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Background: Passive integrated transponder (PIT) tags have been used to document and monitor the movement,
behavior, or survival of numerous species of fishes. Data on short- and long-term survival and tag retention are
needed before initiating studies using PIT tags on a new species or life stage. We evaluated the survival and tag reten-
tion of 153 metamorphosing juvenile sea lamprey Petromyzon marinus tagged with 12-mm PIT tags on three occa-

Results: Tag retention was 100 and 98.6% at 24 h and 28-105 days post-tagging. Of the lamprey that retained their
tags, 87.3% had incisions sufficiently healed to prevent further loss. Survival was 100 and 92.7% at 24 h and 41-118
day post-tagging with no significant difference in survival between tagged and untagged control lamprey. Of the 11
lamprey that died, four had symptoms that indicated their death was directly related to tagging. Survival was posi-

Conclusions: Given the overall high level of survival and tag retention in this study, future studies can utilize 12-mm
PIT tags to monitor metamorphosing juvenile sea lamprey movement and migration patterns.

Background

Sea lamprey (Petromyzon marinus) have had dramatic
negative impacts on fish populations in the Great Lakes
[1, 2]. Beginning in the 1950s, state, provincial, and fed-
eral agencies have worked to suppress sea lamprey pop-
ulations to facilitate restoration of native Lake Trout
(Salvelinus namaycush) populations. Effective, targeted
control of nuisance species requires an understanding of
the species’ life history and movements. Sea lamprey are
a semelparous, adfluvial species; after hatching in spring,
larval sea lamprey (ammocoetes) spend 4—6 years bur-
ied in stream sediments before they metamorphose into
parasites, migrate downstream, and spend 12—18 months
in lakes before migrating back into streams to spawn.
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Control efforts, including selective lampricides and bar-
riers to block migrations, focus on the larval and spawn-
ing phases, as the parasitic juveniles are too dispersed to
target [2, 3].

Continuing issues with permitting and nontarget mor-
tality associated with use of lampricides and stream
barriers have motivated a search for alternative control
methods. Alternative methods such as male steriliza-
tion and trapping with pheromone attractants have been
developed to target spawning adults and limit reproduc-
tive success [4, 5]. The life stage that has received the least
attention for control is the outmigrating juvenile stage
[1, 2]. As with spawning adults, the migratory behavior
of this life stage makes them vulnerable to capture at a
single in-stream location. Metamorphosing juvenile sea
lamprey were targeted in the 1940s and 1950s using dams
and inclined screen traps [2, 6, 7], but these efforts were
discontinued following the discovery of selective chemi-
cal lampricides and limited research on this life stage has
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occurred since then. A better understanding of the spa-
tial and temporal patterns of outmigration is needed to
develop efficient methods to target this life stage.

PIT tags have been used to track in-stream movement
and migration patterns of many fish species [8—10]. PIT
tags are small, individually coded capsules that range from
8 to 32 mm in length. Tags are implanted in individual
fish and can be read with a handheld scanner or remotely
when the fish passes an electromagnetically charged
antenna [11, 12]. Antennas can be designed to encompass
cross sections of a stream and detect tagged individuals
that pass the antenna array without physically recaptur-
ing the fish [13, 14]. Antennas can be constructed to with-
stand high discharge events and periods of high debris
loading that would be likely to dislodge or destroy other
sampling gear [12, 15, 16]. These characteristics make PIT
antenna systems ideal for monitoring juvenile sea lamprey
outmigrating during the fall and spring.

When using implanted tags to track movement or
behavior of individual fish, it is important to ensure tags
are retained and do not affect survival or behavior. In
prior studies, sea lamprey ammocoetes [17] and juve-
nile Pacific Lamprey (Lampetra tridentata) [18, 19] had
high survival and tag retention when tagged and held at
temperatures between 8 and 23 °C. However, the tagging
procedures in these studies required dissecting micro-
scopes, sutures, parafilm bandages, and multiple nee-
dles and lacked the simplicity needed for large-scale field
deployment. In response, a less-invasive procedure [20]
was tested on juvenile Pacific Lamprey using a single
incision, a 9-mm FDX PIT tag inserted by hand, and no
sutures or bandages. Lamprey were held between 9 and
18 °C and showed similarly high survival and tag reten-
tion as the studies with more complicated procedures
[20].

