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ABSTRACT

Climate is emerging as a primary determinant ofimeasurvival and migratory behaviour for
Pacific salmon. For example, a regime shift in thiel-1990s was correlated to a major change in the
migratory behaviour of coho salmo®ricorhynchus kisutghin the Strait of Georgia, BC. The details of
this new behaviour pattern remain relatively unknofurthermore, many coho stocks have been deglinin
during the past three decades. Mitigative stragegiguch as hatchery programs— have done little to
reverse the trend, and little is known about hotetmary fish are affecting wild populations. The etijve
of this dissertation was to identify key mortalégeas and provide the first look at the migratcehidviour
of juvenile wild and hatchery coho in southwestBritish Columbia using new telemetry technologi&s.
coho pre-smolts are relatively small compared witier salmonid species that are typically studisidg
acoustic telemetry, the identification of the apprate sizes of fish and tags to use was criti€hk first
study tested the effects of surgically implantihg three smallest sizes of acoustic tags availabléhe
growth, survival, performance and condition of cqdte-smolts. The first of three field studies tdda
investigated the early migratory behaviour and isahof an endangered coho population. The seciahdl f
study examined differences in physiology, surviaati migratory behaviour between wild and hatchery-
reared coho smolts. Finally, the third study anadythe altered marine migratory behaviour of juleni
coho in the Strait of Georgia. This dissertatioovidtes the first evidence of high freshwater mdastabtes
in the endangered coho population, which has irapbas for the management and conservation of this
and other at-risk stocks. | found differences irgmafory behaviour and physiology between wild and
hatchery-reared coho, suggesting that mitigativatejies need further evaluation. Finally, the tigndf
the anomalous coho migration out of the Strait ebf@ia confirmed that population changes in thaitstr
are a consequence of ecosystem-related impactseTimelings demonstrate how new technologies could
be used to fill major information gaps and imprdélve management and conservation of Pacific salmon.
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CHAPTER 1: General Introduction

1.1 Introduction

Several studies in the northwest Pacific Ocean limoeimented the consequences of rising sea
surface temperatures on ocean productivity (e.gamBgh and Bouillon, 1993; Klyashtorin, 1998;
McGowan et al., 1998). Changes in ocean produgthdtve also been correlated to changes in the marin
survival and the geographic occurrence of somefieazimon Oncorhynchuspp.) populations (Bardach
and Santerre, 1981; Beamish, 1993; Beamish e1297; Mantua et al., 1997; Johnson, 1998; Williams,
1998; Beamish et al., 1999a; 1999b; 2000; Cole026fare and Mantua, 2000; McFarlane et al., 2000;
Welch et al., 2000; Hobday and Boehlert, 2001; Meital., 2003; Beamish et al., 2004; 2008). Howgever
the effects of climate on salmon stocks are notarsal in all regions. Northern populations haweéased
while southern populations declined during regirhdts (Coronado and Hilborn, 1998; Bradford, 1999;
Hare et al., 1999; Welch et al., 2000; Hobday ameHert, 2001). In southern areas, some stocks are
endangered (Bradford and Irvine, 2000) and othenge Hbeen rendered extinct (Nehlsen et al., 1991;
Allendorf et al., 1997).

Climate effects on salmon are also complex tempor&hort-term El Nifio/La Nifia Southern
Oscillation (ENSO) events (Rasmussen and Walla@g3;1Philander, 1983; 1990), decadal regimes (e.g.
the Pacific Decadal Oscillation; Mantua et al., ZQ%nd long-term climate trends (IPCC, 2007) atein
ways that can only be speculated on at this p&iven without these climatic complexities, infornoation
the marine behaviour of salmon populations is lagkand there is a high degree of variation between
stocks (French et al.,, 1976; Groot and Margolis9119Waples et al., 2001). Furthermore, existing
knowledge of the marine survival and position dfrem in the Pacific Ocean is typically derived from
mark-recapture studies (Hankin et al., 2005). Assailt, details about the migratory behaviour dfiedént
life stages of salmon and associated marine surestamates in real time are not known.

Internationally, scientists have expressed a neethérine ecosystem assessments —particularly in
the face of climate change (Beamish and Mahnkef9;1®FO, 2000; Commission of the European
Communities, 2002; NOAA, 2002). Collaborative resbaefforts employing electronic devices to study

climatic effects on the migratory behaviour andvawal of hatchery and wild salmon stocks could fill



significant information gaps and improve fisherymagement and conservation decisions. These modern
tools enable researchers to answer specific quesstout environmental, physiological, and genetic
effects on individual salmon survival and behavjomhich had not been possible previously. The dse o
sensory acoustic transmitters, for example, cap teehow how a salmon of known origin, health aizeé
reacts physically to its environmental conditioms real time. Correlating changes in oceanographic
conditions to the movement and survival of Pacga@mon in their ecosystems is key to the future

conservation and management of these species.

1.2 History of Pacific Salmon Research and Manageme

The first humans arrived in North America from Nwméast Asia at least 11,000 years ago
(calibrated date; Haynes, 1992; Hoffecker et 8093t Roosevelt et al., 1996; Diamond, 1999). North
America’s Pacific coastline was populated soonrafend had many established chiefdoms when
Europeans first arrived in 1774 (Hoffecker et dl993). The Pacific salmon species were of great
importance to these coastal First Nations, whosgdwdew states MishukishtswalR meaning everything
is oné (Dumont, 1993; Cajete, 1999; Atleo, 2004; Turn®0%). Salmon were viewed not only as food for
survival, but also as a cherished part of the auenected natural world and traditions dictated tree
only take what was needed (Chittenden, 1882; Lakiath, 1999).

As introduced diseases, including smallpox, decdhatative human populations on the northwest
coast —from approximately 180,000 people at fimitact to 35,000 one century later (Diamond, 1999)—
European settlement increased. The available ressuin the newly inhabited land were seen to be
limitless (Chittenden, 1884). Human consumptionPatific salmon was correlated to declining salmon
populations in the late 1800s (Beamish et al., 20@3response to these declining stocks, the Fishid\ct
was adopted in British Columbia, Canada, in 187d@r(id, 2001). Despite the laudable aims of this, Act
some stocks are now endangered (Bradford and |nd4860). Suggested reasons for these declines —
including over-fishing, lower marine survival rateseshwater habitat alteration, and climate regime
shifts— are not well understood; more focused mete&s needed (Beamish et al., 2000; Bradford and

Irvine, 2000; Sweeting et al., 2003; Cooke et2004).



Pacific salmon are highly diverse in terms of thmigratory behaviour and physiology (Groot and
Margolis, 1991; Mueter et al., 2002). Initial Pacibalmon research focused on freshwater population
dynamics because it was believed that there waseshacean carrying capacity and that climate effect
were either random or not believed to be a fadaamish et al., 2003). The numerous variables innaa
research were daunting, and the ocean was se&w amdt to be noticeably impacted by anthropogenic
factors. Finding ways to predict adult returns whes primary goal of fisheries management, and divera
survival was assumed to be determined in freshwRieker, 1954). Studies examined factors affectheg
freshwater survival of pre-smolts and returning lejuincluding predators, competition, diseases and
parasites, as well as water quality and habita&raions due to agriculture, road density, loggiagd
climate change (Hargreaves and LeBrasseur, 198&df&d and Irvine, 2000; Beamish et al., 2003;
Lawson et al.,, 2004). For example, there is ongaimanitoring of returning Fraser River sockey@. (
nerkd to test the hypothesis that as river temperatimesease yearly, disease and parasite levels are
rising, and return migration timing and reproduetsuccess are being affected (Cooke et al., 20@&sD
et al.,, 2008). While freshwater research has b&éenmain focus during the last century, significant
knowledge gaps remain in salmonid marine biologgafey and Masuda, 1982; Perry et al., 1998; Brodeur
et al., 2000; Weitkamp and Neely, 2002; Beamisil.e2003).

In 1955 when Canada, Japan and the US formed ttegn&tional North Pacific Fisheries
Commission and declared marine research on salmbigta priority, there was a dearth of scientific
information in this area (Parker, 1965). Trackimagnson migratory behaviour in the marine phase efrth
lifecycle has been challenging, due in large parbur inability to accurately and reliably tracledr
swimming fish. Prior to the 1960’s, salmon migratdyehaviour was studied from discrete samples
collected at sea primarily with surface gillnetsli&wing this period, there was a shift to the v$dong
lines, purse seines and trawlers. Rope trawls alibfer the rapid sampling of large volumes of waier
most weather conditions and depths (Beamish e@04). This approach was used when the offshore
distribution patterns of juvenile salmon was firstestigated in BC (Welch et al., 1998).

The tracking of individual fish began in the 196@/ken researchers started clipping and tagging
adult and juvenile salmon at sea. The use of mechlatags, or “spaghetti tags”, in these initialdies

provided some information about harvest patterms] gevealed the complexities of Pacific salmonid



migratory behaviour. Simple mark and recapture oashhowever, could not provide sufficient survival
and behaviour data due to the limitations of thehmelogy and the sheer number of individual stocks
(Beamish et al., 2003).

In the 1970’s, coded-wire tags (CWTSs) were intraajenabling researchers to tag large numbers
of young salmon, with each stock given a uniquatifier (Hankin et al., 2005). While this technojobas
been useful, it again requires the recapture aeddish, which limits the type of data that cangaéned.
The complex interactions between an individual fistd its environment are all but impossible to gtud
using mark and recapture technologies. Furtherntbeerecovery of CWTs has become more difficult.
Firstly, with the introduced mass-marking of alltdfeery fish by removal of the adipose fin in 1997,
clipped fins no longer identified CWT fish, creafirchallenges in identifying which fish had tags.
Secondly, declining salmon populations caused aatézh in catch; thus, estimates of fishing motyali
became more unreliable as reduced harvest ratestriess data were collected (Hankin et al., 2005).
Thirdly, the unknown percentage of non-landed niitka from by-catch, as well as changing catch
methods and effort levels, added uncertainty toigal estimates. Unreported fishing catches, missid
escapements and reduced freshwater sampling ftatenaibuted to further bias in CWT-based estiesat
(Hankin et al., 2005). Further details on the higtof salmon fishing and research in Canada, th#edn
States, Japan and Russia can be found in reviewsigpgrot (2001) and Morita et al. (2006).

With more accurate, stock-specific data, managetsdceliminate some of the bias existing in
survival prediction calculations. For example, Hankt al. (2005) reported that natural marine nibyta
rates are assumed to be known and constant inahgaimon Q. tshawytschecohort analyses, and other
forecast models assume that catchability and stiisities are uniform. Furthermore, very few wild
stocks are tagged, thus CWT estimates of abundapcesent primarily hatchery fish. This is probléma
as differences have been found in the migratoryabielur and survival of wild and hatchery fish ofth
same stock (Hill et al., 2006; Araki et al., 2002807b; Chittenden et al., 2008). Filling in knodde gaps
and gaining a more detailed understanding of thelieur and survival of each wild stock would impeo

the predictive ability of fishery managers.



1.3 Mitigative Strategies

With the uncertainty that lies ahead for salmonybaions, well-developed mitigative strategies
based upon the best technology may be necessaiyerieis and Oceans Canada created the Salmon
Enhancement Program in 1971 to mitigate declinalgnen populations in the Strait of Georgia, BC (€&ro
et al.,, 1991). However, there has been little awigeto show that hatchery releases are increabmg t
abundances of wild stocks (Sweeting et al., 200&)ile increasingly large numbers of hatchery-reared
coho salmon were being released into the Strad@axrgia every year, the marine survival of mangksdo
continued to decline (Beamish et al., 2008).

Understanding the effects of hatchery-reared fishwald populations is crucial for effective
fisheries management, though these effects argvediaunknown (Sweeting et al., 2003). In 2001% 6f
the coho salmon caught in the Strait of Georgiaeweund to be hatchery-reared (Sweeting et al.3200
Concern arose that hatchery fish were supplantiegatld fish and hypotheses were developed to @xpla
why hatchery-reared fish seemed to be survivingebg¢Sweeting et al., 2003). However, by 2006 and
despite higher releases of hatchery fish from siwerthe area, the percentage of hatchery fishitdnghe
Strait of Georgia had dropped significantly (Beamgés al., 2008). Many factors could have influent&d
dramatic difference in survival rate between hatgland wild populations. The genetic, physiologiaatl
behavioural advantages of wild stocks are emergisigprimary suspects (Araki et al.,, 2007a; 2007b;
Chittenden et al., 2008). Climate change may absaffecting hatchery-reared fish differently thaibddw
fish (Beamish et al., 1999b). For example, recemtkvsuggests that as temperatures increase andistild
leave the rivers earlier, they may be able to coresmuch of the marine food resources and reactieatr

size before the later-migrating hatchery fish (Bednet al., 2008).

1.4 New Techniques

New developments in marine telemetry methods pevabls that could help scientists better
understand the effects of climate on Pacific salmmamine survival and migratory behaviour, anddither
major knowledge gaps in marine ecosystem dynarRiassive Induced Transponder (PIT) tags and Radio
Frequency ldentification (RFID) tags have been usedlecades to track individual fish in freshwataut

they lose their effectiveness in marine environmeAtoustic tags —electronic devices that each seha



unique code— were developed more recently to tthekmarine movements of fish (e.g. Johnstone gt al.
1995; Voegeli et al., 1998; Thorstad et al., 20B#hstad et al., 2005). As the tagged fish passes ae
hydrophone receiver, the transmitted code is deteahd recorded by the receiver along with the datke
time of the detection. Receivers moored on theobotof the ocean contain built-in modems, enabling
researchers to download them from a boat on tHacirAcoustic telemetry has been used in the idoif
study stocks of cohdX. kisutch Ogura et al., 1992; Miller and Sadro, 2003), obia (Candy et al., 1996),
chum Q. keta Yano et al., 1997), sockeye (Cooke et al., 2@¥@ssin et al., 2007), and steelhead trout
(O. mykiss Welch et al., 2004; Melnychuk et al., 2007). Hoee very few studies have correlated
environmental data with migratory data in Pacif&dnson using acoustic telemetry (Walker et al., 2000
Cooke et al., 2004; Crossin et al., 2008).

As marine telemetry projects are often expensive ttme consuming, it is highly beneficial to
have large teams of people working co-operativEhe Pacific Ocean Shelf Tracking project (POSTris
international collaboration that has deployed amafyhydrophone receivers on the ocean floor aflest
coast of North America to facilitate the trackinf salmon and other migratory species (Welch et al.,
2003). Researchers are beginning to see the valthese large-scale projects and their potentiakbes
(Melnychuk, 2007; Cooke et al., 2008). For a masenprehensive description of new technologies and

research on Pacific salmon relating to climate,Geapter 2.

1.5 Objectives

This introduction has identified key informationpgain Pacific salmon research —hamely stock-
specific salmonid marine survival, migratory beloaviand ecosystem dynamics, especially as theterela
to environmental changes. Coho salmon were chosenstudy species for this dissertation, as thebeum
of endangered coho salmon stocks is increasingdarnsbuthern part of their range (Nehlsen et a119
Allendorf et al., 1997; Bradford and Irvine, 2008urthermore, during the 1990s in the Strait of §&g
BC, coho populations underwent a complete changeiigratory behaviour and a decline in marine
survival, which was correlated to a climate shtftlee time (Beamish et al., 1999a; Irvine, 2004ms

believed that the population declines were duevefeshing; however when the coho fishery was aloise



1998, the marine survival of coho did not improgadford and Irvine, 2000). Little is known abobet
causes or details of the changes in coho marinévaliand migratory behaviour.

Tracking coho salmon smolts with acoustic telembtay been challenging due to their small body
size. There has only been a single telemetry spubjished on the early marine (estuarine) survofal
coho (Moser et al., 1991), and no work to date dddressed the influences of climate on the detailed
behaviour and survival of an individual coho sta8knaller tags are continually being developed,taece
are acoustic tags available now that are 6 cmamdter (VEMCO Ltd., Halifax, NS). However, minimum
body size to tag size ratios are not known for coho

The overall objective of this dissertation is tooyide a unique insight into the early marine
migratory survival and behaviour of juvenile wilddahatchery coho in southern BC, using newly abgla
technologies. Chapter 2 is a critical review of literature with an outline of how advanced teclogigs
can be used to fill the major information gaps tkaist in Pacific salmon ecology. Tag effects are
investigated in chapter 3 with a two-year labomatstudy to determine the appropriate tag to bodg si
ratios for coho salmon. The survival and migratbehaviour of Canada’s most endangered coho stock
were observed over a three-year period and arestied in Chapter 4. One possible cause of pooivaiirv
rates in wild coho is the continual introduction ledtchery fish into the Strait of Georgia ecosystem
Chapter 5 examines differences between a populafiovild and hatchery-reared coho salmon in terins o
physiology, survival and migratory behaviour. Fipaln Chapter 6, the altered migratory behaviond a

survival of juvenile Strait of Georgia coho salrmeme studied in the field using acoustic telemetry.
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CHAPTER 2: A Critical Review of Pacific Salmon Marine Research Relating to Climate

2.1 Introduction

Pacific salmorhave existed in the North Pacific Ocean for ovee finillion years (Neave, 1958;
Shedlock et al., 1992; McPhail, 1997). Natural éiim changes have caused fluctuations in salmon
abundance over several thousand years (Finney, &0810). Their impressive adaptive ability (Henéty
al., 2000) has been one of the major factors emgldialmonid survival to this day. However, recent
changes in climate are occurring at an unprecedeate (Emanuel, 2005; Jouzel et al., 2007). Seisnt
have declared that the major trends in climate rveskin the past fifty years have been caused Ioyamu
activity, and warn that if present emission levetsitinue global climate systems could be damaged fo
thousands of years (IPCC, 2007).

Fishery scientists face the challenging task dfmisiishing between the influences of 6-18 month
weather patterns (e.g. El Nifio), 20-30 year regi(ees. the Pacific Decadal Oscillation), and lorggem
climate change on salmon populations (Rasmusseaiidce, 1983; Philander, 1983; 1990; Kerr, 1995;
Mantua et al., 1997). The Pacific Decadal Oscilatia large-scale climate pattern in the North fRadias
had direct impacts on salmon populations (Mantual.et1997; Beamish et al., 1999a; Hare and Mantua,
2000). Regime shifts have been correlated to saamif changes in the migratory patterns, abundande
marine survival rates of Pacific salmon (Beamishllet1997a; Welch et al., 2000; Hobday and Boghler
2001; Beamish et al., 2004). These correlations atsy change during El Nifio years and similarlygrov
time, long-term climate change may counteract dalcajime effects and alter the marine environnrent
unforeseen ways (IPCC, 2007).

The need for marine ecosystem assessments of amaasosalmon has been demonstrated
globally (Beamish and Mahnken, 1999; DFO, 2000; @ussion of the European Communities, 2002;
NOAA, 2002). Ecosystem-based fisheries managenteitibhcorporates biotic and abiotic data from an
ecosystem rather than from solely a target spesiesssential to the creation of sustainable figseri
particularly with the changing marine environmeBe&mish and Mahnken, 1999). Even without taking

into account the complexities of climatic effedtise task of understanding ecosystem effects onfiaci

1 A version of this chapter has been submitted édnlipation. Chittenden, C. M., R. J. Beamish, an®&R
McKinley. A critical review of Pacific salmon masgrmresearch relating to climate. ICES J. Mar. Sci.
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salmonid migratory behaviour is a challenge, largdlie to the high degree of variability that exists
between species, stocks and brood years (Frenah, €t976; Groot and Margolis, 1991; Waples et al.,
2001). The use of new technologies combined wittirenmental monitoring systems, will improve our
limited understanding of how climatic changes dffdte marine survival and migratory behaviour of
Pacific salmon. This critical review assesses tireenit understanding of climate effects on Paaéibmon

and where knowledge gaps could best be addressmdjththe employment of electronic devices androthe

advancing technologies.

2.2 The Pacific Climate

Scientists and economists have stated that regeddimate change should be a global priority
(Tolimieri and Levin, 2004; IPCC, 2007; Stern, 2D0The long-term economic benefits of preserving
natural resources are being examined as chandhe environment become more noticeable (Mote et al.
2003; Stern, 2007). Recent changes in global cénpattterns have been attributed to the build-up of
greenhouse gases in the atmosphere (Kerr, 19953stems of carbon dioxide, methane and nitrous exid
have increased during the last century as the hupegulation has grown exponentially (Lashof and
Ahuja, 1990). Ice cores in Antarctica provide evide that atmospheric carbon dioxide levels aredrigh
now than they have been in the past 800,000 yewts@® increasing at a rate never before recoréetit (
et al., 1999; Jouzel et al., 2007). Greenhousesgasap energy from the sun and as a result, caade’s
surface temperature to rise. The warmest year corde(average surface air temperature) in the Was.
2006 (NOAA Public Affairs, 2007), and if currenefids continue, the average surface air temperafure
the northern hemisphere is estimated to rise nfaa 8 °C by 2050 (Mann et al., 1999). Elevated @arb
dioxide levels in the atmosphere could also rdiseacidity of the oceans, which may have majorceffen
the marine ecosystem (Caldeira and Wickett, 2003).

Earth’s increasing surface temperature has resuitedsturbing changes in global wind patterns
and the cryosphere (the frozen areas of Earthfasgly. Ice breakup in the spring is happening eatfian
it did fifty years ago, the area and thicknessoaf $heets are decreasing, and precipitation pattm
changing (Magnuson et al., 2000; Livingstone, 2@Rdbertson et al., 2001). The cryosphere is amiate

part of the global ecosystem, controlling the watepply to many areas and influencing ocean cwrent
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(Magnuson, 2002). A rise in sea levels due to tlermhal expansion of the oceans and the increased
melting of ice has altered coastal habitat (Moetisl., 2002). The disappearance of the polar &geand
other important ice sheets will transform the margmvironment in ways that can only be speculapsthu
(Alley, 2002). Increases in global surface tempees have also been correlated to increases irl namz
strength (Kalnay et al., 1996), which are a majivedt of oceanic currents (Munk, 1950; McGowan let a
1998; Walther et al., 2002). Wind patterns are b@ng more extreme (IPCC, 2007) and the number of
category four and five hurricanes has doubled duttie past 30 years (Emanuel, 2005).

Oceanic currents are the circulation system for ¢éhtire marine ecosystem (McPhaden and
Zhang, 2002). Cold, nutrient-rich waters from tleep are drawn up to the surface, allowing for ttoevth
of phytoplankton, which form the base of the octrand chain (Pickett and Schwing, 2006). Phytoplankt
are extremely sensitive to temperature, nutriemtceatrations and sunlight levels, making them good
indicators of climate pattern changes and envirantadeconditions (Roemmich and McGowan, 1995). If
the currents change, the depth and concentratiomutsfent layers change and oceanic productivity is
affected (McGowan et al., 1998). These effectsnaamifested in Pacific salmon size, abundance, marin
survival and migratory behaviour (Bardach and Saetel981; Beamish, 1993; Johnson, 1998; Williams,
1998; Beamish et al., 1999a; 199b; 2000; Cole, 200f-arlane et al., 2000; Hobday and Boehlert, 2001
Mote et al., 2003; Beamish et al., 2008).

Correlations between population size and climatitides have been recorded in many species,
including Pacific salmon (Beamish and Bouillon, 329From the subtropic to the arctic zones of the
Atlantic and Pacific Oceans, the productivity o tmain commercial fish stocks was closely relatethé
atmospheric circulation index (ACI a measure ofdbeninant direction of air mass transport) andehegh
rotation velocity index (ERVI a measure of Earthtdational velocity, which affects the length ofyda
Klyashtorin, 1998). The Aleutian low pressure ind&t.Pl), a measure of the area of the North Pacific
Ocean covered by the Aleutian low pressure systssmthan 100.5 kPa, was significantly correlateithéo
catch of Pacific salmon (Beamish and Bouillon, 199he catch of sockeye, pink( gorbuschajand
chum salmon in Alaska was significantly correlatedemperature at the time and location of therretu

migration, as well as environmental conditions dgrihe smolt run (Downtown and Miller, 1998). Adyu
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sampling Alaskan sockeye salmon along the easterin@ Sea shelf found that the diet, condition, and
distribution varied with ocean temperature (Fagegl., 2007).

Not all salmon stocks appear to be affected equhlyng climate shifts however. When salmon
populations off Oregon and Washington approachletinag lows in 1972, abundances in Alaska increased
significantly — possibly due to differences in nmarisurvival rates or altered migratory behavioutguas
(Coronado and Hilborn, 1998; Bradford, 1999; Harale 1999; Welch et al., 2000; Hobday and Boedhler
2001). Ocean productivity is the main determinimgtér of overall marine survival for salmon and
northern waters are increasing in productivity whihe biomass in southern waters declines (Nickelso
1986; Fisher and Pearcy, 1988; Beamish and Bouill®83; Hare and Francis, 1995; Mantua et al., 1997
Beamish et al., 2000). The early marine survivé¢ raf salmon is influenced by individual body size
(Holtby et al., 1990; Beamish et al., 1997b). Thenber of juveniles to reach a critical size by dipalar
time has been associated with brood year survival abundance (Beamish and Mahnken, 2001;
Ruggerone et al., 2007). If prey availability isviguvenile salmon may not reach their critical hilze
before winter and would suffer high mortality aeault.

Shifting currents and higher water temperatures taaffecting the ability of Pacific salmon
stocks to return to natal streams to spawn (Richtet Kolmes, 2008). Researchers in Canada, Japan,
Russia and the United States have found correkatlmetween changes in climate and the migratory
behaviour of Pacific salmon populations (Welchlgti98; Beamish et al., 1999b). Trans-Pacific/eys
conducted by the Japanese and Canadian governchemitg the 1990s, combined with historical data
since the 1950s, found that there were strong wdace temperature (SST) limits for sockeye saltia
significantly affected their migratory behaviourdacould limit the species to the Bering Sea iryfifears
(Welch et al., 1998). Sockeye salmon in the ColanfRiver, WA (Figure 2.1) have been migrating up-
river more than a week earlier on average than dyifty years ago (Quinn et al., 1997). In thtea8 of
Georgia and the Juan de Fuca Strait (Figure zhg)average annual SSTs have increased by one degree
over the last century (Environment Canada, 2008ur€i 2.2) and adult Fraser River sockeye have been
returning to rivers on the west coast of Vancougéand to spawn (McKinnell et al., 1999). Migratory
routes of coho salmon in the Strait of Georgia hbgen altered since 1995, when virtually all of the

resident juvenile coho salmon left the Strait dgrate fall (Beamish et al., 1999b). Furthermohe, final
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ocean weight of Fraser River sockeye decreased anthincreasing SST, potentially affecting their
reproductive success (Hinch et al., 1995; PyperRet@rman, 1999). Temperature barriers exist niyt on
due to lethal temperature limits, but also to tighergy budgets faced by salmon during the wintemths
(Richter and Kolmes, 2008). When prey availabityow, salmon need to keep their basal metabddisen
minimum, since metabolism increases exponentialish vemperature (Brett et al., 1969). Thus, the
migratory behaviour, feeding behaviour and trophyoamics of Pacific salmon can be affected when the
fish are faced with climate-induced changes in wéeperature and prey resources (Kaeriyama et al.
2004).

