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ABSTRACT

- Sockeye salmon (Oncorhynchus nerka) ur.ldertake‘ arduous upstream spawning migrations
fo complete their anadrom_o@s lifecycle. The success of this migration requires intensive
energy ilse, complex physioldgical changeé, and feproductive dev'elopment.' For the first
tiiﬂe, 1 examine the relationships between individual physiology, migration timing, and

- mortality for a meta-population of sockeye salmon (late-run adults of the Adams-

(\
N

Shuswap stock complex) as they passed a single point in their upstream migration (ie., in
the Thompson River situated 270 km from fhe’ coast). Siqce 1995, large segments of tﬁe |
late-run’'sockeye salmon stock complex from:fhe Fraser River, British Columbia, Canada,
have been initiating spawning migrations several weeks earlier than normal. Most early
migrmts die before spawning. To évaluate fhe mechanisms underlying the inortality, I
non-lethally assessed physiological and energetic status, and trgcked individuals u:sir?g
gastrically-inserted radio transmitters. Early migraﬁts had higher gross somatic energy
and lower reproductive hormone titres. HoWever, aberrantly early migrants that failed to
, reach the spawning grounds had lo.Wer gross somatic energy and higher piasma
-reproductive ilthlone titres than aberrant migrants ihat sﬁccessfuﬂy reached spawning
grounds. Aberrént migrants that did not reach spawning grounds also had higher e_lvv‘eragev
migration-ground speeds and higher piasma osmolality. Plasma lactate was highér in
early migrants, which experienced higher water temperatures. 'Othe}r physiological
nﬂéasures’ of stress were not related 4to. migration tirﬁing, mortality, or environmental
conditions. Plasma glucbse was lower in early f.ljigranfs, possibly inﬂﬁenced by |
reproductivedevelopment rather than stress. Fish surgically ﬁttcd withl electromyogram

" radio transmitters did not continue'thei‘r migration and fell downstream. These fish

il




displayed excessive bleeding during transmitter implantation, an unusual phenomenon
that likely contributed to the fish’s inability to reéume mi_gratioﬁ. Blood clotting time
décreased stéadily thfoughout the migration period. Colle_ctiveiy, these d_até support .the
strong inversé relationship between somatic energy and reproductive development during
upstream migraition and implicaté a combination of energy depletion, prer,nature '
feproduqtive development, and bloqd lqéé from wounds as potential contrib;itors to

- mortality in aberrantly early migrating sockej}é salmon of the Fraser River late-run stock

complex. -
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CHAPTER 1 - INTRODUCTION

Backgrouﬂd |
Pacific salmon (Oncorhynchus spp.) are an integral component of freshwater and .marine
e'co‘systems across the North -Paciﬁc.‘ In the marine environmenfc Pacific salmon travel
ac;ross‘ vast coastal and deep ocean regions providing ‘an abundant food.so"urce for 'rnarine’
mammals, fish, inver_tebfates aﬁd seabirds, while playing a significant role as hektonic |
.and piscivorous predators (Cederholm et al. 2000). Pacific salmon provide a unique input
of marine-derived nutrients aﬁd-energy to coa;stal and inland freshwater and terrestrial’ ‘
-ecosystems (Naiman et al. 2002; Schindler et al. 2003). Sockeye salmon (O. nerka) are :
one of séven species in the Pacific salmon gehus, but pléy a unique anci ’
disproportionately important role in British Columbia as the second _mdst abundant
anadrorﬁous species and thrbugh their unique use of lake ecosystems for early rearing
(Grppt and Margolis 1991). Sockeye salmon in British Columbia typically rear iﬁ lakes

for two years,v migrate to the ocean in spring, and rear in the ocean for two to three years

before returning to their natal stream or lake to spawn.

The life cycle of all anadromous Pacific salmon involves reproduction in freshwater and
adult rearing in the marine environment. Species vary in the amount of time spent in
these environments, fhe timing of their migration, and the speciﬁc habitat fypes they
utilize (Quinn 2005). Unique rlife history and physiological attributes are exhibiteci by,
Pacific salmon including anadromous migration, the ability to “home” to their natal

spawning area, semelparity, rapid growth but short lifespan, large eggs, female parental "

care, highly productive populations and generalist feeding/habitat use.




Migration between freshwater and the ocean occurs iwice in this life cycle and both
migrations present significant physiological and energetic challenges. The migration of
~ adult salmon from the open ocean, through coastal waters, e'stuary, and into freshwater
streams requires unique physiological capabilities. Of fundarnental importance is the
energy necessary to meet the exercise demandé of this often llong distance and arduous
unstream jonmey, while also partitioning energy to reproductive development (Brett

1995). These complex energy demands occur as feeding ceases and the salmon enter a

catabolic state.

Despite the importance of migration siiccess to the survival eind reproduction of Pacific
salmon there remains a lack of understanding of migration physiology and the factors
responsible for migration success ond failure (reviewed in Hinch et al\. 2005). This
‘_inform.ation gap limits the ability to manage fisheries for sueteinable benefits and
implement effective actions to conserve endangered species or stocks. Alrhough rnany
- aspects of migration physiology have been iniensively studied, rhe vast majority of this
research has not integrated multinle physiological components or related these |

components back to other critical migration factors, such as timing, environmental

N
i

-condition, or behaviour.

- This study uses telemetry and the measurement of a suite of physiological variables to
refine my understanding of the migration of Fraser River sockeye salmon. In particular,
this study evaluates the relationships betizveen migration timing, behaviour, and mortality
with phyoiological measures of reproductive development, energy stores, stress, and

- osmoregulation. Greater understanding of these mechanisms and the identification of

- indicators suitable for increasing the predicfability of migration success or failure will




improve the ability to plan fisheries, develop recovery plans for depleted populations, and

hone in-season management measures.

Literature review
Migration energetics ' ' \, _ ¢
The exercise demands of upstream migration can be very high, a concept well
demonstrated in sockeye salmon of the Fr.aser River (reviewed in Hinch et al. 2005).
Sockeye salmon exhibit local adaptions to river conditions (MacNutt et al. 2006) and
individuals from populations with niore distant freshwater spawning grounds tend to start
the freshwater migration with higher energy stores. Although exercise demands far
exceed the energy needed for standard metabolism (Crossin et al. 2004), energy must he |
maintained for reproduction, including displeiys, competition, nest digging, mating, and
nest defcnce by the female (Groot and Margolis 1991). During the migratiOn sockeye
sairnon must effectively use energy to alter their osmoregulatory state and reproductiyely '
develop, including gonad growth and body morphology changes associated with
secondnry sexual characteristics te.g., rnale kype and dorsai hump). 'Challenging
migration conditions, such as high flows or temperatures, can delay migration and
contribute to the depletion of energy to, levels unlikely,to sur_)pOrt successful migration

(Rand and Hinch 1998; Lee et al. 2003).

The development of gonads is energetically costly, particularly for females, which
allocate approximately 14% of their energy stores to egg development (reviewed in Brett
1995). Stored energy must be effectively partitioned between gonad development and

swimming with potential trade-offs between the two. Individuals that encounter adverse

environmental conditions that deplete energy stores will have less energy available for
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gonad development and are mt)re likely to reach a criticat etlefgy threshold associated
with death (i..e., ~4 MJkg™'; Crossin et al. 2003). HoWever, Patterson et al. (2004) also -
demonstrated that although adults not subjected to exercise partition more energy to eggs,
these non-exerciéed fish had lower egg deposition rates, were more likely to die prior to -
ovulation, and produced eggs with lower survival rates. Thus, energy used for migration
must fall within an uppet and lower thrcshold' to maximize success of migration and

- reproduction.
Migration physiology

Reproductive development Qccurs:during the freshwater migration and is conttolle_:d by
reproductive hormones (Ando et al. 1985; Ueda et al.‘ 2000). The three reproductive
hormones measured in this study: testosterone, 1 l-ketotestosterone, and 17B-éstradi01
stimulate upstream migtation behaviour (Munakata et al. 2001) and generally begin to
increase during the freshwater migration and peak in conce/ntratioh close to the time of
spawning (Hinch et al. 2005). These hormones are implic;ated in both the process of

- locating natal spawning\areas, also referred to ets ‘v‘homing”, and itl the development of
‘gonads and secondary sexual characteristics (c. g., male kype and dorsal hutnp). Plasma
cortisol is a substrate for the produt:tion Qf reproductive hormones and plays a ft1rther role
in both tﬁe éeneScénce of sockeye salmon and in osmoregulatioh_(Barry 2001; Carruth et
Zal. 2002). However, cortisol is also an important stress hormone and may become
-elevated Aduring periods of migration stress, such as etlcountering high water temperature

(Macdonald et al. 2000). Dﬁring these periods of stress reproductive hormones can

decrease, possibly delaying reprodﬁctive development and altering migration behaviour.




In addition to cortisol, lactate and glucose are metabolites that can increase in the blood
in response to stressors (Fagerlund 1967; Faﬁell‘ét al. 2000; Barton 2002). Plasma ion
concentrations provide a s¢condary pflysiological stress réspoﬁée as osmoregulatibn is
compromised (Bafton 2002). Anaerobic exercise in fish, such as bu.r'st' swimming,
increases plasma lactate. Burst swimming is energy inefﬁcient but is common in
migratiﬁg salmon as they encounter challenging migfation éonditions, such as hi‘gh flows
or elevated temberatures (Black_ 1958; Farrell et al. 1998). Glucogé is mobilized in -
response to stress, although.the mechanisms for glycogenolysis can vary (Axelrbd and

‘Reisine 1984; Vijayan et al. 1997; Kubokawa et al. 1999).

Evaluating relationships between these stress indicators and other physiological variables,
environmental conditions, migration behaviour, and migration success can reveal
potential mechanisms for migration behaviour and en route or .prespawningvmortal‘ity.'
Further refining my undérstanding of sockeye salmon migration through the use of

integrative physiology providés a unique opportunity to rapidly assess conservation )

issues and evaluate management actions (Wikelski and Cooke 2006).

Migration timing

The primary influence on upstream migration timing is spawn timing, which is a heritable
trait optimized for offspring survival and development (Quinn 2005). Migration initiation .
and travel rate must provide sufficient time to reach spawning grounds. Another
impbrtant heritable inﬂuencé on migration timing is the avoidance of detrimental
migration conditions, such as high flows or temperat_ures (Quinn et al. 1997; Hodgson

and Quinn 2002). Higher river temperatures, which were correlated with elevafed marine

temperatures, have been associated with earlier migration timing in Atlantic salmon
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(Salmo salar) of the Baltic v‘Svea' (Dahl et al. 2004). Although thé physiological
ﬁaechaﬁisms for the initiation of freshwatér migration are nbt well understood Fraser
River sockeye demonstrate relatively consistent timing of migfation initiatiori,. qften wifh
| timing windows of legs than one ‘week (Woodey 1987). More distant populétions
generally initiate migration earlier and oftén 'migrate faster. A rélatively consistent and
narrow spawn timing window in mig'ratioh timing would result in early migrants

spending more time in freshwater and in a catabolic state prior to spawning.

Purpose of this s‘tudy  /

This study uses nascent bio-teiem‘etry and ihtégraﬁve physiological sampling methods to
imprdve our understanding of the spawning migration of sockeye salmon and to elucidate
potential mechanisms for en route mo‘rtalityA(Cooke et al. 200_5). En route mortality can . .
comprise a sighiﬁcant propértion of mortality in the life cycle of soékey_e éalmon prior to
| spawrﬁng, and has reached elevated levels in the past decade amongst Fraser River
sockeye salmon.(Cooke‘et al. 2004). En routé mortality has been difficult to predict
(Williams 2005) and rebrésents a considerable challenge for both susta}inable harvest
management and effective endangered species recovery. Identifying potential rﬂortality
mechainismS'may increase the ability to predict en route mortality. Refining my
understandiﬁg of the complexl p_hysiold_gy of .migrating adult sockeye salfnon may also
reveal bhysio_logical indicators that provide effective surrogates for predicting migration

behaviour and _survival.

The migration of Fraser River sockeye salmon has been intensively studied, including
some of the earliest research on salmon migration swimming and energetics by Brett

(reviewed in Brett 1995) and the more recent evaluation of sockeye migration swimming
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and'energetics using conventional and electromyogram biotelemetry (reviewed in Hinchv
2005). By utilizing this relatively well-reséarched system, this study was able to use
established capfure, sampling, and telemetry methods to evaluate a complex problem

affecting an important meta-population of sockeye salmon.
Research questions/hypotheses

~ The primary objective of this study was to identify physiological correlates and potential
mechanisms for en route mbrtality in late-run Fraser River sockeye salmon. A secondary
objective of this Study was to further refine understanding of the role of migration timingl

on miération physiology. ’ p

I tested the role of migration timing, and early migration particularly, on er-lefg'y stores,
reproductive developmept, migration behaviour, aﬁd stress of adult Pacific salmbn. The
~ first hypothesis is that early migrants have higher energy stores and lower reproductive
.development, corresponding to a relatively fixed reproductilve lifespan associated 'with a
narrow spawn timing window. However, to evaluate fhe influence of early migration on
. en route niorfality I also hypothesized that early migrants that died en route to spawning
grounds do not foll_bv’v the ﬁrst hypothesis, with lower energy stores and higher _A
reproductive developmen’g than migrants from the rﬁore tfaditioﬁal migration timing
period. o ' , | | a .
A distinct set of hypotheses considered the role of adverse environmental conditions,
lparticularly‘high ‘water temperatures, on migration physiology and en route mortality. I
predicted physiological measures of stress would be higher in‘early,migrants as \

freshwater temperatures traditionally peak before migration and decline through the

migration period. As an investigative study I did not confine my data collection and
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analyses to testing only these hypotheses. For example, osmorgg’ulatory status was

assessed as a further measure of stress but also to consider potential interactions between

osmoregulatory status, other physiological measures, migration timing, and behaviour. In -
o« -

addition to the outcome of hypothesis testing this study may reveal further hypothéses_‘ S

that <\:ould direct more specific field or empirical studies.
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' CHAPTER 2
- Physiological and energetic correlates of en route mortality for abnormally early
migrating adult sockeye salmon (Oncorhynchus nerka) in the Thompson,River,_Br_itish'

Columbial

Introduction |

The spawning migrations of Pacific salmon (Oncorhynchus spp.) :are physiologically
challenging, using limite_d energy feservés to adjust osmoregulation from saltwater to
freshwater, migréte ups‘sream, develop gonads, and spawn (Brett 1995). Despite having a
gsneral understanding of migraﬁon rates, movefnent patterns and sur\;ival for some
species and stocks during migrations (Groot and Margslis 1991, Quinn 2005), there is
little information on how the physmloglcal state of mlgrants affects their ab111ty to reach

spawning grounds This knowledge gap may hinder the explanation of year-to-year

variation in spawning abundance and subsequent juvenile production.

