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Abstract—We monitored healing in electroshock-induced hemorrhages of myomere blood vessels
produced by individually exposing hatchery rainbow trout Oncorliynchus mykiss to direct current
(N = 502) and pulsed direct current (N = 708). We used voliage gradients and exposure times
that were suspected to produce high injury rates to facilitate observation of injury duration in
muscle tissue. At 1 d postexposure, 86.1% of the test fish exposed to DC and 81.6% of those
exposed to pulsed direct current (PDC) had at least one hemorrhage. Fish exposed to DC averaged
1.86 injuries at 1 d postshocking, and those exposed to PDC averaged 1.45 injuries. Number of
hemorrhage injuries per fish began declining by 15 d postshocking in both groups. The severity
of injuries initially increased through 15 d postshocking and then decreased through the remaining
3-5 weeks of the tests. At the end of the test, injuries induced by DC had declined by 78.0% (36
d postshocking), and those induced by PDC declined by 92.4% (57 d postshocking). In all, 1.8%
of all fish exposed to DC and 1.1% of those exposed to PDC died during the study. Our data for
hatchery rainbow trout suggest that hemorrhage injuries in salmonids caused by electrofishing
exposure exist for a relatively short time and do not represent a long-term mortality or health risk
to the fish. Because of the ephemeral nature of blood vessel hemorrhages, compared with spinal
injuries, future studies that examine electrofishing injuries should evaluate hemorrhage and spinal

injuries separately and abandon the practice of combining these data.

Electrofishing is an effective sampling tool for
managing stream salmonids and other fish species
and has been widely used since the 1950s and
1960s (Reynolds 1996). Recently, concerns about
injuries induced by electrofishing have resulted in
studies quantifying injury levels for a variety of
electrical currents and wave forms (Sharber and
Carothers 1988; Mesa and Schreck 1989; Freden-
berg 1992; Dalbey et al. 1996). Injury typically
occurs as spinal damage (e.g., vertebral compres-
sions, separation of vertebrae, and fractures) or
hemorrhage in muscle blood vessels (Reynolds
1996). Although neither injury is always exter-
nally apparent, both injuries are detectable using
X-ray and necropsy methods.

Reynolds (1996) describes a visual rating sys-
tem, first developed with participant input at a
1991 American Fisheries Society symposium, that
ranks spinal and hemorrhage injuries from elec-
trofishing on a scale from O to 3. Fredenberg
(1992) used this system to evaluate electrofishing
injuries in samples of salmonids collected from
several waters in Montana but subsequently re-
ported an overall injury rating for each fish based
on the highest rank observed for either type of
injury. For example, a fish with a level-3 hemor-

* Corresponding author: dschill@micron.net

Received February 8, 1999; accepted February 29, 2000

rhage injury and a level-2 spinal injury would be
assigned a single level-3 injury. This worst-case
system was used in several subsequent studies
(McMichael 1993; Cowdell and Valdez 1994; Hol-
lender and Carline 1994) but was not used by
Thompson et al. (1997), who kept the rating scales
separate.

Schill and Beland (1995) questioned the practice
of lumping skeletal and muscle injuries because
the latter are intuitively more likely to heal with
less long-term effects. Lumping the two injury
types, in essence, equates a severe and complete
fracture of one or more vertebrae with the presence
of a 2-3-mm blood vessel hemorrhage in muscle.
If hemorrhages heal in a short period, it may be
inappropriate to equate them with spinal injuries
when evaluating the impacts of electrofishing. We
are unaware of any study that has evaluated how
long electrically induced hemorrhages persist in
salmonids or other fish species.

The objective of this study was to document, at
fixed time intervals, the quantity and severity of
myomere blood vessel hemorrhages in hatchery
rainbow trout Oncorhynchus mykiss after being
electroshocked. Our general approach was to ex-
pose individual fish to the same electrofishing
field, randomly assign them to treatment groups,
and necropsy the treatment groups at fixed postsh-
ocking time intervals to quantify healing.
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Methods