Other effects of climate, such as an earlier oms$espring, can further affect salmon stocks
(Beamish et al., 1999a). The mean daily dischafgde Fraser River, BC in April has been increasing
(Environment Canada, 2008; Figure 2.3), which @idative of an advancing spring freshet, and atiezar
marine productivity bloom (Beamish et al., 2001hisTtrend towards an earlier productivity bloomdaxs
smolts that migrate out earlier in the spring (Bedimet al., 1999a; Beamish and Mahnken, 2001).
Therefore, earlier migrating species such as pm#& ehum salmon may have an advantage over later
migrating coho and chinook salmon (Beamish et 2000). Additionally, as wild smolts migrate
downstream earlier, hatchery fish generally hawtatic release time, which may be contributingheirt
reduced marine survival (Beamish et al., 2008).

Changes in climate can be grouped into short-teatieps, decadal regimes and long-term trends.
The EIl Nifio/La Nifia Southern Oscillation (ENSO) ahé Pacific Decadal Oscillation (PDO) resemble
each other spatially but differ temporally. Mordrexne in tropical areas, ENSO patterns generaltuioc
every 2-7 years and last for 6-18 months (Philand883; Rasmussen and Wallace, 1983; Philander,
1990). The PDO has occurred in 20-30 year regimeingl the 28' century, and is more noticeable in the
North Pacific (Mantua et al., 1997). Cooler PDOipds lasted from 1890-1924 and 1947-1976, whereas
warmer regimes occurred from 1925-1946 and 1977acth\(Beamish et al., 2004). A cold regime may be
beginning in 2008, however long-term warming treadsld affect the regime cycle. Long-term altenasio
of the global climate systems due to climate chaargepotentially irreversible (IPCC, 2007). Intdiaws

between short-term climate patterns, decadal regane long-term climate change trends are comgiiex.
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the consumption rate of Pacific salmon is to cargimt present levels, improvements in the precision

fisheries data and climate prediction capabilitiess essential (Bardach and Santerre, 1981; Colf)20

2.3 Electronic Devices as Tools to Study Climaticftects

The great diversity of Pacific salmon has beenbaited to the changing topography, climate and
glaciations of the west coast of North America dgrihe past five million years (Montgomery, 2005).
Each Pacific salmon species has unique migratiategfies related to the timing of life stages, saad
routes of travel, habitat use and responses ta@mmental factors such as flow rates, temperatnd,
salinity (Groot and Margolis, 1991; Mueter et &002). For example, pink salmon have a two-year
lifecycle, migrating to the ocean quickly and reing after 18 months to spawn and die (Heard, 1,991)
whereas, sockeye salmon spend the first few yddhe life in freshwater before traveling greédtdnces
in the ocean and returning up to four years laBargner, 1991). Though some pink and coho salmon
spend their entire marine life in coastal watensgpile steelhead trout prefer offshore areas (yeand
Masuda, 1982; Argue et al., 1983; Hartt and Dedi86; Fisher and Pearcy, 1988). Within each species
there are thousands of spawning populations aridticar exists among stocks co-inhabiting the saives r
system (Groot and Margolis, 1991). For examplethim Fraser River watershed, the timing of sockeye
salmon out-migration tends to depend on the lakéesy in which the stock originates (Burgner, 1991).

Whereas the freshwater stage has been the prin@oys fof salmon research, scientific
information about estuarine and early marine savfer Pacific salmon stocks remains lacking (Pgarc
and Masuda, 1982; Perry et al., 1998; Brodeur .et2800; Weitkamp and Neely, 2002; Beamish et al.,
2003). Marine research has typically made use ufhcdata from fishing vessels to estimate poputatio
sizes and migration patterns (Beamish et al., 2008fled-wire tags (CWTSs) enabled researchers to tag
large numbers of young salmon, with each stockrgi@aunique identifier. CWTs and other mechanical
tags have provided a vast amount of stock migradatg; however, the technology requires the reutapt
of tagged animals. Little detailed and accurat®rimiation can be gained about the fish's habitat use
swimming speed, small-scale movements, exact timihgmigration, or residence times. Thus, the

influences of a rapidly changing environment orh fimovement, survival, and growth are limited to
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speculation with mechanical tags. For a thoroughere of the CWT program and biases in catch data
models, see Hankin et al. (2005).

The further development of modern stock identifmatmethods, such as microsatellite DNA-
based genetic stock identification (GSI) technolegyl single nucleotide polymorphisms (SNPs), could
allow any fish caught in the ocean to be tracek ba@ specific stock and brood year (Nielsen £t18197;
Bravington and Ward, 2004; Liu et al., 2004). Whitese methods could provide a wealth of distrdyuti
data for individual stocks in time, they still réuthe capture of fish in the ocean and do natvafor the
monitoring of a live fish in its environment. Thack of information regarding the spatial and terapor
migratory patterns and survival of individual stecknd how they react to changing environmental
conditions is the primary reason that fisheries ef®grovide unreliable estimates of predicted retuand
as a result are limited in their usefulness to rgan@ent plans and conservation strategies. Furthrerras
some salmon stocks become more threatened, catahisdiln some cases non-existent. The removal of
large numbers of endangered fish from the seaef@arch is controversial. The primary knowledgesgap
Pacific salmon biology as it relates to climatelude stock-specific marine survival and marine aigry
behaviour, and ecosystem dynamics. New methodg wdéctronic devices can help fill these and other

knowledge gaps that exist in fisheries research.

2.3.1 Marine Survival

Advances in the field of hydro-acoustic telemetryidg the last thirty years allow for marine
survival data to be obtained independent of fistvést. Fish as small as 11 cm can be tagged without
adverse effects on their growth or survival (Clnitten et al., 2008a), which makes field studiesasfifit
salmon species with smaller smolts possible (Qfdiée et al., 2008b). For reviews of early acoustic
telemetry work see Ireland and Kanwisher (1978)tsbh (1978), and Stasko and Pincock (1977). Later
studies are summarised in Baras (1991), Arnold @edvar (2001), and Jepsen et al. (2002). Coded
acoustic transmitters have also been developedcth@tin an Electromyograph (EMG) to record heart
rate, feeding activity, breathing activity, swimmirspeed, acceleration and movement patterns of
individual fish as they pass through different eoriments (e.g. Armstrong et al., 1989; Whitney let a

2007). For a comprehensive review on the applinatiof EMG tags, see Cooke et al. (2004a).
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Additionally, archival and coded tags that monitemperature, depth, oxygen, pH and light levels
experienced by the fish are available (e.g. fromWIED Ltd., Halifax, NS, or Thelma AS, Trondheim,
Norway).

As discussed in the previous section entifléee Pacific Climateenvironmental changes have
been correlated to catch and return rates of Bagafimon stocks. However, this type of data praviitde
detail in terms of high marine mortality areas,@@auses of mortalities, or how individual fislspend to
environmental changes. Acoustic telemetry has hesed to study the early marine survival of stealhea
trout (Welch et al., 2004; Melnychuk et al., 20@nd sockeye salmon (Cooke et al., 2005a) usirgniisg
lines of hydrophone receivers moored on the océaor {Welch et al., 2003). These studies are good
examples of how acoustic telemetry could be empuldygefill the knowledge gaps in stock-specific mari
survival rates; however they do not incorporatenate data. Only one published report could be found
regarding climate effects on the marine survivaPatific salmon using acoustic telemetry. Crossiale
(2008) examined the relationship between exposuhigh temperature during spawning migration ared th
survival, behaviour and physiology of adult sockesgmon. They found that fish exposed to higher
temperatures during their homing migration had ificantly lower survival to the spawning site and
higher infection levels dParvicapsula minibicornis

Much can be done to improve the quality and quamiitdata concerning climate effects on the
marine survival rates of Pacific salmon. EMG tagmitoring heart beat, feeding rate, depth or swingmi
speed can indicate metabolic rates, or whetheshahfas died (Cooke et al., 2004a) if detected imaaual
tracking device or autonomous underwater vehidggider (AUV; Webb Research Company, Falmouth,
MA). Satellite tags (recording depth and temperafor example) attached externally to migratingcigs
can be programmed to pop-off and transmit wherfigiiehas remained at one depth for an extendedgberi
of time (e.g. from Microwave Telemetry Inc., Coluimp MD). This technology is being used by
researchers studying the marine survival and nogydiehaviours of European eefnguilla anguillg on
their journey across the Atlantic (Aarestrup et ahpublished data), and by the Tagging of Pacific
Predators (TOPP) project to monitor many other iggedncluding sharks and turtles (Weng et al.,5200
Shillinger et al., 2008). Telemetry data can beya®a in conjunction with environmental data (evgter

temperature, pH, salinity, current, dissolved oxygpollutants) recorded by archival tags or sensors
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located in the area of the detected fish to findradations. For example, assessments of high nityrtal
areas with possible links to long-term climate demre being conducted on the endangered Thompson
River coho salmon with acoustic telemetry (see @Ghad).

The long-term monitoring of every Pacific salmorocdt, including yearly baseline health
assessments, would be ideal. However, there arg hmamations to this type of work; namely the caestd
time involved in telemetry studies. Transmittersl aaceivers are fairly expensive; perhaps with tthne
cost of this equipment will decrease, but as witltstmew technologies not yet widely used, consliera
funding is required for an acoustic telemetry studychival tags also require the tagged fish to be
recaptured to obtain the data. Furthermore, depipyeceiver equipment, manual tracking and anadysin
the data are time consuming and require expefisenanent listening arrays, gliders and databdmsgs t
automatically edit and animate telemetry data melp but down on time costs, however. There is #iso
possibility of tag effects on the fish. While taffeet studies have been done on Atlantic salrBafmo
salar (Greenstreet and Morgan, 1989; Moore et al., 1880roix et al., 2004), chinook salmon (Anglea et
al., 2004), coho salmon (Moser et al., 1990; Chitan et al., 2008a), sockeye salmon (Steig e2@05),
and steelhead trout (Brown et al., 1999; WelcH.e2807), every stock is unique and it is advisabldo a
tag effect trial with each project. The smolts @ikpand chum salmon are too small to implant with t
available sizes of acoustic transmitters. Therefitrese species would need to be caught at seanjethca
purse seine) once they have grown to a more adegizd, for studies of early marine survival. Hinal
causal relationships are difficult to determinghnse types of open field experiments. Laborattuglies
investigating individual and multiple environmensdiessors on the physiology and health of theedgg

stocks would complement field work.

2.3.2 Marine Migratory Behaviour

Coded acoustic transmitters and archival tags haem developed that can be used to study the
marine migratory behaviours of individual fish ows&veral years (Moore and Potter, 1994; Johnstbne e
al., 1995; Voegeli et al., 1998; Thorstad et 8004 Finstad et al., 2005). In addition to the marsurvival

studies previously mentioned, these technologiee h@en used to track the marine migratory behaviou
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of coho (Moser et al., 1991; Ogura et al., 1992jevliand Sadro, 2003; Chittenden et al., 2008bkage
(Crossin et al., 2007), chinook (Candy et al., 2%8& chum salmon (Yano et al., 1997).

Purely descriptive studies that do not touch ontraatstic reasons for behaviours, or employ an
experimental approach to telemetry field work ditlelito further our understanding of environmental
effects on salmonid behaviour. Cooke et al. (20818)ine how acoustic telemetry should unify resharc
across disciplines, combining laboratory and fistitk. Some studies combined environmental and rearin
migratory data (Walker et al., 2000; Crossin et 2008). Temperature and light levels experiencgd b
pink, coho and chum salmon, and steelhead trodheénNorth Pacific were analysed by Walker et al.
(2000), who found that the offshore distributionsaimon may be more linked to prey distributionntha
SST. Teo et al. (2004) used light level and sefasartemperature data recorded by electronic tags t
validate geolocation estimates. There is also angoionitoring of returning Fraser River sockeyersai
adults to test the hypothesis that as river tentpegs increase yearly, disease and parasite lexelgsing,
and the timing of the return migration and the oeluctive success of this species are being affected
(Cooke et al., 2004b; Crossin et al., 2008).

With the number and variability of Pacific salmaiwcks in existence, the gap in stock-specific
marine migratory behaviour research —especiallit aslates to climate— is significant. The genevedi
home ranges of the Pacific salmonids have been knimwv many years (Groot and Margolis, 1991).
However as the marine climate changes, the migrdiehaviours of some populations are changing (e.g.
McKinnell et al., 1999; Beamish et al., 2008). Oimgowork by Chittenden et al. (see Chapter 6), in
collaboration with the POST project, is investiggticlimate-induced changes in the migratory behavio
of coho and chinook salmon in the Strait of Geqr@& (Figure 2.1). This project required the use of
acoustic tags to answer specific questions abogtatary timing and marine mortality rates, possiile
effects on migratory behaviour and survival, anffedtnces between early and late summer groups.
Without the use of electronic devices, the hypatbax this study would not have been possibledb te

Manual tracking, while time-consuming, can provadeontinuous stream of information about the
migratory behaviour of an individual fish withirsienvironment. For example, the migratory behavajur
manually-tracked Atlantic salmon post-smolts taggeith acoustic depth sensing transmitters was

enhanced with information about light intensity {izisen et al., 2008) and temperature (Plantalechelda
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la, unpublished data) recorded from the boat. Auaht but non-salmonid study in South Africa exaadin
environmental factors (turbidity, salinity, tempienré and tidal phase) that may influence the moverog
Spotted gruntersPomadasys commersonnin an estuary (Childs et al., 2008). Using codgdG
transmitters (e.g. monitoring feeding, swimming, haart rates) and environmental sensing transmitter
(e.g. depth, temperature, salinity) in manual tiragkstudies expands the possibilities of analygimg
physical responses of fish to environmental cuesofihg arrays of fixed hydrophone receivers with
attached environmental monitoring devices to tragjged fish, while not as data-rich as manual tragk

is likely to be less time consuming and provideydgirand more reprentative sample of fish population
Moored listening stations can relay telemetry andrenmental data to satellites, which in turn camd
the real-time data directly to the offices of fishenanagers. Thus, as temperatures and curremrpstt
change in areas of prime Pacific salmon habitshefiy managers can observe how tagged fish aréngac
and adjust their management decisions accordingtys would be especially effective for restricting
fishing when the adults of an endangered salmookstse migrating through an area. The topic of
combining telemetry with other new technologied é further discussed EBcosystem Dynamics.

As mentioned previously, it would be ideal to hareinternational program in place to tag and
monitor sample sets of every Pacific salmon stack] analyse marine migratory data in conjunctioti wi
environmental data. An on-going, long-term prograould allow stocks to be monitored during yearshwit
and without major climatic changes such as regihiissor El Nifio and La Nifia events. This would
greatly improve our understanding of how such everetnd long-term climate change— affect salmon
distributions and survival at sea, which would besapensive endeavour. However, the alternative loeay

more costly in the long run.

2.3.3 Ecosystem Dynamics

Salmon have a great deal of phenotypic plastioitganing that they are able to adapt physically
to their environment (Hendry et al., 2000). New ewollar and genomic techniques are revolutionising
marine microbiology by enabling the study of marieeosystems from the microbe up in efforts to

understand the complex interactions between orgenisithin their changing environment (Doney et al.,
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2004). This new interdisciplinary science will bateigrating information gained from marine fishery
research and can assist in the furthering of Rasifimon biology within the marine ecosystem.

Developments in electronic devices used in maragsearch also have the potential to greatly
improve the present understanding of Pacific salchararine ecosystem dynamics. Telemetry was used in
the study of an Oregonian estuary that found hariseals Phoca vitulind to be predating heavily on
returning adult salmon (Wright et al., 2007). Aditugechnologies were also used to monitor fish
aggregations in Marine Protected Areas (e.g. O@&@a@l., 2001; Cooke et al., 2005b; Meyer et alQ7)0at
aquaculture sites (e.g. Begout Anras and Lagardfie4; Cubitt et al., 2005; Conti et al., 2006)dan
around Fish Aggregating Devices (e.g. Ohta e2801; Dagorn et al., 2007). Most of these studidshdt
examine environmental influences on behaviour.

The ecosystem effects of the annual release abrsllof hatchery-reared salmon into the Pacific
Ocean by the US, Canada, Russia and Japan arwealglatnknown (Beamish et al., 1997b); however
differences in performance, survival, behaviour ghgsical condition between wild and hatchery-rdare
salmon have been found (Fleming and Gross, 1998n$8ton et al., 1994; Berejikian et al., 1996; Na
et al., 1997; Weber and Fausch, 2003; Hill et2006; Araki et al., 2007; Chittenden et al., 2008b)
hatchery programs continue to exist as attemptdiative strategies, it is crucial that their eqptal
effects are understood and that best practicetegies are created. In addition to using electrdeidgces,
the possibility of using otoliths and scales taidguish between salmon of wild or hatchery origiould
allow any fish captured in the ocean to be a soafadata and could further the study of hatchesi in
the Pacific ecosystem (Hartt and Dell, 1986; Sckebarg and Fryer, 1993; Zhang and Beamish, 2000).

When advanced technologies are combined, the herseé great. Sonar and light detection and
ranging (lidar) technologies allow for the studysalmon aggregation behaviours in the ocean (Gawetdi
al., 1996; Misund, 1997; Tollefsen and Zedel, 200Burnside and Wilson, 2004). Monitoring stations
could be positioned on the bottom of the oceanrgognupward, or on the surface scanning downwaérd, a
important migratory passageways, to observe grafpish passing by (O'Dor and Gallardo, 2005).
Environmental sensors could be attached to théostato monitor climatic conditions in the areag(e.
including marine productivity levels). These obsgory nodes could also be fixed to ocean platfoom®

the bottom of slow moving vessels. Combining adousiemetry with these other imaging technologies
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would effectively enable researchers to study iidial fish of known stock, size and physical coioait
within aggregations, as well as their inter- artdairspecific behaviours.

Sea floor sensor arrays allow the observation ehoc conditions and ecosystem productivity in
real-time. Examples of large-scale sea floor ariaghide the American National Science Foundation’s
Ocean Observatories Initiative (OOI), Japan’s Debsean floor Networking system for Earthquakes and
Tsunamis (DONET), and the European Multidsiciplin&eafloor Observatories research infrastructure
(EMSO). Data from these underwater monitoring systeas well as other governmental environmental
recording stations could be used by fishery re$emscin conjunction with marine survival and migrat
data from acoustic technologies.

International telemetry projects aimed at studymgrine ecosystems have governments and
scientists working in collaboration. The TOPP ardS¥ projects, as parts of the Census of Marine Life
(COML), have pushed the boundaries of marine seiencthe Pacific (Welch et al., 2003; Shillinger,
2008). Marine animals from squid to salmon smod#tgenbeen tracked across the Pacific with satéHige
and acoustic arrays, including some mammals thag ballected vast amounts of environmental dataglo
their journeys (Weng et al., 2005). These projeaitew for the study of inter-and intra-specific
interactions, with newer technologies being devetbpll the time —such as the “chat” tag that allows
tagged animals passing by each other to “chat” e@bh other and record the interaction so thadrit ke
passed on to a receiver at a later time (VEMCO)LRkceivers attached to floats, marine mammals or
gliders can record data from any other tagged drimtheir vicinity, as well as environmental dakbefore
relaying the information to satellites from the fage. Dalhousie University’s Ocean Tracking Network
(OTN) is developing a global infrastructure witkethoal of collecting data on marine animals intiefato
the changing ocean environment. While progressik reecessary to deal with existing knowledge gaps,
these initiatives have limitations —including thbaltenge of dealing with the vast amounts of data
produced, and gaining enough buy-in from reseasgchgovernments and funders to support the

infrastructure required for long-term studies.
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2.4 Conclusion

Salmon have adapted to changes in climate overomsllof years, however scientists are only
beginning to understand how climate affects salmpoductivity in the Pacific. The majority of Pacifi
salmon research has focused on freshwater su@eamish et al., 2003). However, recent observation
the decline of marine survival rates of many stamkd the increasing rate of changes in global ¢éraad
urgency to the need for information about theirascghase (Beamish et al., 2008). There is limited
understanding of how free-ranging fish respond twirenmental stimuli, which presents a serious
challenge to fishery managers trying to accurapehdict how salmonid populations will be affected b
climate change. A coordinated international redeafifort should be undertaken to develop a baseline
understanding of the marine survival and migratbghaviour of individual Pacific salmon stocks,
especially in the face of imminent environmentahrdes. The consequences of short- and long-term
climate trends on ecosystem dynamics should alsovestigated. Using advanced electronic technelogi
to compare the effects of marine environmental @@ on individual salmon populations would

improve the predictive ability of fishery managers.
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Figure 2.1 The Columbia and Fraser Rivers, the Strait of Giecand the Juan de Fuca Strait, off the west
coast of North America.
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Figure 2.2 Mean annual sea surface temperature (SST) inttla@t 8f Georgia from 1922 to 2007. Data
from the Race Rocks Lighthouse (48.18 °N, 123.32 iWhe Strait of Juan de Fuca is shown in circles
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triangles (Environment Canada, 2008).
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CHAPTER 3: Maximum Tag to Body Size Ratios for an Bdangered Coho Salmon Stock Based on

Physiology and Performancé

3.1 Introduction

As with many fish populations world-wide, some HMacisalmon stocks have declined
substantially over the last three decades. Theesargributary to the Fraser River, British Colunmbia
Thompson River contains a severely depleted papulatf coho salmon (Bradford and Irvine, 2000). The
Thompson River coho, currently the most endangesadtion stock in Canada, is derived from the extinct
Upper Columbia coho run and is genetically distiinom all other coho populations in BC (Small et al
1998; Shaklee et al., 1999; Beacham et al., 20@%gstigations into the poor status of this stoeken
suggested that declining ocean productivity, fremlewhabitat alteration, and over-fishing are lkeduses
(Bradford and Irvine, 2000), although a complesghifig closure in 1998 did not improve the situation
an effort to pinpoint areas of high mortality foist stock, researchers with the POST project (Wetdd.,
2003) have used biotelemetry to track the riveand early marine migratory behaviour of free-raggin
Thompson River coho salmon since 2004. This rebearmlves surgically implanting acoustic tags into
the body cavity of coho pre-smolts and subsequetitigking them in the freshwater and marine
environments. Critical to this type of study is tmederstanding of what effects the tags and surgery
have on the survival, condition, growth and swimgnierformance of the animals being monitored.

To date there are no published studies that examsigeeffects on coho salmon pre-smolts.
Acoustic transmitters small enough to be implaritedoho salmon pre-smolts have only been developed
recently, offering a new and unique opportunitytody the early migratory behaviour and survivathag
animal. Guidelines for tag to transmitter ratiogdeen discussed for salmonid species with |langeits,
including Atlantic salmon (Greenstreet and MorgaB89; Moore et al., 1990; Lacroix et al., 2004),
chinook salmon (Adams et al.,, 1998a; 1998b; Jemseal., 2001; Anglea et al., 2004), cutthroat trout
Salmo clarki(Zale et al., 2005) and rainbow trout/steelheadcéls, 1989; Brown et al., 1999; Welch et al.,

2007). The maximum tag to body weight ratios disedsin these studies range from 2-12%, demongiratin

2 A version of this chapter has been published.t@hiten, C. M., K. G. Butterworth, K. F. Cubitt, K.
Jacobs, A. Ladouceur, D. W. Welch, and R. S. Ma&mP008. The physiology, performance, and
maximum tag to body size ratios of an endanger&d salmon ©. kisutch stock. Environ. Biol. Fishes.
DOI: 10.1007/s10641-008-9396-9
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the high variability in sensitivity and physiologymong salmon species (Jepsen et al., 2004). Theréfe
effects of acoustic tags on coho salmon cannohfegred from studies on other species. Given thallsm
size of the animals being tracked, it is critichatt the effects of transmitters on the physiology a
performance of the individuals are knowm British Columbia alone, field studies using astititelemetry
to track coho salmon migration have been carrietl iouthe Thompson, Nimpkish, Stamp, Keogh,
Campbell and Cheakamus Rivers (Welch et al., 2D@nychuk et al., 2007; Chittenden et al., 2008)e T
results from this tag effects study are thus inguarto ongoing coho salmon field work and the Racif
wide coho conservation effort.

The tracking of salmon pre-smolt migratory behaxousing acoustic telemetry has been limited
by tag size. Increasingly smaller transmitters hall@ved for the study of smaller fish; howeveg thmits
of tag size to body size are not clear. Jepser. €2@02) stated that “few studies have systeméyica
investigated the effects of different tag to bodgight ratios”. The objective of our research was to
determine the minimum size at which coho salmonspnelts could be implanted with three sizes of
acoustic tag and suffer no effects. To meet thigatlve, morphological, behavioural and physioladjic
parameters were measured. A significant differén@mny of these parameters between tagged and sham
control fish would suggest that the acoustic tagsewhaving an effect on behaviour and/or survial o

tagged fish in the field.

3.2 Methods

Hatchery-reared Thompson River (Coldwater Creek)ocealmon pre-smolts from the Spius
Creek Hatchery near Merritt, BC, were sedated @ithppm Aquacalm (Syndel Laboratories, Vancouver,
Canada) and transported with supplemental oxygerthéeo DFO/UBC Centre for Aquaculture and
Environmental Research in West Vancouver duringsfitings of 2005 and 2006. The fish were placed in
an outdoor 244 cm-diameter fiberglass tank, sudpligh aerated fresh water from Cypress Creek add f

to satiation daily for the duration of the study.
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3.2.1 Treatment Groups

The experiments were conducted during 2005 and .2006nid-April 2005 (one week after
transport), 224 fish were divided into seven sizsges ranging from 9.5 cm to 13.0 cm fork lengtéab{e
3.1a). Within each size class, the fish were rarngassigned to one of four treatment groups —céntro
(PIT tag only), sham (surgery without transmitté&)nm tag (surgery with transmitter: 6x19 mm, 0.l g
air, 0.5 g in water) and 7 mm tag (7x19 mm, 1.5 @ir, 0.8 g in water). An additional group of figk =
120) were reared separately for another 100 days,they were large enough (12-14 cm) to be imfddn
with 9 mm tags (9x21 mm, 3.0 g in air, 2.0 g in evat During this second set of surgeries, in JWQ3
the fish were divided into four size groups andd@nly assigned to three treatment groups (corgr@m,
and 9 mm tag). Following surgery these fish weae@dl into the same tank as the first group. Alihef
experimental fish were held in the same tank toimige tank effects. To identify the control fishwas
necessary to mark them with PIT tags. The duratibthis study (300 days) reflected the 9-10 month
lifespan of acoustic tags being used by many rekeas throughout the world.