A secent slteration in river migratioh behavipﬁr and mortality in Fraser River (British
Columbia, Canada) sockeye salmon (O. nerka) permitted an examination of the role of
physiological state in .migration sgccess.‘T-hough over 150 distinct spawning sites are
used by sockeye% sqlmoh iﬂ the Fraser River system, ﬁsheries managers identify four

- broad run timing groups based on entry timing of maturing adults into freshwater: early

! A version of this chapter has been published: Young, J. L., Hinch, S. G.,\ Cooke, S. I, Crossin, G. T.,
Patterson, D. A., Farrell, A. P., Van Der Kraak, G., Lotto, A. G., Lister, A., Healey, M. C., and English, K.
K. 2006. Physiological and energetic correlates of en route mortality for abnormally early migrating adult
sockeye salmon (Oncorhynchus nerka) in the Thompson River, British Columbia. Can. J. Fish. Aquat Sci.
63: 1067-1077.
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stiiart, early summer, summer, and late (Woodey 1987). Sockeye enter ihe Fraser River
between June and October. The late-run timing group is the last to enter and nnlike the
other timing aggregates, typically holds in the outer estilary for several weeks prior te
starting .river migration. This estuarine delay occurs despite arrival time near the river
‘mouth at approximately the same time as early summer anci surnrner stocks, which enter
the river immediately upon arr/ival. Since 1995, large »segments of late-run sockeye have
ceased their hblding behaviour and have entered freshwater 3-6 weeks earlier than
historically observed .(Cooke.et al. 2004a; Leipeinte et al. 2004).' Howei/er, these aberrant
‘migrants have experienced high rates of mortality prior to spawning, which in some yeais
exceeded 90% (C:)Okg et al. 2004a; Lapointe et al. 2004). In contrast, prior, to 1995 and
aberrant migiati-on, mortality dnring rivei rnigration rareiy exceeded 20% in any year for

late-run Fraser River sockeye (Macdonald and Williams 1998).

To date, there has been no direct studyiof the underlying causes of the high mortality
aseociated with the aberrant early migration of late-run sockeye salmon. However, most
: proposed hypotheses suggest that certain 'physiol(ogical systems are malfunctioning
during freshwater migration (Cook_e\et al. 2004a). One liypothesis is base_(i on the
observed association between depletion of somatic energy reéei’ves and mortality in
migiating adult sockeye (Rand and Hinch 1998). Migrating adult salmon are in a
catabolicl state, having ceased feeding prior to river entry, in fact Fraser River sockeye
have stoppedv feeding at least 200-400 km from the river moiith (Hinch et al. 2005). Thus,
late-run sockeye salmon depend on a fixed energy reserve for migration, reproductive
development, and spawning. By entering the Fraser River early, late-run sockeye are

more likely to encounter higher water temperatures and flows than they would normally
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would accelerate the depletion of fixed energy reserves. Further, by encountering higher

experience in the fall. Increased flow and water temperatures increase transport costs and

flows, I might expect to see erratic swimming patterns and considerable burst swimming

(Macdonald 2000), leading to elevated levels of plasma lactate, glucbse and cortisol -

' (Fagerlund 1967; Farrell et al. 2000; Barton 2002). High levels of lactate and the -

associated metabolic acidosis have long been associated with post-exercise mortality

(Black 1958). Related studies have shown that a freshwater myxosporan parasite

(Parvicapsula minibicornis) contributes to mortality and reduced exercise capacity in

adult late-run salmon if they accumulate more than approximately 450 degree days in
freshwater (Wagner et al. 2005). Although individuals in this study were captured at a
location that would traditionally be encountered by migrating adults prior to

accumulating 450 degree days, elevated temperatures and flow along with early

freshwater entry may allow development of the parasite to an extent that it affects’

individuals prior to or at the location of capture for this study.

A second hypothesis is based on the notion that reproduéti%e hormone concentrations

" involved in the initiation of spawning migrations (Ueda et al. 1998; Munakata et al. 2001)

can influence migration behaviour and mortality (Hogésen and Prunet 1997; Ueda et al.
1998). Early river entry and en route rhonality could be associated with advanced

reproductive development. Secondary sexual characteristics and egg production typically

develop during the freshwater migration (Hendry and Bérg 1999). Premature maturation

may reduce energy stores required for migration or compromise swimming efficiency.
Reproductive maturation is also closely linked with rapid senescence and tissue

degeneration in Pacific salmon (Dickhoff 1989; Finch 1990; Hendry and Berg 1999).
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wé intercepted'odult late-run sockeye salmon of the Adams—Shuswap st_ock complex in
‘the Thompson River canyon, approximately halfway along their freshwater migration,
and used radio telemetry coupled with biological sampling to link the fate of indifzidual
fish with their behaviour and physiological condition. I-focused on sockeye‘salmon that
spawn in or near Shuswap La;ke because of their impoﬁance to fisheries, their relative
abundanee during the year of sampling, and their rel'atively long freshwater migfation

’ (~485 km, the furthest of all late -run stocks) and the associate need of high energy. Gross
somatlc energy was ‘measured and blood samples taken prior to 1mplantmg elther a . |
conventional or electromyogram re;dio transmitter. [ examined whether either of the two
hypotheses, (i) energy/use, associated with inefficient swimming amd elevated stress; and ‘

(ii) premature reproductive development, were associated with mortality in late-run )

sockeye salmon with aberrant early migration.

Methods

| Study site

‘Fish were captured, biologically sémpled and released at one site in the Thompson River

canyon, Brltlsh Columbla The site v was located 10 km upstream of the conﬂuence of the
Fraser and Thompson Rlvers 270 km upstream of the ocean, and about halfway along the
approx1mately 480 km freshwater migration route of the Adams RIVCI‘ and Shuswap Lake

sockeye salmon stocks (Figure 2.1). : .
-
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Figlire 2.1. Map of study system with insert showing relative location within Canada. Fish were
implanted with transmitters and biologically'sampled in the Thompson River 10 km upstream of
the junction of the Thompsc;n River and Fraser River (Lat/Long: 50.3° N, 121.4° W). Fixed
positional telemetry stations were positioned downstream of the release location (D1), upstream
and en route to spawning grounds (U1, U2, U3), at the junction to the North Thompson River to
assist with stock complex identification (U4), and at spawning gfounds (S1, S2).

Downstream of this .con'ﬂuence,-‘ the Frasér River presént_s.migraﬁon obstacles in the form
of high loads o.f suspended sediment (Macdbnald 2000), areas of high flow veiocities
(Hinch* and Raﬁd 1998) and gill net ﬁsherieé. The Thompson River has lower discharge
rates and suspended sediment Aloads than the Fraser River, bﬁt’the‘ first 20 km of the
Thompson River from the moﬁth‘ contains areas of constricted bedrock channels with

lafge steps along the bed, where currents are complex and fast. Previous research using

_electromyogram (EMG) telemetry in the Fraser Rivér (eg., Hincﬁ and Rand 1998; Hinch |
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et al. 2002; Standen et al. 2002) indicated that sockeye are most physically challenged

during upstreém migration through these types of habitats.

Fisﬁ capture aﬁd biological sampling

Sockeye s‘alrrzlon were collected between mid-August and early October 2005‘,‘a period
 that spanned the entire migration per.ilod for late-run sockeyé salmon through the:
Thompson River. During the sampling period, averagé river temperature at my site
displayed a seasonal deéline from 19.5 to 16.0 °C. Fish were capfured within 0.5 m of the
_shorc by dip nets lowered to a maximum depth of 1 m. Successful fishing locations were
associated'with areas of constricfed flow and where fish vlvere observed to travel primarily
along.th.is edge area, presumably avoiding areas Qf higher flow near the micidle of the
river channds. Fish capture methbds were conSistent throughout the sampling périod.r.

" Within 30 seconds of captﬁre, single fish were placed ventrél side up iﬂ a foam-lined ‘V’-
shaped trough, which s/upplieci flowing river-water to the moutﬁ of the ﬁsh, submerging
the entire heéd. Individual fish were restrained by 1 or 2 peopie, while another pefson
collected a blood sample via a caudal puncture (Houston 1990) using a syringev (1.57,21

~ gauge) and vacutainer (3 'mL), which was immediately stored in an ice-water slurry.
Pressufe was applied to the puncfure site to facilitate blood clotting. If blood was nét |

~

dfawn within 1 minl;te, the fish was excluded from tﬁe .stud‘y and immediately sacriﬁcedl .
l;y cerebral percussion. A portion of the adipose fin was collected and stored in ethanol
for DNA analysié and a fork length measurement was made. A micro-wave energy meter

| (Distell Fish Fatm_efer fnodel 692; Distell Iﬁc., West Lothian, Scotland, UK) was used to

assess somatic energy levels following the methods in Crossin and Hinch (2005). While

in the trough, the left side of the fish was partially lifted out of water to permit the energy

\
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meter to be placed on two locations of the body wall near the dorsal fin. Gender was
assessed using external secondary sexual characteristics or with the aid of feproductive; ‘

5

hormones (see below). Blood samples we;e centrifuged within 10 minutes of storagé on
ice and two 0.5 ml plasma ;liquots were immediately removed, stc;red on dry ice in the
ﬁeld and transferred fo -80°C upon_returﬁ to the lab. Of 60 late.-run sockeye gastrically |
implanted with radio transmitters, gross somatic energy was assessed on 54 and blobd

collected from 36. The sampling approach describéd has been shown to have no

detrimental effects to sockeye migration rates or survival (Cooke et.al. 2005).

K

Radio ';elemetry
Fish were gastrlcally implanted with posmonal radio transmitters (MCFT -3A, Lotek
Wireless Inc.) via the mouth using a plastlc tag applicator (Ramstad and Woody 2003
English et al. 2004). Transmitters were implanted ¢ither immediafely after capture (n=
24) or irhmediately after blood sampling (n = 36). No anaestheéia was used on fish -
released with a posiﬁon’al radio transmitter. Transmitters weighed 16.1 ginairand 6.2 g
in water and measured 16 mm.in diametér and 51 mm in length. The antenna trailed out
of the mouth of the fish an.d' 30 mm of tubing from a Floy anchor tag was affixed tb the
end bf the antenna. The tagging and sampling pro.cedures were terminated if either the

. procedure took longer than 156 sec or the fish escaped from the tr.ough. Fiéh were |
released immediately after tagging into a deep pool with a back eddy, slightiy

‘downstream of the capture location.

Six receiver stations (Lotek receiver models SRX400 or SRX400A) capable of logging
information from the positional transmitters were installed at locations along the

Thompson River migratory route upstream of my site (Figure 2.1). Each station

~
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comprised up to three antennas (3-4 element Yagi). Two receivers were positioned
upstreani of the release sit¢ on the Thompson River (U1 and U2, 22 énd 47 km from
r¢leasé site, respectively), and two receivers were positioned at late-run spawning streams
(199 and 205 km from release site). One receiver Was positioned on the North Thompson
River (ﬁ4, 134 km from release site), which enabled detection of éarly summér—run fish
that co-migrate with aberrantly early-timed late-fﬁn fish and which masf have béen
inadVe'rt’ently sampled and tagged. To detect fish that headed downstream after release,
one station was p(;sitioned 10 km dqwnstream of the release site at the confluence of the
Thompson and Fraser Riveré (D1). Receivers collected datall‘ from 25 Ailgust until the last
transmitter detéction on 24 October 2003 (English et al. 2004). F'ish were classified as
‘casualty’ if they were detected at an upstream ‘detection station but not at a spawﬂing
ground detection station, ‘survivo‘r’ if they were detected at a spawning ground detection

' station, or. ‘drop out’ if they were nof detected at a fixed station upstream-of the ‘releasé'

location.

Following biological sami)ling (‘sar_r41e approaches as describeci ébove), fish déstined for _
EMG transmitter implantatio.n were transferred to a net-pen (~1.5 x 1,.5 x 1.5 m3)
constructed from PVC pipe énd plastic fencing placed in the river. Only females were
'used for EMG‘ telemetry fo limit inter-individual variability. Within 48 hours of capture,
‘ﬁsh were anaesthesizedv (buffered MS222; 40-50 mg L', implanted with an EMG
transmittér and. released after' a short recovery/beriod (15-60 min). I began EMG surgery.
on 29 fish. Surgeries on 11 fish were halted .before transmitter insertion due to excessive ‘

bleeding from the surgical incision. Of the 18 fish implanted with transmitters, 14 also

displayed bleeding from the incision, which was deemed excessive for 4 fish (loss of |

—

| 21




| greater thaﬁ 20 mL). Asa result, I feleased only 10 fish with EMG transmitters. Aﬁe?
release, ﬁshvv‘vere tracked by hand using a mobile radio receiver (thek model SRX400)
~and single 3-element Yagi antenna. EMG t;ansmitters measure activity of main
swimrﬁing rﬂusbles that can be used to estimate'v sv_vimming spéed anderiergy expénditure e
(Standen et al. 2002; Cdoke et al. 2004Db). Fuil details on the EMG pulse interval o
trarismi_tter and surgical procedures for sockeyé are found in Hinch et al. (1996) with_

more generic detail ih Cooke et al. (2004b).

We investigated the unusual bleeding phenomenon by measming Blood cl'ott\ing't‘im'e in
an additional 62 sockeye captured at my site between 7 Sebtember to 7 October 2003. /
Clotting time was determined on blqod éampled immediately after cerebral percussion by
cutting the gill arch and dripp.i'ng 10 drops of fresh bloéd on .a clean, shade-stored, glass
slide within oﬁé minute of fish death. With a stopwatch I measure.d the time for the blood
sample to form into a singular, gelled mass, while keeping the slide ;)ut of direct sunlight.
This method p_rdved to be precise and was appliéd over consistent air .temperatures. Other
- methods, including filling a haematocrit tube with Bloo&.and timing the bformation ofa
connected string of clotted blood betweén broken sections of the tube, proved inaccurate

and difficult to repeat.

~ Stock and timing group classiﬁcation

Stock identiﬁéation of individual fish was determiﬁed by microsatellite DNA Qariation
(Beacham et al. 1995). DNA analyses revealed that of all ﬁéh captured for radio

' fransmitter implantation 17 fish were early summer-ruﬁ, and 60 fish were late-run. _Lbate-
run sockeye captured befc;re 16 September 2003 were classiﬁed aé ‘abérrant’, émd_"those

daptured after this date as ‘normal’. This delineation date was used because: i) two peaks
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in abundance occurred in at the location of sanjpling that were clearly separated by this
date, and ii) periods after 16 September represent the traditional arrivel time of late-run .
sockeye at the sampling locatioh in tﬁe Thpmpson River, as determined frqm long-terrﬁ
average passage times of late-run so-ckeye at a downstream location (Augusté9 at -
Mission,_ B.C.; English et al, 2004) an'd average migration travel times from this location
to the sampling location (18 days, Pa&ersbn, unpublished data). Although DNA analysis
was not condueted on the group of .ﬁsh used for blot clotting measurements, this test wés
limited to fish captured after September 7. The late safnpling dates occur after the
majority of identified early summer-run fish passed my site suggesting that the majority

were late-run fish.