Electrical exposure—We exposed individual
hatchery rainbow trout to continuous DC in 1996
and pulsed direct current (PDC) in 1998. Electrical
exposures were conducted at the Nampa Fish
Hatchery (Idaho Department of Fish and Game).
A Coffelt model 15 VVP powered by a Honda
5,000-W generator provided electrical currents.
The anode consisted of a 1-m-diameter Wisconsin
ring with six droppers. The cathode was a 3-m
length of flexible electrical conduit (5-cm diam-
eter) lying on the bottom of the raceway. Test fish
were individually placed in a dip net (0.46 X 0.38
m) immediately adjacent to, but not touching, the
anode at the edge of a raceway wall. Fish were
placed into the center of the net at the water sur-
face, and the field was immediately activated. Dur-
ing the shocking period, fish could occupy any
portion of the net from the surface down to a depth
of 18 cm. Exposure was regulated with a foot
switch and stop watch. Each fish was exposed to
the electrical current for 5 s.

On November 25, 1996, we individually ex-
posed 502 hatchery rainbow to DC at 375 V and
7.5 A. A random sample of all fish shocked av-
eraged 264 mm in total length (SD = 26, N =
101). Electrical output readings were obtained us-
ing a 100-Hz analog oscilloscope (Hewlett-Pack-
ard model 1740A). Voltage gradient within the dip
net, measured at the conclusion of the DC trial,
ranged from 1.7 V/cm nearest the anode to 0.7 V/
cm farthest from the anode. Water conductivity
was 390 pws/cm at 12°C.

On March 12, 1998, we individually exposed
708 fish (mean total length = 287 mm, SD = 38,
N = 103) to square-wave PDC current at 325 V
(peak), 60 Hz (25% duty cycle), and 7.5 A (av-
erage). Voltage gradients within the dip net, mea-
sured at the conclusion of the PDC trial, ranged
from 1.9 V/cm nearest the anode to 0.65 V/em
farthest from the anode. Water conductivity was
405 ps/cm at 14°C. The additional 200 fish used
during 1998 allowed us to extend the observation
period for several weeks longer than in the pre-
vious trial.

Following exposure, individual fish were re-
moved from the dip net and placed into five or
seven holding pens (depending on the year), in an
adjacent hatchery raceway. Approximately 100
electrofished rainbow trout were randomly as-
signed on an individual basis to each holding pen
to avoid sampling bias. Fish were fed a mainte-
nance diet until sacrificed for necropsy. Test lots
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of rainbow trout exposed to DC were sacrificed at
1, 8, 15, 22, and 36 d postshocking. Test lots ex-
posed to PDC were sacrificed at 1, 8, 15, 22, 29,
43, and 57 d postshocking.

Control groups of approximately 50 rainbow
trout were handled identically to test fish during
both DC and PDC trials but were not electrosh-
ocked. Controls were held in a live box (1.2 X 1.2
X 2.4 m) and sacrificed 1 d after handling to de-
termine baseline levels of hemorrhages attribut-
able to handling or natural occurrences from the
hatchery environment. Raceway water tempera-
ture was monitored hourly with a recording ther-
mograph during both trials.

Necropsies and injury ratings.—Before necrop-

- sy, all rainbow trout were given an overdose of

tricaine methanesulfonate. To minimize bleeding
during necropsy, in 1996 we cocled specimens
(Reynolds 1996) by refrigerating them for 24 h;
in 1998 we chilled the fish in a freezer 6 h. The
left and right sides of specimens were filleted flush
with the spinal column using an electric knife, and
both fillets and the skeleton section were washed
to remove any fresh blood. Each fillet and skeletal
section was backlighted with a 60-W light bulb to
increase hemorrhage visibility. For consistency,
one of us filleted all study fish and the other eval-
uated all injuries during both trials. We ranked all
observed hemorrhages for each fish on a scale of
0 to 3, where 0 = no hemorrhage, 1 = wound
separate from spine, 2 = wound on spine less than
or equal to the width of two vertebrae; and 3 =
wound on spine greater than the width of two ver-
tebrae (Reynolds 1996). Hemorrhage data were re-
corded two ways. First, the total number of hem-
orrhage injuries observed for each individual rain-
bow trout was recorded. Second, as in past studies
(e.g., Fredenberg 1992; Reynolds 1996), an overall
hemorrhage rating was assigned to each fish, based
on the largest individual hemorrhage injury ob-
served.