During 2006, control and 9 mm tag treatments wemeated with 200 fish to add larger size
classes (up to 16.5 cm, Table 3.1b) because afleoize groups tested with 9 mm tags in 2005 bed |
survival and tag retention. The same surgical pfoees and rearing methods were used, however mo sha
group was required as the sham and control fishalr@éidy demonstrated similar growth rates durimg t

first year of study.

3.2.2 Surgical Procedure

Prior to surgery, the fish were sedated with 0.Inpfquacalm and anesthetised in 60 ppm
buffered MS222 (Syndel Laboratories, Vancouver, &a). They were weighed, measured and placed on
the surgery table ventral side up. The gills weeatly irrigated with a maintenance dose (30 ppm) of
MS222, and a wet paper towel was placed over tad béthe fish to reduce visual stimuli. Suppleraént
air and Vidalife (Syndel Laboratories, Vancouvean@da) were included in all water baths. Oxygeel&ev
and water temperatures were maintained to emutates water (12.2 = 0.3 ppm and 6.7 * 0.8 °C during
the April 2005 surgical period, 9.5 = 0.8 ppm arid51+ 0.6 °C during the July 2005 surgical periadd

10.2 + 0.8 ppm and 15.5 + 0.8 °C during 2006.
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PIT tags were inserted through a 2 mm incisionglitne midline of the fish, anterior to the pelvic
girdle. For the tag treatment groups, a dummy a@otey containing a PIT tag was placed into thdybo
cavity through a 10 mm incision in the same loaatibhe incision was closed with two simple intetagp
sutures (absorbable Ethicon Monocryl Y513 revergéng 4-0, 1.5 metric, 45 cm, PS-2 19 mm, 3/8leirc
needle). Sham fish underwent the same procedusgged fish, however, only a PIT tag was insenteal i
the body cavity. The VEMCO dummy tags were createchimic the three smallest acoustic transmitters
available, using the same coating and weight distion as regular VEMCO acoustic tags. The surgical
tools were disinfected between surgeries with OwvadDynamic Aqua Supply, Canada) and rinsed twice
with distilled water. All of the fish were placeadh ia recovery bath following surgery until normal

swimming behaviour was resumed, whereupon they vetuened to the communal tank.

3.2.3 Sampling

A total of fourteen measurements of weight, fomkgth and healing stage were taken for the first
surgery group (at 0, 13, 27, 41, 55, 69, 83, 99, 1B6, 168, 213, 254, and 300 days post-surgBigjilar
measurements were taken for the second surgeryp gsouday 0, 22, 39, 71, 116, 157, and 203 post-
surgery. The fish were anesthetised in 60 ppm bedféS222 prior to sampling, and were allowed to
recover before being returned to their tank. Tagyhts were subtracted from fish weights prior talgsis.
The stage of healing was categorised as ‘poor’ifigano evidence of healing, possibly with gaps leetw
stitches or tag protruding), ‘fair’ (healing haduged with a thin film visible over the incisiorfjood’
(incision mostly fused, no inflammation, some $t#s may remain), or ‘complete’ (incision completely
fused, no stitches remaining). The tank was moaitdwice daily for expelled tags and mortalitiehieT
percentage of tags available for detection wasutatled as: 100% * ((#tags implanted - #mortalitids
tagged fish - #tags expelled) / (#tags implanteB)ring 2005, all of the fish were necropsied faling
termination of the experiment, 300 days after tingt Surgery. Photographs were taken of each hgalin
stage and tag position within the body. During 2Q816pre-smolts were euthanised after 90 daysgmes

and measured.
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3.2.4 Swimming Performance

From 24 to 48 hours after the April 2005 surgeriks,swimming performance of 40 fish from the
growth and survival study was measured using pruresdsimilar to Lacroix et al. (2004). Five fislorin
each treatment group (‘control’, ‘sham’, ‘6 mm tagid ‘7 mm tag’) with fork lengths of 10.5-11 cmdan
five from each treatment group with fork lengths1df5-12 cm were swum in a 4 L Blazka-style swim
tube (Smit et al., 1971) for a total of ten fishr peeatment. The average weight was 15.08 + 2.24 ¢
(standard deviation); the average length was 11.2%2 cm. Each smolt was collected from the rearin
tank with a dip net, placed in a bucket and tramstkinto the half-filled swim tube chamber. Thetber
was then sealed and filled with water. Each prelsmvas given 20 minutes to acclimate at 0.1
whereupon the speed was increased by 0<.riThe velocity was then increased by 0.khevery 10
minutes. The trial ended when the fish rested enbifick screen for 2 sec. No shocks or prodding were
used so as to reduce stress to the fish. The #sh returned to the rearing tank following theiirawrial.

During July 2005 (9 mm tag), an additional 72 fighre prepared for the second set of swimming
performance trials. Twenty-four fish were surgigathplanted with 9 mm tags; 24 fish were given sham
surgeries and 24 were controls. All pre-smolts inééal fork lengths of 13.5 to 14.5 cm. The avesdgrk
length post-swim was 14.18 + 0.55 cm. The averagssnof the pre-smolts post-swim was 29.79 + 5.01 g.
The fish were divided up equally by treatment grang raised indoors in four tanks. Six extra cdrftst
were placed in each tank for later blood analy§&isitrol (2005, NS)’, Table 3.2). Ten of the 9 magged
pre-smolts expelled their tags during the 92 dagwihg a total of 14 dummy tagged fish to be swum.
Thus, to keep the three treatment groups evertahdb42 pre-smolts were swum in the 40 L Blazkdes
swim tube using the same methods as previouslyiome@. The larger size of the fish tagged with 9 mm
tags required a longer swim trial, necessitatimtifferent experimental schedule from the 6 mm amdni
tag groups. Three fish from the same tank (one feach treatment) were swum per day in random order
for a total of 14 swim days, up to 90 days posgseuy (on day 1, 2, 3, 4, 5, 7, 25, 27, 28, 31,333,40 and

90). Critical swimming speeds (Ucrits) were calteth using the following formula:

T
I!Iz'.lj]-jt = ‘i"rt' | (T "Cl!'l.:'\'\"?)
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Where V is the highest velocity maintained for the prdsedi time periodjV is the velocity increment, T

is the amount of time the fish swam at fatigue dpapdt is the prescribed time period (Brett, 1964).
Following each swim trial, the fish were euthanisedl20 ppm MS222, weighed and measured. Blood
samples and necropsies were performed on eachHdodiio compare post-exhaustive state relativingo
different treatment types. In addition to the swinal fish, one control (a fish that did not swimpas
sampled at the end of each trial day. Blood frortraaied fish was sampled during July 2005 and May
2006 to give a baseline for comparison (‘2005 afiiti ‘2006 initial’, Table 3.2). All experimental

procedures were approved by the Canadian Coungihimhal Care (Appendix A).

3.2.5 Blood Analyses

Whole blood samples were taken from the caudalebest anesthetised fish with a sterile
heparinised syringe for erythrocyte counts andyaigbf hematocrit (Klontz, 1994). A 5 uL capillaiybe
was filled with fresh blood and placed into 995 fdendrick’s solution for erythrocyte counts. The
remaining blood was centrifuged at 13,000 rpm fanifutes. Plasma was collected and stored at -80 °C
until it was analysed for levels of sodium, potassi chloride, calcium, glucose and lactate usirfsfat
Profile Plus 9 blood gas machine (Nova Biomedicatpdration, MA). Cortisol was measured using a
cortisol Elisa kit from Immuno Biological Laboraies America, Inc. (Minneapolis, MN). Condition
factors were calculated as mass * fork leffigth00 (Goede and Barton, 1990). Erythrocyte coumse

determined manually with a microscope and hemacgtem

3.2.6 Statistical Analyses

The size data were found to be normally distribufiedrmal scores > 0.2 using Kolmogorov-
Smirnov) with equal variance {§z410= 31.927-54.67, p < 0.0001). General Linear Mod&lkM) were
developed for each initial size group (Tables 32) with days since surgery and treatment as fixed
factors, and weight, fork length and healing asetielgnt variables. GLMs were also created for swimgmi
performance data and blood data. Multivariate esesyand Scheffe’s post-hoc method were used to

analyse differences between treatments, as N vakésd between treatments and sample days. Percent
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data (hematocrits) were arcsine transformed postatistical analysis. In all cases, significaneas

established at p < 0.05.

3.3 Results
For each tag type, we examined growth, healingsraservival, tag retention, swimming
performance and physical condition for up to 309sdaost-surgery. All control and sham groups hath 88

survival or higher until the termination of the dyu

3.3.1 Growth

For the smallest tag (6 mm diameter), there wagraficant difference in body size (weight and
length) among the three treatments in the 9.5-1@mmap until 140 days post-surgery. Similarly, fe t10-
10.5 cm and 10.5-11 cm groups, there was a signifidifference between the tagged and control/sham
fish in body size until 140 days post-surgery; hegrethere was no observable difference between the
sham and control groups (Figure 3.1a). For theetireviously mentioned size groups, there was z® si
difference among treatment groups after 140 dags-gargery. The 10.5-11 cm group tagged with 7 mm
diameter transmitters had significant differencesdeen the control/sham groups and the tagged group
length (data not shown) but not weight (Figure R.Zéhere was no significant size difference among
treatments above an initial fork length of 11 cmfish implanted with either the 6 or 7 mm tag (fes
3.1b, 3.2b).

Survival and tag retention were low in the 9 mm ti@gtment group when the initial fork length
was < 13 cm, which left too few fish to comparees#tatistically. The size groups were thereforelgubo
into 1 cm size groups to get large enough numbarsafstatistical analysis. There was no significant

difference in size between tagged and control/stistmabove an initial fork length of 14 cm.

3.3.2 Healing Rates
The controls in all size groups of the first setsafgeries had a ‘good’ healing status 2.5 months
post-surgery, and were all completely healed 3 hwmost-surgery. The sham groups showed greater

variance in healing time; 90% of individuals reathee ‘good’ status between 2.5 and 3 months, and a
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‘complete’ status between 3 and 5 months. Eightgea# of fish tagged with 6 mm and 7 mm tags had a
‘good’ status by three months and were completebldd at seven months post-surgery. Healing improve
slightly as initial size at surgery increased.

For the second group of surgeries (larger fishn® tag), the control fish reached a ‘good’ healing
status by the first sampling 22 days post-surgany, were completely healed by day 71. The shanhfish
a ‘good’ healing status between day 39 and 116 ghewthey never reached ‘complete’. In the largest
group (13-14 cm) tagged with large tags in the fpesar’'s study a few survivors had a ‘good’ statislay
116. During the second year, the majority of preisnof initial fork length 14-16.5 cm tagged widrge
tags were completely healed by 90 days post-surdéegropsies of the experimental fish showed that
some tags were adhering to the body cavity walliisgaue or organs. Some tags were surroundedsfuyeti

and expelled through the incision site.

3.3.3 Survival and Tag Retention

We observed 100% survival and tag retention irsiakk groups of fish tagged with 6 mm tags up
to 50 days post-surgery. There were two mortalitiethe smallest size group 75 and 78 days posgfesyr
and some tag loss in three of the size groups €TaBla). Above initial fork lengths of 10 cm, swaliwas
100% and tag retention was over 88% until the teation of the experiment, 300 days post-surgery. Fo
the 7 mm tag group there was 100% survival in foutr of five of the tagged groups, however there was
some tag loss in pre-smolts up to an initial farkdth of 12.5 cm (Table 3.3b). All control fish aoder
90% of the sham fish survived until the end of shedy.

The 9 mm tag was too large to fit in the body cawitthe smallest size group (12-13 cm) and as a
result, many fish had to be euthanised during syrdef those that did survive, the majority expdltdeir
tags very quickly and few lived until the end oé texperiment (Table 3.3c). Above initial fork lehgtof
14 cm, there was 100% survival to day 50 post-syrgeowever tag retention began to fall after three
weeks. By three months, there were only 42% otdlye remaining in fish up to 16 cm. Above 16 cnréhe

was 55% tag retention (Table 3.2c).
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3.3.4 Swimming Performance

There were no significant differences in Ucrit ariance between treatment groups in eithe'm
or bls® (Table 3.4). Pre-smolts that were included in $heém trials had no difference in survival, tag
retention, healing or growth when compared with-gm®lts that were not included in the swim trials.

There was no difference in swimming performancevben rearing tanks.

3.3.5 Blood Analyses

Plasma levels of calcium were lower in sham graas in control and tag groups (Table 3.2).
No other significant differences were found in ldoanalyses between swum groups. Initial levels of
plasma sodium, potassium, chloride, glucose antiscbwere all significantly lower than levels obsed

in swum fish.

3.4 Discussion

Acoustic telemetry has proven to be a very usefathad to track the early marine migratory
behaviour and survival of fish species, includirgnon pre-smolts (Welch et al., 2003). With the
development of 6 mm and 7 mm diameter acoustic thgspre-smolts of smaller salmonids such as coho,
are now able to be tracked. We conducted this stodietermine the maximum tag to body size ratios a
which coho pre-smolts would suffer no adverse é$fem survival, growth, physiology and swimming
performance.

Further investigations could be made into the taffécts on the buoyancy, startle response,
disease resistance, and foraging ability of conm@a pre-smolts. Laboratory environments can not
replicate conditions that the tagged fish mightoemter in the wild. Therefore, while we are abléital
tag to body size ratios at which the survival, glogvewimming performance and physiology of coho- pre
smolts was not significantly affected in an artdloenvironment, there may be affected behavioarthée
field, such as foraging or predator avoidance @il

Surgically implanted tags that were up to 8% offthl’'s mass and up to 17% of their fork length
had no significant effect on the survival, growgwimming performance, or physical condition of

Thompson River coho salmon pre-smolts. Swimmindoperance trials conducted on 5-10 g rainbow trout
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implanted with acoustic tags demonstrated no olbddeveffect from tags that were 6-12% of the fish’s
weight (Brown et al., 1999), which contradicted Yeéi's controversial ‘2% rule’ (1983). Predator
avoidance and swimming performance in juvenile cbknwere not significantly affected by implanted
tags that were 6.7% of the fish’s body mass (Angteal., 2004). Adams et al. (1998b) found thaiaad
tags implanted in chinook up to 12 cm lowered theitical swimming speeds; a lower 2.2-5.6% tag to
body mass ratio was recommended. Cutthroat troplaimted with tags that were 4% of their body weight
had only slight decreases in growth and performédate et al., 2005). Thompson River coho salmas pr
smolts had no difference in swimming performance®48 hours post-surgery for fish 10.5-12 cm long
implanted with 6x19 mm (6% by weight, 17% by lerjgmd 7x19 mm tags (10% by weight, 17% by
length). The Ucrit values we measured (Table 3djevsimilar to those observed for coho smolts 83%-
bl-s*) by Glova and Mclnerney (1977). Coho salmon prelsnwith fork lengths of 13.5-14.5 cm
implanted with 9x21 mm tags had similar Ucrits tas and control fish (the tags were 10% of their
weight in air and 7% of their fork length).

The condition factors of the Coldwater River cotansn pre-smolts were > 1.0cgi® on
average, which resembled other hatchery-reared popalations but was likely greater than their wild
reared counterparts (Chittenden et al., 2008).nfidevels of sodium and chloride were much highant
normal in all groups (Wedemeyer et al., 1990), egtjgg a possible bias due to measurement or gorag
time. Potassium was high for swum fish only (Wedgenest al., 1990). Plasma concentrations of sodium,
chloride and potassium ions have been found toeaser with exercise and stress levels in fresh water
which could explain differences found between swamd non-swum fish(Graham et al., 1982).
Erythrocyte counts, hematocrits, mean cell volun@d¢ium, glucose, lactate and cortisol levels were
within normal ranges for coho pre-smolts (Wedemeyex., 1990).

Previous work examining the effects of tag insertioto salmonids has shown substantial
variation between species in terms of growth, saivend tag retention. In their research on Atlanti
salmon, Lacroix et al. (2004) compared the effamtsthree lengths of 8 mm diameter tags. They
recommended using fish with a tag to fork lengtioraf 16% or less, and a tag to fish mass rati8%for
less. With the tags they used, this correspondssiothat were 14-15 cm long or 35-45 g. This study

carried out on coho salmon pre-smolts between A8db 1865.5 cm long, found no differences in growth
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between tag, control and sham groups above fotherof 11 cm for 6 mm and 7 mm-diameter surgically
implanted acoustic tags and above 14 cm for 9 namdter tags. All coho salmon pre-smolts implanted
with 6 mm tags had excellent survival and tag rid@mabove fork lengths of 10 cm; the same resuise
found in pre-smolts over 12.5 cm for the 7 mm taginbow trout/steelhead were found to have reduced
growth to day 21 for 11.4-15.9 cm fish (Lucas, 1986Ad less than 15% tag loss to day 84 in fish dver
cm tagged with 8x24 mm acoustic tags (Welch et28lQ7). The coho salmon pre-smolts implanted with
9x21 mm tags had excellent survival above init@kflengths of 14 cm; however tag retention in pre-
smolts up to 16.5 cm dropped from 81-91% after momth to 42-55% after three months. These results
are of major importance to long-term field studibat estimate survival of coho salmon pre-smolts
implanted with 9 mm transmitters. For shorter-téetemetry studies, smaller fish could be taggecoteer
more of the population curve, as long-term surviggbwth and tag retention may not be as important.
However, the swimming ability and behaviour of #maller fish could be more affected than that ef th
larger fish.

This study examined the effects of three sizesnplanted acoustic tags on the long-term growth,
healing, survival, tag retention, swimming perfono@ and physical condition of endangered Thompson
River coho salmon pre-smolts. We recommend thab dmh greater than 11 cm (17% tag to fork length
ratio) or 15 g (7% tag to body mass ratio) for iamghtion with a 6x19 mm tag (0.9 g in air, 0.5 gviater).
Although 11 cm fish tagged with a 7x19 mm tag (@ & air, 0.8 g in water) grew at similar ratestmtrol
groups, when survival and tag retention are take#a consideration, a minimum of 12.5 cm is more
appropriate (15% tag to fork length ratio or 7% tadpody mass ratio). If a 9x21 mm tag (3.0 g m2i0 g
in water) is being used, pre-smolts over 14 cm (1880 fork length ratio), or 35 g (8% tag to bodgss

ratio) are recommended, however tag retention sededpped significantly after one month.
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Table 3.1 Number of fish (N) in each initial fork length gnowby treatment for a) the 6 and 7 mm tag
groups, and b) the 9 mm tag group.

a)

9.5-10cm 10-10.5cm 10.5-11cm 11-11.5cm 11.8#2 12-12.5cm 12.5-13 cm
Control 9 10 10 10 10 - -
Sham 8 10 10 10 10 11 9
6 mm 7 9 10 8 10 9 9
7 mm - - 9 9 9 8 10
b)

12-13cm 13-14cm 14-15cm  15-16 cm  16-16.5cm
Control 16 18 24 20 8
Sham 15 18 - - -
9 mm 27 26 21 24 11
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Table 3.2 Physiological measurements of coho salmon pretsewbical treatment groups. Pre-smolts

sampled after the completion of a swim trial wereeled with an ‘'S’; those that did not swim wereelad

‘NS’

Dependent Variable  Treatment Group N Mean Standard Error
Weight (g) 2005 initial (NS) 12 24.2667 1.7588
Control (2005, S) 11  34.2364 1.5900
Sham (2005, S) 12 28.2333 1.8130
9 mm tag (2005, S) 13 28.8923 2.5640
Control (2005, NS) 10 26.9200 0.0320
2006 initial (NS) 30 16.7367 0.5292
Fork Length (cm) 2005 initial (NS) 12 13.1917 0.3880
Control (2005, S) 11  14.6273 0.2300
Sham (2005, S) 12 14.0250 0.2200
9 mm tag (2005, S) 13  14.1462 0.2120
Control (2005, NS) 10 13.7400 0.2420
2006 initial (NS) 30 11.6400 0.1230
Condition Factor 2005 initial (NS) 12 1.0493 0.0485
(g/en) Control (2005, S) 11 1.0865 0.0330
Sham (2005, S) 12 1.0161 0.0470
9 mm tag (2005, S) 13  1.0207 0.2470
Control (2005, NS) 10 1.0010 0.2370
2006 initial (NS) 30 1.0507 0.0116
Erythrocytes (#/mL) 2005 initial (NS) 12 1.3883& 5588284
Control (2005, S) 11 1.29328 7.6495 &
Sham (2005, S) 12 1.3658 & 7.3238 &
9 mm tag (2005, S) 13  1.1508 & 7.0365 &
Control (2005, NS) 10 1.2720&  8.0228 &
Hematocrit 2005 initial (NS) 12 0.5477 0.0519
Control (2005, S) 11  0.4258 0.0360
Sham (2005, S) 12 0.4451 0.0350
9 mm tag (2005, S) 13 0.3880 0.0330
Control (2005, NS) 10 0.3937 0.0380
2006 initial (NS) 24  0.4675 0.0137
Mean Cell Volume 2005 initial (NS) 11 3.3247¢  0.0000
(nn) Control (2005, S) 14 3.2084€  0.0000
Sham (2005, S) 13 4.1697 &  0.0000
9 mm tag (2005, S) 13 3.1432&  0.0000
Control (2005, NS) 12 3.7125&  0.0000
Sodium, plasma 2005 initial (NS) 10 207.9600 2.7237
(mmol/L) Control (2005, S) 11  241.6727  10.7290
Sham (2005, S) 12  236.4000 10.2720
9 mm tag (2005, S) 13 239.9077  9.8690
Control (2005, NS) 10 233.8800 11.2530
Potassium, plasma 2005 initial (NS) 10 4.0880 0.4378
(mmol/L) Control (2005, S) 11  8.3091 1.0330
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Dependent Variable  Treatment Group N Mean Standard Error
Sham (2005, S) 12 11.6667 0.9890
9 mm tag (2005, S) 13  7.1354 0.9500
Control (2005, NS) 10 9.9640 1.0840
2006 initial (NS) 26  5.7651 0.5544
Chloride, plasma 2005 initial (NS) 10 176.9200 3.0264
(mmol/L) Control (2005, S) 11  171.6727  4.6260
Sham (2005, S) 12 170.5667 4.4290
9 mm tag (2005, S) 13 175.3231 4.2560
Control (2005, NS) 10 174.4800  4.8520
2006 initial (NS) 26  146.7532 3.9209
Calcium, plasma 2005 initial (NS) 10 1.8280 0.0253
(mmol/L) Control (2005, S) 11 1.6218 0.0390
Sham (2005, S) 12 1.4300 0.0370
9 mm tag (2005, S) 13  1.6431 0.0350
Control (2005, NS) 10 1.5120 0.0400
2006 initial (NS) 26 1.1873 0.0331
Glucose, plasma 2005 initial (NS) 10 6.0000 0.5750
(mmol/L) Control (2005, S) 11 8.1455 0.5700
Sham (2005, S) 12  8.3333 0.5460
9 mm tag (2005, S) 13 8.1231 0.5240
Control (2005, NS) 10 7.3600 0.5980
2006 initial (NS) 26 6.0780 0.3231
Lactate, plasma 2005 initial (NS) 10 6.6000 0.4511
(mmol/L) Control (2005, S) 11  6.9455 0.7290
Sham (2005, S) 12 5.9333 0.6980
9 mm tag (2005, S) 13 7.8154 0.6710
Control (2005, NS) 10 4.7600 0.7650
2006 initial (NS) 25 7.6220 0.5171
Cortisol, plasma 2005 initial (NS) 5 35.8605 13.7980
(mmol/L) Control (2005, S) 11 94.5211 32.4660
Sham (2005, S) 12  70.2966 31.0840
9 mm tag (2005, S) 13 84.3371 29.8640
Control (2005, NS) 10 92.7771 34.0510

55



Table 3.3Percent survival and tags available for deteatiegr time in the a) 6 mm tag group, b) 7 mm tag

group and c) 9 mm tag group.

a)

Initial Size 9.5-10 cm 10-10.5 cm 10.5-11 cm 11-11.5cm 11.5+h2
Group

Days Since % % % % % % % % % %
Surgery Surv. Tags Surv Tags Surv Tags Surv Tags Surv Tags

50 100 100 100 100 100 100 100 100 100 100
100 72 43 100 89 100 100 100 88 100 100
300 72 43 100 89 100 100 100 88 100 100
b)

Initial Size 10.5-11 cm 11-11.5cm 11.5-12 cm 12-12.5cm 12.5#3
Group

Days Since % Surv = % % Surv - % % Surv % % Surv % % %
Surgery Tags Tags Tags Tags Surv Tags

7 100 100 100 100 100 100 100 100 100 100
14 100 100 100 89 100 100 100 100 100 100
35 100 78 100 89 100 100 100 100 100 100
42 100 67 100 89 100 100 100 100 100 100
50 100 55 100 78 100 89 100 75 100 100
100 100 55 100 78 100 89 89 50 100 100
300 100 55 100 78 100 67 89 50 100 100
c)

Initial Size 12-13 cm 13-14 cm 14-15 cm 15-16 cm 16-16.5 cm
Group

Days Since % % % % % % % % % %
Surgery Surv  Tags  Surv Tags  Surv Tags  Surv Tags Surv  Tags

1 100 59 100 100 100 100 100 100 100 100
7 48 48 92 92 100 100 100 100 100 100
21 48 41 92 92 100 100 100 100 100 100
28 48 26 92 88 100 81 100 88 100 91
35 48 18 92 81 100 67 100 67 100 73
50 48 15 92 62 100 52 100 46 100 64
90 48 7 92 54 95 43 100 42 100 55
200 48 4 92 35
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Table 3.4 Critical swimming speeds of control, sham andgamups.

