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EXECUTIVE SUMMARY

Two of the main concerns abotietshortterm hatchery rearing effort of Cheakamus
River juvenile steelhead from 20@®08 were{(1) the potential for lower survival of hatchery
reared smolts during the downstream and early ocean migration compared with wildamablts,
(2) the potentiafor high levels of residualisatian hatcheryreared smolts/e conducted an
acoustic tag and tracking study in 2007 and 2008 to evaluate these potential factors.

Strong differences in survival between wild and hatctiegyed groups were observed
during the smolt migrationwith 23-36% (SE, 56%) of hatcheryrearedfish (two release groups
in 2007 and three in 20D&nd69-72% (SE, 34%) of wild fish (two release groups 2008
surviving to theSquamish Rrer mouth. Survival differences were maintaimedong groups
throughout the first few hundred kilometres of their ocean migration, with survivorship from
release to exit from the Strait of Georgigstemat 3-6% (SE, 0.56%) for hatcheryreared fish
and25-28% (SE, 45%) for wild fish. The most precipous declines in survival with increasing
migration distance were observed immediately after release, especially in hatedney groups.
As the genetic makeup of wild and shtetm hatchery groups was similar, the initial survival
differences likely rélect absence of natural selection pressures in hatakangd fish prior to
release. We found a strong effect of silspendent mortality, with higher survival in larger fish,
and a weaker effect of release date, with higher survival associated witih eelase dates.

Usingseveracoustic receivestatiors deployed in the river during and several months
following the migration perioth 2008 we monitored for steelhead that showed potential
evidence of residualisation (i.e., that did not complete thegration to sea and remained
resident in freshwater). We conductederies of test tqgassepastthe statiosto predict a time
series of detection probabilitieser this periodThese detection probabilities varied by station
and with river levelFew fish were detected in the river after the initial migration pesirod
travelling upstream from release sité¢e estimatedesidualistionrates of 0.02 (95% c.l., 0.01
0.04) forwild smolts and 0.09 (0.06.20) br hatcheryreared smolten 2008 These estimates,
being based on a small number of residualised fish detected, weredeghliveto the number
of fish detected andiso whether or natetection patternaere considereduggestive of
residualisation behaviour. These estimates were willmihe range of residualisation rates
reported for steelhead smolts from other rivers, based on an extensive literature review and meta
analysis of residualisation estimates.



INTRODUCTION

Juvenile steelhead troutereone of the most severely deplefapulationsan the
Cheakamus Rivepllowing the August 2005 railcar spill of sodium hydroxideconservation
concern for the population was immediately recegghiby fisheries scientists, anglers, managers,
and the publicRestoration effortsupportecdby CN have included a number of instream
enhancement projects including LWD structures, habitat complexing and backchawedtimg
projects, as well as a shaerm (2 years) hatchemgaring and release program, implemented in
an effort to boost aduteturns in years of poor forecasted wild smolt yield. Concerns regarding
the effectiveness of this hatchdmgsed restoration effort include potentially high levels of
residualisatia (failure to migrateand lower survival of hatchemgared smoltsluringthe
downstream andceamnmigrationcompared with wild smoltBoth ofthese factors couldeduce
adult returns and thus the likelihoodsafccess of the hatchergaringprogram.

To address the hypotheses of (1) lower surwivging the migratiomnd (2 higher
residualisation rates of hatchemyaredsteelhead smolts relative to wild smolts, we conducted an
acoustic tagging and tracking study. Hatchexgred smolts weragged andeleased into the
Cheakamus River watershed in 2007 and 2008007, wid steelhead smolt yield appeared
much reducedMelville and McCubbing 2008and as a result, insufficient numbers of fish were
available for tagging. The 2007 portion of the studyefae represeatian initial baseline for
survival estimates and migration timing measurements in hatcbéargd smoltsPrevious
studies in 2004 and 2005 on wild steelhead smolt migrations in the Cheakamus River produced
similar estimates for wildmols. In 2008, there were sufficient wild steelhead smolts caught
during their downstream migration for tagging. Having both wild and hataleared smolts
tagged in 200&llowed for a direct comparison of survival and residualisation between rearing

groupsin the same year.

Background: survival of wild Cheakamus River steelhead smolts

Recent developments in acoustic tagging technology have yielded individodiby tags
small enough to be surgically implanted into juvenile salmonids. By deploying a gkries
acoustic receivers in rivers and using the Pacific Ocean Shelf Tracking Project, (58@ST



www.postcoml.org) array ofreceivers on the ocean sealféélch etal. 2003) the migration
routes and rates of individual fish can be quantified and survival rates of populations crossing
lines of receivers can be estimated. These methods have been evaluated for several salmon smolt
populations in British Columbia.

The migrationsof wild Cheakamus River steelhead smditsvnstream and through the
Strait of Georgia system were tracked using the POST array in 2004 an(Me)agchuk et al.
2007) A high proportion of tagged fish survived the downstream migration (71%, 84%), and
after ocean entryfish migrated rapidly through Howe Sound. Most fish proceeded north through
Johnstone and Queen Charlotte Straits, while a fewt wouth through the Strait of Juan de Fuca.
In both yearsthe proportion of tagged fishurviving from release to leaving the Strait of Georgia
system was 27%.iilar estimates of downstream aedrly marine survivalkravel rates, and
migrationroutesare assessed instpresent studyin generalthe first few weeks of the smolt
migration are arguably the most important period detenmirecruitmenin salmon populations.
This downstream andarly ocean comparisaf survivalcouldthereforeprovideinsight into
relative differences of totaharine survival rate@nd therefore fitness differencéetween wild

and hatcheryeared steelhead

Background: survival differences among wild and hatchery salmonids in othewatersheds

Several studies hawwmparedvild and hatcheryeared salmonids in terms of survival,
genetics, physiology, and migration behaviour. We briefly review these studies involving
survival differences in smolts, as they provide a baseline for the range of survival differences that
might be expected for Cheakamus River steelhead smolts.

Two previous studies using the POST array have commataal gratingsmolts during
their migration. Survivabf wild smoltsfrom the Keogh River in 2@0during the first ~20 km of
the ocean migratiowas similar to a group of hatchergared smolts tagged one month previous,
and higher than that of a hatchery group that was transported, tagged, and released on the same
day(Welch et al. 2004)Survivalduring a short migration downstream was higher in wild coho
smolts than hatchery smolts in the Gdomll River(Chittenden et al. 2008)n Atlantic salmon,
there were naonsistentlifferences in survival between wild and hatchexgred smoltshat

migrateddownstream and through the Bay of Fuiitdgcroix 2008) Similarly, no differences



were observed between wild and hatchexgred Atlantic smolts during the migration through a
Norwegian fjord(Thorstad et al. 2007)

Other studies have compared survival between wild and hatcéargd smibs over the
full ocean life (i.e., smolto-adult survival). Recapture rates of Atlantic salmon tagged as smolts
and caught as adults in fishing gear wet& times higher for wild fish than hatchergared fish
in southwestern NorwayJonsson et al. 2008nd inthe Baltic Seg¢Jokikokko et al. 2006,
Kallio-Nyberg et al. 2004, Saloniemi et al. 2004pwever survival of seaanched Atlantic
salmon offspring inhe Baltic Seavas higher for fish with hatchemgared parents than fish with
wild parents, likely due to the heritability of higher growth rates in hatchery fish andetated
advantages for surviv@Kallio-Nyberg et al. 207). In the Columbia River basin, a short review
of comparative differences steelheadound that total marine survival was consistently higher
for wild thanfor hatcheryreared smolt¢§Reisenbichler and Rubin 1999 Chinook salmon
from the Columbia River basin, survival was greater in wild smolts than in hatodemgd
smolts of the same size, but the largeeragebody size of hatchergeared smoltsampensated
for this. As a result, return rates of hatchery fish were higher than of wildZebel and
Williams 2002) Over 10 yearsf study in the Columbia River bassyrvival of steelhead was
generalgreater for wild fish than for hatchergared fishbut there were no consistent
differences in Chinook salmon among wild and hatctieared fisH{Smith et al. 2006, Zabel et
al. 2002) Finally, in New Zealand, fryjto-adult survival rates of Chinook salmon were higher in
wild than hatcheryeared fistwhenstandrdised to a similar body size, biatcheryreared fish

were mucHarger so the total survival rate was higtignwin 199).

