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Abstract
The use of electricity as a method of fish restraint (i.e., electro-immobilization) during field and hatchery opera-

tions has increased recently, and a need exists for field-based assessments of the effects of these techniques on the
postrelease physiology, behavior, and survival of wild fish to develop best handling practices. Two common waveforms
used in electro-immobilization are continuous and pulsed DC (cDC and pDC, respectively). With cDC, fish are immo-
bilized through exposure to a continuous weak current and recover almost immediately once the current ceases. With
pDC, fish are incapacitated via brief exposure to a strong current and often require several minutes to recover (i.e.,
regain equilibrium). Here, we present a comparison of cDC and pDC electro-immobilization techniques and their
effects on the postrelease survival and spawning migration behavior of adult Walleye Sander vitreus in a Lake Erie
tributary. Fish were intracoelomically implanted with acoustic transmitters and then tracked by a network of acoustic
receivers throughout Lake Erie that provided extensive spatiotemporal coverage of posttagging movements. Survival
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did not differ between the two electro-immobilization treatments but was somewhat lower than in a control group con-
sisting of fish tagged several years earlier (e.g., 50-d survival = 69% for the pDC group, 61% for the cDC group, and
90% for control fish). We did not find any plausible or biologically meaningful effects of treatment on downstream
movement or migratory behavior over subsequent months postrelease. Our results suggest that the two electro-
immobilization techniques did not differ in their effects on adult Walleye behavior, but more work is needed to eluci-
date the extent to which electro-immobilization in general contributes to potential decreases in survival versus other
aspects of capture and handling associated with performing surgical procedures.

Advancements in the development and implementation
of electronic tracking methods have revolutionized the
study of behavior in fish (and other aquatic taxa), partic-
ularly as it pertains to acoustic telemetry whereby passive
receiver arrays can provide a relatively cost-effective
means of obtaining large-scale movement data for tagged
fish (Hussey et al. 2015; Crossin et al. 2017). Acoustic
telemetry has been used successfully in a variety of envi-
ronments globally (e.g., Welch et al. 2009; Finn et al.
2014; Hayden et al. 2014; McAuley et al. 2017). Informa-
tion gleaned from large-scale telemetry networks can be
beneficial for conservation initiatives and for informing
fisheries management policies (e.g., quota allocation;
Cooke et al. 2011; Crossin et al. 2017; Krueger et al.
2018), and the development of these large-scale, collabo-
rative research networks is becoming increasingly preva-
lent (e.g., Abecasis et al. 2018; Ellis et al. 2019).
Collection of telemetry data across expansive geospatial
scales provides researchers and resource managers with
valuable insight related to the population dynamics,
behavior, and movements of ecologically and economi-
cally relevant fish stocks.

Electronic transmitters are often surgically implanted
in the coelom of fish, so researchers must capture the
fish, perform a surgical procedure, and release the indi-
vidual in a manner that is efficient and safe for both the
fish and the handler. A broad range of general chemical
anesthetics has been used to immobilize fish before
implanting electronic transmitters, including tricaine
methanesulfonate (MS-222; e.g., Topic Popovic et al.
2012), eugenol (e.g., Guénette et al. 2007), metomidate
(e.g., Mattson and Riple 1989), and benzocaine (e.g., Gil-
derhus 1990). In recent decades, there has been a growing
interest in using electricity to immobilize fish (henceforth,
“electro-immobilization”) as an alternative to traditional
chemical approaches. While experiments involving
electro-immobilization (as distinct from electrofishing)
date back at least as far as the 1970s (e.g., Kynard and
Lonsdale 1975), the 21st century has seen a considerable
amount of attention given to the breadth and applica-
tions of available techniques, as well as comparisons with
chemical anesthesia, in numerous fish species and aquatic
systems (e.g., Chiba et al. 2006; Vandergoot et al. 2011;
Balazik et al. 2013; Gao et al. 2014; Prystay et al. 2017).

Although electro-immobilization methods can vary in
how they are administered and the degree of immobiliza-
tion that is induced, they often result in faster induction
and recovery times (Bowzer et al. 2012; Gause et al. 2012)
as well as comparable or less severe adverse physiological
responses (Trushenski et al. 2012) relative to chemical
anesthetics. Furthermore, fish that undergo electro-
immobilization may be released into the wild immediately
upon recovery, whereas chemical anesthetics usually
(depending on the substance and jurisdiction) have man-
datory postexposure holding periods before the fish are
safe for release into the wild due to the potential for cap-
ture and consumption by fishers; holding periods can
range from 3 to 21 d in the USA (Trushenski et al. 2013).
Such constraints have led a number of researchers and
fisheries professionals to seek alternatives to currently
accepted chemical anesthetics (particularly MS-222),
whether these be other anesthetics, such as eugenol (clove
oil), or electro-immobilization techniques (Zydlewski et al.
2008; Trushenski et al. 2013; Kim et al. 2017; Durhack
et al. 2020). For this reason, electro-immobilization may
be a more desirable and practical immobilization method
for research conducted in field or hatchery settings. Many
welfare-relevant knowledge gaps still remain, however,
and adoption of electro-immobilization as a standard
practice depends greatly on how this technology is per-
ceived by the animal care and ethics committees in various
jurisdictions.