Data analysis.—To assess the rate of healing,
we evaluated total injuries present over time. Mor-
talities were not necropsied or included in the anal-
ysis because they died before the designated date
of sacrifice, and any hemorrhages present did not
have as much time to heal as surviving fish in the
test lot. To compensate for unequal sample sizes
resulting from mortalities and differences in orig-
inal lot sizes, the mean number of injuries per
necropsied fish was calculated for each sampling
date. The rate of healing for any period was cal-
culated using the equation: H = 100 X (Ny — Ny,)/
N, where H = percent injuries healed, N; = mean
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number of injuries per fish observed 1 d after ex-
posure, N, = mean number of injuries per fish
observed at time ¢.

Because the DC and PDC trials were conducted
in different years and involved different fish sizes,
temperatures, and power densities (Reynolds 1996),
we did not attempt to statistically compare initial
injury or healing rates for the two waveforms.

The proportion of fish in a test lot with one or
more hemorrhage injuries was calculated for both
shocked groups at each period. Binomial confi-
dence limits were constructed for these propor-
tions using the standard approximation formula of
Zar (1974). The low injury rate observed in control
samples for both DC and PDC trials did not allow
for this approximation. Confidence limits in these
instances were calculated using the more complex
formula of Fleiss (1981) for binomial proportions
approaching zero. Simple linear regression was
used to separately assess the DC and PDC data for
a relationship between time (days postshock) and
mean injuries per necropsied fish. We compared
observed slopes to zero to determine statistical sig-
nificance (Zar 1974).

Results
Direct Current

We initially observed high numbers of hemor-
rhages and a rapid decline in incidence during the
5-week period. Only two control fish (4.1%) had
hemorrhages, both level 1. Because this back-
ground rate was low, we did not adjust the treat-
ment injury rates and thus present treatment injury
rates with the knowledge that they contain a neg-
ligible number of hemorrhage injuries not related
to electrofishing. In contrast to the low control
injury rate, at 1 d postshocking, 86.1% of the fish
exposed to DC had visible hemorrhages (Table 1).
Hemorrhages per fish averaged 1.86, reaching a
maximum of 5 injuries in one fish.

Initially, the majority of injuries were level 2.
However, level-3 injuries observed per fish in-
creased by 164% from day 1 to day 15 post-
shocking, whereas numbers of level-2 injuries de-
clined by 43% during the same period (Figure 1).
Thus, level-2 hemorrhages appeared to transition
to level 3 during the initial 2 weeks postshocking.
In addition, the amount of myomere tissue infused
with blood in level-3 injuries increased substan-
tially from 1 to 15 d postshocking. By day 15,
coloration of all hemorrhages changed from bright
red to duller shades of red and brown, with outside
edges of many injuries growing faint.
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By the end of the evaluation, there were marked
reductions in all levels of injury in the DC test
(Figure 1). The total number of injuries per fish
began to decline markedly by 15 d postshocking,.
By the completion of the test at 36 d postshocking,
there was a 78.0% reduction in total visible hem-
orrhages (Table 1). There was a highly significant
(P = 0.003) negative relationship between injuries
per fish in test lots and days postshock (Figure 2).
Time explained 95% of the variation in injuries
observed per fish (Figure 2). In all, 1.8% of the
502 trout exposed to DC died during the 36-d hold-
ing period. Water temperatures during the DC trial
averaged 11.7°C.

Pulsed Direct Current

At 1 d postshocking, 81.6% of the fish exposed
to PDC exhibited hemorrhages compared with
only 1.9% of the control fish (1 of 53). Again,
because of the low injury rate among controls,
observed injury rates were not adjusted. Compared
with DC, the PDC test group initially had a lower
mean injury rate per fish, 1.45 at 1 d postshocking.
As in the DC trial, we observed an increase
(58.6%) in the number of level-3 injuries and a
decrease in level-2 injuries (29.1%) 8 d after
shocking, compared with the initial 1-d levels
(Figure 1). However, healing occurred more rap-
idly compared with the DC trial; total injuries de-
clined sharply at 15 d postshock (Table 1). By 57
d postexposure, a 92.4% reduction in the total vis-
ible hemorrhages per fish occurred. There was a
highly significant (P = 0.01) negative relationship
between injuries per fish and days postshocking;
time explained 75% of the variation in injuries
observed per fish (Figure 2). Examination of the
graphic PDC data (Figure 2) suggests that the ac-
tual relationship between mean injuries per fish
and time is not strictly linear and that healing rate
slows with time. An exponential curve produced
a stronger fit, explaining 93% of the variation (¥
= 1.5¢70.0521x) Of the 708 rainbow trout exposed
to PDC, 1.1% died during the 57-d holding period.
Raceway water temperatures during the PDC trial
averaged 14.5°C.