Background: rates of residualisation of juvenile salmonids in othewatersheds

A primary concern in the effectiveness of hatchery programs is residualisbtelrased
individuals(Sharpe et al. 2007, Viola and Schuck 19%&)sidualisation is the process whereby
juveniles fail to emigrate within the primary migration per{dbla and Schuck 1995Y hese
individuals are termed residuals and represent a potential economic loss, with residuals not
recoupable as returning adults. They may also cause adverse ecological iagpsietsihead
residuals are believed to compete wWhartin et al. 1993)predate upofCannamela 1993,
Martin et al. 1993and may eventually mate wi{Niola and Schuck 1995yild fish populations
(Ostrand2008) While much of the evidence suggests that under normal conditions hatchery
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steelhead residuals do not present a large threat to wild salmonids (due to relatively poor survival
(Ostrand 2008anddiffering microhabitats), the vulnerability of a number of these populations
keeps residualisatiaas a primary conceffviola and Schuck 1995)

To gain a sense of the range of resithadion rates that might be expected for Cheakamus
River steelhead smolts, we reviewed the literature for direct estimates of steelhead residualisation
in other systems. This criterion excluded the numerous studies which estimated percent
emigration, as #y were unable to clearly discern between losses due to mortality and
residualisation. As no studies were found with residualisation estimates for wild steelhead, we
compared hatchery releases of endemic and hatchery origin broodstock (first generati®n ver
second or later generation hatchery raised steelhead, respectively). We located 13 studies which
reported estimates of steelhead residualisafiable ). An additional two studies were found
which estimated indices of residualisation rate (i.e.nedés for a small river reach rather than a
whole river) and compared indices between releases of endemic and hatchery broodstock
steelhead. All but one of the papévgalters 2005; a Keogh River studported results from
studies in the Snake and Columbia River basins. Literature searches were thorough, but as
publications containing redslwere sparse and dispersed, we likely did not fully sample the
literature. The papers generally fell into one of two categories, those assessing the value of
hatchery output and those concerned with the ecological and evolutionary effects of residualised
hatchery steelhead. Most of these were government reports, so a publication bias for these data is
unlikely.

While the majority of the studies came from the same region, there were important
differences in the residual population sampling methodologyajfor difference was seen the
techniques employed by the Lyons Ferry Complex (LFC) series relative to the (Gideles 1).

The majority ofstudies employed a modified maré&capture strategy, releasing marked rainbow
trout (generally of hatchery origj and recapturing both trout and residual steelhead either
through a direct angling effort or through sampling the catches of private anglers. Conveesely,
FLC studies sampled using electrofishing, employing a apalis removal estimator and
samplingin multiple, norcontiguous locations along the river. Only Cannan(@&893)

employed a markecapture estimator using electrofishing for recapture, preventing a statistical
sepaation of the effect of estimator and sampling equipn®&mhilarly, Ostrand (2008) sampled

using intensive pipack monitoring.



None of the techniques used in the sampled literature are free of bias, though
C a n n a nf£9B3udesnf markecapture and electrofishing may be the most accurate - Mark
recapture estimates using released trout are generally accepted as providing accurate estimates of
residual steelhead population s{Beterson et al. 2004, Viola and Schuck 19%&)mpling,
though, is labour intensive and many studies resort to sampling the catchesief anglers.

These private anglers may selectively target and retain the generally larger trout (relative to
residual steelhead), leading to a bias towards low residual population size (Viola and Schuck
1991, but see Martin et al. 1993 and Viola and Sch@86). Some studies attempted to make a
markrecapture estimate using only residualised steelhead but found that the population size (and
resulting number of marked individuals) was too low to make accurate esti@atezamela

1993, Viola and Schuck 1991I)he LFC seriegechnique of using electrofishing and a myléss
removal estimate has also been shown to bias towards low resoguaation estimates

(Peterson et al. 2004)his is likely due to the evasive behaviour of fish, resulting in low capture
probabilities as well as a further reduced cepfprobability with subsequent pasgBgterson et

al. 2004) This situation presents a constant bias which will be increased by the shape and
substrate of the sampling laion as well as fish behaviour.

In comparing residualisation rate estimates across years and studies, it is important to
account for the different sampling methods used so that residualisation rate estimates are not
confounded with sampling method. Bumigar and Dedlof{2007)found that multiplepass
estimates of wild age 1+ summer steelhead (as a proxy for residual steelhead) were 22% lower
than markrecapture estimates when using electrofishing sampling in blocked off river sections.
While they had problems with marked individuals escaping the sampling section, making this
relative difference somewhat uncertain, it provides an approximate conversion rate for our data.
Without accounting for sampling method, the average residualisation rags dlee studies was
0.055 + 0.006 S.E. (n=47). When the results were separated, studies employing a mark
recapture estimate had an average residualisatterof 0.00 + 0.009, while studies employing
a multiple pass estimate had an average rate 8 @.0.007 (n = 27 and 2, respectively). When
the conversion factor of 1.28 (multipfess to markecapture) estimated by Bumgarner and
Dedloff (2007)was used, standardising to a maekapture estimate, the average residualisation

rate was stimated to be 099+ 0.007 (n = 47Fig. 1). Residualisation rates varied among the six



watersheds, with aggregated measitimatesanging from 0.02 (for the Snake River) to 0.09 (for
the Salmon RiverFig. 1).

Six papers presented residualisation rater@tes for one hatchery broodstock and at
least one endemic broodstock steelhead release. Two of these studies estimated the residual
population size for only part of the river, resulting in an index of residualisation rate (Table 1).
While they could nbbe used above they still allow for a comparison to be made between
hatchery and endemic broodstock steelhead. The other four papers are part of the LFC series,
providing paired estimates for five years in two locations. We analysed these 12 paireggstima
(where each pair is composed of one hatchery estimate and one or more endemic estimates) using
a linear mixed effects regression model. First, to facilitate comparisons across the four locations,
we divided all residualisation rate estimates by themag¢ for hatchery fish within each pair.
This scaled the hatchery residualisation rates to 1 in each of the 12 pairs, and scaled the endemic
residualisation rates as a ratio of the hatchery rates within each pair. Next, we regressed this
scaled residual@ion rate against the proportion of the combined total release which was of
hatchery broodstock origin (%H), as a fixed efi@ote study released endemic and hatchery fish
together in varying proportions) We cohoicdamad d®Bld ne sld eatasvo i i n
random effects. The intercept of the regression model, corresponding with %H=0, represented the
overall scaled residualisation rate for endemic broodstock fish across sfutliE%{Table 2).
The (intercept + %H effect), corresponding with %dH+represented the overall scaled rate for
hatchery fisi{1.1%;Table 2). The relative ratio between them was 12.6, suggestingthat 1
generation hatchery fish (endemic) were 12.6 times more likely to residualisé'than 2

generation fish (hatchery). Haueryreared Cheakamus River steelhead smolts Agederation

fish, equivalent to O6endemicd in these other
METHODS
Study site

The Cheakamus Rivés a 3 order riverwith a mean annual discharge of 31.9am
(regulated by a dam; the natueainual discharge is 88%s). Itdrains into the Squamish River

before reaching Howe Souriflhe total distance from release in the Cheakamus River to the



mouth of the Squamish River ranged fro;%27.5 km, depending on release sHewe Sound

drains ino the Strait of Georgia about 40 km south of the river mouth. Exit routes to the Pacific
Ocean from the Strait of Georgia include Johnstone Strait and Queen Charlotte Strait to the north,
and the Strait of Juan de Fuca to the sokity @).

