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ABSTRACT
Juvenile Pacific salmon make large-scale migrations from natal freshwater rearing
grounds to the Northern Pacific Ocean. To properly manage these species an understanding of
their migration patterns and survival is necessary. Acoustic telemetry is an ideal tool used to
study the migratory survival and behavior of juvenile salmonids. However, the assumption that
tagged individuals behave similarly to non-tagged conspecifics in the freshwater and saltwater
phases of their outmigration need to be validated as part of large-scale telemetry studies.
Consequently, a laboratory-based experiment was carried out to evaluate intracoelomic
tagging effects on juvenile sockeye salmon (Oncorhynchus nerka) swimming performance,
growth, post-surgical wound healing and survival in both freshwater and saltwater. A sub-set of
fish were tagged with three differently sized tags and the response of the fish to tagging was
compared to both a sham surgery and non-tagged treatment group. Fish with tag burdens
greater than 6 – 8% body weight (BW; tag weighed in water) resulted in some freshwater
mortality and decreased freshwater prolonged swimming performance. Fish implanted with
larger tags had decreased survival in saltwater and poorer post-surgical wound healing than fish
implanted with smaller tags. To minimize the negative effects of intracoelomic tagging, this
research suggests that tag burdens should not exceed 6 – 8% BW in juvenile, hatchery-reared
sockeye salmon.
Oxygen consumption rates were measured during the transition from freshwater to
saltwater to investigate the hypothesis that intracoelomic tagging affects metabolic rate in
juvenile salmonids during this period. Respirometer experiments during periods of rest and
recovery post-swimming were used to assess metabolic rate in freshwater and saltwater for both
tagged and non-tagged treatment groups. There was no effect of intracoelomic tagging on
recovery metabolic rate post-swimming. However, tagging and salinity had an affect on resting
metabolic rate; when fish transitioned from freshwater to 9 ppt saltwater, resting metabolic rate
significantly increased. Resting metabolic rate at 9 ppt was elevated in comparison to the lowest
resting metabolic rate recorded in saltwater at 28 ppt. However, both non-tagged and tagged
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fish were able to recover metabolically after transitioning to saltwater, indicated by similar
metabolic rate values in saltwater as in freshwater.
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CHAPTER 1: Introduction
Migration
Animal migrations are extraordinary events that involve four broad criteria: 1) animals
display continual, undistracted movement; 2) animals move on a greater temporal and spatial
scale than that involved in their normal daily activities; 3) seasonal movements of populations of
animals occur between regions (e.g., between foraging and breeding grounds); and 4)
movements result in a spatial redistribution of the population (Dingle, 1996; Dingle and Drake,
2007). In order to conserve and protect species that undertake large migrations during their life
history, an understanding of survival and behavior during migration events is necessary. This
has been a daunting challenge for the study of anadromous fishes given that so much of their life
is spent migrating in vast ocean environments (Drenner et al., In Press 2012).
Pacific salmon (Oncorhynchus spp.) are an iconic migratory anadromous fish species
that have enormous economic, cultural, and ecosystem value (Groot and Margolis, 1991).
Sockeye salmon (O. nerka) are the best studied in terms of understanding their migration events
and thus serve as a good model species for discussing Pacific salmonid migrations (Hinch et al.,
2006). Sockeye salmon undergo eight distinct migration events throughout their life cycle
(Hinch et al., 2006). Eggs are laid and hatch in gravel substrate in rivers or lakes and in the first
migration event alevin move from the gravel substrate to the water’s surface. The next
migration event is the movement of alevins from spawning grounds to a nursery lake, where
they reside for 1 to 2 years. In the nursery lake, sockeye fry display the next migration event:
diel vertical migrations or intralake movements. Subsequently, fry begin to migrate from the
nursery lake downstream and smolt in preparation for ocean entry. In the next two migration
events, juveniles first employ a directed coastal migration and then migrate offshore to forage,
where they typically spend 2 to 3 years feeding and growing. As sexual maturation begins
sockeye salmon undergo their seventh migration event in a directed movement to the coast and
their natal river. In the final migration event, sockeye salmon re-enter freshwater and move
upriver to their natal stream to spawn. The freshwater migration events, particularly with the
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adults and fry stages, are the best understood; whereas the least studied and understood
migrations are those involving outmigration of smolts and open ocean migration of sub-adults
(Hinch et al., 2006; Drenner et al., In Press 2012).

Telemetry
Until recently, it has been challenging for researchers to study the migration events of
salmonids. The tracking of salmonids during periods of migration requires individuals to be
followed in their under-water environment, over long distances and time periods. Recent
advances in telemetry techniques and equipment now allow for the real time tracking and
analysis of the position of animals in their environment (Cooke et al., 2004b; Ropert-Coudert
and Wilson, 2005; Cooke et al., 2008). Telemetry typically employs the use of electronic tags,
identified as having an inbuilt battery that either store data to an onboard memory platform or
transmit data to a receiver via an acoustic or radio transmission (Drenner et al., In Press 2012).
Tags have become quite small in size and can transmit data in both freshwater and/or marine
environments making them ideal to study salmonid migrations (Voegeli et al., 1998; Heupel et
al., 2006). Juvenile migration of salmonids has been studied primarily with acoustic telemetry
to examine survival and movement rates during migration from freshwater to marine
environments and for coastal migrations (Drenner et al., In Press 2012).
Although telemetry has been used extensively in recent years to examine juvenile
salmonid migrations (Drenner et al., In Press 2012) this technology has several limitations when
applied to very small fish. Tags must be small thus battery life is generally short, and small tags
have limited abilities to store data (Cooke et al., 2004b). Small transmitters usually have more
limited signal ranges and their signal strengths can be more difficult to detect than larger
transmitters (Cooke et al., 2004b; Ropert-Coudert and Wilson, 2005). Tags used to study
salmon must be small and typically have to be inserted surgically (e.g., they cannot be externally
affixed; or inserted esophageally) therefore there are issues involving extra handling (e.g.,
anesthesia, surgery, recovery) that studies working with larger animals may not have to deal
with. The potential impacts on study results of these limitations with tags going into small fish
are often not addressed and seldom acknowledged in telemetry studies (Drenner et al., In Press
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2012).
Most studies which use telemetry data to estimate survival or travel rates of migrating
salmonids usually assume that tagging does not affect an individual’s behavior or ability to
survive and that tag loss and failure of tags to transmit data does not occur (Drenner et al., In
Press 2012). However, if tagged individuals are behaving different from non-tagged
conspecifics, the inferences drawn from telemetry data can lead to inaccurate conclusions about
the general population; however, rarely is this assumption validated with field or experimental
studies (Ropert-Coudert and Wilson, 2005; Cooke et al., 2011). Tagging effects studies have
been conducted on a range of different fish species, age and size classes (Cooke et al., 2011).
However, few studies have assessed tagging or handling effects or measured tag loss or tag
failure rates in telemetry assessments with salmonids (Drenner et al., In Press 2012). Of the
studies that have assessed tagging effects on fish, intracoelomic tagging is the preferred method
of tag attachment for telemetry studies intent on studying fish movement and behavior over long
periods of time (e.g., months and years) (Bridger and Booth, 2003; Cooke et al., 2011). Some
common measures used to assess effects of intracoelomic tagging have included growth,
swimming performance, mortality, wound healing and tag retention all relative to non-tagged
conspecifics (Adams et al., 1998; Anglea et al., 2004; Brown et al., 2006). As individuals grow
larger they become more difficult for predators to consume, and their swimming speed increases
allowing them to more easily escape from predators (Quinn, 2005). Swimming performance is
suggested as a main trait influencing the Darwinian fitness of fish. Burst (anaerobic) swimming
is the primary means fish avoid predators, but sustainable (aerobic) swimming can also
influence the effectiveness of foraging, finding a mate, and enable fish to avoid unfavorable
conditions (Reidy et al., 1995; Drucker, 1996; Reidy et al., 2000; Plaut, 2001). Although there
has been little consideration given to physiological consequences of tagging (Cooke et al.,
2011), factors that influence metabolic rate and stress can affect survival (Fry, 1947). The
juvenile outmigration and transition from freshwater to saltwater in salmonids has been
identified as a stressful life history stage that is energetically demanding (McCormick et al.,
1998) and associated with high mortality (Quinn, 2005). However, there is this little known
about how this transition influences metabolic rate during this type of migration (Rao, 1968;
Morgan and Iwama, 1998; Maxime, 2002) and there is no information on how intracoelomic
3

tagging may affect this physiological process and thus survival of juveniles during this critical
transition.
Tag burden (the ratio of tag mass in air to fish mass, which represents the mass in
relation to the fish’s own body mass) is a fundamental consideration when attempting to
understand tagging effects because it is a metric that may be the driver of all of the previously
mentioned tagging-related responses. Large tag burdens can affect hydrodynamics of
swimming by affecting muscular contraction, and it could influence digestion and stomach
functions, or encourage tearing of skin and sutures which affects wound healing, and could
affect metabolism as it influences the mass of the animal. Investigators have some control over
the tag burden they apply in their studies, however, for most species or life stages understanding
what are the acceptable maximum tag burdens are generally unknown. Historically, the ‘rule of
thumb’ was that tag burdens should not exceed 2% (Winter, 1983). However, recent studies
recommend that maximum burdens need to be considered for each species or life stage and take
into account the study’s objectives (Jepsen et al., 2005; Cooke et al., 2011).

Study population
This study is focused on Cultus Lake sockeye salmon from the Fraser River watershed,
British Columbia, Canada (Appendix A, Figure A.1). This stock was listed in 2002 as
endangered by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC,
2003). This genetically unique stock has experienced a sharp decline in the escapement of
adults from 20,000 (1920s to 1960s) to less than 100 individuals in the 1990s (Welch et al.,
2009; English et al., 2008). COSEWIC (2003) listed three possible reasons for the declines in
this population, overexploitation, poor marine survival (in early 1990s), and high prespawn
mortality. Survival of juvenile Cultus Lake sockeye salmon during their migration from
freshwater into the marine environment and during their first few weeks migrating coastally
have recently been assessed using intracoelomic acoustic tagging (Welch et al., 2009; Welch et
al., 2011). However, there has been no research into the effects of intracoelomic tagging on
migrating smolts in this population nor have tagging effects or tag burden assessments been
made on juvenile sockeye salmon in general.
4

