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Abstract
Fish in the family Lepisosteidae (hereafter, gars) have unique ganoid scales that pose inherent challenges to

implanting electronic tags in their coeloms for telemetry studies. In this paper we outline a unique approach to con-
ducting laparotomic surgery in gars, with a focus on the Longnose Gar Lepisosteus osseus. An electric rotary tool
with a circular cutting blade was used to cut through the scales, and the same tool, with a drill bit, was used to create
holes through which to run the suture material. The final incision into the body cavity was made with a scalpel, and
the incision was expanded using surgical scissors. Using a passive acoustic telemetry array, the survival of 12 of 15
tagged Longnose Gars was confirmed over a 123-d period based on their detection at receivers outside of their areas
of capture and release. Two individuals were recaptured 17–19 weeks postsurgery and showed complete healing of the
wounds with limited evidence of scarring. This approach will allow for the long-term tagging and tracking of gars to
help elucidate their ecology.

Fish in the family Lepisosteidae (hereafter, gars) are
part of an ancient lineage that diverged from Teleostei
approximately 250 million years ago (Schultze 2016).
These fishes are facultative air breathers that can tolerate
warmwater conditions with low dissolved oxygen. While
they have long been considered nuisance species in
direct competition with more economically important

recreational and commercial fishes (e.g., Largemouth Bass
Micropterus salmoides and Northern Pike Esox lucius;
Scarnecchia 1992), recently there has been interest in
developing a better understanding of gar ecology. This is
particularly true in areas where gars have been identified
as species at risk (e.g., Spotted Gar Lepisosteus oculatus in
Canada; COSEWIC 2005).
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Biotelemetry is frequently used to track fish and provide
insights into their basic ecology (Lucas and Baras 2008;
Cooke et al. 2013, 2016). The utility of this approach is
predicated on the assumption that the attachment of a
transmitter does not significantly affect a fish’s welfare,
behavior, life history, or survival (Brown et al. 2011).
While several transmitter attachment techniques exist (i.e.,
gastric, external), intracoelomic transmitter implantation
has been used successfully in a wide variety of fishes and is
considered the best attachment technique for long-term
tracking, as the transmitters stay in the fish longer than
gastric transmitters and are less energetically costly than
externally attached transmitters (reviewed in Bridger and
Booth 2003; Cooke et al. 2011). Standardized techniques
for intracoelomic transmitter implantation have been
developed (see Cooke et al. 2011; Wagner et al. 2011), but
most of the literature on which those methods are based
stems from studies of teleost fishes. Their sister infraclass
in the subclass Neopterygii, the Holosteii, pose a unique
challenge, and while intracoelomic implantation has been
successfully applied to fish in the order Amia (Traslavina
2010; Midwood et al. 2018), to our knowledge no species
in the gar family have been internally tagged. This is likely
due to the challenges associated with breaching the ganoid
scales of gars. These scales are composed of multiple layers
with a thick osseous plate at the base, overlapping collage-
nous layers in the middle, and ganoine (an enamel-like
substance) on the surface (Elliott 2011a). The result is a
series of rigid plates that are connected by peg-and-socket
joints, which collectively provide rigidity to the body wall,
support their swimming activity (Long et al. 1996), provide
protection from predation (Yang et al. 2013), and pose a
unique challenge for intracoelomic implantation using tra-
ditional scalpel-based surgical approaches.

Despite the physical challenges related to tagging gars,
external attachments of radio and acoustic transmitters to
their dorsal fins and T-bar and anchor tags have been
used to evaluate habitat use (Spotted Gar: Sneddon et al.
1999; Glass et al. 2012; Alligator Gar Atractosteus spat-
ula: Buckmeier et al. 2013), migration and movement pat-
terns (Longnose Gar Lepisosteus osseus: Johnson and
Noltie 1996; McGrath et al. 2012; Alligator Gar: Solomon
et al. 2013), and tag retention (multiple Lepisosteidae:
Buckmeier and Reeves 2012). While the application of
these techniques has contributed greatly to our under-
standing of gar ecology, external attachment of transmit-
ters can have negative long-term consequences (Jepsen
et al. 2015). Furthermore, external transmitters can
become biofouled, which is particularly true for species
such as gars that spend a considerable amount of time in
shallow, vegetated waters (Bridger and Booth 2003). This
type of biofouling on external tags can lead to infection or
tissue necrosis (Atlantic Salmon Salmo salar: Thorstad
et al. 2000) and may affect the swimming performance of

