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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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PREFACE 1 

 2 

The research for this thesis is part of an integrated research program aimed at 3 

investigating the relationship and connections between animal movement and behavior and 4 

oceanographic conditions.  For the work in regards to this thesis I held the primary 5 

responsibility for the project design and implementation of the experiments, all laboratory work, 6 

data analyses, writing and submission of manuscripts.  I received guidance, input, and support 7 

from my supervisor, Dr. Scott G. Hinch, and my committee members, Dr. Timothy D. Clark, 8 

Dr. David W. Welch, and Dr. Peter Arcese.  All experimental procedures were approved by the 9 

University of British Columbia Animal Care Committee (#A08-0388) and conducted in 10 

agreement with guidelines set by the Canadian Council on Animal Care.  11 

 12 

Chapter 2: Acoustic tagging effects on the swimming performance, growth, survival, 13 

and post-surgical wound healing of juvenile sockeye salmon in freshwater 14 

and saltwater 15 

Authors: Alison L. Collins, Scott G. Hinch, David W. Welch, Steven J. Cooke, and  16 

Timothy D. Clark 17 

Comments: This study was conducted and written by A.L. Collins under the supervision of 18 

S.G. Hinch and coauthors that helped conceptualize the experiments and 19 

contributed to the preparation and review of the manuscript.  The objective of 20 

this study was to assess the effects of intracoelomic tagging on juvenile sockeye 21 

salmon.  Differences in freshwater swimming performance, freshwater growth at 22 

two different time periods, post-surgical wound healing in freshwater and 23 

saltwater, and survival of fish in freshwater and saltwater were examined among 24 

non-tagged, sham surgery and tagged treatment groups.  Results showed that 25 

overall, intracoelomic tagging had few effects on juvenile sockeye salmon, 26 

however, there were some negative effects of tagging for fish implanted with tags 27 

greater than 6% – 8% of the fishes body mass. 28 

 29 
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Chapter 3: Intracoelomic tagging effects on juvenile sockeye salmon oxygen 30 

consumption rate during a transition from freshwater to saltwater  31 

Authors: Alison L. Collins, Scott G. Hinch, Steven J. Cooke, and Timothy D. Clark 32 

Comments: This study was conducted and written by A.L. Collins under the supervision of 33 

T.D. Clark and coauthors who secured funding for the research, helped 34 

conceptualize the experiments and contributed to the preparation and review of 35 

the manuscript.  The aim of this research was to investigate tagging effects on 36 

metabolic costs of juveniles during outmigration to sea.  There was no effect of 37 

intracoelomic tagging on recovery  post swimming; however, tagging and 38 

salinity had an affect on resting  when fish transitioned from freshwater to 39 

saltwater.  When fish transitioned from freshwater to 9 ppt, resting  40 

significantly increased, and was also higher than the lowest resting  41 

measured in saltwater at 28 ppt.  After transition to from freshwater to saltwater, 42 

both non-tagged and tagged fish were able to successfully recover so that the 43 

lowest  in saltwater was similar to values in freshwater before the transition 44 

took place. 45 
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CHAPTER 1: Introduction 246 

Migration 247 

 248 

Animal migrations are extraordinary events that involve four broad criteria: 1) animals 249 

display continual, undistracted movement; 2) animals move on a greater temporal and spatial 250 

scale than that involved in their normal daily activities; 3) seasonal movements of populations of 251 

animals occur between regions (e.g., between foraging and breeding grounds); and 4) 252 

movements result in a spatial redistribution of the population (Dingle, 1996; Dingle and Drake, 253 

2007).  In order to conserve and protect species that undertake large migrations during their life 254 

history, an understanding of survival and behavior during migration events is necessary.  This 255 

has been a daunting challenge for the study of anadromous fishes given that so much of their life 256 

is spent migrating in vast ocean environments (Drenner et al., In Press 2012). 257 

 258 

Pacific salmon (Oncorhynchus spp.) are an iconic migratory anadromous fish species 259 

that have enormous economic, cultural, and ecosystem value (Groot and Margolis, 1991).  260 

Sockeye salmon (O. nerka) are the best studied in terms of understanding their migration events 261 

and thus serve as a good model species for discussing Pacific salmonid migrations (Hinch et al., 262 

2006).  Sockeye salmon undergo eight distinct migration events throughout their life cycle 263 

(Hinch et al., 2006).  Eggs are laid and hatch in gravel substrate in rivers or lakes and in the first 264 

migration event alevin move from the gravel substrate to the water’s surface.  The next 265 

migration event is the movement of alevins from spawning grounds to a nursery lake, where 266 

they reside for 1 to 2 years.  In the nursery lake, sockeye fry display the next migration event: 267 

diel vertical migrations or intralake movements.  Subsequently, fry begin to migrate from the 268 

nursery lake downstream and smolt in preparation for ocean entry.  In the next two migration 269 

events, juveniles first employ a directed coastal migration and then migrate offshore to forage, 270 

where they typically spend 2 to 3 years feeding and growing.  As sexual maturation begins 271 

sockeye salmon undergo their seventh migration event in a directed movement to the coast and 272 

their natal river.  In the final migration event, sockeye salmon re-enter freshwater and move 273 

upriver to their natal stream to spawn. The freshwater migration events, particularly with the 274 
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adults and fry stages, are the best understood; whereas the least studied and understood 275 

migrations are those involving outmigration of smolts and open ocean migration of sub-adults 276 

(Hinch et al., 2006; Drenner et al., In Press 2012).  277 

 278 

Telemetry 279 

 280 

Until recently, it has been challenging for researchers to study the migration events of 281 

salmonids.  The tracking of salmonids during periods of migration requires individuals to be 282 

followed in their under-water environment, over long distances and time periods.  Recent 283 

advances in telemetry techniques and equipment now allow for the real time tracking and 284 

analysis of the position of animals in their environment (Cooke et al., 2004b; Ropert-Coudert 285 

and Wilson, 2005; Cooke et al., 2008).  Telemetry typically employs the use of electronic tags, 286 

identified as having an inbuilt battery that either store data to an onboard memory platform or 287 

transmit data to a receiver via an acoustic or radio transmission (Drenner et al., In Press 2012).  288 

Tags have become quite small in size and can transmit data in both freshwater and/or marine 289 

environments making them ideal to study salmonid migrations (Voegeli et al., 1998; Heupel et 290 

al., 2006).  Juvenile migration of salmonids has been studied primarily with acoustic telemetry 291 

to examine survival and movement rates during migration from freshwater to marine 292 

environments and for coastal migrations (Drenner et al., In Press 2012).  293 
 294 
Although telemetry has been used extensively in recent years to examine juvenile 295 

salmonid migrations (Drenner et al., In Press 2012) this technology has several limitations when 296 

applied to very small fish.  Tags must be small thus battery life is generally short, and small tags 297 

have limited abilities to store data (Cooke et al., 2004b).  Small transmitters usually have more 298 

limited signal ranges and their signal strengths can be more difficult to detect than larger 299 

transmitters (Cooke et al., 2004b; Ropert-Coudert and Wilson, 2005).  Tags used to study 300 

salmon must be small and typically have to be inserted surgically (e.g., they cannot be externally 301 

affixed; or inserted esophageally) therefore there are issues involving extra handling (e.g., 302 

anesthesia, surgery, recovery) that studies working with larger animals may not have to deal 303 

with.  The potential impacts on study results of these limitations with tags going into small fish 304 

are often not addressed and seldom acknowledged in telemetry studies (Drenner et al., In Press 305 
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2012).   306 

 307 

Most studies which use telemetry data to estimate survival or travel rates of migrating 308 

salmonids usually assume that tagging does not affect an individual’s behavior or ability to 309 

survive and that tag loss and failure of tags to transmit data does not occur (Drenner et al., In 310 

Press 2012).  However, if tagged individuals are behaving different from non-tagged 311 

conspecifics, the inferences drawn from telemetry data can lead to inaccurate conclusions about 312 

the general population; however, rarely is this assumption validated with field or experimental 313 

studies (Ropert-Coudert and Wilson, 2005; Cooke et al., 2011).  Tagging effects studies have 314 

been conducted on a range of different fish species, age and size classes (Cooke et al., 2011).  315 

However, few studies have assessed tagging or handling effects or measured tag loss or tag 316 

failure rates in telemetry assessments with salmonids (Drenner et al., In Press 2012).  Of the 317 

studies that have assessed tagging effects on fish, intracoelomic tagging is the preferred method 318 

of tag attachment for telemetry studies intent on studying fish movement and behavior over long 319 

periods of time (e.g., months and years) (Bridger and Booth, 2003; Cooke et al., 2011).  Some 320 

common measures used to assess effects of intracoelomic tagging have included growth, 321 

swimming performance, mortality, wound healing and tag retention all relative to non-tagged 322 

conspecifics (Adams et al., 1998; Anglea et al., 2004; Brown et al., 2006).  As individuals grow 323 

larger they become more difficult for predators to consume, and their swimming speed increases 324 

allowing them to more easily escape from predators (Quinn, 2005).  Swimming performance is 325 

suggested as a main trait influencing the Darwinian fitness of fish.  Burst (anaerobic) swimming 326 

is the primary means fish avoid predators, but sustainable (aerobic) swimming can also 327 

influence the effectiveness of foraging, finding a mate, and enable fish to avoid unfavorable 328 

conditions (Reidy et al., 1995; Drucker, 1996; Reidy et al., 2000; Plaut, 2001).  Although there 329 

has been little consideration given to physiological consequences of tagging (Cooke et al., 330 

2011), factors that influence metabolic rate and stress can affect survival (Fry, 1947).  The 331 

juvenile outmigration and transition from freshwater to saltwater in salmonids has been 332 

identified as a stressful life history stage that is energetically demanding (McCormick et al., 333 

1998) and associated with high mortality (Quinn, 2005).  However, there is this little known 334 

about how this transition influences metabolic rate during this type of migration (Rao, 1968; 335 

Morgan and Iwama, 1998; Maxime, 2002) and there is no information on how intracoelomic 336 
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tagging may affect this physiological process and thus survival of juveniles during this critical 337 

transition. 338 

 339 

Tag burden (the ratio of tag mass in air to fish mass, which represents the mass in 340 

relation to the fish’s own body mass) is a fundamental consideration when attempting to 341 

understand tagging effects because it is a metric that may be the driver of all of the previously 342 

mentioned tagging-related responses.  Large tag burdens can affect hydrodynamics of 343 

swimming by affecting muscular contraction, and it could influence digestion and stomach 344 

functions, or encourage tearing of skin and sutures which affects wound healing, and could 345 

affect metabolism as it influences the mass of the animal.  Investigators have some control over 346 

the tag burden they apply in their studies, however, for most species or life stages understanding 347 

what are the acceptable maximum tag burdens are generally unknown.  Historically, the ‘rule of 348 

thumb’ was that tag burdens should not exceed 2% (Winter, 1983).  However, recent studies 349 

recommend that maximum burdens need to be considered for each species or life stage and take 350 

into account the study’s objectives (Jepsen et al., 2005; Cooke et al., 2011).   351 

 352 

Study population 353 

 354 

This study is focused on Cultus Lake sockeye salmon from the Fraser River watershed, 355 

British Columbia, Canada (Appendix A, Figure A.1).  This stock was listed in 2002 as 356 

endangered by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC, 357 

2003).  This genetically unique stock has experienced a sharp decline in the escapement of 358 

adults from 20,000 (1920s to 1960s) to less than 100 individuals in the 1990s (Welch et al., 359 

2009; English et al., 2008).  COSEWIC (2003) listed three possible reasons for the declines in 360 

this population, overexploitation, poor marine survival (in early 1990s), and high prespawn 361 

mortality.  Survival of juvenile Cultus Lake sockeye salmon during their migration from 362 

freshwater into the marine environment and during their first few weeks migrating coastally 363 

have recently been assessed using intracoelomic acoustic tagging (Welch et al., 2009; Welch et 364 

al., 2011).  However, there has been no research into the effects of intracoelomic tagging on 365 

migrating smolts in this population nor have tagging effects or tag burden assessments been 366 

made on juvenile sockeye salmon in general.  367 
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Thesis goals and objectives 368 

