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Exposure to high temperature influences the
behaviour, physiology, and survival of sockeye
salmon during spawning migration

G.T. Crossin, S.G. Hinch, S.J. Cooke, D.W. Welch, D.A. Patterson, S.R.M. Jones,
A.G. Lotto, R.A. Leggatt, M.T. Mathes, J.M. Shrimpton, G. Van Der Kraak, and
A.P. Farrell

Abstract: Since 1996, some populations of Fraser River sockeye sal@aro(hynchus nerka Walbaum in Artedi, 1792)

have begun spawning migrations weeks earlier than normal, and most perish en route as a result. We suspect that a high
midsummer river temperature is the principal cause of mortality. We intercepted 100 sockeye during normal migration
near a spawning stream and measured somatic energy and aspects of plasma biochemistry. Fish were then held at either
10 or 18°C for 24 days. Before release, fish were biopsied again and implanted with acoustic transmitters. A group of bi-
opsied but untreated control salmon were released at the same time. Sixty-two percent (8 of 13) of control salmon and
68% (21 of 31) of 10°C salmon reached spawning areas. The@8reated fish were half as successful (35%; 6 of 17).
During the holding period, mortality was 2 times higher and level®avicapsula minibicornis (Kent, Whitaker and

Dawe, 1997) infection were higher in the 18-treated group than in the IC-treated group. The only physiological dif-
ference between treatments was a change in gifllfaATPase activity. This drop correlated negatively with travel times

for the 18°C-treated males. Reproductive-hormone levels and stress measures did not differ between treatments but
showed significant correlations with individual travel times.

Résumeé : Depuis 1996, quelques populations de saumons rou@aoihynchus nerka Walbaum in Artedi, 1792) du

Fraser commencent leur migration de fraie quelques semaines avanioldepgormale et, en congeence, la plupart des
poissons passent en route. Nous soupmons que c’est principalement la forte témgtere de la riviee en mi-éé qui

cause cette mortalitdNous avons intercepte00 saumons rouges durant ledripde normale de migration psed’un cours
d’eau de fraie et nous avons mesigar energie somatique et quelques aspects de la biochimie de leur plasma. Les pois-
sons ont ensuitéte retenus pendant 24 joursl® ou al8 °C. Avant leur libeation, nous avons fait une nouvelle biopsie et
leur avons implantein transmetteur acoustique. Un groupe de poissons ayant subi une biopsie, mais non le traitement, ont
été libérées en mene temps. Soixante-deux pour cent (8 sur 13) des saumomsnes et 68 % (21 sur 31) des poissons

gardes a10 °C ont atteint les zones de fraie. Les poissons saite8 °C n’ont eu que la moitiele ce sucte (35 %; 6 sur

17). Durant la pgode de féention, les poissons garsl@18 °C ont connu une mortalitdeux fois plus vee et leur niveau
d’infection aParvicapsula minibicornis (Kent, Whitaker et Dawe, 1997}t plus important que celui du groupe traite

10 °C. La seule diffeence physiologique chez les deux groupes de poissonsstraiteerne un changement de I'acfivite

la Na',K*-ATPase des branchies. Cette chute est en latiza nayative avec les dies des delacements chez leshes

gardes 218 °C. Il n'y a pas de diffeence dans les hormones reproductives et les mesures du stress entre les groupes de
poissons traite, mais ces variables sont en cdatimn significative avec les dies des delacements individuels.
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Introduction successful completion of migration and spawning. Most
) sockeye salmon have little reserve energy after spawning

Each summer, homing sockeye salmddndorhynchus — (Brett 1995; Hendry and Berg 1999; Crossin et al. 2004;
nerka Walbaum in Artedi, 1792) begin their spawning mi- Hinch et al. 2006) and die, in part, from exhaustion. Expo-
grations through the Fraser River of British Columbia, Can-gyre to high temperature may also promote disease in sal-
ada, and for a given population, the timing of river entry jqp (Fagerlund et al. 1995), like that caused by the
rarely deviates by more than a week interannually (WOOdGYnyxosporean kidney parasit®arvicapsula minibicornis
1987), though timing can vary appreciably among populakent, Whitaker and Dawe, 1997), which has been impli-
tions (Hodgson and Quinn 2002). Upon return from thecated in the mortality of early-migrating Fraser River sock-
high seas, the late-summer run of homing Fraser River socksye Despite the potential consequences of exposure to high
eye salmon (hereinafter ‘late-run” sockeye) represents &jyer temperatures, no study has directly investigated
group of populations that are characterized not only by theifynether the temperature experienced by homing sockeye af-
river-entry date but also by a holding behaviour in the Straitfects their migration success and, because they have only
of Georgia near the Fraser River estuary that generally lasigne lifetime reproductive opportunity, their fitness.

2—6 weeks before fish finally enter the river and migrate to We tested the hypothesis that exposure of sockeye to

natal streams. Since 1995, however, variable but large Segﬁgher temperatures, 18C and above, reduces migration
ments of late-run sockeye populations have abandoned th ccess compared v;/ith that of socke),/e exposed to a lower

holding behaviour (Cooke et al. 2004) and have advance mperature (10°C). Late-run sockeye from the Weaver

freshwgter entry by 2-8 weeks. Because spawning dgates foreek population were caught en route to spawning grounds
these fish have not changed, Iate-run.sockeye entering pregy were experimentally exposed to temperatures that have
maturely spend several weeks longer in fresh water relat'y%ommonly been encountered by early migrants {C§ and
to historic norms (Lapointe et al. 2003). The reason for this" o yneratures historically encountered by normal-timed
change in behaviour is not known, but here we examine itgish (10 °C: Patterson et al. 2007). These temperatures also
consequence. bracket the optimal temperature for swimming performance
Given the highly adaptive nature of migration timing, not (14—15°C) for this population (Lee et al. 2003). The hold-
only in salmon but in many other organisms (Brown anding temperatures also spanned a thresholdPfominibicor-
Brown 2000; Drent et al. 2003; Prop et al. 2003tBet al.  njs infection (Wagner et al. 2005). Fish were biopsied to
2004), serious fitness consequences are expected when raissess aspects of their physiology, and were then implanted
gration dates deviate significantly from historic averageswith acoustic transmitters and returned to the river, where
Early river entry by late-run sockeye has been associateghigration behaviour was observed by means of underwater
with high levels of mortality (60%—-90%), exceeding 4 mil- acoustic receivers as fish swam to the spawning stream. Bi-
lion fish since this was first noted in 1996 (MF Lapointe, opsy was used to examine concentrations of p|asma ions,
Pacific Salmon Commission, Vancouver, British Columbia, metabolites, reproductive hormones, heat-shock proteins,
unpublished data). Recent studies have shown that theggd levels of somatic energy, and to assess whether handling
early-entering fish are reproductively more advanced thamnd holding affected behaviour and survival of fish. Mori-
those entering at normal times (Cooke et al. 2006; Crossibund fish were examined during the holding component of
et al. 2007). In addition, premature entry means that latethe study to assesB. minibicornis disease development.
run sockeye leave cool coastal waters (10-C} and enter We predicted that warm-treated sockeye would have less so-
the Fraser River in midsummer, when river temperaturesnatic energy, elevated stress measures (i.e., high plasma
are>18 °C, rather than at 10-14C in late summer and au- cortisol, lactate, glucose, and heat shock protein levels), and
tumn, which is what they would normally experience afterhigher levels of parasitic infection relative to cool-treated
estuarine holding (Patterson et al. 2007). This seems anomgockeye. We predicted that after release, warm-treated sock-
lous, as no sockeye populations anywhere have been knovéye would exhibit higher rates of migration mortality.
to initiate spawning migrations into rivers at times when
average seasonal temperatures are higher than°d9 .
(Hodgson and Quinn 2002). Compounding matters is ar!VIaterlaIs and methods
~1.5°C rise in peak summer temperatures in the main stenstydy animals and capture technique