No prior studies have been conducted with tagged
metamorphosing juvenile sea lamprey or have tagged
and held juveniles under natural conditions. Although
lamprey survival tends to increase when held at lower
water temperatures [19, 20], survival has not been tested
at temperatures as low as the 5 °C which is thought to be
the upper threshold for inducing outmigration by juve-
nile sea lamprey [6]. Additionally, survival and tag reten-
tion has not been tested for juvenile lampreys tagged
using the simple procedure with the larger 12-mm HDX
PIT tags [12]. We tested the survival and tag retention
of metamorphosing juvenile sea lamprey implanted
with 12-mm HDX PIT tags using the less-invasive tag-
ging procedure [20] and held at water temperatures that
would be experienced during their natural outmigration,
to (1) determine whether tagging affected short- and
long-term survival and (2) quantify tag retention for
juvenile sea lamprey.
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Methods

Lamprey collections

Metamorphosing juvenile sea lamprey were captured in
the Fort River, MA, during September 23-27, 2013, from
stream sediment using backpack electrofishers (Model
ABP-2, ETS Electrofishing Solutions, Madison WI) fol-
lowing US Fish and Wildlife Service standard collec-
tion protocol (slow pulse = 3 pps; fast pulse = 30 pps;
duty cycle = 25%; burst = 3.1; voltage = 125; [21]). Sea
lamprey were temporarily held at the Conte Anadro-
mous Fish Research Laboratory, Turners Falls, MA, in
2.0 m diameter x 1.5 m depth (4000 L) circular flow-
through tanks fed with water from the Connecticut
River, with 10-15 cm deep river sediment covering the
bottom. Fort River sea lamprey were transported to the
Rubenstein Ecosystem Science Laboratory on October
10, 2013. Juvenile sea lamprey were also captured dur-
ing outmigration from two tributaries of Lake Cham-
plain: Morpion Stream, QC, Canada, and Mallets Creek,
Colchester, VT, between October 28 and December 2,
2013; these lamprey were held in-stream in cylindri-
cal mesh cages (29 cm x 42 cm) and transported to the
Rubenstein Laboratory on December 6, 2013. Fort River
and Lake Champlain sea lamprey were held in separate
tanks.

Experimental tanks

Sea lamprey were housed in either round (observation)
tanks (1.2 m x 0.8 m polyethylene) or a rectangular
(holding) tank (0.42 m x 0.66 m x 0.28 m plastic). All
tanks were fed with recirculating dechlorinated water
from a single 568-L head tank with a 1/8 hp (93.3 W)
pump at a rate of approximately 20 L per minute. Water
temperature was maintained between 3.7 and 6.5 °C for
the duration of the study except two events during which
water was warmed to >10 °C (February 13-14 and Feb-
ruary 24-26) and then rapidly cooled to <5 °C during a
24-h period. Water temperature was maintained using
a 1-hp (746 W) inline chiller (Delta Star, Aqua-Logic,
Inc.). Beach sand 2-10 cm deep covered the bottom of
all tanks. A simulated fall photoperiod with 11 h of light
and 13 h of darkness was maintained using overhead
fluorescent lights set on a timer. The rectangular holding
tank was maintained at 0.22 m water depth (74 L capac-
ity). The circular tanks were maintained at either 0.42 or
0.76 m water depth (340 or 620 L capacity, respectively).
Counterclockwise flow was maintained at a rate of 0.05—
0.15 m/s, measured with a portable, Marsh—McBirney
flow meter (model 201D), around a center column placed
in both circular tanks using 38-L/min pumps. Water
depth, temperature, and circulation velocity were varied
in the two circular tanks as part of a separate behavioral
observation study.
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Tagging procedure