A prototypical list of the stages of electro-
immobilization was formulated by Reid et al. (2019) based
on relevant knowledge garnered from previous experi-
ments (e.g., Vandergoot et al. 2011) and mirroring the
well-known stages of chemical anesthesia for fish as out-
lined by Summerfelt and Smith (1990). In general, two dif-
ferent current types—continuous DC (cDC) and pulsed
DC (pDC)—have been used in fisheries research (e.g., see
Abrams et al. 2018); the types differ in how the electrical
waveform is administered. In brief, cDC is typically
administered as a weak, low-voltage current that is run
through a fish for the duration of the handling procedure
to elicit a near-total loss of equilibrium and muscle relaxa-
tion, which subside upon removal of the current (Jennings
and Looney 1998; Vandergoot et al. 2011). In contrast,
pDC is typically administered through brief or pulsed
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exposure (e.g., 3 s) to a strong, high-voltage current (often
>50–100 V), resulting in total equilibrium loss, muscle relax-
ation, and a recovery period of several minutes after expo-
sure to the current (Vandergoot et al. 2011; Faust et al.
2017). In this sense, the cDC and pDC approaches described
here correspond with the “electroanesthesia” and “electro-
stunning” stages of electro-immobilization as described by
Reid et al. (2019). Both cDC and pDC have been used in the
field to immobilize fish prior to or while implanting acoustic
transmitters (e.g., Hayden et al. 2014; Struthers et al. 2017;
Raby et al. 2018; Faust et al. 2019; Matley et al. 2020; Harris
et al. 2021) and also have been used in hatchery settings.
Anecdotally, it appears that pDC may be used more com-
monly than cDC, especially in aquaculture, where stunning
is much more desirable than lighter forms of immobilization
(Robb and Roth 2003; Erikson et al. 2021), and commercial
electro-immobilization units tend to be developed with this
consideration in mind (e.g., Nguyen et al. 2018). However,
we are unaware of any attempts to compare the effects of dif-
ferent electro-immobilization methods on the behavior and
survival of fish once they have been released as part of a
tracking study. Using a single pDC protocol, Wilson et al.
(2017) found that the capture, tagging, and release process
may elicit some differences in migration behavior among
Walleye Sander vitreus, but these differences may not have
been large enough to be ecologically relevant or meaningful.

The purpose of this experiment was to compare the effects
of cDC and pDC on the postrelease survival and migratory
behavior of adult Walleye implanted with acoustic transmit-
ters in the Sandusky River, Ohio. Detection data provided
by a large-scale passive receiver network maintained
throughout Lake Erie were used to assess (1) survivorship
following release (especially at 20, 50, 100, 200, and 365 d
postrelease) and (2) the number of days required for Walleye
to migrate out of the Sandusky River into Sandusky Bay,
move to areas elsewhere in Lake Erie, and then return to
Sandusky Bay and the Sandusky River in the following year
(2019). We hypothesized that cDC fish would exhibit higher
survival and faster migration rates than pDC fish, since cDC
tends to be less likely to injure fish and allows for faster
recovery (Reid et al. 2019). We also compared survival in
both cDC and pDC treatments to that of Walleye tagged in
2014/2015 and observed in 2016, used as a form of “control”
group for ambient survival rates. Our results are relevant for
researchers developing best practices or simply trying to
decide which of these immobilization methods is best for the
purpose of performing surgery on or for use in sampling of
Walleye or other (primarily freshwater) fishes.

METHODS
Study site and experimental subjects.— The Walleye is

an ecologically and economically important native fish
species throughout North America, including the

Laurentian Great Lakes basin (Hansen et al. 2019; Van-
dergoot et al. 2019; Cahill et al. 2020). Sexually mature
adult Walleye migrate during early spring to spawn in
tributaries or open-water reefs in lacustrine systems
(Raabe and Bozek 2012; Dembkowski et al. 2018), some-
times undergoing significant longitudinal migrations in
large bodies of water (Hayden et al. 2014; Matley et al.
2020). A coolwater and iteroparous species, Walleye
spawn in the early spring and most often when water tem-
peratures average approximately 7–9°C (Bowlby and
Hoyle 2011), though spawning has been documented in
water temperatures as low as 2.2°C and as high as 15.6°C
(Hokanson 1977). After spawning, Great Lakes Walleye
undertake complex inter- and intralake migrations (Hay-
den et al. 2014; Vandergoot and Brenden 2014; Raby et al.
2018). In the current study, all Walleye were collected
from the Sandusky River, a tributary of Lake Erie (Fig-
ure 1) that contains a self-sustaining population (DuFour
et al. 2015), on March 26 (day 1), March 30 (day 2), or
April 2 (day 3), 2018. Walleye were captured during day-
light hours via boat electrofishing gear (Smith-Root 5.0
Generator Powered Pulsator electrofisher; 60 pulses/s, 4–6
A; Smith-Root, Vancouver, Washington). This work was
conducted in adherence to the American Fisheries
Society’s Guidelines for the Use of Fishes in Research (Jen-
kins et al. 2014).