tagged individuals (Atlantic Salmon: McCleave and Stred
1975; White Sturgeon Acipenser transmontanus: Counihan
and Frost 1999). Therefore, developing techniques to sur-
gically implant transmitters into gars would be desirable.

Using the Longnose Gar as a model species, our objectives
in the present study were to (1) outline an intracoelomic tag-
ging approach for gars, (2) provide a preliminary evaluation
of posttagging survival, and (3) where possible, assess the
extent of wound closure.

METHODS AND RESULTS
On June 29 and 30, 2016, 15 Longnose Gars were cap-

tured using boat electrofishing (Smith-Root SR 21EH
work boat, 7.5 kW Generator Powered Pulsator) in the
Ottawa Street Slip, which is situated along the south shore
of Hamilton Harbour at the western tip of Lake Ontario
(Figure 1). Water temperatures in this slip are generally
higher and less variable than those in other areas of the
harbor due to the effluent from an adjacent steel plant.
For the duration of this study, water temperatures ranged
from a high of 30°C in August to a low of 21°C in Octo-
ber (C. McGinley, ArcelorMittal, personal communica-
tion). The length of captured Longnose Gars ranged from
671 to 978 mm, with a wet mass of 1.2 ± 0.5 kg
(mean ± SD; Table 1). Individuals were held in a 341-L
live well with constant water circulating in from the slip.
Animal care approval for this study was provided by the
Carleton University Animal Care Committee under permit
102935. This permit was provided provisionally to support
the current pilot study to develop an intracoelomic tagging
technique for Longnose Gars and required immediate
reporting of any adverse outcomes to the Carleton Univer-
sity veterinarian.

Anesthesia.—We explored two options for anesthesia
prior to surgery. The first was electro-anesthesia using the
boat electrofisher to stun the Longnose Gars with a setting
of 9.8 A for 6 s. Similar approaches have been used suc-
cessfully with other fish species (i.e., Bluegill Lepomis
macrochirus; Rous et al. 2015); however, given the extended
length of the surgery for the Longnose Gars (outlined
below), this approach did not provide adequate induction.
Furthermore, electro-anesthesia has been found to increase
mortality in some fishes, particularly those with elongated
bodies (i.e., Northern Pike; Peat et al. 2016). This concern,
paired with the limited induction time, likely makes electro-
anesthesia inappropriate for gar surgeries, which require
deeper anesthesia; however, this approach may still be valu-
able for applications where less complete induction is
required (i.e., external tagging or to facilitate handling).

The second approach used a solution of clove oil emul-
sified in ethanol (with eugenol as the active ingredient) in
a 1:10 ratio at a dose of 0.065 mL/L. This dosage is fre-
quently used with other fishes that are not easily induced
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FIGURE 1. Map of the Ottawa Street Slip in Hamilton Harbour, Lake Ontario. The locations of the acoustic telemetry receivers are indicated by
gray circles with black dots in the middle. The zone where Longnose Gars were captured and released is outlined by a thick black line in the panel on
the right, and areas within the slip that fall outside of this receiver’s detection zone are indicated by hatch marks.

TABLE 1. Date of tagging and basic physical characteristics of the 15 Longnose Gars used in this study. Individuals are listed in the order in which
they were tagged. Details on the duration of induction in a 0.065 mL/L solution of clove oil and surgery (plus any additional immersions in the clove
oil bath) are provided. A fish’s relative activity, which was used to confirm survival, is summarized based on the number of acoustic receivers at which
it was detected each month between tagging and October 31, 2016. Several individuals were detected leaving the array, and these are identified as
being “Out” in a given month.