Treatment Group N Mean Standard Error
Control (6, 7 mm) 10 0.3531 0.0260
Sham (6, 7 mm) 10 0.4436 0.0260
_I.;; 6 mm tag 10 0.3705 0.0260
£ 7 mm tag 10 0.3470 0.0260
g Control (9 mm) 13 0.9963 0.0630
S Sham (9 mm) 13 1.0548 0.0600
- 9 mm tag 13 1.0908 0.0600
Control (6, 7 mm) 10 3.1558 0.2340
Sham (6, 7 mm) 10 3.9390 0.2340
H,’(‘n\ 6 mm tag 10 3.3076 0.2340
5 7 mm tag 10 3.0718 0.2340
g Control (9 mm) 13 6.8218 0.4310
G Sham (9 mm) 13 7.5346 0.4140
> 9 mm tag 13 7.7811 0.4140
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Figure 3.1 Weight over time for the 6 mm tag group of initfafk length a) 10.5-11 cm, and b) 11-11.5
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CHAPTER 4: Evidence for Poor Freshwater Survival ofEndangered Thompson River Coho Salmon

Smolts During the Fraser River Out-Migration®

4.1 Introduction

Genetically distinct from coho salmon populationghie lower Fraser River and the rest of British
Columbia, Thompson River coho salmon (Thompson rare closely related to the extinct upper
Columbia River coho stocks (Small et al., 1998;Km et al., 1999; Beacham et al., 2001). Retufns o
wild Thompson coho were relatively stable during 970s, and increased during the 1980s (COSEWIC,
2000). However, between 1988 and 2000, the Thomps$eer coho salmon population declined by 90%,
making it one of Canada’s most endangered salmuwkst(Irvine and Bradford, 2000; COSEWIC, 2002).
An urgent request for investigations into the caaseéhe Thompson coho’s demise was made shortly
thereafter by the Government of Canada (RoutledgeVdilson, 1999).

Over-fishing, changes in ocean climate and fresbwhabitat alteration are believed to be the
primary causes of the Thompson coho decline (Brddémd Irvine, 2000). An unprecedented moratorium
on the coho fishery was implemented in 1998; howélwve Thompson coho population was not affected
(Bradford and Irvine, 2000). Thus over-fishing alomas not preventing the recovery of the stock.

Climate fluctuations were found to coincide withadges in coho marine survival (Pearcy, 1992;
Coronado and Hilborn, 1998; Koslow et al., 2002)haN a regime shift occurred in 1989-1990, ocean
productivity decreased in southern BC and smotéakt marine survival of both coho (Beamish et al.,
1999; Noakes et al., 2000) and steelhead trout ¢V2000; Welch et al., 2000) plummeted. While the
southern populations dwindled, northern populatiohgoho and steelhead had record-high abundances
(Hare et al., 1999; Welch et al., 2000; Hobday Bodhlert, 2001). In addition to altering salmonidrine
survival rates, ocean conditions have been coewlad changes in the migratory pattern of Strait of
Georgia coho populations (Beamish et al., 1999) @thdr salmon species (Cooke et al., 2004; Young et
al., 2006; Crossin et al., 2007; Crossin et alQ80As the Strait of Georgia was traditionallyuagnile

rearing ground for Thompson coho, climatic changdsng place in the Strait may affect their marine

3 A version of this chapter has been submitted édofipation. Chittenden, C. M., M. C. Melnychuk, W.
Welch, and R. S. McKinley. Evidence for poor sualief endangered Thompson River coho salmon
smolts during the Fraser River out-migration. Charkish. Aquat. Sci.
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survival and migratory behaviour. Freshwater praigitg and habitat quality are also affected by nfes

in climate (Beamish, 2002). The freshwater survifatoho salmon in Oregon and Washington correlated
strongly to annual air temperatures and secondewifiows (Lawson et al., 2004). Fluctuations in
Thompson coho abundances were correlated to agriedbnd use, road density and stream habitattgual
(Bradford and Irvine, 2000). Routledge and Wilsd®99) highlighted local concerns about freshwater
habitat quality in the Thompson watershed, expngstiie need for young coho riverine survival datat t
could provide evidence linking weak stocks to frgater habitat concerns.

To investigate freshwater and early marine survietés as well as the migratory behaviour of
Thompson coho smolts, hatchery-reared fish wergethgluring three consecutive years (2004-2006) and
monitored using the POST array (Welch et al., 2008E objective of this study was to identify areds
high mortality for this stock, with the goal of piding a focus for conservation efforts. A two-ydag
effects study was carried out concurrently to eatuthe post-surgical growth, survival, tag retamti

health and swimming ability of acoustically taggedolts (Chittenden et al., 2008a).

4.2 Methods
4.2.1 Study Area

Near the end of the last ice age approximately (® ears ago, the Fraser River canyon was
blocked by ice, forcing the upper Fraser and ThampRivers to drain southward into the Columbia Rive
This provided the opportunity for many species)uding coho salmon, to colonise the Thompson River
from the Columbia River refugium (McPhail and Liegs 1986). The Fraser canyon continues to act as a
velocity barrier to many fish species and stockgidthg the Upper and Lower Fraser River into disti
habitat zones. Thompson coho can be divided inteetlsubregions: the North Thompson, the South
Thompson and the Lower Thompson / Nicola. The stoaked in this study were part of the Lower
Thompson / Nicola group.

The 1,370 km long Fraser River (Figure 4.1) is eyest river in British Columbia, with a
watershed of 233,100 Kmand an average yearly flow rate of 3,54bsth The Thompson River, at 489
km long, is the largest tributary of the FraserdRjwith a watershed of 55,400 knWater quality and

flow rate monitoring of the Thompson River begari 811 at the Spences Bridge station, 40 km upstream
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from Thompson River mouth at Lytton. Average anrfleal rates during 2004, 2005, 2006 were 672, 784
and 656 ms* respectively, which fall near the 1912-2006 anrassrage of 765 fs® (Environment
Canada, 2008). Peak flow rates were 183@&hon 4 June 2004, 2230°m’ on 19 May 2005, and 2630
m>-s* on 27 May, 2006. Low flow rates were 17.g1 on 4 March 2004, 250 $i$* on 17 June 2005, and
193 ni-s* on 28 October 2006 (Environment Canada, 2008).tiffieg of the spring freshet in the Fraser
River has been advancing during the past centupatfidssh et al. 1999), and a similar trend has been
observed in the Thompson River (Figure 4.2).

The Thompson River water quality is described al-mefered and soft, with pH and oxygen
levels “within normal ranges for aquatic life” (Ermment Canada, 2001). However, levels of non-
filterable residue, turbidity, total aluminum, iramd phosphorus often exceed recommended levelisifior
during high flow periods (Environment Canada, 2008)ere was an increasing trend from 1973-1997 in
dissolved chloride and copper (Environment Can&f1). Non-filterable residue and turbidity level
increases have been attributed to increased aggnieuforestry and residential development (Envinent
Canada, 2001). The mean summer temperatures ¢frélser River system have also been increasing over
the last century; in the next 100 years, the p@kfdar salmon to be exposed to temperatures higfesn
20 °C is predicted to increase by a factor of tdorgison et al., 2002).

Most Thompson coho salmon spend their first yedréahwater and the following two years in
the ocean, before returning to their natal streamspawn (Bradford and Irvine, 2000). Hatchery
production was initiated in the Thompson watersimethe early 1980s to test enhancement strategies f
coho (Pitre and Cross, 1993; Perry, 1995). Smaltipction began at the Spius Creek Hatchery in 1684
rebuild depressed stocks. Assessments of retum&dth wild and hatchery stocks were carried out

regularly thereafter. The coho broodstock is cedlddrom the wild population each year.

4.2.2 Surgical Protocols and Smolt Releases

Coho smolts from two different tributaries —Spiuse€k (2004, 2005) and the Coldwater River
(2006)— were tagged at the Spius Creek Hatchenygugreviously established protocols (Welch et al.,
2004, 2007). During 2004, forty Spius Creek coholtsrfrom the 2002 brood were implanted with V7-2L

acoustic transmitters [12 fish; 7x18.5 mm, masaiiri.4 g, mass in water 0.7 g, frequency 69 k298 s
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random delay, VEMCO Ltd., Halifax, Nova Scotia Cdah and V9-6L acoustic transmitters [28 fish; 9x20
mm, mass in air 3.3 g, mass in water 2.0 g, frequé® kHz, 30-90 s, VEMCO Ltd., Halifax, Nova Secoti
Canada]. The surgeries were carried out 30 May 2004 average fork length (and standard deviatidn)
the fish tagged with 7 mm tags was 128.1 + 1.0 mange 127.0-129.0 mm), and for those with 9 mm,tags
132.0 £ 2.3 mm (130.0-141.0 mm). This representsame tag length to body length ratios of 5% and 7%
respectively. The river temperature was 11.5 + @6during the surgeries. The release date of 88,300
hatchery coho smolts occurred 19-22 May 2004; dlgged fish were released 31 May 2004 at 1400 PDT
in Spius Creek (Figure 4.1).

During 2005, fifty Spius Creek coho smolts from @03 brood were implanted with V7-2L tags.
The river temperature averaged 9.0 = 0.7 °C ordtheof the surgeries, 17 May 2005. The smolts mad a
average fork length of 128.0 £ 3.9 mm (124.0-138M) representing an average tag length to bodytteng
ratio of 5% and were released 19 May 2005 at 11D% B Spius Creek to coincide with the hatchery
release of 58,450 coho smolts.

The 2004 brood of the Coldwater River stock wagéagin 2006 from 25-26 May. One hundred
smolts were implanted with V7-2L transmitters aattased 29 May 2006, at 1300 PDT. The average fork
length of the tagged smolts was 130.1 + 3.3 mm .(2281.0 mm) representing an average tag length to
body length ratio of 5%. The river temperature dgrthe surgeries was 8.2 + 0.9 °C. Hatchery refease
were as follows: 43,000 smolts were released 9 RE6, 20,000 were released 26 May 2006 and 6,460
were released 29 May 2006 in the Coldwater Rivéguile 4.1) at the time of the release of the tagged
smolts.

Tag effect studies carried out concurrently at thBC/DFO Centre for Aquaculture and
Environmental Research in West Vancouver, BC w $hompson coho smolts during 2005 and 2006
demonstrated that the implantation of V7-2L tags ot impact fish health or swimming ability at the
body sizes used in the field study when compareth wontrol groups (Chittenden et al., 2008a).
Physiological assessments, swimming performance gmuavth were all similar to control values
(Chittenden et al., 2008a). We comment further loesé results later, when we compare the observed

survival of free-ranging coho smolts with the rés@lom the surgical trials.
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4.2.3 Acoustic Receiver Array

The total distance from the release site to thetmotithe Fraser River is approximately 385 km
from the 2004-2005 release sites and 420 km fraR006 release site. Distances from release sité®et
last detection station in the Fraser River were, 33, and 410 km for 2004-2006, respectively. Asticu
receivers [models VR2 and VR3, VEMCO Ltd., Halifa¥pva Scotia Canada] were located both in the
Fraser River and in the ocean to form the POSTyafffigure 4.1) to track the smolts’ downstream
migration. During 2004, there were six receivershi@ Fraser River arranged in three lines of paineits
from April to August, then five receivers from Awuguo November. Four receivers (two lines of paired
units) were deployed in the Fraser River in Apfi2005 and recovered in December. Eighteen receiver
were deployed in the Fraser River from April to Beber of 2006. These were arranged in three main
lines, where the lower two lines contained two lmeé sublines each to cover multiple channels ef th
braided lower river (Figure 4.1).

In ocean waters, acoustic receivers were locatdidés across the northern Strait of Georgia, the
Queen Charlotte Strait, the Juan de Fuca StraitHowe Sound. Also, in 2006, receivers were modmed
Burrard Inlet and the southern Strait of Georgiaribg 2005 and 2006, three receivers operated &y th

Vancouver Aquarium were located at Point Atkinson.

4.2.4 Data Analysis

We compiled a database of detections from acoustieivers consisting of the time and location
where an individual tag was detected. First, wentified a list of suspect detections likely to lsé
positives due to tag collisions or other noise sesr Detections of fish were excluded as falshdf twere
detected only once on a line within 60 minutes, tiael or more tags heard on the same receiver atbend
time of the suspect detection, and did not havepatiing detections from other time periods or lines
Supporting detections are defined as a temporaleseg of detections from the release date along the
migration path. After eliminating the suspect détets, we used these filtered data to estimateisirand
detection probabilities as well as the travel timetagged smolts during the downstream migratioavel

times in each segment were measured as the differleetween successive lines in the cumulative ftrave
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times from release until the first detection ofag bn a line. Median travel times were calculatedhe

linearly interpolated time at which 50% of the suors reached a detection point.

4.2.5 Survival Probability Estimation

We used variations of the fully time-varying Corrkalolly-Seber (CJS) mark-recapture model
for live recaptures to estimate survival probaietit() in each segment of the downstream migration. This
model simultaneously estimates detection probaslip) at each line of receivers in the Fraser River and
adjusts survival estimates accordingly. We deteedhithe detection history of individual fish at each
receiver (i.e. “re-capture”) line. Fraser Rivernrsah smolts migrated past 2-3 detection lines inRtaser
River (depending on year). There were multiple irgmelines or units in the ocean where they cowd b
detected (with some variation among years), buic&fpmigration routes after ocean entry could net b
established because few fish were detected on aeeaivers. As a result, we lumped all ocean receiv
detections into the final digit of a fish’s detectihistory sequence, and limited our inferencesuofival to
the downstream freshwater migration phase and mdhe early ocean migration (i.e. we disregard any
estimates of the confounded parameggirsthe final ocean “segment” apdat the final ocean “line”).

Detections of Thompson coho were relatively fewrimer or ocean lines, when compared to
detection data for Thompson spring chinook andilsteel, and Cultus Lake sockeye. Therefore, we used
information from smolts of other Fraser River stotkgged as part of the POST project to bettemastp
on river lines. We constructed similar detectiostdiiies for steelhead and chinook smolts releasete
Thompson watershed or sockeye smolts released@ulitns Lake. We assume that the same tag type (and
therefore acoustic power) passing over a riverivecdine around the same time have the same pilityab
of being detected regardless of the species ok $tom which the tagged smolts originated. We uthed
detection history sequences of individual fish withrious mark-recapture models implemented with
Program MARK (White and Burnham, 1999) through RKM@raake and Rexstad, 2007) to estimate
river segments as well @on river lines in each year for each stock.

To determine whether survival or detection probtéd were best described as functions of
factors such as tag size, river flow, release datayerage travel time, we tested several carglichaidels.

We combined all three years in a detection histtajaset and assigned ‘year’, ‘species’ and ‘stask’
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group covariates on survival probability estimat€embining years allowed us to constrain the redati
difference inp between V7 tags and V9 tags to be consistenb{it-bpace) across receiver lines and years
(i.e., tag size was an additive covariate). It ailowed us to maintain a consistent relationskippe)
between eithep or p and river flow across lines and years (while p#ing intercepts to differ).

We considered six candidate models faeind four candidate models for(Table 4.1). First, we
compared sub-models farby assuming a common sub-model gopwhere parameter estimates for each
segment (‘seg’, or ‘time’ in usual nomenclature)l aroup (year, species, stock) varied fre€lyef.group)-
One sub-model fop had freely-varying parameters for each deteciimm (i.e., replacing ‘time’) and group
(along withg, this is the classic CJS model). All other sub-gledilso maintained independence between
different lines and year®fne.year..). One of these assumed no difference in detegtiobability between
V7 and V9 tags while the others assumed an addiifference that was consistent among yep[s.{g
size..y Table 4.1). Three of these sub-models took istmant the mean date of arrival of a populatioraon
receiver line and assumed thaét each line was a function of Julian date or wheteel at that particular
mean arrival date, thereby allowing for variationpiamong populations through use of these covariates.
Water level (which is correlated with river flow)as measured at either the Mission (near the ficiver
line in 2004; Figure 4.1) or Port Mann (near theosel receiver line in 2005) gauge stations (Envirent
Canada, 2008). One of these sub-models involveduli@n date of arrival at a line as a covarigte (uiian
day), another involved the water level at Missi@q_(iow mission), and a third involved the water level at Port
Mann at the mean arrival time at a lifg_(:iow port mann). After using model selection methods to identify
the best sub-model(s) fpr we held fixed this sub-model fprin order to compare sub-models@fTable
4.1). This two-step process of first comparing hipeses op sub-models before comparing hypotheses of
¢ sub-models has been used in several other st(@gpsZabel and Achord, 2004). To reduce the effiéct
incorporating other species and stocks into theesaataset orp estimates of Thompson coho, we
maintained independence between groups and segmeaitsour sub-modelSpsegmentgroup... ONE Of these
sub-models contained no extra covariates so repexseomplete independence grestimates between
groups in each segment of the migration. The difiere sub-models involved group covariates thaewer
used to explain some of the among-stock variatiosurvival probabilities in terms of variables sfiedo

each stock; these could reveal potential correlafesurvival that would not be possible by consiagr
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Thompson coho alone. One sub-model involved tharduélease date as a covariate on all river setgmen
of the migration. The second sub-model involved dherage travel time of the population within each
segment. The third sub-model involved the wateellet the Mission gauge at the start time of each
segment of each population (the time of fish redefas the first segment and the mean time of ardva
receiver line for the second or third segments).

We estimated a variance inflation facto€)(to compensate for extra-binomial variation in
estimated probabilities (Burnham et al., 1987). &88matedC assuming the general CJS MOWReg-year)
Painesyeary USING two methods through Program MARK: the deweératio bootstrapping method (=
1.600) and mediar method € = 1.281 + 0.037 s.e.) We used the larger valum filee bootstrapping

routine to be more conservative about the precisfagstimated parameters, as thésealues were used to
expand standard errors of real parameter estimaaig¥alues in the variance-covariance matrix. Ecah
Cwas also used for model comparison, with computédiQQ values corrected for both extra-binomial
variation and small sample sizes.

After the best sub-model fgrwas identified and sub-models fpwere compared, we computed
model-averaged parameter estimatesgfan each segment for each population and year. S@ilated
survivorship estimates from release until the lastiver detection line in each year as the prodofct

segment-specifip estimates. We used the Delta method to calcutatedriance of this product.

4.3 Results
4.3.1 Model Selection

Of the six detection probability sub-models evaddaacross all years, the strongest support by far
was found in the sub-model that involved line- amér-specific estimates with an additive term fag t
size and an additive term for river level at thes§iibn gauge during the mean time of arrival of pajans
on receiver lines (Table 4.1). The differenceAlRAICc values between this and the next-best subemod
was fairly large £8), suggesting little support for this model andegsially no support for any remaining

models AQAICc > 16) compared with the best sub-model. Di@agrobability across receiver lines and
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years therefore varied strongly with both tag $aeacoustic output) and river level (or flow), iviowerp
estimates associated with the smaller V7 tags ajitehwater levels (greater flow).

Assuming this best sub-model fpr the strongest support among the four survivababdity
models was found in the sub-model that involvedadulelease date as a covariate, as measured by
AQAICc values and Akaike weights (Table 4.1; a prtippal measure of support for each model within
the model set). The model “beta” coefficient foistbarameter was significantly less than zero 360
95% confidence limits: -0.062 to -0.010). Across rater segments and years, populations with later
release dates therefore tended to have lower dowemstsurvival rates. A moderate level of support
(AQAICc values of 2.3-4.4) was still seen in the ottleee sub-models, however. The classic CJS sub-
model without group covariates had 21% support. §uttemodel with a covariate of water level at Missi
at the mean start time of each segment for eactlatign as well as the sub-model with a mean tréioed

covariate for each population in each segment badh> 7% support within this set of sub-models.

4.3.2 Detection Probability Estimates

Survival estimates depend on simultaneously estidhdétection probabilities at receiver stations.
Estimated detection probabilities of Thompson cohoindividual receiver lines in the Fraser Rivpy) (
ranged widely from 10-85% across receiver lines yeuts (average of 43%). In 2004, V9 tags had highe
associategh; estimates than V7 tags as a result of the addiigesize covariate used across populations.
Detection probabilities tended to be lower in 2@0& 2006 due to changed location of receivers and/o
different river conditions at the time of crossirggeiver lines. Taking the product of [§)-for all Fraser
River linesi in each year results in the probability of a smwtlissing all Fraser lines without being
detected (Melnychuk et al., 2007). This producgezhwidely from 8, 67, and 59% for V7 tags in 2004-
2006, respectively, and was 2% for V9 tags in 2@Xxtimated survival rates account for such impérfec

detection probabilities.

4.3.3 Survival Probability Estimates

We model-averaged the survival estimates from ¢l models listed in Table 4.1 to admit our

uncertainty as to which model(s) best fit the obadrdetection history sequences. As a result ééritiig
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Akaike weights, the model-averaged results depeostlynon the modefseg.group+autian release defiinesyear+tag
size+flow Mission)( T @ble 4.1), but were also influenced by the othege in proportion to these weighting terms.
Thompson coho survival rates (and those of othasdtrRiver populations) are therefore best expiainye
taking account of the variation among populationd gears in Julian day of fish release, and coimétrg
estimatedp parameters to be a function of these dates.

For two consecutive years, the freshwater sunégtiimates for Thompson coho smolts reaching
the mouth of the Fraser River were extremely lougFe 4.3). Of the 40 fish tagged with V7 (12
individuals) and V9 (28 individuals) tags in 20@hly two tags (one V7 and one V9) were detectetthén
lower Fraser River. None were recorded in the otsatihe POST array. Survival estimates from release
the lowest receiver line in Fraser River were <190t 0.01% s.e. for the V7 group, and 5.6% + 9.0% f
the V9 group. Survival estimates from release &fitst and second Fraser River lines were botA%4t
21.4% s.e. for the V7 group and both 5.6% + 9.0%tlie V9 group, implying that most mortality was
estimated to have occurred before the first detecsitation (with an additional component of motyali
between the second and third stations for the \6agy. The two smolts detected in the lower FraseeR
were detected 14 days and 18 days post-releasée(@ ).

During 2005, 50 smolts were tagged with V7 tagsir fof which were detected at the Fraser
mouth sub-array 8-23 days post-releasgedd,= 12 days; Table 4.2). Two smolts passed through th
Fraser array undetected and were subsequentlytei@tacPoint Atkinson 16 and 23 days post-release.
additional smolt was recorded in the ocean at tr¢hern Strait of Georgia line one month after ask
without having been detected previously in the &rd$able 4.3). Survival to the mouth of the FraRier
was estimated to be 7.0% + 6.2% s.e. (Figure &@jvival estimates from release to the first antbed
Fraser River lines were 45.6% + 31.4% s.e. and Z®%.4% s.e. respectively, implying that consitiza
mortality occurred in both the first and secondmseqts of the migration.

During 2006, 16 of the 100 tagged smolts were detein the lower Fraser 7-19 days post-release
(Tmedian= 10 days), yielding a survival estimate of 50.9%48:6% s.e. from release to each of the three
Fraser River lines, implying that in-river mortglibnly occurred before the first station. Of thé€e three
were subsequently recorded in the ocean —one iraRlinlet 24 days post-release (in June), anddwo

the northern Strait of Georgia line 37 and 48 dayst-release (in July, Table 4.3). An additiongheifish
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were detected in the ocean and not the river. Quitie summer, one smolt was detected in Howe Sound,
one in the southern Strait of Georgia, two at Pditkinson, and four in the northern Strait of Gaarg

(Table 4.3).

4.4 Discussion

Fishing pressure and marine productivity affectgh®lt-to-adult survival of many salmon stocks
(Beamish et al., 1997; Coronado and Hilborn, 19B8amish et al., 1999; 2000; Welch et al., 2000).
However, evidence from this study suggests thaptia overall survival rate of Thompson coho (aiste
from 2004-2005) may be influenced strongly by miastaluring the freshwater outmigration phase dith
lifecycle.

Although concern was expressed that coho smoltgrigahe Thompson watershed likely had
very low freshwater survival, no data existed tppart this hypothesis (Routledge and Wilson, 1999).
During the time of this study (2004-2006), retubuadances continued to decrease and were conkistent
lower than predicted based on spawner abundandég ibrood year (DFO, 2006). During 2006, the total
escapement of Thompson coho was 11,300, which tisealower threshold for maintaining demographic
and genetic needs in the Management Unit and reptea 1.5% smolt-to-adult survival rate (DFO, 2006
Our results from tracking out-migrating Thompsom@@molts implanted with acoustic tags has provided
the first strong evidence of low survival during tthownstream migration for this endangered species.

The overall marine survival of coho salmon in seathBC has declined significantly during the
past three decades (Coronado and Hilborn, 1998&lf@mh and Irvine, 2000). Since the 1970s, coho salm
production off the west coast of North America kasied with latitude; northern populations gensgrall
thrived while declines were observed in the so@brénado and Hilborn, 1998; Hare et al., 1999; Hgbd
and Boehlert, 2001). Four Canadian salmon populatisecame endangered after 1989, including the
Thompson coho, likely due to a regime shift attihee (Irvine, 2004). During the mid-1990s the Stiai
Georgia coho fishery collapsed due to a declinenarine survival and a complete migratory behaviour
change to residence on the shelf off the west aafagancouver Island instead of residence in thaiSof

Georgia (Beamish et al., 1999). This important botlwater, which once supported large commercidl an
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recreational coho fisheries (valued at CDN $218ilian by Gislason et al., 1996), has had an insieg
surface temperature and other oceanographic chaoge® climate trends (Beamish et al., 2004).

The Thompson coho, one of the primary Strait of iGrostocks, historically spent the marine part
of their life cycle almost entirely within the Siraof Georgia (Irvine et al., 1999a). From 2004-800
Thompson coho made up an average of 27% of thenjleveummer coded-wire tagged coho catch during
DFO research trawl surveys (R. Sweeting, pers. cQrhimwever, since 1995 nearly all the coho have lef
the Strait by the February following their firste@ summer (Beamish et al., 2008). The cause sf thi
behavioural change is not known, but as with mesent changes in salmon survival and behaviour, the
leading hypothesis attributes it to shifting ocpaoductivity (Beamish et al., 2004).