Of the Fraser River over the paSt 60 yeaI’S due to C“mate Sockeye Sa|m0n were Captured by beach Seine 10 km
change (Patterson et al. 2007). The year that the presegbwnstream from the spawning grounds at Weaver Creek
study was conducted (2004), the earliest migrants of therig. 1) on 13 and 14 September 2004. Weaver Creek sock-
Weaver Creek population of late-run sockeye experiencedye historically migrate into the Fraser River from the Pa-
river temperatures in excess of 20, which greatly exceeds cific Ocean between mid-September and mid-October, but
the optimum temperature for metabolic aerobic scope fopremature entry begins as early as mid-August (Lapointe et
this population (Lee et al. 2003) and approaches the 5-day|. 2003; Cooke et al. 2004). We sampled fish at the start of
lethal temperature of 22C for adult sockeye salmon (Ser- the historic migration window, when the river temperature
vizi and Jensen 1977). was ~15°C. Fish were then transferred by dip net into a
The high routine metabolic cost associated with exposur@olding pen anchored on the river bank, then Floy-tagged
to high water temperature likely results in the rapid deple-and biopsied. Fish were subsequently held at the Fisheries
tion of somatic energy stores in salmon that have ceasednd Oceans Canada Chehalis Hatchery (located ~5 km from
feeding. This may put them at risk of exhaustion prior tothe capture site) and scale analyses were conducted to deter-
spawning because somatic energy reserves are vital for thraine population of origin (Gable and Cox-Rogers 1993).
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Weaver Creek sockeye were transported to two experimentalere captured on the Harrison River and had numbered Floy
holding tanks at the Cultus Lake Research Laboratory théags inserted through the dorsal musculature anterior to the
next day, while salmon identified as belonging to comigrat-dorsal fin. These fish were captured on 6 October, when,
ing populations were returned to the capture site and relike the experimental fish, they were migrating during the
leased. No mortality occurred during holding at thenormal migration window for this population. The experi-
hatchery or prior to release. Population identity of Weavemental fish were thus at the leading edge of the normal mi-
Creek sockeye was later verified by DNA analyses (Beagration window and the control fish toward the back half.
cham et al. 1995, 2004). All procedures were approved byRelative to historic mean migration times, neither group
the Animal Care Committees of The University of British were early migrants. Control fish were held overnight while
Columbia and Fisheries and Oceans Canada. Capture, trarseale analyses were conducted for population identification.
plant, and release permits were issued by Fisheries andnce Weaver Creek sockeye were identified £ 13, 8

Oceans Canada. males, 5 females), they were removed and biopsied,
telemetry-tagged, and transported to the same release loca-
Experimental design tion at Derby Reach on 7 October, and both the treated

Weaver Creek sockeyeN(= 100) were transported in and the control fish were released. The control fish were
large aerated transport tanks from the capture site 50 km tbandled identically to the experimental fish with the excep-
the Fisheries and Oceans Canada Cultus Lake Research Ldtlpn of the thermal treatment.
oratory (Fig. 1). They were randomly assigned to the two
experimental tanks (3.7 m in diameter, 1.5 m deep) and ) _
maintained at 15C for the first 2 days. Over the subsequent Biopsy, tagging, and biotelemetry
2 days, the water temperature was raised to°@8in one The biopsy procedures followed those described by Cooke
tank (N = 50 fish) and lowered to 10C in the other l = et al. (2005). Fish were individually dip-netted and placed in
50 fish). Fish were held for 24 days at these temperatures V-shaped foam-lined trough with a continuous flow of
A unidirectional flow was maintained in both tanks aroundfresh ambient water directed into the mouth and across the
the periphery at 0.35-0.50-a1' (measured at the midwater gills. A Floy-tag printed with a unique identifying number
level; see Patterson et al. 2004). By assuming a 6.5-day mivas inserted through the dorsal musculature of each fish an-
gration at 15°C in the Fraser River prior to reaching the terior to the dorsal fin. Biopsies collecte & small section
capture site (English et al. 2005), the cumulative freshwateof adipose fin (0.5 g) for DNA confirmation of population
temperature experienced by the fish (degree-days; DD) priddientity (collected at capture only)ii) a single scale for de-
to release from the holding tanks was 510 DD for the warm+termining fish age and population identity (collected at cap-
treated fish and 325 DD for the cool-treated fish. This rangaure only), {ii) 3 mL of blood from the caudal vein with an
brackets the cumulative temperature threshold (~400 DDheparinized syringe (1.5 inches (1 inch = 25.4 mm), 21
for the full expression of the kidney parasite. (minibicor-  gauge; Houston 1990) for assessing plasma chemistry, and
nis) (Cooke et al. 2004; Wagner et al. 2005). During hold-(iv) <4 mm of gill tissue from the tips of six to eight fila-
ing, moribund salmon (<2 h dead) were removed andments (<0.3 g) for assessing gill NK*-ATPase activity
histological examinations of the kidneys were conducted tqMcCormick 1993). From the 3 mL sample of blood, a
determine the severity dP. minibicornis infection. Biopsy  small volume (<0.01 mL) was removed by capillary tube
of additional tissues or plasma was not performed on deagnd centrifuged for 3 min to measure hematocrit (percentage
or moribund fish, as these samples are time-sensitive. Assgyacked red blood cells). Blood samples were then centri-
and biopsy details are provided below. fuged for 7 min to separate plasma from red blood cells,

On 5 October, temperatures in the experimental tank®oth of which were pipetted into separate cryo-vials and
were returned to ambient (1) over a 12 h period in prep- placed immediately on dry ice until they could be trans-
aration for their return to the river. On 7 October, fish wereferred to a —86'C freezer. Gill tissues were stored similarly.
biopsied again, gastrically implanted with acoustic transmitFish fork length was measured. Gross somatic energy (GSE,
ters (details below), and transported to the release location #J-kg-l) was assessed using a microwave energy meter
Derby Reach on the Fraser River, ~85 km downstream ofDistell Fish Fatmeter model 692, Distell Inc., Fauldhouse,
the initial capture site on the Harrison River (Fig. 1). Tem-West Lothian, Scotland, UK), with readings taken from two
peratures in the Fraser River at release and in the Harrisdocations on the left side of the fish (see Crossin and Hinch
River when migrants re-ascended were similar (~12ay}  2005). Equipment malfunctions meant that GSE was not
Acoustic receivers positioned at sites along the migratiormeasured in any of the salmon at initial capture, though it
route (see details below; Fig. 1) allowed calculation of mi-was measured in all fish prior to release. As a result, this
gration and survival rates for individual fish. Radio-tagging variable was not included in the multivariate analysis of var-
studies show that Weaver Creek sockeye can swim fromance (MANOVA) model that examined for physiological
Derby Reach to spawning areas in 3—7 days. Peak spawnirgifferences prior to holding. However, GSE was measured

for this population occurred in mid-October (10-15). at capture in a separate group of Weaver Creek fish that
were collected at the same time and sacrificed for more ex-
Experimental controls tensive physiological analyses not reported here, giving us

To control for the effects of capture, handling, and biopsysome indication of mean GSE at capture. Sex was deter-
on post-release rates of migration and survival of the thermined visually whenever possible (sexual dimorphism is ex-
mally treated fish, a set of additional salmon were capturegressed in sockeye approaching the spawning grounds), or
5 km upriver from the site where the thermally treated fishotherwise from the ratio of plasma f-&stradiol to testoster-
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Fig. 1. Map of the lower Fraser and Harrison rivers and the Weaver Creek spawning area in southwestern British Columbia, with an inset
map of Canada indicating the locations of British Columbia (shaded area) and the study site (box). Points of sockey®gradmigyndhus

nerka) capture and release, sites of laboratory holding facilities, and sites of interest are indicated with arrows or symbols. Numbers refer to
specific individual and paired VR-2 acoustic receiver sita9 (hat are listed in the Materials and methods section.
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one, which is higher in maturing female salmon (Fostier etmonitored fish by foot and boat surveys throughout the
al. 1983). study area with a hand-held receiver (VR-60, Vemco Inc.).

Acoustic transmitters (16 mm diameter, 56 mm length,
~25.0 g in air; V16-3H-R04K coded pingers, Vemco Inc.,Laboratory assays
Shad Bay, Nova Scotia) were inserted into the stomach Plasma testosterone andpi&stradiol levels were meas-
with a smooth plastic applicator (see Cooke et al. 2005)ured by radioimmunoassay (McMaster et al. 1992). Plasma
After tagging, fish were placed in a transport tank contain-osmolality and concentrations of lactate, glucose, and corti-
ing aerated 15C water and moved to the release site, wheresol were determined with protocols described by Farrell et
they were released individually. The total time required toal. (2001), and gill-tissue N&K*-ATPase activity was deter-
process a fish, including biopsy, transmitter insertion, andnined with a kinetic assay (McCormick 1993). Pre- and
length assessment, was 2—-3 min. The biopsy and transmipost-treatment red blood cell samples were analyzed for
ter-insertion procedures were done on fish that were noheat shock 70 protein (Hsp70) levels. Hsp70 levels were de-
anesthetized, and this technique had been carefully evatermined by SDS—-PAGE (Forsyth et al. 1997) using rabbit
uated in previous studies to ensure that fish handled in thipolyclonal anti-chinook salmon Hsp70 primary antibody
manner do not suffer any deleterious effects on migratoryStressgen, Victoria, British Columbia). TwoBn sections
behaviour and survival (Cooke et al. 2005, 2006). of kidney from the moribund or recently dead salmon were

