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Abstract

Arctic Lamprey Lethenteron camtschaticum are harvested by subsistence and commercial 

fisheries in the Yukon-Kuskokwim region of Alaska; however, there is little to no baseline 

population data available for this species. For mark-recapture and telemetry studies to be 

effectively utilized to collect information on Arctic Lamprey abundance, migratory and dispersal 

patterns, and spawning locations, the tags and transmitters used must not impact fish survival, 

physiology, or behavior. For this laboratory evaluation, survival, incision healing, tag retention, 

changes in body size, and short- (24 hours) and long-term (43 days) swim endurance were 

examined for prespawn Arctic Lamprey (N = 216) collected from the lower Yukon River. A total 

of six treatment groups were evaluated: control, sham surgery, external t-bar anchor tag, and 

small (0.30 g; 0.1-0.4% tag burden [the ratio of transmitter weight to Arctic Lamprey body 

weight]), medium (0.57 g; 0.2-0.8% tag burden), and large (1.50 g; 0.6-1.9% tag burden) 

internal radio transmitters. While all Arctic Lamprey survived tagging and surgical procedures, 

the mortality hazard of Arctic Lamprey was significantly greater for the large transmitter 

treatment group compared to the control, t-bar, and sham surgery treatments. Internal scar tissue 

production, displacement of eggs, and breaks in male testes were found in individuals in all 

internal transmitter treatment groups. Over the 14-week experimental period, only one t-bar 

anchor tag and one small transmitter were shed by tagging-evaluation Arctic Lamprey. While no 

significant differences in healing were found among surgical treatment groups, persistent 

inflammation was observed at surgical incision sites as well as erosion of the skin at antenna

protrusion locations. Most Arctic Lamprey declined in total length (mean relative change = - 

5.02%) and wet weight (mean relative change = -9.65%) over the experimental period, with no 

differences among treatments. While treatment group was not a significant predictor of swim 
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endurance, higher tag burden resulted in reductions in swim duration at 24-hours, but not 43

days post-treatment. My results indicate that t-bar anchor tags and internal radio transmitters 

(maximum tag burden = 1.3%) do not impact survival, changes in body size, or swimming 

endurance of prespawn Arctic Lamprey and can be used to monitor spawner abundance and 

migratory patterns in the Yukon River.
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General Introduction

Globally, lamprey populations are in decline due to climate change, habitat degradation, 

fragmentation, and loss, overharvest, industrial pollution, and other anthropogenic causes, with 

many species considered to be imperiled (Renaud 1997; Maitland et al. 2015; Clemens et al. 

2021; Wang et al. 2021). As of 2022, 40 lamprey species have been assessed for global 

conservation status by the International Union for Conservation of Nature (IUCN 2022) and/or 

NatureServe (2022). Of these 40 species, one species is Extinct (IUCN 2022) and 13 species are 

labeled as either Vulnerable, Endangered, or Critically Endangered (IUCN 2022), or Vulnerable, 

Imperiled, or Critically Imperiled (NatureServe 2022). At least 16 different lamprey species were 

protected by the European Union in at least part of their distribution (Maitland et al. 2015), while 

five of the eleven lamprey species in Canada have not been assessed by The Committee on the 

Status of Endangered Wildlife in Canada (COSEWIC) due to insufficient data. Four of the 

lampreys in Canada are currently listed under Schedule 1 of the federal Species at Risk Act 

(SARA 2022; Renaud et al. 2009a). In the United States, there are currently no lamprey species 

listed as Endangered or Threatened under the Endangered Species Act (ESA 2022). However, 

Pacific Lamprey Entosphenus tridentatus have experienced significant declines in abundance 

and distribution in Washington, Oregon, California, and Idaho (Maitland et al. 2015). Given the 

imperiled nature of certain lamprey species, combined with a general deficit of baseline data for 

others, there is a critical need to develop a better understanding of lamprey dispersal patterns and 

population dynamics to assess potential anthropogenic and/or environmental impacts on 

distribution and abundance.

The status of Arctic Lamprey Lethenteron camtschaticum is listed as Least Concern 

under the IUCN (2022) and Apparently Secure under NatureServe (2022); however, both 
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databases state a general lack of information, such as population numbers and trends, and 

taxonomy. Arctic Lamprey are distributed in the Arctic Ocean basin as well as in the northern 

coasts of the Pacific Ocean basin (Renaud 1997). Freshwater life stages of Arctic Lamprey reside 

in interior rivers and lakes in Norway, Russia, China, the Korean Peninsula, Japan, Alaska, and 

Canada (Renaud 2011). In Alaska, Arctic Lamprey can be found throughout the Yukon, 

Kuskokwim, and Susitna river drainages (Morrow 1980; Mecklenburg et al. 2002; T. Sutton, 

University of Alaska Fairbanks, personal observation). During the marine juvenile life stage, 

Arctic Lamprey occur in the Bering Sea at shallow depths (≤ 100 m) in the northern inner and 

middle continental shelf, where they feed on Pacific Herring Clupea pallasii, Pacific Sand Lance 

Ammodytes hexapterus, and Capelin Mallotus villosus (Shink et al. 2019). Larval Arctic 

Lamprey are a prey source for fishes such as Burbot Lota lota, Northern Pike Esox lucius, 

Inconnu Stenodus leucichthyes, and Walleye Sander vitreus, and gulls (family Laridae) are 

known to consume adults (Renaud 2011; T. Sutton, University of Alaska Fairbanks, personal 

observation). Arctic Lamprey spend their first several years as larvae in freshwater before 

undergoing smoltification and begin feeding on other fishes in the marine environment 

(Kucheryavyi et al. 2007; Sutton 2017). While many lamprey species are parasitic blood feeders, 

Arctic Lamprey are a flesh-eating lamprey species (Renaud et al. 2009b; Shink et al. 2019). 

Following several years feeding at sea, Arctic Lamprey cease feeding and return to freshwater 

tributaries to spawn before dying (Kucheryavyi et al. 2007).

In Alaska, Indigenous communities along the Yukon River harvest Arctic Lamprey for 

traditional subsistence purposes, a practice first documented in the late 1800s (Turner 1886). In 

recent years, fulfilling subsistence needs has become increasingly challenging, partially due to a 

lack of safe shorefast ice caused by the delayed freezing of the Yukon River that prevents access 

2



to traditional fishing areas during the fall Arctic Lamprey upriver spawning migration (Garcia 

2017; Jallen 2018, 2021; Decker 2022). Arctic Lamprey are also harvested in a commercial 

fishery that was initiated in the lower Yukon River in 2003, with catches ranging from 0 to 

22,524 kg annually, providing local communities with an additional source of revenue ($1.00- 

$1.50 per pound; $0.00-$66,180.00 annual harvest value; Garcia 2017; Decker 2022). Despite 

the importance of Arctic Lamprey as a subsistence and commercial fisheries resource in Alaska, 

research on this species is sparse and little is known about the impacts of these fisheries on 

population sustainability. Further, there are no reliable methods to estimate the abundance of this 

species in the Yukon River (Hayes and Salomone 2005; Sutton 2017; Jallen 2021). For example, 

between 2016 and 2018, over 9,000 upstream migrating Arctic Lamprey were tagged with t-bar 

anchor tags for a mark-recapture study; however, only nine tagged Arctic Lamprey were 

recaptured due to unfavorable ice conditions and the inability of the fishery to intercept Arctic 

Lamprey runs. Due to the low recapture rate, estimates of abundance have not been determined 

to date (Garcia and Leach, in press). Since there are no abundance estimates, annual harvest 

quotas (current quota allocation = 20,000 kg; Decker 2022) are not altered to account for run 

size, which could result in overexploitation during years when abundances are low. Likewise, in 

years of greater Arctic Lamprey abundance, the quotas could be unnecessarily cautious (Garcia 

and Leach, in press). Although migratory timing has been documented by subsistence users 

(Brown et al. 2005) and the Alaska Department of Fish & Game (Jallen 2018, 2021; Decker 

2022), the commercial fishery has not consistently been able to successfully intercept the 

spawning migration (Garcia 2017; Jallen 2018; Decker 2022). Given this challenge, as well as 

delays in river freeze-up, the Yukon River Arctic Lamprey commercial fishery has had low to no 

harvest in eight of the 19 years since the fishery began (Jallen 2018; Decker 2022). While
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Traditional Ecological Knowledge (TEK; Brown et al. 2005) provides valuable insights 

regarding Arctic Lamprey upriver migratory timing in the Yukon River, little is currently known 

about Arctic Lamprey abundance, distribution, and life history (Hayes and Salomone 2004, 

2005). Despite the IUCN (2022) and NatureServe (2022) statuses, Arctic Lamprey harvest in 

Japan has drastically declined since its peak in 1980s and the southern limit of the species' 

distribution has moved northward (Almeida et al. 2021; Arakawa and Yanai 2021; Arakawa et 

al. 2021), creating a greater need to monitor other Arctic Lamprey population trends. Further 

research is required to assess the unknown impacts of harvest on Yukon River Arctic Lamprey 

abundance, population dynamics, and fishery sustainability.

Mark-recapture studies have the potential to be useful for the assessment of Arctic 

Lamprey abundance. One of the most commonly used external tags is a t-bar anchor tag, which 

consists of a t-shaped internal end and a long, thin, often brightly colored, external tag end 

(Masters et al. 2006; Pine et al. 2012). For teleosts, t-bar anchor tags are typically secured within 

the pterygiophore bones that support the dorsal fin(s; Waldman et al. 1990). Because lampreys 

lack a mineralized skeleton (Osório and Rétaux 2008), the absence of bony structures to secure t- 

bar tags increases the probability of tag loss (Waldman et al. 1990). High tag retention is 

necessary for accurately estimating abundance, with low retention rates leading to an 

overestimation of fish abundance, unless tag retention rates are accounted for in calculations. 

Abundance estimations using mark-recapture studies can also be affected if the tags influence 

fish behavior or survival (Pine et al. 2012). In the case of the Arctic Lamprey fishery, an 

overestimation of abundance could result in fishery management decisions that are 

unsustainable. For example, it is possible that the Arctic Lamprey mark-recapture study 

conducted in the lower Yukon River had a low recapture rate due to tag shedding or impacts on 
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swimming behavior or survival (Garcia and Leach, in press). As a result, there is a clear need to 

evaluate t-bar anchor tag retention and effects on swimming performance and survival of 

prespawn Arctic Lamprey prior to use in future field studies to generate accurate estimates of 

abundance.