Treatments and experimental protocol.— Prior to the
process of implanting an acoustic transmitter, Walleye
that were assigned to either the cDC or pDC treatment
were handled in the same manner. Fish were randomly
selected from holding tanks and alternately assigned to
the cDC or pDC treatment. After capture, Walleye were
transported to shore and held onshore in large holding
tanks (378 L) supplied with aerated water. Each fish was
measured, sexed, and tagged with an intramuscular exter-
nal tag (FT-4 Lock-on; Floy Tag and Manufacturing,
Inc., Seattle) located near the posterior edge of the second-
ary dorsal fin. Each fish’s age was estimated using year-
and sex-specific age–length keys via the methods described
by Isermann and Knight (2005) and implemented in the
FSA (Fisheries Stock Analysis) package (Ogle et al. 2021).
For the cDC treatment, cDC was administered to Walleye
via a transcutaneous electrical nerve stimulation (TENS)
unit (MAXTENS 1000; Bio Protech, Chino, California)
consisting of a power supply box and electrode leads.
Prior to implanting the acoustic transmitters, Walleye
were placed supine on a surgical board with two anode
(+) electrodes placed toward the head and two cathode
(−) electrodes near the tail of the fish; electrodes were held
in place by the mass of the fish and a surgical assistant
wearing latex gloves. Electrical intensity was increased
incrementally until fish were immobilized and unrespon-
sive to tactile stimulation, at which point surgery com-
menced. Electrical intensity is coarsely controlled on the
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TENS unit, where output ranges from 0 to 80 mA.
Although the exact intensity varied by fish and was not
recorded, in the current study the unit was typically set
between 20 and 40 mA. A Smith-Root Portable Electrose-
dation System (PES) unit was used to immobilize Walleye
with pDC. The PES unit consists of a battery-operated
power supply box, which regulates the type, intensity, and
duration of pDC administered, and an exposure chamber
(1.0 × 0.4 × 0.4 m) with an anode and a cathode mounted
on opposing ends. Walleye were placed in the exposure
chamber, oriented toward the anode and perpendicular to
the electrode plates. Fish were exposed to 3 s of pDC (30
V, 100 Hz, and 25% duty cycle) similar to the method
described by Vandergoot et al. (2011). After being exposed
to the pDC via the PES unit, fish were placed supine on a
surgical board as previously described. For both electro-

immobilization treatments, fish received a constant supply
of freshwater throughout the duration of the surgery.

An acoustic transmitter (Innovasea V16-4H; diameter =
16mm, length = 68 mm, weight = 24 g, estimated battery
life = 4.5 years, power output = 158 dB; Innovasea,
Halifax, Nova Scotia) was surgically implanted into the
coelom of each fish following the methods described by
Hayden et al. (2014) and Schoonyan et al. (2017). Briefly,
after an incision (~2–3 cm) was made with a scalpel along
the midline of the abdomen in-line or slightly posterior of
the pelvic fins, a sterilized transmitter was inserted into
the coelom and the incision was closed with two or three
interrupted sutures (Ethicon PDS II; Johnson and John-
son, New Brunswick, New Jersey; Schoonyan et al. 2017).
After the surgery was completed (generally <180 s), fish
were allowed to regain equilibrium in a container supplied

(A)

(B)

FIGURE 1. (A) Map of Lake Erie, with individual receiver stations active between January 1, 2018, and December 31, 2019, shown as white circles.
The Sandusky River (black arrow) and Sandusky Bay (gray double-arrow) are visible near the bottom left corner of the map. Inset shows the lake’s
location within North America. (B) Receivers that were used to assess Walleye migration checkpoints within the Sandusky River and Sandusky Bay at
which detections were recorded are shown; receivers in broader Lake Erie are not shown. Both the SBT array (blue hexagons) and the SDB array
(green circles) were considered to represent Sandusky Bay, while the LSR array (purple diamonds) was considered to represent the Sandusky River.
The black arrow near the southwest corner of the map denotes the release location.
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with fresh river water prior to release. After release, the
movements of acoustically tagged fish were monitored by
a large network of passive acoustic receivers maintained
by the Great Lakes Acoustic Telemetry Observation Sys-
tem (GLATOS; Krueger et al. 2018; Matley et al. 2020)
that were stationed throughout the Sandusky River (i.e.,
immediately downstream of the release location) and Lake
Erie. Fish were released at approximately 41.351747°,
83.107060°.