Plasma anélyses

Plasma ion, cortisol and osmolelity measufe_ments followed the procedures described by
Farrell et al. (2000). :l"he measurements were repeated if there was dieagreement between
dui)licates,>2.5 mequiv. L™!. Concentrations of plasma Na" and K’+-were mea}sur‘ed using
a model 510 Turner flame photometer. Plasma aliquots (5 uL) were diluted 1:200 with é
prepared 15 mEq lithium L™ solution. The photemeter was calibrated prior to use and
checked against a Standard.approximately every five samples; Measurements were

- repeated if the disagreement between duplic.ate's was >2%. Plasma laetate and glucose

‘ concen;ratioils were measured using a YSI 2300 4StatP1us lactate/ glucose analyzer
(Yellow Springs Instruments). Plasma osmolality was measured in duplicate on 10 pL
samp}eé using a model 5500 Wescor vapour pressure. Measurements were repeated if the

disagreement between duplicates was >3%. Plasma cortisol concentrations were

measured in duplicate using 96-well ELISA kits (Neogen Corp., Lexington, Ky.).
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Testosterone (T), 17B-estradiol (E2), and 1 i-k'etotestostefone (11-KT) were measured by
radioi_mmunoas_Say ’(Van‘Der Kraak and Chang 1990; McMaster ét al. 1992). The inter-
assay variabilities for thé T, E2, and 11-KT radioimmuno}assays were 6.6, 11.6, and
8.8%, respectively. I regressed plvasma E2 values against T values to assign gender to

fish, which resu_ltéd in two distinct clusters of the data corresponding to male and female

fish.

Data anéiysis » -

A series of factorial two-way anal;fsis of variance (ANOVA) tests were used to examine
fér differences in gross somatic energy, plasma metabolites, and plasma ions between
aberrant- and normal-timed migrants and between survivors,- casualties, and drop oﬁts..
An all pairwise multiple comparisons a posteriori procedure was used tTukey test) to
evaluate those groups that contributed to fnain_ effects. I ¢stimated individual fish ground
speeds using distances, time of travel bétween_ teleﬁetw receiyer stations, and fish body
length. Migration ground speeds were compared i)etween aberrant (both casualties and ,
}survivc')rs)‘ and normal-timed migrants using two-WayiANOVA and Tukey post-hoc tests
to evaluate significant effects. Plasmav cortisol required loglo transformation to meet
statistical .norr.nality and equal variance réquirefne_nts. The s¢gregation of reproductive
hormone results by migration tifning, migration fate, and génder created sample sizes too
~ small for comprehengive analyseé. To specifically evaiﬁate the potential role of
reproductive development on morta_llity in aberrant migrapts select f-testé were used to
.compafe female plasma reproductive hofmone levels between aberrant SLlI‘V‘iV(\)l‘S and
casualties.— I used linéaar regression and a t-test to compare blood clotting time with date of

~ S

capture. A Chi-square test was used to compare survival between fish that were released
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with a radio transmitter and blood sampled or not. All analyses were conducted using

Sigmastat 2.03 (SPSS Inc.) and were assessed for significance at a = 0.05.

-Resultg
Positional radio telemetry .

“Of the 60 late-run fish impiantéd with a'positiorial radio transmitter, 63% (38 fish) were
cé_ptured before Septemberb 16 and classified as ‘aberrant-tifned’ and 37% (22 fish) were
captured éfter _this date and.classiﬁéd as ‘normal-timed’ (Figure 2.2). Of aberrant-timed
migrants, 50% (19 fish) were ‘survivors’, having reac}heci spawning gréunds, 32% '(12
ﬁsh) were ‘casualties’, detected upstream but not at spawning grounds, and 18% (7 fish)
were “‘drop outs’, detected downstream but never upstream of release. bf nbrﬁal-tifned
migrants, 18% (4 fish) were ‘survivors’, 36% (8 fish) were ‘casualties’, aﬁd 46% (10
fish) were ‘drop outs’. There was no difference in migration fate between fish that Weré

sampled for blood (n= 36) and those that were not (n = 24; v =2.658, P =0.265).
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Figure 2.2. Number of aberrant and normal timed late-run sockeye grouped by migration fate as
determined by positional radio-telemetry detections (@ drop out: fell downstream after release
‘and never detected upstream, O casualty: detected upstream but not at spawning grounds, and .

survivor: detected at spawning grounds). Sample sizes (n) shown within each bar.

“Average ground speed from the release site to the second upstream detection station (U2)
did not differ by migration timing (F = 0.109, P.= O._'743) but did differ by migration fate
with higher ground speeds in aberrant casualties than surviVors (F=3.544, P = 0.030;

Figure 2.3a). Migration ground speed from release to sp.awning grounds was higher in

normal- than aberrant-timed migraﬁts (t=82, P =0.007; Figure 2.3b).
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Figure 2.3. Mean + standard error: (a) average migration ground speed (BL s') estimated from
travel between release and upstream detection site U2 (47vkm upstream) for O casualties, and @
. survivors (b) éverage swimming speed (BL s™) estimated from travel betWeeri ﬁpstream detection
site U2 and spaWning grounds (detection station S1, 163 km upstream). Sample sizes (n) within

each bar. Statistically significant differences indicated by symbol (*).

Physiological and energetic analyses

Gross somatic ene;r;gy (GSE) differed by mi‘gration timing and fate (Table 2.1), with
lower GSE in abé_rrant-timed casualties than both aberrant-timed survivofs (P<0.001) and
dropouts (P=0.004), and a higher GSE in aberrant- compa-red with normal-timed |

| su}'vivors (P=0.005), casualties (P=0.005) and dropouts (P=0.007). Plasma lactate

differed by migration fate (Table 2.1) with higher lactate in aberrant-timed casualties than ’
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dropouts (P=0.020). Plasma glucose also differed by migration fate with lower glucose in '.
casualties\ than dropouts for both timing groups combined (Table 2.1). Plasma cortisol did

not differ by migration fate or timing (Table 2.1). '

Plasma osmolality differed by migration timing (Tab1¢ 2.1), with higher osmolality in
aberrant-timed cas‘ualties. than surviyors (P=0.021) and higher osmolality in e;berrant- ,
than normal-timed drop outs (P=0.002) and casualties (P=0.003). Mor¢ gene;élly, plasma
K" differed by migration timing with highe;,r potassium in aberrant-timed migrants across -’
all migration fates combined (Table 2.1). Other plasma ions (Na" and CI') did not differ |

by rhigration timing or fate.
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Table 2.1. Comparison of biological variables between late-run sockeye salmon that exhibited aberrant-or normal-timed migrations and reached

spawning grounds (survivor), were detected upstream of release but not at épawning grounds (casualty), or fell downstream after release and were o

never detected upstream of release ,(drop out). Analyses were conducted using two-way ANOVA with fate as the main effect. Italicized statistical

output indicate significant models (o = 0.05). For analyses exhibiting significant main effects multiple comparisons were evaluated using a Tukey

test (a = 0.05). Dissimilar superscript indicates significant differences between migration fates within timing groups (**°) and between migration

timing within fate _grdups ).
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Physiological variable Migration Aberrant timing N Normal timing - N ANOVA output .

' ‘fate Timing Fate Iriteracfion
Gross somatic energy Survivor 7A.92 +0.20%* 17 6.56 £ 0.42Y 4 F=25.168, P<0.001 F=9:831, P<0.001 - F=0.100, P=0.905
(MIkg') | Casualty 6.61 + 025> 11 545+ 0.30" 8 . o

Drop out . 797+ 0.42** 4 6.39 £ 027 - 10
Plasma lactate Survivor '5.19+ 0.85% 6 | 4.50+ 1.04 4 F=1.384; P=0.249 F=3.609, P=0.040 F=1.972, P=0.158
(mmol-L™") "_Casualty 7.78 + 0.79° 7 5.03+ 0.85 6 ' ' '
» Drop out 367+ 1.12° 3 4.46%0.73 8
. Plasma cortisol* " Survivor 133+ 71 6 56 £ 101 3 F=1.276, P=0.269 F=0.521, P=0.600 F=0.035, P=0.966
(ng'mL™) Casualty 185 + 66 7 152+ 78 5 - '
Drop out 149 + 101 3 133 £ 58 8 ,
Plasma glucose Survivor 4.43£020 6 4.68 = 0.24 4  F=0085,P=0.772  F=3.453, P=0.046" _F=0.980, P=0.388
(mmol-L™) Casualty 4374018 7 4.40 % 0.20 6 '
' ‘ Drop out 5.14+028 3 4.74+0.17 8
Plasma osmolality Survivor 329+8° 6 321+ 10 4 F=l7.962, P<0.001 F=2.236, P=0.126 F=2:434, P=0.106
(mosmol'L'l) ~ Casualty 360 + 7°* 7 325+ 8 6
Drop out 356 + 11 3 309+ 7 8



Physiological variable Migration .  Aberrant timing N Normal timing N ANOVA output
' ‘ fate B ' . _ Timing Fate Interaction
Plasma K* ' Survivor 2.54+043 7 1.08 + 0.57 4 F=7.249 P=0.011"  F=0.624,P=0.543  F=0.409, P=0.668
(mequiv-L™) _ Casualty 2.87+043 -7 . 1.78£0.47 6
S ’ Drop out 2.18+0.57 4 1.60 % 0.40 8 4
Plasma CI ~ Survivor 130.6 % 1.1 7 128.8+2.0 2 F=0.007, P=0.933 F=0.268, P=0.768  F=1.849, P=0.185
(mequiv-L™) Casualty 129.1 + 1.1 7 132.6 2.0 2
" Drop out 1311+ 1.4 4 120.1 £ 1.7 3
Plasma Na* - Survivor 161.6+2.4 7 _ 166.6+3.2 4 F=1.097, P=0.303 F=3.177,P=0.382 . F=3.177,0.056
(mequiv-L™) ) Casualty. - 163.6+24 a 160.8 £2.6 6 ’
Dropout . 164.843.2 4 155.6+23 8 \

* log10 transformed for analysis
**Drop out greater than casualty for both timing groups combined

***Aber_fant greater than normal timing for all fate groups combined
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* Reproductive hormones
Plésma teStosferone (M, 1 1-ketotéstosteroné (1 i-KT), and 17B-estradiol (E2) were
cOrﬁpared.-only between aberrant-timed female survivoris and casualties duc to low -
sample sizes. However, significant differences were observed for T and 11-KT, with
highér reproductive Ho_rrnone levels in aberrant-gimed casualties than surviv;)rs (Table. |

2.2).

Table 2.2. Comparison of female reproductive hormone levels between late-run sockeye salmon
that exhibited aberrant-timed migrations and either reached spawning grounds (survivor) or were
detected upstream of release but not at spawning grounds (éasualty). Analyses were conducted

using t-tests. Italicized statistical output indicate significant models (a = 0.05).

- Aberrant survivor Aberrant casualty

- Female reproductive - Mean . N Mean N t Power P
hormone ,

_ Plasma testosterone 16080 £3 8380 4 30 550 +3570 5 -2.738  0.592 0.029
(pgml™) | - |
Plasma 1 ‘1 -Ketotestosterone 953 + 218 o 4 1745 + 183 5 -2.807 0.617  0.026
(pgml™) |
Plasma 17B-estradiol 3398+ 656 4 . 4589+ 464 5 '-1.526 0.163 0.171
(pgml") ) B - |

Electromyogram (EMGQG) telemetry

Only one fish released with an EMG transmitter successfully resumed its upstream
migration and DNA analysis confirmed that it was an early summe_r'—?un fish. The
remaining 9 EMG Itagged .and released late-run fish dropped out and were never detcctéd
near or ﬁpstream of the release location during the entire sampling period. These fish }

typically and gradually moved downstream to the confluence of the Thompsbn and Fraser

Rivers over a 48-72 hour period and remained downstream or not detected for the rest of -




the sampling period. I collected intermitteht EMG dataf on these fish during their fall -
back. EMG pil]'se intervals for each fish were converted to iﬁstantaneous éwimming
speeds using equations from Healey et al. (2003). Swimming speéds in excess of

1.5-Bl s™ were co_rrimon and average speeds among individuals ranged from 0.48-0.52
Bl-s’! (detailed EMG and sWimming speed dat’a are .no_t Shé;zvn). These data indicate that

fish wé%e ndt p.asSively carried downstream but were likely alive and actively swimming.
Excessive bléeding was observed _in 14 of 18 ﬁsh subjeéted to _sur;ge;ry. Of the five fish
| that did not bleed excessivély during surgery one was the early sﬁmmer-run fish that 1
succeséfuily tracked, t§vo were aBerranft—timed late-run fish, and two were normal-timed
late-run fish. Necropsies on eight fish that .blch excessively but were not reléased |
revealed that bleeding was not due to damage to internal viscera or orgaﬁs, or by séveriri'g.‘
large blooa Véssels during sur;gefy.-The time required for blood to clot decreased over the
sarhpling period (R2=0.215, !P<0.001; Figure 2.4), with higher blood clotting time in
aberrant- (133 s+ 13, n=37) thaq normal-timed (77's %5 s, n=61) migrants (t=3.393,

il ) R
P=0.001).
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Figure 2.4. Time required for blood to clot for sockeye salmon captured between 7 September
2003 and 7 Oqtdber 2003. Linear regression line shown (R>=0.215, P§0.001).
Discussioh
We evaluated potential linkages between energetic and physiological va_riablles and
mortality during the spéwniné mi\gration‘of late-run Fraser River sockeye salmon. When
, \interccpted half-way through their freshwater migfétion aberranﬁtimed late-run migranté
had higher energy levels than normal;timed, late-run migrants. This result refutes the
hypothesié that lower energy reserves are contributing to early entrsf behéviour, but sfill
permits the possibility of a low energy mechénism for mortality in aberrant migrants. -
ther work by my group (Cooke, unpublishéd data) indicated a similar battem of energy .
 density when these fish ﬁrst_'enter the Fraser River from the ocean, with lower energy in
normal-timed fnigrants.’ These resﬁlts suglgest/ that the marine Holding behaviour of
normal-timed late-run salmon contributes to this enefgy differential through both routine

metabolism and reduced feeding prior to freshwater entry. Feeding has significantly -
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slowed during the coastal migration and has largely ceased about 200 km from the river
mouth (Hinch et al. 2005). Hendry et al. (2004) suggests a genetic link between migration
and energetic-reproductive state with high somatic energy and small ovaries

characterizing the earliest arriving and spawning females within a sockeye population.

An important ﬁew finding in the present study was that casualtieé which were abérra.htly-
timed had lower energy reserves prior to release and faster 'ground' speeds through the
first 47 km of upst_féam migration than abefrantly-time_d survi-izors. Several mechanisms -
could account for thése differences. First, faster ground speeds likely imply faster
swimming speeds that w01i1d contribute to increased metabolic costs. Aberrant-timed .
survivors had lower migration ground speeds than aberrant-timed casualties and norm;cll- |
timed sprvivors.’ Given that sockeye salmon have é min.imum'cost of transport at a
swimming sﬁeed of approximately 1 BL's™ (Lee et al. 2003), it is possible that unless
abeﬁant-timed fi'lsh' properly pace upstream migration, they may not reach spawning
grounds because of energ.etic exhaustion. Second, aberrant-timed female casualties had
higher reproduptive hormones than aberrant-timed survivors thus the féfmer likely
diverted more énergy to gonads, potentially leaving them energetically deficient for the

swimming éhallenges that remained. These ideas are discussed below.

Fraser River sockeye reach spawning grouﬁds with barely enough energy. to ripen
gonads, perform courtship -and spawn '(Croséin et al 2004a). Normal-timed Adarﬁs _
sockeye (a major compo;lent of the late-run stdck grouping that migrates through‘ the
Thompson River) begin the freshwater migfation with about 8: MIJ kg™ of somatic energy

and complete the migration with about 5 MJ kg™; approximately 4 MJ kg of which is

required to sustain their life throughout spawning and thus they have only.a 1 MJ kg
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energy ‘buffer’ (Crossin etal. 2004a). For female sockeye salmon, swimming |
metabolism and gonad development utilize similar amounts of energy (~1.5 MJ kg’
each) (Crossin 2004b). Thus only modest increases in energy demands for either of these

prdcesses could conéeivab‘ly exhaust energy reserves by depleting the 1 MJ kvg'1 buffer.