Biotelemetry studies have the potential to provide useful insight into Arctic Lamprey 

distribution and migratory patterns. Radio telemetry, as a type of biotelemetry, offers the ability 

to transmit biological and behavioral information from normally inaccessible locations (Güler 

and Übeyli 2002). Telemetry can be a useful tool for tracking fish habitat use, as well as 

migratory and spatial patterns over time, with radio telemetry considered to be the optimal 

telemetry method for shallow freshwater systems (Cooke et al. 2012). However, the method of 

attachment or implantation on or in a fish requires careful consideration as both internally 

implanted and externally attached transmitters have benefits and drawbacks. Externally 

implanted transmitters, while less invasive than internal devices, are more likely to disrupt fish 

swimming ability and behavior (Weimer et al. 2006; Hadden et al. 2018). Due to technological 

advances, more compact transmitters are being manufactured, allowing for the use of telemetry 

technology on smaller fishes; however, smaller transmitters are limited due to their shorter 

battery-life capacity (Sutton and Benson 2003; Cooke et al. 2012). Although the primary 

drawback of smaller transmitters is a shorter battery lifespan and reduced range detection, 

smaller transmitters have the potential to be less invasive with lower impacts on fish physiology, 

thereby reducing experimental bias (Sutton and Benson 2003). Internal tags have the downside 

of needing an external trailing antenna which has the potential to tangle, snag, and impact fish 

swimming performance (Murchie et al. 2004). Because of these potential influences on fish 
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physiology and behavior, experimental analysis is required to ensure that the core assumptions of 

radio telemetry studies are valid.

To use radio telemetry, one must assume that the fish with transmitters are representative 

of fish in the population without transmitters and that the transmitters are retained without 

impacting the fish (i.e., the core assumptions of telemetry studies; Close et al. 2003; Cooke et al. 

2012; Hadden et al. 2018). Specifically, the attachment or implantation of tags or transmitters 

should not impact the survival, condition, physiology, or behavior of host fish differentially from 

other fish in the population without tags or transmitters (Close et al. 2003). Lamprey species 

utilize an anguilliform method of swimming and are less efficient swimmers than most other 

fishes (Beamish 1974; Mesa et al. 2003). As such, reductions in swimming performance caused 

by tags or transmitters can have unintended consequences. For example, a study on Pacific 

Lamprey showed that radio-tagged individuals had lower rates of dam passage than fish that only 

received an internal PIT tag, suggesting that radio transmitters impacted Pacific Lamprey 

swimming performance (Keefer et al. 2010). Similarly, it has been found that adult Pacific 

Lamprey surgically implanted with radio transmitters had lower critical swimming speeds during 

swim-performance trials (Mesa et al. 2003). As such, it is likely that the use of certain radio tags 

on Pacific Lamprey do not meet the core assumptions telemetry studies due to physiological or 

behavioral influences. While studies have evaluated the impacts of the implantation of internal 

radio transmitters on Pacific Lamprey (Close et al. 2003; Mesa et al. 2003; Moser et al. 2007; 

Keefer et al. 2010), prior to the current study, no such evaluation had been conducted on Arctic 

Lamprey. This evaluation of assumptions is important considering the potential variation in 

responses to transmitter implantation between fish species (Jepsen et al. 2005). Consequently, 
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there is a need for research that assesses how well the core assumptions of radio telemetry are 

upheld for Arctic Lamprey

Swimming-performance evaluations have been utilized to determine the effects of 

various tag types on fish physiology and behavior (Close et al. 2003; Mesa et al. 2003; Murchie 

et al. 2004). Brett-type and Blazka-type respirometers are the two most common swimming 

respirometers, with the Brett-type respirometer being more frequently utilized (Brett 1964; Cech 

and Brauner 2011). This respirometer consists of a closed circuit of tubes with a pump or motor 

moving water throughout the system. An area of tubing within the respirometer is sectioned off 

in which the fish resides during the duration of the trial, usually with screens, a cluster of smaller 

tubes, or other type of grid to produce laminar flow (Brett 1964; Cech and Brauner 2011). Fish 

swimming performance is often measured by observing fish fatigue, with critical swimming 

speed at fatigue or time until fatigue used as comparative measurements to determine fish 

swimming performance (Close et al. 2003; Mesa et al. 2003). By measuring time until fatigue 

during Pacific Lamprey swim-performance trials Close et al. (2003) concluded that small 

(maximum tag burden = 1.1%) and medium internal radio transmitters (maximum tag burden = 

2.5%; 1-4 day recovery time) fulfilled the necessary assumptions of telemetry-tagging 

experiments. Swim-endurance trials using a swim tunnel can provide insight on how external 

tags and implanted transmitters may impact Arctic Lamprey swimming stamina and behavior 

prior to the use of tags and transmitters in field studies.

The goal of this study was to evaluate the viability of using external t-bar anchor tags and 

surgically implanted internal radio transmitters on prespawn Arctic Lamprey by testing the core 

assumptions of telemetry and tagging studies (i.e., fish with tags/transmitters are representative 

of fish without and tags/transmitters are retained) in a laboratory setting. The first objective was 
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to evaluate survival, incision healing, tag retention, and changes in body length and weight for 

Arctic Lamprey with attached external t-bar anchor tags and implanted with radio transmitters. 

The second objective was to examine Arctic lamprey swim endurance after t-bar anchor tag and 

radio transmitter attachment or implantation, respectively, utilizing a Brett-style swim chamber. 

The results of this study will provide important insights into the viability of using external tags 

and internal transmitters for estimating spawner abundance and movement patterns, respectively, 

of Arctic Lamprey in the Yukon River drainage, which will increase our understanding of the life 

history and sustainability of this poorly understood species.
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Chapter 1: Evaluating the Viability of the Use of Two Tag Types on Prespawn Arctic

Lamprey1

1 Spanos, M., C. Cunningham, K. Drew, and T. Sutton. Drafted. Evaluating the viability of the 
use of two tag types on prespawn Arctic Lamprey. North American Journal of Fisheries 
Management. Unpublished manuscript.

Abstract

Arctic Lamprey Lethenteron camtschaticum are harvested by subsistence and commercial 

fisheries in the Yukon-Kuskokwim region of Alaska; however, there is little to no baseline 

population data available for this species. For mark-recapture and telemetry studies to be 

effectively utilized to collect information on Arctic Lamprey abundance, migratory and dispersal 

patterns, and spawning locations, the tags and transmitters used must not impact fish survival, 

physiology, or behavior. For this laboratory evaluation, survival, incision healing, tag retention, 

changes in body size, and short- (24 hours) and long-term (43 days) swim endurance were 

examined for prespawn Arctic Lamprey (N = 216) collected from the lower Yukon River. A total 

of six treatment groups were evaluated: control, sham surgery, external t-bar anchor tag, and 

small (0.30 g; 0.1-0.4% tag burden [the ratio of transmitter weight to Arctic Lamprey body 

weight]), medium (0.57 g; 0.2-0.8% tag burden), and large (1.50 g; 0.6-1.9% tag burden) 

internal radio transmitters. While all Arctic Lamprey survived tagging and surgical procedures, 

the mortality hazard of Arctic Lamprey was significantly greater for the large transmitter 

treatment group compared to the control, t-bar, and sham surgery treatments. Internal scar tissue 

production, displacement of eggs, and breaks in male testes were found in individuals in all 

internal transmitter treatment groups. Over the 14-week experimental period, only one t-bar 

anchor tag and one small transmitter were shed by tagging-evaluation Arctic Lamprey. While no 
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significant differences in healing were found among surgical treatment groups, persistent 

inflammation was observed at surgical incision sites as well as erosion of the skin at antenna

protrusion locations. Most Arctic Lamprey declined in total length (mean relative change = - 

5.02%) and wet weight (mean relative change = -9.65%) over the experimental period, with no 

differences among treatments. While treatment group was not a significant predictor of swim 

endurance, higher tag burden resulted in reductions in swim duration at 24-hours, but not 43

days post-treatment. My results indicate that t-bar anchor tags and internal radio transmitters 

(maximum tag burden = 1.3%) do not impact survival, changes in body size, or swimming 

endurance of prespawn Arctic Lamprey and can be used to monitor spawner abundance and 

migratory patterns in the Yukon River.

Introduction

Globally, lamprey populations are in decline due to climate change, habitat degradation, 

fragmentation, and loss, overharvest, industrial pollution, and other anthropogenic causes, with 

many species considered to be imperiled (Renaud 1997; Maitland et al. 2015; Clemens et al. 

2021; Wang et al. 2021). Of the 40 lamprey species assessed for global conservation status, one 

species is Extinct under the International Union for Conservation of Nature (IUCN 2022) and 13 

species are labeled as either Vulnerable, Endangered, or Critically Endangered under the IUCN 

(2022), or Vulnerable, Imperiled, or Critically Imperiled under NatureServe (2022). In the 

United States, there are currently no lamprey species listed as either Endangered or Threatened 

under the Endangered Species Act (ESA 2022). However, Pacific Lamprey Entosphenus 

tridentatus has experienced significant declines in abundance and distribution in Washington, 

Oregon, California, and Idaho (Maitland et al. 2015). The status of Arctic Lamprey Lethenteron 

camtschaticum is listed as Least Concern under the IUCN (2022) and Apparently Secure under 
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NatureServe (2022); however, both databases state a general lack of information, such as 

population numbers, trends, and taxonomy. As Arctic Lamprey harvest in Japan has drastically 

declined since its peak in 1980s and the southern limit of the species' distribution has moved 

northward (Almeida et al. 2021; Arakawa and Yanai 2021; Arakawa et al. 2021) there is an 

increased need to monitor other Arctic Lamprey population trends to ensure sustainability. Given 

the imperiled nature of certain lamprey species, combined with a general deficit of baseline data 

for others, there is a critical need to develop a better understanding of lamprey dispersal patterns 

and population dynamics to assess potential anthropogenic and/or environmental impacts on 

distribution and abundance.