 369 

The goal of this thesis research was to determine the effects of intracoelomic tagging on 370 

juvenile sockeye salmon.  I had two main objectives.  In Chapter 2, I assessed the effects of 371 

intracoelomic tagging on burst swimming performance, growth, survival and post-surgical 372 

wound healing in both freshwater and saltwater.  In Chapter 3, I investigated the metabolic costs 373 

associated with fish carrying transmitters in freshwater and saltwater, and assessed the 374 

metabolic costs associated with the saltwater transition that smolts make during their 375 

outmigration from freshwater.  In Chapter 4, I summarize the findings of my studies concerning 376 

effects of intracoelomic tagging on juvenile sockeye salmon, metabolic costs of saltwater 377 

transition, and touch on implications of these results for fisheries management and future 378 

telemetry studies focused on juvenile salmonids. 379 

 380 
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CHAPTER 2:  Intracoelomic tagging of juvenile sockeye salmon: swimming performance, 381 

growth, survival, and post-surgical wound healing in freshwater and during a transition to 382 

saltwater  383 

Introduction 384 

 385 

Juvenile Pacific salmon (Oncorhynchus spp.) undertake large-scale migrations from 386 

freshwater rearing sites to the North Pacific Ocean to feed.  The down-stream migration and the 387 

transition from freshwater to saltwater are life-history stages with considerable mortality 388 

(Quinn, 2005).  Telemetry tracking using intracoelomically implanted acoustic and radio 389 

transmitters has been used in recent years to study juvenile salmonid movement and survival 390 

during these periods of migration (Jepsen et al., 1998; Chittenden et al., 2009a; Welch et al., 391 

2009).  Such studies have enhanced the capacity of researchers to understand movement and 392 

survival patterns in juvenile Pacific salmon.  However, an underlying but often untested 393 

assumption with all tagging studies is that the tagging procedure or presence of the tag does not 394 

alter the behavior, physiology, health or survival of tagged fish relative to non-tagged 395 

conspecifics (Cooke et al., 2011).   396 

 397 

Most studies that have examined the effects of intracoelomic tagging on fish have 398 

focused largely on assessing the effects of tag size, generally mass, rather than examining the 399 

effects of tag burden (the ratio of tag mass in air to fish mass, which represents the mass in 400 

relation to the fish’s own body) (Cooke et al., 2011), and even fewer studies have examined tag 401 

burden when measured as the ratio of tag mass in water to fish mass.  Tag burden is an 402 

important consideration for assessing the effects of tagging because lower tag burdens may have 403 

little to no effect on fish while larger burdens may greatly alter fish behavior or survival.  404 

However, if and where these limits in tag burden lie remain undetermined.  Historically, a ‘rule 405 

of thumb’ has been that tag burdens should not exceed 2% of a fish’s body mass (Winter, 1983), 406 

however, several studies have challenged this and recommended that maximum burdens need to 407 

be flexible for each species studied and take into account the study’s objectives (Jepsen et al., 408 

2005; Cooke et al., 2011).  Some studies have suggested that burdens < 2% could be a concern 409 
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because they could have negative effects on fish growth and swimming performance (Zale et al., 410 

2005).  Others have demonstrated that tag burdens up to 12% have no negative effects on fish 411 

survival or swimming performance (Brown et al., 1999).  However, most studies have not 412 

explicitly examined ranges of tag burdens. 413 

 414 

There are other issues aside from the uncertainty about tag burden criteria that can affect 415 

our understanding of the effects of intracoelomic tagging on juvenile salmonids.  For instance, 416 

the majority of studies that have examined tagging effects failed to include the use of a sham 417 

surgery treatment (e.g., surgery is performed but a tag is not implanted) in their study design, 418 

which is critical for assessing the effects of surgery relative to the effects of the actual tag 419 

(Cooke et al., 2011).  There are several metrics that have been used to assess potential effects of 420 

intracoelomic tagging in laboratory studies, but the most common include mortality, growth, 421 

post-surgical wound healing, and tag retention.  There is much less known about how 422 

intracoelomic tagging effects swimming performance, predator avoidance, or physiological 423 

characteristics (Cooke et al., 2011).  All of these factors influence survival of fish in the wild 424 

(Plaut, 2001; Quinn, 2005), and so they are of direct relevance to studies of tag effects.  Despite 425 

the increasing number of juvenile salmonids that are tagged in freshwater and tracked as they 426 

migrate downriver to the ocean as smolts (Chittenden et al., 2009a; Rechisky et al., 2009b; 427 

Welch et al., 2009), there are only two studies on juvenile salmonids that have explicitly 428 

examined how tagged fish cope in saltwater (Hall et al., 2009; Balfry, 2011) even though this 429 

transition is regarded as a stressful period in the life history that can significantly affect survival 430 

of fish (Folmar and Dickhoff, 1980; Quinn, 2005).  While Balfry (2011) monitored tagged fish 431 

in both freshwater and saltwater, Hall et al. (2009) only tagged and monitored fish in saltwater 432 

and did not examine tag effects in the freshwater life stage before the transition to saltwater. 433 

 434 

 To address some of these knowledge gaps, we surgically implanted 255 hatchery reared 435 

Cultus Lake sockeye salmon (O. nerka) with one of three types of dummy acoustic tags (6 mm 436 

(diameter) and 1.1g, 7 mm and 1.6g, or 9 mm and 2.9g (all reported masses are measured in air), 437 

reflecting a range of some commercially available tags currently used for smolts.  We assessed 438 

how tag burdens (ranging from 1.3% to 13.6% in air, which is 0.8% to 7.9% in water) affected 439 

swimming performance in a high speed swimming tunnel, short-term growth, survival, and post- 440 
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surgical wound healing in freshwater and saltwater compared to control and sham surgery 441 

groups.  The study focused on the Cultus Lake population of Fraser River sockeye salmon, a 442 

group that is imperiled and thus of great interest to fisheries managers.  The duration of the 443 

study was guided by the time that Cultus Lake sockeye salmon are known to spend in freshwater 444 

and coastal environments after release.  Sockeye salmon was chosen as the study species since it 445 

has been the focus of recent telemetry studies (Welch et al., 2009) and there is a need to 446 

understand the implications of the tagging procedure and the tag burden on the smolts. 447 

 448 

Materials and methods 449 

 450 

The Cultus Lake population from the Fraser River watershed (Appendix A, Figure A.1) 451 

is listed as endangered by the Committee on the Status of Endangered Wildlife in Canada 452 

(COSEWIC, 2003) and a recovery program is in place where broodstock are annually caught as 453 

they return to Cultus Lake from the Pacific Ocean and subsequently spawned in captivity.  The 454 

juveniles are raised for 1+ year at the Department of Fisheries and Oceans Canada (DFO) Inch 455 

Creek Hatchery, British Columbia (Appendix A, Figure A.1) and typically released in Cultus 456 

Lake to supplement the wild population.  In March 2010, juveniles used in this study were 457 

transported from Inch Creek Hatchery to the University of British Columbia (UBC), Forest 458 

Sciences Aquatic Laboratory, where fish were housed indoor in four large fiberglass tanks (W x 459 

D x L = 0.5 x 0.5 x 4.87 m) supplied with dechlorinated city water (7.8°C in April increasing to 460 

11.7°C in June).  Lights in the laboratory were maintained on a natural photoperiod regime.  461 

Fish were fed to satiation with fish pellets (2.0 mm pellets, Bio-Vita Fry from Bio-Oregon) three 462 

times a day from March to May 2010 and a range of fish sizes resulted; 100 mm to 240 mm FL 463 

and 10.7 g to 86.8 g mass.  It was assumed that fish were in their smolt life stage, as the water 464 

temperature and photoperiod matched the naturally occurring regimes at Cultus Lake, where 465 

these fish naturally rear.  Fish were also observed to turn from olive green into a very silver 466 

color and scale loss took place.  All protocols were approved by the University of British 467 

Columbia Animal Care Committee (protocol A08-0388).   468 

 469 



 9 

Tagging treatments and surgical procedures 470 

 471 

 Experiments were conducted from May to June 2010, which closely matched the period 472 

when wild Cultus Lake sockeye salmon would be migrating to sea (April through the end of 473 

May).  Fish were randomly assigned to one of five tagging treatments: 1) control, non-tagged, 474 

group (received anesthetic but no surgery or tag implantation), 2) sham surgery  (received 475 

surgery but no tag implantation), 3) implantation with a 6 mm tag (6 mm diameter x 16.81 ± 476 

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 477 

diameter x 19.52 ± 1.72 long, 1.49 ± 0.09 g in air, 0.74 g in water), and 5) implantation with a 9 478 

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 479 

used were ‘dummy tags’ (containing no electronics) manufactured to mimic the construction, 480 

weight, and size range of tags currently produced by VEMCO (www.vemco.com).  Each 481 

dummy tag contained a passive integrated transponder (PIT) tag to enable the identification of 482 

individual fish.  Dummy tags fitted with PIT tags allow for easier identification of individuals 483 

and are cheaper to produce than tags that contain full, working electronics.  As the mass, length, 484 

diameter, shape and texture of dummy tags are the same dimensions as fully working electronic 485 

tags, the only difference that exists is that dummy tags are not transmitting a signal.  Tag 486 

burdens used to evaluate tagging effects are based on tag weights in air, which is the commonly 487 

adopted practice when calculating tag burdens. 488 

 489 

Fish were tagged in two different tagging events: the first on May 25 – 26, 2010 (n = 111 490 

and n = 115, respectively) and the second on June 2 - 3, 2010 (n = 107 and n = 113, 491 

respectively).  The surgical procedure involved randomly netting out five to eight fish and 492 

placing them into a sedation bath of 10 mg/L MS-222 for five to seven minutes to calm 493 

individuals before further handling.  Fish were assigned to treatments by cycling through the 494 

netted fish while trying to balance fish sizes in different treatment groups.  Fish were then 495 

moved to an induction bath of 100 mg/L buffered MS-222 for three to five minutes to induce 496 

stage 4 anesthesia.   497 

 498 

Fish were placed supine in a small V-shaped trough and a small hose was positioned in 499 

the mouth to facilitate irrigation of gills with a maintenance dose of anesthetic (50 mg/L MS- 500 
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222).  To reduce visual stimulus a wet paper towel was draped over the head of the fish.  Tags 501 

were implanted into the coelom of the fish (incision made with no. 12, curve blade along the 502 

ventral midline of fish) and incisions were closed with two simple interrupted sutures (4 – 0 503 

nonabsorbable Ethicon Monocryl V, with a PS-2, cutting edge needle).  The 9 mm tag was of a 504 

size that it could only be implanted into fish ≥129 mm.  Sham surgery fish received the same 505 

surgical procedure but a tag was not inserted into the body cavity.  Control fish did not undergo 506 

surgery, but were anesthetized and measured.  Fish mass and fork length was recorded for all 507 

individuals before surgery and efforts were made to ensure fish in all treatments overlapped in 508 

size (Table 2.1).  All water baths were aerated and water temperatures maintained between 509 

8.6°C and 11.4°C.  In all cases, the complete surgical procedure took no longer than three 510 

minutes per fish.  Following handling, fish were placed randomly into four tanks (two for each 511 

tagging event); each tank was divided into two holding areas by a plastic mesh divider that 512 

allowed water to pass through.  Fish from the first tagging event were placed into one of the 513 

holding areas of tanks 1 and 2.  Fish from the second tagging event were placed into one of the 514 

holding areas of tanks 3 and 4.  Fish from all five tagging treatments were represented in each 515 

holding area.  All tanks had the same dimensions and water temperature.   516 

 517 

Swimming performance 518 

 519 

 To evaluate swimming performance, fish were subjected to an endurance test at a high 520 

water velocity.  Prolonged swimming is defined here as swimming that can be sustained for a 521 

short amount of time, <1200 s in most instances, against a constant water velocity; other studies 522 

define prolonged swimming with similar time frames, 20 s to 200 min (Beamish, 1978; Plaut, 523 

2001).  While difficult to measure in the field, prolonged swimming can be measured in the 524 

laboratory using fatigue as a proxy (Beamish, 1978) and is regarded as an integrative assessment 525 

of fish behavior, physiology and health.  526 

 527 

Swimming performance trials were conducted in an open flow-through swim flume.  A 528 

pump was connected to a 3 m long hose that directed water into the swim flume.  A perforated 529 

Plexiglas plate with holes drilled 1 cm apart was inserted into the flume to decrease water flow, 530 
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reduce the turbulence and maximize laminar flow through the swimming section.  Fish were 531 

restricted to the swimming section using mesh grids anteriorly and posteriorly.  To ensure that 532 

fish were able to swim unimpeded by the wall of the flume but not be able to turn around, two 533 

inserts were used to restrict fish to the swimming section.  Based on results of preliminary swim 534 

trials, fish < 150 mm LF were swum using a small insert (3 cm width x 80 cm length) and fish ≥ 535 