Thesis goals and objectives
The goal of this thesis research was to determine the effects of intracoelomic tagging on
juvenile sockeye salmon. I had two main objectives. In Chapter 2, I assessed the effects of
intracoelomic tagging on burst swimming performance, growth, survival and post-surgical
wound healing in both freshwater and saltwater. In Chapter 3, I investigated the metabolic costs
associated with fish carrying transmitters in freshwater and saltwater, and assessed the
metabolic costs associated with the saltwater transition that smolts make during their
outmigration from freshwater. In Chapter 4, I summarize the findings of my studies concerning
effects of intracoelomic tagging on juvenile sockeye salmon, metabolic costs of saltwater
transition, and touch on implications of these results for fisheries management and future
telemetry studies focused on juvenile salmonids.
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CHAPTER 2: Intracoelomic tagging of juvenile sockeye salmon: swimming performance,
growth, survival, and post-surgical wound healing in freshwater and during a transition to
saltwater
Introduction
Juvenile Pacific salmon (Oncorhynchus spp.) undertake large-scale migrations from
freshwater rearing sites to the North Pacific Ocean to feed. The down-stream migration and the
transition from freshwater to saltwater are life-history stages with considerable mortality
(Quinn, 2005). Telemetry tracking using intracoelomically implanted acoustic and radio
transmitters has been used in recent years to study juvenile salmonid movement and survival
during these periods of migration (Jepsen et al., 1998; Chittenden et al., 2009a; Welch et al.,
2009). Such studies have enhanced the capacity of researchers to understand movement and
survival patterns in juvenile Pacific salmon. However, an underlying but often untested
assumption with all tagging studies is that the tagging procedure or presence of the tag does not
alter the behavior, physiology, health or survival of tagged fish relative to non-tagged
conspecifics (Cooke et al., 2011).
Most studies that have examined the effects of intracoelomic tagging on fish have
focused largely on assessing the effects of tag size, generally mass, rather than examining the
effects of tag burden (the ratio of tag mass in air to fish mass, which represents the mass in
relation to the fish’s own body) (Cooke et al., 2011), and even fewer studies have examined tag
burden when measured as the ratio of tag mass in water to fish mass. Tag burden is an
important consideration for assessing the effects of tagging because lower tag burdens may have
little to no effect on fish while larger burdens may greatly alter fish behavior or survival.
However, if and where these limits in tag burden lie remain undetermined. Historically, a ‘rule
of thumb’ has been that tag burdens should not exceed 2% of a fish’s body mass (Winter, 1983),
however, several studies have challenged this and recommended that maximum burdens need to
be flexible for each species studied and take into account the study’s objectives (Jepsen et al.,
2005; Cooke et al., 2011). Some studies have suggested that burdens < 2% could be a concern
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because they could have negative effects on fish growth and swimming performance (Zale et al.,
2005). Others have demonstrated that tag burdens up to 12% have no negative effects on fish
survival or swimming performance (Brown et al., 1999). However, most studies have not
explicitly examined ranges of tag burdens.
There are other issues aside from the uncertainty about tag burden criteria that can affect
our understanding of the effects of intracoelomic tagging on juvenile salmonids. For instance,
the majority of studies that have examined tagging effects failed to include the use of a sham
surgery treatment (e.g., surgery is performed but a tag is not implanted) in their study design,
which is critical for assessing the effects of surgery relative to the effects of the actual tag
(Cooke et al., 2011). There are several metrics that have been used to assess potential effects of
intracoelomic tagging in laboratory studies, but the most common include mortality, growth,
post-surgical wound healing, and tag retention. There is much less known about how
intracoelomic tagging effects swimming performance, predator avoidance, or physiological
characteristics (Cooke et al., 2011). All of these factors influence survival of fish in the wild
(Plaut, 2001; Quinn, 2005), and so they are of direct relevance to studies of tag effects. Despite
the increasing number of juvenile salmonids that are tagged in freshwater and tracked as they
migrate downriver to the ocean as smolts (Chittenden et al., 2009a; Rechisky et al., 2009b;
Welch et al., 2009), there are only two studies on juvenile salmonids that have explicitly
examined how tagged fish cope in saltwater (Hall et al., 2009; Balfry, 2011) even though this
transition is regarded as a stressful period in the life history that can significantly affect survival
of fish (Folmar and Dickhoff, 1980; Quinn, 2005). While Balfry (2011) monitored tagged fish
in both freshwater and saltwater, Hall et al. (2009) only tagged and monitored fish in saltwater
and did not examine tag effects in the freshwater life stage before the transition to saltwater.
To address some of these knowledge gaps, we surgically implanted 255 hatchery reared
Cultus Lake sockeye salmon (O. nerka) with one of three types of dummy acoustic tags (6 mm
(diameter) and 1.1g, 7 mm and 1.6g, or 9 mm and 2.9g (all reported masses are measured in air),
reflecting a range of some commercially available tags currently used for smolts. We assessed
how tag burdens (ranging from 1.3% to 13.6% in air, which is 0.8% to 7.9% in water) affected
swimming performance in a high speed swimming tunnel, short-term growth, survival, and post7

surgical wound healing in freshwater and saltwater compared to control and sham surgery
groups. The study focused on the Cultus Lake population of Fraser River sockeye salmon, a
group that is imperiled and thus of great interest to fisheries managers. The duration of the
study was guided by the time that Cultus Lake sockeye salmon are known to spend in freshwater
and coastal environments after release. Sockeye salmon was chosen as the study species since it
has been the focus of recent telemetry studies (Welch et al., 2009) and there is a need to
understand the implications of the tagging procedure and the tag burden on the smolts.

Materials and methods
The Cultus Lake population from the Fraser River watershed (Appendix A, Figure A.1)
is listed as endangered by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC, 2003) and a recovery program is in place where broodstock are annually caught as
they return to Cultus Lake from the Pacific Ocean and subsequently spawned in captivity. The
juveniles are raised for 1+ year at the Department of Fisheries and Oceans Canada (DFO) Inch
Creek Hatchery, British Columbia (Appendix A, Figure A.1) and typically released in Cultus
Lake to supplement the wild population. In March 2010, juveniles used in this study were
transported from Inch Creek Hatchery to the University of British Columbia (UBC), Forest
Sciences Aquatic Laboratory, where fish were housed indoor in four large fiberglass tanks (W x
D x L = 0.5 x 0.5 x 4.87 m) supplied with dechlorinated city water (7.8°C in April increasing to
11.7°C in June). Lights in the laboratory were maintained on a natural photoperiod regime.
Fish were fed to satiation with fish pellets (2.0 mm pellets, Bio-Vita Fry from Bio-Oregon) three
times a day from March to May 2010 and a range of fish sizes resulted; 100 mm to 240 mm FL
and 10.7 g to 86.8 g mass. It was assumed that fish were in their smolt life stage, as the water
temperature and photoperiod matched the naturally occurring regimes at Cultus Lake, where
these fish naturally rear. Fish were also observed to turn from olive green into a very silver
color and scale loss took place. All protocols were approved by the University of British
Columbia Animal Care Committee (protocol A08-0388).
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Tagging treatments and surgical procedures

Experiments were conducted from May to June 2010, which closely matched the period
when wild Cultus Lake sockeye salmon would be migrating to sea (April through the end of
May). Fish were randomly assigned to one of five tagging treatments: 1) control, non-tagged,
group (received anesthetic but no surgery or tag implantation), 2) sham surgery (received
surgery but no tag implantation), 3) implantation with a 6 mm tag (6 mm diameter x 16.81 ±
1.39 mm long, 1.15 ± 0.02 g in air, 0.68 g in water), 4) implantation with a 7 mm tag (7 mm
diameter x 19.52 ± 1.72 long, 1.49 ± 0.09 g in air, 0.74 g in water), and 5) implantation with a 9
mm tag (9 mm diameter, 21.76 ± 0.47 mm long, 2.95 ± 0.18 g in air, 1.57 g in water). All tags
used were ‘dummy tags’ (containing no electronics) manufactured to mimic the construction,
weight, and size range of tags currently produced by VEMCO (www.vemco.com). Each
dummy tag contained a passive integrated transponder (PIT) tag to enable the identification of
individual fish. Dummy tags fitted with PIT tags allow for easier identification of individuals
and are cheaper to produce than tags that contain full, working electronics. As the mass, length,
diameter, shape and texture of dummy tags are the same dimensions as fully working electronic
tags, the only difference that exists is that dummy tags are not transmitting a signal. Tag
burdens used to evaluate tagging effects are based on tag weights in air, which is the commonly
adopted practice when calculating tag burdens.
Fish were tagged in two different tagging events: the first on May 25 – 26, 2010 (n = 111
and n = 115, respectively) and the second on June 2 - 3, 2010 (n = 107 and n = 113,
respectively). The surgical procedure involved randomly netting out five to eight fish and
placing them into a sedation bath of 10 mg/L MS-222 for five to seven minutes to calm
individuals before further handling. Fish were assigned to treatments by cycling through the
netted fish while trying to balance fish sizes in different treatment groups. Fish were then
moved to an induction bath of 100 mg/L buffered MS-222 for three to five minutes to induce
stage 4 anesthesia.
Fish were placed supine in a small V-shaped trough and a small hose was positioned in
the mouth to facilitate irrigation of gills with a maintenance dose of anesthetic (50 mg/L MS9

222). To reduce visual stimulus a wet paper towel was draped over the head of the fish. Tags
were implanted into the coelom of the fish (incision made with no. 12, curve blade along the
ventral midline of fish) and incisions were closed with two simple interrupted sutures (4 – 0
nonabsorbable Ethicon Monocryl V, with a PS-2, cutting edge needle). The 9 mm tag was of a
size that it could only be implanted into fish ≥129 mm. Sham surgery fish received the same
surgical procedure but a tag was not inserted into the body cavity. Control fish did not undergo
surgery, but were anesthetized and measured. Fish mass and fork length was recorded for all
individuals before surgery and efforts were made to ensure fish in all treatments overlapped in
size (Table 2.1). All water baths were aerated and water temperatures maintained between
8.6°C and 11.4°C. In all cases, the complete surgical procedure took no longer than three
minutes per fish. Following handling, fish were placed randomly into four tanks (two for each
tagging event); each tank was divided into two holding areas by a plastic mesh divider that
allowed water to pass through. Fish from the first tagging event were placed into one of the
holding areas of tanks 1 and 2. Fish from the second tagging event were placed into one of the
holding areas of tanks 3 and 4. Fish from all five tagging treatments were represented in each
holding area. All tanks had the same dimensions and water temperature.

Swimming performance

To evaluate swimming performance, fish were subjected to an endurance test at a high
water velocity. Prolonged swimming is defined here as swimming that can be sustained for a
short amount of time, <1200 s in most instances, against a constant water velocity; other studies
define prolonged swimming with similar time frames, 20 s to 200 min (Beamish, 1978; Plaut,
2001). While difficult to measure in the field, prolonged swimming can be measured in the
laboratory using fatigue as a proxy (Beamish, 1978) and is regarded as an integrative assessment
of fish behavior, physiology and health.
Swimming performance trials were conducted in an open flow-through swim flume. A
pump was connected to a 3 m long hose that directed water into the swim flume. A perforated
Plexiglas plate with holes drilled 1 cm apart was inserted into the flume to decrease water flow,
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reduce the turbulence and maximize laminar flow through the swimming section. Fish were
restricted to the swimming section using mesh grids anteriorly and posteriorly. To ensure that
fish were able to swim unimpeded by the wall of the flume but not be able to turn around, two
inserts were used to restrict fish to the swimming section. Based on results of preliminary swim
trials, fish < 150 mm LF were swum using a small insert (3 cm width x 80 cm length) and fish ≥
150 mm LF were swum using a larger one (4 cm width x 80 cm length). Velocity was measured
in the swimming section for each insert, mid section 100 mm from the water surface using a
flow meter (Hontzsch Instruments, HFA serial no: 363). Velocities in the swimming section
when using the small insert were slightly higher (~0.72 m/s), than when using the large insert
(~0.64 m/s) (see ‘Statistical analysis’). A light was placed at the back of the swimming section
and a black cover at the front to motivate fish to swim towards the front mesh grid.
Swimming performance of all fish was evaluated 4 to 7 d post surgery, which is
approximately the duration taken for Cultus Lake sockeye salmon smolts to migrate from their
natal rearing lake to the ocean (Welch et al., 2009). Thus we made an assumption that if fish
were recovered to the point that they could make a freshwater migration and saltwater transition,
they could be tested in a prolonged swimming challenge. Within a tagging cohort, fish were
randomly chosen to be swum. Fish were individually placed into the water-filled flume at zero
water velocity for 2 min, and then the water pump was started, at which time water flowed at
maximum velocity. Most fish immediately began to swim into the flow of water. If an
individual’s tail touched the back of the grid during a trial, a rubber stopper attached to a metal
rod was used to gently prod the fish and encourage it to swim. The trial ended when the fish
fatigued (defined as when a fish was unable to move off the back grid following three prods in a
row) or when swim duration reached 1200 s. At the end of the trial, fish were removed from the
flume, and fork length measured; fish mass was not measured in order to avoid anesthetizing the
fish. Fish were then placed into a tank with fresh aerated water to facilitate recovery where they
stayed for the duration of the freshwater experiment.
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Relative growth

Fish were tagged in two tagging groups and, after tagging, one group was held in
freshwater for 8.5 d while the other group was held in freshwater for 16.5 d. Fish mass and fork
length was recorded at the end of the freshwater experiment before transfer to saltwater to
determine differences in size among tagging treatments. This time frame was chosen to allow
all fish in both tagging events to recover from surgery and swimming trials before being moved
to saltwater.