Stationary acoustic array

Prior to releasing smolts, Kintama Research (under POST) installed VEMCO L48. VR
or VR-3 acousticreceivers in listening lines placed either just above the seabed or raised to a
depth of 150 m below the surface (in regions of water deg6m) across Howe Sound (2
lines; 4 and 11 receivers), the northern Strait of Georgia (NSOG, 28 receivers), Queen Charlotte
Strait (QCS, 24), and the Strait of Juan de Fuca (JDFF2§)2). The lines of receivers
deployed on the seabed were arrangedktect tagged fish as they swam across them with a
probability typically about 90%Ocean receivers were in place throughout the summer, past
expected tag battery life.

We also installed receivers as single or paired units in the CheakamusRav&) and
Squamish RiverKig. 4) at several locations, as well as one receiver in Tenderfoot Creek (in
2007). Three stations (5 receivers) in 2007 and three stations (3 receivers) in 2008 werélocated
the Cheakamus Riveipstream of the Tenderfoot Creek daence; these were mainly used to
monitor for any residualised smolts that moved upstream after release (they were also used to
detect fishmigrating downstrearfifom the release site furthest upstream in 2008v0 stations
(4 receivers) in 2007 and fostations (5 receivers) in 2008 were located between Tenderfoot
Creek and Squamish River confluences; these were used to monitor smolts during their
downstream migration, as well as to monitor smolts from any release site that may have
residualised withintiis river reach. We deployed five stations (8 receivers) in 2007 and two
stations (4 receivers) in 2008 in the Squamish River as well as one station (3 receivers) both
years in Squamish Harbo(fig. 4). These were used to monitor smolts as they compleéd
downstream migration and entered ocean waters; the concentration of stations near the Squamish
River mouth permits the partitioning of survivorship into freshwater and ocean components.
Squamish River receivers were in place until4diche (2007) or el July (2008). Cheakamus

River receivers were in place until milgust in both years.



Fish release groups

Hatchery steelhead smolts were reared from eggs collected from Cheakamus River brood
fish, and raised at TenderfoGreekHatchery TCH) or Frase Valley Trout Hatchery (FVTH).
Smolts were taggeane toseveral weeks before release. They were either released into
Tenderfoot Creek under volitional relea3e€H fish) or transported by trudnd released into
the Cheakamus River at various sites (FMigh). Wild (W) smolts were caught during their
downstream migration in side channel traps and rotary screwitréps Cheakamus Riverhey
were held for up to @ until fish could be tagge@nd were releaseapprox.2 dafter tagging
near theorigind capture sitesWe taggedL0O0 fish in 2007 an@00 fish in2008 butin 2008one
tagrelated mortality and one tag extrusion were observed prior to fish release, so a total of 198
tagged fish were released2008 These fell under thievo (2007) andive (2008)release groups
(RG) shown inTable 3

The unbalanced sample size among groups in each year was a result of tag manufacturing
logistics and uncertainty in the numbers of wild smolts that would be caught in&f@48
hatchery groups were alreadgtged.Over both years, release dates ranged from B42¥. Early
release groups includddCH smolts in both years and RG1 in 2008. Late release groups
included FVTH smolts in 2007 and FVTIRG?2 in 2008Release locationgaried among groups,
and are showinFig. 3 One group (FVTHRGL1 in 2008) was releasedrther upstream than
others,approx. 15 km upstream of the Cheakamus and Squamish River conflaentieer
group(FVTH in 2007) was released further downstream than others, below the confluence with
the Cheekeye Riveapprox. 3.6 km upstream of the Cheakamus and Squamish River confluence
Theremaining five groups were all released within 1.5 km of each other, between Tenderfoot
Creek and the North Vancouver Outdoor Scligag. 3.

In 2008, lody lengths (fork lengthFL) and weights were similar among the tWb
groups and th&CH group(Table 3 Fig. 5, but were several millimetres longer or grams heavier
in the two FVTHgroups. The condition factor (K), a scaled ratio of body weight to body fength
for each fish, was smallest in the tWgroups, intermediate in tHECH group, and highest in
the two FVTHgroups. Larger values of K imply heavier fish for a given body lengtB007,
fish weight was not recordetlut average length of tiHeCH groupwas near the longer end of the
2008 average size range, and the 2007 FVTH group was near the middle2608riange
(Table 3.
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Smolt tagging

VEMCO V9-6L acoustic tagshat transmitted at 69.0 kHeere used for all fisin both
years(and were the sanas those used in 202005) Tags measured 20 mm x 9 mm diameter
(Fig. 6) and weighed 3.3 g in aiThese tags are uniquely coded so individual fish can be
identified when detected on acoustic receiver2007, 6 meet fish release deadlines before tag
manufacturing availability, 20 tags were used from Kintarstock which had a 3®0 s random
delay between tag emissions. These were used in th€lgish and ond=VTH fish. The other
80 tags, all used in FVTH fish, had a20 s random delay betweemtamissions. The shorter
average delay between tag emissions is expected to slightly increase detection probabilities on
acoustic receivers as fish swim by, blgo results im shorter lifespan from the date of tag
activation Thistag delayfactor wasaken into account when estimating déitac probabilities
The 20 tags at 300 s delay were predicted to shut off on Aug. 5 and the 80 tags4&t 2@elay
were predicted to shut off on July 28.2008, 19 tags had a-2® s random delay (these were
usel for W_RG2), and were predicted to shut off on July 19. The other 179 tags ha®0as20
random delay (used for the other four groups tlnledre maining nine fish from WRG2).

Tags were surgically implanted into smolts using standard surgical proc¢ilio@® et
al. 1990, Welchetal.2007) Smol ts were sedated with 1 ppm m
and 34 min prior to surgery they were brought under full anaesthesia with 70 ppa2RIS
mixed with a 140 ppm NaHCO3ulfer. Gills were irrigated during surgery with running water
and 50 ppm M&22 (100 ppm NaHCO3) flowing into the mouth from a recirculation system that
pumped the water from the oxygenated anaesthetic bath. Oxygen levels and temperature were
monitored andecorded with each fish, and the anaesthetic Wwatdthanged if temperature
deviated by more than 2°C from the source watenucousp r ot ect ant ( Vi dal i f e E
all water baths. A tag was inserted into the abdominal cavity through-gemichl ine incision,
which was closed with 2 or 3 polydioxanone monofilament sutures. Fish were transferred back to
aerated water and finallp the rearing tanks to recover. Tagged fish were held at least 1 week
(hatcheryfish) or 2 d (wild fish)before releast monitor fish for evidence of mortality or tag

rejection.
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Test tag passes in Cheakamus River

To estimate theateof residualistion of tagged steelhead smahighe Cheakamus River,
it wasnecessary to quantify the probability of detecting a tagrateiver station for several
weeks or months following release. Madcapture estimates of detection probablpty,) from
tagged fish (i.e., the probability of detecting a tag that travelled past a receiver statien)
possible during the briefiriver migration period, but not afterwardsnce detection data were
absentTo estimate a markecapturdike probability of detection after the migratory period, we
conducted a series of test f@ssepast each receivem 2008 When river discharge vedess
than 75 n¥s, multiple passes were conducted by two swimmers, each with a test tag, drifting past
a receiverDue to safety concerndngle passeby raftwere usedvhen discharge was 750
m’/s, andpasses were nobnductedvith either methodbove 150 nis.