150 mm LF were swum using a larger one (4 cm width x 80 cm length).  Velocity was measured 536 

in the swimming section for each insert, mid section 100 mm from the water surface using a 537 

flow meter (Hontzsch Instruments, HFA serial no: 363).  Velocities in the swimming section 538 

when using the small insert were slightly higher (~0.72 m/s), than when using the large insert 539 

(~0.64 m/s) (see ‘Statistical analysis’).  A light was placed at the back of the swimming section 540 

and a black cover at the front to motivate fish to swim towards the front mesh grid. 541 

 542 

Swimming performance of all fish was evaluated 4 to 7 d post surgery, which is 543 

approximately the duration taken for Cultus Lake sockeye salmon smolts to migrate from their 544 

natal rearing lake to the ocean (Welch et al., 2009).  Thus we made an assumption that if fish 545 

were recovered to the point that they could make a freshwater migration and saltwater transition, 546 

they could be tested in a prolonged swimming challenge.  Within a tagging cohort, fish were 547 

randomly chosen to be swum.  Fish were individually placed into the water-filled flume at zero 548 

water velocity for 2 min, and then the water pump was started, at which time water flowed at 549 

maximum velocity.  Most fish immediately began to swim into the flow of water.  If an 550 

individual’s tail touched the back of the grid during a trial, a rubber stopper attached to a metal 551 

rod was used to gently prod the fish and encourage it to swim.  The trial ended when the fish 552 

fatigued (defined as when a fish was unable to move off the back grid following three prods in a 553 

row) or when swim duration reached 1200 s.  At the end of the trial, fish were removed from the 554 

flume, and fork length measured; fish mass was not measured in order to avoid anesthetizing the 555 

fish.  Fish were then placed into a tank with fresh aerated water to facilitate recovery where they 556 

stayed for the duration of the freshwater experiment.  557 

 558 

 559 

 560 
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Relative growth 561 

 562 

Fish were tagged in two tagging groups and, after tagging, one group was held in 563 

freshwater for 8.5 d while the other group was held in freshwater for 16.5 d.  Fish mass and fork 564 

length was recorded at the end of the freshwater experiment before transfer to saltwater to 565 

determine differences in size among tagging treatments.  This time frame was chosen to allow 566 

all fish in both tagging events to recover from surgery and swimming trials before being moved 567 

to saltwater.  568 

 569 

Survival 570 

 571 

 Survival of fish in freshwater was calculated at 8.5 d and 16.5 d post surgery and these 572 

values combined to yield overall freshwater survival.  Fish were then transitioned to saltwater as 573 

follows.  Fish were transferred directly into five tanks (each 0.91 diameter by 1.25 m deep) on a 574 

recirculation system, at a salinity of 5 ppt (Instant Ocean salt; Dynamic Aqua, Canada).  To try 575 

and simulate a slow transition to saltwater that fish might experience in the wild, every 24 h, for 576 

4 d, saltwater concentration was increased by 7 ppt to simulate a transition from freshwater to 577 

saltwater through an estuary.  By day four, saltwater concentration had increased to 30 ppt, 578 

similar to salinity concentrations in the Strait of Georgia where these fish would have migrated 579 

had they been released at Cultus Lake.  Fish were held at this salinity for an additional 5 d at 580 

which time the experiment concluded and necropsies were performed. 581 

 582 

Assessments of fish condition 583 

 584 

Tanks were checked three times per day throughout the duration of the study for dead (or 585 

moribund) fish and expelled tags.  Post-surgical wound healing of the incision and the area 586 

around the sutures was assessed in those sham surgery and tagged treatment groups after the 587 

freshwater period (before transfer to saltwater) and again at the end of the period of saltwater 588 

exposure.  We scored post-surgical wound healing based on a scale from 1 to 4 modified from 589 

(Wagner et al., 2000).  The post-surgical wound healing scores were as follows: 1 = incision and 590 
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area around sutures closed with no inflammation, incision scar still visible, 2 = inflammation 591 

around incision or sutures and/or sutures pulling skin abnormally tight, 3 = fungus and 592 

inflammation around incision or suture points, and/or incision not fully closed, 4 = open, 593 

inflamed incision and the tag showing either through the incision or visible through the body 594 

wall, indicating pressure necrosis.  Inflammation was categorized as skin that was red and puffy 595 

around the incision or sutures.  596 

 597 

Statistical analysis 598 

 599 

To determine if the different velocities created by the two swim flume inserts resulted in 600 

different swimming durations of fish, we compared swim duration, within each of the tagging 601 

treatments, between the two inserts using t-tests and Bonferroni correction.  We found that mean 602 

swimming duration did not differ between the two inserts for any of the tagging treatments (all p 603 

> 0.05 after Bonferroni correction), therefore data obtained from the two inserts were pooled for 604 

all subsequent analysis.  Since body size influences salmonid swim performance (Taylor and 605 

McPhail, 1985), fork length was measured for each fish after swimming performance trials and 606 

included as a covariate in swimming duration analyses.  Fish mass was not measured as we 607 

wished to avoid anesthetizing the fish. 608 

 609 

Analysis of covariance (ANCOVA) was used to examine the relationship between 610 

swimming duration (the dependent variable), fish length (the covariate) and tagging treatment 611 

(which included controls, sham surgery, 6 mm, 7 mm, and 9 mm groups).  ANCOVA was also 612 

used to examine the relationship between swimming duration (the dependent variable), tag 613 

burden (the covariate) and tagging treatment.  In this analysis, control and sham surgery groups 614 

were excluded, as they had no tag burden.  For both ANCOVAs, if the interaction term was not 615 

significant the model was re-run without the interaction term.  The response variable, swimming 616 

duration, was transformed using the natural logarithm to reduce heteroscedasticity.  Fish that 617 

failed to swim, or swam for 1200 s, were excluded from both these analyses.  We used chi- 618 

squared analyses to compare the proportion of fish that failed to swim versus those that chose to 619 
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swim, and to compare the proportion of fish that swam for the maximum time versus those that 620 

swam for any time that was less than the maximum.   621 

 622 

We estimated relative growth within the different tag size groups by subtracting initial 623 

mass from final mass for each fish (after subtracting tag mass) divided by the initial mass of the 624 

fish.  Relative growth of control and sham surgery groups was estimated by subtracting mean 625 

initial weight (for all fish in a treatment) from the mean final weight (for all fish in a treatment) 626 

divided by the mean initial mass of the group; means were used because fish were not 627 

individually identifiable.  ANCOVA was used to examine the relationship between relative 628 

growth (the dependent variable), tag burden (the covariate) and tagging treatment at 8.5 d and at 629 

16.5 d.  If the interaction term was insignificant the model was re-run without the interaction 630 

term.   631 

 632 

Difference in proportion tests between the control and sham surgery, control and 6 mm 633 

tag group, control and 7 mm tag group, and control and 9 mm tag group were used to determine 634 

how much of the observed mortality was due to surgery versus tag presence.  One way ANOVA 635 

was used to compare post-surgical wound healing scores among treatment groups (sham 636 

surgery, 6 mm, 7 mm and 9 mm groups) in freshwater after 8.5 d and 16.5 d and after 9 d in 637 

saltwater.  Bonferroni corrections were used for all analyses.  The significance level for all 638 

statistical procedures was set at α=0.05. 639 

 640 

Results  641 

Swimming performance 642 

 643 

Fork length was used as an indicator of fish size since mass and fork length at the time of 644 

tagging were linearly correlated (adjusted R2 = 0.93, p < 0.05).  The interaction term for the 645 

ANCOVA examining the effects of fish length and tag type on swimming duration was not 646 

significant (p = 0.67).  After removing the interaction term, fish length still did not influence 647 

swimming duration (F1,340 = 0.46, p = 0.49, Appendix B, Figure B.1) but tagging treatment was 648 

significant (F4,340 = 3.32, p = 0.05); however, after Bonferroni correction no significant 649 
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difference in swimming duration among treatments was evident.  The interaction term for the 650 

ANCOVA examining the effects of tag burden and tag type on swimming duration was not 651 

significant (p = 0.69).  The ANCOVA was re-run without the interaction term and tag burden 652 

was not significant (F1,204 = 0.10, p = 0.75), but tag type was significant (F2,204 = 2.98, p = 0.05).  653 

Bonferroni contrasts revealed that the swimming duration of fish implanted with the 6 mm tag 654 

was significantly longer (173.0 s ± 170.7, mean ± SD) than fish implanted with the 9 mm tag 655 

(84.7 s ± 47.2, mean ± SD) (p = 0.04, Appendix B, Figure B.2).  No fish with a tag burden 656 

exceeding 8% swam for the maximum time of 1200 s (Figure 2.1).  Excluding fish that swam 657 

for 1200 s, mean swimming duration of fish with tag burdens < 8% was significantly longer 658 

than fish with tag burden ≥ 8% (226 ± 337 s vs. 93 ± 69 s, respectively (mean ± SD); Mann– 659 

Whitney U = 5668, n1 = 195 n2 = 53, P < 0.05 two-tailed).  Adding a lowess curve to the dataset 660 

did not reveal any breaks in swimming duration as a result of tag burden (Appendix B, Figure 661 

B.3).  There was no significant difference in the number of fish that failed to swim versus the 662 

number that did swim (χ² = 8.94, df = 4, p = 0.06) or the proportion of fish that swam for the 663 

maximum time versus those that swam for any time less than the maximum (χ² = 8.48, df = 4, p 664 

= 0.07). 665 

 666 

Relative growth  667 

 668 

The ANCOVA examining the effects of tag burden and tag type on relative growth after 669 

8.5 d in freshwater was not significant with (p = 0.92) or without (F2,122 = 0.06, p = 0.79) the 670 

interaction term in freshwater, or with tagging treatment (F2,122 = 2.42, p = 0.09, Figure 2.2).  671 

The ANCOVA examining the effects of tag burden and tag type on relative growth after 16.5 d 672 

in freshwater was not significant with the interaction term (p = 0.33), however when the 673 

interaction term was excluded relative growth of fish after 16.5 d in freshwater was significantly 674 

influenced by tag burden (F2,110 = 1.05, p < 0.05), but not by tagging treatment (F2,110 = 4.61, p = 675 

0.35, Figure 2.2). 676 

 677 

Because the fish in the control and sham surgery treatments were not uniquely 678 

identifiable, it was not possible to include them in the above analyses; however it was possible 679 
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to characterize some general trends.  After 8.5 d, mean relative growth of fish in the control 680 

group was lower than fish in the sham surgery group, and generally as tag burden increased 681 

relative growth of fish increased (Figure 2.2A).  Similarly, after 8.5 d relative growth was 682 

similar among tagged treatments in the 6 mm, 7 mm, and 9 mm groups (Appendix B, Figure 683 

B.4).  However, after 16.5 d, mean relative growth of fish in the control group was higher than 684 

fish in the sham surgery group and as tag burden increased relative growth decreased (Figure 685 

2.2B).  After 16.5 d, 86% of fish in the 9 mm group had negative relative growth, while only 686 

56% of fish in the 6 mm and 67% of fish in the 7 mm groups had negative relative growth 687 

(Appendix B, Figure B.5). 688 

 689 

Survival 690 

 691 

 Freshwater survival of fish in the four tagging groups (sham surgery, 6 mm, 7 mm and 9 692 

mm) was not significantly different from survival of fish in the control group (Table 2.2).  Of 693 

the 348 sham surgery and tagged treatment groups, there were nine mortalities, one in the sham 694 

surgery group (tag burden = 0%), two in the 6 mm tag group with tag burdens of 6.7% and 695 

9.3%, three in the 7 mm tag group with tag burdens of 6.3%, 6.6% and 11.9%, and three in the 9 696 

mm tag group with tag burdens of 7.3%, 9.7%, and 9.9%.  The range of tag burdens in surviving 697 

fish was 1.3% to 12.3%.  There were no mortalities in saltwater for the following treatment 698 

groups, control group, sham surgery group, and the 6 mm tag treatment group (Table 2.2). 699 

Saltwater survival of fish in the four tagging groups was not significantly different from survival 700 

of fish in the control group.  Of the 331 sham surgery and tagged fish, there were eight 701 

mortalities (all in the 7 or 9 mm tag group), but tag burden could only be calculated for six of 702 

these mortalities because the other fish jumped out of the tanks.  There were three mortalities in 703 

the 7 mm tag group; two of these mortalities had tag burdens of 11.5% and 9.3%.  There were 704 

five mortalities in the 9 mm tag group; four of these mortalities had tag burdens of 13.5%, 705 