Assessment of postrelease survival.— The number of
days postrelease at which fish were considered dead was
based on transmitter detections and evidence of movement
from the GLATOS acoustic receiver network (Figure 1A).
Fish were censored if they were either harvested during
the observation period (with censoring occurring on the
number of days postrelease at the time of harvesting) or if
they survived beyond 365 d (at which point they were
right-censored). For those that were not harvested, fish
were assumed to be alive until one of the following events
was observed and considered to be a mortality: (1) the
total cessation of detections after clear evidence of move-
ment; (2) the beginning of a gap in detection history span-
ning at least 4 months (the greatest gap we observed in
detection data for fish that were still clearly alive after the
gap), with no clear evidence of movement; or (3) the
beginning of a long string of detections at one or very few
adjacent receivers (e.g., ≥3 months; interpreted as a dead
fish or a tag resting on the bottom near the receivers),
with no subsequent evidence of movement.

To include an estimate of natural survivorship (of fish
as a “control” group), the same criteria described above
were applied to Walleye into which acoustic transmitters
were implanted in 2014 or 2015 and recorded over a 1-
year observation period beginning in spring 2016. We used
detections between spring 2016 and spring 2017 because
by 2018, there were too few of these fish remaining with
functioning transmitters to allow for meaningful compari-
son. Similar to the process described earlier (i.e., with
respect to collection and handling), control fish were
immobilized with pDC in a similar fashion as the current
study; therefore, the survival of individuals over subse-
quent years should be more reflective of natural and fish-
ing mortality processes as opposed to the effects
associated with being immobilized with cDC or pDC.
Thus, we assumed that the postspawn movement and sur-
vival of fish released in 2014 and 2015 (i.e., 2 years and 1
year postsurgery, respectively) were not associated with
electro-immobilization because enough time had passed
for them to fully overcome any effects of capture, han-
dling, and surgery (Wilson et al. 2017). Since these fish
were “released” in 2014 or 2015, the second release day
and month for cDC/pDC fish (March 30, which fell evenly
between day 1 and day 3) was assigned as the “postre-
lease” date used to score the relative timing of any

mortality events in the control group. Only fish that were
considered alive in the Sandusky River during spring 2016
were included in the control group. Fish sizes by treat-
ment and sex are listed in Table 1.

Fish in the cDC and pDC groups did not differ signifi-
cantly in age at the time of tagging (2018; P = 0.858;
Figure 2). However, control fish age estimates were signifi-
cantly higher than those for fish in the cDC and pDC
groups, both during the observation period (2016;
P< 0.0001 [cDC and pDC]) and at the time of tagging
(2014/2015; P= 0.001 [cDC] and P= 0.0001 [pDC]).

Egress times and 2019 migration checkpoints.—Down-
stream egress time was quantified as the number of days
taken to reach certain “checkpoints” (or acoustic receiver
stations) in the typical postspawn migration route (Figure
1B). We calculated the number of days postrelease for
individuals to reach the following checkpoints along their
postspawn migration route: the last detection within the
lower Sandusky River, the first detection within Sandusky
Bay, the last detection within Sandusky Bay, and the first
detection within broader Lake Erie. In addition, check-
points for the spring migration in the following year
(2019) were also quantified to evaluate the possibility of
long-term effects of the electro-immobilization treatments.
This consisted of identifying each fish’s last detection
within Lake Erie, the first detection back in Sandusky
Bay, the last detection within Sandusky Bay, and the first
detection back in the lower Sandusky River. No values
were assigned for 2019 checkpoints if the fish had previ-
ously died, and the number of days taken to enter and
leave broader Lake Erie was likewise unquantifiable for a
small number of fish that remained in Sandusky Bay until
the 2019 spawning period.

Statistical analyses.—Analyses of all telemetry data
were performed in RStudio version 1.2.5033 (RStudio
Team 2020) with R version 3.6.2 (R Core Team 2019).
Preliminary cleaning of the detection data was conducted
using the package “glatos” version 0.3.1 (Holbrook et al.
2019). False detections were filtered out from the data by
identifying and removing all detections that occurred
at least 3,600 s (the mean nominal delay of each tag

TABLE 1. Walleye size distributions at the time of tagging for
continuous-DC (cDC) and pulsed-DC (pDC) treatments (2018) and the
control group (2014/2015), including sex-specific values.

Treatment Initial n Mean TL ± SE (mm)

cDC 44 (22 female;
22 male)

518± 7 (F: 538± 10;
M: 499± 9)

pDC 48 (28 female;
20 male)

509± 6 (F: 519± 8;
M: 495± 8)

Control 31 (24 female;
7 male)

578± 11 (F: 595± 12;
M: 519± 12)
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[120 s] × 30 signal transmission intervals) away from
(before or after) any other detections of the same tag on
the same receiver (Pincock 2012). This was conducted
using the false_detections() function and resulted in the
removal of 12,078 detections (0.37%) from a total of
3,272,026 detections within the data set containing the
cDC and pDC fish detections. For the entire data set con-
taining cDC and pDC detections and those from the con-
trol group fish, 31,503 detections (0.41%) were removed
from a total of 7,613,229 detections.