Lamprey were anesthetized by immersion in a
0.026 mL/L concentration of AQUI-S 20E (AQUI-S,
New Zealand). When lamprey became unresponsive,
they were removed from the anesthetic, weighed to the
nearest 0.01 g, and measured to the nearest 1 mm. A ster-
ile scalpel was used to make a 2—-3-mm incision on the
left lateral side approximately 20 mm posterior to the
gill pores. A half-duplex PIT tag (12 mm x 2.12 mm,
83 mg, Oregon RFID) was inserted by hand and guided
posteriorly into the body cavity away from the incision.
Implanted tags have been observed to move posteriorly
during healing [20]; therefore, we inserted tags posteri-
orly through the incision to prevent potential reopen-
ing of the wound and tag shedding as the tag moved
past the incision. Tagged lamprey were placed in an aer-
ated bucket with fresh water until they became mobile
and then transferred to a 38-L observation tank set in
a chilled water bath (held at same temperature as the
larger holding tanks) for 24 h to monitor short-term sur-
vival and tag retention. Lamprey were then stocked into
a 1.2-m circular tank described above. Untagged control
lamprey were measured after the observation period,
to avoid stress related to handling; controls were a ran-
dom subset of the lamprey from each site and therefore
assumed to have a similar length range to the tagged lam-
prey in their respective groups.

Short-term survival after tagging

Two groups of sea lamprey from the Fort River were used
for direct comparison of survival for tagged and untagged
(control) animals. Group 1 sea lamprey (n = 20 tagged;
23 control) were tagged November 19, 2013, and group
2 sea lamprey (n = 20 tagged; 15 control) were tagged
December 6, 2013; each group was housed in a separate
observation tank. Tanks were monitored daily Monday to
Friday, and sea lamprey were removed if dead, or gener-
ally unresponsive and showing obvious signs of impair-
ment (i.e. minimal reaction to stimulus, large protruding
viscera, etc.), or exhibiting signs of fungal growth. Any vis-
ible symptoms were recorded at the time of removal. The
effect of tagging on survival was evaluated by comparing
Kaplan—Meier survival curves of tagged and control sea
lamprey from groups 1 and 2 at 24 h post-tagging and on
January 22, 2014, 64 day (group 1) and 47 day (group 2)
post-tagging using a log-rank analysis.

Long-term survival and tag retention

After conclusion of the tagged versus control observa-
tion period, all tagged sea lamprey from groups 1 and 2
were stocked into a common observation tank and held
for long-term assessment. Additionally, 110 sea lamprey
from Lake Champlain tributaries, hereafter referred to
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as group 3, were tagged February 4, 2014, and stocked
into a separate observation tank; for these lamprey, sur-
vival during the 60 day prior to tagging was monitored
for comparison with tagging mortality. The long-term
survival of all tagged sea lamprey was monitored until
March 17, 2014.

Initial total length of sea lamprey was compared among
tagging groups using ANOVA, and length differences
between groups were identified using Tukey—Kramer
HSD test. A logistic regression analysis using a likeli-
hood ratio test (LRT) was used to determine whether total
length influenced survival. All analyses were conducted in
JMP ® Pro 11 (SAS Institute Inc., Cary, NC).

All tagged sea lamprey were scanned for tags using a
PIT reader, and incisions were inspected on March 4,
2014. Percent tag retention was calculated for each tag-
ging group. The proportion of sea lamprey in each tagging
group with wounds sufficiently healed to no longer be vul-
nerable to tag loss was calculated. Incisions with healed
skin, healed muscle, and the internal muscle appearing
closed were considered sufficiently healed to prevent tag
loss while incisions that remained open or with bulging
muscle were considered still vulnerable to tag loss.

Results

General observations

A total of 153 sea lamprey with a mean initial length
of 162 mm (range 129-205 mm; Fig. 1; Table 1) were
tagged as part of three groups. Analysis of variance indi-
cated significant variation in length among tagged lam-
prey from the three tagging groups (df = 2, F = 44.24,
p < 0.0001). There were no significant differences in
length between group 1 (147.4 mm, range 129-174) and
group 2 (mean = 148.0 mm, range 135-168) tagged Fort
River lamprey (p = 0.98); however, tagged group 3 lam-
prey from Lake Champlain lamprey were significantly
larger (mean = 167.8 mm, range 129-205) than both Fort
River groups (p < 0.0001).