Survival

Survival of fish in freshwater was calculated at 8.5 d and 16.5 d post surgery and these
values combined to yield overall freshwater survival. Fish were then transitioned to saltwater as
follows. Fish were transferred directly into five tanks (each 0.91 diameter by 1.25 m deep) on a
recirculation system, at a salinity of 5 ppt (Instant Ocean salt; Dynamic Aqua, Canada). To try
and simulate a slow transition to saltwater that fish might experience in the wild, every 24 h, for
4 d, saltwater concentration was increased by 7 ppt to simulate a transition from freshwater to
saltwater through an estuary. By day four, saltwater concentration had increased to 30 ppt,
similar to salinity concentrations in the Strait of Georgia where these fish would have migrated
had they been released at Cultus Lake. Fish were held at this salinity for an additional 5 d at
which time the experiment concluded and necropsies were performed.

Assessments of fish condition

Tanks were checked three times per day throughout the duration of the study for dead (or
moribund) fish and expelled tags. Post-surgical wound healing of the incision and the area
around the sutures was assessed in those sham surgery and tagged treatment groups after the
freshwater period (before transfer to saltwater) and again at the end of the period of saltwater
exposure. We scored post-surgical wound healing based on a scale from 1 to 4 modified from
(Wagner et al., 2000). The post-surgical wound healing scores were as follows: 1 = incision and
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area around sutures closed with no inflammation, incision scar still visible, 2 = inflammation
around incision or sutures and/or sutures pulling skin abnormally tight, 3 = fungus and
inflammation around incision or suture points, and/or incision not fully closed, 4 = open,
inflamed incision and the tag showing either through the incision or visible through the body
wall, indicating pressure necrosis. Inflammation was categorized as skin that was red and puffy
around the incision or sutures.

Statistical analysis

To determine if the different velocities created by the two swim flume inserts resulted in
different swimming durations of fish, we compared swim duration, within each of the tagging
treatments, between the two inserts using t-tests and Bonferroni correction. We found that mean
swimming duration did not differ between the two inserts for any of the tagging treatments (all p
> 0.05 after Bonferroni correction), therefore data obtained from the two inserts were pooled for
all subsequent analysis. Since body size influences salmonid swim performance (Taylor and
McPhail, 1985), fork length was measured for each fish after swimming performance trials and
included as a covariate in swimming duration analyses. Fish mass was not measured as we
wished to avoid anesthetizing the fish.
Analysis of covariance (ANCOVA) was used to examine the relationship between
swimming duration (the dependent variable), fish length (the covariate) and tagging treatment
(which included controls, sham surgery, 6 mm, 7 mm, and 9 mm groups). ANCOVA was also
used to examine the relationship between swimming duration (the dependent variable), tag
burden (the covariate) and tagging treatment. In this analysis, control and sham surgery groups
were excluded, as they had no tag burden. For both ANCOVAs, if the interaction term was not
significant the model was re-run without the interaction term. The response variable, swimming
duration, was transformed using the natural logarithm to reduce heteroscedasticity. Fish that
failed to swim, or swam for 1200 s, were excluded from both these analyses. We used chisquared analyses to compare the proportion of fish that failed to swim versus those that chose to
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swim, and to compare the proportion of fish that swam for the maximum time versus those that
swam for any time that was less than the maximum.
We estimated relative growth within the different tag size groups by subtracting initial
mass from final mass for each fish (after subtracting tag mass) divided by the initial mass of the
fish. Relative growth of control and sham surgery groups was estimated by subtracting mean
initial weight (for all fish in a treatment) from the mean final weight (for all fish in a treatment)
divided by the mean initial mass of the group; means were used because fish were not
individually identifiable. ANCOVA was used to examine the relationship between relative
growth (the dependent variable), tag burden (the covariate) and tagging treatment at 8.5 d and at
16.5 d. If the interaction term was insignificant the model was re-run without the interaction
term.
Difference in proportion tests between the control and sham surgery, control and 6 mm
tag group, control and 7 mm tag group, and control and 9 mm tag group were used to determine
how much of the observed mortality was due to surgery versus tag presence. One way ANOVA
was used to compare post-surgical wound healing scores among treatment groups (sham
surgery, 6 mm, 7 mm and 9 mm groups) in freshwater after 8.5 d and 16.5 d and after 9 d in
saltwater. Bonferroni corrections were used for all analyses. The significance level for all
statistical procedures was set at α=0.05.

Results
Swimming performance

Fork length was used as an indicator of fish size since mass and fork length at the time of
tagging were linearly correlated (adjusted R2 = 0.93, p < 0.05). The interaction term for the
ANCOVA examining the effects of fish length and tag type on swimming duration was not
significant (p = 0.67). After removing the interaction term, fish length still did not influence
swimming duration (F1,340 = 0.46, p = 0.49, Appendix B, Figure B.1) but tagging treatment was
significant (F4,340 = 3.32, p = 0.05); however, after Bonferroni correction no significant
14

difference in swimming duration among treatments was evident. The interaction term for the
ANCOVA examining the effects of tag burden and tag type on swimming duration was not
significant (p = 0.69). The ANCOVA was re-run without the interaction term and tag burden
was not significant (F1,204 = 0.10, p = 0.75), but tag type was significant (F2,204 = 2.98, p = 0.05).
Bonferroni contrasts revealed that the swimming duration of fish implanted with the 6 mm tag
was significantly longer (173.0 s ± 170.7, mean ± SD) than fish implanted with the 9 mm tag
(84.7 s ± 47.2, mean ± SD) (p = 0.04, Appendix B, Figure B.2). No fish with a tag burden
exceeding 8% swam for the maximum time of 1200 s (Figure 2.1). Excluding fish that swam
for 1200 s, mean swimming duration of fish with tag burdens < 8% was significantly longer
than fish with tag burden ≥ 8% (226 ± 337 s vs. 93 ± 69 s, respectively (mean ± SD); Mann–
Whitney U = 5668, n1 = 195 n2 = 53, P < 0.05 two-tailed). Adding a lowess curve to the dataset
did not reveal any breaks in swimming duration as a result of tag burden (Appendix B, Figure
B.3). There was no significant difference in the number of fish that failed to swim versus the
number that did swim (χ² = 8.94, df = 4, p = 0.06) or the proportion of fish that swam for the
maximum time versus those that swam for any time less than the maximum (χ² = 8.48, df = 4, p
= 0.07).

Relative growth

The ANCOVA examining the effects of tag burden and tag type on relative growth after
8.5 d in freshwater was not significant with (p = 0.92) or without (F2,122 = 0.06, p = 0.79) the
interaction term in freshwater, or with tagging treatment (F2,122 = 2.42, p = 0.09, Figure 2.2).
The ANCOVA examining the effects of tag burden and tag type on relative growth after 16.5 d
in freshwater was not significant with the interaction term (p = 0.33), however when the
interaction term was excluded relative growth of fish after 16.5 d in freshwater was significantly
influenced by tag burden (F2,110 = 1.05, p < 0.05), but not by tagging treatment (F2,110 = 4.61, p =
0.35, Figure 2.2).
Because the fish in the control and sham surgery treatments were not uniquely
identifiable, it was not possible to include them in the above analyses; however it was possible
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to characterize some general trends. After 8.5 d, mean relative growth of fish in the control
group was lower than fish in the sham surgery group, and generally as tag burden increased
relative growth of fish increased (Figure 2.2A). Similarly, after 8.5 d relative growth was
similar among tagged treatments in the 6 mm, 7 mm, and 9 mm groups (Appendix B, Figure
B.4). However, after 16.5 d, mean relative growth of fish in the control group was higher than
fish in the sham surgery group and as tag burden increased relative growth decreased (Figure
2.2B). After 16.5 d, 86% of fish in the 9 mm group had negative relative growth, while only
56% of fish in the 6 mm and 67% of fish in the 7 mm groups had negative relative growth
(Appendix B, Figure B.5).

Survival

Freshwater survival of fish in the four tagging groups (sham surgery, 6 mm, 7 mm and 9
mm) was not significantly different from survival of fish in the control group (Table 2.2). Of
the 348 sham surgery and tagged treatment groups, there were nine mortalities, one in the sham
surgery group (tag burden = 0%), two in the 6 mm tag group with tag burdens of 6.7% and
9.3%, three in the 7 mm tag group with tag burdens of 6.3%, 6.6% and 11.9%, and three in the 9
mm tag group with tag burdens of 7.3%, 9.7%, and 9.9%. The range of tag burdens in surviving
fish was 1.3% to 12.3%. There were no mortalities in saltwater for the following treatment
groups, control group, sham surgery group, and the 6 mm tag treatment group (Table 2.2).
Saltwater survival of fish in the four tagging groups was not significantly different from survival
of fish in the control group. Of the 331 sham surgery and tagged fish, there were eight
mortalities (all in the 7 or 9 mm tag group), but tag burden could only be calculated for six of
these mortalities because the other fish jumped out of the tanks. There were three mortalities in
the 7 mm tag group; two of these mortalities had tag burdens of 11.5% and 9.3%. There were
five mortalities in the 9 mm tag group; four of these mortalities had tag burdens of 13.5%,
14.0%, 14.0%, and 14.9%. Due to logistical constraints, a failure of the oxygen supply to tanks,
all fish died; thus the range of tag burdens of surviving fish could not be calculated. We
conducted necropsies on all dead fish (in freshwater and saltwater) and found no evidence of
mortality related to surgical causes (e.g., accidental cuts or punctures to internal organs from the
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scalpel or suture needle, suturing of intestines to body wall, or infection around incision or
sutures).

Assessments of fish condition

No tag expulsion occurred during the experiment. Post-surgical wound healing differed
among tagging groups in freshwater after 8.5 d (F3,170 = 6.22, p < 0.05) and after 16.5 d (F3,154 =
8.15, p < 0.05). The 9 mm group had significantly poorer post-surgical wound healing (higher
score) than any other group (Table 2.3). Post-surgical wound healing scores differed among
tagging groups in freshwater after 16.5 d (F3,154 = 8.15, p < 0.05), with the 9 mm group again
having a significantly higher score than the other tagging groups (Table 2.3). Nine days after
transfer to saltwater, post-surgical wound healing differed among all tagging groups (F3,320 =
30.56, p < 0.001), with post hoc analyses indicating that groups with progressively larger tag
burdens had poorer post-surgical wound healing scores.