Upriver migration can be triggered by injection of testosterone (T) and \
1 lfketotestosterone (11-KT) in precocious castrated male masu salmoﬁ (Oncorhynchus
- masou) and by T, 11-KT, and 17B-estradiol (E2) in immature part (Munakata et al. 2001). |
~Tand 11-KT concentra‘tions also increase during river migration of salmonids (Tveiten
et al 1998; Munakata et"al. 2001; Leonard et al. 2002). Based on physiological samples
from fish from the marine. environment several hundreds of kilometers frbm the mouth of
the Fraser‘ River, it has bée;l éuggested that the early migration phenomenon in late-run )
sockeye may be linked with an accelefaﬁpn of reproduétive develbpment (Cooke et al
2004a). M}; results suggest that this accelerated reproductive de;/eloprhent may a]so play
a role in the abnormally high level of en route mortality. I found abérrant late-run
sockeye that diéd en route to spéwning grouhds had higher levels of (T) in females and

_ t
higher levels of (11-KT) in both sexes. Furthermore, elevated levels of reproduétive
hormones ére believed to be partiélly responsible for'tissue degradation and senescence
during and after épawning by Pacific salmon (Dickhoff 1989). Thus, more advanced
reproductive development during the migration cduld have reduced energy available for
swimmingvor compromised migration ability in another way, such as affecfing tissue
degradation, migration behaQiour, or swimming ability as a result of premature

development of secondary sexual characteristics.

35




/

Physiological stress can accelerate energy use and impafr éwimming performahce in

- rﬁigrating salmon (Farrell et al. 1998; Wagner et él. 2003). Stfe:ss can also reduce a ﬁsh’s
ability to mainfain bloéd ion concentrations (Eddy 1981; Ackerman et al. 2000). I thus
evaluated osmoregulatory status but found no consistent pattemé among plasmaion =

‘levels linking osmoregulatory dysfunction with én route mortality. I did however find
that plasma osmolality was hi'gh‘er in aberrant-timed c;asualties than survivors a;nd higher .
plasma K" in aberrant- than normal-timed migrénfs. These différences‘could be
associated with th;a normal decline in plasma ion concentrations that .occgrs after entry
into freshwater or during maturation and senescence. Adult chum salmon (O. keta)

A e);hibited reduced, but stable ion concentrations in fréshwater following fransfér from
saltwatgr (Morisawa 1979; Hasegawa ét al. 1987). Higher osmolality in abérrant-timed

| casualties than survivors could indicate that the former had spent less time in freshwafer

pl

prior to. capture. This result is consistent with the migration ground speed differencés

a
discussed above, suggesting that aberrant casualties are moving upstream more quickly,
possibly resulting in energetic exhaustion. However, the lack of difference in plasma ions

that most strongly contribute to osmolality (e.g., Na" and CI") may suggest other causes |

for this difference, which I was unable to identify.

The occﬁrrence of exce;sive bleeding during EMG transmitter implantation surgeries was
unexpécted. The volﬁme of bloo»d lost regularlly exceeded 20 mL, which could represent -
more than a third of ‘;otal blood volﬁrﬁe. Dozens of studiés have used EMG transmitter
implaﬂtation techniques similar to that used in this study té examine river migrations of
adult Sockeye (eg., Hincﬁ et al: .1996; Hinch and Bfétty 2000);.pink (Oncm."hynchus‘

gorbuscha) (Standen et al. 2002), chinook (O. tshawytscha) (Brown and Geist 2002), and

Ay
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Atlantic salmon (Salmo salar) (Qkland et al. 2000). However, none have reported
excessive bleeding. Excessive bleeding may have been related io an impaired blood

~ clotting mechanism, since the time required for blood to clot increased over the period of
samrjling,‘ auch,that blood from normal migrants clotted in approximately half the time of
aberrant migrant‘sv. The time required for blood to clot generally declines when healthy
Paciﬁc salmon become diseased or stressed and the number of circulating thrombocytes
increases (Casillas and Smith 1977). A naturally occurring parasite (Pcz/rviéapsula
minibicornis) that affects kidney function is contracted in‘ the estuary by all homeward
migrating sockeye salmon (St;Hilaire et al. 2002). This parasite can lead to disease and
kidney malfunction if water temperatures are relatively high as can be experienced by
early migrating late-run sockeye (Wagner et al. 2005). Hovi/eVer, I do not know whether

this or other parasite infections could influence blood clotting.

Although I cannot assign a mechanism to poor blood clotting and excessive bleeding
from wounds, it'is clear that any level of pliysical rui;ture of the fish’s exterior surface
(skin and gills). could provide an additional mechanism for mortality. All'but one of the .
fish implanted with EMG transmitters either could not be released or fell back. The
EMG-tagged fish that fell back after release did not have lower energy reserves, nor did
EMG data indicate 'that these fish were exhibiting constant burst swimming, which would
have rapidly drained their ‘energy reserves. Sockeye salmon~ typically-encounter rocky bed
conditions in both the Fraser and Thompson canyons, a gauntlet of gill nets, and

- intraspeciﬁc interactions from encounters with thousands of conspeciﬁcs and congenerics
(i.e. migrating pink 'salmon) during their npstream migra‘tion,‘all of which could cause

abrasions or lesions leading to excessive bleeding or more rapid infections in early

!

37




* migrants. Unusual bleeding from injufies received during migration could provide an
additional meéhanism for mortality during migration. Further investigation is réquired to
determine the cause of reduced blood clotting times and to confirm relationships between

physical injury, excessive bleeding, and mortality in aberrant migrants. -

It is unlikely tﬁat physiologically sampling these fish contribu;[ed unduly to en route |
rnoftal_ity because migratién faté for telemetefed fish was similar for fish that were
sampled for blood or not. Although 28% of fish released with a radio transmitter failed to
move 22 km upstream, my reported levels of plasma lactate were lower than the:
threshold (<15.0 mmol-L ') suggested by Jain et al. (1998) for detecting impaired critical
swimming ability for mature soqkeye salmon. Delaygd mortality as a result of handling
effects is generally restricted to 24 h and rarely more than\48 h (Wertheim(er 1988; Farrell
. etal. 2OOQ). Fish were classiﬁed asbcasualty, (en route mortality) only if they .reached the

“second upstream detection station, which was 47 km from the release site. Travel times to

this location averaged more than 60 hours.

In summary, by individually tfacking fish after physiological sampling, I investigated. a
complex phenomenon affecting the migration success of Fraser River sock¢§e salmon.
Furthermore, by linkng physiology dufing mid—ﬁ;igration with fate, this studthés
revealed pbtentially important roles of ¢nergetic status and reproductive development in
influencing the en routé mortality associated‘ with a aberrant migration behaviour.
A;berrant migrants that died en route to spawﬁing grounds had lower energy stores and
faster migration ground speeds than aberrant migrants that reached their spawning, .

- grounds. Conéurrently, aberrant migrants that died en route had higher levels of

reproductive hormones, suggesting that advanced maturation may have contributed to

N
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reduced migratory ability and death prior to spawning. Sockeye that fell back
downstream after being released did not exhibit higher étress, impaired osmoregulatory
function, low energy stores, or energetic exhaustion. éxcessivé bleeding during EMG
transmitter implantation surgery 'sugg.ests é possible injury/mechanisin that could alsq o
contribﬁte to high en route mortality.' Further studies evéluating this bleeding

phenomenon are necessary to refine this hypothesis.
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CHAPTER 3
*'The influence of migration timing and stream temperature on the physiology of upstream
migrating adult sockeye salmon (Oﬁcorhynchus nerka) in the Thompson River, British

Columbia®

Introduction

The spawﬁing migratién of Pacific salmor; (Oncorhynchus spp.) is_a. life history event
requiring specialized physiological capabilitie's.. Paciﬁc‘salmon must effectively partition
limited energy. resérves to fhe osmoregulatofy shift froni salt to freshwater, upstream
travel, repfoductive maturation, and spawning (B‘rett 1995). vSpawn timing is an impqrtant
heritable trait primaljily optimizcd for offspring survival, érowth, and development that is
dependent on the unique environmental conditions of the spawhing and early rearing
habitat (Quinn 2005).-Migration timihg is also an important heritable trait, ensuring
mature adults are dt thé spawning grounds. at the optimal time by incorporating sufficient
time for trévél, physiologi.cal. adjustment to environmental condi'tions, and reproductive
development (Hodgson and Quinn‘ 2002). Migration timing may also be selected to avoid
adVerse migration conditions, éuch as reiatively predictable periods of iligh flows or

temperatures (Quinn et al. 1997; Lee et al. 2003).

¢

~ The migration physioiogy of adult Pacific salmon hés undergone intense study. Energy

use (e.g., Brown et al. 2002; Standen et al. 2002; Crossin et al. 2004), osmoregulatory

2 A version of this chapter is in preparation for publication: Young, J. L., Hinch, S. G., Cooke, S. I,
Crossin, G. T., Patterson, D. A., Van Der Kraak, G., and Farrell, A. P. The influence of migration timing
and water temperature on the physiology of upstream migrating adult sockeye salmon (Oncorhynchus
nerka) in the Thompson River, British Columbia. ' o
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function (e.g., Morisawa 1979, Hasegawa etal. 1987;‘SI/'1rimptovn et al. 2005), and |
reproductive physiology (e.g., Tveiten et al. 1998; Hendry and Berg. 1999;7P‘atterson et al.
" 2004) have been evaluated in Pacific salmon and in some cases data are available acros_s.
different species, populations, and regions (Reviewed i_n Hinch> et al. 2005). However, |
many-qﬁestions remain regarding the.’ association of migration timing and physiology. By
'm_e.asuring a suite of physiological'variables in a group of soakeye salmon (O. nerka)
over the rarlge of time they are observed migrating through one location I evaluated the -
role of migration timing and associated changes in V\rater temperature on ene.rgy’ stores;
plasma ions, stress indicators, and reproductive development. In parti'cular [ was -
interested in evaluating a relatively recent migration phgnomenon where sorne_ Fraser
River sockeye salmon have been migrating abnormally early and dieing en route to

spawning grounds at rates much higher than traditionally observed (Cooke et al. 2004).

* Since 1995, late-run sockeye salmon of the Fraser River have corltracted their traditional
estuarine holdirlg behaviaur by up to six weeks, resulting in aarly freshwater entry and
upstream rriigration (Cooke et al. '2004_). Fraser late-run sockeye are one of four brr)ad
aggregations, segregated primarily by frashwater entry timing, used for fisheries
management (Woodey i987: early Stuart, early summer, summer, and late summer).
Early migration by llate-run sockeye has vbeen associated with an increase in en roate
mortality, reaching 95% in some years (Cooke_et al. 2004). Biotelemetryfbiopsy studies
have revealed a link between energy status,- réproductive déveioprnent and en route
mortality in aberrantly early migrants (Young et al. 2006). Eariy migrarlts that died en

: routs to spawning grourlds had lower grosssomatic energy levels and higher reproductive

horrrlone levels compared to survivors. A biotelemetry / biopsy study that tagged and
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sampled late-run sockeye in the marine environment prior to entering the Fraser River
also showed that individuals that entered freshwater but died en route to spawning
grounds had lower energy and higher reproductive hormones at the point of capture in the

marine environment (Cooke et al. 2006). o

Abnormally early migrating sockeye are not spawning outside of the traditional range of
spawﬁ timing for these stocks (Cooke et al. 2004), but becaus’e soskeye h'ave a relétively
ﬁxec}i‘maturation trajectory (e.g., Hendry a:nd Berg 1999; Patterson et al. 2004)," early
migrants would be expected to be less mature at. freshwater entfy. Since somatic energy is
required .to develop gonads as feeding does not occur-during the migration (Gilhsﬁsen |
'1980; Patterson et al. 2004), earlier migrants would also be expeéted to has/e higher
somatic energy les/els at freshwater ent;'y. My first hypothesis is that early migrants will
Have an inverse felationshjp between somatic énergy and measures of reproduc‘tive'
developmerit, with thé earliest ﬁigrénts éxhibiting the highest energy and the lowest level
of reproductivs maturity; Hendry et al. (2004) ide;ltiﬁed higher somatic energy and |
smaller .ovaries in the earlliest migrating females within a i)opllflation of sockeye.
Hoyv‘eve.r, itis not known whether this condition applies to late-run sockeye of the Fraser

River and if aberranﬂy early migrants will display this trend.

Higher energy levels may be beneficial to early migrant_s/ because river cohditions are
often more energetically challengir_ig in mid-summer relative to end of summs_r (e.g.
higher temperatures or ﬂoWs). However, these harsher en route environments may. also
rapidly deplete energy stores necessary fdr migrdtion and spawning comple'tisn._ Stress
| | indicators will détermine how adverse conditions, paﬁicularly high .water temperatures,

affect migrants. For instance, plasma cortisol and lactate levels are elevated in sockeye

~
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migrating through warm or fast flowing water (Hinch et al. 2005). Elevated cortisol
- levels can impair reproductive dévelbpment and elevated lactate levels can contribute to

| mortality (Hinch et al. 2005). Plasma ions provide a further measure of stress as disrupted

~

osmoreéulatory function may result the loss of ions in freshwater (Eddy 1981; Ackei’mén
etal. 2000). My second hypofhesis is that early migranfs Will have higher levels of stress
indicators due to greater exposure to higher-témperatures and/or a greéter niumber of
degfee aays up to their point of éapture. If my first hypothesis is rejected because early
migrants do not have higher soma';ic energy levels, .stress indicators may reﬁne | v

understanding of the environmental mechanisms éontributing to premature decline of

energy stores necessary for migration completion and maturation.

Whether early migrants have higher energy leveis br not, a relatively fixed range of .
gpawh timing requires early migr;ints to spend more time in frelshwater, incréas‘irig their
exposure to freshWater impacts. Theée impacts include further botential encounters with
challengihg flow or temperature conditi(;ns, a lbnger period of time in a catabélic state,
and exposure to freshwater parasifes. For exarﬁple, in the Fraser River, a natur-ally.
occurﬁng Mdesporan parasite (Parvicapsula-minibicornis) contracted while adults
migrate through the river mouth is known to reduce swimming. performance and is,
thought to increase rétes of mortality in relatioﬁ to accumulated temperature exposure

(Wagner et al. 2005).

, _
The first and second hypotheses I will test are based on the prevalence of a fixed

maturation trajectory with relatively consistent spawn tir_nihg. More generally, that .
regardless of the location of sampling individuals'of the same meta-population will be in

a similar state of reproductive development. The first hypothesis is that early migrants
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will have higher energy stores and lower reproductive hormone llefvels and less developed
‘ gonads. The second hypothesis is that early migrants \;vill have higher levels of str'ess
indicators associated with their encounter with more adverse environmeﬂtal conditio\fls:
In a}&/idition to evanluat.ing' stress metabolites aﬁd a stress ﬁormone, I aiso measured plasma
ions as an indicator of stress. A challenge for this study was the abiiity to separate the
relative inﬂuence of migration timing and water temperature on salmon physiology as
both vériables are changing at the same time. However, by indépendently Avassessing the
influence of migration timing and temperature on physiology, as well as attempﬁng to
isolate the influence of timing alone, I will further resolve the more strongly contributirig

factor. Further, results from this'study will determine what physiological variables and.

migration conditions require more targeted field or empirical studies.