14.0%, 14.0%, and 14.9%.  Due to logistical constraints, a failure of the oxygen supply to tanks, 706 

all fish died; thus the range of tag burdens of surviving fish could not be calculated.  We 707 

conducted necropsies on all dead fish (in freshwater and saltwater) and found no evidence of 708 

mortality related to surgical causes (e.g., accidental cuts or punctures to internal organs from the 709 
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scalpel or suture needle, suturing of intestines to body wall, or infection around incision or 710 

sutures).  711 

 712 

Assessments of fish condition 713 

 714 

No tag expulsion occurred during the experiment.  Post-surgical wound healing differed 715 

among tagging groups in freshwater after 8.5 d (F3,170 = 6.22, p < 0.05) and after 16.5 d (F3,154 = 716 

8.15, p < 0.05).  The 9 mm group had significantly poorer post-surgical wound healing (higher 717 

score) than any other group (Table 2.3).  Post-surgical wound healing scores differed among 718 

tagging groups in freshwater after 16.5 d (F3,154 = 8.15, p < 0.05), with the 9 mm group again 719 

having a significantly higher score than the other tagging groups (Table 2.3).  Nine days after 720 

transfer to saltwater, post-surgical wound healing differed among all tagging groups (F3,320 = 721 

30.56, p < 0.001), with post hoc analyses indicating that groups with progressively larger tag 722 

burdens had poorer post-surgical wound healing scores. 723 

 724 

Discussion 725 

 726 

We found that swimming duration of juvenile Cultus Lake sockeye salmon carrying 727 

dummy tags generally decreased with increasing tag burdens, with a notable decline when 728 

burden exceeded 8% of the fish’s body mass.  Several studies have found that tag burdens of 729 

1.4% – 8% did not influence the swimming performance of juvenile salmonids (Moore et al., 730 

1990; Anglea et al., 2004; Chittenden et al., 2009b, Table 2.4), however, a tag burden of 8.5% 731 

resulted in lower Ucrit values in juvenile Atlantic salmon (Salmo salar) (Lacroix et al., 2004).  732 

Interestingly, Brown et al. (2006) found that tag burdens of 5.8% – 8.5% in juvenile sockeye 733 

salmon decreased Ucrit of tagged fish, but tag burdens ranging from 3.2% – 10% in juvenile 734 

Chinook salmon (Oncorhynchus tshawytscha) did not influence Ucrit.  These studies indicate that 735 

different species likely have different maximum tag burden limits in terms of negative effects on 736 

swimming performance.   737 

 738 
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 Surgery did not seem to affect relative growth, but the presence of a tag did.  There were 739 

no effects on relative growth after 8.5 d in freshwater attributable to the surgical process or tag 740 

presence, and sham surgery fish had the highest relative growth which was unexpected and may 741 

be owing to tank effects as fish that had 8.5 d of growth in freshwater post-surgery were kept in 742 

separate tanks as fish that had 16.5 d of growth in freshwater.  This increase in relative growth 743 

for the sham surgery group and increasing tag burdens may be a result of tank effects, which 744 

cannot be accounted for in this study.  After 16.5 d in freshwater, relative growth of all tagged 745 

fish was negative and was lower than mean relative growth of the control and sham surgery 746 

groups.  Studies involving tagged juvenile Atlantic salmon and Chinook salmon (tag burdens 747 

8.5% – 10.1% and 2.6% – 11.5%, respectively) have reported an initial decline in growth during 748 

the first month post surgery, followed by higher growth equivalent to control groups (Lacroix et 749 

al., 2004; Rechisky and Welch, 2010).  There are several studies that have found no effect of 750 

surgery or tag burdens of 2.4% – 10% on fish growth (Moore et al., 1990; Brown et al., 2006; 751 

Chittenden et al., 2009b, Table 2.4).  Welch et al. (2007) found that growth was size dependant 752 

and that tagged juvenile steelhead (Oncorhynchus mykiss) with tag burdens of 3.5% – 15% grew 753 

less for a given size than fish in a control group.  All of the above studies vary in study duration 754 

making it difficult to make direct comparisons among studies of tag effects on growth, and the 755 

differences in study results highlight that there are likely to be variable effects of intracoelomic 756 

tagging on juvenile salmonid growth.  The present study focused on fish that were undergoing 757 

smoltification, and because fish are preparing for transition to a marine environment it is 758 

unrealistic to hold them in freshwater for longer periods of time.  Overall, it seems that there 759 

may be a slight decrease in growth initially post-surgery, but that long term, tagging has little 760 

effects on juvenile salmonid growth. 761 

 762 

Mortalities in freshwater only occurred in fish where the tag burden exceeded 6%.  763 

However, surviving fish had tag burdens up to 12% indicating that some fish were capable of 764 

handling larger tag burdens – a similar finding to other studies (Moore et al., 1990; Lacroix et 765 

al., 2004; Brown et al., 2006; Chittenden et al., 2009b; Rechisky and Welch, 2010, Table 2.4).  766 

However, Welch et al. (2007) observed size dependent mortality for smaller tagged juvenile 767 

steelhead and a majority of mortalities occurred in the first 12 weeks of the study; survival of 768 

larger fish (> 13 cm LF) was high (> 90%) but tag burdens associated with fish that perished 769 
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were not reported.  In our study, survival of fish in all tag groups was high indicating that the 770 

surgical procedure, tag size, and tag burden did not have large effects on juvenile sockeye 771 

salmon survival in freshwater in the short term, and if these survival estimates were to be used 772 

to correct for survival in free-ranging smolts there would be a negligible change in measured 773 

survival values in the wild. 774 

 775 

Few studies have examined how tagged fish cope with the transition from freshwater to 776 

saltwater.  We observed that some mortality occurred in saltwater for the groups implanted with 777 

the larger tag sizes (7 mm and 9 mm).  Nonetheless, survival in saltwater remained high among 778 

all tagging groups.  Similarly, Balfry (2011) tagged juvenile hatchery-reared Chinook salmon in 779 

freshwater, held them for a three week period, then transitioned fish to saltwater over a 3 d 780 

period.  After 30 d of saltwater exposure there were no effects of tagging treatments on 781 

mortality, and only two of 188 dummy acoustic tags were shed.  The same study also found no 782 

significant difference in Na/K-ATPase enzyme activity, plasma ions, and osmolality between 783 

sham surgery, PIT tagged, and dummy acoustic tagged fish after fish transition to saltwater.  784 

Hall et al. (2009) tagged juvenile hatchery Chinook salmon in saltwater and observed low 785 

survival of tagged fish after 42 d.  However, large numbers of fish could not be individually 786 

identified resulting in small sample sizes.  Results from the present study and the Balfry (2011) 787 

study suggest that tagged juvenile Pacific salmon may be able to handle the transition from 788 

freshwater to saltwater quite well, yet further long-term investigation with different species and 789 

large sample sizes is clearly needed.   790 

 791 

We observed no tag expulsion in our study; however, tag expulsion rates reported in 792 

other studies varies with species, tag size, and study design.  In juvenile Atlantic salmon, Moore 793 

et al. (1990) found 20% tag expulsion over a 28 d period, whereas Lacroix et al. (2004) who 794 

studied the same species, observed different rates of tag expulsion based on fish size and tag 795 

sizes tested.  In the smallest tag size tested (24 mm diameter) one tag was expelled in 316 d; in 796 

the larger tag sizes tested (28 mm diameter x 3.79 g and 32 mm diameter) all fish expelled tags 797 

by 217 d post surgery.  Welch et al. (2007) observed 13% tag expulsion in juvenile steelhead 798 

and most of this occurred during the first 12 weeks post surgery.  Rechisky and Welch (2010) 799 

found that fish implanted with a 7 mm tag (which was similar to the tag used in this study) had 800 
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100% tag retention at 24 weeks post-surgery, whereas fish implanted with the 9 mm tags 801 

(similar to tag used in this study) had 95% which was significantly different from tag retention 802 

in the PIT tagged treatment.  Hall et al. (2009) found 13% tag expulsion in juvenile Chinook 803 

salmon held in saltwater observed 10 d post surgery.  In sum, it is difficult to relate our tag 804 

expulsion results to findings in the literature given the diversity of species and study designs; 805 

nonetheless our findings of excellent tag retention in the short term should be applicable to field 806 

tagging studies of hatchery sockeye salmon during their river and coastal outmigration to the 807 

ocean (e.g. Welch et al., 2009).   808 

 809 

Post-surgical wound healing provides an indication of fish recovery – faster wound 810 

healing likely translates into lower rates of tag expulsion.  We observed that most fish had 811 

‘good’ post-surgical wound healing (incision closed and no inflammation or fungus around 812 

incision or sutures) by the end of the freshwater experiment although the 9 mm tag group had 813 

relatively poorer healing, possibly because the larger tag resulted in more internal abrasion or 814 

because the incision had to be longer for tag implantation.  Few studies have examined wound 815 

healing in relation to tag burden or tag type, and there has been no consistently used scale in 816 

juvenile salmonids to quantify wound healing.  Chittenden et al. (2009b) developed a scale to 817 

assess post-surgical wound healing in tagged juvenile coho salmon and found that it took 2.5 to 818 

3 months for 90% of sham surgery and 80% of tagged fish to reach a ‘good’ healing status 819 

(incision mostly fused, no inflammation, some stitches may remain).  It took longer for post- 820 

surgical wounds to reach a ‘complete’ healing status (incision completely fused, no stitches 821 

remaining); 3 – 5 months for sham surgery fish and 7 months for tagged fish.   822 

 823 

This study is the first surgical tagging effects study on juvenile sockeye salmon from the 824 

Fraser River system and our results can play a role in understanding mortality rates reported 825 

from recent telemetry studies.  Welch et al. (2009; 2011) tagged and tracked Cultus Lake 826 

sockeye salmon smolts over four consecutive years (2004 – 2007) during their migration from 827 

their rearing lake into the Fraser River estuary and from there to the northern end of Vancouver 828 

Island (total migratory distance 500 km).  They estimated survival and travel rates using an 829 

acoustic telemetry array (POST; Welch et al., 2002), but did not conduct a parallel tagging 830 

effects study.  The present study used the same population, age class of fish, and tag type as the 831 
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Welch et al. (2009) study and their tag burdens (2% to 9%) were within the range that our study 832 

evaluated.  Given that we observed very high survival of tagged fish in this tag burden range in 833 

freshwater and saltwater, fairly good post-surgical wound healing, and that prolonged 834 

swimming performance was very good for fish up to ~ 8 % tag burden, it is unlikely that tag 835 

burden played a significant role in their observed mortality patterns.  However, in this study fish 836 

implanted with the 9 mm tags did show some evidence of impaired swimming ability relative to 837 

fish implanted with the 6 mm tags and the post-surgical wound healing scores for fish implanted 838 

with the 9 mm tag were lower than other tagging treatment groups, therefore the possibility 839 

exists that these larger tags may affect smolt migration rates and ability to avoid predators.  840 

There are some negative tagging effects on juvenile, hatchery-reared sockeye salmon when tag 841 

burdens ranged from 6% – 8%; however, these effects are small relative to the natural mortality 842 

occurring in nature.  Welch et al. (2011) evaluated the effect of smolt and tag size on fish 843 

survival for 3,500 tagged freely-migrating juvenile Pacific salmon in British Columbia 844 

(including sockeye), by comparing the size distribution of fish at the time of tagging to fish that 845 

survived and were detected at the outer reaches of an acoustic telemetry array monitoring the 846 

Salish Sea (British Columbia).  They found that the size distribution of fish released and the size 847 

distribution of surviving fish detected at acoustic arrays changed little, suggesting that tagging 848 

and tag size played a small role in fish mortality.   849 

 850 

Telemetry technology is an important tool that can be used to study juvenile salmonid 851 

migration and mortality, but this research method needs to be validated to ensure that tagged 852 

individuals behave similarly to non-tagged conspecifics before or concurrently with large-scale, 853 

field based telemetry studies.  The present study extended our knowledge of tagging effects by 854 

increasing sample sizes of treatment groups, including a sham surgery group, tested a range of 855 

tag burdens to determine tag burden limits, and also transferred fish to saltwater to reflect the 856 

anadromous life history of the species being studying.  However, short time scales, especially in 857 

saltwater, limited our study and swimming ability of fish was not measured after transfer to 858 

saltwater.  Future work is needed on the effects of surgically implanted tags in juvenile sockeye 859 

salmon to understand changes in swimming performance, fish growth, tag expulsion and 860 

survival over longer periods of time.  In addition, addressing the physiological changes that 861 

tagged juvenile salmonids undergo when transitioning to saltwater would also be of interest and 862 
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may provide insight into how juvenile salmonids cope with intracoelomic tagging and long-term 863 

tag presence. 864 

865 
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Table 2.1. Sample sizes, mean and standard deviation, and range of fork length and mass for 865 

juvenile sockeye salmon used to determine the effects of tag implantation on swimming 866 

performance, relative growth, survival, and post-surgical wound healing. 867 

 869 

 871 

873 
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Table 2.2.  Freshwater and saltwater tag groups with initial sample sizes, the proportion of fish 874 

that survived and standard error.  Survival of fish in freshwater was calculated at 8.5 d and 16.5 875 

d post surgery and these values combined to yield overall freshwater survival.  Standard error on 876 

the proportions was calculated using s = proportion between 0 and 1 (where 1 = fish survival 877 

was100%) was calculated as SE[s] = √(s * (1 – s)/n), where n is sample size.  Freshwater 878 

survival of fish in the four tagging groups (sham surgery, 6 mm, 7 mm and 9 mm) was not 879 

significantly different from survival of fish in the control group.  Similarly, saltwater survival in 880 

the four tagging groups was not significantly different from survival of fish in the control group. 881 