Climate change has also affected freshwater salpnoduction similarly to marine production
(Lawson et al., 2004). The effects of regime shiftisthe freshwater habitat of coho salmon shoulé be
primary concern for the conservation of this spgcées its most physiologically stressful life segecur
in freshwater: the outmigration of smoltifying yaunand the upriver return of spawning adults.
Quantitative evidence for the effects of climatarmfe on the freshwater production of coho salmositsm
is lacking, however (Bradford, 1999). Recent cliemaends in the North Pacific have been correlated
higher temperatures and earlier spring flows inRreser River system (Beamish et al., 2000), whadms
to be advancing the outmigration timing of wild cagmolts (Beamish et al., 2008). In the ThompsaeRi
system, an increasing average April flow rate (Fégd.2) —indicating an earlier spring freshet— rbay
affecting the early freshwater survival and behawiof wild and hatchery Thompson coho smolts in
various ways. If wild fish migrate out earlier anadtchery releases remain static, hatchery smolyshaat
a disadvantage (Beamish et al., 2008). At the firedhwater stage in the salmon lifecycle, climatzy
continue to be a major influence on behaviour angslogy. The return migration of Thompson River
(late-run) adult sockeye has been occurring sevezaks earlier than normal (Cooke et al., 2004;pet
al., 2006). An investigation of coho spawning hatbih the Thompson system found that approximately
one third of the spawning beds used in 1988 weweideof spawners a decade later, in 1997 (Irving an
Bradford, 2000). Irvine et al. (1999b) also obsdrdeclines in the body size, fecundity, and prdporof

females in the Thompson coho spawning populatiote sl 995.
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While climatic effects on freshwater systems arly beginning to be understood, the influence of
direct anthropogenic habitat degradation has bagtiesl extensively (Labelle et al., 1997; Simpsbalg
1997). Bradford and Irvine (2000) found that theloe in Thompson coho smolt production was not due
to density-dependent mortality, but more likelyasin-wide deterioration in physical habitat quatitye to
land use practices. The Thompson River valley le@s [altered by silviculture and agriculture over plast
fifty years (Harding et al., 1994; Bradford andife, 2000). Timber clear-cutting, animal feedlatajry
farms and free-ranging livestock are common (Bud &Vallis, 1997). Loss of riparian vegetation has
contributed to bank destabilization and siltatiand small tributaries and wetlands have been lat
destroyed in many cases (Bradford and Irvine, 2088) wild coho spend their first year in the river
environment, they are especially sensitive to flewels, temperature extremes, siltation, predatson
disease (Groot and Margolis, 1991). Optimal suivdeamditions for coho smolts were found to be irers
with relatively cooler temperatures, deep poolsjcitirally complex habitats, intermediate secondtevi
flows, and high second spring flows (Lawson et2004). Rood and Hamilton (1995) found that dutimg
summer months in this semi-arid valley, large anwwi water are being withdrawn from the Thompson
River for irrigation purposes, lowering flows amtieasing mean summer temperatures. Decreased water
quality during high flow periods is also a majoncern in the Thompson watershed (Environment Canada
2008). Salmon exposed to higher temperatures haga fbbund to have lower reproductive success and
higher prevalence of parasites (Crossin et al.8R00

The relatively long freshwater migratory distancaveéled by Thompson coho smolts through
highly developed areas may be part of the reasoth@&r high freshwater mortality rate when comyplare
with other coho populations in British Columbia.oflpson coho smolts must travel > 350 km to reaeh th
ocean, with about one quarter of this distanceha Thompson River and the rest in the Fraser River
mainstem. The Fraser River watershed drains appairly one quarter of the land area of British
Columbia, including runoff from agriculture, sewaged effluent from mines and pulp mills. The lower
Fraser River valley is inhabited by over two miflipeople, which has had a detrimental effect onithes,
its estuary and tributaries. Although it seems that majority of the smolt mortality is occurring the
Upper Fraser / Thompson Rivers, there was a ndiieeastimated mortality between the upper and mid

Fraser lines in 2005. Aside from ecological andlthegeasons, the economic value of maintaining good
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quality freshwater habitat in the Thompson systeas wstimated to be CDN $1,322-7,010 per km salmon
stream per year (Knowler et al., 2003).

In two out of three years, the freshwater surviestimates of Thompson steelhead and spring
chinook measured during the downstream migratiomguthe POST array were generally higher than they
were for coho using the same model assumptionau&ig.3). Coho may not be faring as well as other
salmon species in the Thompson because of phys&ialodifferences influencing health, foraging atyili
and predator avoidance. Some of the Thompson cayoatso remain in fresh water for an extra year and
not migrate out to sea until the following sprirngoho are the last salmon species to be released fro
hatcheries in the Thompson. This means that they emtering the river at higher flow rates and
temperatures. Food availability may be lower aretiptors may be more numerous.

Concurrent tag effects studies determined that tsnwath an initial fork length= 10.5 cm had
100% survival over a 300 day period in freshwateemtagged with V7-2L transmitters, and smolts 512
cm (the minimum size used in this study) had 108&eretention over this same period (Chittenderl.gt a
2008a). Smolts witke 14 cm fork length implanted with V9-6L transmigenad 100% survival up to 50
days post-surgery. The same smolts had 80% tagti@ieup to one month post-surgery and 50% tag
retention at day 50. At the body sizes of smoliggéal in the field study, the 9 mm diameter tag grbad
92% survival up to day 30. The 7 mm tag group hadegt survival and tag retention to day 200
(Chittenden et al., 2008a). Therefore, it is uriikibat the tags or surgical procedure had an efiacthe
survival of the fish in this study.

Hatchery programs in BC may be producing fish trety physically and genetically from wild
fish (Taylor, 1986; Swain et al., 1991; Chittendetnal., 2008b). Hatchery-reared coho in the Stéit
Georgia have been found to have different surviggds than their wild-reared counterparts (Sweeging
al., 2003; Beamish et al., 2008). Concerns have besed about the possibility that releasing heaxtgliish
may negatively affect the ability of wild populat® to adapt to climate change (Hill et al., 199iddrll
and Swain, 1991; Berejikian et al., 1996; Nicke|sp@03; Hinder et al., 2006; Araki et al., 2007602b).
There is a need to investigate the environmentdlgametic effects of artificial rearing methods ssnolt
phenotype to improve hatchery methods and consemgangered stocks such as the Thompson coho

(Perry, 1995; Pitre and Cross, 1993; Brown and R28%2). While the Thompson coho populations were
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declining, hatcheries released increasingly greatembers of smolts into the system, which was oond
to improve the situation (Bradford and Irvine, 2D00

In this study, only hatchery smolts were taggedrdfore the applicability of our results to the
wild population is not known. Hatchery-reared smattay be more susceptible to poor habitat quatity i
the Thompson and Fraser Rivers, and less adaptedr¥iving in the wild environment. Therefore, our
estimates may be lower than actual survival rateswild Thompson coho. Alternatively, the larger
hatchery smolts may have been better able to diglalthe stresses of the freshwater migration, aag m
have had higher survival rates than wild smoltse Tiequency of freshwater residualisation could als
differ among wild and hatchery-reared smolts. Thie is unknown for both groups as we were not able
assess it in our study. With the development ofllemacoustic tags, it may become possible in tharé
to compare wild and hatchery survival rates in fyistem.

There may also be survival differences betweentiveer Thompson / Nicola populations used in
this study, and the North Thompson and South Thomgsoups. Two Lower Thompson stocks were used
in this study: coho from Spius Creek in 2004 an8%(nd coho from the Coldwater River in 2006. The
Coldwater coho released in 2006 had significanighér freshwater and early marine survival thentdel
Spius coho released in 2004 and 2005. Althoughingaras at the same hatchery facility, genetic or
disease differences between the stocks may be nsibpe for survival differences between the two. A
health assessment (Goede and Barton, 1990; Adaahs £993) should be conducted on wild and hatcher
populations in the Thompson watershed to determimether any physiological or health differences may
be influencing stock survival. The Coldwater cohergvalso given 1-3 extra days of recovery from etyrg
prior to release, and the release site was alderelift in 2006. These differences should be exasnine
further.

The endangered status of the Thompson River cokaheaight to be caused by over-fishing, low
marine survival rates and freshwater habitat ditamaThis is the first study of the freshwater\sual of
migrating Thompson River coho smolts. Our resudtsthree consecutive years using acoustic telemetry
provide evidence for poor survival to the mouthhef Fraser River during 2004 and 2005, and demnetmstr

a need for further research.
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Table 4.1Model selection results for recaptures-only suab{y) and detection probability) estimates.

Model Number of QAICc AQAICc Akaike
parameters weight
Detection probability sub-modéls
(P(seg-groupp(line-year+tag size+ flow Missioﬁ) 94 2384.8 0.00 0.98
(P(seg-groupp(line-year+tag size+ flow Port Manﬁ) 94 2392.8 7.96 0.02
(P(seg-groupp(line-year+tag size+ Julian d;y) 94 2400.9 16.11 0.00
P(segegroup(linesgroup) 160 2454.8 69.98 0.00
(P(seg-groupp(line-year+tag size) 93 2464.1 79.30 0.00
D(segegroupPlinesyear) 92 2496.7 111.90 0.00
Survival probability sub-models
(P(seg-group+JuIian release dago...) 95 2382.6 0.00 0.65
P(segegroup)(...) 94 2384.8 2.28 0.21
(P(seg-group+flow Missionp(...)5 95 2387.0 4.45 0.07
P(segegroup+TravelTimdp\...) 95 2387.0 4.45 0.07

! QAIC, values are adjusted for small sample sizes and-bitomial variation withC = 1.60.
2 Sub-models fop are compared while the fully time- (“seg") andupevarying CJS sub-model foris

held constanipseg.group)- Groups consist of separate combinations of sggstock, and year.
% Sub-models forp are compared while the sub-model fois held constant at the best model from the

above model Sep(line-yeaﬁtag size+flow Mission)

* Flow covariate terms specify thatestimates on receiver lines are dependent uporiiewater level
measured at either Mission or Port Mann guageostat{Environment Canada data) or upon Julian day.

See text.

® The flow covariate term specifies thatestimates in river segments are dependent uporivilewater
level measured at the Mission guage station astdme of each segment. See text.
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Table 4.2The number of fish (N) detected at riverine andineaPOST listening stations by year and tag
type, including their mean fork lengths (FL) anddiagé travel times (Jedia) to the lower Fraser lines.

Stock Year TagType N Mean FL (mm)  chian(Range)
Spius 2004 V9-6L 1/28 141 14 (14)
Spius 2004 V7-2L 1/12 127 18 (18)
Spius 2005 V7-2L 7/50 127 12 (8-23)
Coldwater 2006 V7-2L 24/100 124 10 (7-19)
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Table 4.3 Post-release detection locations, time to detediind fork lengths (FL) of acoutiscally tagged
Thompson River coho salmon smolts (NSOG is theheont Strait of Georgia, SSOG is the southern Strait
of Georgia).

Year Tag Type FL (mm) Location (Days Post-Release)

2004 V9-6L 141 Fraser R. (14)
2004 V7-2L 127 Fraser R. (18)

2005 V7-2L 125 Fraser R. (8)

2005 V7-2L 123 Fraser R. (12)

2005 V7-2L 128 Fraser R. (12)

2005 V7-2L 120 Pt. Atkinson (16)
2005 V7-2L 139 Fraser R. (23)

2005 V7-2L 125 Pt. Atkinson (23)
2005 V7-2L 130 NSOG (34-41)
2006 V7-2L 129 Fraser R. (7)

2006 V7-2L 131 Fraser R. (8)

2006 V7-2L 132 Fraser R. (9)

2006 V7-2L 132 Fraser R. (9), NSOG (47)
2006 V7-2L 130 Fraser R. (9)

2006 V7-2L 134 Fraser R. (9)

2006 V7-2L 127 Fraser R. (9)

2006 V7-2L 128 Fraser R. (9)

2006 V7-2L 129 Fraser R. (10)

2006 V7-2L 132 Fraser R. (10), Pt. Atkinson (1350G (38)
2006 V7-2L 133 Fraser R. (11)

2006 V7-2L 132 Fraser R. (11), Burrard Inlet (24)
2006 V7-2L 126 Fraser R. (15)

2006 V7-2L 125 Fraser R. (16)

2006 V7-2L 130 Fraser R. (16)

2006 V7-2L 126 Pt. Atkinson (17-21)
2006 V7-2L 130 Fraser R. (19)

2006 V7-2L 127 Pt. Atkinson (19)
2006 V7-2L 129 Howe Sound (25)
2006 V7-2L 132 NSOG (36)

2006 V7-2L 131 NSOG (37)

2006 V7-2L 125 NSOG (58)

2006 V7-2L 129 SSOG (67-121)
2006 V7-2L 130 NSOG (102)
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Figure 4.1 Geographic location of part of the POST acoustiayaand smolt release sites. The edge of the
continental shelf (200 m depth contour) is shovewwall as acoustic listening lines located in thaser
River, Strait of Juan de Fuca (JDF), the northaraitSof Georgia (NSOG), and the Queen CharlottaiSt
(QCS). Thompson River coho salmon smolts were seldat 1) Spius Creek and 2) the Coldwater River.
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Figure 4.2 Average April daily flow of the Thompson River fr01912-2006, as recorded at Spences
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Figure 4.3 Mark-recapture survival estimates and error barsThompson River steelhead trout, chinook
and coho salmon smolts during the downstream niggrdtom 2004-2006 by tag type, as determined by
the POST array. Chinook and steelhead data areblisped POST estimates (M. Melnychuk, personal
communication). Survival was estimated to near Rheser River mouth using V7 or V9 acoustic tags.
Standard error bars are shown. The smolts wereldf(W), hatchery (H) and unknown (U) origin, from
the Coldwater River (CR), the Deadman River (DR Nicola River (NR) and Spius Creek (SC) stocks.
The same model assumptions were used for chinodlsi@elhead as for coho (as described in the t&xt).
values were (from left to right) 53, 50, 50, 190109 for chinook, 31, 50, 57, 25, 26, 50, 38 teethead,
and 12, 28, 50 and 100 for coho.
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CHAPTER 5: Riverine, Estuarine and Marine Migratory Behaviour and Physiology of Wild and

Hatchery-Reared Coho Salmon Smolts Descending thea@pbell River, BC*

5.1 Introduction

During the 1990s, many coho salmon populations iiisB Columbia displayed their lowest
return rates on record (DFO, 2006). The mean retates of wild coho indicator stocks decreased from
10.2% (brood years 1983-1992) to 4.4% (brood y4&8@&3-2001). Mean hatchery indicator return rates
also decreased over similar periods from 6.6% &%2(DFO, 2006). Reasons for these declines are
believed to be related to their marine migratorfidhg@our and survival, however there is a scarcitgata
in this area (Pearcy, 1992; Brodeur et al., 200€arBish et al., 2003), particularly with respecthe less
abundant coho (Sandercock, 1991). Coho salmon te@ien-specific distribution patterns and diveiige |
histories (Weitkamp and Neely, 2002). As a restit difficult to generalise about the marine naitjon
patterns of coho salmon populations in BC.

Fisheries and Oceans Canada created a coho saklahely program in 1971 to enhance coho
salmon populations in the Strait of Georgia, BCo&ret al., 1991), and by 2001, 70% of the cohmal
caught in the Strait of Georgia were found to be&clmary-reared (Sweeting et al., 2003). Wild salmon
however, have generally been reported to be moaptad than their hatchery-reared counterpartseo th
natural environment. An important difference betweeld and hatchery-reared coho has been the superi
ability of wild fish to adapt to saltwater (Shrinoptet al., 1994). The Quinsam River, on Vancouskamid
(Figure 5.1) has populations of both wild and hatghcoho. Like many areas in BC, there is a lack of
information about the migratory behaviour and staliof Quinsam River coho. Previous studies have
shown that both hatchery-reared and wild smoltsuairg the Campbell River estuary to adapt to #ie s
water environment and grow larger before enterlng dacean (Levings et al., 1987). However, detailed
studies of the freshwater and estuarine migratarlakiiours of these fish, including the timing and

duration of habitat use of individual salmon smadt® lacking.

* A version of this chapter has been published.t@hiten, C. M., S. Sura, K. G. Butterworth,

K. F. Cubitt, N. Plantalech Manel-la, S. Balfry,®@kland, and R. S. McKinley. 2008. Riverine, esiuar
and marine migratory behaviour and physiology déiwind hatchery-reared coho saln®@ncorhynchus
kisutch(Walbaum) smolts descending the Campbell River, B&hada. J. Fish Biol. 72: 614-628.
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With the continual development of smaller acoutdgs, coded acoustic telemetry is successfully
being used to track the movements of salmon prdtsnmothe field (Moore and Potter, 1994; Johnstehe
al., 1995; Voegeli et al., 1998; Thorstad et al04£, Finstad et al., 2005). This technology canvid®
valuable information about individual fish and thieiteractions with the environment, enabling usréek
the movements of each stock and species. Linkirgyatary behaviours to key physiological measures of
readiness will provide insight into the survivates of salmon stocks. To better understand cohuoasal
marine survival, a field study was conducted toneixe the riverine, estuarine, and marine migratory
behaviour (speeds, direction and timing) of wilddamatchery-reared coho salmon smolts using coded
acoustic telemetry. If wild and hatchery-reared ksndiffer in terms of migration speed, timing and
physical condition, then they may have differentrim@ and freshwater survival rates. Releases were
conducted during daylight and after dark to deteemiwhether the time of day at release has an affect
migration behaviour and survival. The physical ddad and hematological properties of both wild and
hatchery-reared coho salmon smolts were also a&sbgs®r to their outward migration to estimateithe

physical fitness and readiness to enter the marnr@onment.

5.2 Methods
5.2.1 Study Area
The Quinsam River Salmon Hatchery is a major fddemaancement facility, producing coho
salmon, chinook salmon, pink salmon, steelhaad cutthroat trout. The Quinsam River is a tribyiaf
the Campbell River, which drains an area of 1,460 &n Vancouver Island (Figure 5.1). Mean flow rates
from 21 May to 6 July 2006 for the Quinsam were %twith a primary water level of 1.1 m (government
of Canada hydrological data). The mean temperatiuttee Quinsam during the surgeries was 14.4 °C.
The Quinsam River Salmon Hatchery releases appedrign 800,000 coho smolts each spring
from the hatchery, however the adult returns in®2@6d 2006 were below 5,000 individuals. From the
hatchery, the smolts travel 4 km down the QuinsaveriRthen 4km down the Campbell River to reach the
estuary. Since the late 1940s, a hydroelectric dpatream in the Campbell River has been controlling
flow rates. From 1 May to 30 June, the target flate was between 100 and 12&gh The tides ranged

from 0.4 to 4.3 m during the same time period. Taenpbell River estuary begins at the head of fdg,

89



km from Tyee Spit at the river mouth (Figure 5I1)s approximately 300 m across, with a sand aiad/ej
bottom. Marsh bench habitat has been constructatyahe intertidal margins of the estuary, some sub
tidal areas in the upper estuary have been plamitbdeel grass, and many floating docks provideecdor
fish. There is heavy boat and plane traffic inés&uary, with numerous predatory birds and mammals.

The Campbell River empties into Discovery Passageughly 2 km-wide stretch of ocean up to
350 m deep in the middle. Twelve kilometres northhe river mouth in Discovery Passage, is Seymour
Narrows —a dangerous stretch of water where tidakats can near 16 knots. To reach the northprafti
Vancouver Island, a smolt would have to travel RB0through Discovery Passage, Seymour Narrows and
Johnstone Strait from Campbell River. Ten kilometseuth of the river mouth, Discovery Passage opens
into the Strait of Georgia, which extends roughdpXm to the southern tip of Vancouver Island amal t

Strait of Juan de Fuca (Figure 5.1).

5.2.2 Acoustic Materials

Quinsam Hatchery coho salmon smolts were implani¢id V9-6L-R46K transmitters [VEMCO
Ltd., Halifax, Nova Scotia Canada, 9x20 mm, masaiir8.3 g, mass in water 2.0 g, frequency 69 K24z,
60 s]. Wild coho salmon smolts were surgically iamged with V7-2L-R64K transmitters [7x18.5 mm,
mass in air 1.4 g, mass in water 0.7 g, frequertkisz, 60-180 s]. Acoustic receivers [VEMCO Ltd,
Halifax, Nova Scotia Canada, model VR2] were sta along potential migratory routes to monitor the
smolts’ behaviour. The detection ranges of the sttoueceivers were determined in the Quinsam River
the Campbell River estuary and in the ocean, 1lkrthremd 1km south of the river mouth. During range
testing, four receivers were suspended at 1 m, 3mand 8 m from the surface. Two of the V9-6L-R46
transmitters were attached to a string, one at @xthone at 4 m below surface to simulate approxmat
smolt depth range. Two V7-2L-R64K transmitters walso attached to the same string at the samedglepth
The receivers were held stationary and the tramsreitvere suspended from a boat for five minutest
distances away. The receivers were downloadedvaftds to determine their detection efficiency a th
ranges tested. The detection ranges of VR2 receivere found to be 5-15 m (V7-2L) and 10-20 m (V9-

6L) in the Quinsam River, 100-150 m (V7-2L) and 28 m (V9-6L) in the estuary, and 200-300 m (V7-
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2L) and 300-400 m (V9-6L) in the ocean. Detectiamges fluctuated with changes in water current,
salinity, depth and substrate.

Following range testing, receivers [VEMCO Ltd, Ha%, Nova Scotia Canada, model VR2] were
deployed at various locations along the potentilocmigratory route (Figure 5.1). One VR2 was fastke
to concrete anchors in the middle of the QuinsameRunder the highway bridge, to record smolts just
before they entered the Campbell River. Two regsiweere located in the Campbell River estuary to
ensure complete coverage of its entire width. TR2 Viearer the western bank was attached to a diling
below the surface at low tide, whereas the eastank VR2 was fastened to a floatplane dock 1 mvibelo
the surface and held vertical with an anchor. T8teary receivers were suspended in 1.5-4 m of whtker
dependent).

Local knowledge assisted in site selection for itierine receivers. Areas that were known for
being smolt habitat were preferred. In the oceantexeivers were placed both north (1 km) and lsgt
km, 4 km) of the river mouth, on the east and vs@d#ds of Discovery Passage. They were suspended fro
floating structures (e.g. docks, buoys) 2 m belbe surface, with the hydrophone pointing upwards$ an
the attachment line held vertical by a 22.7 kg carvall 1 m below the receiver. Due to high boaffitra
and strong currents, it was not logistically poksito place any in the middle of Discovery Passagel,
receivers only covered half of the width of the gzage. Marine detections therefore, could be used to
determine initial swimming speeds and directionst bot survival, as not all of the fish were being
detected. In the ocean, the depths where receivers placed ranged from 4-100 m, and their dis&nce
from shore ranged from 50-150 m. During week senfetihe study, six receivers were re-located up@o 5
km north of the Campbell River mouth along bothesidf Discovery Passage to detect any fish trayelin
north. The receivers were suspended from floatingctires located 10 km NE (just south of Seymour
Narrows), 15 km NW (north of Seymour Narrows), 268 KW, 30 km NE, 40 km NW and 40 km NE of
the estuary (Figure 5.1). The receivers at 1 kmad# 4 km SE remained in place until all eight were
removed 23 August, 2006 (94/95 days post reled$e).POST project listening lines were also loc&éd

km south and 230 km north of Campbell River (Figbu®).
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5.2.3 Tagging Procedures

Hatchery-reared (n = 40) and wild (n = 40) cohomead smolts were surgically implanted with
coded acoustic transmitters on 21 and 22 May 26@® the Quinsam River Hatchery in Campbell River,
BC. Hatchery-reared smolts had a mean fork lenfittd@ cm, range 14.0-15.4 cm, and a mean mass of
29.3 g, range 25.4-35.5 g. Wild smolts (mean ferigth 13.5 cm, range 12.5-16.0 cm, mean mass 23.0 g
range 16.7-36.0 g,) were caught in a trap durimgy tthownstream migration in the Quinsam River and
were tagged between 24 and 48 hours post-captliref the fish caught in the downstream traps haens
at least six months in the Quinsam River systerarpgn capture. As the wild smolts were significgntl
smaller than the hatchery-reared smolts, the usemaller transmitters was necessary. The hatclery c
salmon had been reared at the hatchery since lthef 2004 and were scheduled to be released 24, May
2006. This was the third of three releases of cedlmon from the Quinsam Hatchery, timed to coincide
with the wild smolt out-migration.

The fish were anesthetised in 70 ppm buffered necanethane sulphonate (MS222, Syndell
Laboratories, Canada) and placed on the V-shapgérsutable ventral side up with gentle irrigation30
ppm MS222 over the gills. The tags were insertéd tine body cavity via a midline incision, anteriorthe
pelvic girdle. The incisions were closed using twterrupted sutures. Surgical tools were steriliaed
rinsed between surgeries with Ovadine (Dynamic A§ugply, Canada) and distilled water. The fish
recovered in outdoor holding tanks for 24 to 36 rsopost-implantation before being released. The
surgeries were performed on twenty wild and twdatichery-reared smolts each day.

The smolts were released in four groups of twengr dwo days, with each release including ten
wild and ten hatchery-reared individuals. Eachas¢éeday had two releases —one during daylight aed o
after dark. The releases were carried out 24 In aftegery from an in-river holding pen. The smol&sre
placed in the holding pen an hour prior to relems@ the pen gate was opened at the specified ecligas.
The fish were left to enter the river freely. Mahtracking was conducted in the river from the asle site
to the estuary 16 days post-release to searcmjoreamaining transmitters.

A separate laboratory trial was carried out to r@nsmolt survival and tag retention for three
months following surgery. Fourteen wild smolts bé tsame population and size group used in the field

study, were implanted with mock V7-2L tags. Fountéatchery-reared smolts were implanted with mock
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V9-1L tags. An additional ten fish from each growgre implanted with PIT tags. The mock V9-1L tags
were 4 mm longer than the V9-6L tags used in tledd fexperiment. The smolts were placed into a
communal outdoor tank, provided with aerated growatdr and fed daily to satiation for three monireg
drops and mortalities were recorded twice dailyt €fithe fourteen hatchery-reared smolts implantéd
mock V9-1L tags, eight expelled their tags nearehd of the three month trial. None of the wild #s10
expelled their tags, however four died near theartte trial. All the control fish survived, asddall of the

hatchery-reared smolts.

5.2.4 Physiological Sampling

Thirty wild and thirty hatchery-reared fish, takieam the same populations as the field study fish,
were euthanised in 120 ppm buffered MS222 to peddhealth baseline and compare their stage of
smoltification. Masses and lengths were measurati aomdition factors were calculated (Goede and
Barton, 1990). Blood was sampled from the caudalsels with a sterile syringe rinsed with lithium
heparin. Whole blood was collected for hematocatsurements (Klontz, 1994). The remaining blood was
centrifuged at 13,000 rpm for five minutes. Plaswas collected, stored on dry ice, then in a -80ré€zer
until analysis. Levels of plasma sodium, potassicaicium, chloride, glucose and lactate were measur
using a Stat Profile Plus 9 blood gas machine (NBwmanedical Corporation, MA). Gill samples were
frozen on dry ice and stored in a -80 °C freezdil IWa+K+-ATPase activity assays were conducted

(McCormick, 1993; Shrock et al., 1994).

5.2.5 Analyses

The time taken by an individual smolt to get frooirq A to point B was calculated by subtracting
the time of first detection at the arrival receivy the last detection time at the departure reseiv
Minimum time in the estuary was inferred as theetiitom the first to last detection by an estuageneer.
This included the time taken by some smolts torethie ocean briefly before returning to the estuHrihe
smolts were detected once only, they were givennémmm estuary residence time of one hour, which is
an estimate of the time taken for a smolt to passugh the estuary. The marine speeds were estirgte

dividing the distance between two ocean receivgrthb time taken to get from receiver A to B. As th
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smolts did not likely swim directly from receiverta B, these are minimum travel speeds. Outlieuesl
exceeding 3.0 " were not included in the calculations as they viengart due to strong ocean currents
at the time of travel. All means were quoted ab%onfidence interval, and significance was natiepl <
0.05. Migration data were compared using a onedsilBIOVA and two-sided Mann-Whitney U-test
(Mendenhall, 1971). Physiological measures werepaosed using a one-sided ANOVA, Levene’s Test for
Equality of Variance and the Independent SampléssTfor Equality of Means (Sokal and Rohlf, 1995).