Spinal Injury

Evaluation of spinal injury healing was not a
primary objective of this study. However, we ob-
served spinal injuries including vertebral com-
pressions and fractures during necropsies. Depo-
sition of white connective tissue, fusing, and
smoothing over fractured areas was readily ap-
parent by 36 d in 1996 and 29 d in 1998. The
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TABLE [.—Injury and healing rates of electrofishing-induced hemorrhage injuries in hatchery rainbow trout exposed
to DC and pulsed direct current (PDC); CI = confidence interval.

Mean
Sample . : number
and C{; ys Mortal- Number of fish by injury level® Injury rate injuries/ Percent
postshock ities® N ¢4} 1 2 3 Percent 95% CI1 fish healed®
DC
Test
1 0 101 14 10 56 21 86.1 7.0 1.86 —_
8 2 98 6 6 51 35 93.9 4.0 1.83 1.6
15 3 97 10 4 30 53 89.7 5.4 142 23.7
22 1 99 33 3 29 34 66,7 9.4 0.86 53.8
36 3 98 63 2 18 15 35.7 9.7 041 78.0
Control
1 0 49 48 2 0 0 4.1 2.8 0.02 —_
PDC
Test
1 0 103 19 3 63 13 81.6 8.0 1.45 —_—
8 1 100 24 7 26 43 76.0 8.5 1.42 2.1
15 0 100 45 2 24 29 55.0 99 0.61 57.9
22 1 100 66 3 17 14 34.0 9.5 0.37 74.5
29 | 101 76 3 11 11 24.8 8.6 0.32 77.9
43 5 96 85 0 1] 0 11.5 6.6 0.11 02.4
57 O 100 89 0 10 1 11.0 6.3 0.11 92.4
Contraol
I 0 53 0 0 1 0 1.9 0.6 0.02 —

2Not used in analysis because any hemorrhage present did not have as much time to heal as survivors in a lot.
b Overall ranking based on the largest individual hemorrhage in each rainbow trout.
¢ Percent healed, calculated as the percent decline in mean injuries per fish from 1 d postshock.

smoothing and fusing of fractured areas was not
observed 1 week before these dates in either the
DC or PDC trial.

Discussion

To our knowledge, this is the first study that
evaluates longevity and healing of electrofishing-
induced hemorrhages in rainbow trout muscle.
Hemorrhages occur through rupturing of blood
vessels (Reynolds 1996), but our data suggest that
healing begins soon after injury. The blood pro-
gressively diffused into adjacent muscle tissue,
causing the injury to become enlarged, eventually
dissipating. Although this observation is entirely
descriptive and not based on the same individual
fish, the process was readily apparent when ob-
serving the treatment lots temporally. Future stud-
ies should document the healing process with his-
tological samples collected from injuries during
each time period.

A purpose of this study was to document how
leng electrofishing hemorrhages persist in rainbow
trout. For the two waveforms, we observed small
(1.6-2.1%) declines in total number of injuries per
fish by 8 d postshocking and a much larger decline
(23.7-57.9%) by 15 d postshocking. Assuming the
temporal difference in injuries observed per fish

represents the healing rate, the majority of injuries
healed by 22 d postshocking for both waveforms
(Figure 2). Based on the 1996 results, we exposed
two additional groups of fish to injury in 1998,
This was to extend the observation period and
hopefully document the healing of all injuries. By
the end of 8 weeks (57 d) postshock, we classified
11.0% of the fish as injured (¥ = 100); 9 of the
11 injuries, however, appeared solely as light gray
discolorations in the muscle bundles. Histological
examination of specimens from three of these fish
indicated that these arcas were made up of break-
down products of red blood cells and macrophages
mobilized to clean up necrotic tissue (K. Johnson,
Idaho Department Fish and Game, personal com-
munication). We believe the gray tissues were the
last vestiges of the original injury. They were typ-
ically adjacent to obvious spinal injuries, which
had also healed, as evidenced by fusion of two or
more vertebrae. The gray tissues were quite faint,
difficult to see, and did not resemble the classic
red hemorrhages in myomeres that were typical of
those observed in preceding weeks. We cannot
conclusively define the time necessary for the
complete healing of all injuries in the study, but
our results suggest a likely time frame of 9-12
weeks.
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FIGURE 1.—The mean number of electrofishing induced hemorrhage injuries observed in hatchery rainbow trout
exposed to DC or pulsed direct current (PDC) at various time intervals. Description of injury rating criteria (levels