Survival of cDC, pDC, and control group fish was
analyzed by estimating Kaplan–Meier curves using the
survfit() function from the “survival” package (Therneau
2021), with treatment included as the sole predictor vari-
able. Due to sample imbalances and instances of perfect
multicollinearity, sex was not included as a predictor vari-
able. Treatment effects were analyzed using the survdiff()
function from “survival,” and survival curves were plotted
using ggsurvplot() from the “survminer” package (Kas-
sambara et al. 2021). Based on the plotted survival curves,
logistic regressions were performed on survival at 20, 50,
100, 200, and 365 d postrelease for each treatment by
using the base glm() function with a binomial error distri-
bution and analyzed with the Anova() function from the
“car” package (Fox and Weisberg 2019) and the
emmeans() function from the “emmeans” package (Lenth
2020) for post hoc comparisons of differences in survival
between treatments at specific time periods.

The times taken to reach each migration checkpoint
(leave the Sandusky River, arrive in Sandusky Bay,
arrive in Lake Erie, return to Sandusky Bay, and return
to the Sandusky River) were fitted with generalized lin-
ear mixed models with a Poisson error distribution.
Model selection using Akaike’s information criterion cor-
rected for small sample size (AICc) was performed with
the dredge() function from the “MuMIn” package (Bar-
ton 2019) on a global model containing treatment,
migration checkpoint, sex (plus the two- and three-way
interactions of these three terms), and fish length as fixed
effects and individual fish identity as a random effect.
However, no model averaging was performed since only
one model had an AICc difference (ΔAICc) of 2 or less
(Table 2). This model was analyzed using the Anova()

function, and a likelihood ratio (LR) χ2 test was used to
evaluate the influence of random effects. A full list of
models with AICc selection statistics is provided in Sup-
plement 1 (available in the online version of this article).
Post hoc analyses, asymptotic 95% confidence interval
generation, and plotting for migration models and data
were conducted using estimated marginal means via the
emmeans() and emmip() functions from the “emmeans”
package.

RESULTS

Postrelease Survival
Overall, the postrelease survival of control fish and

Walleye that were immobilized with pDC and cDC (Fig-
ure 3) was significantly different (log rank χ2 = 7.03, df =
2, P= 0.030). Focusing on specific time points of interest
(20, 50, 100, 200, and 365 d postrelease) also revealed sig-
nificant differences in survival among treatment groups
corresponding with visible trends in particular time win-
dows (Figure 3). Survival was over 90% for control fish
for the first ~130 d and decreased to roughly 75% for the
remainder of the year (Figure 3). Within 50 d postrelease,
survival rates for pDC and cDC fish declined rapidly
before stabilizing for the remainder of the year (Figure 3).
Survival was significantly different among treatments at
50 d (LR [likelihood ratio] χ2 = 8.87, df = 2, P= 0.012),
100 d (LR χ2 = 15.99, df = 2, P< 0.001), 200 d (LR χ2 =
8.99, df = 2, P= 0.011), and 365 d (LR χ2 = 8.34, df = 2,
P= 0.015) postrelease but not at 20 d postrelease (LR χ2

= 3.42, df = 2, P= 0.181). At none of these times were
the survival rates of cDC and pDC fish significantly differ-
ent from one another (all P≥ 0.192). Rather, significantly
lower survival rates were observed in the cDC treatment
relative to the control group at 50 d (P= 0.025), 100 d
(P = 0.002), 200 d (P = 0.016), and 365 d (P= 0.020) post-
release. Differences in survival between the pDC treatment
and the control group were lesser and not statistically sig-
nificant (0.055<P < 0.086 at 50, 100, 200, and 365 d), yet
the trend in survival for the pDC group remained more
similar to that of the cDC group than to that of the con-
trol (Figure 3).

TABLE 2. Summary of model selection outputs for Walleye migration data analyses, showing models with Akaike weights (Akaike’s information cri-
terion corrected for small sample size [AICc]) greater than approximately zero. Full outputs are available in Table S1. The fixed effects included in
each model are listed; all models included fish identity as a random effect. An asterisk denotes the inclusion of individual terms plus all two- and
three-way interaction terms. Degrees of freedom, log likelihood (log[L]), AICc, AICc difference (ΔAICc), and Akaike weights are provided.