Three tagged lamprey from group 3 died by becom-
ing impinged on a pump intake, entangled in netting,
or attacked by another lamprey; these lamprey were
excluded from the overall survival calculation. Four
tagged lamprey died with viscera protruding from the
incision 5-17 day after tagging, a symptom that can be
directly attributed to the tagging process (Table 2). Two
additional tagged lamprey died with small bulges at their
incision; however, it was not uncommon to see other lam-
prey with similar bulges that survived. During the 3 weeks
post-tagging, four tagged lamprey died with no external
symptoms and four untagged lamprey died without exter-
nal symptoms. One tagged and three untagged lamprey
had fungus along their tails and were removed prior to
death to avoid spreading the fungus to other lamprey.
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Fig. 1 Length frequency of metamorphosing juvenile sea lamprey
collected from the Fort River, MA and two tributaries to Lake Cham-
plain used to assess survival after implantation with 12-mm HDX PIT
tags. Fort River sea lamprey were divided into two groups for survival
comparison between tagged and untagged and held separately from
each other as well as Lake Champlain sea lamprey

Survival

Survival of all tagged sea lamprey for all three groups
24 h post-tagging was 100% (Table 1). During direct
comparison of tagged to control animals, survival of
tagged sea lamprey in groups 1 and 2 was 90% (18 of
20) at 64 day post-tagging and 85% (17 of 20) at 47 day
post-tagging, respectively (Table 1; Fig. 2). Survival of all
untagged sea lamprey in groups 1 and 2 was 100% (38 of
38) for the duration of the observation periods (64 and
47 d, respectively). There was no significant difference in
survival between tagged and untagged lamprey in group
1 (log-rank test: y* = 2.360, DF = 1, p = 0.1245) or group
2 (log-rank test: y* = 2.372, DF = 1, p = 0.1235). Tagged
sea lamprey from groups 1 and 2 were held for observa-
tion for an additional 54 day during which no additional
mortality was observed (Fig. 2). Survival of group 3 sea
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Table 2 Symptoms of deceased metamorphosing juvenile
sea lamprey from both tagged and untagged groups used
as part of a survival analysis study

Symptoms Number Median days Maximum days
observed of mortalities until death until death
Tagged lampreys
Protruding 4(2.6) 8 17
viscera
No symptoms 4(2.6) 41 45
Small bulge 2(1.3) 35 35
Fungus 1(0.7) 27 27
Untagged lampreys
No symptoms 4(3.3) 19 23
Fungus 3(2.5) 44 47

The number of mortalities observed for each symptom type, median, and
maximum number of days until death for lampreys with each symptom are
shown; percentage of mortalities among all tagged and untagged lamprey is
given in parentheses

lamprey prior to being tagged was 94.2% (113 of 120; 60
day observation period) and 94.5% (104 of 110; 41 day
observation period) post-tagging. Overall survival for all
tagged sea lamprey at the end of the study was 92.7% (139
of 150; Table 1). Survival of tagged lamprey at the end of
the experiment was significantly related to total length
(* = 4.01, DF = 1, p = 0.0452), with longer lamprey
exhibiting higher survival.

Tag retention

Tag retention was 100% 24 h post-tagging (Table 1) for
all tagging groups. Of the surviving lamprey evaluated on
March 4, 2014, two sea lamprey (1.4%), both from group
3, had lost their tags. Incision health on March 4, 2014,
varied from healed skin to large muscle bulges near the
incision (Table 3). Of the lamprey that had not lost their

Table 1 Mean total length, percent survival, and percent retention of 12-mm PIT tags after 41-118 day for metamor-
phosing juvenile sea lamprey from the Fort River, MA and two Lake Champlain tributaries

Source/group n Tagging/monitoring Total days Total length (mm) Survival (%) Tag retention (%)
date monitored
Mean Range 24 h Overall 24h Overall (# of days

tagged)
Untagged
Fort River Group 1 23 November 19, 2013 64 1429 125-167 100 100.0 N/A N/A
Fort River Group 2 15 December 6,2013 47 1455 134-156 100 100.0 N/A N/A
Lake Champlain 120 December 6,2013 60 * * 100 94.2 N/A N/A
Tagged
Fort River Group 1 20 November 19,2013 118 1474 129-176 100 90.0 100 100.0 (105)
Fort River Group 2 20 December 6, 2013 101 148.0 135-168 100 850 100 100.0 (88)
Lake Champlain 110 February 4, 2014 41 167.8 139-205 100 94.5 100 98.2 (28)
Total tagged 150 N/A N/A 1624 129-205 100 92.7 100 986 (-)