The two swimmers floating down the river attempted to stay approximatelshode
river width away from the left and right banks, respectively. Each swimmer dangldteeed
transmitter below them and varied the distance at which the@daadpeldrom their body
depending on bottom depth, attempting to maintain directdfrgght between the tag and
receiver at all times. Transmitters remained at least 5 cm above the substrate and no more than 1
m below the swimmer. In shallow areas, titans mitter was dangled beside the swimmer such
that their body did not block liref-sight to the receiver. Swims begamdaended approximately
200 m upstream and dogtneam of the receiver, respectively.#uand pultout locations were
selected to nmet at least one of three criteria: (1) both banks were beyond line of sight from the
receiver; (2) the pool or run in which the receiver was deployed ended, moving into strong riffles
or rapids; or (3) the location reached further than 300 m away frore¢béver. Swimmers
entered the water together at the start site, from opposite banks where possithieti anedwas
recorded. For consistency, one particular transmitter was always on the river side closest to the
receiver. Due to heterogeneous wateoe#y, swimmers ended thgdassest different times
and the lger pullout time was recorded.

Five swim passes at a receiver ogieentest daywere typically conducted, though this
numberranged from 410 (Table 4. Both st tags were programmed tartsmit every 20 s and
were activated 10 s apart before each spassso their transmissions would not overl&efore
swim passes flow conditions permitting areceiver was checked for proper positioniagd
detection data were downloadddter a sef passes, theeceiver waslownloadedor test tag
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dataand then rgpositionedio monitor for steelhead tagh set of swim passes was conducted at
each receiver 08 or 4days (Table 4 including the single passes on Aug).1fithe receiver had
movedfrom where it wasastdeployed due to river flow, additional swim wagonducted at
this altered position to estimate its detection probalslitge last deploymenthe receiver was
then rerighted and the regular setteft tagpasses was conducted.

Due to high water velocities mistudy, swirabased passes were not possible. Thwus,
raft trips wereconducted Table 4, duringwhich most of the Cheakamus River receivers were
passed onceach For safetyreasonsreceivers were not downloaded decked for upright
positioning duringaft passesThe criteria fotagputin and pultout locations for raft passes
were the same as those for swim passes.-iira@dtime-outwererecorded. The two test tags
were kept togethewn a weighted line at lsd5 cm off the substrate and no more than 2 m,deep
again offset by 10s so their signals would not colliiee raft was kept near thentreof the

river moving at the same velocity as the surface water.

Freshwater mobile tracking

Sampling trips for selhead tags were periodically conducted by raft down the
Cheakamus Rivan 2008 (mobile sampling trips did not take place in 2007 due to equipment
availability). These raft trips wenesedto monitor for tagged steelhead that may have
residualied betweestationaryacoustic receiverwhere they would not be detectédVEMCO
VR-100 acoustic receiver with an omnidirectional hydrophone was operated by ane cre
member while the other steered the boat. This receiver can decsdentiigovides sound
outputthrough headphones® the user can hear tag pulses even if the tag ID cannot immediately
be decoded. The hydrophone was towed behind the raft as itéddewstreamgenerally
0.250.5 m below thevatersurface but raised while crossingpids or shabw areas. The raft
was slowed in calm pools to spend more time listening for tagible detection efficienoyas
assumed to bhighestin these areadJobile trackingtrips were conductedn May 30, June 4,

July 3, and Aug. 6, concurrently with rdftwered test tag passes past stationary receivers.
Mobile sampling trips began near trelease site for 2008 FVTH RGéapprox. 1km
downstream of Chk_1 in 200&8nd ended in the Squamish River downstream of the Cheakamus

River confluence.
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Estimating amping efficiency by rafivaslargely prohibitive due tawift flow
conditionsat the time that raft trips were conductaddto time constraintsT he raft with VR
100 passed a stationary test tag deployed along a river bank on only one occasion, and the tag
was neither decoded nor audibly detectastead we estimatedmnaximumdetection range
duringraft trips wsing the test tagleasurements were taken from shorealmeddiesor
laminar runswith one individual holding the hydrophone fully submerseatileast 0.25 m of
water while another individual submersed a tag in the water and progressively moved further
away from the hydrophone inZ2 m increments. Two distances were noted furthest distance
at which the tag was decoded by the receiver ofirgteor secondransmissionand the furthest
distance at which the technician could audibdyectthe tag. Tags were reliably decoded and
audiblydetectedho further than 5 and 10 m away, respectiyvilytypical river conditionsAs
sampling speed bnaft average@.9 nis andmostfish tags transmitted, on average, every 40 s,
decoding an@udibledetectiorefficienciesof mobile tracking verelikely low. Absence of
detections duringnobile monitoringrips wastherefore notonsideredvidence that @gs were
not present along sampling tracks

Mobile monitoring was conducted in Tenderfoot Lake, the Tende@GostkHatchery
acclimation lake, on July'® Inrangetests the VR 100 was shown to have a detection range of
>100 minthis relativelystill water, sosix sites along the length of the lake were selected to
provide lineof-site monitoring of the entire lake. At each of these siteshydrophone was

submersed for 120while the user listened for tag pulses through the headphones.

Mark -recapture analysis for survival estimation

During their migratiordownstream andut of the Strait of Georgia, tagged smolts passed
up t09-13 detectiorstations (Figs2-4). In 2007,FVTH smolts passed up to 6 stations in
freshwater, all in the Squamish Rivéndluding the river mouth), whil@ CH smolts passed up to
9 stations in freshwatdB of those in the Cheakamus Riveflhe receiver eégm 8 in 2007
became detached from its base and was not operational for thessiutliis was not considered
among thes operational stations in the Squamish River3008,smolts from FVTH RG2, W
RG 1, and W RG2 groups passed up to 3 stations in the Cheakamus River and 3 stations in the
Squamish River, whil&VTH RG1 smolts passexh additional 3 earliestations in th
Cheakamus RivefTCH smolts passed one of these additional stations askigd|3-4). In all
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groups in both years, tagged smolts passed up tstationary lines of receivers in Howe Sound,
and 1 or 2 lines of receivers covering the southern antierorexit routes from the Strait of
Georgia(Fig. 2.

Model assumptions and construction

Stationary lines of receivers were designed to provide a high but not perfect probability of
detection. It was necessary to estimate detection probabipji@es€ach river receiver or line of
ocean receivers in order to estimate the extent of migration of tagged fish; these were estimated
simultaneously with survival rateg)(in each segment of the migration using @@ mackJolly-

Seber mode{CJS; Cormack 1964, Jolly 1965, Seber 198%) variants thereoWe made
several assumptions, which are typical of using such models:
¢ tags detected sequentially along migratory routes were still in live smolts and not in predator

stomachs.

fish did not cease their migration prior to encountering any receimebetween any
stationary stations where they would not be detected; i.e., we assumed that residualisation
rates were negligibléThe potential for residualisation in our 208i8dy is rigorously
considered later in this report, and survival estimates are interpreted with the caveat that the

rate of residualisation may be »0.

tags did not fail and were not shed

tags or tagging had no effect on survival (althougimaking surwal comparisons between
wild and hatcheryeared fish, this assumption can be relaxed if one is interested in relative
survival differences. The assumption then becomes that if tag effects occur, they occur

equally for wild and hatchefgeared groups).

probabilities of survival and detection are homogenous among individuals within the groups
specified in the model structure (although use of individual covariates like body size can
relax this assumption since variationjilor p among individuals is accoad for

explicitly).