Model Fixed effects df log(L) AICc ΔAICc Akaike weight

M1 Checkpoint*Treatment*Sex, Length 22 −1,734.6 3,517.61 0.00 0.742
M2 Checkpoint*Treatment*Sex 21 −1,736.84 3,519.73 2.12 0.258
Other models ≥3,706.15 ≥188.54 ≤0.001
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Downstream Movement and Movement during the
Following Spawning Season

Significant one-way interactions existed among treat-
ment, migration checkpoint, and sex (P< 0.0001; Table 3;
Figure 4). Females in both treatments did not differ in the
average time needed to leave the Sandusky River (pDC:
20.5 d; cDC: 20.7 d; P= 0.942) or to enter Sandusky Bay
(pDC: 42.0 d; cDC: 42.8 d; P= 0.867). Females in the
cDC treatment took longer than those in the pDC treat-
ment to be detected outside of Sandusky Bay (pDC: 128.2
d; cDC: 161.1 d; P= 0.020); however, both treatments
returned at around the same time to Sandusky Bay (pDC:
253.2 d; cDC: 239.3 d; P= 0.557) and the Sandusky River
in 2019 (pDC: 325.2 d; cDC: 315.0 d; P = 0.733). Males
tended to exhibit more pronounced differences between
treatments in the time taken to reach later migration
checkpoints. No significant differences were observed
between the mean number of days at which males in
either treatment left the Sandusky River (pDC: 28.5 d;
cDC: 24.2 d; P= 0.169) or entered Sandusky Bay (pDC:
41.5 d; cDC: 35.6 d; P= 0.179). However, males in the
cDC treatment typically migrated elsewhere in Lake Erie
sooner than those in the pDC treatment (pDC: 99.3 d;
cDC: 68.3 d; P= 0.002) and took longer to re-enter both
Sandusky Bay (pDC: 253.4 d; cDC: 346.1 d; P = 0.005)
and the Sandusky River (pDC: 265.2 d; cDC: 374.6 d;
P= 0.002) in 2019. Return times in 2019 were more con-
sistent between females of each treatment (P> 0.55),
except that female fish in the cDC treatment took longer
on average to be detected outside of Sandusky Bay than
those in the pDC treatment (P= 0.020; Figure 4).

DISCUSSION
Contrary to our hypothesis, postrelease survival did not

differ between fish that were immobilized with cDC and
those immobilized with pDC; however, relative to the con-
trol group, the lower survival rates observed for the cDC
and pDC treatments, particularly over the first approxi-
mately 100 d (which did not occur nearly as drastically in
the control group), indicate that a combination of capture,
short-term captivity, electro-immobilization, and surgery
decreased initial survivorship. During the first 7 d postre-
lease, overall survival was high (>96%), which was similar
to the results of Vandergoot et al. (2011), who reported
100% survival of Walleye immobilized with pDC and
cDC over a 5-d recovery period in captivity (i.e., discount-
ing one individual that died during exposure to the electric
current), although those fish did not undergo any surgical
procedures. In many species, survival rates after electro-
immobilization have most often been quantified over a 24-
h period and are typically about 100% (e.g., Kim et al.
2017). A few laboratory investigations of survival rates
over 2–3 weeks have observed 100% survival rates in some

FIGURE 3. Kaplan–Meier survival curves for Walleye in the control
group (solid line; 2016), pulsed-DC (pDC) group (dashed line; 2018), and
continuous-DC (cDC) group (dotted line; 2018) after release. Vertical
bars on each curve denote censoring, and 95% confidence intervals are
shown as shaded areas surrounding each curve. Vertical dotted lines
indicate points in time selected for logistic regression analyses (20, 50,
100, 200, and 365 d postrelease), with an asterisk placed on lines where
significant differences (P< 0.05) were observed between treatments in
logistic regression.

FIGURE 2. Mean estimated ages (years) for Walleye in each group
during 2018, based on year- and sex-specific age–length keys (following
methods described by Isermann and Knight [2005] and implemented in
the FSA package [Ogle et al. 2021]). For fish in the continuous-DC
(cDC) and pulsed-DC (pDC) treatments, values are estimated ages at the
time of tagging (2018); for control fish, values are estimated ages at the
time of tagging plus 1 or 2 years (for fish tagged in 2015 and 2014,
respectively) for approximate age during the observation period in 2016.
Lowercase letters denote significant differences between groups (P<
0.0001).
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fishes, such as the Striped Bass Morone saxatilis (Jennings
and Looney 1998) and Lake Trout Salvelinus namaycush
(Faust et al. 2017). A similar approach to the pDC
method used in this study was used to immobilize Lake
Whitefish Coregonus clupeaformis and Lake Trout in Lake
Erie; 1-year postrelease survival was high (>82%) for both
species (C.S.V., unpublished data). Any negative impacts
on survival that could be attributed to treatment would
seem most likely to manifest later within the first 50 d
after electro-immobilization, when the sharpest decrease in
survival was observed. However, we cannot fully separate
the relative contributions of electro-immobilization treat-
ments, handling stress, energy expenditure from spawning
activities, and infection or disease at the surgery site to the
gradual decrease in survival beyond this timeframe. Hay-
den et al. (2014) reported that about 64% of Walleye (i.e.,
immobilized with pDC, tagged, and released using a simi-
lar protocol) returned to the same spawning grounds the
following year, although it is unknown exactly how many
of the remaining 36% had actually died because of tagging
rather than other factors or had simply not returned for
other reasons (e.g., skipped spawning).