Percent data (hematocrit) were arcsine transformied to statistical analysis.

5.3 Results

Of the 40 tagged wild coho salmon smolts, 39 (98%)e detected in the estuary. While 85% of
the 40 hatchery-reared smolts traveled past tisé fceiver 4km from release, only 80% survivedhi®
estuary. During their downstream migration in their@am River, eighteen wild and thirteen hatchery-
reared smolts were recorded by the first receldid smolts took significantly less time (mean 12H) to
reach the first receiver than the hatchery-reaneadlts (mean 32.34 h, p < 0.01, Z = 2.70, Figurap.Rlo
difference in time taken to reach the first receiwas found between wild or hatchery-reared coholtsm
released during daylight hours and those releated dark. Of the eighteen wild smolts detectedily
first receiver, fifteen (83%) were recorded tramgliafter dark. All of the hatchery smolts (100%)reve
detected by the first receiver after dark. Hatchered fish tended to spend more time near theveg
which was situated under a bridge at the confluesfcthe Quinsam and Campbell Rivers. Two of the
hatchery smolts spent 13h at the receiver togdbeésre continuing downstream. Four other hatchery
smolts spent one to six hours at the same loca@oty two of the eighteen wild smolts waited neae t
receiver; their length of stay was thirty to fiftyinutes.

The wild coho salmon smolts took less time to &rrat the Campbell River estuary than the
hatchery-reared smolts (p < 0.01, Z = 3.60, Figugb). Whereas hatchery-reared smolts took an geera
of 92.67 h to reach the estuary from release, wnhblts took only 35.56 h. No differences in surlviea
time taken to reach the estuary were found betvikersmolts released during daylight hours and those
released after dark. No significant difference fasd between wild and hatchery-reared smoltsrimse

of time taken to travel the 4km from the first reee to the estuary (mean 11.37 h for wild, 16.9fbh
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hatchery, p < 0.25, Figure 5.2c). No fish were deig in the Quinsam and Campbell Rivers when they
were tracked manually with a receiver on 6 Junes2Q®/16 days after the last release). Six (15%hef
hatchery smolts and one (2.5%) of the wild smolesennever detected; these fish were either removed
from the river by avian or land-based predatorsthey stayed in very shallow water near the bamids a
could not be picked up by the mobile or fixed reees.

Wild smolts spent less time on average (179.16nhthe estuary than hatchery-reared smolts
(274.05 h, p < 0.16, Figure 5.2 d). No significaiifferences in time spent in the estuary were found
between the smolts released during daylight hondsthose released after dark. The majority of thid w
smolts were detected in the estuary by 26 May 2@ days post release); for hatchery-reared ftik,
occurred five days later, on 1 June 2@B&ure 5.3). On 7 June 2006 (16/17 days post-seleahe
receiver was placed in five areas of the estuaryife minutes each. Seven fish were detected um &
the locations. The last known location of 22 (5584p and 19 (47.5%) hatchery-reared smolts wahan t
estuary.

The coho salmon smolts traveled both north (twelild, six hatchery-reared) and south (five
wild, seven hatchery-reared) in Discovery Passega the river mouth, along both the eastern andexes
shorelines. Whereas the hatchery smolts did naduiaeither direction, the majority of the wild coho
salmon smolts went north (Table 5.1). Two of thesetured south into Strait of Georgia before rahgn
to Discovery Passage. One wild smolt was deteckdken north of Campbell River at the north end of
Vancouver Island (Table 5.1). Twelve wild fish weatetected in the ocean between 23 May (two days
post-release) and 30 May 2006 (nine days postse)edlo hatchery-reared fish was detected in tlearoc
until 30 May 2006. Six marine bays north of the @aell River mouth were checked for five minutesteac
on 6 June 2006 (15 days after the last releas@séltvere at 4 km (on both the east and west didkim
(east side only), 16 km (east and west side) ankii2@orth (west side only). Only one fish was dtdc
4km north of the estuary on the east side of ttes@&®ge. The estimated average minimum marine speeds
after removing outliers over 3.0-6f were 0.67 + 0.85 K™ (n = 13), and 0.31 + 0.08-bf" (n = 3) for wild
and hatchery-reared coho salmon smolts respectivgdich was not significantly different. The wildhé
hatchery smolts that were last detected in theroge=re not significantly different in terms of bodize

from their original populations.
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The wild smolts were smaller than hatchery-rearemls in terms of mass, fork length and
condition factor, and had more variability in dif¢e (Table 5.2). Furthermore, the wild smolts hagher
plasma levels of sodium, potassium and chlorids,iand less lactate. The wild and hatchery-reareslts
had similar hematocrits, calcium and glucose ley&lble 5.2). The gill Na+K+-ATPase activity foreth

wild smolts was significantly higher than that béthatchery-reared smolts (Table 5.2, Figure 5.4).

5.4 Discussion

Coho salmon are known to reside in surface wateds lzave highly regionalised migration
patterns (Weitkamp and Neely, 2002). Coded-wirgeagcoho smolts from the Quinsam Hatchery were
caught both north and south of Campbell River du@006 (R. Sweeting, pers. comm.) However, prior to
this study the early migratory movements of wildl dratchery coho smolts were relatively unknown for
the Campbell River. The importance of the CampRalkr estuary to coho salmon out-migration was also
a topic of interest, as its restoration has beemnamunity priority for the past twenty years.

The differences found in the migratory behavioumdlfl and hatchery-reared smolts may be due
to the local experience of the wild fish, to physiadvantages they may have, or both. A study tof and
hatchery-reared steelhead smolts found that thehégt-reared fish had lower gill Na+K+-ATPase atyiv
(Hill et al., 2006), making them less adapted tteBng the marine environment. Hatchery-reared coho
salmon smolts have also been found to have signifig lower salt water tolerance than wild smolts
(Shrimpton et al., 1994). As the wild smolts deslteg the Quinsam River had higher gill Na+K+-ATPase
activity, they were likely more physiologically mato enter seawater than the hatchery-reared smolt
Plasma sodium, potassium and chloride levels of@hasam River wild coho salmon smolts were also
significantly higher than levels in hatchery-reasedolts, and were higher than estimated normalesng
(Wedemeyer et al., 1990). These blood electroliiage been found to rise with high exercise levels i
fresh water (Graham et al., 1982), which may réflbe higher physical activity of the wild smoltstheir
downstream migration prior to capture. The wild #mavere likely exercising more than the hatchery-
reared smolts, which may have increased their svimgrabilities. The lower condition factor of thelei
smolts is further evidence that they may have lesd body fat content and a higher level of physical

fithess than hatchery smolts. Plasma lactate cdratems were significantly lower in wild fish, wtti is a
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sign of elevated stress levels in fish commonlyoaisged with smoltification (Pankhurst and Dedualj,
1994). The higher variability of wild smolts oveaitbhery-reared smolts in terms of mass, lengthdition
factor and various plasma electrolytes, supporidiffigs from Taylor (1986). Hematocrit values were
within normal range for healthy coho salmon (Wedgeneet al., 1990). Physiological assessments
therefore demonstrate that wild coho smolts, whifaller than hatchery-reared smolts, were perhaps m
physiologically fit and ready to enter the marimeieonment. Further studies could evaluate theuarite

of the wild smolts’ local experience on the diffeces found in the migratory behaviour and survial
wild and hatchery-reared smolts.

If hatchery-reared smolts are slower and less phifgiadapted to their environment than their
wild counterparts, they may suffer higher mortatityes, especially in predator-rich areas likedastiary.
Some studies have found hatchery-reared Atlantiltsnto be less aggressive (Metcalfe et al., 2G0R)
have higher mortality rates in marine environmeh#n wild smolts (Jonsson et al., 2003), wherehsrot
research found no difference between the two (Lir@od McCurdy, 1996; Voegeli et al., 1998; Thodsta
et al., 2006). Wild coho salmon smolts releasedh& Quinsam River had higher survival rates to the
estuary than the hatchery-reared smolts, arrivingignificantly less time, and entering the ocearlier.
Rhodes and Quinn (1998) suggest that wild smoltg lbeaout-competed by more dominant and agonistic
hatchery-reared coho salmon. However, the reasothéo higher speeds of wild Quinsam coho salmon
smolts was more likely to be due to their physigdafadvantage over the hatchery-reared smolts.

Campbell River's newly rehabilitated estuary wasnio to be of great importance, particularly for
the hatchery-reared smolts. Wild smolts spent akwae average, and hatchery-reared fish nearly two
weeks in the estuary before heading out into theaoncBeach seining conducted in the estuary by the
Campbell River Department of Fisheries and Oceamingl the same period that the tagged fish were
detected, also found large populations of coho salsmolts and an abundant food supply for them (S.
Anderson, pers.comm.)

Receivers placed north and south of Campbell Raleng both sides of Discovery Passage
(Figure 5.1) detected out-migrating coho salmon l@mtraveling in both directions and along both
shorelines. A greater number of wild smolts werst ldetected north of the Campbell River estuary,

whereas the hatchery smolts were roughly divideenlgvbetween north and south (Table 5.1). This
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northward migration of coho smolts out of the CaripRiver may help to explain the relatively lower
recapture rates of Quinsam coho in the Strait obr@ia (Beamish, 1999). Some of the monitored fish
traveled back and forth across Discovery Passaghpwt having one direct migration pathway out of
Campbell River. Results from this study suggest tihare is more than one migration route for thigk.
Accurate marine survival measurements were notilplesdue to incomplete receiver coverage, however
more wild than hatchery-reared individuals wereed&td in all three environments (river, estuary and
ocean). This is likely a reflection of the grediaress of the wild smolts in the freshwater enairent, as

well as their physical readiness to enter the o¢€dla et al., 1998). Wild smolts were calculatechawve
twice the average marine swim speed of hatchemgdesmolts. Swim speeds were based on the shortest
possible route between two points, so could haea bederestimations of the actual speeds. Curveis
constantly fluctuating and changing direction witldiscovery Passage, which would have also affected
actual swim speeds. Therefore, some of the extsemlelated swim speeds noted may have been due to
predation, or simply to ocean currents. Large paipuhs of harbour seal®fioca vitulina)in Discovery
Passage could be a major contributor to high emdyine mortality rates of salmon smolts leaving the
river. There is also a possibility that these manmammals may favour the larger, fattier hatchegred
smolts over the wild smolts, which would furthecri@ase the post-release mortality rates of hatehery
reared smolts.

The V9-1L dummy tags used in the tag effects tkiaie 4 mm longer than the actual tags used in
the field work (V9-6L), which may have increaseiltexpulsion rates. Wild Atlantic salmon have been
found to be more affected by the tagging procethme hatchery-reared fish (Peake et al., 1997).Wiltk
coho salmon smolts in the tag effects trial mayehhad elevated stress levels due to their unfanitylia
with the hatchery environment, feed, and handlifigey could have also been stressed from being held
back from entering salt water during smoltification

This first study on Campbell River coho salmon gsioded acoustic telemetry found significant
differences in the physiology and migratory behaviof wild and hatchery-reared coho salmon. The
differences found could be useful in future hatghmanagement and planning, if post-release surdfal
hatchery fish is a concern. The time of day atasdedid not affect the survival and migratory bédavof

coho salmon smolts, and both hatchery and wild srmleferred to travel downstream after dark. The
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Campbell River estuary was found to be importantdbo salmon smolts, with both wild and hatchery-
reared smolts using it as their primary habitatdeer one week on average before entering the o¢ean
the marine environment, the fish traveled north smgth from the river mouth on both sides of Disrgv
Passage. Long-term studies correlating marine wirvilata with the early marine behaviour and
physiology of wild and hatchery-reared coho salnama crucial to the effective management of coho

salmon populations.
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Table 5.1Marine behaviour of smolts by day post-releasg &pd distance from estuary (dfe).

Final Dir. North South

Wt(g) FL(cm) Days Location Wt(g) FL(cm) Days Location
(p1) (dfe) (p1) (dfe)

Wild 20.5 13.0 15 1 km NW 22.8 13.3 2,3 1 km SW
23.5 13.5 9 1 km NW 18.5 12.8 1,2 1 km SW
21.2 13.1 7 1 km NW 22.0 13.1 4-10 1 km SW
23.2 13.2 6 1 km SW 20.3 12.8 13-17 4kmSE

7 1 km NW 41 4 km SW
21.4 13.5 3 1 km NW 18.5 12.5 12-14 4 km SE
32.8 15.2 1-4 1 km NW
28.0 14.5 5-9 1 km NE
18 12.5 3 4 km SE
4 1 km NE
16.7 12.5 10-26 4 km SW-
1 km NE
22.5 13.3 28,29 50kmsS
39 1 km NW
50 3 km NE
21.3 13.0 13 1 km SW
55 33 km NW
315 15.2 22-43 50km S
53 230 km N
Hatchery 29 14.4 16 1 km NW 32.0 14.4 10 1 km NW
11 1 km SW
28.3 14.0 11, 12 1 km NW 275 14.3 10 1 km NW
11, 12 1 km SW
28.8 14.0 9 1 km NW 35.5 15.1 22 4 km SW
28.3 14.0 16 1 km SW 34.2 14.7 16 4 km SW
17 1 km NE
27.2 14.0 16 5 km NE 29.0 14.0 16 4 km SW
17,18 1 km NE
20-22  4kmSW
28.5 14.0 30, 31 12 km NE 25.7 14.0 13 1 km SW
21-24 50kmS
254 14.0 22 1 km NW
41-55 50kmsS
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Table 5.2 Physiological characteristics of wild (W) and hery-reared (H) coho salmon smolts
(significant differences are denoted by a *').

n Mean SD F df p
Séltlixi\ilt?/Jr(ﬁKA-AATDpFisrﬁg w 19 9.39¢ 432 1583 38 <001
protein/n) H 20 5.13* 2.02
i *
cdum s W o 1072 4928 o7 114 <o
i *
coessimpesna W e S0 22 000 sse0 o002
i *
Crerec pesma W 1o 183 2 o wa oo
Carmipesme W o 0% 0% 5 mm o
Cuesseplama W0 80 30 1oz oo
*
e pesne. W18 218 0% pes ze <o
Hematocrit XY ;g 833 882 0.58 38.00 0.06
i N )
cotion 298 TR sy sk <onm
Mass (g WS 2014621 4140 gy <oon
Fork length (cm) VHV 22 ggg: ég? 2155 75.66 <0.01
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Figure 5.1 The study area, including the Quinsam and Camghigltrs, the Campbell River estuary and
Discovery Passage. The release site and the heaat®dihe (T) for the Campbell River estuary anewn,
as well as all receiver (VR2) locations and distantom the Campbell River mouth. POST listenimgdi

are shown in grey on the Vancouver Island map.
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Figure 5.2 Time spent in hours by hatchery-reared (H) andl @) coho smolts (a) from release (R) to
the first receiver (Q), located 4 km downstrearthatconfluence of the Quinsam and Campbell Riy@)s,
from R to the estuary (E), (¢) from Q to E and\dthin the estuary (from the first to last estudstection)
including ANOVA diamonds (means + 95% CI; diamonddtv represents samples size). Significant
differences noted in a and b.
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Figure 5.3 Relative number of smolt detections over timehi@a Campbell River (circle), estuary (square),
and ocean (triangle) environments for a) wild apfidtchery-reared coho.
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CHAPTER 6: The Use of Acoustic Tags to Determine #h Timing and Location of the Juvenile Coho

Salmon Migration Out of the Strait of Georgia®

6.1 Introduction

The Strait of Georgia, British Columbia (Figure Y6tistorically supported a strong recreational
and commercial fishery for coho salmon (Beamishl.et1999). Prior to the early 1990s, coho salmenew
fished from early spring through to the fall whéey returned to the rivers to spawn. However, theima
survival of coho salmon declined from about 10%ttie mid-1980s to about 2% in the mid-1990s
(Beamish et al., 2000; Beamish et al., 2004). Teisline has continued, with an average marine galrvi
for coho salmon of 1.4% between 1996 and 2004 (Bsasat al., 2008). Coho salmon within the Strait of
Georgia exhibited major migratory changes in regaars. Beginning about the mid-1990s, young coho
salmon left the Strait of Georgia and did not retduring the normal fishing times in the next year
(Beamish et al., 1999). This change in behavioom@hwith some regulatory changes essentially etited
once lucrative recreational fishery.

Studies have been conducted that linked changesiime survival of salmon with fluctuations in
climate and ocean conditions (Beamish et al., 26@0¢ and Mantua, 2000). These changes were related
to the larger-scale regime shifts as well as sfpefattors driving changes in the local ecosystBeamish
et al. (2008) conducted a long-term study on theab®ur and survival of juvenile coho salmon in the
Strait of Georgia between 1997 and 2006. They usedified midwater trawls to examine the growth and
distribution of the juveniles. The changes in tlwpylation dynamics that they reported dependechen t
juvenile coho salmon remaining in the Strait of @g@ through September. This determination wasdase
on the estimated abundance of juveniles caughhénStrait of Georgia in September, coded wire tag
(CWT) recoveries within the Strait and the lack@#Ts from Strait of Georgia hatcheries recovered in
surveys in regions outside of the Strait (Beamishllg 2008). It was important to be certain thah@
salmon remained in the Strait of Georgia past Seipte because if juvenile coho salmon were reaing f

extended periods in the Strait of Georgia it wolsdthe conditions within this area that were caitifor

® A version of this chapter has been submitted édolipation. Chittenden, C. M., R. J. Beamish, C. M.
Neville, R. M. Sweeting, and R. S. McKinley. 2008 use of acoustic tags to determine the timirty an
location of the juvenile coho salmon migration ofithe Strait of Georgia, Canada. Trans. Am. F&ict.
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their marine survival. For example, using the alame# estimates from the trawl surveys, and the
assumption that the majority of the coho salmonewearing in the Strait of Georgia, they estimatet

on average, only 10% of coho smolts entering tmaitSn the spring survive to mid September andyonl
13% of these subsequently returned as adults.pidus early marine survival compares with low estada
freshwater survival rates of 0%-51% (Chapter 4) higther estimates of 75% to 98% (Chittenden et al.,
2008a; Kintama Research Corporation, 2006). Thes,etarly marine portion of the coho lifecycle is of
critical importance to overall population abundanoéreturning adults. The objective of this stwags to
use acoustic tags to obtain the specific datesdblad salmon leave the Strait of Georgia as welhas

direction of this out-migration.

6.2 Methods
6.2.1 Catch and Release

Juvenile coho salmon were caught in the Strait @r@ia during July and September 2006 using
a 150 m purse seine with a small mesh bunt (6 riim. fish were removed from the seine with a small
mesh (8 mm) dip net. To minimise scale loss andllvag stress on the fish during sorting, surgerg an
release, Vidalife and MS222 (Syndel Laboratorieanabuver, Canada) were used during handling. For
identification the fish were partially sedated iseawater bath containing 20 ppm MS222. Once fifikethti
the salmon were transferred to a tank with cir¢ogpsea water.

For tagging, coho salmon were anaesthetised inpd® [S222. They were surgically implanted
with VEMCO V7 (7 x 19 mm) and V9 (9 x 21 mm) acaadtransmitters using methods described in
Chittenden et al. (2008a). In this study V7 and tehsmitters were implanted in coho salmon with a
minimum fork length of 12 cm and 17 cm respectively previous tag effect trials had shown no chamge
survival, growth, swimming performance or physiglofpr coho salmon this size (Chittenden et al.,
2008b).

The presence (mostly wild fish) or absence (altheaty fish) of adipose fins on the coho salmon
was recorded for all fish tagged, however, there m@attempt to tag a specific number of any oaeng
type. Following surgery, each fish was allowed ¢égaver in a circulating sea water tank until normal

swimming behaviour was resumed. They were theraselé in the region they had been collected. Tags

110



were estimated to be active for approximately 200) to 400 (V9) days. In this study we assumed #fat

tags were active until February 2007.

6.2.2 Receiver Arrays

The Pacific Ocean Shelf Tracking project has eithbtl a number of receiver arrays in the
vicinity of the Strait of Georgia (Figure 6.1). Teearrays are maintained by POST and provide dmtect
information to researchers using acoustic tag telclgy in their research. The POST arrays were desig
to have as close to 100% detection efficiency asipte. Data from range testing indicated thatifficy
averaged 83% (Kintama Research Corporation, 200@re are three major arrays in this region. These
major arrays completely transect the waterwaysignog information on the movement of fish in and ou
of the Strait of Georgia. In this study we call #bemajor arrays, lines. The Juan de Fuca Strait lin
transects the Juan de Fuca Strait 340 km to thénwest of our release site (Figure 6.1). Fish detkat
this line left the Strait of Georgia to the souttdavest. The Queen Charlotte Strait line is locateQueen
Charlotte Strait, 280 km from the release sitdatrtorthern tip of Vancouver Island (Figure 6.1)narked
the northern exit point for this study. The thirsténing line in the northern Strait of GeorgiaTatxada
Island (Figure 6.1) was located north of our taggsite. In addition there were receiver arrays tiedan
Discovery Passage, in the southern Strait of Gapegid at the Vancouver Aquarium and Marine Science
Center/Fraser River (Figure 6.1). These additiorakivers did not completely transect any waterway.
However, they did provide information and addedfigation on general directional movements of some
of the tagged coho salmon during the study. Deirctif fish at these additional arrays along with th
northern Strait of Georgia line are all reportedsasit of Georgia. POST receiver arrays on thet weast
of Vancouver Island, Washington and Oregon werel tseobtain information on fish movement outside
the Strait of Georgia. The Cascade Head line ofOofgon was 750 km from the release site and the
Willapa Bay line off the Washington coast was 569 fkom the release site (Figure 6.1). The LippynPoi
line is off the west coast of Vancouver Island avaks 780 km from the release site (Figure 6.1). &hes

lines extend from the shoreline to the continesite|f.
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6.2.3 Analyses

Differences in migratory behaviour due to body sim¥e examined by dividing coho salmon from
each tagging period into four length groups (averagverage + 1 SD, average - average - 1 SD, g&vera
average + > 1 SD, average - average - > 1 SD).yAsabf movement was based on the last major fine t
detected the fish and was divided into three gro8prsit of Georgia (SOG), Juan de Fuca Strait {J&re
Queen Charlotte Strait (QCS). Fish that were nele¢ected were included in the Strait of Georgial$ot
Directional differences between length groups wemmpared using the Chi-square test. Significance wa

established at p < 0.05.

6.3 Results
6.3.1 Early and Late Summer Releases

From 17-19 July, 94 coho salmon were tagged and/ét@ tagged from 11-13 September. The
mean fork length of the fish tagged in July andt8eyber was 190 mm (SD = 26 mm) and 253 mm (SD =
25 mm) respectively. The number of tagged fishaetbat least once was 66 for the July group anib65
the September group. There were 4 coho salmontddtet the Queen Charlotte Strait line that were
tagged in July (Table 6.1) and detected betweedu®b and 11 September 2006. One fish was detected
over 50 times. There were 14 coho salmon detedtdtbaluan de Fuca Strait line that were taggelliiy
(Figures 6.2, 6.3). These detections occurred méstn October to December 2006 (Figure 6.2). Fisk
were detected here more than 20 times. None off¢héish tagged in September were detected at the
Queen Charlotte Strait line (Figure 6.3). Forty-aiehe coho salmon from the September tagging were
detected between October 2006 and April 2007 aftiae® de Fuca line (Table 6.2). The largest nuraber
individual detections (26) occurred here in Novemlbgsh that were tagged in July had an earlierrmea
date of travel out of Juan de Fuca Strait (9 Nowem#906) compared to the fish tagged in Septenter (
December 2006) and spent less time near the Ju&uate Strait line (6 £ 12 days compared to 36 + 44
days).

There were 48 fish from the July tagging and 24 fiem the September tagging (a total of 72
fish) that were detected but did not leave theitStfaGeorgia. There were 28 fish from the Julydimg

and 14 fish from the September tagging that wekemdetected. If all of these detected and notatede
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fish remained in the Strait of Georgia, then 11466% of the tagged coho salmon probably did notdea
the Strait of Georgia (Tables 6.1, 6.2). Of thefigB that were detected in the Strait of Georgi& ot
outside of the strait, 65 fish were detected befareuary 2007. Of the seven fish that were detdatedin
2007, two were last recorded in January 2007, orieebruary 2007, two in March 2007 and two in April

2007.

6.3.2 Detections in Relation to Length

Six of the 94 coho salmon tagged in July were mgs$he adipose fin indicating that they were
from a hatchery. In September, 18 of the 79 colhm@atagged were missing their adipose fin indiogti
they also were hatchery fish. Therefore, there v8&eand 61 tagged coho salmon that did not have the
adipose fin removed in July and September respagtiThe average length of the fish with an adipiose
in July was 190 mm. These fish were smaller than @hhatchery chinook salmon (average 201 mm),
however the difference was not significant (t-tgst; 0.05). In September, the average length afiiigh
an adipose fin (251 mm) was significantly smallert fish with the adipose fin removed (263 mm st;tp
< 0.05). Because the size of the fish with a clip@elipose fin was larger and the number of these
individuals was small, only coho salmon with anpadie fin were used to examine relationships between
length and movement out of the strait.

There was no relationship between the percentadjistofn the four size groups (Table 6.3) and
the percentages that were detected leaving thi¢ @& square p > 0.05). All fish from the Julygtang,
detected at the Juan de Fuca Strait line were fhemmwo mid-sized length groups. The largest paeaggn
of coho salmon that were tagged in September atetteel at the Juan de Fuca line was also from the m
size group. None of the fish in the smallest sizaig in July were detected outside of the StrafEebrgia.
There was no significant difference (t-test, p 89).in the mean fork length of all the fish taggeatither
July (192 mm) or September (248 mm) and the fislhWere eventually detected leaving the straiti{diea
Fuca Strait and Queen Charlotte Strait lines, 196 amd 249 mm respectively, t-test, p > 0.05). Fish
tagged in July that were not detected were sigamfiy smaller (180 mm) than those that were detkecte
leaving the Strait of Georgia (189 mm, t-test, §.85). This relationship was not significant fatfitagged

in September. Of the 10 largest July release fislf45.5%) were detected on receivers in Discovery
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Passage or on the Queen Charlotte Strait line, eglsenone of the smallest 55 fish were detected on
northern receivers. The four fish detected from by tagging at the Queen Charlotte Strait lingewve

from the two largest size groups.