Arctic Lamprey are anadromous and spend their first several years as larvae in freshwater 

before undergoing smoltification and beginning feeding on other fishes, such as Pacific Herring 

Clupea pallasii, Pacific Sand Lance Ammodytes hexapterus, and Capelin Mallotus villosus, in 

the marine environment (Kucheryavyi et al. 2007; Sutton 2017; Shink et al. 2019). While many 

lamprey species are parasitic blood feeders, Arctic Lamprey are a flesh-eating lamprey species 

(Renaud et al. 2009; Shink et al. 2019). Following several years feeding at sea, Arctic Lamprey 

cease feeding and fully rely on stored lipids to make their upstream migration to spawning 

locations. As lampreys are semelparous, Arctic Lamprey die shortly after spawning 

(Kucheryavyi et al. 2007; Renaud 2011).

In Alaska, Arctic Lamprey can be found throughout the Yukon, Kuskokwim, and Susitna 

river drainages (Morrow 1980; Mecklenburg et al. 2002; T. Sutton, University of Alaska 

Fairbanks, personal observation). Indigenous communities along the Yukon River harvest Arctic 

Lamprey for traditional subsistence purposes, a practice first documented in the late 1800s 

(Turner 1886). In recent years, fulfilling subsistence needs has become increasingly challenging 
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for users, partially due to a lack of safe shorefast ice caused by the delayed freezing of the Yukon 

River that prevents access to traditional fishing areas during the upriver Arctic Lamprey 

migration (Garcia 2017; Jallen 2018, 2021). Arctic Lamprey are also harvested in a commercial 

fishery that was initiated in the lower Yukon River in 2003 with catches ranging from 0 to 

22,524 kg annually, providing local communities with an additional source of revenue ($1.00- 

$1.50 per pound; $0.00-$66,180.00 annual harvest value; Garcia 2017; Decker 2022). Although 

indicators of migratory timing have been documented by subsistence users (Brown et al. 2005) 

and the Alaska Department of Fish & Game (Jallen 2018, 2021; Decker 2022), the commercial 

fishery has not consistently been able to successfully intercept the spawning migration (Garcia 

2017; Jallen 2018; Decker 2022). As a result, the commercial fishery has had low to no harvest 

in eight of the 19 years since the fishery began (Jallen 2018; Decker 2022). Despite the 

importance of Arctic Lamprey as a subsistence and commercial resource in Alaska, research on 

this species is sparse and little is known about the impacts of these fisheries on population 

sustainability. Further, there are currently no reliable methods to estimate the abundance of this 

species in the Yukon River (Hayes and Salomone 2005; Sutton 2017). In a mark-recapture study 

conducted between 2016 and 2018, only nine of over 9,000 externally tagged Arctic Lamprey 

were recaptured during their upstream spawning migration. Because estimates of abundance 

have not been determined, annual harvest quotas (current quota allocation = 20,000 kg; Decker 

2022) have not varied to account for run size, which could result in overexploitation during years 

of low abundance and unnecessarily cautious quotas in years of high abundance (Garcia and 

Leach, in press). Because Arctic Lamprey populations in Japan have experienced large-scale 

declines in abundance (Almeida et al. 2021; Arakawa and Yanai 2021; Arakawa et al. 2021), 

abundance-informed fishery quotas are especially important to ensure long-term sustainability.
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Additional research is required to increase our understanding of Arctic Lamprey abundance, 

distribution, and life history to allow for the assessment the impacts of harvest on the long-term 

sustainability of this species in the Yukon River drainage.

Mark-recapture studies should allow for the assessment of Arctic Lamprey abundance 

estimates, while biotelemetry will provide baseline insights on distribution and migratory 

patterns. External tags, such as t-bar anchor tags, are commonly used in mark-recapture 

abundance studies (Masters et al. 2006; Pine et al. 2012). For teleosts, these tags are typically 

secured by the pterygiophore bones that support the dorsal fin (Waldman et al. 1990). However, 

lampreys lack pterygiophore bones because they do not have a mineralized skeleton (Osório and 

Rétaux 2008), which increases the probability of tag loss and therefore bias associated with fish 

abundance estimation (Waldman et al. 1990). While radio telemetry would yield insights into 

Arctic Lamprey migratory and spatial patterns, the assumptions associated with radio transmitter 

implantation impacts need to be addressed before implementing this approach for Arctic 

Lamprey (Close et al. 2003; Cooke et al. 2012; Hadden et al. 2018). Specifically, it is critical to 

ensure that the attachment or implantation of transmitters does not impact the survival, condition, 

physiology, and behavior of the host organism (i.e., the core assumptions of telemetry studies) to 

minimize bias in study results (Close et al. 2003).

Swimming-performance evaluations have been utilized to determine the effects of 

various tag types on fish swimming ability, physiology, and behavior (Close et al. 2003; Mesa et 

al. 2003; Murchie et al. 2004). Such evaluations are conducted in swimming respirometers, 

where swimming performance is measured by observing fatigue, with critical swimming speed at 

fatigue or time until fatigue used as comparative measurements to determine swimming 

performance (Close et al. 2003; Mesa et al. 2003). By measuring time until fatigue during Pacific 
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Lamprey swim-performance trials Close et al. (2003) concluded that small (maximum tag burden 

[the ratio of transmitter weight to body weight] = 1.1%) and medium internal radio transmitters 

(maximum tag burden = 2.5%; 1-4 day recovery time) fulfilled the necessary assumptions of 

telemetry-tagging experiments. Swim-endurance trials using a swim tunnel can provide insight 

into how external tags and implanted transmitters impact Arctic Lamprey swimming stamina and 

behavior prior to the use of tags and transmitters in field studies.

In this study, I evaluated the impacts of using external t-bar anchor tags and internal radio 

transmitters on prespawn Arctic Lamprey physiology in the laboratory. The main objectives of 

this study were to: (1) evaluate survival, surgical healing, tag retention, and changes in body 

length and weight; and (2) examine swim endurance of Arctic Lamprey with externally attached 

t-bar anchor tags or internally implanted radio transmitters in a laboratory setting. The results of 

this study will provide important insights into the viability of using external tags and internal 

transmitters for estimating spawner abundance and movement patterns, respectively, of Arctic 

Lamprey in the Yukon River drainage, which will increase our understanding of the life history 

and sustainability of this poorly understood species.

Methods

Arctic Lamprey were captured from the lower Yukon River during their upriver 

spawning migration using fyke nets and transported to the University of Alaska Fairbanks in 

September and October 2020 (Figure 1.1). These collection and transport procedures were in 

accordance with those approved in the Alaska Department of Fish and Game Aquatic Resource 

Permit SF2020-005. Following a two-month acclimation period (water temperature, 7-12°C; 

salinity, 2.5-5.0 ppt), Arctic Lamprey (N = 216) were anesthetized in Aqui-S®20E solution (15

mL Aqui-S®20E to 19-L tank water), measured for total length (to the nearest 1 mm) and wet 
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weight (to the nearest 0.5 g), and received an internally implanted Biomark® APT12 PIT 

(passive-integrated transponder) tag using a Biomark® MK65 PIT Tag Implanter (Biomark, 

Boise, Idaho). Seventy-two Arctic Lamprey were then randomly sorted into each of three 890-L 

circular tanks, with 52 Arctic Lamprey in each tank randomly assigned to the tagging evaluation 

(N = 156 Arctic Lamprey) and the remaining 20 fish in each tank assigned to swim trials (N = 60 

Arctic Lamprey). Swim-trial Arctic Lamprey were kept separate from tagging-evaluation fish by 

placing them within one of three floating enclosures (top: 35.6 cm x 35.6 cm; depth: 20.3 cm; 

bottom: 25.4 cm x 25.4 cm) in each tank (6-7 fish per enclosure). Experimental treatments for 

the tagging evaluation and swim-endurance trials included (1) control (anesthesia only), (2) sham 

surgery (anesthesia, incision, sutures), (3) external tag (anesthesia, t-bar anchor tag attachment), 

(4) small internal transmitter (anesthesia, incision, [3.0 x 5.0 x 9.6 mm; 0.30 g; 0.1-0.4% tag 

burden] transmitter insertion, sutures), (5) medium internal transmitter (anesthesia, incision, [5.0 

x 5.2 x 11.0 mm; 0.57 g; 0.2-0.8% tag burden] transmitter insertion, sutures), and (6) large 

internal transmitter (anesthesia, incision, [8.2 x 15.0 mm, cylindrical; 1.50 g; 0.6-1.9% tag 

burden] transmitter insertion, sutures) groups. The sham surgery treatment group was included to 

distinguish between the potential impacts of the presence of an internal transmitter and the 

surgical procedure itself (Ivasauskas et al. 2012). Internal transmitters were weighted epoxy resin 

replicas of real radio transmitters. Tag burden refers to the ratio of transmitter weight to Arctic 

Lamprey body weight.

Experimental Design

Experimental treatments for tagging-evaluation Arctic Lamprey were administered over a 

12-day period by a single trained surgeon in January 2021. All laboratory procedures followed 

those as approved by the University of Alaska Fairbanks Institutional Animal Care and Use
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Committee through protocol #1491633. Before receiving their treatments, each Arctic Lamprey 

was anesthetized with Aqui-S®20E solution, scanned with a Biomark® HPR Handheld PIT Tag 

Reader to determine its PIT tag identification, and measured for total length and wet weight as 

described previously. Regardless of treatment, Arctic Lamprey were allowed to fully recover 

from anesthesia before they were returned to their experimental tank.

Arctic Lamprey in the control group did not receive an external tag or internal 

transmitter; as a result, these fish were only anesthetized, measured, and allowed to recover from 

anesthesia. Arctic Lamprey assigned to the t-bar anchor tag group received a 48-mm external t- 

bar anchor tag (Floy Tag & Manufacturing, Inc., Seattle, Washington) identical to the tags used 

by Garcia and Leach (in press). Arctic Lamprey in this group were placed in a wet foam cradle 

and kept moist. Prior to tagging, a t-bar tag applicator and tag were sterilized in a chlorhexidine 

solution and rinsed in a 9-ppt sterile saline solution. Tags were injected into the musculature 

below the front end of the first dorsal fin on the left side of the fish.