There are inherent challenges with using a control
group in the manner we did here. Notably, even at the
time of tagging, the mean size and age of fish in the con-
trol group were greater than those of fish in the cDC and
pDC treatments. Natural mortality tends to decrease with
size and age (i.e., larger and older fish may be more likely
to survive a given year than smaller and younger fish;

Hansen et al. 2011; Vandergoot and Brenden 2014). For
instance, Vandergoot and Brenden (2014) reported mean
annual survival estimates of approximately 60–70% for
age-4 and younger Walleye and about 73–87% for age-5
and older Walleye in Lake Erie, while in a data set span-
ning 1980–2015, estimated survival of age-2 and older
Walleye varied between approximately 56% and 70%
(Lake Erie Walleye Task Group 2015). Control fish were
older at their times of tagging than the cDC and pDC fish
tagged in 2018. Because we quantified survival in control
fish 1–2 years after tagging (i.e., fish were tagged in 2014
and 2015), the fish in that group were therefore even
larger and older on average than the cDC and pDC fish
tagged in 2018, which might also have contributed to ele-
vated survival rates in the control group. Indeed, 29 con-
trol fish (~93.5%) were age 5 or older during the 2016
observation period, while only 6 pDC fish (12.5%) and 7
cDC fish (~16%) were age 5 or older in 2018. Since the
survival data for our control group had to be collected
from a different year, we were likewise unable to account
for variation in seasonal or year-to-year stressors, such as
temperature, extreme weather events (e.g., river discharge),
or fishing pressure, which may have influenced our treat-
ment groups and the control group in different ways. Sim-
ilar to other iteroparous species, Walleye have metabolic
and bioenergetic adaptations that promote postspawn sur-
vival (McBride et al. 2015) but that are absent in semelpa-
rous migratory species (e.g., Sea Lamprey Petromyzon
marinus and Pacific salmon Oncorhynchus spp.); however,

TABLE 3. Results from analyses of the generalized linear mixed model used for Walleye migration behavior as shown in Table 2. For fixed effects,
the coefficient for length (the only linear covariate) is shown, as are Wald’s χ2, df, and P-values. For random effects (fish identity), the variance is pro-
vided along with log likelihood (log[L]), likelihood ratio (LR) χ2, df, and P-value from comparison with a generalized linear model (GLM) with the
same fixed effects.

Model Fixed or random effect
Coefficient
(linear) χ2

Random effects
variance log(L) LR χ2 df P

Fixed effects
M1 Treatment 0.13 1 0.716

Checkpoint 3,655.22 4 <0.0001
Sex 0.45 1 0.505
Length −1.781 4.65 1 0.031
Treatment ×
Checkpoint

41.23 4 <0.0001

Treatment × Sex 0.09 1 0.770
Checkpoint × Sex 429.58 4 <0.0001
Treatment ×
Checkpoint × Sex

195.81 4 <0.0001

Random effects
M1 0.072 −1,734.6
Versus

GLM
−2,109.0 748.76 1 <0.0001
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we cannot rule out that any handling stressors (including
electro-immobilization) may have had more severe effects
during the spawning period than at other times of year
since energy reserves had been depleted during the winter.
The effects of electro-immobilization on immune function
in fish remain poorly studied, but there is some evidence
of impaired immune function lasting at least 24 h after
electro-immobilization in Rainbow Trout O. mykiss (Mir-
zargar et al. 2011) and Common Carp Cyprinus carpio
(Monsef Rad et al. 2016). Mortalities that occurred by 50
d postrelease might therefore be at least partially attribut-
able to increased susceptibility to infection and disease.
Additional research is needed to understand the long-term
consequences of electro-immobilization given the uncer-
tainty associated with the control group used here.

Without some form of immobilization, the acoustic
transmitters necessary to track fish in the present study
are impossible to humanely implant into fish in such a
way as to maximize fish welfare. Although our control
group provided an estimate for ambient survival after

spring spawning, there are still factors for which we could
not account, such as year-to-year variation in environmen-
tal influences. In terms of survival, our results suggest that
neither of the electro-immobilization methods applied here
is more suitable than the other for carrying out intracoelo-
mic tag implantation surgeries or similar procedures on
adult Walleye. Likewise, the lack of differences in down-
stream egress time and other migratory behaviors in the
summer and autumn of 2018 (residency in Sandusky Bay
versus out-migration to broader Lake Erie, etc.) between
cDC- and pDC-immobilized Walleye does not give reason
to promote one method of electro-immobilization over the
other in this context. However, researchers must consider
which method is most appropriate for their study objec-
tives and logistics in the field. For instance, Walleye in the
pDC treatment required longer recovery periods than did
individuals in the cDC treatment. Generally, fish need
only a few seconds at most to regain equilibrium and
behavioral control following immobilization with cDC,
whereas pDC is associated with recovery times on the
order of several minutes (Vandergoot et al. 2011; Prystay
et al. 2017; Abrams et al. 2018). If tagging is to occur
when the water temperature is low, as was the case here,
holding fish for 15–30 min did not appear to lower their
survival and either method is suitable. In contrast, if tag-
ging is to occur in late spring or summer months, when
water temperature has increased, holding fish for that
same amount of time is likely to negatively impact sur-
vival (Schramm et al. 2010; Faust et al. 2019). From a
practical perspective, longer recovery times may also
reduce the number of fish that can be effectively tagged in
a given period given the need for postoperative care.