Discussion
We found that swimming duration of juvenile Cultus Lake sockeye salmon carrying
dummy tags generally decreased with increasing tag burdens, with a notable decline when
burden exceeded 8% of the fish’s body mass. Several studies have found that tag burdens of
1.4% – 8% did not influence the swimming performance of juvenile salmonids (Moore et al.,
1990; Anglea et al., 2004; Chittenden et al., 2009b, Table 2.4), however, a tag burden of 8.5%
resulted in lower Ucrit values in juvenile Atlantic salmon (Salmo salar) (Lacroix et al., 2004).
Interestingly, Brown et al. (2006) found that tag burdens of 5.8% – 8.5% in juvenile sockeye
salmon decreased Ucrit of tagged fish, but tag burdens ranging from 3.2% – 10% in juvenile
Chinook salmon (Oncorhynchus tshawytscha) did not influence Ucrit. These studies indicate that
different species likely have different maximum tag burden limits in terms of negative effects on
swimming performance.
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Surgery did not seem to affect relative growth, but the presence of a tag did. There were
no effects on relative growth after 8.5 d in freshwater attributable to the surgical process or tag
presence, and sham surgery fish had the highest relative growth which was unexpected and may
be owing to tank effects as fish that had 8.5 d of growth in freshwater post-surgery were kept in
separate tanks as fish that had 16.5 d of growth in freshwater. This increase in relative growth
for the sham surgery group and increasing tag burdens may be a result of tank effects, which
cannot be accounted for in this study. After 16.5 d in freshwater, relative growth of all tagged
fish was negative and was lower than mean relative growth of the control and sham surgery
groups. Studies involving tagged juvenile Atlantic salmon and Chinook salmon (tag burdens
8.5% – 10.1% and 2.6% – 11.5%, respectively) have reported an initial decline in growth during
the first month post surgery, followed by higher growth equivalent to control groups (Lacroix et
al., 2004; Rechisky and Welch, 2010). There are several studies that have found no effect of
surgery or tag burdens of 2.4% – 10% on fish growth (Moore et al., 1990; Brown et al., 2006;
Chittenden et al., 2009b, Table 2.4). Welch et al. (2007) found that growth was size dependant
and that tagged juvenile steelhead (Oncorhynchus mykiss) with tag burdens of 3.5% – 15% grew
less for a given size than fish in a control group. All of the above studies vary in study duration
making it difficult to make direct comparisons among studies of tag effects on growth, and the
differences in study results highlight that there are likely to be variable effects of intracoelomic
tagging on juvenile salmonid growth. The present study focused on fish that were undergoing
smoltification, and because fish are preparing for transition to a marine environment it is
unrealistic to hold them in freshwater for longer periods of time. Overall, it seems that there
may be a slight decrease in growth initially post-surgery, but that long term, tagging has little
effects on juvenile salmonid growth.
Mortalities in freshwater only occurred in fish where the tag burden exceeded 6%.
However, surviving fish had tag burdens up to 12% indicating that some fish were capable of
handling larger tag burdens – a similar finding to other studies (Moore et al., 1990; Lacroix et
al., 2004; Brown et al., 2006; Chittenden et al., 2009b; Rechisky and Welch, 2010, Table 2.4).
However, Welch et al. (2007) observed size dependent mortality for smaller tagged juvenile
steelhead and a majority of mortalities occurred in the first 12 weeks of the study; survival of
larger fish (> 13 cm LF) was high (> 90%) but tag burdens associated with fish that perished
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were not reported. In our study, survival of fish in all tag groups was high indicating that the
surgical procedure, tag size, and tag burden did not have large effects on juvenile sockeye
salmon survival in freshwater in the short term, and if these survival estimates were to be used
to correct for survival in free-ranging smolts there would be a negligible change in measured
survival values in the wild.
Few studies have examined how tagged fish cope with the transition from freshwater to
saltwater. We observed that some mortality occurred in saltwater for the groups implanted with
the larger tag sizes (7 mm and 9 mm). Nonetheless, survival in saltwater remained high among
all tagging groups. Similarly, Balfry (2011) tagged juvenile hatchery-reared Chinook salmon in
freshwater, held them for a three week period, then transitioned fish to saltwater over a 3 d
period. After 30 d of saltwater exposure there were no effects of tagging treatments on
mortality, and only two of 188 dummy acoustic tags were shed. The same study also found no
significant difference in Na/K-ATPase enzyme activity, plasma ions, and osmolality between
sham surgery, PIT tagged, and dummy acoustic tagged fish after fish transition to saltwater.
Hall et al. (2009) tagged juvenile hatchery Chinook salmon in saltwater and observed low
survival of tagged fish after 42 d. However, large numbers of fish could not be individually
identified resulting in small sample sizes. Results from the present study and the Balfry (2011)
study suggest that tagged juvenile Pacific salmon may be able to handle the transition from
freshwater to saltwater quite well, yet further long-term investigation with different species and
large sample sizes is clearly needed.
We observed no tag expulsion in our study; however, tag expulsion rates reported in
other studies varies with species, tag size, and study design. In juvenile Atlantic salmon, Moore
et al. (1990) found 20% tag expulsion over a 28 d period, whereas Lacroix et al. (2004) who
studied the same species, observed different rates of tag expulsion based on fish size and tag
sizes tested. In the smallest tag size tested (24 mm diameter) one tag was expelled in 316 d; in
the larger tag sizes tested (28 mm diameter x 3.79 g and 32 mm diameter) all fish expelled tags
by 217 d post surgery. Welch et al. (2007) observed 13% tag expulsion in juvenile steelhead
and most of this occurred during the first 12 weeks post surgery. Rechisky and Welch (2010)
found that fish implanted with a 7 mm tag (which was similar to the tag used in this study) had
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100% tag retention at 24 weeks post-surgery, whereas fish implanted with the 9 mm tags
(similar to tag used in this study) had 95% which was significantly different from tag retention
in the PIT tagged treatment. Hall et al. (2009) found 13% tag expulsion in juvenile Chinook
salmon held in saltwater observed 10 d post surgery. In sum, it is difficult to relate our tag
expulsion results to findings in the literature given the diversity of species and study designs;
nonetheless our findings of excellent tag retention in the short term should be applicable to field
tagging studies of hatchery sockeye salmon during their river and coastal outmigration to the
ocean (e.g. Welch et al., 2009).
Post-surgical wound healing provides an indication of fish recovery – faster wound
healing likely translates into lower rates of tag expulsion. We observed that most fish had
‘good’ post-surgical wound healing (incision closed and no inflammation or fungus around
incision or sutures) by the end of the freshwater experiment although the 9 mm tag group had
relatively poorer healing, possibly because the larger tag resulted in more internal abrasion or
because the incision had to be longer for tag implantation. Few studies have examined wound
healing in relation to tag burden or tag type, and there has been no consistently used scale in
juvenile salmonids to quantify wound healing. Chittenden et al. (2009b) developed a scale to
assess post-surgical wound healing in tagged juvenile coho salmon and found that it took 2.5 to
3 months for 90% of sham surgery and 80% of tagged fish to reach a ‘good’ healing status
(incision mostly fused, no inflammation, some stitches may remain). It took longer for postsurgical wounds to reach a ‘complete’ healing status (incision completely fused, no stitches
remaining); 3 – 5 months for sham surgery fish and 7 months for tagged fish.
This study is the first surgical tagging effects study on juvenile sockeye salmon from the
Fraser River system and our results can play a role in understanding mortality rates reported
from recent telemetry studies. Welch et al. (2009; 2011) tagged and tracked Cultus Lake
sockeye salmon smolts over four consecutive years (2004 – 2007) during their migration from
their rearing lake into the Fraser River estuary and from there to the northern end of Vancouver
Island (total migratory distance 500 km). They estimated survival and travel rates using an
acoustic telemetry array (POST; Welch et al., 2002), but did not conduct a parallel tagging
effects study. The present study used the same population, age class of fish, and tag type as the
20

Welch et al. (2009) study and their tag burdens (2% to 9%) were within the range that our study
evaluated. Given that we observed very high survival of tagged fish in this tag burden range in
freshwater and saltwater, fairly good post-surgical wound healing, and that prolonged
swimming performance was very good for fish up to ~ 8 % tag burden, it is unlikely that tag
burden played a significant role in their observed mortality patterns. However, in this study fish
implanted with the 9 mm tags did show some evidence of impaired swimming ability relative to
fish implanted with the 6 mm tags and the post-surgical wound healing scores for fish implanted
with the 9 mm tag were lower than other tagging treatment groups, therefore the possibility
exists that these larger tags may affect smolt migration rates and ability to avoid predators.
There are some negative tagging effects on juvenile, hatchery-reared sockeye salmon when tag
burdens ranged from 6% – 8%; however, these effects are small relative to the natural mortality
occurring in nature. Welch et al. (2011) evaluated the effect of smolt and tag size on fish
survival for 3,500 tagged freely-migrating juvenile Pacific salmon in British Columbia
(including sockeye), by comparing the size distribution of fish at the time of tagging to fish that
survived and were detected at the outer reaches of an acoustic telemetry array monitoring the
Salish Sea (British Columbia). They found that the size distribution of fish released and the size
distribution of surviving fish detected at acoustic arrays changed little, suggesting that tagging
and tag size played a small role in fish mortality.
Telemetry technology is an important tool that can be used to study juvenile salmonid
migration and mortality, but this research method needs to be validated to ensure that tagged
individuals behave similarly to non-tagged conspecifics before or concurrently with large-scale,
field based telemetry studies. The present study extended our knowledge of tagging effects by
increasing sample sizes of treatment groups, including a sham surgery group, tested a range of
tag burdens to determine tag burden limits, and also transferred fish to saltwater to reflect the
anadromous life history of the species being studying. However, short time scales, especially in
saltwater, limited our study and swimming ability of fish was not measured after transfer to
saltwater. Future work is needed on the effects of surgically implanted tags in juvenile sockeye
salmon to understand changes in swimming performance, fish growth, tag expulsion and
survival over longer periods of time. In addition, addressing the physiological changes that
tagged juvenile salmonids undergo when transitioning to saltwater would also be of interest and
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may provide insight into how juvenile salmonids cope with intracoelomic tagging and long-term
tag presence.
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Table 2.1. Sample sizes, mean and standard deviation, and range of fork length and mass for
juvenile sockeye salmon used to determine the effects of tag implantation on swimming
performance, relative growth, survival, and post-surgical wound healing.
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Table 2.2. Freshwater and saltwater tag groups with initial sample sizes, the proportion of fish
that survived and standard error. Survival of fish in freshwater was calculated at 8.5 d and 16.5
d post surgery and these values combined to yield overall freshwater survival. Standard error on
the proportions was calculated using s = proportion between 0 and 1 (where 1 = fish survival
was100%) was calculated as SE[s] = √(s * (1 – s)/n), where n is sample size. Freshwater
survival of fish in the four tagging groups (sham surgery, 6 mm, 7 mm and 9 mm) was not
significantly different from survival of fish in the control group. Similarly, saltwater survival in
the four tagging groups was not significantly different from survival of fish in the control group.
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Table 2.3. Mean post-surgical wound healing score and standard deviation for sham surgery
and tagged juvenile sockeye salmon after freshwater and saltwater experiments. Post-surgical
wound healing scores: 1 = incision and area around sutures closed with no inflammation,
incision scar still visible, 2 = inflammation around incision or sutures and/or sutures pulling skin
abnormally tight, 3 = fungus and inflammation around incision or sutures points, and/or incision
not fully closed, 4 = open, inflamed incision and the tag visible either through the incision or
through the body wall, indicating pressure necrosis. The letters denote significance after post
hoc testing using Bonferroni correction.
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Table 2.4. Species, sample size, and tag burden ranges from acoustic intracoelomic tagging
effect studies on juvenile salmonids. 1 = Rechisky and Welch 2010, 2 = this study; 3 =
Chittenden et al., 2009; 4 = Brown et al., 2006; 5 = Hall et al., 2009; 6 = Welch et al., 2007; 7 =
Angela et al., 2004; 8 = Moore et al., 1990; 9 = Lacroix et al., 2004.
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Figure 2.1. Box and whisker plots of freshwater swimming duration relative to tag burden,
binned into one percent groups and pooling all tag groups. The box represents the inter-quartile
range (25th to 75th percentile of data) and the horizontal black bar the median, outliers are
shown as open symbols and at y = 1200 s. Control and sham surgery fish have a tag burden of
0% and are represented with a “C” an “S”, respectively. Swimming duration of all box plots is
being pulled down by the 9 mm tag group, which has short swimming durations compared to the
other tagging treatment groups. No fish with a tag burden exceeding 8% swam for the
maximum time of 1200 s. Excluding fish that swam for 1200 s, mean swimming duration of
fish with tag burdens < 8% was significantly longer than fish with tag burden ≥ 8% (226 ± 337 s
vs. 93 ± 69 s, respectively (mean ± SD); p < 0.05 two-tailed).
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Figure 2.2. Box and whisker plots of relative growth after 8.5 d in freshwater (A) and after 16.5
d in freshwater (B) binned into one percent groups pooling all tag groups. Interpretation as in
Figure 2.1. Tag burden on relative growth after 8.5 d in freshwater was not significant (p =
0.79). Tagging treatment was also not significant (p = 0.09). When the interaction term was
excluded from analysis, relative growth of fish after 16.5 d in freshwater was significantly
influenced by tag burden (p < 0.05), but not by tagging treatment (p = 0.35).
28