 883 

 885 

 887 

 889 

 891 

 893 

 895 

 897 

 899 

 901 

 903 

 905 

 906 

907 
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Table 2.3.  Mean post-surgical wound healing score and standard deviation for sham surgery 907 

and tagged juvenile sockeye salmon after freshwater and saltwater experiments.  Post-surgical 908 

wound healing scores: 1 = incision and area around sutures closed with no inflammation, 909 

incision scar still visible, 2 = inflammation around incision or sutures and/or sutures pulling skin 910 

abnormally tight, 3 = fungus and inflammation around incision or sutures points, and/or incision 911 

not fully closed, 4 = open, inflamed incision and the tag visible either through the incision or 912 

through the body wall, indicating pressure necrosis.  The letters denote significance after post 913 

hoc testing using Bonferroni correction. 914 

 915 

917 
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Table 2.4.  Species, sample size, and tag burden ranges from acoustic intracoelomic tagging 918 

effect studies on juvenile salmonids. 1 = Rechisky and Welch 2010, 2 = this study; 3 = 919 

Chittenden et al., 2009; 4 = Brown et al., 2006; 5 = Hall et al., 2009; 6 = Welch et al., 2007; 7 = 920 

Angela et al., 2004; 8 = Moore et al., 1990; 9 = Lacroix et al., 2004.  921 

 923 

 925 

927 
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 928 
 929 

Figure 2.1.  Box and whisker plots of freshwater swimming duration relative to tag burden, 930 

binned into one percent groups and pooling all tag groups.  The box represents the inter-quartile 931 

range (25th to 75th percentile of data) and the horizontal black bar the median, outliers are 932 

shown as open symbols and at y = 1200 s.  Control and sham surgery fish have a tag burden of 933 

0% and are represented with a “C” an “S”, respectively.  Swimming duration of all box plots is 934 

being pulled down by the 9 mm tag group, which has short swimming durations compared to the 935 

other tagging treatment groups.  No fish with a tag burden exceeding 8% swam for the 936 

maximum time of 1200 s.  Excluding fish that swam for 1200 s, mean swimming duration of 937 

fish with tag burdens < 8% was significantly longer than fish with tag burden ≥ 8% (226 ± 337 s 938 

vs. 93 ± 69 s, respectively (mean ± SD); p < 0.05 two-tailed). 939 

940 
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  940 
 941 

Figure 2.2. Box and whisker plots of relative growth after 8.5 d in freshwater (A) and after 16.5 942 

d in freshwater (B) binned into one percent groups pooling all tag groups.  Interpretation as in 943 

Figure 2.1.  Tag burden on relative growth after 8.5 d in freshwater was not significant (p = 944 

0.79).  Tagging treatment was also not significant (p = 0.09).  When the interaction term was 945 

excluded from analysis, relative growth of fish after 16.5 d in freshwater was significantly 946 

influenced by tag burden (p < 0.05), but not by tagging treatment (p = 0.35). 947 
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CHAPTER 3:  Intracoelomic tagging effects on juvenile sockeye salmon oxygen consumption 948 

rate during a transition from freshwater to saltwater  949 

Introduction 950 

 951 

As anadromous species, juvenile Pacific salmonids make large-scale migrations from 952 

their freshwater natal rearing grounds to the marine environment.  Smoltification in juvenile 953 

salmonids is a sequence of behavioral, morphological and physiological changes that prepare 954 

the fish for downstream migration, saltwater entry, and marine residence (McCormick and 955 

Saunders, 1987; McCormick et al., 1998).  While this transition is assumed to be one of the 956 

most energetically expensive life history stages in the salmonid lifecycle, scant data exist to 957 

quantify this assumption.  958 

 959 

Several studies have investigated certain aspects of metabolism associated with 960 

smoltification (Folmar and Dickhoff, 1980; McCormick and Saunders, 1987), but few studies 961 

have actually examined metabolic costs in a juvenile salmonid during a transition from a 962 

freshwater environment to a marine environment.  Metabolic rate, or the rate of oxygen 963 

consumption ( ) is the result of both maintaining basic body functions (standard or routine 964 

metabolism) and performing work (active metabolism) (Fry, 1947; Brett, 1971).  Maxime et al. 965 

(2002) measured aerobic metabolic rates in groups of juvenile Atlantic salmon (Salmo salar) 966 

smolts at three different times during the smoltification process following their transfer from 967 

freshwater to saltwater.  Fish transferred before completing the parr-smolt transformation had a 968 

lower standard  in saltwater than in freshwater, but this trend was reversed when  was 969 

measured in fish after they had completed the parr-smolt transformation.  Lacking in this study 970 

were measurements of  from individual fish during their initial encounter with a 971 

hyperosmotic environment.  Other studies have acclimated juvenile rainbow trout 972 

(Oncorhynchus mykiss) and juvenile coho salmon (Oncorhynchus kisutch) to different salinity 973 

treatments over several weeks and subsequently measured  (Rao, 1968; Morgan and Iwama, 974 

1998).  Rao (1968) observed that the standard and maximum metabolic rates of juvenile 975 

rainbow trout at each of 5oC and 15oC were lowest at a salinity of 7.5 ppt (i.e., lower than in 976 
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freshwater) and highest in full-strength saltwater (30 ppt).  In contrast, Morgan and Iwama 977 

(1998) observed that coho salmon smolts had similar  after six weeks of acclimation to 978 

either freshwater or saltwater, thus concluding that metabolic rates do not necessarily reflect 979 

osmoregulatory costs.  Clearly, there is a lack of consensus on the metabolic consequences of 980 

saltwater entry in salmonid smolts.  Furthermore, all studies have measured  after relatively 981 

long periods of acclimation to saltwater, and so the initial metabolic challenge that faces smolts 982 

as they transition from freshwater rivers to the marine environment remains unknown.  983 

 984 

 With the advancement of technology and the advent of small acoustic and radio tags 985 

(Voegeli et al., 1998; Heupel et al., 2006; Johnson et al., 2010), researchers are now able to 986 

internally tag and subsequently track juvenile salmonids during their outmigration to sea 987 

(Melnychuk et al., 2007; Rechisky et al., 2009a).  Data yielded from these studies suggest that 988 

mortality is typically high throughout the outmigration of smolts through freshwater and marine 989 

environments.  Mortality in hatchery-reared Cultus Lake sockeye smolts was estimated over a 990 

four year period (2004 – 2007) to be 40% to 60% (Welch et al., 2011), and another study 991 

estimated sockeye salmon and steelhead smolt mortality in British Columbia to be 992 

approximately 20% to 60% (Welch et al., 2011).  There is an underlying assumption in tagging 993 

studies that tagged individuals behave and survive similarly as non-tagged conspecifics (Bridger 994 

and Booth, 2003; Cooke et al., 2011).  Whereas several studies have examined the effects of 995 

intracoelomic tag implantation on the survival and growth of smolts (Anglea et al., 2004; Brown 996 

et al., 2006; Chittenden et al., 2009b), no study has examined whether the surgical wound and 997 

the burden of carrying a tag elicit a metabolic cost (Oldenburg et al., 2011).  This is critically 998 

important knowledge if we are to apply the results of tagging studies to the entire wild 999 

population. 1000 

 1001 

 The purpose of this study was to quantify the metabolic costs in juvenile sockeye salmon 1002 

associated with the freshwater to saltwater transition, and determine whether the metabolic rate 1003 

of tagged individuals is elevated in comparison to non-tagged conspecifics.  The dummy tags 1004 

used in this experiment mimicked the size, shape and mass of a commercially available acoustic 1005 

tag that is commonly used in studies of migrating juvenile salmonids, and the selected tag 1006 

burden range was chosen as the research in Chapter 2 suggested this range should not impair 1007 
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prolonged swimming ability of juvenile sockeye salmon.  We used hatchery-reared juvenile 1008 

sockeye salmon from the endangered Cultus Lake population (COSEWIC, 2003), which would 1009 

have otherwise been released into the natural environment with several thousand other 1010 

individuals to supplement the wild population.  Thus, the results of this study are directly 1011 

applicable to conservation efforts for this population. 1012 

 1013 

Materials and methods 1014 

Animals and tag implantation 1015 

 1016 

Hatchery-reared sockeye salmon of the Cultus Lake population were obtained as 1+ year 1017 

olds from the Department of Fisheries and Oceans Canada (DFO) Inch Creek Hatchery (located 1018 

near Mission, British Columbia) in March 2010, and transported to the University of British 1019 

Columbia (UBC; Vancouver, British Columbia, Canada, Forest Sciences Aquatic Laboratory 1020 

(Appendix A, Figure A.1).  All fish were the offspring of wild parents that were taken as 1021 

broodstock as they returned from the ocean to Cultus Lake in 2008 (Appendix A, Figure A.1).  1022 

Fish were housed in four indoor fiberglass tanks (W x D x L = 0.5 x 0.5 x 4.9 m) and reared 1023 

under the natural seasonal temperature and photoperiod.  Fish were fed to satiation twice per day 1024 

with commercial pellets (2.0 mm pellets, Bio-Vita Fry from Bio-Oregon), and their body size 1025 

distribution ranged from 16.90 g – 38.86 g and 128 mm – 155 mm at the commencement of 1026 

experiments (Table 3.1).   1027 

 1028 

Five days prior to trials, a fish was implanted with a dummy acoustic tag (7 mm 1029 

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 1030 

this experiment.  A total of 12 control, non-tagged fish were included in this experiment.  1031 

Results from Chapter 2 revealed that there were no effects of tagging on these measures for fish 1032 

that were implanted with small tags (6 mm and 7 mm) as well as minimal effects on fish with 1033 

tag burdens (measured in air) less than 8%.  The 7 mm diameter tag was chosen for the present 1034 

study, as it is a similar to a tag that is commonly used and commercially available for telemetry 1035 

studies focused on smaller fish.  Tag burdens of our study ranged from 4.5% to 8.9% of fish 1036 
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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 1037 

mass in water.  The tagging protocol was identical to that outlined in Chapter 2. 1038 

 1039 

Oxygen consumption rates 1040 

 1041 

 Individual tagged and control, non-tagged, fish were used in parallel for each 1042 

experiment.  Each fish was placed individually into a cylindrical Blaska-type respirometer 1043 

(length ~366 mm, volume ~3.5 L) submerged in water.  Calibrated probes (Point Four Systems, 1044 

Richmond, Canada) were inserted into each respirometer to continuously record dissolved 1045 

oxygen and temperature at 1 Hz.  An adjacent tub acted as a water reservoir and supplied 1046 

aerated water to both respirometers during each flushing cycle (every 30 min), and oxygen 1047 

consumption rates ( ) were determined from the decline in respirometer dissolved oxygen 1048 

for 30 min between flushes.  Once fish were placed into respirometers, they remained in the 1049 

respirometer for the duration of the experimental trial allowing for continuous measurements of 1050 

oxygen consumption. The mean drop in dissolved oxygen levels from the beginning of a 30 min 1051 

measurement to the end of the 30 min measurement was a decrease by 0.5 units.  The largest 1052 

decreased that was observed in any measurement experimental trial was a 1.5 unit decrease in 1053 

dissolved oxygen.  Water temperature in all experimental trials ranged from 10.9 to 14.2oC, 1054 

mean water temperature as 12.2oC ± 0.75 (mean ± S.D.).  Within any experimental trial, the 1055 

greatest temperature difference was 2.4 oC.  1056 

 1057 

A fish from each treatment (control and tagged) was placed into each respirometer with 1058 

enough velocity to orient fish into flow (<1 BL s-1) but without requiring any swimming to 1059 

maintain position on the bottom of the respirometer.  To evaluate effects of handling on  1060 