Although our results imply potential effects of both
treatment and tagging/release date on certain later migra-
tory movements leading up to the 2019 spawning run,
these are more likely attributable to the deteriorating and
increasingly uneven sample sizes and variance in these
groups over time (particularly males, as only 8 pDC and 7
cDC males returned to the Sandusky River in 2019).
While estimated marginal means are much more suitable
than arithmetic means for unbalanced designs (Searle and
Speed 1980), they (and asymptotic confidence intervals
such as those presented here) are still susceptible to issues
arising from low sample size. Furthermore, no clear expla-
nation exists as to how capture and handling stress could
only begin to elicit differences in migratory behavior many
months afterward. Following exposure to an acute
stressor, changes in the primary stress response (i.e., corti-
costeroids) are most notable over a matter of minutes or
hours postexposure (e.g., Barton 2002; Sopinka et al.
2016), although this varies with the severity and duration
of the stressor (Wendelaar Bonga 1997). It was expected
that had there been any biologically relevant effects of
treatment or tagging/release date on these responses, they

FIGURE 4. Estimated marginal mean numbers of days required for
Walleye to reach each migration checkpoint following release, divided by
sex and treatment, with asymptotic 95% confidence intervals. Treatments
included weak continuous DC (cDC) provided by a transcutaneous
electrical nerve stimulation unit and pulsed DC (pDC) provided by a
Smith-Root Portable Electrosedation System unit. The checkpoints for
each fish refer to the last detection within the Sandusky River in 2018
(LeaveSR), the first detection within Sandusky Bay (ArriveSB), the first
detection elsewhere in Lake Erie (ArriveLE), the first detection in
Sandusky Bay leading up to the spawning migration in the following
year (ReturnSB), and the first detection in the Sandusky River during the
spring of 2019 (ReturnSR). Significant differences are highlighted with
asterisks (*P< 0.05; **P< 0.005).
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would have been most apparent in the earliest tracking
data, with migratory behavior approximating more natu-
ral/unimpacted behavior over time (Wilson et al. 2017).
Since the generalized stress response in fish consists of cas-
cading changes in primary, secondary (e.g., osmoregula-
tory and metabolic changes), and tertiary (e.g., long-term
growth and survival) responses to stress, the possibility
that migratory behavior is impacted by long-term suble-
thal effects of stress, such as cell and tissue damage,
impaired growth, changes in immune function, and
reduced general performance (Pulsford et al. 1994; Olsen
et al. 2005; Nardocci et al. 2014; Sopinka et al. 2016), can-
not be eliminated. It is possible that the long-term effects
from injuries after electro-immobilization (e.g., vertebral
fracture) might be associated with delayed migration tim-
ing, but this is improbable here because (1) injury rates
tend to be higher in electrostunning rather than electroa-
nesthesia due to the necessary production of strong muscle
contractions (Reid et al. 2019), yet it was the electroa-
nesthesia (cDC) treatment that generally exhibited delayed
migration timing in males; and (2) previous work has
found that similar electrostunning methods did not cause
any visible injuries in the vertebrae of adult Walleye (Van-
dergoot et al. 2011) or Lake Trout (Faust et al. 2017). As
with the survival analyses, we were unable to quantify the
potential contributions of individual components of our
experimental protocol (e.g., capture, handling) to the
observed trends in migration behavior, as control groups
for each of these stressors could not have been implemen-
ted in any reasonable manner.

Conclusions and Future Work
The results from this experiment suggest that cDC or

pDC methods as described herein may be used on adult
Walleye with no expected differences in relative survival
of acoustically tagged fish over short-term (i.e., ≤7-d)
periods and with no apparent impacts on their movements
after spawning. Despite this, the root causes of decreasing
survival (primarily >20 d after tagging) relative to
unhandled fish in a previous year likely lie within inter-
annual variation and age at time of sampling, as well as
the process of capture, handling, tagging, and release, and
such causes must be identified. We also observed an unex-
pected trend reversal in male versus female downstream
egress and migration times relative to previous studies,
emphasizing the need for more research about the factors
contributing to the seasonal migration patterns of
Walleye. In addition, similar work evaluating electro-
immobilization and/or chemical anesthesia in this species
and system may benefit from creative attempts at includ-
ing different types of control groups to clarify the best
means of quantifying ambient short- and long-term survi-
vorship as well as migration behavior following an undis-
turbed spawning period. Clearly, additional research

across a wider range of fish species and that compares
electro-immobilization methods to other anesthetic
methods is needed.
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