CHAPTER 3: Intracoelomic tagging effects on juvenile sockeye salmon oxygen consumption
rate during a transition from freshwater to saltwater
Introduction
As anadromous species, juvenile Pacific salmonids make large-scale migrations from
their freshwater natal rearing grounds to the marine environment. Smoltification in juvenile
salmonids is a sequence of behavioral, morphological and physiological changes that prepare
the fish for downstream migration, saltwater entry, and marine residence (McCormick and
Saunders, 1987; McCormick et al., 1998). While this transition is assumed to be one of the
most energetically expensive life history stages in the salmonid lifecycle, scant data exist to
quantify this assumption.
Several studies have investigated certain aspects of metabolism associated with
smoltification (Folmar and Dickhoff, 1980; McCormick and Saunders, 1987), but few studies
have actually examined metabolic costs in a juvenile salmonid during a transition from a
freshwater environment to a marine environment. Metabolic rate, or the rate of oxygen
consumption (

) is the result of both maintaining basic body functions (standard or routine

metabolism) and performing work (active metabolism) (Fry, 1947; Brett, 1971). Maxime et al.
(2002) measured aerobic metabolic rates in groups of juvenile Atlantic salmon (Salmo salar)
smolts at three different times during the smoltification process following their transfer from
freshwater to saltwater. Fish transferred before completing the parr-smolt transformation had a
lower standard

in saltwater than in freshwater, but this trend was reversed when

was

measured in fish after they had completed the parr-smolt transformation. Lacking in this study
were measurements of

from individual fish during their initial encounter with a

hyperosmotic environment. Other studies have acclimated juvenile rainbow trout
(Oncorhynchus mykiss) and juvenile coho salmon (Oncorhynchus kisutch) to different salinity
treatments over several weeks and subsequently measured

(Rao, 1968; Morgan and Iwama,

1998). Rao (1968) observed that the standard and maximum metabolic rates of juvenile
rainbow trout at each of 5oC and 15oC were lowest at a salinity of 7.5 ppt (i.e., lower than in
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freshwater) and highest in full-strength saltwater (30 ppt). In contrast, Morgan and Iwama
(1998) observed that coho salmon smolts had similar

after six weeks of acclimation to

either freshwater or saltwater, thus concluding that metabolic rates do not necessarily reflect
osmoregulatory costs. Clearly, there is a lack of consensus on the metabolic consequences of
saltwater entry in salmonid smolts. Furthermore, all studies have measured

after relatively

long periods of acclimation to saltwater, and so the initial metabolic challenge that faces smolts
as they transition from freshwater rivers to the marine environment remains unknown.
With the advancement of technology and the advent of small acoustic and radio tags
(Voegeli et al., 1998; Heupel et al., 2006; Johnson et al., 2010), researchers are now able to
internally tag and subsequently track juvenile salmonids during their outmigration to sea
(Melnychuk et al., 2007; Rechisky et al., 2009a). Data yielded from these studies suggest that
mortality is typically high throughout the outmigration of smolts through freshwater and marine
environments. Mortality in hatchery-reared Cultus Lake sockeye smolts was estimated over a
four year period (2004 – 2007) to be 40% to 60% (Welch et al., 2011), and another study
estimated sockeye salmon and steelhead smolt mortality in British Columbia to be
approximately 20% to 60% (Welch et al., 2011). There is an underlying assumption in tagging
studies that tagged individuals behave and survive similarly as non-tagged conspecifics (Bridger
and Booth, 2003; Cooke et al., 2011). Whereas several studies have examined the effects of
intracoelomic tag implantation on the survival and growth of smolts (Anglea et al., 2004; Brown
et al., 2006; Chittenden et al., 2009b), no study has examined whether the surgical wound and
the burden of carrying a tag elicit a metabolic cost (Oldenburg et al., 2011). This is critically
important knowledge if we are to apply the results of tagging studies to the entire wild
population.
The purpose of this study was to quantify the metabolic costs in juvenile sockeye salmon
associated with the freshwater to saltwater transition, and determine whether the metabolic rate
of tagged individuals is elevated in comparison to non-tagged conspecifics. The dummy tags
used in this experiment mimicked the size, shape and mass of a commercially available acoustic
tag that is commonly used in studies of migrating juvenile salmonids, and the selected tag
burden range was chosen as the research in Chapter 2 suggested this range should not impair
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prolonged swimming ability of juvenile sockeye salmon. We used hatchery-reared juvenile
sockeye salmon from the endangered Cultus Lake population (COSEWIC, 2003), which would
have otherwise been released into the natural environment with several thousand other
individuals to supplement the wild population. Thus, the results of this study are directly
applicable to conservation efforts for this population.

Materials and methods
Animals and tag implantation

Hatchery-reared sockeye salmon of the Cultus Lake population were obtained as 1+ year
olds from the Department of Fisheries and Oceans Canada (DFO) Inch Creek Hatchery (located
near Mission, British Columbia) in March 2010, and transported to the University of British
Columbia (UBC; Vancouver, British Columbia, Canada, Forest Sciences Aquatic Laboratory
(Appendix A, Figure A.1). All fish were the offspring of wild parents that were taken as
broodstock as they returned from the ocean to Cultus Lake in 2008 (Appendix A, Figure A.1).
Fish were housed in four indoor fiberglass tanks (W x D x L = 0.5 x 0.5 x 4.9 m) and reared
under the natural seasonal temperature and photoperiod. Fish were fed to satiation twice per day
with commercial pellets (2.0 mm pellets, Bio-Vita Fry from Bio-Oregon), and their body size
distribution ranged from 16.90 g – 38.86 g and 128 mm – 155 mm at the commencement of
experiments (Table 3.1).
Five days prior to trials, a fish was implanted with a dummy acoustic tag (7 mm
diameter x 19.52 ± 1.72 length, 1.49 g in air, 0.74 g in water), a total of 10 fish were tagged for
this experiment. A total of 12 control, non-tagged fish were included in this experiment.
Results from Chapter 2 revealed that there were no effects of tagging on these measures for fish
that were implanted with small tags (6 mm and 7 mm) as well as minimal effects on fish with
tag burdens (measured in air) less than 8%. The 7 mm diameter tag was chosen for the present
study, as it is a similar to a tag that is commonly used and commercially available for telemetry
studies focused on smaller fish. Tag burdens of our study ranged from 4.5% to 8.9% of fish
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body mass when using tag mass in air, and from 2.4% to 4.4% of fish body mass when using tag
mass in water. The tagging protocol was identical to that outlined in Chapter 2.

Oxygen consumption rates

Individual tagged and control, non-tagged, fish were used in parallel for each
experiment. Each fish was placed individually into a cylindrical Blaska-type respirometer
(length ~366 mm, volume ~3.5 L) submerged in water. Calibrated probes (Point Four Systems,
Richmond, Canada) were inserted into each respirometer to continuously record dissolved
oxygen and temperature at 1 Hz. An adjacent tub acted as a water reservoir and supplied
aerated water to both respirometers during each flushing cycle (every 30 min), and oxygen
consumption rates (

) were determined from the decline in respirometer dissolved oxygen

for 30 min between flushes. Once fish were placed into respirometers, they remained in the
respirometer for the duration of the experimental trial allowing for continuous measurements of
oxygen consumption. The mean drop in dissolved oxygen levels from the beginning of a 30 min
measurement to the end of the 30 min measurement was a decrease by 0.5 units. The largest
decreased that was observed in any measurement experimental trial was a 1.5 unit decrease in
dissolved oxygen. Water temperature in all experimental trials ranged from 10.9 to 14.2oC,
mean water temperature as 12.2oC ± 0.75 (mean ± S.D.). Within any experimental trial, the
greatest temperature difference was 2.4 oC.
A fish from each treatment (control and tagged) was placed into each respirometer with
enough velocity to orient fish into flow (<1 BL s-1) but without requiring any swimming to
maintain position on the bottom of the respirometer. To evaluate effects of handling on
(

Handle),

oxygen consumption was measured over a 30 min time period 5 min after fish were

introduced into the respirometer. Fish were left for the afternoon and overnight to recover (≥ 20
h) and obtain resting
recovery

in freshwater, measured every 30 min. The following day, to obtain

after a freshwater swimming challenge, fish were given a ramp swim test that

forced fish to swim until fatigue was reached. The water velocity in the respirometers was
increased in a ramp fashion every 30 s. Fish were swum until fatigue was reached; fatigue was
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defined as when the fish could not swim off the back of the tunnel after the velocity was
decreased to zero, three times in a row. As soon as the swim test was completed, the speed was
returned to resting levels and recovery

post-swimming was measured over 30 min. Fish

were left in the respirometer for 3 – 9 h and it was assumed that this was enough time to allow
fish to fully recover from the swim test before salt was added. The lowest calculated resting
measured for each fish (control and tagged treatments) during the time spent in freshwater
was used as the resting value (termed ‘0 ppt lowest’) for data analysis. Due to logistical time
constraints, salt (Instant Ocean salt; Dynamic Aqua, Canada) was added over approximately 2.5
h (increments from 0 ppt to 9 ppt, 9 ppt to 18 ppt, and 18 ppt to 28 ppt) to slowly increase
saltwater concentration to levels similar to those in the Strait of Georgia, the first marine
environment that these fish would encounter during their smolt outmigration from Cultus Lake.
Salt was added in increments during the first 15 min of a 30 min flush period (when

was

not being measured) giving time for fish to adjust to the salinity concentration before a reading
was taken. Readings of resting

were taken at 9 ppt, 18 ppt, and 28 ppt 15 min after fish

reached that particular salinity concentration. After fish reached 28 ppt, fish were left for the
rest of the afternoon and overnight (11 – 18 h) to recover from saltwater addition and to obtain
resting

in saltwater. The following day, to obtain recovery

post-swimming in

saltwater, fish were exposed to the ramp style swim test as detailed above (but in saltwater) and
was measured after the fish fatigued from swimming. Fish were given at least 1 h to
recover from the swim challenge before being removed from the respirometers and transferred
to saltwater holding tanks for subsequent observations (84 d). The lowest

measured for

each fish (control and tagged treatments) during the time spent in saltwater was used as the
resting

value in saltwater (termed ‘28 ppt lowest’) for data analysis.