Fourteen acoustic receivers (VR-2s, Vemco Inc.) weréixed in Davidson’s solution, mounted on glass slides, and
positioned at 11 sites along the migratory route and near thatained with hematoxylin and eosin. The number of spores
spawning grounds (i.e., Morris Lake) of Weaver Creek sockPer 25 glomeruli was used as a measure of infection, with
eye (Fig. 1): (1) confluence of the Pitt and Fraser rivers25 Spores per 25 glomeruli representing maximal (100%) in-
downstream of the release site, (2) Albion, British Colum-fection (Jones et al. 2003; Wagner et al. 2005).
bia, (3) Mission, British Columbia, (4) confluence of the
Harrison and Fraser rivers, (5) Kilby Park, (6) Chehalis Na-Statistical analyses
tion, (7) Morris Lake and Weaver Creek, (8) Upper Harrison All analyses were conduced with JMPversion 4.0
River, and (9-11) Harrison Lake. Paired receivers wergSAS Institute Inc., Raleigh, North Carolina). All data
mounted at sites 1-3 and single receivers at all other sitesvere loggtransformed to reduce heteroscedasticity, but
The time of first detection at each receiver was recorded fonon-transformed values are used in the tables and figures.
each tagged fish, and travel times were calculated relative tall physiological, reproductive, and energetic variables
the time of release. Detection at site 1 was used to assesgre then analyzed for normality. MANOVA on lgg
fish fallback after release, and to confirm mortalities. Wetransformed data (McGarigal et al. 2000) was used to
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assess physiological differences in fish upon their initialin plasma glucose concentration in warm-treated females,
capture on the Harrison River. The model effect for thisthough this difference was not significant after Bonferroni
analysis was treatment designation (warm or cool), and theorrection (Table 1). Unlike other physiological variables,
sexes were analyzed separately. After experimental tempeGSE and cortisol concentration were only measured in fish
ature treatment, individual differences between initial cap-at the end of the treatment period, so we could not assess
ture and post-treatment physiological differences weréhow these changed during experimental holding. There was,
analyzed with pairedt tests. Pearson’s correlations were however, no significant difference in either GSE or cortisol
used to explore relationships between post-treatment migraoncentration between warm- and cold-treated sockeye at
tory rates and physiological state. Chi-square tests werthe end of thermal treatments prior to being returned to the
used to compare numbers of fish surviving from the pointriver (Table 1).
of release to various upriver locales. All analyses were as- Regarding the control sockeye, sex-steroid assays were
sessed for statistical significance @t= 0.05. not run, owing to budget constraints, but we were confident
Because multiple comparisons among the physiologicain assigning sex on the basis of secondary sexual character-
variables were made in the MANOVA models, Bonferroniistics. Physiological comparisons with the thermally treated
corrections were applied depending on the number of variafish (excluding the sex steroids) were therefore done with
bles included in a given statistical model: 6 variablesz  one-way ANOVA using treatment (10C, 18 °C, and con-
0.008; 7 variablesq = 0.007; 8 and 9 variablesy = 0.006;  trol) as the only model effect. Prior to these analyses, we
10 and 11 variablesyy = 0.005. However, because of the compared all the post-treatment physiological variables in
highly conservative nature of Bonferroni corrections, we in-males and females from both thermal-treatment groups with
dicate when variables were significantat 0.05 and at the two-way ANOVA, using treatment and sex as model effects.
specific Bonferroni-corrected levels listed above (see TaAfter Bonferroni correction, the analysis did not reveal any
bles 1 and 2), so that readers can define for themselvesignificant differences between the sexes, but at dhe
which levels are most biologically meaningful, as suggested®.05 level, differences in plasma Naoncentration R =

by Cabin and Mitchell (2000). 0.019), plasma Clconcentration P = 0.008), gill ATPase
activity (P = 0.009), and GSER = 0.009) were observed.
Results Between treatments, there was a Bonferroni-corrected signif-

icant difference in gill ATPase activityP(< 0.0001) and a

At capture there were no significant differences in any of,, = 0.05 difference in glucose concentratioR £ 0.007).
the physiological variables (pretreatment plasma osmolalityThese differences are consistent with the results of paired
plasma Na plasma K, plasma glucose, plasma lactate, t tests presented for each sex in Table 1. When one-way
hematocrit, and gill NgK*-ATPase activity) between ANOVA was used to compare the physiology of the control
warm- and cool-treated fish (MANOVAF[733 = 1.933,  fish (which were captured, biopsied, and handled the same
P =0.101,N = 41). GSE could not be measured at capturegs the treated fish but were not held or exposed to thermal
but in a separate group of Weaver Creek fish captured at theeatment) with that of the thermally treated fish, the control
same time for a different study, GSE was 6.12 + 0.2K43.  fish did not differ from the 10°C fish (GSE, hematocrit,

The temperature experienced during treatment had a sigdat, CI, glucose, and lactate concentrations, osmolality,
nificant effect on survival: 31 fish survived at € (15 fe-  and gill Na,K*-ATPase activity, allP > 0.05), but both the
males and 16 males) and 17 fish at I8 (8 females and 9 10 °C and the control fish differed significantly from the
males). Thus, the survival rate was much lower for warm-18 °C fish in plasma N& and glucose concentrations and
treated (34%) than for cool-treated sockeye (62%; ANOVA,gill ATPase activity (see Table 2).
P = 0.011). Despite these differences in survival, when sur-  after the treatment period, 48 thermally treated salmon
vival was expressed as a function of cumulative thermal eXyere transported ~85 km downstream from the initial collec-
perience (Fig. @), the two curves followed a similar tjon site and released back into the Fraser River. In total, the
decreasing trajectory. 18 °C fish (N = 17) had accumulated 506510 DD and the

The expression of. minibicornis in moribund fish was 10 °C fish (N = 31) 323-327 DD. Thirteen control fish
temperature-dependent. The kidneys of IBtreated fish were also transported to and released at the same site. As
(hereinafter 18'C fish, N = 14) had significantly higher lev- during the holding period, fish held at 1& showed ele-
els of P. minibicornis spores than 10C-treated fish (herein- vated mortality rates after release into the river (Fig. 3), and
after 10°C fish, N = 13, P = 0.002; Fig. ®). The infection  only 35% of these (1 female, 5 males) succeeded in reaching
scores were maximal (25) in 7 of the 14 fish that were exthe spawning grounds. In contrast, fish held at°@(N =
posed to 18°C and that had accrued >350 DD, whereas31) were 68% (10 females, 11 males) successful and control
none of the 10°C fish showed histological evidence of in- fish were 62% (3 females, 5 males) successful. Fish held at
fection. Qualitatively, it is easy to see that warm-treated18 °C migrated to site 4 (Fraser River — Harrison River con-
sockeye also had more external fungal infections (&ap;  fluence) significantly more slowly than either the control or
rolegnia spp.). the 10°C sockeye P = 0.045; Fig. 4). This was the only site

After Bonferroni correction, the only significant differen- where travel times were significantly different. Interestingly,
ces in physiology between warm- and cool-treatment groupsravel times to spawning areas at site 7 by successfulCl8
were an increase in gill Na&K*-ATPase activity in cool- males and the one successful 18 female did not differ
treated fish and a decrease in activity in warm-treated fistirom the travel times of successful 1@ fish (Fig. 4).
(Table 1; femalesP = 0.003,N = 21; males:P = 0.002, When survival to spawning areas was examined by sex,
N = 20). There was a trend toward a post-treatment declineates were significantly loweryg = 6.727,P = 0.035) for
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Table 1. Comparison of the physiological attributes of Weaver Creek sockeye saldrmorfiynchus nerka) prior to and after experi-

mental thermal treatment.