ID
Date

taggeda

Total
length
(mm)

Wet
mass
(g)

Initial
induction
time (min)

Surgery +
additional
induction
time (min)

Number of
additional
immersions

Number of stations
where detected

Confirmed
survivalJul Aug Sep Oct

LNG15217b Jun 29 680 680 4.75 6.80 1 1 2 12 Yes
LNG15214 Jun 29 834 1,290 5.50 4.60 5 2 21 23 Yes
LNG15210 Jun 29 902 1,330 4.62 7.67 2 17 Out Out Out Yes
LNG15211 Jun 29 781 1,110 5.43 8.50 2 12 2 16 17 Yes
LNG15212 Jun 29 858 1,650 5.15 4.00 22 14 Out 23 Yes
LNG15213 Jun 29 752 970 8.85 5.83 2 11 5 5 11 Yes
LNG15206 Jun 29 704 790 9.87 4.27 1 1 1 1 No
LNG15207b Jun 29 728 1,000 9.38 3.83 2 2 2 20 Yes
LNG15208 Jun 29 727 910 6.73 4.17 2 2 2 2 Yes
LNG15209 Jun 29 978 2,370 8.93 3.98 21 22 1 1 Yes
LNG15205 Jun 30 920 1,750 5.83 9.92 1 2 2 4 11 Yes
LNG15204 Jun 30 916 1,750 12.43 3.62 1 0 0 0 No
LNG15203 Jun 30 732 790 7.65 10.23 1 17 1 1 14 Yes
LNG15202 Jun 30 823 1,230 7.55 4.47 24 20 Out Out Yes
LNG15200 Jun 30 671 710 5.88 3.85 1 0 0 0 No

aAll dates in 2016.
bDenotes individuals that were recaptured during the fall surveys.
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using electro-anesthesia or when this technique cannot be
practically applied based on field conditions (e.g., a
remote location or lack of electricity; Bridger and Booth
2003; Javahery et al. 2012). Induction times with the clove
oil varied among the Longnose Gars, with a mean of
7.23 min (SD, 2.18 min; Table 1). In several instances,
additional shorter immersions in the clove oil bath were
required to ensure complete induction, and these were
completed prior to the start of surgery. Following the first
induction period, the length and wet mass of each Long-
nose Gar were determined. If the individual had not
reached stage IV induction (i.e., loss of equilibrium and
slow but regular movements), it was returned to the clove
oil bath until it no longer responded to external stimuli
(e.g., grasping the caudal peduncle). The surgery timer
was started when an individual was measured; therefore,
the total surgery time is longer for fish that received addi-
tional immersions. Once an individual had reached stage
IV induction, it was placed supine in a V-shaped trough
with fresh slip water covering its head and most of its
gills. Freshwater was added to the trough throughout the
surgery; however, it may be prudent in future surgeries to
pass a circulating maintenance dose of clove oil over the
gills to prolong induction.

Surgery.— The incision was made along the ventral mid-
line between the pectoral and pelvic girdles. The first step in
the surgical procedure involved breaching the ganoid scales.
This was accomplished using an 18-mm cutting disk on a
rotary tool (12-V Mastercraft, Vonore, Tennessee); the ini-
tial incision was the same length as the diameter of the cut-
ting disk but intentionally did not penetrate into the body
cavity to avoid excessive damage to the peritoneum (Fig-
ure 2; see also Video S.1 in the Supplement available in the
online version of this article). A scalpel (no. 21) was then
used to breach the body cavity, with the assistance of for-
ceps to prevent damage to internal tissue. Once the body
cavity had been breached, surgical scissors were used to
increase the length of the incision to approximately 40 mm
(Figure 2) to allow for the insertion of an acoustic transmit-
ter (V13P, 69 kHz, length = 45 mm, mass in water = 6 g,
mean delay = 200 s, estimated tag life = 1,388 d, tag bur-
den range = 0.3–0.9%; Vemco, Halifax, Nova Scotia). This
multistep approach to creating the incision was used
because the cutting disk was quite powerful and did not
allow an incision as precise as the surgical scissors. Also,
just using a scalpel, as is common with teleost fishes, was
not an option since it could not penetrate the ganoid scales
to start the incision or elongate it.