¢ within some segment of the migratimindependent of those in previous segmemes;

some statiofs independent of those at previous stations.
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The final segmenik is confounded witlp at the final line (QCS/JDF), and cannot be
separately estimatemh classic CJS model3o isolate these factors, we estimated an ovpria
V9 tags orthe NSOG line fnso@ and assumed this value for the QCS/JDF liaglgustingor
slight differences in deployment geometry among these three Tihese lines had similar
spacing between receivers and similar deployment depths, so the extrapolation is reasonable as
long as tag types and fish swimming speeds past lines are similar among populations (Melnychuk,
unpublished data)For the 2008 analysj we assumed the estimated and adjustggsfrom
2007(90.4%), and for the allyears analysis we assumed yspecific predictions fop on the
outer lines Theseestimats of pysoginvolvedall salmon smolts tagged under POST from 2004
2007 (when moréags were detected at and after NSOG than in 2008), but accounted for
variation among years and tag typafier assuming fixed values for the final stggeve used
the 14digit capture histories in a CJS recaptuoedy model implemented with Program MAR
(White and Burnhe 1999; version S)hrough RMarkLaake and Rexstad 2009; version 1)8.8
to estimate) in river and ocean segments gndt detection stations. The product of segment
specificy estimatesepresentsumulative survivorship along migration routes.
We used modegoodnessof-fit diagnostics in Program RELEASBurnham etl. 1987)
to assess the fit of the most general m&dapture model considerdd(seg*G),p(s*G)], to
detectiondatétwh er e O6segd represents sote@bmernetp r edssedn trse pr
group, of which there were five levetsthe 2008analysis and 11 levels in the-gars analysis
this implies independence among groups and segments/staikonghe 2008 dataset, the
general model hadn overall poogoodnessf-fit ( %= 83.8, df = 35p < 0.01).This wasdue to
a poorfit for two of the fivegroups:TCH and W RG1(p < 0.01 forthesegroups).Sparse data
prevented insight intthefailure of which assumption(s) was responsible, sontexpret
survivalresultsof thesetwo groups with cautionln the allyears dataset, an additiomggbup,
FVTH in 2007, also had poor goodneassfit. To be conservative in the face of poor goodness
of-fit, we estimated an overdispersion parametefBurnham et al. 198@)singthe deviance
bootstrap simulation method thrgh Program MARKThe estimated values wege= 1.279for
the 2008 dataset and 1.263 for theyalars dataset; to m®nservative waimply used thehigher
valueof 1.279 in bothanalyséso adj ust AI C ( Akai)katuésdor | nf or mat i
comparing candidate modglisebreton et al. 1992)and also for expanding confidence limits on

¢ andp parameter estimat¢Burnham et al. 1987)
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Survival modelscanwmo | ve various types of covariates

survival, built in directly. This is preferable to looking for effects of these factorsstimated
parameters frongeneral CJS modeglas it appropriately accounts for the error stouetin
covariate models. We modelled several different types of covariate structures because of the large
number of factors that can reasonably influence survival during the smolt migration. Here, we
consider effects of rearing history (hatchery vs. whiatchery location), body size, release date,
migration distanceand bull trout predator abundance on survival. In addition, we consider
effects of smolt release group, river level, and discharge on detection prob&hititizal and
detection probabilitynodels are fit to detection data using maxirdikalihood methods, and
can be compared to one another with informatimeoretic methodéBurnham and Anderson
2002)on the basis of their goodnestfit to the data and the number of parameters in the model
required to achieve that fitn general, models with more parameters often pro&itletter fit to
the data, but at the expense of reduced precision for any particular estimate. Theskstiade
evaluated using AIC model selection methdgiather that comparing a suite of models at once
involving all the above potential factors, wamk asequentiabpproach and compared a small set
of related models, selected the best model from that set, then moved to another conmwiireson
different focus

First, we compared survival models for the 2008 dataset alone, for three reasons: (1) thi
year contained both wild and hatchegared groups in the same year; (2) we predicted
residualisation estimates for this year alone, so can compare thosaiwitral estimates from
this year; and (3) comparisons among survival models for the 2005etiatas already presented
in our 2007 final report. Second, after a detailed focus on the 2008 study, we incorporated
Cheakamus River steelhead detection data from other yeachigvemore generality in
observed survival patterns. In addition to inchglhatcheryreared steelhead groups from 2007
in the allyears models, we also included wild steelhead smolts from pre@imskamus River
studies in 2004 and 2005. Survival estimates for these wild groupovestieusly reported

(Melnychuk et al. 2007)out were not analgsl in a markecapture framework.

Steelhead survival in 2008

We took a sequential approach to comparing survival and detection priytsidsl
models. First, we compared several-sutdels forp while keeping a constant and general-sub
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model for¢. Second, we selected one of thpsaub models and kept it constant while comparing
¢ submodels in terms of rearing and release group effétisd, we selected the best model
from this set and considered body size effects in their effe¢t Baurth, we selected the best
two models from this set and made one final comparis¢rsabmodels that included effects of
migration distance, bull &t predator abundance, and release date effects. Fifth, wesrkturn
our original comparison qf submodels and evaluadevhether a different suimodel held
constant across survival model comparisons would have led to different selectaddrlls) of
survival. Sequential approaches of first companrgub modelsand then comparing sub

models have been used in similar studeeg., Zabel and Achord 2004)

Detection probability sutimodelsi In other river systems like the Fraser River, river
level (or dischargelasa strong influence opat river stations (Melnychuln presg. Higher
river levels ad faster flowstypically later in the migration season, generally result in decreased
p due to greater background noise, and/or smolts spending less time within detection range of a
given receiver as they travel downstredine five release groups in 200&re released at
different times Table 3, and consequently faced different flow conditions in the Cheakamus
(Fig. 7a) and Squamish-{g. 7o) Rivers(data from Environment Canada; the Cheakamus River
gauge station is near the Chk_6 station in 2007 or &Bkation in 2008River levels are
correlated with discharge measurements0.99 with approximate equivalence of 1.0 m = 39
m>-s*and 2.0 m = 180 #s?). The earliest four groups released faced religtioev river levels,
while FVTH_RG2 encountehigher river levels. We accounted for potential effects of river
level ordischargeonp at river stations by constrainipgn some models to be functions of river
level ordischarg€likelihoods are evaluated in logspace, so the constrainkaearrelationship
is actually logitp) vs. river level odischargg At each station in the Cheakamus River, the mean
arrival time of each group was calculat@m the first time that each individual fish arrived at a
particular station)and the correspondiriver level (or discharge) at that mean arrival time was
used as the grougpecific covariate valud®etection probabilities were modelled as common
across release groups at Squamish River and ocean receivers.

To represent exit from the Strait of Ge@ giystem, detections from the outer lines at
QCS and JDmverepooled as the final station of the migration. Fish frihetwo wild groups in
2008 showed evidence of spidute migration patterns, with some fistoving north and
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crossing QCS, and others wnog south and crossing JDF (fish from the three hatetesayed
groups were only detected moving northward at NSOG and/or QCS, although their numbers
detected were few in generak.ananalysisnvolving multiple release groups with commpn
estimatesdr groups, lis splitroute pattern causes biaspiestimates in models other than the
general CJS model (i.e., models2-4 below; Melnychukjn presg. To remove the bias if
estimates due to this sphbute migration pattern, two extra parametersenacluded, one for
each release group, as gresgecific parameters f@ysoc These parameters absorbed the bias
due to the splitoute pattern, leaving estimates unbiased (Melnychuii,presg. Across
comparisons op sub-models, the) submodel heldconstanassumed full independenaeross

releasegroups(G) and segments of the migratigr{seg*G) Four submodelsfor p were

considered:
1. ¢(seg*G),p(s*G) fully-independenp estimates for each group at each station
2. d(seg*G),p(s) fully-pooledp estimates across groups at each station; stations

independent

3. 0(seg*G),p(s+leveny) p constrained by an additive effect of river level at the mean arriv
time of a group at a station

4. §(seg*G),p(s+flowen)  p constrained by an additive effect of dischargehatmean arrival
time of a group at a station

We selected one suinodel ofpon t he basi s of: I'ts Akai keds
to other model¢Burnham and Anderson 20Q02he number of moded parameters estimated at
boundaries, and its susceptibility to oviting or underfitting. Later, we also selected
differentmodel from this setepeated the following sequences of comparing survival models
and evaluated whether survival results changed under different assumpioigeélso

considered the potential effect of differences in average tag delay intervakohaet

probabilities.
Survivalprobability submodels rearing history effects We incorporated the effect of

wild or hatcheryreaiing history(HW) as acovariateon survival.Some models involved HW as a

multiplicative effect (independent effects of HWeach segment of the migration), while other
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models considered it as an additive effect across all segments (consistent effect of HW across all
segments of thenonitoredmigration) Since hatcheryaised fish were reared at two different
hatcheries, walso considered effects of stock within HW in some modfee there were two
release groups fa and FVTH rearing histories, we also considered effects of release group
within stock within HW.