P

Treatment Mean
temp. Capture Post-treatment Within between

Physiological variable °C) valuet release value N treatment treatments

Females

Gross somatic energy (GSE; Md™) 10 na 542 +0.1 15 na 0.479
18 na 529+0.2 8 na

Hematocrit (%) 10 36.7+ 0.9 36.0+ 1.0 15 0.434 0.879
18 376+14 351+14 7  0.095

Plasma N&(mmolL™) 10 150.6 £ 2.6 1476 £ 1.3 15 0.322 0.670
18 156.6 £ 3.5 144119 7  0.0005*

Plasma K (mmolL™% 10 1.6+0.3 24+0.1 15 0.026* 0.996
18 22+0.3 1.8+0.2 7 0.292

Plasma Cl (mmolL™Y) 10 131.1+1.6 132.4+£0.8 15 0.456 0.053
18 1389+ 2.1 132.1+£1.2 7  0.030*

Plasma osmolality (mosmély™) 10 304.7 £ 4.9 306.3+1.9 15 0.338 0.491
18 3145+6.8 298.0 £ 2.8 7 0.062

Plasma glucose (mmal?) 10 55+0.2 58+0.2 15 0.226 0.047*
18 53+0.3 49+0.3 7 0.365

Plasma lactate (mmal—) 10 56+13 21+0.2 15 0.029* 0.290
18 74+138 24+0.3 7  0.0053*

Plasma cortisol (ngnL™) 10 na 325.4 £ 35.9 15 na 0.743
18 na 362.4 £ 52.6 7 na

Plasma testosterone (pg_?) 10 17563 +1567 18844 +2174 15 0.437 0.939
18 18854+2145 19021+3182 7 0.817

Plasma 11-ketotestosterone {pa—2) 10 na 2693 £ 793 na 0.426
18 na 1150 +1 160 na

Plasma 1p-estradiol (pgmL™) 10 13229+4222 10886+5206 12 0.261 0.937
18 5614 + 4 951 5187+10412 3 0.951

Gill Na*,K*-ATPase imol ADP-mg proteirr-h-%) 10 1.8+0.1 22+01 14 0.008* 0.0035**
18 18+0.2 15+0.1 8 0.383

Erythrocyte Hsp70 (relative to reference) 10 1.72 + 0.26 1.60 + 0.23 6 0.120 0.321
18 1.34 +0.26 1.25+0.23 6 0419

Males

Gross somatic energy (GSE; Md™) 10 na 5.13+0.1 16 na 0.566
18 na 5.06 +0.1 8 na

Hematocrit (%) 10 36.3+1.2 346+1.0 11 0.013* 0.432
18 37514 31014 8  0.040*

Plasma Na (mmolL-1) 10 156.6 + 2.2 150.7 £ 1.7 15 0.078 0.557
18 1594 £ 2.9 150.2 £ 2.2 9  0.048*

Plasma K (mmolL™1) 10 14+0.3 2.7+0.3 15 0.0004* 0.601
18 19+04 19+0.3 9 0.866

Plasma Cl (mmolL™?) 10 1323+ 1.7 127.2+£0.9 15 0.025* 0.174
18 136.2 £ 2.3 129.1+£1.2 8  0.004*

Plasma osmolality (mosmé™) 10 310.9 + 4.26 300.0+ 2.6 15 0.095 0.503
18 315.8 £ 5.68 300.9 £ 3.5 8  0.029*

Plasma glucose (mmal?) 10 6.4 +£0.3 52+0.2 15 0.0054* 0.562
18 59+04 5.3+0.3 9  0.032*

Plasma lactate (mmdal) 10 6.6 1.2 25+04 15 0.011* 0.422
18 7.0+15 25+05 7 0.002**

Plasma cortisol (ngnL™) 10 na 108.6 + 15.4 11 na 0.365
18 na 119.8 + 18.1 9 na

Plasma testosterone (pg_?) 10 12596 +1411 13 208 + 824 7 0.860 0.162
18 11268 +1411 11 529 + 868 8 0934

Plasma 11-ketotestosterone {pa—2) 10 na 10 464 + 980 na 0.456
18 na 11 586 + 1 096 na
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Table 1 (concluded).

P
Treatment Mean
temp. Capture Post-treatment Within between
Physiological variable (°C) valuét release value N treatment treatments
Gill Na*,K*-ATPase imol ADP-mg proteimh=%) 10 1.8+0.1 26+0.1 16 0.0001**  0.0016**
18 18+0.1 16+0.1 9  0.028*
Erythrocyte Hsp70 (relative to reference) 10 1.38 + 0.22 1.26 + 0.09 6 0.115 0.343
18 1.30 £ 0.22 1.13 £ 0.09 6 0.619

Note: Analyses were conducted using paite@sts. All variables were lggtransformed prior to analysis. Asterisks indicate significant treatment-related
changes within treatments and significant mean differences between treatmdhts:0¢05; **, Bonferroni-corrected® < 0.0036 (females, 14 variables)

andP < 0.0039 (males, 13 variables).
“GSE values at capture were not measured, but mean GSE for a group of 20 comigrating Weaver Creek sockeye not analyzed in this study was measured at
6.12 + 0.2 M3Kg (mean * SE).

Table 2. Results (mean * SE) of a two-way ANOVA with treatment and sex as model effects, comparing physiological variables between
thermally treated (18 and 1) and control sockeye salmof@rfcorhynchus nerka) from the Weaver Creek population at the time of

release to the Fraser River.

p
Physiological variable 18C N 10°C N Control N Treatment Sex Treatmentsex
Gross somatic energy (Mdj™) 525+0.1 16 527+0.1 31 536+0.1 12 0.788 0.162 0.186
Hematocrit (%) 39.3+x11 15 376=x0.38 26 37114 9 0.366 0.688 0.638
Plasma N&(mmolL™) 147.0+15a 16 1499=*11a 30 1539+20b 7 0.034* 0.309 0.169
Plasma K (mmolL™) 2.13+0.1a 16 2.50%0.1b 30 2.65+0.3b 7 0.006* 0.472 0.673
Plasma Cl (mmolL™) 130.5+0.8 16 130.1+0.6 30 1324=x11 7 0.231 0.027*  0.266
Plasma osmolality (mosm&b™) 299.6 +2.3 15 3039+1.7 30 3044+3.1 7 0.282 0.350 0.158
Plasma glucose (mmai™) 4.86 + 0.3a 16 5.65%0.2b 30 4.24+0.3a 7 0.0013** 0.324 0.556
Plasma lactate (mmdal™) 2.13+0.2 15 211+0.2 30 1.90+0.3 7 0.777 0.374 0.290
Gill Na*,K*-ATPase gmol ADP-mg 143 +0.1a 16 2.45+0.1b 30 233+0.1 7 <0.0001**  0.191 0.062

protein’h)
Note: Values followed by a different letter are significantly different. *, statistical significance at0.05;**, significance after Bonferroni correction
(nine variablesP = 0.0056).

females held at 18C (1 of 8, or 13%) compared with 1@  levels), and were possibly less reproductively advanced
females (10 of 15, or 67%) and control fish (3 of 6, or (lower plasma testosterone and 11-ketotestosterone levels).
50%), and lower than those of all the male groupings, which-emales held at 10C took longer to migrate if they were
did not differ from one anothery = 0.568,P = 0.753; stressed (high plasma lactate levels, site 3) and were possi-
10 °C males: 11 of 16, or 69%,; control males: 5 of 7, orbly less reproductively advanced (low plasmg3Z¥stradiol
71%; 18°C males: 5 of 9, or 56%) (Fig. 3). levels, site 3). Only one female held at 18 survived to

An individual's physiological state prior to release wasreach spawning grounds at site 7. Correlations with physi-
correlated with its subsequent migration behaviour. For conelogy cannot be explored with a single fish, but plasma
venience we only present correlations with sites where theyariables in this fish were similar to those of IC fe-
were significant: sites 3 (Mission), 4 (Harrison River — males, as were travel times (see Fig. 4).
Fraser River confluence), and 7 (spawning grounds) In 18 °C males, gill N&,K*-ATPase activity was nega-
(Table 3). Independently of holding temperature, plasma lactively correlated with travel time to site 3 € —0.809,P =
tate levels in females at time of release were positively cor.008). In 10°C males, cortisol level was positively corre-
related with travel times to site 3 at Mission (Table 3;°T8  lated with travel time to site 3r(= 0.830,P = 0.011), and
salmon: lactate levely = 0.872,P = 0.03; 10°C salmon: testosterone level was negatively correlated with travel time
lactate level,r = 0.757,P = 0.0027). During migration to to site 7 ¢ = —0.813,P = 0.048). Thus, 18C males gener-
site 3, GSE in females held at 18 was positively correlated ally took longer to swim upstream when gill ATPase activity
with travel time ¢ = 0.791,P = 0.03), while 1B-estradiol was low, and 10°C males took longer if they were less re-
levels in females held at 10C were negatively correlated productively advanced and stressed.
with travel time ¢ = —0.760,P = 0.0036). Testosterone
and glucose levels in females held at A8 were also neg- . .
atively correlated with travel time to site 4 (testosteroneD'scuss'on
level, r = —0.934, P = 0.018; 11-ketotestosterone level, Exposure to high but sublethal temperatures had a pro-
r = —0.884,P = 0.046; glucose levelry = —0.934,P = found negative effect on survival of sockeye, especially fe-
0.02). Thus, females held at 1& generally took longer males, during the exposure period. It also had a negative
to migrate upriver if they had high levels of somatic en-effect on migratory performance and survival in both sexes
ergy (high GSE), were stressed (high lactate and glucosafter their release back into the Fraser River. Greater than
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Fig. 2. Survival of sockeye salmorOpicorhynchus nerka) during trast, no fish in the 10C group accumulating >325 DD, and
experimental temperature treatmerd} §nd the severity oParvi- none that died showed any signs Bf minibicornis. These
capsula minibicornis infection in the kidneys of fish that died dur- findings confirm that the cumulative temperature experience
ing temperature treatmenb)(relative to the number of degree-days of Fraser River sockeye in fresh water is central to the ex-
accumulated over the 24-day holding period at the Cultus Lake Lapression ofP. minibicornis and presumably other parasites