( Handle), oxygen consumption was measured over a 30 min time period 5 min after fish were 1061 

introduced into the respirometer.  Fish were left for the afternoon and overnight to recover (≥ 20 1062 

h) and obtain resting  in freshwater, measured every 30 min.  The following day, to obtain 1063 

recovery  after a freshwater swimming challenge, fish were given a ramp swim test that 1064 

forced fish to swim until fatigue was reached.  The water velocity in the respirometers was 1065 

increased in a ramp fashion every 30 s.  Fish were swum until fatigue was reached; fatigue was 1066 
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defined as when the fish could not swim off the back of the tunnel after the velocity was 1067 

decreased to zero, three times in a row.  As soon as the swim test was completed, the speed was 1068 

returned to resting levels and recovery  post-swimming was measured over 30 min.  Fish 1069 

were left in the respirometer for 3 – 9 h and it was assumed that this was enough time to allow 1070 

fish to fully recover from the swim test before salt was added.  The lowest calculated resting 1071 

 measured for each fish (control and tagged treatments) during the time spent in freshwater 1072 

was used as the resting value (termed ‘0 ppt lowest’) for data analysis.  Due to logistical time 1073 

constraints, salt (Instant Ocean salt; Dynamic Aqua, Canada) was added over approximately 2.5 1074 

h (increments from 0 ppt to 9 ppt, 9 ppt to 18 ppt, and 18 ppt to 28 ppt) to slowly increase 1075 

saltwater concentration to levels similar to those in the Strait of Georgia, the first marine 1076 

environment that these fish would encounter during their smolt outmigration from Cultus Lake.  1077 

Salt was added in increments during the first 15 min of a 30 min flush period (when  was 1078 

not being measured) giving time for fish to adjust to the salinity concentration before a reading 1079 

was taken.  Readings of resting  were taken at 9 ppt, 18 ppt, and 28 ppt 15 min after fish 1080 

reached that particular salinity concentration.  After fish reached 28 ppt, fish were left for the 1081 

rest of the afternoon and overnight (11 – 18 h) to recover from saltwater addition and to obtain 1082 

resting  in saltwater.  The following day, to obtain recovery  post-swimming in 1083 

saltwater, fish were exposed to the ramp style swim test as detailed above (but in saltwater) and 1084 

 was measured after the fish fatigued from swimming.  Fish were given at least 1 h to 1085 

recover from the swim challenge before being removed from the respirometers and transferred 1086 

to saltwater holding tanks for subsequent observations (84 d).  The lowest  measured for 1087 

each fish (control and tagged treatments) during the time spent in saltwater was used as the 1088 

resting  value in saltwater  (termed ‘28 ppt lowest’) for data analysis. 1089 

 1090 

Statistical analysis 1091 

 1092 

 Oxygen consumption rates were estimated using the slope of the relationship between 1093 

respirometer dissolved oxygen over time and expressed as mgO2 min-1 kg-1.  The first 5 min and 1094 
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last 5 min of each slope were excluded to remove any artifacts resulting from the flush pump 1095 

switching on or off.  1096 

 1097 

A Mann-Whitney U test was used to examine for differences in  between control 1098 

and tagged treatments when fish were first introduced into the tunnel, as the data did not meet 1099 

the assumption of equal variance.  Linear mixed effects models, where individual fish identity 1100 

was treated as a random factor, were used to examine the relationship between tag burden and 1101 

water type (freshwater n = 9 or saltwater n = 9) on recovery  post-swimming as well as 1102 

swimming speed of tagged fish.  The data collected during this transition only included tagged 1103 

fish that successfully swam in both freshwater and saltwater.  Another linear mixed effects 1104 

model, where individual fish identity was treated as a random factor, was used to examine the 1105 

relationship between swimming speed, treatment (control or tagged), and water type (freshwater 1106 

or saltwater) on recovery  post-swimming of tagged fish that successfully swam in both 1107 

freshwater and saltwater (control treatment n= 10 in freshwater and saltwater, with one data 1108 

point removed from control fish in freshwater due to a malfunction of the probe during this 1109 

measurement, tagged treatment n = 9 in both freshwater and saltwater). 1110 

 1111 

Similarly, a linear mixed effects model was used to examine the relationship between 1112 

treatment (control and tagged) and salinity (at different increments measured during the 1113 

freshwater to saltwater transition) on resting  during the transition from freshwater to 1114 

saltwater, where individual fish identity was treated as a random factor.  The data collected 1115 

during this transition only included resting  and thus used a larger sample size than in the 1116 

analyses described above as swimming ability was not included in this analysis (control 1117 

treatment n = 12 and tagged treatment n = 10, with one data point removed from a fish in the 1118 

tagged treatment at 28 ppt as there was a malfunction in the probe during this measurement, and 1119 

other data point removed in the tagged treatment at 28 ppt lowest value in 12 hr because it died 1120 

before this measurement was taken).  All data were tested for normality and equal variance and 1121 

if these criteria were not met, a Wilcoxon rank-sum test (two sample unpaired or two sample 1122 

paired, depending on analysis) was conducted.  Bonferroni corrections were used for all 1123 
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analyses.  The significant level used for all statistical procedures was set at α=0.05, unless 1124 

otherwise specified. 1125 

 1126 

Results 1127 

 1128 

There was only a single mortality that occurred during the experiments, a fish in the 1129 

tagged treatment died overnight in saltwater when  resting was being measured.  Fish were 1130 

held for a maximum of 84 d post experiments for subsequent observations.  One fish died during 1131 

the 1 hr recovery period post saltwater swimming, after experiments had ended.  Two fish died 1132 

the day after they completed the experiment, one cause of death was related to handling, and the 1133 

other was suspected to be related to abrasion on the sides of body that resulted from fish 1134 

escaping the swim tunnel during the freshwater overnight period in the experiment.  Two fish 1135 

expelled tags post experiments, one at 12 d and the other at 16 d post surgery.  These two fish 1136 

were healthy in appearance and behavior and there was no wound or infection where tag was 1137 

expelled through incision site, the incision site was healed and completely closed.  Tag 1138 

expulsion was observed in a third fish 58 d post surgery and that same day a fish was killed 1139 

because the tag was being expelled out of the body cavity just under the lateral line of the fish.  1140 

Therefore, tag expulsion rate was 30%.  Three of the 10 tagged fish used in experiments 1141 

survived with their tags for the entire 84 days.  Thus, long-term survival of tagged fish (the three 1142 

survivors plus the two fish that successfully expelled tags but were able to survive) was 50%. 1143 

 1144 

 Handle of control and tagged fish when first introduced into the respirometer did not 1145 

significantly differ (7.39 ± 2.86 mgO2 min-1 kg-1 and 6.09 ± 1.44 mgO2 min-1 kg-1, respectively 1146 

(mean ± SD); Mann–Whitney U = 5668, n1 = 12, n2 = 10, p = 0.228, two-tailed).   1147 

 1148 

Recovery   post-swimming 1149 

 1150 

 Tag burden (F1,7 = 0.003, p = 0.96), water type (F1,7 = 4.99, p = 0.06, Figure 3.1) and the 1151 

interaction term of the these two effects (tag burden and water type, F1,7 = 0.50, p = 0.50) did 1152 
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not significantly influence the recovery  post-swimming of tagged fish (Figure 3.1).  1153 

Similarly, tag burden (F1,7 = 0.16, p = 0.70), water type (F1,7 = 3.67, p = 0.09) and the 1154 

interaction of these two effects (F1,7 = 0.72, p = 0.42) did not significantly influence the 1155 

swimming speed of tagged fish (Figure 3.2).  1156 

 1157 

 Analysis of treatment, swimming speed and water type on recovery  post-swimming 1158 

indicated that treatment did not significantly influence recovery  post-swimming (F1,20) = 1159 

1.60, p = 0.22, Figure 3.3).  Swimming speed did significantly influence recovery  post- 1160 

swimming (F1,20 = 8.45, p = 0.008, Figure 3.3).  However, after Bonferroni correction no 1161 

significant difference in swimming speed among treatments in freshwater and saltwater was 1162 

evident.  Water type, freshwater or saltwater, (F1,20 = 6.03, p = 0.02) also significantly influence 1163 

recovery  post-swimming (Figure 3.3).  Mean recovery (combined tagged and non- 1164 

tagged) was greater in freshwater (4.17 ± 0.97) than in saltwater (3.41 ± 0.71, mean ± SD).  The 1165 

interaction terms of these effects were not significant: treatment x swimming speed (F1,20 = 2.20 1166 

p = 0.15), treatment x water type (F1,20 = 0.95, p = 0.34), swimming speed x water type (F1,20 = 1167 

1.36, p = 0.26) and treatment x swimming speed x water type (F1,20 = 1.91, p = 0.18).  The 1168 

model intercept was significant (F1,20 = 901.77, p < 0.001).  Swimming speeds did not 1169 

significantly differ between tagged and non-tagged groups and ranged from 0.86 BL s-1 to 3.42 1170 

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 1171 

3.3).  Mean swimming speed for the control treatment in freshwater was 1.99 ± 0.68 BL s-1 and 1172 

in saltwater was 1.91 ± 0.82 BL s-1.  Mean swimming speed for the tagged treatment group in 1173 

freshwater was 2.68 ± 0.41 BL s-1 and in saltwater was 2.45 ± 0.76 BL s-1. 1174 

 1175 

Saltwater transition 1176 

 1177 

We detected an effect of treatment (tagged or non-tagged) on resting  during 1178 

transition from freshwater to saltwater at p = 0.06 (F1,78 = 3.80, p = 0.06, Figure 3.4).  There was 1179 

a strong effect of salinity on resting  during transition from freshwater to saltwater (F4,78 = 1180 

25.83, p < 0.001, Figure 3.4).  The interaction of the main effects, treatment and salinity, was 1181 
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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 < 1182 

0.001).  Post hoc testing to determine where differences in resting  between control and 1183 

tagged fish lie, indicated that there were significant differences between control 0 ppt lowest and 1184 

control 9 ppt (p = 0.01), control 9 ppt and control 28 ppt lowest (p <0.04), control 0 ppt lowest 1185 

and tagged 18 ppt (p = 0.003), control 0 ppt lowest and tagged 9 ppt (p < 0.001), control 18 ppt 1186 

and tagged 0 ppt lowest (p = 0.04), control 28 ppt and tagged 9 ppt (p = 0.03), control 28 ppt 1187 

lowest and tagged 18 ppt (p <0.01), control 28 ppt lowest and tagged 9 ppt (p < 0.001), tagged 0 1188 

ppt lowest and tagged 18 ppt (p = 0.05), and tagged 0 ppt lowest and tagged 9 ppt (p < 0.01).  1189 

Post hoc testing to determine where differences in resting  at the varying salinity 1190 

concentrations lie, indicated that there were significant differences between 0 ppt lowest and 9 1191 

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 1192 

ppt lowest (p < 0.001, Figure 3.4). 1193 

 1194 

Discussion 1195 

 1196 

 Overall, our results suggest that both tagging and salinity concentration influence resting 1197 

 during the transition from freshwater to saltwater.  In non-tagged fish, resting  is 1198 

higher at 9 ppt than the lowest resting  in freshwater (0 ppt), and is higher at 9 ppt, the first 1199 

salinity fish were introduced to, than the lowest resting  in saltwater (28 ppt).  In tagged 1200 

fish, resting  is higher at 9 ppt and 18 ppt than the lowest resting  in freshwater (0 ppt).  1201 

As salinity changes from freshwater (0 ppt) to 9 ppt there is a significant increase in resting 1202 

for non-tagged and tagged fish.  There is also a significance difference in resting  1203 

between 9 ppt and the lowest resting  measured in saltwater (28 ppt).  It appears that after 1204 

transition into saltwater, both non-tagged and tagged fish are able to recover (i.e., the lowest 1205 

resting  values in freshwater and saltwater are similar). 1206 

 1207 

A majority of studies on juvenile salmonids have evaluated standard, resting, or routine 1208 

 in freshwater, while fewer studies have made these measurements in saltwater.  Previous 1209 

studies that have measured freshwater minimum resting  for yearling sockeye salmon (2.0 1210 
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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 1211 

in this study (Brett, 1964; Brett, 1965; Janz et al., 1991).  However, De Boeck et al. (2001), 1212 

estimated higher  for juvenile rainbow trout (4.27 mgO2 min-1 kg-1).  Fewer studies have 1213 

investigated standard, resting, or routine  in saltwater.  Yet, results of this study for non- 1214 

tagged and tagged fish (2.35 mgO2 min-1 kg-1 and 2.76 mgO2 min-1 kg-1, respectively) are still 1215 

comparable to these few other studies (Rao, 1968; Waller et al., 1997; Morgan and Iwama, 1216 