A particular segment digit may represent different phygoations of the migration for
different release groups. For example, the segment@ok¥ toChk 5 for FVTH RG1 is a
physically different route than the segment from releaszhto 5 for FVTH_RG2 so these
differences were accounted forsome candida modelswe used parameters to represent
mortality during the first segmemt these mode|svherever the first segment may physically
occur for some release group. It is appropriate to maintain differences in this initial mortality
between wild and hateryreared groups, since the hatchesgred fish have not been exposed
to natural selection prior to release and therefore, on average, may be more susceftilalle to
predation mortalityAccounting for the above possleffects on survival, 18ulbmodels for¢p

were considereih total:

1. ¢(seq), fully-pooled¢ estimates across groups in each segment
p(s+leveny

2. d(segM;y+Miw), like (1), with additive initial mortality (separate for W and
p(s+leveny H fish)

3. d(segtHW), additive effect of HWconsistent acrosdl segments
p(s+leveny

4. d(seg+HW-M; 1+M;w), like (3), with additive initial mortality (separate for W and
p(s+leveny) H fish)

5. ¢(seg+HW+stock), additive effects of HW and hatchery stock withil-
p(s+leveny) consistent across all segments

6. ¢(seg+rHW+stockM; 1 +M; ), like (5), with additive initial mortality (separate for W and
p(s+leveny H fish)

7. d(seg+G), additive effect of group (i.e., HW, stock within HW, and
p(s+leveny) release group nuoer within stock within HW), consistent
across all segments
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8. ¢(seg+GM;y+Mw), like (7), with additive initial mortality (separate for W and
p(s+leveny) H fish)

9. d(seg*HW), multiplicative effect of HW, independent in each segmer
p(s+leveny

10.  ¢(seg*HW+M, ), like (9), with additive initial mortalityfor H fish (not
p(s+leveny) necessarfor W fish)

11.  ¢(seg*HW*stock), multiplicative effects of HW and hatchery stock within
p(s+leveny) HW, independent in each segment

12.  ¢o(seg*HW*stock#;y),  like (11), with additive initial mortalityfor H fish (not
p(s+leveny) necessarfor W fish)

13.  d(seg*G), multiplicative effect of group (i.e., each of the 5 release
p(s+leveny groups independent), independent in each segment

We selected one sutodel of¢p on the basis of AIC scorgand used this for evaluating body

size effects on.

Survivalprobability submodels body sizeesffectsi In several studies of juvenile
salmonids, body size has been shown to affect the probability of survivakltypwvith larger
smolts having a survival advantage over smaller smolts. The fork length of all smolts tagged
under the POST project in 20@008 was recorded at the time of surgery. For Cheakamus River
steelhead in 2008, body weights of fish from alkasle groups were also recorded. Body weight
is typicallylooselycorrelated with lengttFig. 5), but the scaled ratio of weight to lentthe.,
body condition, K) permits a second type of size effect evaluation. To compare with the AIC
best model fromhe previous section, we considered candidate medéisan additive effect of
fork length (FL), K, or both factors. In addition, to consider the possibility that previously
observed effects of wild vs. hatchasaring were simply due to body size diffecesand not
rearing factorgper se we also considered the same three additive effects of body size with a

model not involving a HW effect. In total, we considered sevemmsatbels forg:

1. ¢(seg+tHWAM; +M;w), additive effect of HW, consisteatross all segmentaith
p(s+leveny) additive initial mortality (separate for W and H fish)
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2. ¢(seg+tHWAM; y+M;w+FL), like (1), withadditive effect of FL, consistent across all
p(s+leveny) segments

3. ¢(seg+tHWFM; ,+M;w+K), like (1), with additive effect DK, consistent across all
p(s+leveny segments

4. ¢(seg+tHWAM,; y+M;w+FL+K), like (1), with additive effects of FL and K, both consistet

p(s+leveny) across all segments
5. d(segM;y+M;w+FL), fully-pooled¢ estimates across groups in each segment
p(s+leveny with an adlitive effect of FLandadditive initial mortality
(separate for W and H fish)
6. ¢(sedM;y+M;wt+K), fully-pooled¢ estimates across groups in each segment
p(s+leveny) with an additive effect of Kandadditive initial mortality
(separate for W and H fish)
7. d(sedM;y+M;w+FL+K), fully-pooled¢ estimates across groups in each segment
p(s+leveny) with additive effects of FL and kKandadditive initial

mortality (separate for W and H fish)

Since two models from this set both had high levels of suppontmstef AIC scores, these
were both considered for the final stepewhluating survival effects.

Survivalprobability submodels effectsof migration distance, predator abundance, and
release daté Rather than assuming independence @stimates foeach segment of the
migration, the series df.ymay be related to one another through segispetific attributes.

For example, the distance of each segment may be a reasonable predictor of mortality within
segments if pedistance mortality rates arergiantacrosssegmentsin some models, we
constrained logit) of each segment to be linearly related toléregthof the segment. These
models require fewer parameters to be estimated than the fully segpeeiitc models, so may
be more parsimonious explaining the detection dategment distances were measured with
mapping software as shortesute distances between receiver statidvs.also considered
models in which the relationship between lagitand distance was allowed to differ among
Che&amus River, Squamish River, and oceagments.

In the Cheakamus River, periodic snorkel survieysstimate the abundance of steelhead
spawners and adult bull troksve been conductéidm Januarydune for >10 yearslata from
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Josh Korman, Ecometric Rearch). A courperriver-reach stratification has been consistently
employed since 2003. The area surveyed begins above the locafibk afin 2008 and ends
below the confluence of the Cheekeye River, just downstream of s@&ioB in 2008 Fig. ).
As bull trout are potentially predators of outmigrating steelhead smolts, these count data were
used to represeiwo indicesof potential predation risk for smolts. The number of snorkel
survey days that occurred between Ma34b(representing the rangésmolt release dates)
ranged from 34 in most years since 2003 (with noine2004;Fig. 8. Bull trout were relatively
scarce in reaches upstreanGifk 4. Average counts each year were variable, with lower counts
on average in 2005 and 2006 and higlmmts on average in 2007. In all yediswever, a
fairly consistent spatial distribution was observed, with some reaches having consistently higher
bull trout counts than others acrossye&ig.(8) . The first Raewdgxwaenshde
average pereach count with all years combined (a 28@®cific index was also considered, but
this had similar resultstothealle ar s i ndex) . The second index ¢c
smoothed fit to the bull trout count data. Initially, a bivariate fit wassidered, with effects of
both snorkel reach and day in Mayid. 9. Since there was relatively little change in Lowéts
predicted counts over the period of Ma25, a univariate fit involving just river reach was used.
For both indices, the sum tife reackspecificaveragecouns (Raw) or predicted counts (Low)
was takerfor eachacoustietracking segment of the 2008 study (e.qg., the covariate value for the
segment fron€hk 2 to Chk 3 is equal to the sum of counts in reachd85ig. 8. This was
only possible for the segments: releas€d 2 (FVTH_RG1),Chk 2 to Chk 3 (FVTH_RG1),
Chk 3 or release t€hk 4 (FVTH_RG1 andTCH), Chk 4 or release t€hk 5 (all groups), and
Chk 5 toChk 6 (all groups). The segme@hk 6 to Chk 7 was not fully monitoed by snorkel
surveys, and segments beyd®bk 7 had no associated bull trout counts.