boratory @, 10 °C-treated fishl = 13); O, 18 °C-treated fish and diseases to which they are exposed when migrating to
(N = 14)). The fish had already accumulated ~97.5 degree-days spawning areas.
prior to the experiment. The severity of infectidn) (vas deter- The mechanisms by whicR. minibicornis or any other
mined from histological counts of infected spores per 25 glomerulijnfection might cause salmon mortality are unknown. Any
(y axis). Many of the symbols lie on top of one another. infection certainly contributes to metabolic stress and there-
100 a fore to accelerated energy use, but the impactRavf/icap-
sula spp. on energy use and kidney function are unclear.
801 Controlled infections of adult sockeye with minibicornis
° altered plasma Naand Ct concentrations in fish exhibiting
= o0 advanced infections, suggesting thearvicapsula spp. in-
g fection creates an osmoregulatory challenge (S. Larsson,
S o Umea University, Uméa Sweden, unpublished data). How-
J”’) ever, in the present study, concentrations of plasma electro-
201 lytes did not differ between fish held at 10 and 18.
Though we were unable to measure the change in somatic
0 : : : : : energy density in the thermally treated fish during the hold-
0 100 200 0 400 500 ing period, there was no significant difference in GSE be-
- tween treatment groups at the end of the thermal treatments.
b If it is assumed that GSE levels in the two groups were the
0. o g ° same at the start of the experiment, as fish were captured to-
g 2 . gether en masse and divided randomly between the two
2 QE) treatment tanks, then any temperature-driven metabolic load-
5 O 151 ¢ ing was potentially minor. However, the role of temperature
N and infection on somatic energy trends in maturing sockeye
28 salmon requires further study. Nevertheless, somatic energy
g s ° levels did not differ between the treatment and control fish
zZ < .l o oo eoS$ [ upon release to the river.
. ‘ ‘ ‘ ‘ ‘ The 28 days of holding did not appear to impose an ener-

getic constraint on the experimental sockeye that could ac-
) count for the loss of fish en route to spawning areas.
No. of experimental degree-days Energy-modeling exercises using swim-speed information
obtained from migrating sockeye show that fish can become
two-thirds of the salmon exposed to 10 successfully com- energy-exhausted if excessive swim speeds are maintained
pleted the upriver migration after release, whereas less thafiinch and Bratty 2000) and (or) if normal swim speeds are
one-third of those exposed to I& survived. The control maintained for many more days or weeks than usual (Rand
fish, which were handled and biopsied but not thermallyand Hinch 1998), both of which have fitness consequences
treated, migrated at similar speeds and survived at similago these semelparous animals. Previous energetic analysis of
levels to the 10°C fish. Thus, exposure to high temperature dying, post-spawning Fraser River sockeye indicates that
may be an important factor contributing to the ~60%—-95%death occurs when somatic energy levels fall below
mortality experienced by early migrants from the Weaver4 MJkg! (Crossin et al. 2004). Despite the fish being held
Creek population, which have tended to migrate througtfor 28 days, energy levels in the thermally treated fish were
water at higher than normal temperatures in recent yeargell above this terminal level at release (5.29-5.42kgd
(Cooke et al. 2004). for females and 5.06-5.13 M1 for males), thus any mor-
The physiological and parasitological observations maytality during holding was likely not caused by energy ex-
provide insights into potential mechanisms by which expo-haustion. Furthermore, current speeds in the holding tanks
sure to high temperature induces mortality. Adult sockeyevere set so that fish were maintaining their station and
arrive at the Fraser River without any overt histologicalswimming in place (swim speeds 10-15-srH). Underwater
(i.e., number of spores in kidney glomeruli) or molecularvideo studies of river-migrating sockeye show that swim
(from PCR analysis of posterior kidney tissue) expressiorspeeds (i.e., the speeds at which their swimming is propel-
of P. minibicornis. However, once they are in the river, full ling them if they were in still water) are typically 30—
expression is detectable once salmon have accumulate) cms?® (Hinch and Rand 2000). Thus, the swim speeds
>450 DD, but expression is absent or minimal in salmon acof the experimental fish were between 50% and 75% of
cumulating <350 DD (Wagner et al. 2005). Forty-four per-those of freely migrating fish, which would have conferred
cent of the fish that died while being held at 18 showed a significant energy saving on the experimental fish. Ener-
signs of severe infection, and every salmon that died aftegetic analyses reveal that Weaver Creek sockeye use
accumulating >350 DD was infected to some degree. In con~0.12 MJkg2d1 to swim and ripen the gonads during

0 100 200 300 400 500
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Fig. 3. Percent en-route survival from point of release to various upriver receiver stations f@-tt&8ated, 10C-treated, and control
sockeye salmonCincorhynchus nerka). Site 3 is at Mission, British Columbia, site 4 is at the confluence of the Fraser and Harrison rivers,
and site 7 is at spawning areas in Weaver Creek. A different letter over the bar indicates a significant difference in survival between treat-

ments P = 0.032).
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open bars males. A different letter over the bar indicates a significant differeriee &.05. Error bars are +1 SE.
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Table 3. Pearson’s correlation coefficients relating gross somatic energy and blood plasma biochemistry of surviving sockeye salmon

(Oncorhynchus nerka) to upriver travel times as determined by acoustic telemetry.