Methods

Study site §
Fish were céptured and sampled at one site in the Thompson RiQer, British Columbia.
‘The site was 10 km upstream of fhe conﬂuenc¢ of the Fraser and Thompson Rivers, 270
km upstream of thé ocean, and about two-thirdé along the approximately 48‘O'km

freshwater migration route of the Adams River and Shuswap Lake sockeye salmon stocks

(Figure 3.1).
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Figure 3.1. Map of study system with insert showing location within Canada. Fish were captured -
and sampled in the Thompsoﬁ River 10 km upstream of the junction of the Thompson River and

Fraser River (black circle; Latitude/Longitude: 50.3° N, 121.4° W). '

Prior to _reaching this confluence, migfating sockeye ‘facé’ migratidn obstacles in the form
of high suspended sediment loads in the‘lower Fraser River (Macdonald 2000), regions of
very high flow veloc;ties thrbtigh. Hell’s Gate, and gill net fishers along the Fraéer
Canyon (Hinch and Rand ‘199'8). The ﬁrst 20 km of the Thil)mpson‘River presents
complex anc/l fast currents. Previous research using electror;lyog;am (EMG) telemetry_iri

the Fraser River (e.g., Hiﬁch and Rand 1998; Hinch et al. 2002; Standen et al. 2002) -

indicated that these types of habitat are where sockeye aré most physically challenged K
during lipstream rﬁigration fnakfng this study site a logical locale to assess the

—

relationship between physiology and timing.

\. | 52 - o y




Fish collection and biological sampling
A total of 21’8 sockeye salmon were collected between mid-August and éarly October
2003, a period that spanned the ontire migration period for late-run sockeye salmon- |
through the Thompson River. Of the 2‘1‘8 socke)';e salmon sampled, 106 ﬁéh were
oaptured and destructively saropled exclusively for this study, wﬁile 106 were
physiologically sampled and Irel_e'asedv with é radio transinitf_er for a parallel study (Youhg
e.t al. 2006). Radio-tagged fish were not euthanized or anaesthesiied prior to ‘olood
oollection,' gill biopsy and somatic‘ energy measuremerité, but were placed ventral side up
in a foam-lined V-shaped trough with continuous water ﬂow-through. For more detailed>
methods see Young et al. (2006) and Cooke et al. (2005). Gender was det;rmined by
“body morphology and/or reproductive oormone analysis (described below io detoill).‘ :
Gender for the remaining 26 ﬁsﬁ could not be asoeSsed because reproductivo hormones
were not evaluated ond these fish lacked sufﬁcient body morphology charécteristicvs (e.g.,
male kype and dorsal hump) needed for gendér determination. Water temperature at my
site was highest at the start of sampling (ineari dailyvtemperature at start ~1‘9.5 °C) and
| declined 'ghroughout the sampling period (mean daily temperature atkcompletion =~16.0
°C, Figure 3.’2). Water temperatures in the Fraser River downstream of my sampling
* location changed consistently throughout. the migration period suggesting that-mean daily
‘water temperotures in the Thompson River used in analysesA provide a general surrogate
for temperatures experienced by migrating salmon prior to sampling. As demonstrated in
Figure 3.2, the'temperature peak occufred more than two weeks prior to the start of the
late-run migration peri.od through\ my sample site and decliﬁi_ng ;elatively consistently

beyond the this migration period. Thus, early migrants in my study would have
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experienced higher degree days with successive migrants consistently experiencing fewer
degree days over time. Further supporting this approach is the relatively consistent travel

times from the Lower Fraser River to my sampling location (Wagner et al. 2005). '

22.0

20.04
18.0+
16.0+

14.0+

Water temperature (°C)

12.0 . r . R : 5 . .
Jul21 Aug01 Augi12 Aug23 Sep03 Sepi4 Sep25 Oct06 Oct17

Date

Figure 3.2. Average daily water tempe’réture measured hourly of Thompson River at Ashcroft

from 21 July to 17 October 2003. Lines indicate the range from daily minimum to maximum
temperature. Shaded area indicates period of sampling. ' . 1
Fish were captured within 0.5 m of the shore by First Nations dip nets lowered to é
maximﬁm depth of 1 m. Successful fishing locations were associated'with_ areas of
constricted flow and where fish wére ob_sérved to travel _prirharily along Ihis edge area, |
presumably avoidingl areas of higher flow near the middle of the river channels. Fish
capture methods were consistent throughout the sarhpling period. Of all potential fish
collection methods used to samble migrating sockeye salmon (e.g., }g'i'll net, troll,
recreational angling, seine, fish wheel), dip net is the II(IOSt rapid wéy_ of obtaining
physiological s;clmples that are reflective of the animal’s status prior to-capture rath.er' than

the condition of the fish as a result of capture technique (Cooke, Unpublished data).
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Immediately after Acaptur.e (<10 séc), ﬁéhlwere eutﬁanized by cerebral concussion and a
blood sample was collected via a céudal puﬁcture (Houston 1990) ﬁsing a syringe (1.57,
21 gauge) and Va_cutai‘ner (10 mL). Immediately after blood colle?tion, <4 mm from the
tips of 6 to 8 gill filaments (0.03 g) wére removed from the first gill arch (McCormick “ o
- 1993) for assessing gill enzyme activity for another study. A portion of the adipose fin
Was collected and stored in ethanoi for DNA analysis and a for_k le'ngth. measurement was -
made. A micro-wa\;e énergy meter (Distell Fish Fatmétgr model 692; Distell Inc., West
Lothian, Scotland, UK) was used to assess somatic ‘energy levels followiﬁg the methods
in Crossin and Hinch (2005). Total‘ body mass and gonad mass were measureci using an |
electronic scale with accuracy to 1 g. Blood samples wére centrifuged within 10 minutes
of storage on ice and four pl‘asma aliquots (5 pl) were immediately removed7 stored on

dry ice in the field and transferred to -86 °C freezers upon return to the laboratory.

| Sample diétribution and stock idéntiﬁc‘:ation
Of 218 fish captured gross somatic energy was assessed.for 194, bléod was collected
from 177, and a gill biopsy collected from 106. Stock identification of individual fish was
determined using molecular genetic techniques (Beacham et ai. 1995). DNA analyses
focused on early migrants due to the potential overlap between late-run sockeye and early
summer-run sopkeye during this period of the migrétion. Those fish identified é.s early
summer-run fish were excluded from the analysis (n = 28). DNA testing was not

' pérformed on fish captured after 11 Septemb‘er, representing the point at wﬁich I assumed

~ all fish to be from the late run meta-population (M. Lapointe, Paciﬁc v

Salmo_n Commission, Suite 600,- 1155 Rbbson Street, Vancouver, BC, V6E 1BS,

unpublished data).
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Plasma analyses

Plasma variables were used ais indicators of physiological stress and osmoregulétory
status. Plasma ion, c‘ortisoli and osmolality measuiements.followe(i the t)rocedures
described by Farrell et al. (2000). The measurements were repeated if there‘was -------
disagreemént between duplicates .>2.5 niéquiv.-L—l. Concentrations of i)lasma Na+
([Na']) were measured nsing a modei 510 Turner flame photometer. Plasma aliquots (5 |
uL) were diluted 1:200 with a prepared 15 mEq lithium'L™" solution. The photometer was
oalibrated prior to use and checked against a standard approximately ever)-f five sarnples.
Measurements were repeated if the disagreement between duplicates was >2%. Plasma
lactate and glucose concentrations Plasma cortisol concentrations .w_ére measured in
dupiicate u/sing 96-well ELISA kits (Neogen Corp., Lexington, Ky.). TestOsterone (D),
178-estradiol (E2), and 11-ketotestosterone (11-KT) were measured by
radioimmunoassay (Van Der Kraak and Chang 199O;J McMaster et al. 1992). The inter-
: 'assay variabilities for the T, E2, and 11-KT radioimrnunoassays were 6.6, 11.6, and

.

8.8%, respectively.

Statistical zinalyses )

Linear regression was used to independontly assess the relationship between each
physiological variable (dépendont wvariables) with oatpture date and mean daily water
temperature (independent variables). Linear regression vsias also used to assess the
relationship between capture date and the residuals from each of the temperature

| regressions in an attempt to isoiate the effect of migration timing. All dependent variables
were assessed for heteroscedasticity and normality. Further, energy partitioning for

reproductive development is much more substantive in females due to the relatively high
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energy requirements of egg development. Plasma lactate and glucose concentrations were

log-transformed to meet normality and’equal variance assumptions. It was not possible to

meaningfully transform plasma cortisol concéntrations to meet regression assumptions,
ﬁowever, scétterplo;ts wert;, still presented for visual ‘consi;ieration; ‘Regression analyses
were conducted uging Sigmastat 2.03 (SPSS Inc.). The linear regréssion for gross sbmatic
energy Was assessed at 0=0.05 while Bonferroni cqﬁections were applied to groups of
analyses: stress indicators (lacfate, gluéose; cortisol; a=0.0175, plasma ions (Na", Cl_-;
0=0.025), and measures of reproductive development (female gonadosomatic index,
testosterone, 1 l-ketotestostérone, 178 estradiol; a=0.0125). Co;repted coefﬁcients of
variation of female reproductive hormone levels were calculated (Sokal and Rohlf 1981)
and corﬁpared using Z tests (Zar 1999) between early and normal-timed migrants. Only -

female reproductive development variables were analyzed due to poor distribution of '

‘available data for male hormone analyses.

Results

Of the 218 sockeye salmon captured, 171 were identified as ‘late-run’. Of these 171 late-

~ run sockeye salmon, 97 were females (mean mass = 2.29 kg, SE = 0.056; mean fork

length = 60.5 cm, SE = 0.28) and 74 were males (mean mass = 2.87 kg, SE = 0.086;
mean fork length = 63.8 cm, SE = 0.32). Complete data sets for physiolqgical variables

are shown in Appendices 1-3.

Gross somatic énergy
Higher gross somatic energy was found in early migrants (R?=0.351, P<0.0001; Figure
3.3a) and in sockeye salmon that encountered higher water ter’nperafures (R?=0.350,

P<0.0001; Figure 3.3b).
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Figure 3.3. Gross somatic energy for late-rlin Fraéef River sockeye salmon sampléd at a single
location by time (a) and by average stream water temperature on the dafe of sami)ling (b). Li_néar
regression lines presented when significant (p<0.05). |

Stress indicators

Plasma lactate concentrations were hiéher in early mi’grants (R?=0.136, P<0.001; Figure |
3.4#) and in warmer water _tefnperatures (R?=0.125, P<0.001; Figure 3.4b). Conversely,
plasma glucose concentrations were highef in iater migrants (R>=0.0544, P=0.003; Figure
| 3.4¢) and in cooler water temperature (R2=0.0656; P=0.001; Figure 3.4d). Figure 3.4¢ and
Figuré 3.4f shéw plasma cortisol ébncentratiohs With migration capturé date and water

temperature.

58




1.4 : — 1.4

512 b 1.2
© 101 t 1.0
g 10 |
E o8 038
]
S 061 - 0.6
g -
- 04 ‘ r 0.4
S 0.2 , ' 0.2
°

0.0 - - . . — % 0.0

1.0 1— - , — ‘ _ 1.0
& . : (c) | . @
=091 0.9
g ' .

g 081 0.8
[+]
@ 0.7 b 0.7
S
& 061 0.6
e 05!
S 0.5 - 0.5
) _ :
0.4 - - . - —— 0.4
. . - J . ’ .
__ 40 = - - — 4.0
s e
2 351 , N
g 3.0 o . ® . . . . | “ oty '3.0-
5 2.5 .i !0'. 8® z % . ol i.! F 2.5
:g 2.0 1 ‘. o ..:'.. ..I ‘ [ ] L] .... A t 2.0
o : E
o 151 % . I < 3 8 1.5
® . ® -
2 10 s s 1.0
2 5] . o * * 05
0.0 - — : : — : 0.0
Aug19 Aug30 Sep10” Sep21 Oct02 Oct13, 15 16 17 18 19 20
Date Water temperature (°C)

Figure 3.4. Physiological indicators of stress by time and by average stream water temperature on
the date of sampling, including log10 plasma lactate (a,b), log10 plasma glucose (c,d), and log10

plasma cortisol (e,f). Linear regression lines presented when significant (p<0.017).

!

Plasma ions
- ‘Plasma Na" and CI" concentrations were higher in early migrants (Na": R>=0.198,

P<0.001; Figure 3.5a; CI": R?=0.285, P<0.001; Figure 3.5c) and in warmer water

59




" temperatures (Na': R?=0.116, P<0.001; Figure 3.5b; CI': R?=0.319, P<0.001; Figure

3.5d). | I -
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Figure 3.5. Plasma ions by time and by average stream water tefnperature on the date of
sampling, i}ncluding Na' (a,b) and CI (¢,d). Linear regréssion lines presented when significant
(p<0.025). '

Female reproductive hormones and gonadosomatic index

Gonadosomatic index was higher in later migrants .(R2=0.230, P=0.002; Figure 3.6a) and B
in cooler water temperature (R2=0. 171, P=0.010; Figure 3.6b). Plasma testosterone was
“also higher in later-migrants (R?=0.224, P=0.003; Figure 3.6¢) and in cooler water
temperature (R’=0.204, P=0.004; Figure 3.6d). Plasrria 11-ketotestosterone did not differ

with migration timing (R*=0.121, P=0.065; Figure 3.66) or water terhperature (R?=0.131,
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P=0.053; Figure3.6f). Plasma 17 estradiol was hi.g;her in later migrants (R2=_0.190, _

P=0.006; Figure 3.6g) and in cooler temperatures (R’=0.172, Pi0.0lO; Figure 3.6h).
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Separate regressions to isolate influence of capture date

Additional linear regression analyses of the residuals from the water temperature vs.

physiolégical variable regression.analyses did not yield any significant results. Plasma = =~

Na" was the only variable that was close to the a value used to assess significance

(P=0.096; Table 3.1).

Table 3.1. Regression results for capture date vs. the residuals from each physiological variable

* that was regressed against mean daily water temperature in the Thompson River on the date of '

capture. .
Physiological variable - ' R* P
Gross slomatic energy. 0.0218 0.237 .
:
logIO Plasma lactate 0.00148  0.632
1§g10 Plasma glucose 000824 0919
Plasma Na* 0.0175 0.096
Plasma CI 0.00872  0.923
| Female gonadbsomatic index 0.00776 0.599
Female plasma testosterone 0.00298 0.745
Female plasma ll-ketotestosterpne 0.00005 0.97
Female plasma 17B;éstradiol 000174 0804

)

“Variability in reproductive hormones

The cocfﬁcient of variation was higher in early migrants for all three female repfoductive

hormones analyzed (Table 3.2).
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Table 3.2. Corrected coefficients of variation and Z-test results for early- (sampled on or before
16 September) and normal-timed (sampled after 16 September) late-run sockeye salmon captured

- in the lower Thompson River in 2003.