Arctic Lamprey in the sham and transmitter groups underwent similar surgical 

procedures. All surgical tools and transmitters were sterilized in a chlorhexidine solution and 

rinsed in a 9-ppt sterile saline solution prior to each procedure. Arctic Lamprey in the sham (no 

transmitter) surgery group were placed in a wet cradle, kept moist, and a 1.5-2.5 cm incision was 

made along the ventral side, off-center (to the left), posterior to the gills and organs. While 

Arctic Lamprey in the sham treatment had their incision sutured immediately, fish in the 

transmitter treatment groups had a groove director slid into the incision and positioned under the 

skin posterior to the opening. An 18-gauge catheter needle was inserted through the skin 

approximately 15-25 mm posterior to the incision and slid along the groove director until the tip 

of the needle was visible through the incision opening. The transmitter antenna was inserted into 
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the end of the catheter needle and pulled through the incision created by the needle, while the 

body of the transmitter was inserted into the body cavity. At the end of the procedure, four to six 

interrupted (6-0) monofilament nylon non-absorbable sutures were used to close the incision 

with a 13-mm reverse cutting needle.

Following completion of tag attachment and transmitter implantation, incision site 

healing and tag/transmitter analyses for each Arctic Lamprey was conducted every two weeks 

for 14 weeks. For each evaluation, Arctic Lamprey were anesthetized and measured for total 

length and wet weight as described previously. With the exception of the control group, Arctic 

Lamprey were kept moist in a wet foam cradle, an image was taken of the tag attachment or 

incision site, and surgical incisions were assigned an inflammation and healing rating (0-6) 

based on Wagner et al. (2000; Table 1.1; Figure 1.2). The opening where the transmitter antenna 

exited the body was also assigned a rating on a 0-3 scale (Table 1.2; Figure 1.3). Antenna

protrusion sites were assigned a score of 0 when inflammation and skin erosion were not visible, 

a 1 when mild to moderate inflammation was identified, a 2 when severe inflammation was 

present, and a 3 when there was a visible open hole into the body cavity created by wear from the 

antenna. Tags and transmitters were recorded as absent (shed) or present to determine retention 

rates for each tag/transmitter type. In addition, all tanks were checked daily for mortalities. If a 

dead Arctic Lamprey was observed, it was removed from the tank, scanned for PIT tag 

identification, measured for total length and wet weight as described previously, and the cause 

and date of death was recorded. All Arctic Lamprey were frozen prior to necropsy. Necropsies 

were conducted by opening the body cavity and searching for abnormalities (e.g., internal 

scarring, damage to gonads, signs of infection, etc.).
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Swim-endurance trials were conducted using a Brett-style swim chamber (Brett 1964), 

which was an open circuit that drew and released water directly from a 378-L tub (Figure 1.4). 

This chamber consisted of plastic and rubber tubing connected to a Calpeda® NM1S 05H36S 

pump (Calpeda, Vicenzo, Italy) controlled by a L510-1P5-H1-U variable-frequency drive (Teco- 

Westinghouse, Round Rock, Texas). The relationship between RPM (revolutions per minute) 

and flow velocity was calibrated with a Swoffer Model 2100 current velocity meter (Swoffer 

Instruments, Inc., Sumner, Washington). The chamber used to house Arctic Lamprey was made 

using clear plastic tubing (11.4-cm diameter x 55.9-cm long) that was sectioned off with a flow

homogenizing honeycomb structure on the upstream end and fine mesh on the downstream end. 

The bottom and sides of the housing chamber was lined with four layers of plastic mesh and 

rubber to prevent Arctic Lamprey from attaching themselves to the chamber sides during trials. 

The top of the chamber was only covered with clear mesh to allow for Arctic Lamprey 

observations during the swim trials.

Sixty Arctic Lamprey (20 fish per tank; 10 fish per treatment) underwent swim

endurance trials at both 24-hours and 43-days post-treatment. These time frames were chosen to 

evaluate both short- and long-term responses to tagging or transmitter implantation, with the 43

day trial also allowing incision sites time to heal. Prior to each swim trial, the 378-L tub was 

filled with water (8.8°C [± 1°C] and 3.8-ppt [± 0.2 ppt] salinity) that contained an aerator that 

supplied a continuous supply of dissolved oxygen. Selected Arctic Lamprey were anesthetized in 

an Aqui-S®20E solution, measured for total length and wet weight as described previously, and 

placed within the chamber. The pump was turned on to a moderate to high setting for one minute 

to allow air to clear from the chamber. The relationship between body lengths per second (bl/s) 

and RPM was calculated for each Arctic Lamprey, and the pump was turned down to 0.10 bl/s
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for one hour to allow for acclimation and recovery from anesthesia. The velocity was then 

increased to 0.20 bl/s for five minutes followed by five minutes at 0.30 bl/s. During the 0.30 bl/s 

period, the chamber was tapped to encourage the Arctic Lamprey to initiate swimming. The 

pump was then increased to 0.40 bl/s and the trial started. When an Arctic Lamprey became 

impinged on the back screen, the chamber velocity was reduced to < 20 RPM and then increased 

to 0.40 bl/s to encourage swimming activity. If the Arctic Lamprey remained on the back screen 

or returned to the back screen immediately after the activity change, a timer was set for 30 

seconds. If after 30 seconds the Arctic Lamprey remained impinged on the screen, the trial 

ended, time to fatigue was recorded, and the Arctic Lamprey was removed from the chamber and 

returned to its experimental enclosure.

Data Analyses

All data were analyzed in RStudio® software (version 4.0.2) and a Type-I error of α = 

0.05 was used to determine statistical significance (Table 1.3). Differences in mortality hazard 

(instantaneous mortality rate) for experimental treatments was determined using a Cox

proportional hazards model (Cox 1972), with treatment as the predictor parameter and days until 

mortality as the dependent variable (N = 175 Arctic Lamprey). A single-factor analysis of 

variance (ANOVA) was used to determine whether mortality hazard differed among 

experimental treatment groups and significance of individual treatments was determined using 

pairwise comparisons with Log-Rank tests.

Only Arctic Lamprey in the sham and transmitter treatment groups for the tagging 

evaluation were included in incision-site healing analysis (N = 103 Arctic Lamprey; observations 

= 298) and only Arctic Lamprey in the transmitter treatment groups were included in antenna

protrusion site analysis (N = 76 Arctic Lamprey; observations = 222). Median incision-site 
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healing or antenna-protrusion site scores were used for these analyses, with tanks as the 

replicates (N = 3 tanks). For incision-site healing and antenna-protrusion site analyses, tagging

evaluation dates were grouped into two-week intervals, with comparisons at weeks 2, 8, and 14. 

To test for differences in score frequencies by treatment, median incision-site healing or antenna

protrusion site score and treatment were compiled into a contingency table. The significance of 

experimental treatments in the contingency tables was determined using Fisher's Exact Test. 

Differences in incision-site healing and antenna-protrusion site scores were compared between 

weeks 2 and 8 and weeks 8 and 14 using ordinal logistic regression and significance was 

determined using Type-II ANOVA.

Tag loss was analyzed for all Arctic Lamprey in the external tag and transmitter treatment 

groups for the tagging evaluation (N = 155). Tagging evaluations were grouped into two-week 

intervals from weeks 2 through 14. Since only one tag and one transmitter were shed in the 

tagging evaluation group during this period (see results), binomial generalized linear modelling 

was not used in this study.

To determine the impacts of each treatment on the decline in Arctic Lamprey length and 

weight over the experimental period, all Arctic Lamprey in the tagging evaluation that had not 

shed their tag at the time of observation were included in this analysis (N = 144 Arctic Lamprey; 

observations = 288). Initial lengths and weights were taken at the time of surgery (week 0) and 

final lengths and weights were taken during the last two week interval of the study (week 14). 

Mean initial and final length and weight were compared among treatment types with tanks as 

replicates. Relative change in length and weight (%) was calculated for the 14-week interval 

following methods in Sutton and Benson (2003):
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where GL, i and GW, i were the relative changes in length and weight between times t and t + 1 for 

Arctic Lamprey individual i, Li, t, Wi, t, Li, t + 1, and Wi, t + 1 were the lengths and weights of Arctic 

Lamprey i at times t and t + 1, and WTrans, i was the weight of the transmitter implanted into 

Arctic Lamprey i. The means of relative growth in length and weight and initial length and 

weight were used, with tanks as replicates. Linear-regression models were fitted with mean 

relative growth, initial length/weight, and final length/weight as the response variables and 

treatment as the predictor variable. The significance of experimental treatment in the linear- 

regression models for mean initial and final measurements and relative growth was determined 

using a Type-II ANOVA and significance of individual treatments was determined using Tukey 

tests.

Swim-trial analyses were conducted for both 24-hours (N = 36) and 43-days (N = 47) 

post-treatment trials. Simple linear-regression models were used with time swam at 0.40 bl/s 

(min) as the response variable. Treatment was added to the linear model as a predictor variable 

with length and weight separately to avoid collinearity, and significance differences were 

determined using Type-II ANOVA, with differences between treatments determined using a 

Tukey test. Because residuals were not normally distributed in the linear models, a logarithmic 

transformation was applied to the dependent variable. The analyses were repeated with tag 

burden (the transmitter weight divided by Arctic Lamprey wet weight at the start of the trial) as a 

predictor variable in the linear model instead of treatment. The significance of tag burden on 

25



swim duration was determined using t-tests. To test for differences in swim duration between 24

hours and 43-days post-treatment trials by treatment, log-transformed models for each treatment 

were fit with time swam at 0.40 bl/s (min) as the response variable and trial as the predictor 

variable. The significance of trial on swim duration for each treatment was determined using 

Type-II ANOVA.

Results

Mortality

Nine Arctic Lamprey in the tagging-evaluation and three fish in the swim-endurance 

experiments died over the 14-week experimental period. The remainder of the Arctic Lamprey 

(N = 175 total Arctic Lamprey) died, as expected (Arctic Lamprey spawning occurs between 

April and July depending on the population [Renaud 2011]), within 35 weeks of the experiment 

start date. The first Arctic Lamprey mortality (a control fish) occurred on day 31 of the 

experiment, and the last mortality occurred on day 239 (a fish with a t-bar anchor tag; Table 1.4). 