Can. J. Zool. Vol. 86, 2008

Treatmentx Travel time to site Travel time to site Travel time to site
sex Physiological variable 3 (~35 km upriver) N 4 (~70 km upriver) N 7 (~85 km upriver) N
18 °C-treated  Gross somatic energy (M) 0.791 (0.034) 7 0.849 (0.069) 5 na 1
females
Hematocrit (%) -0.679 (0.138) 6 —0.566 (0.320) 5 na 1
Plasma N&a (mmolL-1) 0.159 (0.764) 6  —0.001 (0.998) 5 na 1
Plasma K (mmokL™) —-0.123 (0.817) 6 0.476 (0.418) 5 na 1
Plasma Cl (mmolL—%) —0.550 (0.258) 6 —0.550 (0.337) 5 na 1
Plasma osmolality (mosm&g™) -0.497 (0.316) 6 —0.405 (0.499) 5 na 1
Plasma glucose (mmal™) —0.787 (0.063) 6 —0.934 (0.020%) 5 na 1
Plasma lactate (mmal2) 0.872 (0.024*) 6 0.461 (0.435) 5 na 1
Plasma cortisol (ngnL™Y) 0.370 (0.471) 6  0.765 (0.132) 5 na 1
Plasma testosterone (pg_?) —0.388 (0.447) 6 —0.939 (0.018%) 5 na 1
Plasma 1p-estradiol (pgmL™) —0.615 (0.578) 3 —0.331 (0.785) 3 na 1
Plasma 11-ketotestosterone —0.620 (0.189) 6 —0.884 (0.046%) 5 na 1
(pgmL™Y)
Gill Na*,K*-ATPase gmol —-0.532 (0.219) 7 —0.507 (0.384) 5 na 1
ADP-mg protein®h)
10 °C-treated  Gross somatic energy (M) 0.094 (0.759) 13 -0.014 (0.965) 12 0.179 (0.621) 10
females
Hematocrit (%) 0.011 (0.972) 13 -0.008 (0.979) 12 0.271 (0.448) 10
Plasma Na(mmolL™) —0.213 (0.485) 13 -0.378 (0.226) 12 -0.017 (0.964) 10
Plasma K (mmolL™?) 0.286 (0.343) 13 0.218 (0.497) 12 0.605 (0.064) 10
Plasma Cl (mmolL—?) 0.479 (0.098) 13 0.249 (0.435) 12 0.277 (0.438) 10
Plasma osmolality (mosmély™?) —0.044 (0.886) 13 -0.002 (0.995) 12 0.102 (0.780) 10
Plasma glucose (mmalt?) —0.023 (0.942) 13 0.253 (0.427) 12 -0.253 (0.480) 10
Plasma lactate (mmal2) 0.757 (0.0027**) 13 0.552 (0.063) 12 0.455 (0.186) 10
Plasma cortisol (ngnL™Y) —0.360 (0.228) 13 -0.553 (0.062) 12 0.435(0.209) 10
Plasma testosterone (pg_?) —0.251 (0.409) 13 -0.313 (0.322) 12 0.477 (0.163) 10
Plasma 1p-estradiol (pgmL™2) —0.760 (0.0036**) 11 —0.620 (0.056) 10 -0.713 (0.047%) 8
Plasma 1iL-ket0testosterone —0.266 (0.379) 13 -0.338 (0.283) 12 -0.446 (0.197) 10
(pgmL~)
Gill Na*,K*-ATPase gmol —0.379 (0.225) 12 -0.271 (0.395) 12 —-0.088 (0.808) 10
ADP-mg proteinth-1)
18 °C-treated  Gross somatic energy (M) 0.361 (0.340) 9 0.684 (0.062) 8 —0.086 (0.891) 5
males
Hematocrit (%) 0.084 (0.842) 8 0.599 (0.155) 7 —0.253 (0.747) 4
Plasma N&(mmolL™) —0.590 (0.094) 9 —0.022 (0.958) 8 —0.006 (0.993) 5
Plasma K (mmolL™?) —-0.161 (0.679) 9 0.352 (0.393) 8 0.065 (0.918) 5
Plasma Cl (mmolL™?) 0.019 (0.965) 8 0.587 (0.166) 7 0.231 (0.709) 5
Plasma osmolality (mosmé&l™) —0.298 (0.473) 8 0.101 (0.830) 7 —0.296 (0.629) 5
Plasma glucose (mmal?) —0.458 (0.215) 9 —0.283 (0.497) 8 0.487 (0.405) 5
Plasma lactate (mmal—) —0.434 (0.243) 9 —0.230 (0.585) 8 0.436 (0.464) 5
Plasma cortisol (ngnL™9) -0.542 (0.132) 9 —0.003 (0.995) 8 0.467 (0.428) 5
Plasma testosterone (pg_2) 0.456 (0.217) 9 —-0.162 (0.701) 8 0.672 (0.214) 5
Plasma 111-ket0testosterone 0.202 (0.603) 9 —0.462 (0.249) 8 0.256 (0.678) 5
(PgmL™)
Gill Na*,K*-ATPase imol —0.809 (0.008%) 9 —0.511 (0.195) 8 0.257 (0.677) 5
ADP-mg proteimth-1)
10 °C-treated  Gross somatic energy (M) —0.238 (0.412) 14 -0.062 (0.848) 12 0.474 (0.141) 11
males
Hematocrit (%) —0.168 (0.643) 10 -0.229 (0.585) 8 —0.347 (0.446) 7
Plasma N&a (mmolL1) —0.098 (0.751) 13 -0.318 (0.341) 11 -0.340 (0.337) 10
Plasma K (mmolL™?) —0.050 (0.872) 13 0.139 (0.685) 11 -0.081 (0.825) 10
Plasma Cl (mmolL™?) —0.088 (0.775) 13 -0.161 (0.637) 11 0.375 (0.285) 10
Plasma osmolality (mosm&g™) -0.070 (0.821) 13 -0.086 (0.802) 11 -0.298 (0.403) 10
Plasma glucose (mmal?) 0.118 (0.701) 13 0.302 (0.367) 11  0.372 (0.289) 10
Plasma lactate (mmdal) —0.120 (0.696) 13 -0.026 (0.940) 11  -0.173 (0.633) 10
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Table 3 (concluded).

Treatmentx Travel time to site Travel time to site Travel time to site
sex Physiological variable 3 (~35 km upriver) N 4 (~70 km upriver) N 7 (-85 km upriver) N
Plasma cortisol (ngnL™Y) 0.807 (0.005) 10 0.830 (0.011%) 8 0.390 (0.388) 7
Plasma testosterone (pg_—?) —0.157 (0.686) 9 0.035 (0.942) 7 —0.813 (0.048%) 6
Plasma 11-ketotestosterone —0.135 (0.730) 9 —0.341 (0.454) 7 —0.791 (0.061) 6
(pgmL™
Gill Na*,K*-ATPase fimol —0.007 (0.982) 14 -0.089 (0.785) 12 0.093 (0.783) 11

ADP-mg protein®h)

Note: The point of release was Derby Reach in Fort Langley, British Columbia. Values in parentheBegatues; *, significantly different a = 0.05;
**significantly different after Bonferroni correction (females, 13 variables; 0.0038; males, 12 variableB,= 0.0042).

migration from the ocean to spawning grounds (Crossin et Based on the literature, we did not expect, nor did we
al. 2004). Thus, the 18C fish in this study, which after re- find, reproductive-hormone concentrations to differ between
lease took between 4 and 7 days to reach spawning groundge treatment groups at the end of the holding period. The
would have expended 0.48-0.84 M. A conservative es- significant negative correlations that we observed between
timate would see these fish arriving at spawning areas witheproductive-hormone levels and migration travel times,
between 4.22 and 4.58 M@, which is above terminal le- however, are consistent with a wide body of literature. Tes-
vels. Therefore, we contend that energy depletion resultingosterone for example has a potent affect on the migratory
from the holding and subsequent migration was not likely abehaviour of salmon (Munakata et al. 2001; Onuma et al.
significant contributor to the high mortality rates of the 2003; Young et al. 2006; Cooke et al. 2008; Crossin et al.
18 °C salmon in this study. 2007), and is highly correlated with aggressiveness, restless-
During treatment, gill N§K*-ATPase activity declined in ness, and overall migratory activities across taxa (reviewed
male and female salmon held at 18 but increased in those by Dingle 1996). In 10°C males and females, concentra-
held at 10°C, suggesting an inverse relationship betweertions of testosterone and fi-&stradiol, respectively, were
enzyme activity and holding temperature. However, we canhighest in the fish that arrived first at spawning areas. This
not be certain whether these significant differences reflect atrend was also observed in 11-ketotestosterone concentra-
ionoregulatory challenge resulting from a severe kidneytions in 18°C females, the group of fish that suffered the
parasite infection because this important enzyme is downhighest mortality. Though only a single T& female sur-
regulated when salmon enter fresh water and then shows\aved to reach spawning areas, the driving influence of re-
modest up-regulation when fish arrive on the spawningproductive hormones on migration time in these animals
grounds (Shrimpton et al. 2005). The difference may simplywas evident at multiple locales.
be related to different maturation trajectories resulting from We had predicted that as a reflection of stress in the
the two holding temperatures. However, a similar inverseproadest sense, plasma cortisol, lactate, and glucose levels
relationship between temperature and gill “¥a-ATPase  (Pickering et al. 1982) and Hsp70 levels might be elevated
activity has been observed in juvenile salmon (McCormickin salmon held at 18C. Previous studies of Hsp70 expres-
et al. 1996), raising the possibility that the difference wassion in rainbow trout @ncorhynchus mykiss Walbaum,
simply a temperature effect unrelated to either maturatior1792) erythrocytes show that individuals mount a heat-shock
or the kidney parasite infection. Regardless of the caus@esponse when temperatures approach acute lethal levels at
gill Na*,K*-ATPase activities in both treatment groups 25-26°C, but not at 20°C (Currie and Tufts 1997). Thus,
were within the normal working range for salmon at this exposure of adult sockeye salmon to 18 may not have
life-history stage (Hinch et al. 2006), and were sufficientbeen stressful enough to elicit a Hsp70 response, indicating
for maintaining ionic homeostasis. In fact, plasma electrothat this holding temperature represented not an acute but
lyte composition and osmolality did not differ significantly rather a chronic temperature stress. Plasma cortisol and lac-
between the treatment groups. However, plasméd &@d tate concentrations did not differ between treatments, nor
CI- levels were significantly lower in the treatment fish rel- did they differ from normal background levels. Plasma glu-
ative to the control fish. This is likely because the treatmentose was within normal levels, 4—-6 mmofl, for all but the
fish spent >25 days in fresh water, whereas control fishi8 °C females, which had levels that were significantly low
were only ~3 days from the ocean. but still within physiological norms. This small change may
Despite the significant differences in gill N&K*-ATPase reflect a subtle but reduced nutritional and energetic state in-
activity between treatment groups, the effect on fish behavduced by the exposure to high temperature, especially since
iour was weak. Only in 18C males was gill NgK*-ATPase the migration success of these females was the lowest of all
activity correlated with travel time, a negative relationshipSex—treatment combinations, at only 13%. Migration was
which suggested that among these already compromised iglso slower in 18C females, although this was also true of
dividuals, those with higher activities swam more quickly 18 °C males. Interestingly, though, travel times for success-
upriver. This suggests further that gill NK*-ATPase activ- ful 18 °C males and the one successful"T3female did not
ity may facilitate protandrous migration, which is commonly differ from those of successful 10C fish. This suggests
observed in sockeye (Morbey 2000). The physiological vari-some individual variation in response to thermal stress.
ables that correlated most with behaviour were the concen- Stress responses are known to differ between male and fe-
trations of reproductive hormones. male salmon (Afonso et al. 2003). Perhaps because females
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are investing significantly more energy in reproductive de- lar stress response in juvenile salmon exposed to treated
velopment during upriver migration (nearly 50% of their bleached kraft mill effluent. Fish Physiol. Biocherg9: 173-
GSE stores vs. just 4% for males; Crossin et al. 2004), the 179. doi:10.1023/B:FISH.0000035939.81588.09.

metabolic stress imposed by high temperature may put féBeacham, T.D., Withler, R.E., and Wood, C.C. 1995. Stock identi-
males at greater risk of mortality. The greater energetic flex- fication of sockeye salmon by means of minisatellite DNA var-

ibility of males may allow them to buffer their response to iation. N. Am. J. Fish. Managl5: 249-265. doi:10.1577/1548-
stress, 8675(1995)015<0249:SI0SSB>2.3.C0;2.