1-3) is provided in the text,

There are several additional limitations to this
study. These include the use of hatchery fish. Stud-
ies on wild rainbow trout might produce different
healing rates. A similar study on wild rainbow
trout would be problematic, however, requiring
some type of sampling scheme involving large
numbers of wild fish of similar length, sampled in
their natural habitat, and held in an artificial en-
vironment, perhaps a pond (e.g., Dalbey et al.
1996) or artificial stream channel that can be
drained without resampling via electrofishing or
seining. Because wound repair can be delayed or

inhibited in fish on altered diets (Halver et al.
1969), such an approach could also yield artificial
results. Further, it seems reasonable to suspect that
different temperatures might result in faster or
slower repair of blood vessel injuries. The trials
conducted in this study had modestly different
mean temperatures, but differences in waveforms
and power density exposures precluded evaluation
of temperature effects.

If future researchers evaluate hemorrhage heal-
ing rates over time they will be faced with a two-
dimensional versus three-dimensional classifica-
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FIGURE 2.—Simple linear regressions of time (days postshock) versus injuries observed per necropsied hatchery
rainbow trout shocked with DC or pulsed direct current (PDC).

tion dilemma. Based on our classifications, the
number of level-3 injuries increased during the
initial 2—-3 weeks and then declined. We believe
this occurred as a result of level-2 injuries spread-
ing to level-3 injuries as the blood diffused out-
ward into the myomeres away from the spinal col-
umn following initial blood vessel ruptures. In
these cases, the hemorrhages began at a vertebrae
and sometimes became quite long, often well
above the length criteria for a level-3 injury
(wounds >2 vertebrae widths). However, much of
this elongation did not occur on the spine (the other
criteria for a level-3 injury). Rather, injury elon-
gation occurred from near the spine outward along
individual muscle fibers towards the skin. Because
there was no precedent for this rating dilemma,
we opted to rate such injuries as level 3.

The change in injury ratings over time suggests
that subjectivity is an important limitation of the
0-3 hemorrhage rating scale currently employed.
Given the scale descriptions, we could easily have
placed some injuries into several categories, even
when completing necropsies on trout 1 d postsh-
ocking. For example, many of the hemorrhages we
classified as level 2 were band-like in nature, ex-
tending from myomeres up or down to the edge
of the spine. Such injuries would have been clas-
sified as level 1 by another researcher because the

injury did not occur directly on the spine (J. Reyn-
olds, Alaska Cooperative Fish and Wildlife Re-
search Unit, personal communication).

Arbitrariness is an additional limitation with the
current hemorrhage rating scheme. Reynolds
(1996) noted these ratings are not linear measure-
ments, and their actual relation to fish health has
not been established. In fact, nothing is known
about the appropriateness of the 0-3 scale because
after the fish has been necropsied, it is impossible
to associate various levels of hemorrhage injuries
with subsequent levels of mortality or growth
(Thompson et al. 1997). Although the limitations
of the scale are apparent to anyone who has used
it, the rapid healing of most injuries may render
these concerns moot.

Hemorrhage injury rates in our tests are higher
than rates reported in most field studies (Sharber
and Carothers 1988; Holmes et al. 1990; Freden-
berg 1992; McMichael 1993; Hollender and Car-
line 1994). Typically, field conditions result in
most fish being exposed to increasing electrical
stimulus as they enter the electrical field and mov-
ing towards the electrode. In our study all fish were
instantaneously exposed to high field intensity in
a small dip net. The instant exposure to high field
intensity may have caused the higher levels of in-
jury (Reynolds, personal communication}. To con-



736

duct this study it was necessary to induce high
levels of hemorrhage injury to facilitate subse-
quent observations of healing. Thus our overall
injury levels should not be considered reflective
of field conditions.