Statistical analysis

Oxygen consumption rates were estimated using the slope of the relationship between
respirometer dissolved oxygen over time and expressed as mgO2 min-1 kg-1. The first 5 min and
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last 5 min of each slope were excluded to remove any artifacts resulting from the flush pump
switching on or off.

A Mann-Whitney U test was used to examine for differences in

between control

and tagged treatments when fish were first introduced into the tunnel, as the data did not meet
the assumption of equal variance. Linear mixed effects models, where individual fish identity
was treated as a random factor, were used to examine the relationship between tag burden and
water type (freshwater n = 9 or saltwater n = 9) on recovery

post-swimming as well as

swimming speed of tagged fish. The data collected during this transition only included tagged
fish that successfully swam in both freshwater and saltwater. Another linear mixed effects
model, where individual fish identity was treated as a random factor, was used to examine the
relationship between swimming speed, treatment (control or tagged), and water type (freshwater
or saltwater) on recovery

post-swimming of tagged fish that successfully swam in both

freshwater and saltwater (control treatment n= 10 in freshwater and saltwater, with one data
point removed from control fish in freshwater due to a malfunction of the probe during this
measurement, tagged treatment n = 9 in both freshwater and saltwater).
Similarly, a linear mixed effects model was used to examine the relationship between
treatment (control and tagged) and salinity (at different increments measured during the
freshwater to saltwater transition) on resting

during the transition from freshwater to

saltwater, where individual fish identity was treated as a random factor. The data collected
during this transition only included resting

and thus used a larger sample size than in the

analyses described above as swimming ability was not included in this analysis (control
treatment n = 12 and tagged treatment n = 10, with one data point removed from a fish in the
tagged treatment at 28 ppt as there was a malfunction in the probe during this measurement, and
other data point removed in the tagged treatment at 28 ppt lowest value in 12 hr because it died
before this measurement was taken). All data were tested for normality and equal variance and
if these criteria were not met, a Wilcoxon rank-sum test (two sample unpaired or two sample
paired, depending on analysis) was conducted. Bonferroni corrections were used for all
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analyses. The significant level used for all statistical procedures was set at α=0.05, unless
otherwise specified.

Results
There was only a single mortality that occurred during the experiments, a fish in the
tagged treatment died overnight in saltwater when

resting was being measured. Fish were

held for a maximum of 84 d post experiments for subsequent observations. One fish died during
the 1 hr recovery period post saltwater swimming, after experiments had ended. Two fish died
the day after they completed the experiment, one cause of death was related to handling, and the
other was suspected to be related to abrasion on the sides of body that resulted from fish
escaping the swim tunnel during the freshwater overnight period in the experiment. Two fish
expelled tags post experiments, one at 12 d and the other at 16 d post surgery. These two fish
were healthy in appearance and behavior and there was no wound or infection where tag was
expelled through incision site, the incision site was healed and completely closed. Tag
expulsion was observed in a third fish 58 d post surgery and that same day a fish was killed
because the tag was being expelled out of the body cavity just under the lateral line of the fish.
Therefore, tag expulsion rate was 30%. Three of the 10 tagged fish used in experiments
survived with their tags for the entire 84 days. Thus, long-term survival of tagged fish (the three
survivors plus the two fish that successfully expelled tags but were able to survive) was 50%.

Handle

of control and tagged fish when first introduced into the respirometer did not

significantly differ (7.39 ± 2.86 mgO2 min-1 kg-1 and 6.09 ± 1.44 mgO2 min-1 kg-1, respectively
(mean ± SD); Mann–Whitney U = 5668, n1 = 12, n2 = 10, p = 0.228, two-tailed).

Recovery

post-swimming

Tag burden (F1,7 = 0.003, p = 0.96), water type (F1,7 = 4.99, p = 0.06, Figure 3.1) and the
interaction term of the these two effects (tag burden and water type, F1,7 = 0.50, p = 0.50) did
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not significantly influence the recovery

post-swimming of tagged fish (Figure 3.1).

Similarly, tag burden (F1,7 = 0.16, p = 0.70), water type (F1,7 = 3.67, p = 0.09) and the
interaction of these two effects (F1,7 = 0.72, p = 0.42) did not significantly influence the
swimming speed of tagged fish (Figure 3.2).
Analysis of treatment, swimming speed and water type on recovery
indicated that treatment did not significantly influence recovery

post-swimming

post-swimming (F1,20) =

1.60, p = 0.22, Figure 3.3). Swimming speed did significantly influence recovery

post-

swimming (F1,20 = 8.45, p = 0.008, Figure 3.3). However, after Bonferroni correction no
significant difference in swimming speed among treatments in freshwater and saltwater was
evident. Water type, freshwater or saltwater, (F1,20 = 6.03, p = 0.02) also significantly influence
recovery

post-swimming (Figure 3.3). Mean recovery

(combined tagged and non-

tagged) was greater in freshwater (4.17 ± 0.97) than in saltwater (3.41 ± 0.71, mean ± SD). The
interaction terms of these effects were not significant: treatment x swimming speed (F1,20 = 2.20
p = 0.15), treatment x water type (F1,20 = 0.95, p = 0.34), swimming speed x water type (F1,20 =
1.36, p = 0.26) and treatment x swimming speed x water type (F1,20 = 1.91, p = 0.18). The
model intercept was significant (F1,20 = 901.77, p < 0.001). Swimming speeds did not
significantly differ between tagged and non-tagged groups and ranged from 0.86 BL s-1 to 3.42
BL s-1 (2.33 ± 0.65 BL s-1 in freshwater, 2.07 ± 0.79 BL s-1 in saltwater, mean ± S.D, Figure
3.3). Mean swimming speed for the control treatment in freshwater was 1.99 ± 0.68 BL s-1 and
in saltwater was 1.91 ± 0.82 BL s-1. Mean swimming speed for the tagged treatment group in
freshwater was 2.68 ± 0.41 BL s-1 and in saltwater was 2.45 ± 0.76 BL s-1.

Saltwater transition

We detected an effect of treatment (tagged or non-tagged) on resting

during

transition from freshwater to saltwater at p = 0.06 (F1,78 = 3.80, p = 0.06, Figure 3.4). There was
a strong effect of salinity on resting

during transition from freshwater to saltwater (F4,78 =

25.83, p < 0.001, Figure 3.4). The interaction of the main effects, treatment and salinity, was
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not significant (F4,78 = 0.98, p = 0.42) while the intercept of the model was (F1,78 = 1350.32, p <
0.001). Post hoc testing to determine where differences in resting

between control and

tagged fish lie, indicated that there were significant differences between control 0 ppt lowest and
control 9 ppt (p = 0.01), control 9 ppt and control 28 ppt lowest (p <0.04), control 0 ppt lowest
and tagged 18 ppt (p = 0.003), control 0 ppt lowest and tagged 9 ppt (p < 0.001), control 18 ppt
and tagged 0 ppt lowest (p = 0.04), control 28 ppt and tagged 9 ppt (p = 0.03), control 28 ppt
lowest and tagged 18 ppt (p <0.01), control 28 ppt lowest and tagged 9 ppt (p < 0.001), tagged 0
ppt lowest and tagged 18 ppt (p = 0.05), and tagged 0 ppt lowest and tagged 9 ppt (p < 0.01).
Post hoc testing to determine where differences in resting

at the varying salinity

concentrations lie, indicated that there were significant differences between 0 ppt lowest and 9
ppt (p <0.001), 0 ppt lowest and 18 ppt (p <0.01), 0 ppt lowest and 28 ppt (p = 0.01), 9 and 28
ppt lowest (p < 0.001, Figure 3.4).

Discussion
Overall, our results suggest that both tagging and salinity concentration influence resting
during the transition from freshwater to saltwater. In non-tagged fish, resting
higher at 9 ppt than the lowest resting

in freshwater (0 ppt), and is higher at 9 ppt, the first

salinity fish were introduced to, than the lowest resting
fish, resting

is

in saltwater (28 ppt). In tagged

is higher at 9 ppt and 18 ppt than the lowest resting

in freshwater (0 ppt).

As salinity changes from freshwater (0 ppt) to 9 ppt there is a significant increase in resting
for non-tagged and tagged fish. There is also a significance difference in resting
between 9 ppt and the lowest resting

measured in saltwater (28 ppt). It appears that after

transition into saltwater, both non-tagged and tagged fish are able to recover (i.e., the lowest
resting

values in freshwater and saltwater are similar).

A majority of studies on juvenile salmonids have evaluated standard, resting, or routine
in freshwater, while fewer studies have made these measurements in saltwater. Previous
studies that have measured freshwater minimum resting

for yearling sockeye salmon (2.0
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mgO2 min-1 kg-1) and coho salmon (1.96 mgO2 min-1 kg-1) have found similar values of

as

in this study (Brett, 1964; Brett, 1965; Janz et al., 1991). However, De Boeck et al. (2001),
estimated higher

for juvenile rainbow trout (4.27 mgO2 min-1 kg-1). Fewer studies have

investigated standard, resting, or routine

in saltwater. Yet, results of this study for non-

tagged and tagged fish (2.35 mgO2 min-1 kg-1 and 2.76 mgO2 min-1 kg-1, respectively) are still
comparable to these few other studies (Rao, 1968; Waller et al., 1997; Morgan and Iwama,
1998; Maxime, 2002).
There are a limited number of studies that have compared resting

in both freshwater

and saltwater; results of these studies suggest that there are not large differences in resting
between freshwater and different salinities (Rao, 1968; Morgan and Iwama, 1998; Maxime,
2002). These studies however, made comparisons of

between water types after allowing

for weeks of acclimation to different salinities before

was measured. This study measured

actively during the transition from freshwater to saltwater which more realistically
mimicked the outmigration of smolts; we found that tagging and salinity concentration did have
an effect on resting

. Our results indicate that between freshwater and 9 ppt resting

increases, and that at 9 ppt resting

is significantly higher than the lowest

recorded in

saltwater (28 ppt). However, our results suggest that both non-tagged and tagged fish are able to
quickly recover metabolically after the transition from freshwater to saltwater in just 24 hours
post transition. The recovery period of smolts was pervious unknown as past studies evaluated
weeks after transition from freshwater to saltwater.