Percent tag retention of all surviving lamprey was evaluated on March 4, 2014. Lake Champlain tagged and untagged sea lamprey consisted of one group monitored

for 60 day pre-tagging (*), then tagged and monitored for 41 day post-tagging
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Fig. 2 Percent cumulative survival for three groups of sea lamprey implanted with 12-mm HDX PIT tags and held in laboratory tanks. Group 1 (a)
and group 2 (b) sea lamprey were collected from Fort River, MA, tagged (solid lines) and held in observation tanks with untagged controls (dashed
lines), and monitored for 64 and 47 d, respectively. Group 1 and 2 tagged sea lamprey were held for an additional 54 day after control animals were
removed to continue monitoring survival and tag retention. Group 3 sea lamprey (b, dotted gray line) were collected from two tributaries to Lake

Champlain and monitored for 60 d; they were then tagged and monitored for 41 day post-tagging to assess survival and tag retention

Table 3 Percentage of incision conditions observed for metamorphosing juvenile sea lamprey from three groups surgi-

cally implanted with 12-mm HDX PIT tags

Incision condition

Fort River group 1 (n=18,105d) Fort River group 2 (n=17,88d)

Lake Champlain
(n=107,28d)

Skin healed 72.2(13)
Internal muscle healed 27.8(5)
Internal muscle closed 0.0(0)
Subtotal 100.0 (18)
Status not determined, no muscle bulge 0.0 (0)
Open, no muscle bulge 0.0 (0)
Small muscle bulge 0.0 (0)
Medium muscle bulge 0.0 (0)
Large muscle bulge 0.0 (0)
Subtotal 0.0 (0)

176 (3) 140 (15)
47.1(8) 51.4(55)
11.8(2) 215(23)
76.5(13) 86.9 (93)
0.0 (0) 19(2)
0.0 (0) 09 (1)
235 (4) 7.5(8)
0.0(0) 09
0.0 (0) 19(2)
235 (4) 13.1(14)

Sea lamprey were evaluated after 28-105 d; sample sizes are given in parentheses. Only surviving sea lamprey that had not shed their PIT tags were evaluated

tag, 87.3% had incisions classified as ‘skin healed, ‘inter-
nal muscle healed, or ‘internal muscle closed’ and were
no longer at risk of tag loss. The remaining lamprey had
open incisions, either with or without protruding muscle
bulges, and were considered to be still at risk of tag loss.

Discussion

Our results demonstrate that metamorphosing juvenile
sea lamprey can be tagged with 12-mm PIT tags using a
field-amenable, simple tagging method [20], and exhibit
high survival and tag retention. The sea lamprey used in
this experiment were collected at different times, sourced
from three different streams, held for different lengths of

time before and after tagging, and varied widely in length,
yet overall survival at the end of an extended observation
period was nearly 93%. By demonstrating that survival
and tag retention can be high regardless of these different
conditions, our results are applicable to a wide range of
future studies in which these conditions are likely to vary
as well.

Survival in our experiment was similar to that seen in
other experiments where outmigrating juvenile Pacific
Lamprey were tagged and held in cool water [17, 19,
20]. Tagged Pacific Lamprey held at 8 and 9 °C exhib-
ited slightly lower overall mortality than we observed
at 5.2 °C; however, this difference was minimal when
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compared with the dramatic increase in mortal-
ity observed for Pacific Lamprey held at temperatures
between 12 and 23 °C [19, 20]. Most mortalities observed
during other experiments with tagged juvenile lampreys
resulted from fungal infection, which appeared to be a
severe issue in several cases [17-20]. Only one tagged
and three untagged sea lamprey died in our experiment
as a result of fungus. We did not treat sea lamprey to
inhibit fungal growth in this experiment and assumed
fungal infections were a product of captive conditions.
If tagging does not affect the rate of fungal infection in
a natural environment, lamprey could be released 24 h
after tagging to reduce this source of mortality. Further
studies should investigate survival of lamprey released
immediately after tagging, which would reduce stresses
due to handling, transportation, and captivity.