Mortality hazard of Arctic Lamprey was influenced by treatment type (χ2= 19.29; P < 0.01). The 

mortality hazard for the large transmitter treatment group was significantly greater than control 

(P = 0.005), t-bar anchor tag (P = 0.04), and sham (P = 0.04) groups, but did not differ from small 

(P = 0.29) or medium (P = 0.29) transmitter treatment groups (Figure 1.5). Further, the mortality 

hazard of t-bar anchor tag (P = 0.74), sham (P = 0.80), and small (P = 0.053) and medium (P = 

0.14) transmitter groups were not significantly different from the control group; however, the 

mortality hazard of the small transmitter treatment group was significantly greater than the sham 

treatment (P = 0.04; Figure 1.5).
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Scar tissue occurred within the body cavity of Arctic Lamprey for the sham (5.7%; N = 

2) and small (48.6%; N = 17), medium (60.0%; N = 21), and large (54.3%; N = 19) transmitter 

treatment groups. Scarring ranged from no association with internal organs to completely 

encasing the transmitter and/or binding the liver, intestine, gonads, and internal body wall 

together. Signs of infection and/or lesions were only found for control (3.2%; N = 1), t-bar 

anchor tag (11.4%; N = 4), and medium (8.6%; N = 3) and large (5.7%; N = 2) transmitter 

treatments. One control Arctic Lamprey had an infection on its liver, while four t-bar anchor tag 

fish had secondary infections on the epidermis or within the musculature at the tag attachment 

site. Distortions in body shape (visible puckering inwards at transmitter site) occurred at a low 

frequency for females in all transmitter treatment groups (small: 6.3%, N = 1; medium: 10.5%, N 

= 2; large: 5.6%, N = 1) due to egg displacement anterior and posterior to the transmitter. 

Changes to the testes of males (i.e., thinning or a complete break in the testes at the incision or 

transmitter site, testes engulfing the transmitter without thinning) were present for the sham 

(thinning: 15.0%, N = 3) and small (thinning: 10.5%, N = 2; breakage: 21.1%, N = 4; engulfed: 

15.8%, N = 3), medium (thinning: 6.7%, N = 1; breakage: 26.7%, N = 4; engulfed: 13.3%, N = 

2), and large (thinning: 6.3%, N = 1; breakage: 31.3%, N = 5) transmitter treatment groups.

Incision-Site Healing

An incision-site healing score of 4 (out of 6) for Arctic Lamprey post-surgery was the 

most frequent rating (53.7% of fish) because inflammation at the incision site was prevalent 

throughout the study. Median incision-site healing scores over the experiment (median = 4, 

range, 1-6) were not significantly different among surgical treatment groups (P = 0.65; Table 

1.4). Median incision-site healing scores were significantly different between weeks 2 and 8 (χ2 

= 15.95; P < 0.0001) but were not significantly different between weeks 8 and 14 (χ2 = 1.91; P = 
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0.17; at 2-weeks: median = 5; range, 3-6; at 8-weeks: median = 4; range, 2-6; at 14-weeks; 

median = 4; range, 1-6; Figure 1.6).

Antenna-Protrusion Site

An antenna-protrusion site score of 1 (out of 3) for Arctic Lamprey post-surgery was the 

most frequent rating (68.5% of fish). Median antenna-protrusion site scores over the 

experimental period (median = 1; range, 0-3) were not significantly different among transmitter 

treatment types (P = 1.00; Table 1.4). Median antenna-protrusion site scores were not 

significantly different between weeks 2 and 8 (χ2 = 1.45; P = 0.23) but were significantly 

different between weeks 8 and 14 (χ2 = 8.92; P < 0.01; at 2-weeks: median = 1; range, 0-2; at 8

weeks: median = 1; range, 0-3; at 14-weeks; median = 2; range, 0-3; Figure 1.7).

Tag Retention

One t-bar anchor tag (out of 26 tags; 3.8%; lost at week 14) and one small transmitter 

(out of 26 small transmitters; 3.8%; lost at week 2) were shed by tagging-evaluation Arctic 

Lamprey over the 14-week experimental period (Table 1.4). The transmitter that was shed 

occurred before the incision site had healed for that individual. No medium or large transmitters 

were shed by Arctic Lamprey during the study. While timing could not be standardized for 

swim-endurance trial Arctic Lamprey as with tagging-evaluation Arctic Lamprey, three t-bar 

anchor tags were observed missing among swim-endurance fish (out of 10 tags; lost by 8, 16, 

and 16 weeks after implantation).

Changes in Length and Weight

Mean initial length (mean = 476 mm; range, 366-553 mm; F = 0.46; P = 0.80), final 

length (mean = 452 mm; range, 341-540 mm; F = 0.13; P = 0.98), and relative change in length 
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(mean = -5.02%; range, -16.24%- +0.8%; F = 0.20; P = 0.96) did not differ significantly among 

experimental treatments (Table 1.4; Figures 1.8 and 1.9). Because all Arctic Lamprey had ceased 

feeding prior to the initiation of the experiment, declines in total length were observed 

throughout the study. However, three tagging-evaluation Arctic Lamprey increased in length (+1 

to +4 mm), while the other 141 fish declined in length over the 14-week period (mean = -24 mm; 

range, -82- -2 mm).

Mean initial wet weight (mean = 165.8 g; range, 67.5-277.5 g; F = 0.94; P = 0.49), final 

wet weight (mean = 150.1 g; range, 60.0-271.5 g; F = 1.34; P = 0.31), and relative change in wet 

weight (mean = -9.65%; range, -23.56%- +0.8%; F = 0.23; P = 0.94) did not differ significantly 

among treatment types (Table 1.4; Figures 1.10 and 1.11). Declines in Arctic Lamprey wet 

weight were observed throughout the experimental period. One tagging-evaluation Arctic 

Lamprey increased in weight (+1 g), while the other 143 fish declined in weight over the 14

week period (mean = -15.7 g; range, -30.3- -4.8 g).

Swim Endurance

For swim trials conducted 24-hours post-treatment for Arctic Lamprey, treatment (F =

0.73; P = 0.61) and total length (F = 1.27; P = 0.27) were not significant predictors of swim 

endurance at 0.40 bl/s (mean = 29.64 min; range, 1.98-187.10 min; Table 1.4). Similarly, 

treatment (F = 0.80; P = 0.56) and wet weight (F = 0.68; P = 0.42) were not significant predictor 

variables for swim endurance at this speed. When treatment was replaced with tag burden as a 

predictor variable, neither total length (T = 0.73; P = 0.47) nor wet weight (T = 0.41; P = 0.68) 

were significant variables; however, tag burden was a significant predictor variable (T = -2.15; P 

= 0.04). The resulting model predicted that for an Arctic Lamprey with the maximum tag burden 

(1.86%) at 24-hours post-treatment, the reduction in swim time at 0.40 bl/s was -75.29% relative 
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to an Arctic Lamprey with no transmitter (tag burden = 0%; Figure 1.12). For swim trials 

conducted 43-days post-treatment, treatment (F = 1.70; P = 0.16) and total length (F = 4.05; P = 

0.051) were not significant predictors of swim endurance at 0.40 bl/s. Similarly, treatment (F = 

1.59; P = 0.18) and wet weight (F = 3.58; P = 0.07) were also not significant predictor variables 

(mean = 15.93 min; range, 1.85-48.02 min). When treatment was replaced with tag burden as a 

predictor variable, total length (T = 1.34; P = 0.19), weight (T = 1.33; P = 0.19), and tag burden 

(T = -1.74; P = 0.09) were not significant predictor variables of swim endurance at 43-days post

treatment (Figure 1.12). Trial was not a significant predictor of swim endurance for any 

treatment (control: F = 0.91; P = 0.36; t-bar: F = 1.47; P = 0.25; sham surgery: F = 3.03; P = 

0.11; small transmitter: F = 1.67; P = 0.22; medium transmitter: F = 1.04; P = 0.33; large 

transmitter: F = 0.51; P = 0.49).

Discussion

The results from this study showed that Arctic Lamprey with the largest size of implanted 

transmitter (up to 1.9% tag burden) had a greater mortality hazard compared to fish in the 

control, t-bar, and sham surgery groups; however, incision and antenna-protrusion site scores, tag 

loss, and changes in length and weight did not differ by treatment group. Incision inflammation 

was prevalent post-surgery, regardless of treatment group (including the sham surgery 

treatment), and erosion of the skin at the antenna-protrusion site occurred in 15.5% of 

observations at week 14 with no difference between transmitter types. Only one t-bar anchor tag 

was shed during the study; however, evidence of tag movement within the skin and musculature 

suggested the need for caution due to the potential for t-bar anchor tag loss. Transmitter loss only 

occurred for one Arctic Lamprey due to suture failure. Higher tag (transmitter) burden only 

significantly impacted swim endurance at short-term (24-hour) post-treatment trials and did not 
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influence performance 43-days post-treatment. Although previous telemetry evaluations 

involving Pacific Lamprey found that internally implanted radio transmitters had the potential to 

negatively impact fish (e.g., swimming performance and dam passage; Close et al. 2003; Mesa et 

al. 2003; Moser et al. 2007; Keefer et al. 2010a), my results showed that internally implanted 

radio transmitters did not negatively impact prespawn Arctic Lamprey if the tag burden did not 

exceed 1.3%.

Although 100% of Arctic Lamprey survived the attachment of t-bar anchor tags and 

surgical implantation of radio transmitters, the largest transmitter treatment group had a greater 

mortality hazard compared to the control, t-bar, and sham surgery groups. Both small and 

medium transmitter groups had mortality hazards that did not differ from either the control or 

large transmitter treatments. In a similar study on Pacific Lamprey, Close et al. (2003) showed 

that Pacific Lamprey survival post-implantation of internal radio transmitters was 100% 

throughout a 180-day period. Although there have been few studies that have examined survival 

of lampreys post-transmitter implantation, studies on other fishes have shown variable survival 

results. For example, freshwater-stage European Eel Anguilla anguilla implanted with internal 

transmitters (catgut and polyamide suture groups) had a significantly lower survival rate (40%) 

over a 10-week period than control fish without surgically implanted transmitters (87%; Baras 

and Jeandrain 1998). Hadden et al. (2018) showed that juvenile Least Cisco Coregonus 

sardinella implanted with internal radio transmitters with a trailing antenna had survival rates 

that ranged from 53 to 73%, depending on suture type. In contrast, 100% of Rainbow Trout 

Oncorhynchus mykiss implanted with internal ultrasonic transmitters survived, including fish that 

expelled tags (Ivasauskas et al. 2012). Because the sham surgery and small and medium 

transmitter groups in the present study involving Arctic Lamprey did not differ in mortality 
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hazard from control fish, it appears that transmitter size and not the surgical procedure itself was 

the primary determinant of the observed differences in mortality hazard.