Once the incision was complete, the transmitter was
inserted into the body cavity and four holes were drilled
using a 1.5-mm drill bit in the rotary tool (Figure 2; Video
S.1) to allow suture material to be passed through the
ganoid scales. The handle portion of a stainless steel for-
ceps was first inserted into the incision under the location

of the hole to stop the drill bit from penetrating too deeply
into the body cavity, thus protecting internal organs.

To begin closure of the incision, two sutures (3–0
monofilament with a reverse cutting needle) were held in
Olsen-Hegar needle holders. Two pairs of needle holders
were used (in contrast to more typical surgeries, which just
use one) because the rigidity of the body wall in Longnose
Gars made it challenging to thread the second suture
through the suture holes after one had already been
closed. Thus, each suture was first threaded through the
suture holes with the aid of blunt curved forceps and then
the sutures were tied using a surgeon’s knot (2 × 3 throws
followed by 1 × 2 throws; Figure 2; Video S.1). Again,
due to the rigidity of the body wall, we were careful to
ensure that the opposing body walls on either side of the
incision were properly aligned prior to completing the
suture knots. Proper apposition of the tissue on either side
of the incision is well established as a critical component
of proper healing for all forms of surgery (Wagner et al.
1999; Ream et al. 2003). With the exception of the cutting
disk, all surgical equipment was disinfected between its

FIGURE 2. Photographs from Longnose Gar surgery showing (A)
making the initial incision with a cutting disk, (B) opening the incision with
scissors, (C) using a drill to create suture holes and shielding internal organs
with the handle of a pair of forceps, and (D) the closed surgical incision.
Photo: Dave Reddick. [Color figure can be viewed at afsjournals.org.]
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use on successive individuals using povidone iodine before
being rinsed with distilled water.

The surgeon who performed the implants had extensive
experience with similar implantation techniques in teleost
fishes, having completed more than 100 surgeries on 12
different species. Surgery times were quite variable
(3.62–10.23 min); however, much of this variation was dri-
ven by additional immersions in the clove oil bath for
some individuals (Table 1). For those individuals that did
not require additional immersion (N = 10), surgery times
were less variable (4.37 ± 0.87 min) and generally
decreased as the surgeon became more proficient with the
required techniques (Table 1). Longer surgery times were
also partially driven by bleeding at the incision site and/or
the suture holes. This bleeding occurred during all surg-
eries and was followed by rapid clotting. For some of the
Longnose Gars, blood pooled around the incision site,
which made it challenging for the surgeon to thread the
suture material through the holes, thus extending the over-
all length of the surgery (Table 1). In such cases a clean
paper towel was used to remove excess blood.

Recovery.— Following surgery, the fish were returned
to the live well, into which fresh lake water was continu-
ally pumped. Their recovery was monitored and once they
exhibited signs of recovery (i.e., were right side up and
responding to caudal tail grabs), which typically occurred
within 10–20 min, they were returned to the water and
held alongside the boat until they swam away volitionally.
All Longnose Gars appeared to recover from the anesthe-
sia and were active and responsive at the time of release.

Posttagging tracking.— Following their release, the fish
were passively tracked on an acoustic array with 34 acous-
tic receivers (VR2W, 69 kHz; Vemco; Figure 1). One
receiver was situated directly in the Ottawa Street Slip
within the capture and release zone (Figure 1). Longnose
Gar positions were tracked from their release on June 29
and 30, 2016, until October 31, 2016, when the receivers
were recovered and the data were downloaded. Posttag-
ging survival was assessed based on the level of activity
(detections on multiple receivers) of each fish. In addition,
electrofishing surveys were conducted in the Ottawa Street
Slip on October 31 and November 15, 2016, to recapture
the fish and visually evaluate incision healing. During
these surveys, an active acoustic tracking unit (VR100;
Vemco) was also deployed in an effort to detect Longnose
Gars that were still present in the slip.