1998; Maxime, 2002). 1217 

 1218 

 There are a limited number of studies that have compared resting  in both freshwater 1219 

and saltwater; results of these studies suggest that there are not large differences in resting  1220 

between freshwater and different salinities (Rao, 1968; Morgan and Iwama, 1998; Maxime, 1221 

2002).  These studies however, made comparisons of  between water types after allowing 1222 

for weeks of acclimation to different salinities before  was measured.  This study measured 1223 

 actively during the transition from freshwater to saltwater which more realistically 1224 

mimicked the outmigration of smolts; we found that tagging and salinity concentration did have 1225 

an effect on resting .  Our results indicate that between freshwater and 9 ppt resting  1226 

increases, and that at 9 ppt resting  is significantly higher than the lowest  recorded in 1227 

saltwater (28 ppt).  However, our results suggest that both non-tagged and tagged fish are able to 1228 

quickly recover metabolically after the transition from freshwater to saltwater in just 24 hours 1229 

post transition.  The recovery period of smolts was pervious unknown as past studies evaluated 1230 

weeks after transition from freshwater to saltwater. 1231 

 1232 

Using the ramp speed method to evaluate swimming ability did not allow for  1233 

measurements to be made while fish were swimming, as swimming trials ended quickly.  1234 

Instead, recovery  post swimming trials was measured.  Measures of recovery  post 1235 

exercise are related to the oxygen debt that individuals must repay following exercise.  These 1236 

values are similar to recovery  estimated by Brett (1964) for yearling sockeye salmon (2.1 1237 

mgO2 min-1 kg-1).  As far as we are aware, there are no studies that have measured recovery  1238 
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post exercise in saltwater.  Rao (1968) measured maximum  during swimming trials for 1239 

juvenile rainbow trout (100 g) at three different salinities 7.5, 15 and 30 ppt and found that 1240 

active  was 66% higher than measured in this study, however these results are not 1241 

comparable as measurements in this study were made post exercise, not actively during 1242 

exercise. 1243 

 1244 

Estimates of maximum swimming speed for smolts in freshwater vary in the literature.  1245 

In juvenile Atlantic salmon, non-tagged and tagged treatments had swimming speeds, 2.0 BL s-1 1246 

– 2.5 BL s-1, (McCleave and Stred, 1975) which were well within the range of maximum 1247 

swimming speeds measured in the this study (0.86 BL s-1 – 3.42 BL s-1).  However, some studies 1248 

have measured higher maximum swimming speeds in juvenile salmonids.  Maximum swimming 1249 

speeds of yearling sockeye salmon were 17% higher (Brett, 1964; Brett, 1965) and maximum 1250 

swimming speeds of juvenile coho salmon were 44% higher (Glova and McInerney, 1977) than 1251 

measured in this study.  While, maximum swimming speeds measured in this study may be low 1252 

compared to some studies, swimming speeds achieved by juvenile sockeye salmon in this study 1253 

are similar to the travel speeds estimated for juvenile salmonids using large-scale acoustic 1254 

curtain telemetry during the migration from their freshwater rearing grounds to the ocean.  For 1255 

example, Welch et al. (2009) determined that Cultus Lake sockeye salmon smolts travelled at 1256 

0.46 BL s-1 to 1.8 BL s-1 as they migrated out of freshwater natal areas and through coastal 1257 

waters en route to the open ocean.  Mean migration speed estimated for Chinook salmon (0.33 1258 

BLs-1), coho salmon (0.96 BLs-1), sockeye salmon (0.95 BLs-1), and steelhead (0.86 BLs-1) were 1259 

in a similar range (Welch et al., 2011) as to swimming speeds in this experiment.  Therefore, 1260 

while our study may not have swum fish to maximum speeds, we did successfully test an 1261 

ecologically relevant swimming speed in the evaluation of recovery  post-swimming in 1262 

freshwater and saltwater.  We found that swimming speed of both non-tagged and tagged 1263 

treatments did not differ between freshwater and saltwater. 1264 

 1265 

Tagged fish in the present study were given 5 d to recover from surgery prior to being 1266 

included in experiments.  This recovery period was chosen on the basis of telemetry studies of 1267 

this sockeye salmon population, Cultus Lake, where the fish typically exited the Fraser River 1268 

(B.C., Canada) and entered the marine environment at around 4 – 6 d post-release (Welch et al., 1269 
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2009).  Thus, the measurements made in this study are based on an ecologically relevant time 1270 

frame for the transition of juvenile sockeye salmon from the freshwater to the marine 1271 

environment.  It is noteworthy that field based telemetry studies focused on juvenile salmonids 1272 

often allow only a short (maximum of 48 h) recovery period post-surgery before releasing the 1273 

fish back into natal rivers.  Thus, there is the possibility that intracoelomic tagging may have 1274 

immediate effects on juvenile salmonid  not detected in the present study.   1275 

 1276 

Results from this study suggest that there are effects of intracoelomic tagging and tag 1277 

burden (4.5% to 8.9%) on juvenile sockeye salmon .  Tagged treatment groups had higher 1278 

resting  than non-tagged fish during a transition from freshwater to saltwater.  This effect 1279 

was not as strong as the effect of salinity concentration on resting , probably given the 1280 

smaller sample size used for post hoc testing as non-tagged and tagged fish were separated for 1281 

analysis.  In general tagged fish had a resting  that was 9.6% higher than non-tagged fish.  1282 

Power analysis using a medium effects size of 0.25 based on suggestions from Cohen, a power 1283 

level of 0.80 and significance level of 0.05 determined that a sample size of 17 individuals in 1284 

each treatment would be needed to detect an effect of tagging on resting .  That is only 7 1285 

more fish than were used in the tagged treatment groups for this experiment.  However, there 1286 

were no effects of tagging on recovery  post-swimming.  Similarly, there were no effects of 1287 

tag burden (4.5% to 8.9 %, tag mass in air) on recovery  post-swimming or maximum 1288 

swimming speed in freshwater or saltwater.  Long-term survival of tagged fish was 50%.  Fish 1289 

were held for a longer period of time for experiments in this chapter (Chapter 3) than in Chapter 1290 

2.  It is important to keep in mind that sample size of tagged fish in these experiments (n = 10) 1291 

was much smaller than sample sizes of tagged fish in Chapter 2 (n = 255).  Regardless, there is 1292 

concern that the possibility of long-term survival of tagged fish is only 50%.  Future studies 1293 

should hold onto fish for longer periods of time to assess long-term survival. 1294 

 1295 

By measuring resting  of juvenile sockeye salmon during the transition from 1296 

freshwater to saltwater, thus mimicking the actual life history transition, we found that tagging 1297 

and salinity do effect on resting .  This was previously unknown as past studies have only 1298 
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measured  after allowing fish to acclimate to increased salinity levels.  Therefore, there is 1299 

the possibility that increases in  may compromise the physiological fitness of juvenile 1300 

salmonids. 1301 

 1302 

Similar approaches used in this study should be implemented to evaluate intracoelomic 1303 

tagging effects in other populations and species of salmonids.  If any effects of tagging exist on 1304 

 there may be serious consequences in the physiological fitness of fish that may 1305 

compromise travel speed during migration or maximum swimming speeds.  Decreased travel 1306 

speed or maximum swimming speeds could limit the ability of fish to escape predation, or the 1307 

ability of fish to cope physiologically with the transition from freshwater to saltwater.  Future 1308 

studies should conduct a second swim challenge in saltwater to examine the long-term effects of 1309 

salinity on , and look at how tagging effects maximum active .  Results of this study 1310 

has shown that tagging elevates juvenile sockeye salmon resting , if future studies find that 1311 

tagging decreases maximum  then aerobic scope of tagged individuals may be 1312 

compromised.  If tagging results in decreased metabolic scope, there may be negative 1313 

consequences on the ability of tagged fish to perform aerobic exercise during their outmigration. 1314 
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Table 3.1.  Treatment, sample sizes, mean and standard deviation, and range of mass and fork 1315 

length for juvenile sockeye salmon used to determine the effects of transition from freshwater to 1316 

saltwater and tag implantation on metabolic rate.  1317 

1318 
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 1319 
 1320 

Figure 3.1.  Scatter plot of recovery  post-swimming trials in freshwater (o) n = 9, and 1321 

saltwater (∆) n = 9, relative to tag burden.  Tag burden (p = 0.96) and water type (p = 0.06) did 1322 

not significantly influence the recovery  post-swimming of tagged fish. 1323 

 1324 

 1325 

1326 
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 1326 

 1327 

Figure 3.2.  Scatter plot of maximum swimming speed for tagged treatments in freshwater (o) n 1328 

= 9 and saltwater (∆)n = 9, relative to tag burden.  Tag burden (p = 0.70) and water type (p = 1329 

0.09) did not significantly influence the swimming speed of tagged fish. 1330 

1331 
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 1331 
 1332 

Figure 3.3.  Scatter plot of recovery metabolic rate post-swimming against swimming speed of 1333 

sockeye salmon for control and tagged treatments in freshwater and saltwater.  o = control fish 1334 

in freshwater, ∆= tagged fish in freshwater, + = control fish in saltwater and x = tagged fish in 1335 

saltwater.  Control treatment n= 10 in freshwater and saltwater, with one data point removed 1336 

from control fish in freshwater, tagged treatment n = 9 in both freshwater and saltwater.  1337 

Treatment did not significantly influence recovery  post-swimming (p = 0.22).  Swimming 1338 

speed did significantly influence recovery  post-swimming (p = 0.008); however, after 1339 

Bonferroni correction no significant difference in swimming speed among treatments in 1340 

freshwater and saltwater was evident.  Water type, freshwater or saltwater, (p = 0.02) also 1341 

significantly influenced recovery  post-swimming.  Mean recovery  (combined control 1342 

and tagged) was greater in freshwater (4.17 ± 0.97) than in saltwater (3.41 ± 0.71, mean ± SD).  1343 

Swimming speeds did not significantly differ between control and tagged groups. 1344 

1345 
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 1345 

 1346 

Figure 3.4.  Bar plot with standard error of resting  in juvenile sockeye salmon control 1347 

(grey) and tagged (white) treatments during a transition from freshwater to saltwater.  All fish 1348 

followed the same order through trials, beginning in freshwater (0 ppt) and transitioned over a 1349 

2.5 h period (increments from 0 ppt to 9 ppt, 9 ppt to 18 ppt, and 18 ppt to 28 ppt) to slowly 1350 

increase saltwater concentration to full strength saltwater (28 ppt).  Salt was added in increments 1351 

during the first 15 min of a 30 min flush period (when  was not being measured) giving 1352 

time for fish to adjust to a salinity concentration before a reading was taken.  Measurements 1353 

reflect the lowest metabolic rate measured in freshwater, 0 ppt lowest, and then ~15 min after 1354 

being transitioned to each salinity concentration, and lowest metabolic rate measured in 1355 

saltwater, 28 ppt lowest.  Control treatment n = 12 and tagged treatment n = 10 for each 1356 

measurement made, with one data point removed from a fish in the tagged treatment at 28 ppt, 1357 

and other data point removed in the tagged treatment at 28 ppt lowest.  Treatment (control or 1358 

tagged) had an effect on resting  at p = 0.06, and salinity had an effect on resting  (p < 1359 
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0.001).  Bonferonni correction determined differences in resting  between control 0 ppt 1360 

lowest and control 9 ppt , control 9 ppt and control 28 ppt lowest, control 0 ppt lowest and 1361 

tagged 18 ppt, control 0 ppt lowest and tagged 9 ppt, control 18 ppt and tagged 0 ppt lowest, 1362 

control 28 ppt and tagged 9, control 28 ppt lowest and tagged 18 ppt, control 28 ppt lowest and 1363 

tagged 9 ppt, tagged 0 ppt lowest and tagged 18 ppt, and tagged 0 ppt lowest and tagged 9 ppt.  1364 

The letters denote significance after post hoc testing using Bonferroni correction to determine 1365 

differences in resting  at varying salinity concentrations. 1366 
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CHAPTER 4: Implications and future directions  1367 

 1368 

Pacific salmonids undergo many different migration events throughout their lifecycle 1369 

that are costly and risky endeavors (Dingle, 1996).  Large-scale declines in Pacific salmon since 1370 

the mid 1990s have raised conservation concerns, exemplified in 2009 when the return of adult 1371 