Using the ramp speed method to evaluate swimming ability did not allow for
measurements to be made while fish were swimming, as swimming trials ended quickly.
Instead, recovery

post swimming trials was measured. Measures of recovery

post

exercise are related to the oxygen debt that individuals must repay following exercise. These
values are similar to recovery

estimated by Brett (1964) for yearling sockeye salmon (2.1

mgO2 min-1 kg-1). As far as we are aware, there are no studies that have measured recovery
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post exercise in saltwater. Rao (1968) measured maximum

during swimming trials for

juvenile rainbow trout (100 g) at three different salinities 7.5, 15 and 30 ppt and found that
active

was 66% higher than measured in this study, however these results are not

comparable as measurements in this study were made post exercise, not actively during
exercise.
Estimates of maximum swimming speed for smolts in freshwater vary in the literature.
In juvenile Atlantic salmon, non-tagged and tagged treatments had swimming speeds, 2.0 BL s-1
– 2.5 BL s-1, (McCleave and Stred, 1975) which were well within the range of maximum
swimming speeds measured in the this study (0.86 BL s-1 – 3.42 BL s-1). However, some studies
have measured higher maximum swimming speeds in juvenile salmonids. Maximum swimming
speeds of yearling sockeye salmon were 17% higher (Brett, 1964; Brett, 1965) and maximum
swimming speeds of juvenile coho salmon were 44% higher (Glova and McInerney, 1977) than
measured in this study. While, maximum swimming speeds measured in this study may be low
compared to some studies, swimming speeds achieved by juvenile sockeye salmon in this study
are similar to the travel speeds estimated for juvenile salmonids using large-scale acoustic
curtain telemetry during the migration from their freshwater rearing grounds to the ocean. For
example, Welch et al. (2009) determined that Cultus Lake sockeye salmon smolts travelled at
0.46 BL s-1 to 1.8 BL s-1 as they migrated out of freshwater natal areas and through coastal
waters en route to the open ocean. Mean migration speed estimated for Chinook salmon (0.33
BLs-1), coho salmon (0.96 BLs-1), sockeye salmon (0.95 BLs-1), and steelhead (0.86 BLs-1) were
in a similar range (Welch et al., 2011) as to swimming speeds in this experiment. Therefore,
while our study may not have swum fish to maximum speeds, we did successfully test an
ecologically relevant swimming speed in the evaluation of recovery

post-swimming in

freshwater and saltwater. We found that swimming speed of both non-tagged and tagged
treatments did not differ between freshwater and saltwater.
Tagged fish in the present study were given 5 d to recover from surgery prior to being
included in experiments. This recovery period was chosen on the basis of telemetry studies of
this sockeye salmon population, Cultus Lake, where the fish typically exited the Fraser River
(B.C., Canada) and entered the marine environment at around 4 – 6 d post-release (Welch et al.,
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2009). Thus, the measurements made in this study are based on an ecologically relevant time
frame for the transition of juvenile sockeye salmon from the freshwater to the marine
environment. It is noteworthy that field based telemetry studies focused on juvenile salmonids
often allow only a short (maximum of 48 h) recovery period post-surgery before releasing the
fish back into natal rivers. Thus, there is the possibility that intracoelomic tagging may have
immediate effects on juvenile salmonid

not detected in the present study.

Results from this study suggest that there are effects of intracoelomic tagging and tag
burden (4.5% to 8.9%) on juvenile sockeye salmon
resting

. Tagged treatment groups had higher

than non-tagged fish during a transition from freshwater to saltwater. This effect

was not as strong as the effect of salinity concentration on resting

, probably given the

smaller sample size used for post hoc testing as non-tagged and tagged fish were separated for
analysis. In general tagged fish had a resting

that was 9.6% higher than non-tagged fish.

Power analysis using a medium effects size of 0.25 based on suggestions from Cohen, a power
level of 0.80 and significance level of 0.05 determined that a sample size of 17 individuals in
each treatment would be needed to detect an effect of tagging on resting

. That is only 7

more fish than were used in the tagged treatment groups for this experiment. However, there
were no effects of tagging on recovery

post-swimming. Similarly, there were no effects of

tag burden (4.5% to 8.9 %, tag mass in air) on recovery

post-swimming or maximum

swimming speed in freshwater or saltwater. Long-term survival of tagged fish was 50%. Fish
were held for a longer period of time for experiments in this chapter (Chapter 3) than in Chapter
2. It is important to keep in mind that sample size of tagged fish in these experiments (n = 10)
was much smaller than sample sizes of tagged fish in Chapter 2 (n = 255). Regardless, there is
concern that the possibility of long-term survival of tagged fish is only 50%. Future studies
should hold onto fish for longer periods of time to assess long-term survival.
By measuring resting

of juvenile sockeye salmon during the transition from

freshwater to saltwater, thus mimicking the actual life history transition, we found that tagging
and salinity do effect on resting

. This was previously unknown as past studies have only
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measured

after allowing fish to acclimate to increased salinity levels. Therefore, there is

the possibility that increases in

may compromise the physiological fitness of juvenile

salmonids.
Similar approaches used in this study should be implemented to evaluate intracoelomic
tagging effects in other populations and species of salmonids. If any effects of tagging exist on
there may be serious consequences in the physiological fitness of fish that may
compromise travel speed during migration or maximum swimming speeds. Decreased travel
speed or maximum swimming speeds could limit the ability of fish to escape predation, or the
ability of fish to cope physiologically with the transition from freshwater to saltwater. Future
studies should conduct a second swim challenge in saltwater to examine the long-term effects of
salinity on

, and look at how tagging effects maximum active

has shown that tagging elevates juvenile sockeye salmon resting
tagging decreases maximum

. Results of this study
, if future studies find that

then aerobic scope of tagged individuals may be

compromised. If tagging results in decreased metabolic scope, there may be negative
consequences on the ability of tagged fish to perform aerobic exercise during their outmigration.
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Table 3.1. Treatment, sample sizes, mean and standard deviation, and range of mass and fork
length for juvenile sockeye salmon used to determine the effects of transition from freshwater to
saltwater and tag implantation on metabolic rate.
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Figure 3.1. Scatter plot of recovery

post-swimming trials in freshwater (o) n = 9, and

saltwater (∆) n = 9, relative to tag burden. Tag burden (p = 0.96) and water type (p = 0.06) did
not significantly influence the recovery

post-swimming of tagged fish.
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Figure 3.2. Scatter plot of maximum swimming speed for tagged treatments in freshwater (o) n
= 9 and saltwater (∆)n = 9, relative to tag burden. Tag burden (p = 0.70) and water type (p =
0.09) did not significantly influence the swimming speed of tagged fish.
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Figure 3.3. Scatter plot of recovery metabolic rate post-swimming against swimming speed of
sockeye salmon for control and tagged treatments in freshwater and saltwater. o = control fish
in freshwater, ∆= tagged fish in freshwater, + = control fish in saltwater and x = tagged fish in
saltwater. Control treatment n= 10 in freshwater and saltwater, with one data point removed
from control fish in freshwater, tagged treatment n = 9 in both freshwater and saltwater.
Treatment did not significantly influence recovery
speed did significantly influence recovery

post-swimming (p = 0.22). Swimming

post-swimming (p = 0.008); however, after

Bonferroni correction no significant difference in swimming speed among treatments in
freshwater and saltwater was evident. Water type, freshwater or saltwater, (p = 0.02) also
significantly influenced recovery

post-swimming. Mean recovery

(combined control

and tagged) was greater in freshwater (4.17 ± 0.97) than in saltwater (3.41 ± 0.71, mean ± SD).
Swimming speeds did not significantly differ between control and tagged groups.
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Figure 3.4. Bar plot with standard error of resting

in juvenile sockeye salmon control

(grey) and tagged (white) treatments during a transition from freshwater to saltwater. All fish
followed the same order through trials, beginning in freshwater (0 ppt) and transitioned over a
2.5 h period (increments from 0 ppt to 9 ppt, 9 ppt to 18 ppt, and 18 ppt to 28 ppt) to slowly
increase saltwater concentration to full strength saltwater (28 ppt). Salt was added in increments
during the first 15 min of a 30 min flush period (when

was not being measured) giving

time for fish to adjust to a salinity concentration before a reading was taken. Measurements
reflect the lowest metabolic rate measured in freshwater, 0 ppt lowest, and then ~15 min after
being transitioned to each salinity concentration, and lowest metabolic rate measured in
saltwater, 28 ppt lowest. Control treatment n = 12 and tagged treatment n = 10 for each
measurement made, with one data point removed from a fish in the tagged treatment at 28 ppt,
and other data point removed in the tagged treatment at 28 ppt lowest. Treatment (control or
tagged) had an effect on resting

at p = 0.06, and salinity had an effect on resting

(p <
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0.001). Bonferonni correction determined differences in resting

between control 0 ppt

lowest and control 9 ppt , control 9 ppt and control 28 ppt lowest, control 0 ppt lowest and
tagged 18 ppt, control 0 ppt lowest and tagged 9 ppt, control 18 ppt and tagged 0 ppt lowest,
control 28 ppt and tagged 9, control 28 ppt lowest and tagged 18 ppt, control 28 ppt lowest and
tagged 9 ppt, tagged 0 ppt lowest and tagged 18 ppt, and tagged 0 ppt lowest and tagged 9 ppt.
The letters denote significance after post hoc testing using Bonferroni correction to determine
differences in resting

at varying salinity concentrations.
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CHAPTER 4: Implications and future directions
Pacific salmonids undergo many different migration events throughout their lifecycle
that are costly and risky endeavors (Dingle, 1996). Large-scale declines in Pacific salmon since
the mid 1990s have raised conservation concerns, exemplified in 2009 when the return of adult
Fraser River sockeye salmon resulted in a record low return (DFO, 2010). The low returns of
Fraser River sockeye salmon prompted a federal enquiry to determine the causes for population
declines (www.cohencommision.ca). To aid in the understanding of where mortality is
occurring for management and conservation of this species, researchers are using telemetry
technology to estimate migratory survival and behavior (Cooke et al., 2004a; English et al.,
2005; Welch et al., 2009). Researchers have begun to tag and track juvenile sockeye salmon
smolts during their outmigration to sea (Welch et al., 2009; Welch et al., 2011); however,
tagging effects from telemetry equipment (attachment methods and tags) have not been
evaluated for this life stage of sockeye salmon.
The research presented in this thesis helps to better interpret past studies that have used
telemetry to estimate migratory survival and behavior of juvenile sockeye salmon during their
outmigration to sea. Welch et al. (2009) tagged Cultus Lake sockeye salmon smolts and tracked
survival during their freshwater and early marine migration over a four-year period (2004 –
2007). Survival and travel rates were estimated using an acoustic curtain array network (i.e.
POST) from their natal rearing lake, into the ocean via the Strait of Georgia, and to the northern
end of Vancouver Island (total migratory distance 500 km). Survival estimates of sockeye
salmon smolts from the study were 50% – 70% in freshwater and 40% – 90% for the early
marine migration (Fraser River mouth to the northern end of Vancouver Island). However, one
of the main limitations of the study was that there were no parallel tagging effects research
conducted. The strength of the research presented in this thesis is that the same population, age
class of fish, and tag size was used as in the Welch et al. (2009) study (e.g., the 9 mm tag
treatment group used in this thesis matched the dimensions of the Vemco V9 tag used in the
Welch et al. (2009) telemetry study). Tag burdens in the Welch et al. (2009) study ranged from
2% to 9%, which was well within the range of tag burdens evaluated in the research for this
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thesis. I can therefore, make some speculations as to whether the travel or mortality rates of
smolts observed in the Welch et al. (2009) study may have been affected in some way owing to
tagging effects.
The research presented in this thesis only lasted one month so these results may only
apply to the freshwater and first week of marine migration of the fish studied by Welch et al.
(2009). In the swim flume experiments, results indicated that the 9 mm tag was associated with
shorter burst swimming durations compared to the smaller tag types; therefore it is conceivable
that travel rates of outmigrating smolts in Welch et al. (2009) may have been underestimated
due to the larger tag size. Decreased burst swimming duration could also affect a smolt’s ability
to escape predators and thus reduce the overall survival of tagged smolts. However, smolts tend
to migrate at about 1 BL s-1 once they reach marine environments (Drenner et al., In Press
2012) which is considerably slower than the speeds that were evaluated in the swim flume
studies in this thesis (~ 3 – 6.5 BL s-1; Chapter 2); consequently, it is still uncertain how the 9
mm tags may have influenced the ability of the smolts to migrate at their most frequently
elicited swim speeds. The research in this thesis suggests that the presence of a tag did have a
negative effect on relative growth after 16.5 d in freshwater, thus it is possible that two weeks
into their migration, smolts in the Welch et al. (2009) study were not feeding well, and this
could also have affected their ability to survive. However, it is possible that tank effects, tank
confinement and short duration of the observations in this thesis may have affected fish growth,
making results difficult to interpret. Previous studies that have examined juvenile salmonid
growth post-surgery often last several weeks to months; these studies have found no effects of
tag burdens of 2.4% – 10% on juvenile salmonid growth (Moore et al., 1990; Brown et al.,
2006; Chittenden et al., 2009b), suggesting that tagged fish have similar growth rates to nontagged fish. Implantation of the 9 mm tag requires a longer surgical incision, and this larger
incision may require longer times to heal. Therefore, it is conceivable that tag loss resulting
from poor healing of the incision site could account for some perceived mortality in the Welch
et al. (2009) study. However, at the completion of this research, results indicated that sutures
were fully closed and there was no loss of the 9 mm tags. There were also no statistical
differences in survival of fish implanted with 9 mm tags in freshwater or saltwater.
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Experiments reported in Chapter 3 used a smaller tag, 7 mm, but tag burden range was
similar (4% to 9%) to that of Welch et al. (2009) study and results from experiments in this
thesis found effects of tagging on juvenile sockeye salmon resting
freshwater to saltwater. It may be possible that the

during a transition from

of tagged smolts in the Welch et al.