. . Beacham, T.D., Lapointe, M., Candy, J.R., Mcintosh, B., MacCon-
In summary, we found that high temperature negatively nachie, C., Table, A., Kaukinen, K., Deng, L., Miller, K.M., and

affected migratory performance and survival in homing Withler, R.E. 2004. Stock identification of Fraser River sockeye

sockeye salmon. Physiologically, it is difficult to ascribe g5 m0n Oncorhynchus nerka) using microsatellites and major
mechanisms to this mortality, though thermally mediated pisqocompatibility complex variation. Trans. Am. Fish. Soc.

parasitic infections were certainly involved. The only clear 133 1106-1126.

physiological difference between treatment groups aftegay, J., Giroux, J.F., and Gauthier, G. 2004. Individual variation
treatment was in gill NgK*-ATPase activity, which was de-  in timing of migration: causes and reproductive consequences in
DTESSEd in 18C males and females. Ultimately, the levels greater snow geeseArfser caerulescens atlanticus). Behav.

of reproductive hormones were the only significant corre- Ecol. Socbiol.57; 1-8.

lates of migration time to reach spawning areas. To the begrett, R. 1995. Energeticén Physiological ecology of Pacific sal-

of our knowledge, this is the first experiment to directly ma- mon. Edited by C. Groot, L. Margolis, and W.C. Clarke. The
nipulate the temperature experience of a wild, migrating University of British Columbia Press, Vancouver. pp. 1-68.
adult fish and effect a change in subsequent migration suddrown, C.R., and Brown, M.B. 2000. Weather-mediated natural se-
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There is a growing body of evidence that temperature is $002650050674. .
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acute thermal limits, can deleteriously affect individual mi- /3, per kraak, G. 2004. Abnormal migration timing and high
gratory performance and survival and increase the likelihood ¢ route mortality of sockeye salmon in the Fraser River, British
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Acknowledgements Cooke, S.J., Hinch, S.G., Crossin, G.T., Patterson, D.A., English,

. . . K.K., Shrimpton, J.M., Van Der Kraak, G., and Farrell, A.P.
The authors thank Rick Stitt and Wayne Charlie at the 2006. Physiology of individual late-run Fraser River sockeye

Weaver Crgek.Spawn.lng Channel for |Og's‘,t'c support, ,and salmon Qncorhynchus nerka) sampled in the ocean correlates
the Chehalis First Nation for access to their land and field it fate during spawning migration. Can. J. Fish. Aquat. Sci.
assistance from their Fisheries Council. Thanks are also ex- g3: 1469-1480. doi:10.1139/F06-042.

tended to Fisheries and Oceans Canada’s Cultus Lake Labeooke, S.J., Hinch, S.G., Crossin, G.T., English, K.K., Lister, A.,
ratory and Chehalis Hatchery for use of their facilities, to  patterson, D.A., Healey, M.C., Farrell, A.P., Van Der Kraak,
the Fisheries and Oceans Canada E-Watch program, and t0G., and Shrimpton, J.M. 2008. Physiological correlates of
the Pacific Salmon Commission, especially Mike Lapointe coastal arrival and river entry timing in late summer Fraser
and Steve Latham. Additional thanks are extended to those River sockeye salmonOncorhynchus nerka). Behav. Ecol. In
who helped with fish biopsy and telemetry: Lina Crossin, press. doi:10.1093/beheco/arn006.

Erika Eliason, Kim Hruska, Stefan Larsson, Trevor Nowak,Crossin, G.T., and Hinch, S.G. 2005. A non-lethal method for as-
and Glenn Wagner. This work was funded by a Southern sessing the somatic energy content of adult pacific salmon.
Endowment Fund Grant from the Pacific Salmon Commis- Tra.ns. Am. Fi§h. Socl34: 184-191. dOiZl.O.1577/FTO4-076.l.
sion to S.G.H., by a Strategic Grant from the Natural ScienCrossin, G.T., Hinch, S.G., Farrell, A.P., Higgs, D.A., Lotto, A.G.,
ces and Engineering Research Council of Canada (NSERC) ©akes, J.D., and Healey, M.C. 2004. Energetics and morphology
to S.G.H., AP.F., and G.V.D.K., and by NSERC Discovery of sogkeye sal_mon:_effects of upriver _mlgratory' distance and
Grants to S.G.H. and A.P.F. G.T.C. was supported by a elevation. J. Fish Biol65: 788-810. doi:10.1111/j.0022-1112.

: _ 2004.00486.x.
NSERC Canada Graduate Scholarship (CGS-D3). Crossin, G.T., Hinch, S.G., Cooke, S.J., Welch, D.W., Batten, S.D.,

Patterson, D.A., Van Der Kraak, G., Shrimpton, J.M., and Far-

References rell, A.P. 2007. Physiology and behaviour of sockeye salmon

Afonso, L.O.B., Basu, N., Nakano, K., Devlin, R.H., and lwama, homing through coastal waters to a natal river. Mar. Biol.
G.K. 2003. Sex-related differences in the organismal and cellu- (Berl.), 152: 905-918.

© 2008 NRC Canada



Crossin et al. 139

Currie, S., and Tufts, B.L. 1997. Synthesis of stress protein 70 Macdonald, S., Patterson, D., Healey, M.C., and Van Der Kraak,

(Hsp70) in rainbow trout@ncorhynchus mykiss) red blood cells. G. 2003. Late run sockeye salmon in the Fraser River, British

J. Exp. Biol.200: 607—614. PMID:9318323. Columbia are experiencing early upstream migration and unu-
Dingle, H. 1996. Migration: the biology of life on the move. Ox- sually high rates of mortality: what's going ornfd Proceedings

ford University Press, Oxford. of the 2003 Georgia Basin/Puget Sound Research Conference,

Drent, R., Both, C., Green, M., Madsen, J., and Piersma, T. 2003. Vancouver, B.C., 31 March — 3 April 2003Edited by T.
Pay-offs and penalties of competing migratory schedules. Oikos, Droscher and D.A. Fraser. Puget Sound Action Team, Olympia,
103: 274-292. doi:10.1034/j.1600-0706.2003.12274 .X. Wash. pp. 1-14.

English, K.K., Koski, W.R., Sliwinski, C., Blakley, A., Cass, A., Lee, C.G., Farrell, A.P., Lotto, A., MacNutt, M.J., Hinch, S.G., and
and Woodey, J.C. 2005. Migration timing and river survival of  Healey, M.C. 2003. The effect of temperature on swimming per-
late-run Fraser River sockeye salmon estimated using radiotele- formance and oxygen consumption in adult socke@acr-

metry techniques. Trans. Am. Fish. Sot34: 1342-1365. hynchus nerka) and coho O. kisutch) salmon stocks. J. Exp.

doi:10.1577/T04-119.1. Biol. 206: 3239-3251. doi:10.1242/jeb.00547. PMID:12909705.
Fagerlund, U.H.M., McBride, J.R., and Williams, 1.V. 1995. StressMcCormick, S.D. 1993. Methods for nonlethal gill biopsy and mea-

and toleranceln Physiological ecology of Pacific salmokdi- surement of N§gK*-ATPase activity. Can. J. Aguat. Fish. Sci.

ted by C. Groot, L. Margolis, and W.C. Clarke. The University = 50: 656—658. doi:10.1139/f93-075.

of British Columbia Press, Vancouver. pp. 459-504. McCormick, S.D., Shrimpton, J.M., and Zydlewski, J.D. 1996.