Early-timed migrant Normal-timed migrant ~ Z-test
Female reproductive hormone - - Coefficient of N.- ([?oefﬁcient of - N Z . P
| ) variation s variation (V*)
-Plasma testosterone © . 4439% 31 2292% 7 679.6 <0..001
Plasma 11-ketote§tosterone 36.24% 26 9.28% 4 o 684.8 <'0.001

Plasma 17B-estradiol . . 44.00% 30 1522% 7 7446 <0.001

.Discussion -

By sampling rﬁigrating adult late-run sockeye at a location two thirds éf tﬁe way ‘to their -
spéwning grounds, I.investigatea the influence of migration timing and water temperature
on enérgetié status, reproductive develbpment, osmofegulation’, and stress. My findings
vsupport my ﬁrst hypotheses: earlier mi’grants have higher energy density while being less
reproductively advanced. Energy density and measufés of reproductive developmént'
appeared to'change consistently over the migration period, further supporting the
importance of the interaction between reprodﬁctive development and energyvstores in
~driving the a.vailabil'ity of soﬁatic énergy at this point in the rﬁigration. Higher water
temperatures were not associated with decreased energy stores, suggesting thaf these
adverse conditions did not prematurely deplete energy for most individuals. Stress
indicators provided mixed results, with .high\er plasma lactate but lower plasma glucqse in
early migrants and no association between migration timing and plasma cdrtisol. Plasma
ioné did not indicate higher stfess for early migrants or migrants that encounfered higher

_ temperature, instead showing an opposite relationship in which early, migrants had higher
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plasma ion concentrations, possibly indicating a stronger association of ions  with the

- level of maturation.

Higher energy stores and lower reproductive development in early migrants supp.orts the
likely role of a ﬁxed maturation trajectory in driving the timing of reproductive
de§elopment during the migration and subsequent energy availability. As revealed by
Young et al. (20065 eaﬂy migranfs that died en route to spawning lgrounds had higher

. réproductiye ho.rmc')nes and lower gross sorﬁatic energy part way through the migration
than those early migrants that reached spawning grounds. Thus, en route mortalit); may
be associated with those individuals with comprised migration ability due to maturation,
such as reduced swimming perfonnanée (Williamé and Brett 1987) or an insufﬁcient
reproductive lifespan to.survive and spawn successfully. In this stucIy early migrants had
higher variance 1n reprbductive hormones than normal-timed migrants. This higher
variance in early migrants could be due to a proportion‘ of eariy migraﬁts with advanced
maturation and subsequéntly reduced encrgy stores. If this is true, higﬁcr vériance in
early migrants further suggests that early reproductive develbpment is more common in

early migrants and thus, early.reproductive development may be a unique en route or pre-

spawning mortality mechanism amongst early migrants.

Plasma lactate was higher in early migranfs, suggesting .that higher temperatures or

éhallenging water ﬂows may have contributed to increased anaerobic metébdlisn; L

| associated with burst swimming (Black 1958; Hinch and Eraﬂy 2000). Overall, lactate
levels were higher than resting levels (<2 mﬁol-L'l) but ﬁsually léss than 10 mmol-L'l).A

A preVious study evaluating physioldgical stress in commercially caughf coho salmon (O.

' kisutch) found plasma lactate levels post-capture of more than 11 mmol-L" and more than
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20 mmol-L™"! after 60 minutes of retention (Farrell et al. 2000). Thus, sockeye salmon
captured in this study were exhibiting elevated plasma lactate levels greater than resting,
as would be exp.ected given the challenging migration conditions at and immediately
dqwnstream of the capture location. However, lactate levels were usually less than half of’
the maximum level observed by Farrell et al. (2000), suggesting that these iish may not
have l)een impeded by exercise-related stress and that capture methods used in this study
contributed less to anaerobic metabolism than vcommerci.al ocean capture methods.

Plasma lactate levels did not exceed tlie 15.0 mmol-L threshold identiﬁed b'y Jain et al.
(1998) for impaired critical swimming ability and only four fish exceeded 10 mmol-L.
Tlle lack of change in plasma cort_isol with migration timing or temperature further
suggests that anaerobic metabolism did not contribnte to other indicatOrs of stress.

. Plasma glucose levels were.slightly lower in early migrants confounding the resn_lts for

- lactate, and possibly supporting the first hypothesis instead. Kubokawa et al.‘ (1999)
showed that plasma glucose levels increased in sockéye salmon through the breeding
season. Higher glucose in later migrants may indicate that these individuals are closer to

spawning. ‘

No change in plasma cortisol associated With migration timing suggests that indi.viduals.
were not acutely stressed as a result of capture or recent environmental conditions.
Further, individuals with higherlevels of reproductive development i)vere notassociated
with hypercortisolism, wliich has been linked with senescence'in salmonids (Barry et al.
2001). [Na'] and [Cl’] was actually liigher in early. migrants, rather than lower as might
be expected if freshwater osmoregulation was failing as a result of physiological

challenge and loss of homeostasis (Hasegawa et al. 1987; Ackerman et al. 2000).
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Higher plasma [Na'].and I[Cl'] in early migrants is difficult to explain. Other studies» have
shown that during the freshwater migrétion plasma ions initially decline, followed by a

, relativély stable level through migration and early spaWning, ;md finally a sharp decline
with post-spawning and senescence (Sh’ri_mptoﬁ et al. 2005).'Earl.y migrants may still be
within the initial period of decline, although the mechanism is difficult to determine since
bqth early and normal migrants that were successful in rea(.:hingA spawnihg gfounds spent
similar amounts of time in freshwatér and reaching the point of sampling (Wagner et al.

©2005).

Average somatic energy and reproductive hormorie levels in this study were more similar

to early migrat'ing survivors and generally higher than early migrants that did not reach

spawning grounds in Youhg et al. .(2006). Thus, although this en route mortality -

mechanism is rélativeiy constrained to aberrantly early migrants it did not likely

- contribute to the méj ority of en route mortality amongst early migrants in 2003. .Tﬁus; ’
research to date suggests that the elevated niortality in eérly migrating late-run sockeye is
comprised‘of at ieast two rﬁortality mecharllisms:' en route mortality dﬁe to early
maturation and late en route and pre-spa%ing mortality due to accumulation of more .
than approximately 450 degree days in freshwater, with P. minibicornisv(St-Hilaire et al.

| 2002, Jones et al. 2003) as a potential agent Qf mortality (Wagher et al. 2005). Fufure :

~ investigations should also consider potential iﬁteractions between these two me'chanisms, |

/ 4 .
including the possibility that accumulation of degree days beypnd the 450 degree day
range influences rel.)roductive. development, senescenée, and associ_afed mortality pfior to\

sp_awning. By refining the associations between premature reproductive development'and

energy levels with en route mortality over a number of migration seasons it may be .

-

67




possible to develop tools based on physiological measures {o predict en route mdrtality
levels in late-run Fraser River sockeye salmon that will enhance management and
conservation of these importaht populations. These mechanisms may vary at' different
locations with different meta-popu;ations, and in years with different river F:onditions.
_Further efforts are necesséry to determine migration timing a'\nd‘temperature effects that

are relatively consistent across environments and stocks, and those that are more specific

to one group of salmon in a particular location.

- In summary, results from this study suggest that a relatively fixed reproductive lifespan
\ _

timed to meet a traditional spawn timing has a strong influence on the ener;gy stores and
level of reproductiVe development in adult sockeye salmon Sampled through their
migration period. Individuals that deviate from this pattern, in particular early migrants
with advanced reproductive déyelopment and subseqﬁently lower energy stores, are more
likely to fail to complete the migraﬁbn and spawn (Young et al. 2006). Aberrantly early
migrants in this study had more Variablé levels of reproductive' d_evélopmenf. Itis
pbséible that_ this higher variability was influenced by a sub-set of early migrants with
'advanced‘reproductive d¢velopment that more likely to fail the migfation._ Elevated y\}ater |
temperatures, which occurred earlier in the migration period in fhis study,» were
associated with higher plasma lactate levels. Howeyer, other measures of stress were not :
related to these potential stressors aﬁd may not provide suitable physiblogiCal indicators

for in-season management purposes.
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CHAPTER 4 - CONCLUSIONS

This study effectively int.egrate_d complex and diverse components of sockeye' salmon

. physiology and behaviour doring their upstream spawning migration. The first chapter
utilized bio-telemetry, sampling physiological measures of .energetic status, reproductive
development, osmoregulatory status, and stress to ideotify links between migration
behaviour, en route mortality, and physiology. The second chapter intensively sampled a
broad suite of phys|iolOgica1 variables in more thanéOO adult sockeye salmon at a single
site part-way along the freshwater spawning migration. Individuals were sampled
.continuously ovér the entire range of tinﬁe that sockeye solmon were mig_rating past this
location. T‘ogether, these studies ideniiﬁed potential mechanisms and causes of en route
mortality and further resolved the role of reproductive lifespan in influencing migration ‘
physiology and mortality. .

The first set of conclusiohs relates to the role of reproductive de;lelopment on the
availability of énergy stores and en route mortality. Reproductive development and
energy stores showed.a strong inverse rel.ationsh‘ip throughout ‘the’ migration period, with
early migrants on average having‘ higher energy stores and lower reproductive
development. This result strongly supports the concept of a ﬁxed reproducti\;e_ lifespan
timed (e.g;, H'endry‘ 2004) to ensure adults are mature at the optimal time for spawning,
more generally suggestving that reproductive development and subsequent enérgy stores
are most strongly influenced by the time left before 'Spaw;ling, father than the nﬁigration

location or environmental conditions (Dahl et al. 2004).

Bio-telemetry results suggest that deviations from this pattém in aberrantly early

migrants, with relatively high reproductive development and redﬁced.energy stores,
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contribute to en roiite mortality. Potential mechanisms for this mortality could be

increased migration ground speeds, possibly driven by premature reproductive

development (Munakata et al. 2001) and resulting in inefficient energy use. However,

early reproductive cle\;elopment may also reduee reproductive success by increasing =~ = R
exposure to degree days in freshwater (Wagner et al. 2005) and resulting in reproductive

maturity prior to the optimal spawn timing window (Quinn et al. 2002).

Although the primary conclusion from this study indicates that migration timing, and
associated differences in environrnental conditioris, di(l not Iélay a signiﬁcarit arole in
migration success, some results did suppoi‘t the role of challenging migratory conditions
in affecting rriigration physiology and providing mechanisms for en route mortality. An
attempt to surgically implant electromyogram telemetry transmitters in a subset of adult
sockeye salmon resulted in abnormally high bleeding, with lorrger blood clotting times in
early .mig;grants. Although the rrieehanisms for this bleeding phenomenon are unknown, it
provides an additional mechanism for en route mortality that could he exacerbated by
challenging water flows or high temperature. Water temperatures declined thronigh the
migration period in both the Thompson River, and the Fraser Riyerv prior to the
confluence with the Thompson River2 in 2003. Early migrants had higher plasma lactate,
possibly due to these higher temperatures (Farrell et al. 2000) or more difficult ﬂov_\l |
“conditions, which were not directly assessed. Hoizvever, other stress’ iridi»chtors were not
associated with temperature or migration timing. Although these results suggest a‘
secondary role for temperature in.en route mortality results from a broader research
initiative, of which this thesis is a part, hes' idehtiﬁed increased rnortality prior to’

‘spawning as a result of accumulating degree days in freshwater, particularly over a
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threshold of approximately 450 degree days (Wagner 'et al. 2005). None of the sockeye
salmon captured and sampled in this study would have acc_umulatéd more than 400

- degree days when sampled. Thué, this temperature-dependeﬁt mechanism for mortality
© may nbt have manifeéted itself in the migrants captured in this \study.’ Overall, the-
combination of this thes‘is and other work of the ;eéearch group suggests at lea;t two
major mechanisms for en route mortality: 1) elevé_ted reproductive developmént anci_
reduced energy stores in early migrants, and 2) accumulation of more than 4SQ degree

days in freshwater prior to spawning.

The priméry strength of this re/seafch is the integration of analyses of sockeye salmon
'p.hysiology witﬁ the nﬁigration behaviour, _mortality, and environmental conditions of

’ sockeye salmon during their spawning migration. The concept of reproductive lifespan in |
semelparous sockeye salmon was refined and supported while more speciﬁé‘potential
mechanisms and indicators of en route mdrtality were identified. However, this rese_a_rch '
was largely investigative in nature and used relatively untested mgthods of biojtelemetry. '
Results and coﬁclusions identify the néed for more 'speciﬁc field and empiri,cal étudies to
further refine mechanisms-of en route mortality and the causal_ links between phys/iology '
e\md behavibur. For example, my attempt to integrate physiological sampling with EMG |

- telemetry largely failed and revealed an unexpected Bléeding phenomenon. Causes for

this phenomenon are unknown, but further investigations should evaluate the influence of
Parvicapsula minibicornis infection (St-Hilaire et al. 2002; Jones etal. 2003) on
osmoregulatory function, behaviour (Barber et al. 2000) énd the role of migratory

stressors on blood clotting ability. Further research is needed to identify the ‘physical

mechanisms responsiblé for en route mortality in early migrants with elevated
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reproductive development. Reduced energy stores and prolonged time spent in freshwater
provide likely mechanisms, but further efforts could identify whether early reproductive

development is associated with premature senescence. ’ ’
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APPENDICES