Variation inrelease datamong groups was also considered to have potential effects on
survival.Generally, later release times in hatcheggiredsalmonare potentialf associated with
a decrease in survivéb.g., Beamish et al. 2008, Bilton et al. 19&Y)me models incorporated
an additive effect of release date to allow for this possibilisun¥ival differences among
groups. Based on the first model selected from the previous secti@ed+HWM; 4 +M; v),
p(s+lewny], these different potential effects on survival weoasideredy the following D
candidate sulmodels of):
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. O(seg+tHWAM; 1+ Miw),

p(s+leveny

. ¢(segtHWHM; y+M;w+RDate),

p(s+leveny

. (I)(diSt'*‘HWl'Mi’H'i'M i,W)1

p(s+leveny

o (dist+HWAM, 1+ M w+BT raw),
p(s+leveny)

. ¢ (dist+HWAM; 1 +M;w+BT ow),

p(s+leveny)

. ¢(dist+HWAM; 4+M; w+RDate),

p(s+leveny)

. o (distenrdistsgrrdist FHW+M; 1+ M w),

p(s+leveny

. ¢ (distritdistsgntdistytHWHM; i +Miw+BTraw),

p(s+leveny)

: ¢ (disth k+di5t8q m"'diStsw"'H\N'H\/I i, H'H\/I i,W+BTL0W) ,

p(s+leveny

10.

o (distentdistsgtdist+HW+M; 4 +M; w+RDate,
p(s+leveny

additive effect of HW, consistent across all
segmentswith initial mortality (separate for W
and H fish)

like (1), with additive effectf release date,
consistent across all segments

dsegCONStrained to segment distance; additive
effect of HW, consistent across all segmewntigh
initial mortality (separate for W and H fish)

like (3), withadditive effect of raw bull trout
counts in segments up @hk 6

like (3), with additive effect of LowesHt bull
trout counts in segments up to Chk 6

like (3), withadditive effect of release date

dsegCONStrained to segment distance, with
separate relationships f@heakamus River,
Squamish Riverand ocean segments; additive
effect of HW, consistentaaoss all segmentsvith
initial mortality (separate for W and H fish)

like (7), with additive effect of raw bull trout
counts in segments up to Chk 6

like (7), with additive effect of Lowesst bull
trout counts in segments up to Chk 6

like (7), with additive effect of release date

The second model selected from the previ@gdisn also involved adaylength effect,

[0 (seg+tHWHM; 4+ M; w+FL), p(stlewny], SO a neaduplicate set of thesédkubmodels was

also considered that incorporated Fleeffect, [o(...+FL)], for a total of D ¢ submodels in this

final set
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Steelheadsurvival in all years (2004, 2005, 2007, 2008)

We incorporated multiple years into the same overall analysis in order to constrain
certain relationships to be shared among years, such as the relationship lpetweeiver level,
or the relationship betvem¢ and body size. There were 11 release groups in total over these four
years, but two of these groups had small sample sizes (9 and 5, in 26@32/8nd 2005
W_RG2, respectively). General Casdels would be oveparameteried for these groups, but
moreconstrained models would borrow information from other groups in the same year or
different years in order to estimagbaredoarameters for these groups with small sample sizes.
Body weights were not measured prior to 2008, so no models invidviveyeconsidered for
the allyears analysis. Bull trout snorkel counts wereuratertakemn May 2004, so we did not
consider models with thesearspecificcovariategnor with all bull trout count years pooled,
since the spatial resolution of receiver stadiin the Cheakamus River was much less in 2004
and 2005)When multiplicative models were involved, we typically took an approach of
considering only the interaction terms (edgseg:year...)) rather than considering main effects
as well (e.g.¢(seg*yar...) which is the same a¢seg+year+seg:year...)). The reason for this is
that segments (or stations, fordiffer geographically among years, so there was little sense
considering an overall segment effect across all years.

We took a similar approadf usingsequential steps in the marécapture analysis ohe
all-year detection data. First, we compared salels forp while keeping a constant and
general sulmodel forg. Secondhaving selectethe bessubmodel forp, we compared sub
models n terms of rearing effects. Third, we selected the best model from this set and considered
body size and release date effectgolRouth, we selected the best modi®m this set and

made one final comparison ¢fsubmodels that includechigration distaceeffects.

Detection probability suimodelsi We considere@ general submodel forp as well as
sub-models constrained by river level covariate(s). In the 2008 anasystetherewas little
variation in the river level corresponding to the meaivartime of each group at each
Squamish River statiothere was not adequate information with which to mpadelSquamish
River stations as a function of river level. In theyahrs analysis, however, there were more
release groups, more stations, angreater range of river levels during the mean arrival time of

groups at stations. Sornandidatemodels involved this additional covariapeat Cheakamus
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and Squamish River ceivers were modelled with separate covariates since the water level in
one iver (or change in water level) bears no connection to the same water level in the other river
in terms ofp (or change ip). Similar to the 2008 analysis, detections from the outer lines at
QCS and JDF were pooled as the final station of the migratnolpocs/sprwas fixedat year
specific values for V9 tags based on yspecificpysocestimates

There were an additional four groups in theyalars dataset showing evidence of split
route migration patterns after entryarthe Strait of Georgia: 200/ _RG1, 2004 WRG2, 2007
TCH, and 2007 FVTH group€f these, only 2004 WRG1 had sufficient detections on QCS
and JDF to properly estin@atheextra parametdor pysog that absorbshe bias due to the split
route patterr§2004 W RG2, with few tags deteetl on outer linesyas pooled with this group
assuming the proportion would be simitanong release grousr this wild population in the
same yedr The two hatchery groups from 2007 were similarly pooled and given an extra
parameter fopysog the pooéd sample size was still fairly small but the estimated proportion
moving northwards was not out of line with estimates for wild populations in 2004 or PGi88.
resulted in a total of four extra parametersg@ocin the additive models across all year

Across comparisons @fsub-models, theh sulrmodel held constant wa®mposed of

interactions betweegroups (G) and segments of the migratia, ¢(segG), allowing thell

release groups to be considered independent in tergnd-otir sub-modelsof p were

considered:

1. ¢(seg:G), fully-independenp estimates for each group each yeasat each
p(syearG) station(no main effects of statigryear,or group)

2. d(seg:G), fully-pooledp estimates eross groups each yeaat each
p(s:year) station; stationsnd years arsndependent

3. ¢(seg:G), p constrained by an additive effect of river le¢@heakamus
p(s:year+lewy) River) at the mean arrival time of a group at a station; statods

yearsindependent

4. ¢(seg:G), p constained byadditive effecs of river level(separate effects fo

p(s:year+legytlevsqgm Cheakamus Rivesind Squamish Riveat the mean arrival time

of a group at a station; statioasd yearsndependent.
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We selected one suodel ofp on the basis of AIC scores, and used this for comparsup
models We again looked for evidence of tag delay effectp anthe allyears model. All tags in
2004 and 2005 used a 60 s average delay, but there was again variation amo riZp@igswith

some tags having a 60 s average delay and others a 30 s delay.