Changes to the internal morphology of Arctic Lamprey that were implanted with internal 

radio transmitters during the current study were apparent during necropsy examination. While 

internal scar tissue was observed in two sham surgery treatment Arctic Lamprey, approximately 

half of all sizes of transmitter treatment group fish had internal scarring, often surrounding the 

transmitters and/or binding organs together. The scar tissue encapsulating the internal 

transmitters detected in the current study was similar to that described by Close et al. (2003), 

where tissue encapsulated internal radio transmitters in Pacific Lamprey. Despite the presence of 

this tissue, Close et al. (2003) determined long-term impacts to be minimal. Similarly, 

Ivasauskas et al. (2012) found that scar tissue encapsulated all but one ultrasonic internal 

transmitter in Rainbow Trout at 65 days post-implantation and was bound to the body cavity 

walls and/or other organs with connective tissue. Although the authors detected tunneling (an 

attempt by the body cavity to expel transmitters) in most of the tissue capsules, there were no 

mortalities among Rainbow Trout with implanted transmitters. In the current study, the distortion 

of body shape due to egg displacement by implanted transmitters was uncommon for female 

Arctic Lamprey; however, breaks in male Arctic Lamprey testes by transmitters were frequent. 

Because eggs and milt were freely flowing at the time of necropsy, the impacts of transmitter 

implantation on reproductive viability appear to be minimal. Similarly, Close et al. (2003) 

reported that internal radio transmitters did not hinder Pacific Lamprey gamete maturation. 

Based on these results, the internal implantation of radio transmitters does not appear to have 

negative impacts on gamete development and subsequent function in Arctic Lamprey, however 

spawning success was not evaluated.
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Prolonged inflammation was present at both the incision and antenna-protrusion sites for 

Arctic Lamprey, regardless of experimental treatment. Incision-site healing scores did not differ 

among treatment type, including the sham surgical group, which suggested that inflammation 

was primarily caused by the incision and/or sutures and not the presence of a transmitter. 

Similarly, a study on Bluegill Lepomis macrochirus that examined incision healing post-surgery 

found that incision redness was not impacted by transmitter presence or size (Paukert et al. 

2001). However, the authors observed significant reductions in incision inflammation over the 

10-week study. In contrast, at week 14 of the current study, high (over 50% of the incision) 

inflammation was present in 69.8% of Arctic Lamprey and 0% of fish had no inflammation. 

Larsen (1980) determined that after lampreys cease feeding and begin gamete development in 

preparation for spawning, the body wall of lampreys reduces in thickness and lipid content as 

energetic reserves are depleted. As a result, it is likely that the prolonged inflammation of 

incision sites is a byproduct of the depleted energy reserves and a reduction in the immune 

response of prespawn Arctic Lamprey. Further, inflammation in the current study was most 

pronounced around the sutures of sham and transmitter treatment Arctic Lamprey. Baras and 

Jeandrain (1998) reported that the sutures prolonged surgical incision healing time for 

freshwater-stage European Eel and appeared to result in the necrosis of the epidermis and 

muscles. The authors suggested that sutures may have more severe impacts on scaleless fishes 

(such as Arctic Lamprey in the current study). Although antenna-protrusion site scores did not 

differ by transmitter size for Arctic Lamprey, 42.4% of antenna-protrusion sites were severely 

inflamed (score of 2) and 15.5% exhibited erosion of the epidermis (score of 3) at the end of the 

14-week experimental period. Similarly, non-feeding, prespawn Sea Lamprey Petromyzon 

marinus experienced degradation of the condition and regenerative properties of the epidermis 
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(Rodríguez-Alonso et al. 2017). As a result, degradation of epidermal cells, along with the lack 

of scales to reinforce epidermal integrity, could have exacerbated the observed inflammation of 

surgical incisions and the severity of inflammation and erosion at antenna-protrusion sites for 

Arctic Lamprey in the current study.

Only one t-bar anchor tag was shed by Arctic Lamprey in the tagging-evaluation 

experiment; however, three t-bar anchor tags were lost by Arctic Lamprey in the swim

endurance experiment. The skin at the site of t-bar anchor attachment often had tear paths from 

tag movement and approximately 8.3% of Arctic Lamprey with t-bar anchor tags in the tagging 

evaluation had part of the tag protruding through the epidermis. This lack of tag stability within 

the musculature of Arctic Lamprey was likely because agnathans, such as lampreys, do not have 

pterygiophore bones unlike gnathostomes (Osório and Rétaux 2008), which includes teleost 

fishes. For example, Waldman et al. (1990) found that greater distance between neural spines in 

Striped Bass Morone saxatilis was correlated with a lower fish recapture rate, likely due to 

increased t-bar anchor tag loss; the authors concluded that the width of a t-bar tag anchor must be 

greater than the distance between the spines/pterygiophore bones of a fish at the site of 

attachment to ensure tag retention. A mark-recapture study on Pacific Lamprey, which triple 

marked fish (two external tags and a fin clip), had a retention rate of 84.6% for t-bar anchor tags 

(Graham and Brun 2005). Similarly, a mark-recapture study on European River Lamprey 

Lampetra fluviatilis had a t-bar retention rate of 76.9% (Masters et al. 2006). Smith et al. (2017) 

reported that juvenile Least Cisco had t-bar anchor tag retention rates of 25-45% during a 60-day 

experimental period. In contrast to the high activity of upstream-migrating lampreys (Renaud 

2011), the Arctic Lamprey in the current study were largely sedentary when observed, which 

may have resulted in a lower potential for t-bar tag loss in laboratory fish than in Arctic Lamprey 
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released into river systems post-attachment. Although shedding rates of t-bar anchor tags by 

Arctic Lamprey in the current study were low (3.8% over the 14-week experimental period), the 

observed tag movement within the musculature and epidermis suggests a general lack of 

stability. As a result, tag loss could be a concern for field-based mark-recapture studies involving 

Arctic Lamprey.

Only one transmitter (small treatment) was lost by an Arctic Lamprey in this study, and 

that transmitter was expelled before the incision site was able to close following suture failure. 

Close et al. (2003) found encapsulating tissues surrounding the internal transmitters implanted 

into Pacific Lamprey; however, none of the transmitters were expelled by Pacific Lamprey. 

Similarly, recaptured double-tagged Sea Lamprey had a 100% retention rate of internally 

implanted acoustic transmitters (Holbrook 2016). Baras and Jeandrain (1998) found that 

European Eels also had a 100% internal transmitter retention rate, including individuals in which 

incisions were left fully open (no sutures or adhesive). In contrast, internal ultrasonic transmitters 

were expelled from Rainbow Trout at rates of 45-50% for fish with silk sutures and 0-25% for 

individuals with Monocryl sutures (Ivasauskas et al. 2012). Similarly, juvenile Least Cisco lost 

0% and 13-33% of internal transmitters with trailing antennas, with absorbable and non

absorbable sutures, respectively (Hadden et al. 2018). Because only 3.8% of small transmitters 

and 0% of medium and large transmitters were lost in the current study and retention rates of 

internal transmitters in other lamprey studies were also high (Close et al. 2003; Holbrook 2016), 

the retention of internally implanted transmitters by prespawn Arctic Lamprey post-surgery is 

likely not a concern for field telemetry studies.

During their upstream spawning migration, Arctic Lamprey, like other lampreys, do not 

feed and strictly rely on stored lipids as their energy source (Kucheryavyi et al. 2007; Renaud 
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2011). As a result, it would be expected that Arctic Lamprey length and weight would decline 

over time during this life stage. In the current study, declines in length and weight were observed 

for almost all Arctic Lamprey over the experimental period, although there was no treatment 

effect on reductions in total length or wet weight. The three observations of an increase in length 

(+1 to +4 mm) and one observation of an increase in weight (+1 g) were likely due to 

measurement error. Previous research on Bluegill has shown that internal transmitter 

implantation resulted in reductions in growth post-surgery (Knights and Lasee 1996; Paukert et 

al. 2001); however, changes in feeding behaviors were observed which appear to have 

contributed to growth reductions (Knights and Lasee 1996). Similarly, Ivasauskas et al. (2012) 

observed declines in Rainbow Trout growth following the implantation of internal ultrasonic 

transmitters over a 65-day experimental period relative to control fish. The authors noted that 

this change in growth was only found for fish fed to satiation and not for individuals fed limited 

rations, implying that the difference in growth between treatment and control groups was caused 

by the transmitter inhibiting stomach expansion during feeding. Juvenile Least Cisco implanted 

with internal transmitters exhibited negative growth during a 60-day experimental period due to 

the stress associated with surgery and implantation, while control and external tag treatment 

groups exhibited positive growth (Hadden et al. 2018). Because Arctic Lamprey treatment 

groups exhibited similar reductions in length and weight and declines in body size were expected 

for this non-feeding life stage, it does not appear that the tag burden associated with implanted 

transmitters had a detrimental impact.

Treatment group was not a significant factor influencing short-term (24-hours post

treatment) and long-term (43-days post-treatment) swim-endurance trials for Arctic Lamprey. 

However, tag burden did have a significant detrimental effect during swim-endurance trials 
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conducted 24-hours post-treatment only. These results suggest that a recovery period is 

necessary before Arctic Lamprey with greater tag burdens regain their previous swimming 

ability. Close et al. (2003) determined that medium-sized internal radio transmitters (maximum 

tag burden = 2.5%) were acceptable for Pacific Lamprey, if fish were given adequate time to 

recover (24 hours for swim-performance evaluations; four days for measuring physiological 

processes related to glucose). In contrast, Mesa et al. (2003) found that radio-tagged Pacific 

Lamprey had lower critical swimming speeds than untagged individuals, even though tag 

burdens were typically less than 1%. The authors cited the poor swimming performance of the 

smaller fish in the radio-tagged group as a contributing factor in the observed difference between 

treatment groups. While it has been largely assumed that tags with burden of less than 2% would 

not significantly impact fish swimming ability, growth, or survival (Winter 1983; Cooke et al. 