6.3.3 Local Movements

Of the July releases, 15 fish (10%) were detecyeithd eight scattered receivers in Discovery
Passage during late summer (Figure 3). Of thebeffisir were detected three to six days lateraQheen
Charlotte Strait line. The distance between the®isry Passage receivers and the Queen Charlodtie St
line was approximately 180 km, indicating a minimepeed of 36 km per day. Six of the fish that tredre
north during the summer were detected back in thet®f Georgia during the fall, two of which were
later observed in the Juan de Fuca Strait duringléec and November.

One of the tagged coho that was detected in the deduca Strait 29 July 2006 returned to the
southern Strait of Georgia the next day to a rexgeat the Vancouver Aquarium and Marine Science
Centre. It then returned to the Juan de Fuca Simnai?2 August 2006 and was detected there neadyy
day until its final detection 1 October 2006. Anemttiish was detected in August and September moving
between the southern Strait of Georgia array aedtian de Fuca Strait line, remaining at the Jedfuda
Strait line from 7 September to 23 October 200&rafhich it was not detected again.

Fish that were detected in the Strait of GeorgimnlJde Fuca Strait and Queen Charlotte Strait
were recorded for an average period of 33 + 48 ,d2§st 40 days, and 16 + 19 days, respectively. The
average time of residence near the northern Stf&teorgia detection area was 20 August to 30 Sapte
2006 for the July releases (n = 49), and 18 Septemabll October 2006 for the September releases (n
39). The average time of residence near the JuaRuda Strait detection area was 6 November to 12
November 2006 for the July releases (n = 16), ah@lldvember to 19 December 2006 for the September

releases (n = 41).

6.3.4 Long-Range Movements

Seven of the fish that left the Strait of Geordieotigh Juan de Fuca Strait (three from the July

release group and four from the September releemgpp were detected on the outer coast; one was at
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Lippy Point 23 days after the last detection onihan de Fuca Strait line (26 December 2006), aed f
were at Willapa Bay, in Washington State near tbu@bia River, between 24 and 103 days (21 January
to 15 April 2007) after departing the Juan de Fatait (Figure 6.1). The fish detected at LippyrRddok

23 days to travel approximately 360 km, or 15.7genday. One of the fish detected at Willapa B&yt(?

25 January 2007) was recorded 33 days later batlealuan de Fuca line (27 and 28 February 20088. T
average time taken to travel the 220 km betweedtla@ de Fuca Strait line and the Willapa Bay Vires

57 + 28 days, or 3.9 km per day (n = 6). One ofuhelipped coho released in July was detectedeat th
Cascade Head line off of Oregon (Figure 6.1) frdml@nuary to 1 February 2007; however it was neithe

detected at the Juan de Fuca Strait line nor atleen Charlotte Strait line.

6.4 Discussion

Most coho salmon that left the Strait of Georgigymaied out through Juan de Fuca Strait from
October to December. The percentage of fish detesit¢he Juan de Fuca Strait or Queen Charlottat Str
lines from the July tagging was smaller than frdma September tagging probably indicating a higher
mortality of these fish. Beamish et al. (2008) shdwhat the mortality of juvenile coho salmon friime
time of entry into the Strait of Georgia to mid-8&apber 2006 was approximately 90%. We could not
determine the reason that about 30% of all fiskyéalgn July were not detected, but it is probabéa these
fish died. The few fish from the July tagging thadre detected at the Queen Charlotte Strait lireet
there shortly after they were tagged (within 17gJafither they were migrating north when captuied,
the tagging stimulated the migration. It is notgibke to determine which possibility is correctwaver,
the behaviour is anomalous in relation to the garn@attern of migration.

Beginning in early October, most tagged coho salimegan to be detected at the Juan de Fuca
Strait line indicating a movement through Juan deaFStrait. The reasons for the earlier arrivaheffish
tagged in July could be a result of the differestidviour of stocks, but this is only speculation.

Only 4% of the fish that were last detected in $tiit of Georgia were recorded after December,
indicating that most of the tagged juvenile cohtmsm left the Strait of Georgia before winter, aedl
This observation is consistent with the resultt@ivl studies (Beamish et al., 2008), that showery vew

juvenile coho salmon in the Strait of Georgia aftee winter of their first ocean year. If there was
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tagging mortality, or minimal tagging mortality, cardetections were approximately 100% (Kintama
Research Corporation, 2006), then the natural iityrtaf all tagged coho salmon in the Strait of Gga
was 66% prior to their first ocean winter. Muchthis mortality occurred between July and September,
only 19% of the fish tagged in July survived toveahe strait, compared to 52% of the fish tagged i
September that left the strait.

In general, we did not observe a significant retahip between the size of coho salmon that were
tagged and a movement out of the strait. We obdetlat the smallest fish tagged in July were not
observed leaving the Strait of Georgia and presiyrdibd. The few fish from the July tagging detects
the Queen Charlotte Strait line were in the larggze groups but the sample size (4) was too stall
determine if this was significant. We also foundttithe undetected fish from the July tagging were
significantly smaller than detected fish leaving #irait. There is a possibility that the smaltagged fish
had the highest mortality within the strait but thember of fish tagged may have been too smalkteat
size related survival trends. Beamish et al. (2068prted that there was no relationship betweenaae
size of juvenile coho salmon in the Strait of Gémrip September and average marine survival. This i
similar to our observation of no apparent relatiopsbetween average size in September and average
marine survival.

The detections of fish at the POST arrays along/flashington and Oregon coastline is consistent
with previous reports that indicate that about 10%cStrait of Georgia hatchery coho salmon were
recovered in fisheries in this region (Weitkampakt 1995). One fish that was detected at the Gsca
Head line near the Columbia River (Figure 6.1) was previously detected crossing the Juan de Fuca
Strait line or the Queen Charlotte Strait line.sTbduld be either an error in detection at the Gdediead
line or a missing detection at the other two linklshough there exists a low probability of tag efgtton
errors, the data were checked. The frequent detectif some individuals at listening lines couldigate
that the receivers may attract prey and thus ato@ito salmon in a similar fashion to aggregatingatat
fish aggregating devices (Marsac and Cayré, 1998).

Our observations that juvenile coho salmon remaingte Strait of Georgia late into the year and
then left through Juan de Fuca Strait just priowioter identifies a migratory pattern of coho thiiffers

from those in Puget Sound (Beamish et al., 2008hoCsalmon in Puget Sound virtually all leave in
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August and migrate out through the Juan de FuatSthe reasons for the different timing of migpat
are not known, but may relate to their marine glowates (Beamish and Mahnken, 2001). The
simultaneous movement of most coho salmon latdényear in the Strait of Georgia and in August in
Puget Sound may be an indication of a common méstmathat regulates their migration. It is probable
that the mechanism relates to their physiologicaddition and is associated with climate impactstion
dynamics of each ecosystem. Understanding why ftigeation timing is different may help identify the
factors that regulate migration. Thus, it would ibgortant to repeat our study with larger samplés o
hatchery coho salmon and with coho salmon taggeduiget Sound in July as well as in the Strait of
Georgia.

Prior to the mid-1990s there was a higher percentafgcoho caught outside of the Strait of
Georgia in years of high Fraser River flow but theras never a period when virtually all juvenildhco
salmon left the Strait of Georgia and did not netuntil late in the next year (Beamish et al., 19%was
proposed in Beamish et al. (1999) that coho salwene migrating south and out of the Strait of Génig
the fall, but it was not until this study, usingoastic tags, that we could verify the percentagehef
population that took this route and that the movenoecurred very late in the year. This informatien
vitally important to our efforts to understand wthe marine survival of these coho salmon is deajni
(Beamish et al., 2008) because it confirms thatgsees within the Strait of Georgia are causing the
variations in early marine survival rather than fheenile abundance changes being a consequence of
movement out of the study area.

The reasons for the change in behaviour in the 18@Ps were thought to be related to climate
and ocean effects (Beamish et al., 1999). Howetliermechanisms remain to be discovered. It is plessi
that there have been stock composition changestirgsin the population of coho salmon in the StiHi
Georgia consisting of a larger percentage of stdabks had a tendency to migrate out of the Strait o
Georgia late in their first marine year. An acouistigging study combined with DNA stock identificat

would be an excellent study to determine if theeesdock specific differences in movement.
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Table 6.1The percentage of coho salmon tagged in July 20@6detected in the Strait of Georgia (SOG),
or at the Juan de Fuca (JDF) or Queen Charlotet QCS) lines. Detections are recorded as the las
observed detection each month. Individuals thatewesver detected (29.8%) were included in the SOG
group.

Month SOG QCS JDF
July 95.7% 2.1% 2.1%
August 92.5% 4.3% 3.2%
September 92.5% 4.3% 3.2%
October 90.4% 4.3% 5.3%

November 84.0% 4.3% 11.7%
December 79.8% 4.3% 14.9%
January + 79.8% 4.3% 14.9%
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Table 6.2 The percentage of coho salmon tagged in Septe2®@8 detected in the Strait of Georgia
(SOG), or at the Juan de Fuca (JDF) line. Detestiame recorded as the last observed detection each
month. Individuals that were never detected (17.v#)e included in the SOG group. None of the fish
tagged in September were detected at the Queeto@a&atrait line.

Month SOG JDF
September 100.0% 0.0%
October 86.1% 13.9%

November 63.3% 36.7%
December 49.4% 50.6%
January + 48.1% 51.9%
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Table 6.3The number (n) of coho salmon detected at thagbtraf Georgia arrays (SOG), Juan de Fuca

line (JDF) and Queen Charlotte Strait line (QCS)e iumber of coho salmon not detected (ND) are also

indicated. The detections are divided into lengthugs by the number of SD above and below the mean

FL for the a) July (189 mm) and b) September (2%0) fagging groups. Fish that were known to be of

hatchery origin were omitted.

a) July

Length Group FL (mm) n ND SOG JDF QCs
<1SD 120-162 15 8 7 0 0
Mean - 1 SD 162-189 24 10 0
Mean + 1 SD 189-216 35 6 24 4 1
>1SD 216-241 14 5 6 0 3
Total 88 24 47 13 4
b) September

Length Group FL (mm) ND SOG JDF
<1SD 212-227 4 1 2 1

Mean - 1 SD 227-248 26 18

Mean + 1 SD 248-269 25 11
>1SD 269-293 6 0 3 3

Total 61 10 18 33
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Juan de Fuca Strait). The location of other arfaythe Strait of Georgia and the arrays on the weast
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Figure 6.2 The number of coho salmon from the July releasmigetected by month in the Strait of
Georgia (SOG) and outside the SOG in the Queenl@t@Strait (QCS) and Juan de Fuca Strait (JDF)
during 2006 and 2007.
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CHAPTER 7: General Discussion

The objective of my dissertation was to identifyy kmortality areas and analyse the migratory
behaviour of juvenile wild and hatchery coho inaileusing acoustic telemetry. The use of acoustic
telemetry in fish biology necessitates an undeditanof the tag’'s effects on the animal. Therefdhe,
objective of my first study was to determine thempriate sizes of tags to use on coho pre-snidhs.
objective of my second study was to identify arefkigh mortality and observe the migratory behavio
of the smolts of an endangered coho population.tfind study of this dissertation aimed to comptiue
behaviour, physiology and survival of outmigratingdd and hatchery-reared coho smolts. Finally, the
objective of the fourth study was to investigate #itered marine migratory behaviour of juvenila@an

the Strait of Georgia.

7.1 Research Findings

The first comprehensive study of acoustic tag ¢$fen coho pre-smolts found that the maximum
tag size to body size ratios ranged from 15-17%oblylength and 7-8% by mass for the three tagss{té
cm fork length for a 6x19 mm tag, 12.5 cm for axim tag, and 14 cm for a 9x21 mm tag). It is weiiik
that acoustic transmitters implanted in coho salm@smolts following these size guidelines wouddén
significant effects on smolt growth, survival orfeemance in the field. The only other study fouhat
tested the effects of acoustic tags on coho snuskesl 9x33 mm tags that weighed 4.6 g in air (2ib g
water), which was longer and heavier than the Er{@x21 mm) tags used in my field work (Moserlet a
1991). Moser et al. (1991) also inserted the trathsra through the animals’ mouths into their stehrs
instead of surgically implanting them into the baxdwity as | did. Therefore, the findings of Mosgral.
(1991) were not able to be used as a tag effestiba for field work in this dissertation.

Previous work on Atlantic salmon, rainbow trout afdnook salmon found no observable effect
on swimming performance from tags that were 6-12%he fish's weight (Brown et al., 1999; Anglea et
al., 2004; Lacroix et al., 2004), which was compégao the 6-10% weight ratio | found with Thompson

River coho salmon. However, the results from mycocdég effects study contradicted other leading
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hypotheses such as Winter’'s controversial ‘2% rfde’'maximum tag to body weight ratio (1983), Adams
et al.’s (1998) recommendation of 2.2-5.6%, andkZdlal.’s result of 4% with cutthroat trout (2005)

Endangered coho smolts from the Thompson River wareustically tagged during three
consecutive years and their movements and surwiged estimated using the POST array. The freshwater
survival of endangered Thompson coho smolts du2io@gd-2006 was 0-6%, 7%, and 51%, with median
times of arrival on the lower Fraser River sub-arcd 16, 12 and 10 days, respectively. Subsequent
detections on the marine components of the POSay avere 0%, 10% and 11% during 2004-2006. The
estimated freshwater survival rates of out-mig@fifnompson River coho salmon smolts were extremely
low, and may be the reason for the poor consenvatiatus of this stock. This was the first evidente
high freshwater mortality rates for this endanggregulation.

While the laboratory experiments provide supporttfee assumption that implanted tags do not
have a significant effect on the behaviour and isafvof migrating fish in the field, some uncertgin
remains, as they are not able to fully replicagddficonditions. Therefore, there may be untestebsbrs
that affect implanted fish more than untreated filsthe wild. Stock differences between the colsets in
the laboratory trials and those tagged in the fégtkel another potential source of bias that needeeasing
in future work. The low freshwater survival ratested in the Thompson River field trials were bathnf
the Spius Creek stock. When the Coldwater Riverkstgas monitored in 2006, freshwater survival rates
were higher. The tag effects trials were conduetél the Coldwater River stock, therefore it is gibse
that the difference in field results was due to tidog having an effect on one stock more than therot
However, many other factors could have causediffexehces between the survival rates of the twolst
—including differences in physiology, behavioulgsse site and year.

Differences in physiology, travel time and migrgtobehaviour were found between
wild and hatchery-reared coho smolts from the Quim&River. Detection ranges of the acoustic recsiver
were tested in the river, estuary and ocean irrigtyaof flow conditions and tide levels. Wild sntelvere
smaller by mass, fork length and condition fact@rt hatchery-reared smolts, and exhibited highazide
of sodium, potassium and chloride in their bloodspha than hatchery-reared smolts. The gill Na+K+-
ATPase activity was also higher in the wild cohm#imat the time of release. Ninety-eight percdniitd

and eighty percent of hatchery-reared fish survitedhe estuary, eight kilometers downstream of the
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release site. No difference was found in migrasgpged, timing or survival between smolts releasgthg
daylight and those released after dark. Howevdd svnholts spent less time in the river and estuang, as
a result entered the ocean earlier than hatchangdesmolts. Average marine swimming speeds fad wil
smolts doubled those of their hatchery-reared @patts. While hatchery smolts dispersed in both a
northward and southward direction upon entering rti@ine environment, the majority of wild smolts
traveled north from the Campbell River estuary. Wil coho salmon smolts were more physiologically
fit and ready to enter seawater than the hatcheayed smolts, and as a result had higher earlyivalirv
rates and swim speeds.

Finally, the study of the anomalous coho migratom of the Strait of Georgim 2006 found that
19% of the fish tagged in July, and 52% of the fesfpged in September left the Strait of Georgiastid
these tagged coho salmon left the Strait of Gedrgi@actober and November through Juan de FucatStrai
and not by a northward migration through Queen [ttar Strait. A small number of coho salmon that
moved out of the Strait of Georgia migrated soutlateas off the coast of the states of Washingtah a
Oregon. The documentation of a movement out ofStinait of Georgia late in the year was importanit as
confirmed that the population changes of juvendda salmon that have been reported in the strahién

spring and summer are a consequence of ecosystataerénpacts within the Strait of Georgia.

7.1.1 Freshwater and Marine Survival

Fishing pressure and marine productivity are thotghve the main factors influencing the smolt-
to-adult survival rates of most salmon stocks (Bishret al., 1997a; Coronado and Hilborn, 1998; Hehm
et al., 1999; 2000; Welch et al., 2000). Howevesuits from acoustic telemetry trials on ThompsareR
coho from 2004-2005 demonstrated that freshwatetatity may be the primary cause of low returns for
some stocks. Routledge and Wilson (1999) expressedern that this may be the case in the Thompson
River, but until the results from our work no datdasted to support this hypothesis. Quinsam Riwdroc
smolts had much higher freshwater survival ratas there estimated in the Thompson River, althohgh t
distance from release to the estuary was over 8bthkhe case of the Thompson River coho and 8dm f

the Quinsam River coho. The survival of other salmspecies from the Thompson watershed was also
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generally higher than that of the coho, which mayirdicative of physiological or behavioural or ity
differences between the species influencing fresémsurvival.

Coho from the Quinsam and Thompson Rivers tradiflgrentered the Strait of Georgia as smolts
and spent their lives in inside waters before reng to their natal rivers to spawn (Beamish et 399).
Currently, juvenile coho in the Strait of Georgie dypothesised to leave the strait or die at spaiet
during their first marine year, due to a regimdtshiat changed their migratory behaviour beginrimghe
mid 1990s (Beamish et al., 1999). Trawl studiesiedrout during early spring caught Strait of Géarg
coho on the outer coast, but very few within thaist{Beamish et al., 2008). Results from the atious
telemetry field trials described in Chapter 6 conéd this hypothesis, providing survival estimades a
timeframe for the migration. Differences in surdiaad behaviour between size classes were alsalfoun
Smaller fish were less likely to migrate out of tteait and presumably died, but there was no appar
relationship between average coho marine survimdl the average size of juvenile coho salmon during
September in the Strait of Georgia, which suppeatsier findings by Beamish et al. (2008).

In summary, survival rates were determined for Thsom and Quinsam River coho smolts as
well as for juveniles in the Strait of Georgia. &dalifferences in freshwater survival were foundwsen
coho from the Thompson (0-7%) and Quinsam Rive@848or hatchery, 98% for wild). Coho in the Strait
of Georgia had an 80% mortality rate between Jaty @ecember. Therefore, in the case of the Thompson
coho, high freshwater and marine mortality rate¢hbmontribute to their endangered status. Acoustic
telemetry has proven to be a useful tool to studyigal rates of fish in the ocean, by providinglréme
data about the locations of free-swimming fish glémeir migratory route. Weaknesses of the techgyolo
include the cost and time requirement. Survivalcdations using progression across a series of
hydrophone arrays also have some error, as thergdassibility that some migrating fish are notedétd

by the receivers and others may residualise betwesmiver lines.

7.1.2 Migratory Behaviour
Estuaries are thought to be important rearing afeasnigrating coho smolts, however there is
limited data on the duration and timing of cohauasne residence (Miller and Sadro, 2003). Theitgtiib

protect and rehabilitate damaged estuary envirotsmaay depend on the availability of evidence singwi
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that these sensitive areas are crucial for salfba.Campbell River estuary was found to be imparian
wild and especially hatchery-reared coho salmonltsmdhe data also supports the hypothesis that
restoration work done on the Campbell River estiiayimproved salmon habitat. Due to the massiee si
of the Fraser River estuary, it was not logisticglbssible to monitor estuarine residence and aabge of

the Thompson River coho. However, due to the l@sHiwater survival rates of these coho smolts, lldvou
encourage coho habitat restoration work and rekdarbe done in the Thompson as well.

Coho salmon are known to have highly regionaliségration patterns, meaning that every coho
stock exhibits different migratory behaviours (Vkainp and Neely, 2002). Prior to the Campbell River
acoustic study, the early marine migratory behavafuQuinsam River coho smolts was unknown. For the
first time, this telemetry data showed that cotaveét both north and south from the Campbell River
estuary, and that there may be behavioural difteerbetween the wild and hatchery fish in terms of
direction as well as timing. These results weresiiant with data from the Strait of Georgia wohlatt
showed a small northward movement of coho fromstinait into Discovery Passage in August and back
south into the strait during fall. The marine bebav of the Thompson River coho smolts may have als
followed these trends, although there were toorfeatine detections to generalise.

Beamish et al. (1999) proposed that coho salmore \heaving the Strait of Georgia during fall.
The acoustic telemetry study determined the diectitiming and percentage of the population that
exhibited this behaviour. These details are vitathie identification of reasons for declining caharine
survival rates, as they demonstrate that juverilendance changes during the summer and fall aedau
by processes within the Strait of Georgia and novement out of the study area. Detections of caho o
the outer coast of Washington and Oregon were stamdi with previous reports stating that Strait of
Georgia hatchery-reared coho salmon were recovertitt region (Weitkamp et al., 1995). The migrgto
behaviour of Strait of Georgia coho was differeoini the behaviour of coho from Puget Sound (Beamish
et al., 2008). Puget Sound coho salmon migratettoough the Juan de Fuca Strait during August. The
differences in migratory behaviour between these g@ographically proximate groups of coho salman ar
thought to be due to differing early marine growdltes (Beamish and Mahnken, 2001). There may be a
common mechanism regulating the outmigration o&iStof Georgia and Puget Sound coho, but this has

yet to be confirmed.
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7.1.3 Ecosystem Dynamics

Mitigative strategies such as hatchery programs tairmcrease salmon catches, however little
consideration has been made about the ecosystenis(if releasing billions of domestic fish inte thild
every year (Beamish et al., 1997weeting et al., 2003). Metcalfe et al. (2003) regub that hatchery-
reared Atlantic salmon smolts were less aggresbane wild smolts. Hatchery Atlantic salmon smolsoa
had lower marine survival than wild smolts (Jonssoral., 2003). In their review of wild and hatcher
salmon in Russia, Zaporozhets and Zaporozhets j200hd differences in migratory timing, survival,
feeding and competition. Other studies reporteie Idifference between wild and hatchery Atlantitnson
smolts (Lacroix and McCurdy, 1996; Voegeli et 4B98; Thorstad et al., 2006). The acoustic studyitaf
and hatchery coho salmon movement out of the QumirRaver found wild smolts to have higher survival
rates, faster migratory speeds and less time spéhé estuary than the hatchery-reared smoltseMoid
fish were detected in the marine environment a$ Whkse differences may have been due to commetiti
(Rhodes and Quinn, 1998); however results fromQhesam study suggest that the reason is moreylikel
to be physiological. These differences are a cdoseoncern, as they demonstrate that the billiohs
hatchery-reared fish being released into the Rafftean every year may be negatively affecting wild
salmon populations.

In the Thompson River and laboratory tag effectsliss, only hatchery fish were used, as wild
Thompson coho smolts are too small to tag withabhailable sizes of acoustic tags. Therefore, the lo
freshwater survival rates of Thompson River cohoy rba only applicable to hatchery smolts. The
frequency of residualisation in freshwater mayatifietween wild and hatchery coho in the Thompson a
well, which would add further bias to the resuks.the tag effects trials were conducted on haicfieh,
the recommendations may only be applicable to leajeteared fish. Peake et al. (1997) reportedwiat
salmon were more affected by the tagging procedame, data from tag effect trials at the Quinsam
Hatchery were consistent with these results. Witdblss may be more stressed by handling and beipg ke
the unfamiliar hatchery environment. The numbehaitthery coho tagged in the Strait of Georgia was t

small to be able to detect any behavioural or sahdifferences from wild coho.
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7.2 Applications and Future Directions

The tag effects trial results can serve as a guiglébr minimum body sizes and approximate tag
retention rates in the field (by both fish and tze) for future acoustic telemetry studies of cehmlt
survival and behaviour. Ideally, every field stuslyould carry out a complimentary tag effects tré,
every salmon stock and every surgeon are diffeidoivever, this may add a substantial time coshéo t
project. Further research on the effects of taglamtion on the startle response, buoyancy, faragi
ability and disease resistance of coho pre-smaditslavalso be important work. Differences found hesw

tag effects on wild and hatchery fish in the QumgRiver should also be investigated further.

7.2.1 Freshwater and Marine Survival

In the Thompson River watershed, silviculture, @agjture, livestock rearing, and development are
degrading salmon habitat (Harding et al., 1994; Rand Hamilton, 1995; Burt and Wallis, 1997). The
freshwater survival of wild coho may be influencbd siltation, flow levels, temperature extremes,
competition, disease and predation (Groot and Mixgh991). Bradford and Irvine (2000) studied the
relative influences of agricultural land use, rahhsity, stream habitat quality and the proportibtand
recently logged on Thompson coho survival. Thistgpwork is important and could be expanded tdloo
at climate effects.

While changes in climate have affected freshwatdmaen production (Lawson et al., 2004),
guantitative evidence for the influence of climate coho smolt production is lacking (Bradford, 1999
The outmigration phase of salmon smolts and upstneégration of returning adults are physiologically
demanding periods in the salmon’s lifecycle. Therefthe understanding of climate effects on frebw
systems, and the consequences of these effectalotors survival should be a priority for salmon
conservation efforts. For example, the advancimgngdreshet may be selecting for stocks that ntegoaut
to sea earlier than those migrating out later (Bshret al., 2008). Ongoing work at the Seymour and
Quinsam Hatcheries are examining release timeteffat survival and could provide further insightoin
this hypothesis (Beamish et al., unpublished dapmendix B). Water temperature increases may a¢so b
affecting the survival rates and migratory behavwiuPacific salmon. Work by Crossin et al. (20€8)nd

that exposing sockeye salmon to higher temperatiwgag their return migration decreased their saiv
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to the spawning site and increased infection ratature telemetry work could pinpoint exactly where

the downstream migration the highest mortalitiesuody placing receiver lines more frequently aldng
migratory path. Temperature and flow rates couldmmmitored during the migration as well as other
environmental factors such as water quality. EM@stacoded sensory tags and archival tags would be
useful tools to observe environmental influenceshenfreshwater survival of the migrating salmon.

Acquiring information about the health and physicahdition of each Pacific salmon stock could
provide insight into stock differences in survivdémporal changes in stock health and survivaldtaido
be compared with environmental information. Evahgtenvironmental effects on fish of varying heath
levels is the next step. Electronic devices cogklst in the study of diseased versus immune fishrion-
laboratory environment.