For 12 of the 15 Longnose Gars that were tagged,
detections were recorded outside of the Ottawa Street Slip
at 2–24 receiver stations (depending on the individual),
suggesting that they had survived the surgical procedure
and were still actively moving within the harbor. For the
three remaining individuals, two were only detected a
handful of times (LNG15200: N = 9; LNG15204: N = 1),
and all detections were on the same day that they were

tagged. Based on this, we assumed that these individuals
either did not survive (which is more likely) or shed
their transmitters in a location outside of the range of
receivers (Figure 1). The final individual (LNG15206) was
continuously detected at the station within its tagging zone
and was found to be in the same position on both active
tracking dates. This individual was therefore assumed
either not to have survived the procedure or to have
dropped its transmitter shortly after surgery.

All of the Longnose Gars observed during electrofishing
were captured and held in a live well with circulating slip
water. The hydrophone of the VR100 active tracker was
placed inside the live well to determine whether any of these
individuals had been tagged. When a tag was detected, indi-
vidual fish were removed and thoroughly inspected for signs
of tagging (often suture material is still present several
months posttagging or there is some residual inflammation
or scarring; Jepsen et al. 2000; Caputo et al. 2009). Regard-
less of whether or not they were recaptured fish, the length
and wet mass of all individuals were measured. The transmit-
ter IDs of recaptured fish were recorded, and photographs of
their incisions were taken. In each of the recapture surveys a
tagged Longnose Gar was recaptured. Fish LNG15207, cap-
tured on October 31, 2016, had no signs of inflammation and
only faint scarring (all suture material was gone). In fish
LNG15217, captured on November 15, 2016, part of the
anterior suture was still present but the incision itself had
healed completely, with inflammation localized around the
suture material (Figure 3).

FIGURE 3. Photograph showing inflammation from the suture material
in fish LNG15217, which was recaptured on November 15, 2016. The
surgical incision has healed completely, with no apparent signs of scarring.
Photo: Andrew Fernley. [Color figure can be viewed at afsjournals.org.]
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DISCUSSION
In this article we have presented a relatively simple modi-

fication to standard fish surgical procedures for intra-
coelomic tag implantation that allows fish with ganoid
scales to be implanted with electronic tags. Confirmed sur-
vival from the tagging procedure was 80%, with some evi-
dence of complete closure of the incision with minimal
scarring. For the three individuals for which survival could
not be confirmed, two had long induction times in the clove
oil bath. As rapid induction is a desirable feature of fish
anesthetics (CCAC 2005), prolonged exposure to the anes-
thetic may have caused excess stress on these two individu-
als and affected their posttagging survival. There was no
apparent difference in the surgical procedure for the final
fish (LNG15200) and, indeed, all three of the individuals
appeared to recover well from the surgery and were active
at the time of release. Since the fate of these three individu-
als cannot be verified, the survival rate presented here repre-
sents a minimum estimate. Long-term monitoring on the
receiver array paired with more in-depth active tracking in
the Ottawa Street Slip may help to determine the ultimate
fate of these individuals. An important shortcoming of the
current study is the lack of information for each individual
on the duration of its recovery postsurgery. Several Long-
nose Gars were recovered in the live well at the same time,
so individual recovery durations are not available; however,
future studies should explore the relationships among induc-
tion time, recovery time, and survival.

For the remaining Longnose Gars, it is clear that they
were active in the system and, for the two that were recap-
tured, complete closure of the incision occurred within at
least 18 weeks. Several factors likely contributed to the
effective healing of the incision. First, the epidermal layers
in fish are all metabolically active, so that epithelial cells
immediately begin migrating to the site of an injury to cover
and protect the wound (Elliott 2011a, 2011b). The rate of
migration of these cells is heavily influenced by the sur-
rounding water temperature (Anderson and Roberts 1975;
Ream et al. 2003; Elliott 2011b), with warmer temperatures
resulting in faster migration (which peaks between 25°C
and 35°C) and ultimately to more rapid healing rates (Ream
et al. 2003). Water temperatures within the Ottawa Street
Slip during the present study fell within this optimal range
(typically above 26°C), and this likely contributed to effec-
tive healing of the surgical incisions. Water temperature
also plays an important role in the dissolution of absorbable
sutures, with over 50% loss of suture material in Striped
Bass Morone saxatilis after 30 d of exposure to water
between 22°C and 29°C (Walsh et al. 2000). Finally, the
ganoid-type scales of Longnose Gars and other Lepisostei-
dae possess a unique vascular system that penetrates the
boney scales, supplying blood to external tissue layers. Lost
and damaged scales can therefore be replaced if the integu-
mental damage is not severe (Elliott 2011a). Combined,