(2009) is being affected by tagging, however, without understanding how tagging effects the
maximum

of fish, it is not possible to calculate aerobic scope of tagged fish in comparison

to non-tagged fish. Therefore, it is unclear how tagging would affect aerobic scope of smolts
used in the Welch et al. (2009) study. Regardless, I did observed in my experiments that both
non-tagged and tagged fish were able to recover from the initial increase in

observed

between freshwater and 9 ppt, indicated by the similar values for the lowest resting

in

saltwater (28 ppt) as in freshwater (0 ppt), before the transition took place. Given overall results
of this thesis, it seems likely that tagging effects were minimal and played only a minor role in
the travel and mortality estimates of smolts during freshwater and early marine migration
observations made by Welch et al. (2009).
One of the limitations of applying results of this study to other sockeye salmon
populations is that in British Columbia, most sockeye salmon are of wild origin. Hatchery fish,
like those used in this study, are generally fed more and exercise less, thus are fatter, so there
may be differences in tag burden criteria between fish of hatchery and wild orgin. In 2010 and
2011, the first wild population of Fraser River sockeye salmon smolts was tagged near the
outflow of Chilko Lake (Clark et al., 2010; UBC-Kintama, 2011). Migration survival was
estimated for freshwater migration, to the Fraser River mouth (approximately 500 km), and
early marine migration, to the Northern end of Vancouver Island (approximately 200 km). A
parallel tagging effects study was conducted where a subset of smolts were implanted with
dummy tags that were similar size, shape, and mass to the acoustic tags deployed. For these
studies tag burden ranged from 4% to 12%. No mortality was observed in the parallel tagging
effects study providing evidence that surgical procedure and tag burden per se were not
accountable for the initial low freshwater survival estimates of fish released in 2010 (Clark et al.
unpub data). Freshwater survival estimates for wild Chilko Lake sockeye salmon smolts are
21% – 36% (Clark et al. unpub data) and differ from hatchery reared Cultus Lake sockeye
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salmon smolts (50% – 70%) (Welch et al., 2009), which may be a result of the longer distances
required for Chilko Lake fish to reach the Fraser River mouth. However, early marine survival
(measured over the same distance) was similar between the wild (56% – 80%) and hatchery
populations (40% – 90%) even though tag burden of some of the wild fish exceeded that of the
hatchery fish. It is thus possible that wild juveniles can cope with larger tag burdens than
hatchery fish; clearly more work is needed to evaluate this.
Tagging effects studies are paramount to understanding the role that tagging and tag
burden have on migratory fish survival and behavior. It is essential to confirm that data
generated from tagged individuals are relevant to non-tagged conspecifics (Cooke et al., 2011).
It is now understood that even within a species, for example sockeye salmon, stocks differ
considerably in their swimming performance, optimum temperature ranges, and metabolic costs
(Eliason et al., 2011). Just as these populations differ in these metrics, tagging and tag burdens
may have varying effects on different populations. Until we begin to explore the possible
differences that tagging and tag burden may have on different populations and species we
should be cautious in how we interpret results of tagging effects studies, and how we apply
results of thesis studies to other populations or species of fish. Thus, further research is needed
to understand and refine intracoelomic tag implantation practices and minimize its effects on
fish. The research presented in this thesis has shown the applicability of tagging effects results
to understanding survival estimates generated from field based telemetry studies. Two unique
approaches used in this thesis to evaluate tagging effects on juvenile sockeye salmon are the use
of an experimental design that mimicked the juvenile salmonid life cycle and the assessment of
physiological consequences of intracoelomic tagging.
Experimental designs should accurately reflect the life history of the species being
studied. For juvenile salmonids, this is the transition from a freshwater to a marine
environment. Research conducted in this thesis demonstrated that tagging could affect postsurgical wound healing in juvenile sockeye salmon in saltwater, a result that previous studies
have failed to document by excluding this life history stage in experiments. The transition
between freshwater and saltwater should be investigated in more tagging effects studies and
expanded to other populations and species to better understand tagging effects on all stages in
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the salmonid life cycle. The other unique approach used to evaluate tagging effects in this thesis
is assessment of metabolic consequences associated with intracoelomic tagging. Currently,
understanding how tagging affects fish physiology has been overlooked and undervalued
(Cooke et al., 2011; Oldenburg et al., 2011). The research conducted in this thesis is the first to
investigate tagging effects on rates of oxygen consumption on juvenile salmonids and has
shown the value and importance of understanding these effects. Metabolic rate affects the
ability of the organism to perform work, and assessment of this gives a better understanding and
more in depth look at how intracoelomic tagging may affect fish. More tagging effects studies
should incorporate physiological assessments and future studies should measure active

to

allow for the investigation into the effects of tagging on metabolic rate aerobic scope of tagged
individuals.
New advances in telemetry technology and equipment will be beneficial to gaining a
better understanding of wild fish migratory survival and behavior. The development of smaller
tags would allow smaller, wild fish, to be tagged and tracked and possibly decrease tag burden.
The drawback of smaller tags is shorter battery lives and less space for attachment of
physiological and environmental sensors. The 9 mm tag was the largest tag used in this research
but its larger tag size allows for increased battery life, and for the tag to be programmed to
‘sleep’ (turned off) and then be turned back on at a later time. Programming a tag to ‘sleep’
provides an opportunity to track fish at a different life history stage, e.g., during the return
migration salmonid adults make. Thus, a tradeoff exists between small and large tags, but
advances in technology may be able to reduce these differences.
Telemetry is a powerful application for studying the migration of salmonids. Failure to
refine intracoelomic tag implantation techniques, improve tagging effects studies, and advance
telemetry technology will weaken confidence in data generated from telemetry studies.
Therefore, it is essential to validate the effects of tagging on fish to understand how generated
data apply to non-tagged conspecifics. Results of tagging effect studies can easily be
incorporated into capture-recapture models used to estimate survival of migrating fish.
Incorporation of this type of data would give researchers, managers, and policy makers a better

52

understanding of true migratory survival and behavior allowing for more effective management
and protection of salmonids.
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APPENDIX A: Map of study locations

Figure A.1. Map of the lower Fraser River, British Columbia, Canada, with the locations of
Cultus Lake laboratory, Inch Creek Hatchery and the University of British Columbia.
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APPENDIX B: Fish size and tag burden effects on juvenile sockeye salmon swimming
duration and relative growth

Figure B.1. Juvenile sockeye salmon freshwater swimming duration in a comparison of fish
size distribution for all experimental treatments: control (square), sham tagged (diamond), 6 mm
(circle), 7 mm (inversed triangle), and 9 mm (circle with “x” in the middle). Fish length did not
influence swimming duration (p = 0.49) but tagging treatment was significant (p = 0.05);
however, after Bonferroni correction no significant difference in swimming duration among
treatments was evident.
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Figure B.3. Juvenile sockeye salmon swimming duration in relation to tag burden for (a) 6 mm,
(b) 7 mm and (c) 9 mm tagging treatment groups. Tag burden was not significant (p = 0.75),
but tag type was significant (p = 0.05). Bonferroni contrasts revealed that the swimming
duration of fish implanted with the 6 mm tag was significantly longer (173.0 s ± 170.7) than fish
implanted with the 9 mm tag (84.7 s ± 47.2, mean ± SD, p=0.04).
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Figure B.4. Box and whisker plots of freshwater swimming duration relative to tag burden,
binned into one percent groups and pooling all tag groups and lowess curve displayed for data.
The box represents the inter-quartile range (25th to 75th percentile of data) and the horizontal
black bar the median, outliers are shown as open symbols at y = 1200 s. Control and sham
surgery fish have a tag burden of 0% and are represented with a “C” an “S”, respectively.
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Figure B.4. Juvenile sockeye salmon freshwater relative growth after 8.5 d in freshwater in
relation to tag burden for (a) 6 mm, (b) 7 mm, and (c) 9 mm groups of tags. The solid line
shows zero relative growth that would mean that fish did not gain or loose mass. Tag burden
does not affect relative growth of fish after 8.5 d post-surgery (p = 0.79).
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Figure B.5. Juvenile sockeye salmon freshwater relative growth after 16.5 d in freshwater in
relation to tag burden for (a) 6 mm, (b) 7 mm, and (c) 9 mm groups of tags. The solid line
shows zero relative growth that would mean that fish did not gain or loose mass. Tag burden
did affect relative growth of fish after 16.5 d post surgery (p < 0.05).

66

APPENDIX C:

Increment

Background
Resting

data and recovery

used to determine the range of

post-swimming data, collected in Chapter 3, were

between resting and recovery values, a somewhat similar

calculation used to determine aerobic scope of individuals, however

was not measured at

maximum swimming speed, thus calculation of aerobic scope can not be made, so calculation of
this difference in

was termed

subtracting the lowest resting
(

FWIncr)

and saltwater (

increment.
from recovery

increment (

Incr)

was calculated by

for each fish in both freshwater

SWIncr).

Methods
Two sample paired t-tests were used to determine differences in

FWIncr

and

SWIncr

for both control and tagged treatments.
Results
Increment

Control and tagged groups were similar for

FWIncr

(1.52 ± 0.82 mgO2 min-1 kg-1 and

2.00 ± 1.38 mgO2 min-1 kg-1 respectively, t(16) = -0.90, p = 0.38); similarly, there were no
differences between control and tagged fish

SWIncr

(1.03 ± 0.81 mgO2 min-1 kg-1 and 0.69 ±

0.35 mgO2 min-1 kg-1 respectively, W = 34, p = 0.60) (Figure C.1). In control treatments there
was a trend that

FWIncr was

greater than

SWIncr

(1.52 ± 1.03 mgO2 min-1 kg-1 and 1.03 ±

0.81 mgO2 min-1 kg-1 respectively), however statistical analysis did not distinguish differences
between the water types (t(8) = 1.07, p = 0.32). Likewise, there was a trend that tagged
67

treatments

FWIncr

was greater than

SWIncr

(2.00 ± 1.38 mgO2 min-1 kg-1 and 0.69 ± 0.35

mgO2 min-1 kg-1 respectively) however statistical analysis did not distinguish differences
between the groups (W = 36, p = 0.13, Figure C.1).
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Figure C.1. Bar plot of

increment (defined as post-swimming recovery

minus resting

) in sockeye salmon control (grey) and tagged (white) treatments in freshwater (FW) and
saltwater (SW).
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