If hemorrhage injuries are short term and do not
represent a long-term detrimental impact to the
fish, biologists may need to reevaluate criteria for
reporting hemorrhage injuries related to electro-
fishing. Based on a review of several studies
(Holmes et al. 1990; Fredenberg 1992; McMichael
1993; Hollender and Carline 1994), it appears that
hemorrhage injuries constitute about half of the
total injuries being reported. The practice of com-
bining hemorrhage and spinal injury ratings, as has
often been done in the past, assumes such injuries
have equivalent impacts on growth and survival
of the injured fish, an unlikely proposition. Be-
cause of their apparent ephemeral nature in hatch-
ery rainbow trout, as reported in this study, we
suggest hemorrhages be reported and analyzed
separately from spinal injuries in future studies.

Acknowledgments

This project was fully supported by funds from
Federal Aid in Sport Fish Restoration, project F-
73-R-20. Our thanks to R. Alsager, D. Baker, and
B. Turik for providing hatchery facilities and
maintaining fish during the experiment. K. John-
son provided postnecropsy tissue evaluation of
hemorrhages. K. Plaster, T. Hamilton, R. Scarpella,
and J. Johnson assisted with electrofishing expo-
sure and necropsy work. L. Mamer assisted with
statistical analysis and necropsies. Jim Reynolds,
Steve Miranda, Mark Gamblin, Steve Moore,
Bruce Hollander, Bob Gresswell, and an anony-
mous reviewer provided constructive comments on
the manuscript.

References

Cowdell, B. R, and R. A. Valdez. 1994, Effects of
pulsed DC electroshock on adult roundtail chubs
from the Colorado River in Colorado. North Amer-
ican Journal of Fisheries Management 14:659—-660.

SCHILL AND ELLE

Dalbey, S. R., T. E. Mahon, and W. Fredenberg. 1996,
Effect of electrofishing puise shape and electrofish-
ing-induced spinal injury on long-term growth and
survival of rainbow trout. North American Journal
of Fisheries Management 16:560-569.

Fleiss, J. L. 1981. Statistical methods for rates and pro-
portions, 2nd edition. Wiley, New York.

Fredenberg, W. 1992, Electrofishing induced spinal in-
juries by field electrofishing surveys in Montana.
Montana Department of Fish, Wildlife and Parks,
Helena.

Halver, J. E., L. M. Ashley, and R. R. Smith. 1969,
Ascorbic acid requirements of coho salmon and
rainbow trout. Transactions of the American Fish-
eries Society 98:762-771.

Hollender, B. A., and R. E Carline. 1994. Injury to wild
brook trout by backpack electrofishing. North
American Journal of Fisheries Management 14:
643-649.

Holmes, R., D. N. McBride, T. Viavant, and J. B. Reyn-
olds. 1990. Electrofishing-induced mortality and in-
jury to rainbow trout, Arctic grayling, humpback
whitefish, least cisco, and northern pike. Alaska De-
partment of Fish and Game, Division of Sport Fish,
Fishery Manuscript 90-3, Anchorage.

McMichael, G. A. 1993, Examination of electrofishing
injury and short term mortality in hatchery rainbow
trout. North American Journal of Fisheries Man-
agement 13:229-233.

Mesa, M. G., and C. B. Schreck. 1989. Electrofishing
mark—recapture and depletion methodologies evoke
behavioral and physioclogical changes in cutthroat
trout. Transactions of the American Fisheries So-
ciety 118:644-658.

Reynolds, J. B. 1996. Electrofishing. Pages 221253 in
B. R. Murphy and D. W. Willis, editors. Fisheries
techniques, 2nd edition. American Fisheries Soci-
ety, Bethesda, Maryland.

Schill, D. J., and K. E Beland. 1995. Electrofishing
injury studies. Fisheries 20(6):28-29.

Sharber, N. G., and S. W, Carothers. 1988. IEnfluence of
electrofishing pulse shape on spinal injuries in adult
rainbow trout. North American Journal of Fisheries
Management 8:117-122.

Thompson, K. G., E. F. Bergersen, and R. B. Nehring.
1997. Injuries to brown trout and rainbow trout
induced by capture with pulsed direct current. North
American Journal of Fisheries Management 17:
141-153.

Zar, J. H. 1974, Biostatistical analysis, Prentice-Hall,
Englewood Cliffs, New Jersey.