these three factors likely contributed to the successful clo-
sure of the surgical incisions and the dissolution of most of
the suture material in a comparatively short time. A more
detailed and controlled evaluation of wound healing under
different water temperatures and conditions is likely war-
ranted given the unique physiology and anatomy of gars.

We should note one caveat about this surgical
approach: for many of the surgeries, we observed more
bleeding than is typical for surgeries on teleost fishes. As
stated above, the ganoid scales of gars are highly vascular-
ized, such that the repeated penetration of the body wall
that is necessary to complete the surgery will invariably
disrupt vascular tissue. As the blood clotted rapidly, how-
ever, we do not believe that blood loss alone led to the
apparent reductions in posttagging survival. Rather, the
presence of clotted blood in the area of the incisions made
for a more challenging surgery due to limited visibility.
Repeated flushing with water and blotting with paper tow-
els did help resolve all of these challenges, though removal
of some of this material using suction may help further.

In their review of surgical techniques for implanting
transmitters in fishes, Cooke et al. (2011) emphasized the
importance of conducting studies on the efficacy of tagging
techniques on a wider diversity of taxa. Here, we have doc-
umented a unique but effective approach for intracoelomic
implantation of telemetry transmitters into a unique group
of fishes, the Lepisosteidae. Hopefully, the methodology
presented here will contribute to long-term studies of the
spatial ecology, habitat use, and migratory behavior of
these unique and ancient fishes. Similar approaches may
work on other “armoured” fish species as well.

ACKNOWLEDGMENTS
The authors are indebted to Andrew Fernley, Filipe

Aguiar, and Alex Price for assistance in the field and to Craig
McGinlay for coordinating site access and providing temper-
ature data. We also greatly appreciate the input of three
anonymous reviewers. The Hamilton Harbour acoustic
telemetry study was funded by the Great Lakes Sustainability
Fund, the Canada Research Chairs Program (Cooke), Fish-
eries and Oceans Canada, and the Great Lakes Action Plan.
There is no conflict of interest declared in this article.

REFERENCES
Anderson, C. D., and R. J. Roberts. 1975. A comparison of the effects

of temperature on wound healing in a tropical and a temperate tele-
ost. Journal of Fish Biology 7:173–182.

Bridger, C. J., and R. K. Booth. 2003. The effects of biotelemetry trans-
mitter presence and attachment procedures on fish physiology and
behavior. Reviews in Fisheries Science 11:13–34.

Brown, R. S., M. B. Eppard, K. J. Murchie, J. L. Nielsen, and S. J.
Cooke. 2011. An introduction to the practical and ethical perspectives
on the need to advance and standardize the intracoelomic surgical

INTRACOELOMIC IMPLANTATION OF TRANSMITTERS IN LONGNOSE GAR 709



implantation of electronic tags in fish. Reviews in Fish Biology and
Fisheries 21:1–9.

Buckmeier, D. L., and K. S. Reeves. 2012. Retention of passive inte-
grated transponder, t-bar anchor, and coded wire tags in lepisosteids.
North American Journal of Fisheries Management 32:573–576.

Buckmeier, D. L., N. G. Smith, and D. J. Daugherty. 2013. Alligator
Gar movement and macrohabitat use in the lower Trinity River, Tex-
as. Transactions of the American Fisheries Society 42:1025–1035.

Caputo, M., C. O’Connor, C. T. Hasler, K. C. Hanson, and S. J. Cooke.
2009. Do surgically implanted telemetry transmitters have long-term
consequences on the nutritional physiology and condition of wild fish?
Diseases of Aquatic Organisms 84:35–41.