Fraser River sockeye salmon resulted in a record low return (DFO, 2010).  The low returns of 1372 

Fraser River sockeye salmon prompted a federal enquiry to determine the causes for population 1373 

declines (www.cohencommision.ca).  To aid in the understanding of where mortality is 1374 

occurring for management and conservation of this species, researchers are using telemetry 1375 

technology to estimate migratory survival and behavior (Cooke et al., 2004a; English et al., 1376 

2005; Welch et al., 2009).  Researchers have begun to tag and track juvenile sockeye salmon 1377 

smolts during their outmigration to sea (Welch et al., 2009; Welch et al., 2011); however, 1378 

tagging effects from telemetry equipment (attachment methods and tags) have not been 1379 

evaluated for this life stage of sockeye salmon. 1380 

 1381 

The research presented in this thesis helps to better interpret past studies that have used 1382 

telemetry to estimate migratory survival and behavior of juvenile sockeye salmon during their 1383 

outmigration to sea.  Welch et al. (2009) tagged Cultus Lake sockeye salmon smolts and tracked 1384 

survival during their freshwater and early marine migration over a four-year period (2004 – 1385 

2007).  Survival and travel rates were estimated using an acoustic curtain array network (i.e. 1386 

POST) from their natal rearing lake, into the ocean via the Strait of Georgia, and to the northern 1387 

end of Vancouver Island (total migratory distance 500 km).  Survival estimates of sockeye 1388 

salmon smolts from the study were 50% – 70% in freshwater and 40% – 90% for the early 1389 

marine migration (Fraser River mouth to the northern end of Vancouver Island).  However, one 1390 

of the main limitations of the study was that there were no parallel tagging effects research 1391 

conducted.  The strength of the research presented in this thesis is that the same population, age 1392 

class of fish, and tag size was used as in the Welch et al. (2009) study (e.g., the 9 mm tag 1393 

treatment group used in this thesis matched the dimensions of the Vemco V9 tag used in the 1394 

Welch et al. (2009) telemetry study).  Tag burdens in the Welch et al. (2009) study ranged from 1395 

2% to 9%, which was well within the range of tag burdens evaluated in the research for this 1396 
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thesis.  I can therefore, make some speculations as to whether the travel or mortality rates of 1397 

smolts observed in the Welch et al. (2009) study may have been affected in some way owing to 1398 

tagging effects. 1399 

 1400 

The research presented in this thesis only lasted one month so these results may only 1401 

apply to the freshwater and first week of marine migration of the fish studied by Welch et al. 1402 

(2009).  In the swim flume experiments, results indicated that the 9 mm tag was associated with 1403 

shorter burst swimming durations compared to the smaller tag types; therefore it is conceivable 1404 

that travel rates of outmigrating smolts in Welch et al. (2009) may have been underestimated 1405 

due to the larger tag size.  Decreased burst swimming duration could also affect a smolt’s ability 1406 

to escape predators and thus reduce the overall survival of tagged smolts.  However, smolts tend 1407 

to migrate at about 1 BL s-1 once they reach marine environments (Drenner et al., In Press 1408 

2012) which is considerably slower than the speeds that were evaluated in the swim flume 1409 

studies in this thesis (~ 3 – 6.5 BL s-1; Chapter 2); consequently, it is still uncertain how the 9 1410 

mm tags may have influenced the ability of the smolts to migrate at their most frequently 1411 

elicited swim speeds.  The research in this thesis suggests that the presence of a tag did have a 1412 

negative effect on relative growth after 16.5 d in freshwater, thus it is possible that two weeks 1413 

into their migration, smolts in the Welch et al. (2009) study were not feeding well, and this 1414 

could also have affected their ability to survive.  However, it is possible that tank effects, tank 1415 

confinement and short duration of the observations in this thesis may have affected fish growth, 1416 

making results difficult to interpret.  Previous studies that have examined juvenile salmonid 1417 

growth post-surgery often last several weeks to months; these studies have found no effects of 1418 

tag burdens of 2.4% – 10% on juvenile salmonid growth (Moore et al., 1990; Brown et al., 1419 

2006; Chittenden et al., 2009b), suggesting that tagged fish have similar growth rates to non- 1420 

tagged fish.  Implantation of the 9 mm tag requires a longer surgical incision, and this larger 1421 

incision may require longer times to heal.  Therefore, it is conceivable that tag loss resulting 1422 

from poor healing of the incision site could account for some perceived mortality in the Welch 1423 

et al. (2009) study.  However, at the completion of this research, results indicated that sutures 1424 

were fully closed and there was no loss of the 9 mm tags.  There were also no statistical 1425 

differences in survival of fish implanted with 9 mm tags in freshwater or saltwater.   1426 

 1427 
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Experiments reported in Chapter 3 used a smaller tag, 7 mm, but tag burden range was 1428 

similar (4% to 9%) to that of Welch et al. (2009) study and results from experiments in this 1429 

thesis found effects of tagging on juvenile sockeye salmon resting  during a transition from 1430 

freshwater to saltwater.  It may be possible that the  of tagged smolts in the Welch et al. 1431 

(2009) is being affected by tagging, however, without understanding how tagging effects the 1432 

maximum  of fish, it is not possible to calculate aerobic scope of tagged fish in comparison 1433 

to non-tagged fish.  Therefore, it is unclear how tagging would affect aerobic scope of smolts 1434 

used in the Welch et al. (2009) study.  Regardless, I did observed in my experiments that both 1435 

non-tagged and tagged fish were able to recover from the initial increase in  observed 1436 

between freshwater and 9 ppt, indicated by the similar values for the lowest resting  in 1437 

saltwater (28 ppt) as in freshwater (0 ppt), before the transition took place.  Given overall results 1438 

of this thesis, it seems likely that tagging effects were minimal and played only a minor role in 1439 

the travel and mortality estimates of smolts during freshwater and early marine migration 1440 

observations made by Welch et al. (2009). 1441 

 1442 

One of the limitations of applying results of this study to other sockeye salmon 1443 

populations is that in British Columbia, most sockeye salmon are of wild origin.  Hatchery fish, 1444 

like those used in this study, are generally fed more and exercise less, thus are fatter, so there 1445 

may be differences in tag burden criteria between fish of hatchery and wild orgin.  In 2010 and 1446 

2011, the first wild population of Fraser River sockeye salmon smolts was tagged near the 1447 

outflow of Chilko Lake (Clark et al., 2010; UBC-Kintama, 2011).  Migration survival was 1448 

estimated for freshwater migration, to the Fraser River mouth (approximately 500 km), and 1449 

early marine migration, to the Northern end of Vancouver Island (approximately 200 km).  A 1450 

parallel tagging effects study was conducted where a subset of smolts were implanted with 1451 

dummy tags that were similar size, shape, and mass to the acoustic tags deployed.  For these 1452 

studies tag burden ranged from 4% to 12%.  No mortality was observed in the parallel tagging 1453 

effects study providing evidence that surgical procedure and tag burden per se were not 1454 

accountable for the initial low freshwater survival estimates of fish released in 2010 (Clark et al. 1455 

unpub data).  Freshwater survival estimates for wild Chilko Lake sockeye salmon smolts are 1456 

21% – 36% (Clark et al. unpub data) and differ from hatchery reared Cultus Lake sockeye 1457 
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salmon smolts (50% – 70%) (Welch et al., 2009), which may be a result of the longer distances 1458 

required for Chilko Lake fish to reach the Fraser River mouth.  However, early marine survival 1459 

(measured over the same distance) was similar between the wild (56% – 80%) and hatchery 1460 

populations (40% – 90%) even though tag burden of some of the wild fish exceeded that of the 1461 

hatchery fish.  It is thus possible that wild juveniles can cope with larger tag burdens than 1462 

hatchery fish; clearly more work is needed to evaluate this. 1463 

 1464 

Tagging effects studies are paramount to understanding the role that tagging and tag 1465 

burden have on migratory fish survival and behavior.  It is essential to confirm that data 1466 

generated from tagged individuals are relevant to non-tagged conspecifics (Cooke et al., 2011).  1467 

It is now understood that even within a species, for example sockeye salmon, stocks differ 1468 

considerably in their swimming performance, optimum temperature ranges, and metabolic costs 1469 

(Eliason et al., 2011).  Just as these populations differ in these metrics, tagging and tag burdens 1470 

may have varying effects on different populations.  Until we begin to explore the possible 1471 

differences that tagging and tag burden may have on different populations and species we 1472 

should be cautious in how we interpret results of tagging effects studies, and how we apply 1473 

results of thesis studies to other populations or species of fish.  Thus, further research is needed 1474 

to understand and refine intracoelomic tag implantation practices and minimize its effects on 1475 

fish.  The research presented in this thesis has shown the applicability of tagging effects results 1476 

to understanding survival estimates generated from field based telemetry studies.  Two unique 1477 

approaches used in this thesis to evaluate tagging effects on juvenile sockeye salmon are the use 1478 

of an experimental design that mimicked the juvenile salmonid life cycle and the assessment of 1479 

physiological consequences of intracoelomic tagging.   1480 

 1481 

Experimental designs should accurately reflect the life history of the species being 1482 

studied.  For juvenile salmonids, this is the transition from a freshwater to a marine 1483 

environment.  Research conducted in this thesis demonstrated that tagging could affect post- 1484 

surgical wound healing in juvenile sockeye salmon in saltwater, a result that previous studies 1485 

have failed to document by excluding this life history stage in experiments.  The transition 1486 

between freshwater and saltwater should be investigated in more tagging effects studies and 1487 

expanded to other populations and species to better understand tagging effects on all stages in 1488 
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the salmonid life cycle.  The other unique approach used to evaluate tagging effects in this thesis 1489 

is assessment of metabolic consequences associated with intracoelomic tagging.  Currently, 1490 

understanding how tagging affects fish physiology has been overlooked and undervalued 1491 

(Cooke et al., 2011; Oldenburg et al., 2011).  The research conducted in this thesis is the first to 1492 

investigate tagging effects on rates of oxygen consumption on juvenile salmonids and has 1493 

shown the value and importance of understanding these effects.  Metabolic rate affects the 1494 

ability of the organism to perform work, and assessment of this gives a better understanding and 1495 

more in depth look at how intracoelomic tagging may affect fish.  More tagging effects studies 1496 

should incorporate physiological assessments and future studies should measure active  to 1497 

allow for the investigation into the effects of tagging on metabolic rate aerobic scope of tagged 1498 

individuals.   1499 

 1500 

New advances in telemetry technology and equipment will be beneficial to gaining a 1501 

better understanding of wild fish migratory survival and behavior.  The development of smaller 1502 

tags would allow smaller, wild fish, to be tagged and tracked and possibly decrease tag burden.  1503 

The drawback of smaller tags is shorter battery lives and less space for attachment of 1504 

physiological and environmental sensors.  The 9 mm tag was the largest tag used in this research 1505 

but its larger tag size allows for increased battery life, and for the tag to be programmed to 1506 

‘sleep’ (turned off) and then be turned back on at a later time.  Programming a tag to ‘sleep’ 1507 

provides an opportunity to track fish at a different life history stage, e.g., during the return 1508 

migration salmonid adults make.  Thus, a tradeoff exists between small and large tags, but 1509 

advances in technology may be able to reduce these differences. 1510 

 1511 

Telemetry is a powerful application for studying the migration of salmonids.  Failure to 1512 

refine intracoelomic tag implantation techniques, improve tagging effects studies, and advance 1513 

telemetry technology will weaken confidence in data generated from telemetry studies.  1514 

Therefore, it is essential to validate the effects of tagging on fish to understand how generated 1515 

data apply to non-tagged conspecifics.  Results of tagging effect studies can easily be 1516 

incorporated into capture-recapture models used to estimate survival of migrating fish.  1517 

Incorporation of this type of data would give researchers, managers, and policy makers a better 1518 
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understanding of true migratory survival and behavior allowing for more effective management 1519 

and protection of salmonids. 1520 

 1521 
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APPENDIX A: Map of study locations 1795 

 1796 

 1797 
 1798 

Figure A.1.  Map of the lower Fraser River, British Columbia, Canada, with the locations of 1799 

Cultus Lake laboratory, Inch Creek Hatchery and the University of British Columbia. 1800 

 1801 
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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).
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APPENDIX C:  Increment  

 

Background 

 

 Resting  data and recovery  post-swimming data, collected in Chapter 3, were 

used to determine the range of  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  increment.   increment ( Incr) was calculated by 

subtracting the lowest resting  from recovery for each fish in both freshwater 

( FWIncr) and saltwater ( 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 
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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). 



 69 

 

 

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). 