A greater proportion (3 of 8; 38%) of tagged lamprey
<140 mm died during our experiment than larger lam-
prey (8 of 142; 6%). Though our sample of <140 mm
lamprey was small, other lamprey tagging studies have
suggested thresholds similar to this value. Mueller et al.
[19] also used 12-mm tags in juvenile Pacific Lamprey
and recommended a threshold of 120 mm; however, their
surgical process utilized a needle to inject the tag through
a small puncture in the skin that was then closed by a sin-
gle suture. Although this process appears to allow smaller
individuals to be tagged, the process may be too compli-
cated for use in the field and a 135-mm threshold was
suggested when following the simpler tagging procedure
to implant 9-mm tags [20]. Low survival was observed
for larval sea lamprey with an average length under
120 mm even with 8-mm tags (40% survival) and 9-mm
tags (10% survival; [22]); however, recent research dem-
onstrated substantially higher survival rates (97% field;
94% laboratory) for larval Pacific Lamprey implanted
with 8.4 mm x 1.4 mm FDX PIT tags [23]. Schreck et al.
[18] suggested 150 mm as a minimum size using 8-mm
PIT tags; our findings suggest this may be conservative
as 82.3% of lamprey in our study <150 mm survived with
larger tags (12 mm x 2.12 mm).

Demonstrating high survival for juvenile sea lamprey
implanted with the 12-mm HDX tag provides man-
agers and researchers with a tool for understanding
downstream migration behavior of sea lamprey where
monitoring larger open channels is required. Previous
field studies of PIT tagged lamprey have been limited to
the detection of ammocoetes or lamprey that had begun
to metamorphose using portable detection equipment
that can be slowly and repeatedly passed over an area [17,
22]. Although shorter lamprey can be successfully tagged
with 8.4-mm PIT tags [23], detection range is generally
reduced as tag size decreases [12]. To effectively detect
outmigrating sea lamprey, studies should utilize the
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largest tags possible to maximize the probability of detec-
tion when using stream-spanning wire arrays. Antenna
arrays for larger HDX tags also do not require the rigid,
watertight enclosures necessary for the FDX tags allow-
ing for easier installation at a lower cost.

PIT telemetry has proved to be a valuable tool for man-
agement of downstream migrating salmon smolts and
has provided a wealth of information about this critical
early-life period, much of which remains unknown for
sea lamprey. For example, PIT telemetry has been used to
determine system-wide, reach-specific, and seasonal sur-
vival [24, 25], temporal and spatial movement patterns [26],
and timing of movement and survival relative to stream
conditions and hydropower operations [27, 28]. Ultimately,
having the capability to monitor downstream movement in
natural, open, stream channels can provide a better under-
standing of when and how sea lamprey outmigrate. This
tool will allow managers to understand where and when
invasive sea lamprey outmigrants in the Great Lakes are
most vulnerable to capture and assess risk of mortality dur-
ing outmigration for sea lamprey in their native range.

Conclusions

Demonstrating the use of larger HDX tags as a viable
option for PIT telemetry for these small fish provides
another monitoring tool for researchers who might find
the FDX PIT systems too costly or technically prohibitive
but wish to maximize detection range. Given that juvenile
sea lamprey typically migrate during periods of high flow
and often heavy debris load (leaves, snow, ice), antenna
arrays can be damaged or completely destroyed. A cheaper
alternative for antennas allows monitoring in open stream
channels where equipment damage is more likely.

The overall high level of survival and tag retention in this
study indicates that future studies can successfully use met-
amorphosing juvenile sea lamprey implanted with 12-mm
HDX PIT tags to better understand their downstream
movement patterns and timing of outmigration. Currently
in the Great Lakes, no control effort targets the down-
stream migratory phase, in large part due to the protracted
migratory period. Understanding when downstream move-
ment occurs and how this movement relates to environ-
mental cues would allow managers to target their effort
during periods of higher likelihood of capture to maximize
trapping benefits relative to cost of operations.
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