CCAC (Canadian Council on Animal Care). 2005. Guidelines on the care
and use of fish in research, teaching, and testing. CCAC, Ottawa.

Cooke, S. J., E. G. Martins, D. P. Struthers, L. F. Gutowsky, M. Power,
S. E. Doka, J. M. Dettmers, D. A. Crook, M. C. Lucas, C. M. Hol-
brook, and C. C. Krueger. 2016. A moving target: incorporating
knowledge of the spatial ecology of fish into the assessment and man-
agement of freshwater fish populations. Environmental Monitoring
and Assessment 188:1–18.

Cooke, S. J., J. D. Midwood, J. D. Thiem, P. Klimley, M. C. Lucas, E.
B. Thorstad, J. Eiler, C. Holbrook, and B. C. Ebner. 2013. Tracking
animals in freshwater with electronic tags: past, present, and future.
Animal Biotelemetry [online serial] 1:5.

Cooke, S. J., C. M. Woodley, M. B. Eppard, R. S. Brown, and J. L.
Nielsen. 2011. Advancing the surgical implantation of electronic tags
in fish: a gap analysis and research agenda based on a review of
trends in intracoelomic tagging effects studies. Reviews in Fish Biol-
ogy and Fisheries 21:127–151.

COSEWIC (Committee on the Status of Endangered Wildlife in
Canada). 2005. Assessment and update status report on the Spotted
Gar Lepisosteus oculatus in Canada. COSEWIC, Ottawa.

Counihan, T. D., and C. N. Frost. 1999. Influence of externally attached
transmitters on the swimming performance of juvenile White Stur-
geon. Transactions of the American Fisheries Society 128:965–970.

Elliott, D. G. 2011a. Functional morphology of the integumentary sys-
tem in fishes. Pages 476–488 in A. P. Farrell, J. J. Cech, J. G.
Richards, and E. D. Stevens, editors. Encyclopedia of fish physiology.
Elsevier, London.

Elliott, D. G. 2011b. The many functions of fish integument. Pages 471–
475 in A. P. Farrell, J. J. Cech, J. G. Richards, and E. D. Stevens,
editors. Encyclopedia of fish physiology. Elsevier, London.

Glass, W. R., L. D. Corkum, and N. E. Mandrak. 2012. Spring and
summer distribution and habitat use by adult threatened Spotted Gar
in Rondeau Bay, Ontario, using radiotelemetry. Transactions of the
American Fisheries Society 141:1026–1035.

Javahery, S., H. Nekoubin, and A. H. Moradlu. 2012. Effect of anaesthe-
sia with clove oil in fish (review). Fish Physiology and Biochemistry
38:1545–1552.

Jepsen, N., S. Pedersen, and E. B. Thorstad. 2000. Behavioural interac-
tions between prey (trout smolts) and predators (pike and pikeperch)
in an impounded river. Regulated Rivers: Research and Management
16:189–198.

Jepsen, N., E. B. Thorstad, T. Havn, and M. C. Lucas. 2015. The use of
external electronic tags on fish: an evaluation of tag retention and
tagging effects. Animal Biotelemetry [online serial] 3:49.

Johnson, B. L., and D. B. Noltie. 1996. Migratory dynamics of stream-
spawning Longnose Gar (Lepisosteus osseus). Ecology of Freshwater
Fish 5:97–107.

Long, J., M. Hale, M. McHenry, and M. Westneat. 1996. Functions of
fish skin: flexural stiffness and steady swimming of Longnose Gar,
Lepisosteus osseus. Journal of Experimental Biology 199:2139–2151.

Lucas, M., and E. Baras. 2008. Migration of freshwater fishes. Wiley,
Oxford, UK.

McCleave, J. D., and K. A. Stred. 1975. Effect of dummy telemetry
transmitters on stamina of Atlantic Salmon (Salmo salar) smolts.
Journal of the Fisheries Research Board of Canada 32:559–563.

