of electrical 
characteristics desirable in fish guiding are lethal 
to some degree for salmon fingerlings. The pos
sibility of injurious effects of a nonvisible nature 
(e. g., an effect upon reproductive ability) is being 
explored. Although this study is not yet com
plete enough to draw many conclusions, it is clear 
that the application of the principle of electro
taxis to the protection of salmon fingerlings will 
require an intimate knowledge of the relation 
between the electrical-energy levels producing 
electrotaxis and those detrimental to the fish. 

SUMMARY 

The influence of voltage gradient, current den
sity, pulse frequency, and duration of exposure 
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