Farrell, A.P., Gallaugher, P.E., Fraser, J., Pike, D., Bowering, P., Temperature effects on osmoregulatory physiology of juvenile
Hadwin, A.K.M., Parkhouse, W., and Routledge, R. 2001. Suc- anadromous fishin Global warming: implications for freshwater
cessful recovery of the physiological status of coho salmon on- and marine fish.Edited by C.M. Wood and D.G. McDonald.
board a commercial gillnet vessel by means of a newly designed Cambridge University Press, Cambridge, UK. pp. 279-301.
revival box. Can. J. Fish. Aquat. Sc&8: 1932-1946. doi:10. McGarigal, K., Cushman, S., and Stafford, S. 2000. Multivariate
1139/cjfas-58-10-1932. statistics for wildlife and ecology research. Springer-Verlag,

Forsyth, R.B., Candido, E.P.M., Babich, S.L., and Iwama, G.K. New York.

1997. Stress protein expression in coho salmon with bacteriaMcMaster, M., Munkittrick, K., and Van Der Kraak, G. 1992. Pro-

kidney disease. J. Aquat. Anim. Healt®, 18-25. doi:10.1577/ tocol for measuring circulating levels of gonadal sex steroids in
1548-8667(1997)009<0018:SPEICS>2.3.CO;2. fish. Can. Tech. Rep. Fish. Aquat. Sci. N&36: 1-29.

Fostier, A., Jalabert, B., Billard, R., Breton, B., and Zohar, Y. Morbey, Y. 2000. Protandry in Pacific salmon. Can. J. Fish. Aquat.
1983. The gonadal steroidm Fish physiology. Vol. 9: Repro- Sci. 57: 1252-1257. doi:10.1139/cjfas-57-6-1252.

duction. Part A. Endocrine tissues and hormongdited by Morrison, J., Quick, M., and Foreman, M.G.G. 2002. Climate
W.S. Hoar, D.J. Randall, and E.M. Donaldson. Academic Press, change in the Fraser river watershed: flow and temperature pro-
New York. pp. 277-372. jections. J. Hydrol.263: 230-244. doi:10.1016/S0022-1694(02)

Gable, J., and Cox-Rogers, S. 1993. Stock identification of Fraser 00065-3.

River sockeye salmon: methodology and management applicatiodunakata, A., Amano, M., lkuta, K., Kitamura, S., and Aida, K.
Tech. Rep. No. 5, Pacific Salmon Commission, Vancouver, B.C.  2001. The effects of testosterone in the downstream and

Hendry, A.P., and Berg, O.K. 1999. Secondary sexual characters, en- upstream migratory behaviour of masu salm@mcorhynchus
ergy use, senescence, and the cost of reproduction in sockeye sal-masou. Comp. Biochem. Physiol. B, 129: 661-669.
mon. Can. J. Zool77: 1663-1675. doi:10.1139/cjz-77-11-1663. PMID:11399503.

Hinch, S.G., and Bratty, J.M. 2000. Effects of swim speed and acOnuma, T., Higashi, Y., Ando, H., Ban, M., Ueda, H., and Ur-
tivity pattern on success of adult sockeye salmon migration ano, A. 2003. Year-to-year differences in plasma levels of ster-
through an area of difficult passage. Trans. Am. Fish. 386: oid hormones in pre-spawning chum salmon. Gen. Comp.
604-612. Endocrinol.133: 199-215. doi:10.1016/S0016-6480(03)00171-0.

Hinch, S.G., and Rand, P.S. 2000. Optimal swimming speeds and PMID:12928010.
forward-assisted propulsion: energy-conserving behaviours oPatterson, D.A., Macdonald, J.S., Hinch, S.G., Healey, M.C., and
upriver-migrating adult salmon. Can. J. Fish. Aquat. &ii: Farrell, A.P. 2004. The effect of exercise and captivity on en-
2470-2478. doi:10.1139/cjfas-57-12-2470. ergy partitioning, reproductive maturation, and fertilization suc-

Hinch, S.G., Cooke, S.J., Healey, M.C., and Farrell, A.P. 2006. Be- cess in adult sockeye salmon. J. Fish B&#: 1-21.
havioural physiology of fish migrations: salmon as a model ap-Patterson, D.A., Macdonald, J.S., Skibo, K.M., Barnes, D., Guthrie,

proach.In Fish physiology. Vol. 24 Edited by K.A. Sloman, I., and Hills, J. 2007. Reconstructing the summer thermal history
R.W. Wilson, and S. Balshine. Elsevier, New York. pp. 239— for the lower Fraser River 1941 to 2006, and implications for
295. adult sockeye salmonOficorhynchus nerka) spawning migra-

Hodgson, S., and Quinn, T.P. 2002. The timing of adult sockeye tion. Can. Tech. Rep. Fish. Aquat. Sci. N&y24: 1-43.
salmon migration into fresh water: adaptations by populationsPickering, A.D., Pottinger, T.G., and Christie, P. 1982. Recovery of

to prevailing thermal regimes. Can. J. Zod0: 542-555. the brown trout,Salmo trutta, from acute handling stress: a

doi:10.1139/z202-030. time-course study. J. Fish BioR0: 229-244. doi:10.1111/j.
Houston, A.H. 1990. Blood and circulatiotn Methods for fish 1095-8649.1982.tb03923.x.

biology. Edited by C.B. Schreck and P.B. Moyle. American Prop, J., Black, J.M., and Shimmings, P. 2003. Travel schedules to

Fisheries Society, Bethesda, Md. pp. 273-334. the high arctic: barnacle geese trade-off the timing of migration
Jones, S.R.M., Prosperi-Porta, G., Dawe, S.C., and Barnes, D.P. with accumulation of fat deposits. Oiko$03: 403—-414. doi:10.

2003. Distribution, prevalence and severity Bfrvicapsula 1034/j.1600-0706.2003.12042.x.

minibicornis infections among anadromous salmonids in the Fra-Rand, P.S., and Hinch, S.G. 1998. Swim speeds and energy use of

ser River, British Columbia, Canada. Dis. Aquat. Obg: 49— river migrating adult sockeye salmon: simulating metabolic

54. doi:10.3354/dao054049. PMID:12718470. power and assessing risk of energy depletion. Can. J. Fish.

Lapointe, M.F., Cooke, S.J., Hinch, S.G., Farrell, A.P., Jones, S., Aquat. Sci.55: 1832-1841. doi:10.1139/cjfas-55-8-1832.

© 2008 NRC Canada



140

Rand, P.S., Hinch, S.G., Morrison, J., Foreman, M.G.G., MacNultt,
M.J., Macdonald, J.S., Healey, M.C., Farrell, A.P., and Higgs,
D.A. 2006. Effects of changes to river discharge, temperature,
and future climates on energetics and mortality of adult migrat-
ing Fraser River sockeye salmon. Trans. Am. Fish. S@5:
655—-667. doi:10.1577/T05-023.1.

Can. J. Zool. Vol. 86, 2008

Shrimpton, M., English, K.K., Larsson, S., Cooke, S.J., Healey,
M.C., and Farrell, A.P. 2005. Metabolic rates and swimming
performance of adult Fraser River sockeye salm@mncfr-
hynchus nerka) after a controlled infection witHParvicapsula
minibicornis. Can. J. Fish. Aquat. Scb2: 2124-2133. doi:10.
1139/f05-126.

Servizi, J.A., and Jensen, J.0.T. 1977. Resistance of adult sockey#oodey, J.C. 1987. In-season management of Fraser River sockeye

salmon to acute thermal shock. Int. Pac. Salmon Fish. Comm.

Prog. Rep. No. 34. pp. 1-51.

salmon Q©ncorhynchus nerka): meeting multiple objectives.
Can. Spec. Publ. Fish. Aquat. Seb: 367-374.

Shrimpton, J.M., Patterson, D.A., Richards, J.G., Cooke, S.JYoung, J.L., Hinch, S.G., Cooke, S.J., Crossin, G.T., Patterson,

Schulte, P.M., Hinch, S.G., and Farrell, A.P. 2005. lonoregula-
tory changes in different populations of maturing sockeye sal-
mon (Oncorhynchus nerka) during ocean and river migration.
J. Exp. Biol. 208: 4069-4078. do0i:10.1242/jeb.01871. PMID:
16244166.

Wagner, G.N., Hinch, S.G., Kuchel, L.J., Lotto, A.G., Jones,
S.R.M., Patterson, D.A., Macdonald, J.S., Van Der Kraak, G.,

D.A., Farrell, A.P., Van Der Kraak, G., Lotto, A.G., Lister, A.,
Healey, M.C., and English, K.K. 2006. Physiological and ener-
getic correlates of en route mortality for abnormally early mi-
grating adult sockeye salmonOiicorhynchus nerka) in the
Thompson River, British Columbia. Can. J. Fish. Aquat. Sci.
63: 1067-1077. doi:10.1139/F06-014.

© 2008 NRC Canada