App'endix 1- PhysiologyAand morphology data for all sockeye salmon captured in the Thdmpson River, summer/fall 2003 -
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635 26-AugF 58 2271 59 321 699 178 45 141 312 285 3.630 13.200 : 3512 28750
636 26-AugM 62 2757 24 827 640 167 6.0 123 279 125 4.930 3.580 21490 9276
637 26-AugM 63 2503 64 475 7.05 151 6.1 112 288 476 5.070 11.450 2820 '
638 26-AugF .57 3020 45 270 578 _147 27 13 - 299 . 412 5265 11.250 871.9 16420 -
639 26-Aug F - 58 2247 55 134 841 167 26 133 298 14 4520 6.005 3203 17100
640 26-AugF 58 1444 47 223 578 163 26 124- 302 223 4.125 8.330 . 7304 37270
641 26-AugM 64 2926 54 888 5.78 160 3.7 124 284 14 5345 3610 29880 16420 .
642 26-AugF 60 - 2050 59 170 8.10 161 50 126 309 114 5225 6.225 3076 . 22170
643 26-AugF - 59 2246 56 120 7.53 133 52 91 254 468 8.255 14.250 2957
644 26-AugF 61 2516 57 154 8.11 164 26 125 284 105 5.315 9.480 711.3 8491
645 26-AugF 61 2254 52 293 6.36 153 14 119 29 489 5.890 8.995 885.8 6844
6002 28-AugF 60 - 887 165 1.8 131 326 246 4.095 5.480 1364 4805 28750
. 6003 29-AugF 60 6.75 166 2.6 128 318 86 3.715 5,585 1726 6378 35580
6004 29-AugF -85 6.53 170 1.6 128 322 . 3290 7.855 2043 67475 43130
6005 29-AugF 168 1.3 133 329 4135 6.145 1640 6711 37290
6006 30-AugF 59 5.44 177 3.7 132 330 19 3565 6.355 - 2336 6681 46880
- 6007 30-AugF 58 6.12 167 3.8 133 312 3460 -4.995 . 1491 5605 34640
6008 30-AugF ' ' 174 4.3 128 310 4055 4.710 1447 45T 32750
6009 30-AugF -56 6.89 153 37 128 313 73 3555 5.055 1479 3824 30470
‘ 6010 30-AugF 189 0.0 125 318 5.005- 5.010
6011 2-SepF 167 1.3 132 327 3515 5.805 7883 2305 14320
6012 3-SepF 160 2.2 130 310 3205 3410 1111 2865 24900
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6013 2-SepF 61 820 168 26 132 323 24 3500 6.780 927.7 3099 - 18050
6014 2-SepF 62 769 175 34 134 325 79 3465 7.765 - 8579 2300 . 18730
6015 2-SepF 60 868 173 57 134 328 4190 5805 869.7 3304 16320
6016 2-SepF 63 827 154 36 132 333 3 3745 5.150 1144 5190 28690
6017 5SepF 61 839 175 01 128 313 3530 5115 12395 5868 25300
6018 6-SepF 144 11 126 331 4500 5920 8334 2527 15000
6019 11-SepF 61 792 156 1.7 130 324 . 112 4255 4.905 1363 7508 31720
6020 11-SepF 165 31 127 313 3330 3165 1365 5658 30010
6021 11-SepF 165 2.8 131 317 4810 4415 1490 8081 = 23130
6022 16-SepF 63 733 " 161 2.1 339 4695 5140
6023 17-SepF 161 1.9 318 4730 7.655 .
6024 21-SepF . 60 668 153 10 . 309 4120 3470
6025 21-SepF = 64 6.49 17 313 4205 4.660 ~
6026 24-SepF 63 708 - 158 31 122 310 4 4455 3880 1609 5350 - 22880
6027 25-SepF 65 590 163 -0.1 126 308 4635 3730 1932 7889 32010
6028 25-SepF 65 6.36 168 06 127 32 3935 - 2470 1857 7172 31150
6029 1-OctF. 59 668 160 31 126 304 111 3680 3950 1662 6377 33360
6101 25-Aug 57 . | - _
6102 25-AugF 55 649 159 -05 125 367 207 6590 5410 11855 6268 20000
6103 26-Aug 56 . 4. _ , :
6104 27-AugF 55 720 165 -0.3 131 346 226 5105 8.855 1115. 4083 24570
6105 27-Aug 66 , , o
6106 27-AugF 62 696 166 .05 129 325  684. 3405 13.250 1563 3816 30810
6107 27-Aug 57 . Lo N
6108 27-AugF 63 933 160 03 130 311 492 3985 5145 561.8 1503 5399
6109 27-Aug 60 :
6110 27-AugM 62 776 159 23 131 8128 2704 1742
6111 27-Aug 57 ] .
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6112 27-AugF = 58 813 161 24 130 344 77 4190 7.800 854.7 . 3985 18520
6113 27-Aug 61 850 S
6114 27-AugfF 61 887 159 35 131 374 78 5455 2340 4278 1163 4097
6115 27-Aug 62 8.47
6116 27-AugM 74 708 165 22 129 373 . 37 4335 4755 18220 8566 74.92
6117 28-Aug 66 5.96 _ o
6118 28-AugfF 62 607 161 13 129 323 124 °5895 4.495 1578 3619 23830
6119 28-Aug 66 820 ; . :
6120 28-AugF 53 653 170 20 127 349 161 4635 6.845 23565 4167 42190
6121 28-Aug 63 8.20 ,
6122 28-AugF 57 731 157 27 131 359 106 3965 3615 1417 6493 22180
6123 28-Aug 62 6.12 ‘ . : _
6124 28-AugF 57 617 159 43 128 310 145 4940 7.450 1768 5491 28210
6125 28-Aug 61 746 .
6126 28-AugM 64 769 161 35 129~ 327 40 3.665 3.200 11490 3611 2159
6127 28-Aug 60 6.86 : _ E | :
6128 28-AugM 62 751 168 1.8 131 382 . 18 3.875 6.285 19460 7050 227.7
6129 28-AugF 63 617 164 38 131 328 286 4.530 3820 - 3181 22340
6130 28-AugF 57 748 169 32 133 371 645 4.275 13.750 1701 5080 32010
6131 28-Aug 62 7.94 _ ,
6132 28-AugM 60 736 165 40 134 327 21 4355 5.980 17310 5873 822
6133. 28-Aug - 61 841 - K ,
6134 28-AugF 66 780 167 1.0 129 403 168 3.970 7.930 1208 2962 20000
6135 28-Aug 60 ) 8.29
6136 28-AugF 64 - 631 156 35 131 384 110 4270 6.715 1693 5246 30340
6137 28-Aug 61 7.72 ‘. . _ . _
6138 28-AugF 60 831 160 36 131 328 68 4470 3715 75855 2205 12990
6139 28-Aug 61 6.49
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6140 28-AugM 65 558 160 39 127 334 32 4150 7.045 17990 7916 230.3
6141 28-Aug 63 8.04
6142 28-AugM 66 862 166-21.132 368 31 4680 7.900 16340 5297  86.3
6143 28-Aug 62 5.44 _
6144 28-AugF 59 826 165 40 131 345 41 4505 4.545 8186 4485 . 16550
6145 28-Aug 64 7.80 .
6146 29-Aug 64 7.51
6147 29-Aug 59 9.14 ’
6148 29-Aug 61 5.78
6151 5SepM 63 . 166 0.4 127 20460 6406
6152 6-SepM 66 751 166 1.9 135~ 350 - 79 4.980 - 4.035 10940 4915 .
6153 6-SepF 63 859 168 29 132 344 290 4975 4635 3820 15310
6154 9-SepM 62 '5.18 .
6155 11-SepM 62 :
6156 11-SepM 63
6157 11-SepM ~ 64
6158 11-SepF 60 )
6159 16-SepM 63 6.22
6160 17-SepM 64 627 153 1.0 153 311 0 4620 3905
6161 17-SepM - 64 640 150 1.2 306 25 5185 2570
6162 17-SepM 65 692 160 15 315 14 5520 8.080
6163 17-SepM 66 699 151 14 310 11 4720 3.875
6164 17-SepF 62 705 151 06 154 309 209 5290 5.340
6165 17-SepM . 66 763 156 14 310 106 4.570 5.450 .
6166 _17-SepF 63 756 160 0.7 318 23 5080 7.115
6167 17-SepF 64 487 158 22 320 500 4.350 8.655
6168 17-SepF 63 487 159 22 307 38 4290 4.070
6169 19-SepF 57 668 155 1.1 155 318 136 3.895 4.090
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6170 19-SepF 60 708 153 17 306 113 4600 3.695
6171 24-SepF 57 > 572 166 02 127 307 19 4285 2875 5802 39900
6172 24-SepM 65 596 170 06 128 340 40 4600 3655 20840 9023
6173 30-SepM 64 590 172 06 133 370, 63 4625 4.020 10470 3074
6174 1-OctM 65 508 181 16 129 318 4340 1.760 21260 11730
6175 1-OctF - 63 4.98 -
6176 1-OctF 55 498 164 27 136 - 320 202 4.185 6.015 7548 47390
6177 - 1-OctM 65 5.84 o _
6178 1-OctF - 64 640 150 35 125 304 4095 3.250 7760 37660
6179 1-OctF 60 6.49 A
6180 1-OctF 60 487 168 32 132 34 4625 5455 27710 329.5
6181 1-OctM 65 5.18 .
6201 4-SepM 67 746 154 07 126 296 53 4290 4.245
6202 4-SepF 63 800 141 27 122 . 290 272 4090 5.340
6203 4-SepM 62 802 154 03 127 198 -
6204 4-SepM 62 714 147 51 128 300 195 3120 8.820
6205 4-SepF 64 792 154 07 123 305 ~ 333 4.060 11.150
6206 4-SepM 63 728 141 .20 127 304 140 3810 5680
6207 4-SepF 57 696 138 6.0 118 294 118 2905 8.245 B
6208 4-SepF 56 498 145 56 120 295 204 4.655 10.100
6209 4-SepM 63 572 149 45 123 280 119 3.885 3.830
6210 4-SepF 63 873 148 44 125 303 547 4435 8230
6211 5-SepM 64 5.51
6212 5SepM 61 475 150 02 125 300 49 4360 .5.120 ‘
6213 5SepM 66 660 155 13 132 305 83 5025 8315 .
6214 7-SepM 64 747 158 01 139 316 241 6835 7615 270
6215 7-SepF 59 886 143 60 126 292 176 4160 7485
6216 7-SepM 66 143 44 132 297 88 5230 2855 . 150

7.60

85



86

= - = . @
o - - 232z £ T 2 5 < S
§ ¢ Y g9 3-8 & £ = § ¥ % g
£ = 5 e2 s E - EX % 3_ 3-8 2 2 F 5
o D . = o= Z X¥X O o35 O % S5 <5 = ] @ e
- ES £ ® g 25 =g g8 go g3 g3 28 £7 87 §F %2
: s <% g8 B8 23 & 83 BT 2t 2f By 25 35 2% Ew
o S 3 7 &8 =3 8 55 a5 a aft ataf af 6 =2 T8 £t LS
6217 7-SepM 64 - 699 149 04 125 298 4230 3435 -
6218 7-SepF - 63 788 150 16 125 297 - 196 4855 5645 145
6219 7-SepF 63 776 145 40 131 221 105
6220 8-SepM 67 16 664 167 1.0 133 309 4720 3750 150
6221 8-SepF 63 15 817 146 10 115 . 289 627 12800 3475 . 100
6222 8-SepF 59 14 866 158 12 125 305  178. 4130 4.175
6223 8-SepM 61 15 148 08 123 303 4800 3760  45.
6224 8SepM 61 15 149 26 123 298, 4410 5975 70
6225 8-SepM = 59 14 736 156 09 130 315 5375 4.285 4
6226 8SepF 66 15 772 142 20 125 306 173 3915 8035 _
6227 8-SepM 62 15 705 148 26 125 306 4255 6170 93
6228 8-SepM 61 13 6.68 150 28 132 306 4430 4595 58
6229 9-SepF 60 15 832 149 26 126 307 104 4505 5895 165
6230 9-SepF 59 15 836 150 3.0 127 305 130. 6.245 2500 135
6231 9-SepM 61 15 640 158-19 132 316 4045 5885
6232 9-SepM 65 16 741 - 152 35 132 308 5160 5210 105
6233 10-SepM 64 15 772 158 03 132 317 5160 5.255
6234 10-SepM 62 14 7.33 154 09 133 321 5400 5670 105
6235 10-SepM = 68 16 741 152 16 132 318 5400 5350 85
6236 10-SepM 65 16 776 148 23 130 297 5695 4930 75
6237 10-SepM ~ 65 15 778 150 22 131 305 5080 4670 80
6238 17-SepM 62 596 149 1.9 284 4365 6.155
6239 17-SepM 64 2449 26 709 572 161 09 302 4360 3520 180
6240 17-SepF 64 2734 30 772 - 551 140 12 208 92 4355 3620 65
6241 17-SepF . 62 2687 5t 215 622 151 36 309 4615 5270 95
6242 17-SepM 66 3008 29 904 679 154 1.0 293 4310 2615
6243 17-SepM 65 3181 31 95 59 161 00 332 4800 2660 . 68
6244 17-SepF 61 2433 44 198 668 160 0.0 306 107 5070 3535 - 75
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6245 19-SepF 59 12 1883 43 226 5.72 159 1.6 311 228 3780 3930 )
6246 19-SepF 60 15 2492 50 215 7.31 159 0.7 319 121 4280 7.885 75
6247 19-SepM 63 15 2855 27 917 649 161 1.5 307 5735 5.015 70
6248 19-SepF 61 13 2176 39 181 7.67 149 4.1 302 226 6720 3.35%% 81
6249 19-SepF 61 14 2383 47 296 6.44 156 1.7 294 258 4915 5425 142
6250 19-SepM 68 16 3334 29 101 794 158 0.7 318 5585 3.915 135
6251 21-SepF 56 13 1975 45 223 6.31 142 31 293 113 4275 4.550
6252 21-SepM 63 15 2850 30 107 6.53 165 1.9 316 4800 - 5.125
6253 B.m%_s "63 16 3023 30 881 6.53 160 1.3 332 6.035 7.455
6254 B-m,ov_,\_ 64 16 3005 33 703 6.86 154 2.2 315 5355 5.995
6255 21-SepF 62 15 2556 49 216 6.89 155 3.3 305 95 4535 9.380
6256 21-SepF 58 13 2195 39 139 7.11 157 2.0 309 272 46850 7.975.
6257 24-SepF 58 12 1630 29 154 498 - 151 0.5 126 307 145 4.940 . 6.575 52
6258 24-SepM 68 17 3809 40 104 649 155 0.1 121 304 5.985 3.935 52 .
6259 24-SepF 63 14 2559 54 336 578 142 00 118 301 -208 5365 4.395 79
6260 24-SepF 62 14 2416 50 223 6.57 141 0.7 121 302 126 4.735 5.185 49
6261 24-SepM 61 15 2610 30 922 558 143 2.4 113 302 4.955 3.980
6262 24-SepM - 54 12 1555 20 569 4.87 146 25 115 301 5,025 4.465 48
6263 24-SepM 68 16 3259 35 112 7.05 147 19 117 307 4475 3.890 86
6264 NA.mmvm. 59 14 2290 52 290 6.02 142 2.8 119 298 193 4625 2935 64
6265 25-SepF 50 14 2251 47 244 627 143 0.3 119 291 105 5.310 . 2.745 140
6266 25-SepM 68 15 3182 36 924 596 145 4.3 108 350 4725 3.030 85
6267 25-SepF 58 12 2083 42 213 622 153 04 122 ..No.w 172 5730 4.810 129
6268 25-SepM 63 16 2963 28 933 622 151 0.2 119 292 4770 4.665 72
6269 mm-m.%_u 61 14 2254 50 221 6.3 140 2.1 116 299 29 4425 3.660
6270 25-SepF 62 15 2802 56 312 6.31 136 51 115 288 194 5035 6.625
6271 30-SepF 61 13 2066 38 229 6.40 146 06 121 305 261 4.805 5.450 61
6272 61 14 2336 45 308 590 139 0.6 119 318 155 5770 7.345 132
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6273 30-SepM 64 15 2670 29 953 558 145 04 116 309 5405 2715 92