2012), this generality does not consider variations in fish body shape and swimming ability 

(Jepsen et al. 2005). For example, Paukert et al. (2001) found that, while transmitters less than 

2% of body weight were suitable for Bluegill, transmitters less than 1% of body weight were 

preferable and that transmitter shape should be considered to accommodate fish morphology. 

Similarly, a previous study on juvenile Lake Sturgeon Acipenser fulvescens recommended that 

external tags be no greater than 1.25% of fish body weight given the poor swimming ability of 

this species (Webb 1986; Sutton and Benson 2003). When only Arctic Lamprey with less than a 

1.3% tag burden were included in the 24-hour post-treatment swim-performance analysis, tag 

burden was no longer a significant factor influencing swim endurance. Maximum viable tag 

burden can be limited by the ability of the fish to compensate for changes in buoyancy (Jepsen et 

al. 2005). Because lampreys lack swim bladders and are relatively weak swimmers (Beamish 

1974; Mesa et al. 2003), a maximum tag burden of 1.3% for Arctic Lamprey, while less than the 
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“2% rule,” is not unexpected. Given the results of the current study, the maximum tag burden 

should not exceed 1.3% for internally implanted radio transmitters involving prespawn Arctic 

Lamprey.

A common limitation of laboratory studies is the challenge associated with replicating 

conditions experienced by fish in the natural environment (Jepsen et al. 2005; Moser et al. 2007). 

For example, in the current study, tank water temperatures (range = 7-12°C) did not reflect 

Yukon River thermal conditions, which are much colder during winter months (U.S. Geological 

Survey 2022). As a result, this difference between experimental and field temperatures could 

result in differences in surgical healing by Arctic Lamprey from those observed in the current 

study (Knights and Lasee 1996). Further, trailing antennas from internally implanted radio 

transmitters can become snagged or entangled in the field (Murchie et al. 2004), which may 

create a greater risk of skin erosion around the antenna-protrusion site for Arctic Lamprey than 

was observed in laboratory tanks in the current study. Because Arctic Lamprey migrate up to 

1,600 km within the Yukon River drainage to spawning tributaries (Renaud 2011), it is also 

expected that energy expenditure and subsequent reductions in body size might be greater than 

were observed in the laboratory. Lampreys are not efficient swimmers (Beamish 1974; Mesa et 

al. 2003) and are known to stop swimming at high water velocities and use their oral disc to 

attach to surfaces (Keefer et al. 2010b). A similar result was also observed for some of the Arctic 

Lamprey in the current study, in which these individuals demonstrated a strong reluctance to 

swim continuously within the swim chamber during endurance trials. However, this reluctance to 

swim appeared to be individual specific and was not treatment dependent; as a result, this 

outcome did not impact the results of the current swim-endurance trials. It is also worth noting 

that the decision to use of swim endurance as a measurement of fatigue (as opposed to critical 
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swimming speed) and the swim trial velocity of 0.40 bl/s was determined by the available 

equipment and associated limitations, which had a maximum setting of 60 RPM. Because swim 

endurance is an acceptable measurement of swim performance (Close et al. 2003), this method 

was deemed appropriate for this study.

Based on the findings of this research, we recommend the use of t-bar anchor tags for 

Arctic Lamprey mark-recapture studies if there is a correction for tag loss (e.g., double tags) and 

for internal radio transmitter tag burden to be no greater that 1.3% for biotelemetry studies. 

Because transmitters with high tag burden were associated with reduced swim endurance 24

hours post-treatment, their use does not meet the core assumptions of radio telemetry studies. To 

date, few studies have evaluated the efficacy of internal transmitter implantation in lampreys, 

and none of these previous evaluations involved Arctic Lamprey (Close et al. 2003; Mesa et al. 

2003; Moser et al. 2007; Keefer et al. 2010a). Given the negative impacts of the aforementioned 

evaluations on Pacific Lamprey swim performance and/or dam passage, transmitter size 

recommendations need to consider the tag burden associated with lamprey body weight. While 

the selection of only larger fish for transmitter implantation reduces tag burden, this creates a 

study sample that is not representative of the greater population and increases potential for bias. 

Although small transmitters may have a limited life span and detection radius, their use lessens 

impacts to fish performance, thereby minimizing bias during telemetry studies involving fishes, 

such as Arctic Lamprey, that are poor swimmers.
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Tables

Table 1.1 Incision-site healing score criteria used for the assessment of Arctic Lamprey surgical 
sites, based on Wagner et al. (2000). Inflammation was identified by red and/or dark 
discoloration of skin.

Score Criteria

0 Incision completely closed. No inflammation.

1 Incision closed. Little inflammation along incision site (less than 10% of incision 
inflamed).

2 Incision closed. Little to moderate inflammation (10-50% of incision inflamed).

3 Incision held in proximity but not completely closed, as edges still slide. Moderate 
inflammation (up to 50% of incision inflamed).

4 Incision partially open at one end or middle. Moderate to high inflammation (up to 
100% of incision inflamed).

5 More than 50% of wound open. Moderate to high inflammation along wound edges (up 
to 100% of incision inflamed).

6 Completely open wound. Severe inflammation along wound edges (up to 100% of 
incision inflamed).
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Table 1.2 Antenna-protrusion site score criteria used for the assessment of Arctic Lamprey in 
transmitter treatment groups. Inflammation was identified by red and/or dark discoloration of 
skin.

Score Criteria

0 Antenna-protrusion site had no inflammation and no skin erosion.

1 Antenna-protrusion site had mild to moderate inflammation and no skin erosion.

2 Antenna-protrusion site had severe inflammation and no skin erosion.

3 Visible open hole into the body cavity created by wear from the antenna.
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Table 1.3 Arctic Lamprey sample sizes for each analysis, the treatment groups included, and individual Arctic Lamprey excluded 
from those analyses. Tagging evaluation and swim endurance refer to the number of individual Arctic Lamprey included from the 
tagging evaluation and swim-endurance trial groups, respectively. Small, medium, and large refer to the small, medium, and large 
transmitter treatment groups, respectively.

Sample Size Tagging
Evaluation

Swim
Endurance

Treatments Included in 
the Analysis

Individual Arctic Lamprey Excluded from Analysis

Total 216 156 60 Control, T-bar, Sham, 
Small, Medium, Large

Mortality 175 122 53 Control, T-bar, Sham, 
Small, Medium, Large

Mortalities with known external cause (e.g., jumped 
from tank); Could not be identified

Necropsies 208 151 57 Control, T-bar, Sham, 
Small, Medium, Large

Could not be identified

Incision-Site Healing 103 103 Excluded* Sham, Small, Medium,
Large

Missing transmitter; Missing photo

Antenna-Protrusion
Site

76 76 Excluded* Small, Medium, Large Missing transmitter; Missing photo

Tag Retention 155 155 Excluded* T-bar, Small, Medium,
Large

(1) early mortality with known external cause

Changes in Length 
and Weight

144 144 Excluded* Control, T-bar, Sham, 
Small, Medium, Large

Missing tag/transmitter; Did not survive to 14 weeks

Swim Endurance -
24 hours

36 Excluded 36 Control, T-bar, Sham, 
Small, Medium, Large

Prior to chamber design alteration; Would not 
continuously swim

Swim Endurance -
Day 43

47 Excluded 47 Control, T-bar, Sham, 
Small, Medium, Large

Would not continuously swim; Did not survive to 43 
days

*Swim-endurance Arctic Lamprey excluded due to non-standardized timing of treatment administration.
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Table 1.4 Median incision-site healing score (Incision-Site Score) and antenna-protrusion site score (Antenna-Site Score) and mean 
days until mortality, tag retention, initial and final total length (TL) and wet weight (WW), relative growth in TL (GL) and WW 
(GW), and swim endurance at 24-hours and 43-days post-treatment for Arctic Lamprey by treatment type. Small, medium, and large 
refer to the small, medium, and large transmitter treatment groups, respectively. Ranges are based on individual fish data. Means, 
medians, and standard errors for healing scores and size measurements are for tank replicates (N = 3). Standard errors and ranges are 
in parentheses and square brackets, respectively.

Control T-bar Sham Small Medium Large

Mortality (days) 164.48 (8.45)
[31-236]

167.85 (5.21)
[109-239]

162.43 (8.62)
[39-214]

159.68 (3.63)
[102-204]

157.63 (5.13)
[69-219]

151.77 (4.15)
[108-195]

Incision-Site Score 4 [1 -6] 4 [2-6] 4 [1 -6] 4 [1 -6]

Antenna-Site Score 1 [0-3] 1 [0-3] 1 [0-3]

Tag Retention 96.20% 96.20% 100% 100%

Initial TL (mm) 469.99 (12.20)
[366-536]

481.73 (1.21)
[399-549]

471.88 (2.32)
[381-553]

476.62 (7.52)
[409-551]

474.88 (5.00)
[372-525]

478.29 (1.86)
[392-553]

Initial WW (g) 159.53 (4.63)
[72.5-277.5]

173.59 (4.48)
[93.5-274.5]

163.51 (2.19)
[67.5-240.0]

169.39 (9.34)
[96.0-263.5]

166.73 (5.30)
[82.5-218.5]

161.95 (2.94)
[93.5-234.0]

Final TL (mm) 447.58 (17.30)
[341-501]

455.32 (4.22)
[378-540]

451.17 (4.44)
[344-521]

454.80 (3.55)
[380-539]

449.10 (8.19)
[346-518]

452.34 (4.51)
[362-531]

Final WW (g) 145.54 (4.33)
[64.5-271.5]

157.84 (3.81)
[81.5-253.0]

148.06 (0.97)
[60.0-218.5]

153.31 (6.64)
[91.2-243.7]

150.78 (5.15)
[70.4-197.4]

145.32 (1.11)
[73.0-214.5]

GL (%) -4.81 (1.19)
[-10.80- -1.27]

-5.50 (1.03)
[-16.24-0.20]

-4.37 (1.17)
[-14.34-0.80]

-4.55 (0.92)
[-9.43- -2.00]

-5.46 (1.33)
[-10.44- -1.33]