In the Strait of Georgia, the early marine surviehtoho salmon was found to be low. The same
factors causing the low survival may somehow kggting the fish to leave the strait during thetesirof
their first year. While it is known that ecosystatynamics are likely causing the coho to leave, the
mechanisms need to be better understood. Othérsgisies should be monitored using acoustic tetem
to look at similarities and differences in the pats found. Appendix C outlines an example of ongoi
work that is trying to understand the reasons #dreenely low marine survival of chinook salmon het
Strait of Georgia.

The long-term monitoring of every Pacific salmoncst would be ideal; however considerable
funding would be required. The smolts of pink ahdro salmon are too small to implant with the avdda
sizes of acoustic transmitters, therefore the jileerwould need to be caught at sea as was dorghdor
Strait of Georgia coho work. Permanent listeningays and databases operated by large collaborations
such as POST may help cut down on time and equipoasts. Survival estimates for species that do not
migrate very far would be more difficult to measuing acoustic telemetry. For these species, ealdan
array systems, gliders or manual tracking wouldeugiired, possibly combined with EMG tags to manito

muscle activity of the fish.
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7.2.2 Migratory Behaviour

Salmon migratory behaviour is changing and it tally important that managers understand how
and why so that future decisions can be based arate information. The role of climate on the raigry
behaviour of salmon could be better understood dmilining electronic tracking devices with enhanced
environmental monitoring. This type of researchb&ing carried out with Atlantic salmon smolts in
Norway (e.g. Davidsen et al., 2008) and should dmeedn the Pacific. Climate is changing the timofg
the freshwater migratory behaviour of coho in vasiavays (Beamish et al., 2008). Earlier outmiggatin
wild fish may reach the estuary to coincide withliea productivity blooms than hatchery fish reledsat
the same time each year (Beamish et al., 2008)p@ujbor this hypothesis was found in the Campbell
River study, where wild coho smolts entered theaacearlier than hatchery-reared smolts. Returning
adults are migrating upriver earlier as well (Coeltel., 2004; Young et al., 2006; Crossin et 2008).
Very little data is available to record these tendngoing monitoring of wild stocks is needed
immediately. Coho fishery managers in BC use a-tengn data set from a wild stock in Black Creek on
Vancouver Island to generalise wild trends acrbssprovince (Hankin et al., 2005). Stock variapili
considerable however, so using this solo datasptadict wild coho behaviour across the provincdsaa
high degree of uncertainty to fishery models. Logign, international monitoring programs combining
telemetry and environmental data are needed. snvihly, the effects of short-term and long-term alim
trends on the migratory behaviour of each salmonkstould be investigated, and management decisions
could incorporate current information on stock ritisttion. These programs would be especially vdkiab
for endangered and at-risk stocks.

The Fraser River watershed supports many majorssahms, including populations that are now
endangered (Bradford and Irvine, 2000). The ideatifon of important habitat areas for salmon, and
further details on migration timing in relation &nvironmental cues would assist freshwater habitat
conservation efforts. The Fraser River estuaryhesnging with climate and very little informationists
about how changes in the estuary are affecting@almigration (Beamish et al., 1997a; Rand et 80&2.

A good example of a study using coded transmitgiatsenvironmental sensors to look at climate effeat
fish movements in an estuary was carried out inttsddrica by Childs et al. (2008). This study used

manual tracking, which provides a lot of data orratividual fish over a short period of time. Thethod
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is time consuming however, and difficult to monitmany fish simultaneously. In the Fraser estuary, a
network of moored receivers could be installed wttvironmental sensors attached to track ingoirdy an
outgoing fish. However, these would likely needb® removed and re-installed every year due to the
siltation and movement of sand in the estuary.

The Strait of Georgia and Puget Sound are geogralbhiclose; however the salmon populations
in these areas exhibit vastly different migratoepaviour. Puget Sound coho exit the Juan de Fued Bt
August whereas Strait of Georgia coho leave duttiegwinter. The reasons for these differences neraai
mystery. Understanding the mechanisms for theses mmgrations is a priority for the conservation and

management of these coho populations.

7.2.3 Ecosystem Dynamics

The results from the Strait of Georgia coho study important to coho management as they
confirm that ecosystem processes within the straithe cause of variations in early marine maytalihe
mechanisms of the change in migratory behaviourarenio be understood. Coho stock composition
changes may have resulted in there being a lagyeeptage of stocks in the strait that have a mnde®
leave during their first marine year. Combining tfier acoustic tagging studies with DNA stock
identification would identify any stock-specific gnatory behaviour differences within the Strait of
Georgia ecosystem. Competition, predation, foodlaility and environmental cues such as tempeeatur
could also be influencing coho to leave the stfaitrther research is required to determine thetivela
influences of each of these potential causes enawabehaviour and survival in the strait. Improvetago
climate prediction capabilities and the role ofr@ite on the strait ecosystem are also needed.

During field trials in the Quinsam and Campbell & in 2006, differences in the physiological
characteristics and migratory behaviour were ndbedween hatchery-reared and wild coho smolts
(Chittenden et al., 2008). The causes and effetthese differences are unclear, which brings up a
question that has needed answering for over tgiegrs: what roles do genetic and rearing envirotmen
effects play in creating these observed phenotyifterences between wild and hatchery-reared

salmonids?
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The genetic changes in wild populations causedatghiery fish are of grave concern to fisheries
biologists (Hilborn, 1992; Meffe, 1992; Araki et.,aR008). Traditional-type hatcheries produce fisat
tend to have less genetic variation than wild salnwhich poses a threat to the genetic integrityvibd
stocks (Hindar et al., 1991; Crozier, 1998; Pol&ganand Magnuson, 1998; Wang et al., 2001; Wagles e
al., 2001). Biodiversity provides the variation tth& crucial to the long-term survival of a popidat
Larger smolts released by hatcheries may haverlmitzess in the short term, but this practice cche!
reducing the fitness of subsequent generationsildffish. Recent studies have found that genetieat$
from hatchery-rearing have decreased the fitnesseeihead trout (Araki et al., 2007a; 2007b). riaeo to
understand howdncorhynchuspecies will be influenced by changes in climated how genetic changes
brought about by enhancement programs will afféetirt behaviour and survival, research needs to
determine to what degree the characteristics afhleay-reared fish are due to their genetic makeup,
conversely, to their rearing environment.

Salmon have a great deal of phenotypic plastiaityaning they have a strong ability to physically
adapt to their environment. For example, salmohiage been shown to evolve reproductive isolation in
fewer than thirteen generations (Hendry et al.,020This quality makes them particularly sensittee
environmental change. Berejikian et al. (1996) carag agonistic behaviours between the newly-emerged
fry from a wild population and a hatchery populatiof steelhead. Riddell and Swain (1991) condueted
similar study on coho salmon. Atlantic salmon sso#tared in the hatchery developed genetic diftmen
between smolting and non-smolting 1+ parr, whertes wild smolts retained their original genetic
composition and did not smolt until a year laterafier, 1998). Another study on Atlantic salmon
conducted territorial contests on wild smolts rdarethe wild, and both wild and hatchery smoltsresl in
a hatchery (Metcalfe et al., 2003). There appeab®etno published work comparing the strength oktie
versus environmental influences on the phenotypireassion, migratory behaviour and marine survofal
salmon. An example of ongoing research on the prpgé wild and hatchery fish reared in both wilcdan
hatchery environments to compare their physiolagjgratory behaviour, and post-release survival is
found in Appendix D.

For enhancement to be used as a mitigative strategyplt health and quality is of utmost

importance. Variation found between same-stock [atimns of wild and hatchery fish is a cause for
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concern. Significant differences have been obsebeatdieen wild and hatchery populations in terms of
survival, morphology, physiology and habitat prefese, as well as in foraging, social, migratory and
reproductive behaviours. For example, wild salma@reanmore agonistic (Berejikian et al., 1996; Mdtal
et al.,, 2003), better adapted to the natural enwient (Shrimpton et al., 1994; Hill et al., 2006)da
showed improved survival rates in rivers, estuaded coastal ocean areas than their hatchery-reared
counterparts (Greene, 1952; Miller, 1952; Reimdr@63; Fleming and Gross, 1993; Coronado and
Hilborn, 1998; Jonsson et al., 2003; ZaporozhetsZaporozhets, 2004; Araki et al., 2007a; 2007hjdW
coho salmon smolts descending the Quinsam Rivee weraller on average than the hatchery-reared
smolts being released at the same time. Howewvey,tiad higher hypo-osmoregulatory ability, traweite
the estuary in less time and spent less time ineiteary, entering the ocean earlier (Chittendeal.et
2008). The results of these and many other studiggest that there exists great variation in tredity of
the billions of cultured fish that are being rele@dénto the wild every year. Behavioural deficierscdue to
artificial rearing environments are thought to be primary cause of these failures (Nickelson, 2003
Hatchery techniques and strategies that act todwgpthe genetic diversity and physical conditiorwilfi
populations need to be developed and tested iwitde

Conservation aquaculture as a mitigative strategys to return fish stocks to their original
genetic, physiological and behavioural charactess{Berejikian et al., 1999; Flagg and Nash, 1999;
Brown and Day, 2002). Scientists at the Oregon Ihtatc Research Center are conducting research on
conservation aquaculture to better understandrdiffees between wild and hatchery fish and to imgrov
hatchery practices, so that hatchery fish willmétely assist in the conservation of wild fish plagions
(e.g. Araki et al., 2008; Berejikian et al., 2008xamples of hatcheries that are using conservation
aquaculture methods to naturalise the behavioutheir smolts include the Nez-Pearce Hatchery, the
Dungeness Hatchery, and the Lower Elwha Tribal kate in Washington State. These hatcheries have
created enriched rearing environments, includingrices for egg and alevin development, natural
substrates, in-stream structures and cover. Watapdrature and quality is maintained to resemtde th
local conditions, flow rates are higher to promexercise, and food is introduced below the surtddte
water using belt feeders. Studies have found tlaathery fish raised in semi-natural conditions had

improved health, quality and genetic diversity (Mieet al., 1990; Banks, 1994; Maynard et al., 1996
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Hatchery fish raised in semi-natural conditions lady colouring more closely resembling that ofdwil
fish, and 50% higher survival rates than traditiyreeared smolts to a weir 2.2 km downstream (Magn
et al., 1998a). Fish reared in natural environmalgs demonstrated better physical condition arti&éss
disease (Mundie et al., 1990; Banks, 1994). Redueading densities further improve smolt growth,
condition, gill Nd/K*-ATPase activity levels, and survival (Banks, 1992igh densities raise agonistic
behaviour in smolts, which could increase the ii@d that they will suffer higher predation rafesst-
release (Berejikian et al., 1996).

In addition to raising hatchery fish in a naturetting for improved colouring and physical health,
conditioning the smolts in various ways can imprakeir swimming, foraging and predator-avoidance
abilities. The swimming ability and growth rate Aflantic salmon and brook trout improved with swim
training (Besner and Smith, 1983; Leon, 1986). tally, post-release survival also improved in ssiolt
that were exercised (Burrows, 1969; Cresswell antliams, 1983; Leon, 1986). Predator avoidance
training increased the in-stream survival of tegijects up to 26% over un-conditioned fish (Thonmso
1966; Maynard et al., 1998b). The artificial didt latchery fish may be decreasing their ability to
recognise and find suitable food once in the whNtagon et al., 1967; Johnson, 1978; Sosiak, 1978).
Releases of hatchery brook trout and Atlantic salrti@at had been hand-fed pellets were more surface-
oriented and more likely to approach moving objaben were wild fish (Mason et al., 1967; Sosiak,
1978). When the diet of hatchery chinook salmon sigsplemented with live feed, their foraging abilit
improved two-fold (Maynard et al., 1996), and natiyrfed tiger muskellunge had higher post-release
survival than those fed only pellets (Johnson, 1978

Release strategies are also important to postselsarvival. Acclimating smolts prior to release
with in-river holding pens improved survival (Fiadtet al., 2003). Volitional releases allow smatis
migrate out when they are physically ready. Thigetyf release maintains out-migration diversity and
allows smolts to travel at night when the risk odgation is lower (Flagg and Nash, 1999). The tgrof
the development and outmigration of wild smolts idlobe monitored for each stock so that hatchery
rearing can be synchronised with wild smolt deveiept and release. Predictions of ocean climate and

carrying capacity during the release year showdd be considered so that an appropriate numbenoits
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are produced and released. This would ensure a efficient use of resources and reduce hatchery
competition with wild fish during less productivears.

Marine aquaculture sites are numerous on the wesdtof North America, especially in BC'’s
Broughton Archipelago. Hydrophone receivers wetacaied to three net pens in Discovery Passagegdurin
the Quinsam River coho study to detect migratinighwbho. While this study was not designed to exami
the attractiveness of aquaculture sites to wildnsal, many smolts were detected by these receigers f
extended periods of time. If wild fish are moreelikto travel in the direction of a fish farm, theyay be at
a higher risk for diseases and parasites. Furthieorhtory and field work could investigate potdntia
chemical attractants produced by aquaculture s#ted, whether these sites are affecting the migyator
behaviour and survival of wild salmon in the ocean.

Escape events from aquaculture sites are anothentia threat to ecosystem dynamics in the
Pacific. There is a lack of research on this topimwever. The most common species raised in BC fish
farms is the Atlantic salmon (BC Ministry of Agriture and Lands, 2008). As this species is notveati
field research simulating escapes would be moreogpiately done in the Atlantic Ocean. Appendix E
summarises a project using telemetry to study tbpetisal behaviour of escaped farm fish in northern
Norway. With more studies like these, potentialsstem effects can be better understood, and reeapt
strategies can be developed for escape eventes inatific.

The development of large-scale collaborative pisjeihat unite scientists, government and
industry researchers of different disciplines isc@al to the understanding and conservation of fleaci
ecosystems. International networks of sea floossearrays combined with acoustic telemetry ligtgni
lines and sonar monitoring stations could provideealth of detailed real-time data about individfigh
within aggregations, their inter- and intra-spe&chiehaviours relative to oceanic conditions andsygstem
productivity. With the improved ability to accurbtepredict the ocean climate conditions, produtyivi
levels that will be encountered by individual saimwiocks, and how these stocks are likely to reatte
predicted conditions, better fishery models candisigned that will enable managers to make more

informed decisions.
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7.3 Summary

The global climate is changing at an increasing,rathich is altering the marine survival and
migratory behaviour of Pacific salmon. The abun@aoiccoho salmon has declined in the southerndfalf
its range and stock migratory patterns have changetdlittle is known about the mechanisms of these
phenomena. This lack of knowledge is a seriousIprolfor fishery managers. My dissertation identifie
key mortality locations and provided a first look @arly migratory behaviour patterns of wild and
hatchery-reared coho salmon in southern BC usingisic telemetry. Appropriate size limits were ffirs
determined for coho smolts implanted with acoustiasmitters, which provides guidelines for futaodho
telemetry work. The first evidence of high freshevanortality rates for the most endangered cohcksto
Canada was also observed, raising questions aleuté¢alth and management of BC’'s freshwater
ecosystems. Differences were noted between yound and hatchery-reared coho, suggesting that
Canadian mitigative strategies need to be evaluatgdimproved. Finally, a detailed examination toe t
altered coho migratory patterns and early marinesigal in the Strait of Georgia discovered that
population changes in the strait are due to ecesyselated impacts. Further research into the dycsof
climate change, and how they affect the Pacifidrenment and salmon stocks, is strongly recommended
International collaborations using advanced teobgies and a multi-disciplinary experimental apptoac
would be most efficient at producing the amountiafa required to suitably study, manage and coaserv

Pacific salmon stocks.
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APPENDIX A: Animal Care Certificate

I;J'_E.{-:. THE UNIVERSITY OF BRITISH COLUMBIA

ANIMAL CARE CERTIFICATE

Application Number: A06-0153
Investigator or Course Director: Scott McKinley
Department: Land and Food Systems

Animals:

Salmon Coho (Oncorhynchus kisutch) #90
Start Date: May 1, 2006 Approval DateMarch 2, 2007

Funding Sources:

Funding Agency: Natural Science Engineering Research Co
Funding Title: Determining early ocean survival and migration grais of Pacific salmonids using a
large-scale tracking array

Unfunded title: Early migration study for CampbRilver wild and hatchery coho smolts

The Animal Care Committee has examined and apprthesdse of animals for the above experimental
project.

This certificate is valid for one year from the abatart or approval date (whichever is later) ptes
there is no change in the experimental procedénasual review is required by the CCAC and some
granting agencies.

A copy of this certificate must be displayed in yanimal facility.
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102, 6190 Agronomy Road, Vancouver, BC V6T 173
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APPENDIX B: Abstract of a Study of the Riverine andMarine Migratory Behaviour and Physiology
of Early and Late Release Coho and Steelhead Smoitsthe Seymour River, BC

C. M. Chittendeh S. K. Balfry, D. W. WelcH, and R. S. McKinley

The University of British Columbia / DepartmentRigheries and Oceans Centre for Aquaculture and
Environmental Research, 4160 Marine Drive, Westcdaner BC, V7V 1N6, Canada
Kintama Research Corp., 1850 Northfield Rd, NanaiB®, Canada V9S 3B3

As global changes in climate are affecting the rignof spring productivity blooms, selection
pressures on the outmigration timing of salmon $snafe being altered. Species and stocks of salmon
leaving natal streams earlier may be favoured ater-migrating fish. This study examined the et$eaf
release time, physiology and health on the migyab@haviour and survival of wild and hatchery-reare
coho and steelhead salmam the Seymour River. Fifty hatchery steelhead smolts waigged with
acoustic transmitters in 2006 and released at migtitduring daytime. Sixty steelhead and sixty coboe
tagged in 2007 and released in three groups. Abg#ial sampling was carried out on 30 fish fronclea
group in 2007, in addition to 30 wild coho from theer. Both the coho and steelhead smolts took an
average of three days to reach the river mouth.€Bnky release groups spent longer in the estimany the
later release groups and were less physically adafor entry into marine waters. Smolts that spess
time in the estuary exhibited higher marine survitaeshwater survival was 50% for coho and 72% for
steelhead, whereas only 8% of the coho and 56%h@fsteelhead were detected outside the estuary.
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APPENDIX C: Overview of a Study of the Early Survival and Migratory Behaviour of Juvenile
Chinook Salmon in the Strait of Georgia

C. M. Chittendeh C. M. Nevillé, R. J. Beamishand R. S. McKinle¥y

The University of British Columbia / Fisheries am@ceans Canada Centre for Aquaculture and
Environmental Research, 4160 Marine Drive, Westcdaner BC, V7V 1N6, Canada

“Fisheries and Oceans Canada Pacific Biological i8@t3190 Hammond Bay Road, Nanaimo BC, VT
6N7, Canada

The marine survival of chinook salmon originatimgrh the Strait of Georgia region has declined
to less than 1% over the past decade. Althoughenl®70s it was assumed that the number of chinook
salmon available to the sport and commercial figisetould be increased by adding more juvenile galm
to the Strait of Georgia, this assumption is novown to be invalid. The marine environment is not
constant, and environmental changes impact theuptivity of chinook salmon in the strait. In additi
there are changes in the distribution and growththef juvenile chinook salmon. Understanding the
processes that result in reduced chinook produdtiathe Strait of Georgia is important to the effee
management of the species. Surveys have shownthée is 85% mortality up to mid July and 94%
mortality up to mid-September for juvenile chindakthe strait. There is also a declining trendwfgnile
stream type and an increasing trend of ocean tip®ak in the catches. The smaller ocean type témds
remain within the British Columbia area and thegéar stream type migrates north into the US zone.
Juvenile stream-type chinook salmon enter the tStfaGeorgia earlier in the year and are largen ttie
ocean type. In recent years surveys have showmaraalic decline in abundance of stream-type chinook
salmon between the July and September surveyseTdmer two explanations for the recent change in
catches. The stream type either left the straitvben the two sampling periods or they died. Theee a
limited CWT data from offshore areas and the lakctag recoveries from Strait of Georgia chinookrsath
in this region would suggest that the chinook salmage dying within the strait. If this interpretatiis
correct, the consequences are highly relevant ¢ostiimon treaty negotiations as well as to future
management.

In September 2007, we tagged 100 juvenile chinadrken, but all were ocean type as there were
no larger, stream-type chinook salmon in the Sep&raurvey catches in the Strait of Georgia. Tdamp
the failure to catch stream type fish, the dectingercentage of stream type fish, and the very pady
marine survivals and the timing of the movementuenile chinook out of the Strait of Georgia, 50
stream-type and 50 ocean-type chinook were taggethe Strait of Georgia during June, July and
September 2008. In addition, 50 chinook salmon ftbenGulf Islands and 50 net-held Cowichan chinook
salmon were tagged during June and July 2008, ctgply. Cowichan River and Puntledge River chinook
salmon stocks are important because they are kepderstanding what is affecting marine survivdle T
CWT tagged juvenile chinook from the Puntledge Riese common in survey catches. Conversely, CWTs
from chinook from the Cowichan River are rare. Weppse that it is the early marine survival thatutts
in these extreme differences.

Otoliths from previous surveys will also be pro@skdo confirm the life history types in our
surveys and process adipose or operculum punchlsarfgr DNA analysis to identify the stocks of
stream-type chinook salmon. Information from thelidt analysis combined with length frequency
analysis will be used to determine the abundangevehile stream-type chinook salmon in July 2007.

The acoustic tagging study will compliment a majoternational study of the mechanisms
affecting the production of chinook salmon in thea$ of Georgia and Puget Sound. The results ef th
acoustic tagging study will assist in making effeetuse of hatchery production with emphasis otorew
the production of Cowichan River chinook. The conetl studies will provide the first major assessment
of the population ecology of juvenile chinook satmm the Strait of Georgia in over 25 years. The
expected results should identify how Canada andUhied States can cooperate through the Pacific
Salmon Treaty to protect southern chinook salmarckst and sustain fishing opportunities for both
countries.

148



APPENDIX D: Overview of a Study of the Genetic Veras Environmental Effects on the Phenotypic
Characteristics and Fitness of Wild and Hatchery Sknon

C. M. Chittendeh R. H. Devlirt, A. H. Rikardsefi® J. G. Davidsén A. G. Davidsefy H. Kondd, and R.
S. McKinley

The University of British Columbia / DepartmentRigheries and Oceans Centre for Aquaculture and
Environmental Research, 4160 Marine Drive, Westcdamer BC, V7V 1N6, Canada

“Norwegian College of Fishery Science, Universitfmimsg, NO-9037 Tromsg, Norway

®Norwegian Institute for Nature Research, Polar Eorimental Centre, NO-9296 Tromsg, Norway
“Institute of Marine Research, 5817 Bergen, Norway

Millions of dollars are being spent annually ondhetry programs in Canada. To ensure the
efficient use of funds, hatcheries need to maxirttieér benefit-to-cost ratio by improving the qgaland
fitness of the hatchery smolts they produce. Funtloee, the effects of the annual release of miflior
traditionally-reared hatchery smolts on the genetiakeup and phenotypic characteristics of wild
populations have scarcely been assessed at thdslBaving a great deal of uncertainty. Althougts itoo
late to be able to study purely wild populationsrftany river systems, attempts should be madeato las
much as possible about the impact, if any, we axénig before any more time passes.

The objectives of this study were a) to determhme relative roles that genetics vs. environment
play in the phenotypic expression of coho youngplgvaluate differences in survival, growth, ploycgy,
health, swimming performance and predator avoidéeteeen smolts reared in the wild and those reared
in the hatchery, and c) to evaluate differencepast-release survival and migratory behaviour betwe
smolts reared in the wild and those reared in @tehery. Returning adults from the 2003 brood yeare
crossed to create pure hatchery strains, pure stilsins and hybrids. The returning wild adults were
defined as those individuals that had survivedatdeast one generation in the natural environnemtest
for genetic effects, environmental effects, and gleaotype by environment interaction effects ors¢he
smolts, half of the progeny from each cross weager in a traditional hatchery environment, andatier
half were left to grow naturally in a contained urat side channel of the Chehalis River, BC. The
following spring, after one year in freshwater, teeho pre-smolts were re-captured for genetic
identification and assignment to groups (e.g. fhatehery, pure wild, and reciprocal crosses of veyd
hatchery).

Comparisons of survival and phenotypic expressierewnade between the replicates, the natural
and hatchery rearing environments, and the gegstigps. The characteristics used to compare phgicoty
expression included growth rate in length, weighd aondition factor, colouring, fin quality, healthill
Na+K+-ATPase activity levels, microarray gene eggren profiles, hematocrit, red and white blood cel
counts, plasma ions, predator avoidance abilityysming performance, migratory behaviour —including
speed, timing and habitat use— and post-releasevalr The migratory behaviour and post-release
survival studies will be carried out with the udeagoustic telemetry, in collaboration with the Fiac
Ocean Shelf Tracking project. The outcome of thisknhas the potential to improve hatchery techréque
and smolt quality, increase the post-release saind¥ hatchery fish, to aid in the conservationwold
stocks, improve the economic value of hatchery mmog, as well as to provide an effective mitigative
strategy for climate change.
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APPENDIX E: Abstract of a Study of the Dispersal Boaviour and Recapture Rates of Escaped
Adult Farmed Atlantic Salmon in Northern Norway

C. M. Chittendeh A. H. Rikardseh ® O. Skilbref, J. G. Davidseh E. Halttunefi R. S. McKinley

The University of British Columbia / DepartmentRigheries and Oceans Centre for Aquaculture and
Environmental Research, 4160 Marine Drive, Westcdaner BC, V7V 1N6, Canada

“Norwegian College of Fishery Science, Universitfmimsg, NO-9037 Tromsg, Norway

*Norwegian Institute for Nature Research, Polar Eonimental Centre, NO-9296 Tromsg, Norway
“Institute of Marine Research, 5817 Bergen, Norway

Escaped farm fish are a potential threat to wati foopulations around the world, however studies
examining the individual behaviour of escaped fdish are lacking. In the first study on the dispérs
behavior of escaped salmon in northern Norwaytyhime full-grown Atlantic salmon were implanted
with acoustic tags and released in Altafjord, ohdlorway’s designated National Salmon Fjords. Tish f
were released from two aquaculture sites at highl@w tide. The fish were tracked using mobile &rdd
receivers. Depth sensors on the tags and exteragdems provided additional information regarding th
migratory behaviour of the released fish. Seveetyea percent of the fish were recaptured. Moshe$ée
(90%) were caught by fishermen in the ocean, wiseféd® were found migrating up the Alta River,
presumably to spawn. Swimming depth data showsttigmajority of escapees dove down below 20m
within an hour post-release. Recapture strategebeing developed based on our results, howevtreiu
studies are required to investigate the migrataghaviour of escapees from different year classes, a
different times of year, and in other fjord systems
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