6274 30-SepF 58 13 2368 53 305 7387 143 26 115 301 ° 69 4825 4.375

6275 30-SepF 61 15 2803 52 250 664 140 44 119 302 119 6125 4305 i

6276 30-SepF 58 13 2110 42 240 584 142 57 123 307 192 4.865 4310 99

6277 30-SepF - 60 12 1906 39 284 535 140 62 115 295 244 5775 4135

6278 30-SepM 65 17 3279 38 107 498 157 39 118 305 4645 6035 55

6279 30-SepF 58 13 1985 36 226 558 147 47 121 296 113 4430 5065 41

6280 30-5epF 56 12 1623 32 158 653 148 58 121 305 142 4360 4555 121

6281 30-SepF 58 13 2060 42 212 636 146 48 119 301 96 4545 2625 51

6282 30-SepF 62 13 2585 47 367 596 130 70 114 293 76 6.370 3870 46

6283 1-OctM 67 16 3277 29 133 686 141 36.120 313 5655 3790 40

6284 1-OctF 60 15 2585 52 286 668 146 46 123 306 56 4.240 6105 55

6285 1-OctF. 59 15 2501 49 264 578 132 70 113 291 285 4505 5030 = 46

6286 1-OctM 66 15 3231 35 852 664 150 40 125 308 4620 3485 43

6287 1-OctM 60 13 2344 33 597 518 153 30 116 298 6350 4885 50

6288 1-OctM 60 15 2659- 20 746 544 152 39 122 314 5215 5505 68

6289 2-OctM 64 14 2543 28 986 607 135 28 123 307 4350 2655 42

6290 2OctM ~ 61 16 2788 34 831 631 142 40 120 305 4565 6170 86

6291 2-OctF 64 15 2641 48 415 584 139 39 121 301 406 5020 1960 45

6292 2OctM 62 16 3048 31 81.3 544 146 28 123 296 6230 8475 54

6293 2-OctF 58 13 1890 36 254 657 139 20 123 302 315 3925 5590 60

6294  2-OctM 69 17 3676 31 148 682 . 140 39 120 291 4895 3100 78

6295 7-OctM 63 14 2405 24 763 544 138 21 124 296 4210 1655 91

6296 7-OctF 59 14 2207 35 184 722 140 34 123 302 367 5395 9110 106

6297 7-OctM 64 14 2500 37 416 722 136 48 125 300 5130 3570 63

6298 7-OctM 62 14 2225 18 50.8 551 146 32 120 308 4775 4710 54
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Appendix 2 - Data for fish released with a conventional radio transmitter
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Ashcroft Ashcroft Ashcroft
daily water daily water  daily Travel time (hours) to:
Date of Scale ID temperature temperature temperature Little Last

FISH# capture DNAresults results max (°C) min (°C)  mean (°C) Ashcroft River Adams Seen Fate Fate Zone
6101  25-Aug 4 Lower_Adams loshu  18.82 - 18.23 18.55 52 27-Aug casualty Thompson - Below Ashcroft
6102- 25-Aug 2Fennel___  nthomr 18.82 18.23 18.55 57.75 27-Aug  casualty Thompson - Below Ashcroft
6103  26-Aug 2 Fennel___ lashu  19.89 18.58 19.2 . 4925 ' 28-Aug casualty Thompson - Below Ashcroft
6104 27-Aug 2Fennell___ ° nthomr 19.89 18.72 18.91 61 30-Aug casualty Thompson - Below Ashcroft
6105  27-Aug 2 Seymour___ . ©19.89 18.72 18.91 5525 = 187.5 4-Sep  spawn Little River '
6106  27-Aug  2Seymour___  lashu .19.89 ~18.72 18.91 64 30-Aug casualty Thompson - Below Ashcroft
6107 27-Aug  2Seymour___  lashu 19.89 - 18.72 . 18.91 7325 " 30-Aug casualty Thompson - Below Ashcroft
6108  27-Aug 4 Lower_Adams lashu 19.89 18.72 18.91 110.75 585 - 22-Sep spawn Little River ' '
6109  27-Aug 4 Lower_Adams nthomr 19.89 1872 . 18.91 775 508.25 17-Sep spawn Little River
6110  27-Aug 4 Lower_Adams lashu  19.89 18.72 18.91 102.75 610 1052.3 19-Oct  spawn  Adams River
6111  27-Aug 4 Lower_Adams lashu 19.89 18.72° 18.91 1185 53275 861 15-Oct spawn  AdamsRiver
6112  27-Aug 4 Lower_Adams lashu  19.89 18.72 18.91 91 51325 1046 23-Oct spawn  Mobile Lake Shuswap Near Adams" Mouth
6113  27-Aug 4 Lower_Adams lashu  19.89 18.72 18.91 9525 6645 1110.3 23-Oct spawn  Mobile Lake Shuswap Near Adams' Mouth
6114  27-Aug 4 Lower_Adams lashu 19.89 18.72 18.91 , ‘ 27-Aug - dropout  Never defected
6115 ~27-Aug 4 Lower_Adams lashu 19.89 18.72 - 18.91 1955 618.75 23-Sep spawn  Little River
6116  27-Aug 4 Llower_Adams lashu 19.89 18.72 18.91 525 5-Sep  casualty Thompson - North Thompson
6117  28-Aug 2 Seymour__ 19.89 17.56 18.25 53.25 173 4-Sep  spawn Little River
6118 . 28-Aug 4 Lower_Adams . 19.89 17.56 18.25 43 131 2-Sep  spawn Little River
6119  28-Aug 4 Lower_Adams lashu 19.89 17.56 18.25 775 452.25 17-Sep  spawn Little River
6120 28-Aug 4 Lower_Adams nthomr 19.89 17.56 -18.25 47.75 2-Sep  casualty Thompson - North Thompson
6121  28-Aug 2Fennel___ . 19.89 - 17.56 18.25 70.5 31-Aug casualty Thompson - Below Ashcroft
6122  28-Aug 2 Seymour___  nthomr 19.89 17.56 18.25 77.25 8-Sep  spawn Thompson - North Thompson
6123  28-Aug 2 Seymour___  lashu  19.89 17.56 - 18.25 4675  180.75 4-Sep  spawn Little River
6124  28-Aug 4 Lower_Adams . 19.89 17.56 18.25 115.5 B 9-Sep  casualty Thompson - North Thompson
6125 28-Aug 4 Lower_ Adams lashu  19.89 17.56 18.25 83.75 540.75 23-Sep spawn Little River
6126 28-Aug 4 Lower_Adams . 19.89 17.56 18.25 73 508 7635 7-Oct  spawn  Adams River
6127  28-Aug  2Seymour___  lashu  19.89 17.56 18.25- 6325 2685 8-Sep  spawn Little River .
6128  28-Aug 2Seymour__  nthomr 19.89 17.56 18.25 50.5 8-Sep  spawn  Thompson - North Thompson



Ashcroft
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) Ashcroft Ashcroft
o daily water  daily water daily - _Travel time (hours)to:
Date of Scale ID temperature temperature temperature Little Last =
FISH# capture = DNAresults results max (°C) min (°C)  mean (°C) Ashcroft River Adams Seen Fate Fate Zone
6101  25-Aug 4 Lower_Adams loshu 18.82 - 18.23 18.55 52 ' 27-Aug casualty Thompson - Below Ashcroft
6129  28-Aug  2Seymour__  lashu  19.89 17.56 18.25 43 31-Aug casualty Thompson - Below Ashcroft
6130  28-Aug 4 Lower Adams lashu  19.89 17.56 18.25 76 31-Aug  casualty Thompson - Below Ashcroft
6131  28-Aug 4 Lower_Adams . 19.89 17.56 18.25 107 489.25 1025.8 18-Oct spawn  Adams River
6132  28-Aug 4 Lower_Adams lashu 19.89 - 17.56 18.25 74 384 408.75 7-Nov  spawn  Mobile Adams above receiver site #11
6133  28-Aug 4 Lower_Adams lashu 19.89 17.56 18.25 7625 601.75 - 16-Oct spawn  Little River '
6134  28-Aug 4 Lower_Adams lashu 19.89 17.56 1825 . 815 31-Aug  casualty. Thompson - Below Ashcroft
6135 28-Aug 4 Lower_Adams loshu . 19.89 17.56 18.25 139.5 3-Sep  casualty Thompspn - Below Ashcroft
6136  28-Aug 4 Lower_Adams nthom 19.89 17.56 18.25 51 10-Sep _ casualty Thompson - North Thompson
6137  28-Aug = 4 Lower_Adams lashu  19.89 17.56 18.25 86.5 584 23-Sep spawn  Little River :
6138 28-Aug' 2Seymour___ nthomr 19.89 17.56 - 18.25 1475 5995 6-Oct  spawn Little River _
6139  28-Aug 4 Lower_Adams n thomr. 19.89 17.56 18.25 525 - 8-Sep  casualty Thompson - North Thompson
6140  28-Aug 4 Lower_Adams 19.89 17.56 -18.25 67.75 : 4-Sep  casualty Thompson - North Thompson
6141  28-Aug 4 Lower_Adams 19.89 17.56 18.25 7175 . 48025 19-Sep spawn Little River
6142  28-Aug 2 Scotch___ 19.89 17.56 18.25 755 4435 1041 19-Oct spawn  Adams River
6143  28-Aug : 19.89 17.56 18.25 64.75 2885 . 24-Oct  spawn Little River _
6144  28-Aug 4 Llower_Adams lashu  19.89 17.56 18.25 119.5 633.75 ©23-Sep spawn Little River ' :
6145  28-Aug 4 Lower_Adams . - 19.89 17.56 18.25 ~7075 47475 - 1014.3 23-Oct spawn  Mobile Lake Shuswap Near Adams' Mouth
6146  29-Aug 4 Lower_Adams lashu 19.89 17.68 18.46 11275 5805 22-Sep spawn _ Little River
6147  29-Aug 2 Seymour___ . lashu  19.89: 17.68 18.46 ' 31-Aug  dropout Fraser - Thompson Confluence
6148  29-Aug 4 Lower_Adams loshu 19.89 17.68 18.46 52.5 " 6-Sep  casualty Thompson - Above Kamloops Lake
6151  5-Sep 4 Lower_Adams 19.29 18.56 - 189 7-Sep  dropout  Fraser - Thompson Confluence
6152  6-Sep 4 Lower_Adams 19.69 18.05 . 18.91 8-Sep  dropout  Fraser - Thompson Confluence
6153  6-Sep = 4 Lower_Adams 19.69 18.05 18.91 8-Sep = dropout  Fraser - Thompson Confluence
. 6154  9-Sep 4 Lower_Adams 18.77 17.39 17.97 10-Sep recovery Freshwater Recovery Native
6155 . 11-Sep 2 Seymour__ 18.58 17.67 17.99 11-Sep  dropout  Never detected
6156 1.1-Sep 4 Lower_Adams 18.58 17.67 1799 11-Sep  dropout~ Never detected
6157  11-Sep 4 Lower_Adams 18.58 17.67 - 17.99 112.25 16-Sep - casualty Thompson - Below Ashcroft
6158  11-Sep 4 Lower_Adams 18.58 17.67 17.99 ' 12-Sep  dropout  Fraser - Thompson Confluence
6159 ~ 16-Sep 4 Portage_Creek 16.7 - 15.64 16.3 16-Sep  dropout  Never detected
6160.  17-Sep 16.37 14.97 15.63 105 21-Sep casualty Thompson -Below Ashcroft -



Ashcroft Ashcroft Ashcroft
daily water  daily water daily Travel time (hours) to:
. Date of Scale ID temperature temperature temperature Little Last .

FISH# capture DNAresults results mayx (°C) min (°C)  mean (°C) Ashcroft River Adams Seen Fate Fate Zone
6101  25-Aug - 4Lower_Adams loshu 18.82 18.23 18.55 52 27-Aug  casualty Thompson - Below Ashcroft
6161  17-Sep 16.37 14.97 15.63 17-Sep  dropout  Neverdetected '
6162  17-Sep 16.37 14.97 15.63 -17-Sep  dropout  Never detected
6163  17-Sep 16.37 14.97 15.63- 22-Se‘p dropout  Fraser - Thompson Confluence
6164  17-Sep 16.37 -14.97 15.63 21-Sep dropout Fraser - Thompson Confluence
6165  17-Sep 16.37 14.97 15.63 72 216.75 530.25 3-Nov ~ spawn  Adams River ' ,
6166  17-Sep 16.37 14.97 15.63 7525 - 237 28425 7-Nov  spawn  Mobile Adams below receiver site #11
6167  17-Sep . 16.37 14.97 15.63 42.25 23-Sep -casualty Thompson - Above Kamloops Lake
6168  17-Sep - 16.37 14.97 15.63 46 . 21-Sep casualty Thompson - North Thompson
6169  19-Sep 16.81 15.69 16.21 74.25 22-Sep casualty Thompson - Below Ashcroft
6170  19-Sep 16.81- 15.69 16.21 : 22-Sep  dropout  Fraser - Thompson Confluence
6171 . 24-Sep ' - 24-Sep  dropout  Never detected
6172  24-Sep 109 250.5 5-Oct  spawn Little River _
6173  30-Sep 86.25 . "4-Oct  casualty Thompson - Below Ashcroft
6174  1-Oct 56.5 198 23575 12-Oct spawn  Adams River
6175 . 1-Oct 66.25 4-Oct  casualty Thompson - Below Ashcroft
6176  1-Oct 6-Oct  dropout Fraser - Thompson Confluence
6177  1-Oct ) 21-Oct  dropout  Canyon - Below Hells Gate
6178  1-Oct 1-Oct  dropout Neverdetected

- 6179 1-Oct 4-Oct  dropout Fraser - Thompson Confluence
6180  1-Oct 70.25 4-Oct  casualty Thompson - Below Ashcroft
6181  1-Oct 76.5 5-Oct  casualty Thompson - Below Ashcroft
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Apﬁendix 3 - Data for sockeye salmon captured for electromyogram radio transmitter telemetry

Capture  Surgery Surgery Timeof Transmitter Bleed during
Fish# Date time starttime endtime release frequency Surgeon  surgery?  Notes

6002 28-Aug 7:00 20:53 6:00 149.556 LY ‘
6003 29-Aug -~ 1340  20:25 n/a 151.205SJC heavy
6004 29-Aug 19:00 20:50 n/a 151.126 JLY heavy bleeding

6005 29-Aug 19:50n/a n/a n/a nla n/a
6006 30-Aug 19:30 22:42 2252 7:00:06 151.265 JLY
6007 30-Aug 19:57 21:35 21:57n/a 151126 JLY
6008- 30-Aug 20:28nla n/a n/a n/a n/a
6009 30-Aug 20:43 22:.07 22:29n/a 151,104 JLY -
6010 30-Aug 21:05n/a n/a n/a nfa n/a
6011  2-Sep 18:45n/a n/a na . - nla nfa
6012 3-Sep 19:45n/a n/a ‘n/a nfa ] " nla
6013 . 2-Sep 19:04 20:51 21:05 1245 151.066JLY  heavy
6014  2-Sep 19:25 10:31 10:46n/a 149.625 JLY no heavy bleeding
6015  2-Sep -19:45 12:20 12:36 12.45 161.225 JLY no heavy bleeding .
6016  2-Sep 20:30 21:21 21:37n/a 149.206 JLY no heavy bleeding -
6017  5-Sep 19:20 7:40 7:54 150.167 JLY . Oheavy bleeding
6018  6-Sep .6:30n/a . na na n/a na
6019 11-Sep 6:40 » n/a ‘ 149.625 SJC . Oheavy bleeding .

- 6020 11-Sep 6:55n/a nfa n/a na " nla '

6021  11-Sep 7.13n/a n/a na - nla n/a -

6022 16-Sep 19:20 - 957 10:11 10:30 149.208 JLY 0.5moderate bleeding
6023 17-Sep 712
6024 . 21-Sep : JLY Olight bleeding

. 6025 21-Sep 9:10 9:18 9:26 9:31 149.785 JLY 1little bleeding X
6026 24-Sep 19:17 - 9:26 935 - 938 149.605JLY 0.5 moderate bleeding
6027 25-Sep - 7:59 8:04 8:12 8:20 JLy 0heavy bleeding
6028 25-Sep 9:10 9:11 917 JLY Oheavy bleeding
6029  1-Oct 8.20 8.24 - 8:33 8:35 149.726 LY 0.5 moderate bleeding
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