McGrath, P. E., E. J. Hilton, and J. A. Musick. 2012. Seasonal distribu-
tions and movements of Longnose Gar (Lepisosteus osseus) within the
York River system, Virginia. Southeastern Naturalist 11:375–386.

Midwood, J. D., L. F. G. Gutowsky, B. Hlevca, R. Portiss, M. G. Wells, S.
E. Doka, and S. J. Cooke. 2018. Bowfin acoustic telemetry: insight into
the ecology of a living fossil. Ecology of Freshwater Fish 27:225–236.

Peat, T. B., L. F. G. Gutowsky, S. E. Doka, J. D. Midwood, N. W.
Lapointe, B. Hlevca, M. G. Wells, R. Portiss, and S. J. Cooke. 2016.
Comparative thermal biology and depth distribution of Largemouth
Bass (Micropterus salmoides) and Northern Pike (Esox lucius) in an
urban harbour of the Laurentian Great Lakes. Canadian Journal of
Zoology 94:767–776.

Ream, R. A., J. A. Theriot, and G. N. Somero. 2003. Influences of ther-
mal acclimation and acute temperature change on the motility of
epithelial wound-healing cells (keratocytes) of tropical, temperate, and
Antarctic fish. Journal of Experimental Biology 206:4539–4551.

Rous, A. M., A. Forrest, E. Hart McKittrick, G. Letterio, J. Roszell, T.
Wright, and S. J. Cooke. 2015. Orientation and position of fish affects
recovery time from electrosedation. Transactions of the American
Fisheries Society 144:820–828.

Scarnecchia, D. L. 1992. A reappraisal of gars and bowfins in fishery
management. Fisheries 17(5):6–12.

Schultze, H. P. 2016. Phylogenetic introduction. Pages 1–19 in G. Zac-
cone, K. Dabrowski, M. S. Hedrick, J. M. O. Fernandes, and J. M.
Icardo, editors. Phylogeny, anatomy, and physiology of ancient fishes.
CRC Press, Boca Raton, Florida.

Sneddon, G. A., W. E. Kelso, and D. A. Rutherford. 1999. Diel and sea-
sonal patterns of Spotted Gar movement and habitat use in the lower
Atchafalaya River basin, Louisiana. Transactions of the American
Fisheries Society 128:144–154.

Solomon, L. E., Q. E. Phelps, D. P. Herzog, C. J. Kennedy, and M. S.
Taylor. 2013. Juvenile Alligator Gar movement patterns in a discon-
nected floodplain habitat in southeast Missouri. American Midland
Naturalist 169:336–344.

Thorstad, E. B., F. Økland, and B. Finstad. 2000. Effects of telemetry
transmitters on swimming performance of adult Atlantic Salmon.
Journal of Fish Biology 57:531–535.

Traslavina, R. P. 2010. Principles of aquatic anesthesia, surgery, and
telemetry employed in a field study on the Bowfin (Amia calva). Mas-
ter’s thesis. Cornell University, Ithaca, New York.

Wagner, G. N., S. J. Cooke, R. S. Brown, and K. A. Deters. 2011. Sur-
gical implantation techniques for electronic tags in fish. Reviews in
Fish Biology and Fisheries 21:71–81.

Wagner, G. N., E. D. Stevens, and C. Harvey-Clark. 1999. Wound heal-
ing in Rainbow Trout following surgical site preparation with a povi-
done–iodine antiseptic. Journal of Aquatic Animal Health 11:373–382.

Walsh, M. G., K. A. Bjorgo, and J. J. Isely. 2000. Effects of implanta-
tion method and temperature on mortality and loss of simulated
transmitters in hybrid Striped Bass. Transactions of the American
Fisheries Society 129:539–544.

Yang, W., B. Gludovatz, E. A. Zimmermann, H. A. Bale, R. O. Ritchie,
and M. A. Meyers. 2013. Structure and fracture resistance of Alliga-
tor Gar (Atractosteus spatula) armored fish scales. Acta Biomaterialia
9:5876–5889.

SUPPORTING INFORMATION
Additional supplemental material may be found online

in the Supporting Information section at the end of the
article.

710 MIDWOOD ET AL.