-5.45 (1.21)
[-12.77- -0.38]

GW (%) -9.20 (0.60)
[-19.59- -2.16]

-9.39 (0.90)
[-14.81- -5.12]

-9.56 (0.86)
[-14.07- -4.50]

-9.49 (1.15)
[-17.81- -2.79]

-9.75 (0.86)
[-14.63- -6.15]

-10.51 (1.24)
[-23.56-0.80]

Swim Endurance -
24 hours (minutes)

59.14 (27.10)
[9.80-187.10]

19.07 (3.94)
[6.68-33.88]

24.62 (7.40)
[7.67-42.62]

25.04 (6.62)
[9.7-50.65]

20.67 (4.20)
[3.75-29.82]

30.23 (18.36)
[1.98-119.05]

Swim Endurance -
Day 43 (minutes)

27.33 (5.11)
[6.77-48.02]

13.32 (3.18)
[1.85-28.25]

10.98 (3.30)
[2.38-28.38]

16.82 (4.87)
[1.90-38.63]

15.74 (5.02)
[2.17-44.13]

10.07 (3.10)
[2.55-22.55]



Figures

Figure 1.1 Arctic Lamprey sampling locations in the lower Yukon River, Alaska. Collection 
sites are represented by the black circles.
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Figure 1.2 Arctic Lamprey incision sites by incision-site healing score (0-6). Only scores 1-6 
are included, where scores are as follows (A) 1, (B) 2, (C) 3, (D) 4, (E) 5, and (F) 6.
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Figure 1.3 Arctic Lamprey antenna-protrusion sites by antenna-protrusion site scores (0-3), 
where scores are as follows: (A) 0, (B) 1, (C) 2, and (D) 3.
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Figure 1.4 Diagram of the swim chamber used for Arctic Lamprey swim-endurance trials. 
Letters indictate the locations of the (A) 378-L tub basin, (B) variable-frequency drive, (C) 
pump, (D) flow-homogenizing honeycomb structure, (E) Arctic Lamprey housing chamber, (F) 
downstream mesh grid, and (G) air valve. Dashed arrows indicate the direction of water flow.
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Figure 1.5 Percent cumulative mortality of each Arctic Lamprey treatment group over time. 
Small, medium, and large refer to the small, medium, and large transmitter treatment groups, 
respectively.

53



Figure 1.6 Relative frequency of Arctic Lamprey incision-site healing scores (0-6) over a 14
week experimental period (at 6-week intervals) for the sham and transmitter treatment groups. 
Small, medium, and large refer to the small, medium, and large transmitter treatment groups, 
respectively.
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Figure 1.7 Relative frequency of Arctic Lamprey antenna-protrusion site scores (0-3) over a 14
week experimental period (at 6-week intervals) for the transmitter treatment groups. Small, 
medium, and large refer to the small, medium, and large transmitter treatment groups, 
respectively.
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Figure 1.8 Mean total length of Arctic Lamprey at the beginning (week 0) and end (week 14) of 
the laboratory experiment. Small, medium, and large refer to the small, medium, and large 
transmitter treatment groups, respectively. Error bars represent standard errors.
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Figure 1.9 Relative change in length (%) of Arctic Lamprey from the beginning (week 0) to the 
end (week 14) of the laboratory experiment. Small, medium, and large refer to the small, 
medium, and large transmitter treatment groups, respectively. The central lines, boxes, error bars, 
and circles represent medians, quartiles, ranges without outliers, and outliers, respectively.
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Figure 1.10 Mean wet weight of Arctic Lamprey at the beginning (week 0) and end (week 14) of 
the laboratory experiment. Small, medium, and large refer to the small, medium, and large 
transmitter treatment groups, respectively. Error bars represent standard errors.
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Figure 1.11 Relative change in weight (%) of Arctic Lamprey from the beginning (week 0) to 
the end (week 14) of the laboratory experiment. Small, medium, and large refer to the small, 
medium, and large transmitter treatment groups, respectively. The central lines, boxes, error bars, 
and circles represent medians, quartiles, ranges without outliers, and outliers, respectively.
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Figure 1.12 Swim endurance of Arctic Lamprey at 0.40 body lengths per second (min) by tag 
burden (ratio of transmitter weight to Arctic Lamprey wet weight immediately prior to swim 
trial) for 24-hours (left plot) and 43-days post-treatment (right plot). Small, medium, and large 
refer to the small, medium, and large transmitter treatment groups, respectively. The model 
predictions and data points are represented by the black lines and symbols, respectively.
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General Conclusions

In this study, I evaluated if the attachment of external t-bar anchor tags and implantation 

of internally implanted radio transmitters in prespawn Arctic Lamprey Lethenteron 

camtschaticum during their upriver spawning migration upheld the core assumptions of tagging 

and telemetry studies. My results indicated that t-bar anchor tags did not alter prespawn Arctic 

Lamprey health or swimming behavior and endurance and are viable to use for mark-recapture 

studies in the Yukon River. Because tags did protrude from secondary holes (8.3% at any given 

time) and tag shedding (3.8%) was observed in the laboratory, I recommended actions to be 

taken to correct for tag loss (e.g., double tags, accounting for retention rates in estimates) to 

avoid overestimation of fish abundance. While all Arctic Lamprey survived their respective 

treatments, the fish with large transmitters had a greater mortality hazard than the control, t-bar, 

and sham surgery treatment groups. The Pacific Lamprey Entosphenus tridentatus in Close et al. 

(2003) similarly had a 100% survival rate post-treatment, although their survival remained 100% 

throughout the following 180 days. Tag burden (the ratio of transmitter weight to Arctic 

Lamprey wet weight) was negatively correlated with Arctic Lamprey swim endurance 24-hours 

post-treatment only (and not at 43-days post-treatment). While all Arctic Lamprey that 

participated in swim-endurance trials had a tag burden of less than the recommendation of 2% 

(Winter 1983; Cooke et al. 2012), the negative impact of tag burden on swim endurance was not 

surprising because lampreys are weak swimmers (Beamish 1974; Mesa et al. 2003). Arctic 

Lamprey, regardless of transmitter treatment size, exhibited persistent inflammation of incisions, 

erosion and/or inflammation of the skin at antenna-protrusion sites throughout the duration of the 

experimental period, as well as the encapsulation of transmitters within internal tissues 

(including the gonads). Specifically, the results of this study indicated that external t-bar anchor 
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tags and internal radio transmitters with less than a 1.3% tag burden can be used to evaluate 

Arctic Lamprey spawner abundance and migratory patterns without negatively impacting 

survival, growth, or swimming behavior and endurance.

Future studies involving Arctic Lamprey swimming performance could benefit from 

alterations to the experimental design utilized in the current evaluation. Because lampreys are 

generally inefficient swimmers (Beamish 1974; Mesa et al. 2003) and use burst and attach 

swimming patterns to migrate in high water velocities (Keefer et al. 2010), future studies on 

lampreys utilizing swim chambers or respirometers should assess swim-chamber design prior to 

experimentation to reduce individual variability in lamprey behavior, particularly regarding 

preventing lamprey attachment to swim-chamber walls. One potential solution may be the 

inclusion of a narrower, concentric, transparent tube within the chamber that has regular holes 

and leaves space between itself and the outside chamber wall. The area within this tube would 

house the lamprey during swim-endurance trials, with the gap between the inner and outer tubes 

limiting, if not preventing, lamprey from being able to attach to the inner tube wall. In addition, 

the Arctic Lamprey in the current study also attempted to rest by propping their caudal regions 

against the back grid; as a result, an electrical current like that used in Close et al. (2003) may be 

beneficial to promote continuous swimming by lamprey. Future studies should also consider 

monitoring the stress response of Arctic Lamprey after the implantation of transmitters and 

exhaustive exercise, such as plasma glucose levels following the methods of Close et al. (2003) 

or blood pH, muscle glycogen levels, and hematocrit as in Mesa et al. (2003). Monitoring 

lamprey plasma glucose levels would provide insight on the short-term and chronic stress 

induced by the implantation of internal radio transmitters (Barton and Iwama 1991; Close et al. 

2003). Similarly, measuring the differences in physiological responses to exhaustive swimming 
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between transmitter implanted and control lamprey would provide more information on the 

potential changes in ability to cope with exhaustive stress (Mesa et al. 2003), which could have 

long-term consequences, such as reductions in reproductive success (Ostrand 2004).

This study provided valuable insights indicating that internal radio transmitters at or 

below the 1.3% tag burden may be utilized for biotelemetry studies on upstream migrating Arctic 

Lamprey. Similarly, this study also suggested the use of external t-bar anchor tags for mark

recapture evaluations involving Arctic Lamprey. By testing the core assumptions of tagging and 

telemetry, this study serves as a crucial first step to using mark-recapture experiments and 

biotelemetry for the purpose of increasing our understanding of the abundance, life history, and 

sustainability of Arctic Lamprey in the Yukon River drainage. Because the number of Arctic 

Lamprey that enter the Yukon River each year remains unknown and fishery quotas are not 

altered to accommodate annual variations in run size (Hayes and Salomone 2005; Sutton 2017; 

Garcia and Leach, in press), the implementation of annual mark-recapture studies is 

recommended so that quotas can be appropriately set to ensure long-term Arctic Lamprey 

population sustainability. Similarly, the use of radio telemetry can assist subsistence and 

commercial fisheries by providing better estimates of migratory timing, therefore making the 

runs less challenging to intercept (Garcia 2017; Jallen 2018; Decker 2022), as well as providing 

baseline data on species distribution and spawning locations. With this new baseline data and 

subsequent monitoring, researchers can track population dynamic (e.g., abundance, mortality, 

growth) and distribution trends over time, which is particularly important given the threat to 

lampreys imposed by ongoing changes in climate conditions (Maitland et al. 2015; Arakawa and 

Yanai 2021; Clemens et al. 2021; Wang et al. 2021). These annual mark-recapture and 

biotelemetry studies can provide important insights into the long-term implications of climate 
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change on population abundance, migratory timing and duration, and species distribution, which 

could have significant consequences for species and fishery sustainability. Proactive monitoring 

may be essential to make informed management and conservation decisions for the long-term 

preservation of Arctic Lamprey as a valued native species and fisheries resource in Alaska.
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