Survivalprobability submodels rearing historyandstockeffectsi The only year in
which both wild and hatchereared smolts were released was 2008, so we expect the overall
additive HW effect to be similar in the alears analysis. &/ing other years incorporatstill
provides generality on survival inferences, however, through the effect of covariates like body
size and release date @iffollowing section) Like the 2008 nalysis, models considered
involved various combinations afiditiveHW and stock effects (as there were multiple stocks in
2007 also). Like the 2008 analysis, some models also includedor hatcheryspecificinitial
mortality parameterfor the firstsegment following release of each grqam., the parameter
Miw involves all wild release groups across years). These account for physical differences in the
first segment of the migration among groups released in different locations in the sameadyear, a
also provide a distanaaedependent initial mortality level for distanb@ased models considered
later. All models assumed independence among segments andlpetatal, seversub models

for ¢ were considered:

1. d(segyeal), fully-pooled¢ estimates acroseleasegroups in each
p(s:year+leventevsgm segmenand each year

2. d(seg:yearM;y+Miw), like (1), with additive initial mortality (separate for W
p(s:year+legntlevsqn and H fish)

3. d(seg:yearHW), additive effect of HW, consistent across all segmer
p(s:year+lentlevsqm

4. ¢(seg:yeatHW+M; y+M; ), like (3), with additive initial mortality (separate for W
p(s:year+leyntlevsgn and H fish)

5. ¢(seg:yearHW+stock), additive effects of HWaAnd hatchery stock within
p(s:year+legntevsqyn HW, consistent across all segments

6. ¢(seg:yearHW+stock#; y+M;w), like (5), withadditive initial mortality (separate for W
p(s:year+leyqtlevsqn and H fish)
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7. d(segyearG),
p(s:year+legntlevsgm

each of thell release groups independeneachof
their segmerg

We selected one sulodel of¢ on the basis of AIC scores, and used this for evaluating body

size and release date effectspon

Survivalprobability submodels body sizeand release dateffectsi We investigated

whether observed HW effects were possibly just the result of body size and/or release date

differences among groups. We did not measure body weight in all years, so measures of size are

restricted to fork lengtiNVe only considered modelgith additive effectsn this section

assuming the relative effect of FL ¢ror release date anwould be similar for wild and

hatcheryreared fis{we relax this assumption in the next sectidn}otal, we considereseven

submodels forg:

1. ¢(seg:earrHW+M, +M; ),
p(s:year+ley,tlevsqn

2. ¢(seg:yearHW+RDate-M,; 1 +Mw),
p(s:year+legytlevsgn

3. ¢(seg:yearHW+FL+M; 4+M;w),
p(s:year+leyytlevsgn

4. ¢(seg:yearHW+RDate+FLM; 4+M; w),
p(s:year+leyqtlevsqn

5. ¢(seg:yearRDate-M; y+M, ),
p(s:year+len+levsyn

6. d(seg:year+FLM; 1+M;w),
p(s:year+lévcntlevsym)

7. ¢(seg:yearRDate+FLM; 1 +M;w),
p(s:year+levn+levsyn)

additive effect of HW, consistent across a
segments, with additive initial mortality
(separate for W and H fish)

like (1), with additive effect ofeleasedate
consistent across all segments

like (1), with additive effect ofork length
consistent across all segments

like (1), with additive dects d release date
and fork lengthboth consistent across all
segments

additive effect of release date, consistent
across all segmenfso HW effect)

additive effect of fork length, consistent
across all segments (no HW effect)

additive effects of RDate and FL, consiste
across all segments (no HW effect)
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We selected one sulodel ofy on the basis of AIC scores, and used thisvalua¢ effects of

migration distance od.

Survivalprobability submodels effectsof migration distancé Distancebased models

for ¢ may be especially parsimonious in a myktiar analysis. Rather than esttimg separate

parameters for eactegment in each year, the effect of distancé oan be made consistent

across years, reducing the numbemaofdelparameters. Oyeaibcan be included as an additive

rather than a multiplicative effect, allowing ovérsdirvival across all segments to vary among

years(we consideredyea®in some models, as a categorical rather than numerical covariate, so

no continuous trend over 202008 was assumedpome models considered assumed a

common effect of distance @nacross habitats, while others allowed separate effects among

Cheakamus River, Squamish River, and ocean segnwatsonsidered multiplicative effects

between HW and body size in this section, for both the best model carried forward from the

previous set awell as distancdased models. These models allow the effects of body sie on

to be independent between wild and hatchrelgred fish (i.e., the relative survival advantage of

a big fish vs. a little fish might be less for wild fish that for hatchegly, for viceversa).Some

distancebased models involved an additive release date effect, since that is more likely to

improve goodnessf-fit for the more constrained distanbased models than for the segment

independent models considered in the prevemation.In this final set, we considered the

following 10 sub-models of:

1. ¢(seg:year+tHW+FLM, ,+M; ),
p(s:year+leyqtlevsgn

2. o(seg:year+tHW*FLM; 1 +M; ),
p(s:year+legntlevsqgm

3. ¢(disttHWH-L+M; 1 +M; ),
p(s:year+legytlevsgn

4. o(distrtHW+FL+RDM, 1 +M; ),
p(s:year+legntlevsqyn

additive effects of HW and FL, consistent
across all segments, with additive initial
mortality (separa for W and H fish)

like (1), withan interactioreffectbetween
HW and FL consistent across all segment

dsegCONStrained teegment distance;
additive effect of HW and FL, consistent
across all segmentwith additive initial
mortality (separate for W and H fish)

like (3), with an additive effect of release
date, consistericross all segments
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5. ¢(dist+tHW+FL+yearM; 4 +M;w), like (3), with an additive effect of year,

p(s:year+ley,tlevsqn consistent across all segments
6. ¢(disttHWFFL+M; 4+Miw), like (3), with an interaction effect between
p(s:year+legytlevsgn HW and FL consistent across all segment
7. ¢(distenitdistsgptdistyHW+FL+M; i+ Miw), dsegCONstrained to segment distance, with
p(s:year+leyytlevsgn separate relationships for Cheakamus Riv

Squamish River, and ocean segments;
additive effec$ of HW and FL, consistent
across all segmentwith additive initial
mortality (separate for W and H fish)

8. ¢(distnitdistsgmtdisttHW+FL+RDHM; 4 +M;w),  like (7), with anadditive effect of release
p(s:year+legytlevsgn date, consistent across all segments

9. ¢(distnitdistsgmtdist, +HW+FL+year#;+M;y), like (7), with an additive effect of year,
p(s:year+legntlevsqn consistent across all segments

10.  ¢(distenetdistsgntdist HW*FL+M; 4 +Miw),  like (7), with an interaction effect between
p(s:year+legntlevsqgm HW andFL, consistent across all segment:

As in previous steps, we compared-sabdels ofp on the basis of AIC scores.

Detection probability projections for residualisation estimation

To estimatethe rate ofesidualistionof smolts in the Cheakamus Riyeve predicted
markrecapturelike detection probabilities over the period of several months after the brief
steelhead migration. Mamecapture detection probabilitigs,,) were not directly estimablat
river stationsover this time period, so we usddtection indices derived frortest tag pass
(presy @s an intermediate measure of detection probability. Unlike-nesndpture estimates, test
tag passes were conducted over a wide range of time and river levels. Wepgldtedver
level measured thaday, and then subsequently relafgg to pes: at the same statidn) and river
level (RL). We combined these components using regressions and bootstrapping in order to
predict a markecapturelike p as a function of river leveRiver levelsmeasureaver time in
the Cheakamus Rivéby Environment Canada) weused to generate a time series of predicted

Pmr i While receivers were deployed, a span of several maitisthe steelhead migration
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Detection data from test tag passes were sursathasa series of detection indicdsat
ranged from €1. We considered severdifferentindices, and compared them according to their
relationshipwith river level and their predictive ability @f,. Some indices were based on single
pas®esof test tags, whé others were based on a set of passes (genfival)lyhat occurrean
the same daysome were specific to each of the two test tags, while others considerégagsoth
together. Indices fell intéour categoriesa binary outcome of a tag detected ora®it passed a
receiver stationproportion of transmissions that were detectatlp oftime between the first
and last detectiorn® the duration of the pasand indices based on VRreceiver metadata
logged during the test tag passes (detectioisepuand syncs receivedhese are summaed
in Table 5

The firstthreecategories of detection indices each contained three levels of aggregation
(Table 5. Pertag indices involved calculating a separate index value for each test tag during
each passfPerpassndices involvedpooling the two tags arnchlculating an indexaluefor each
pass Persetindices were assesseddyeraginghese peipass values across all passes in the set.
In the fourth category, twondices based on receiver melata wee calculated over a set of
swims whe receivers were downloaded befamed aftera set of passedhe small number of
theseoccurrenceshoweverimited their usefulnessrT he first was a ratio of tag detections to
syncs (the first part of a pulse traiapnd the second was a ratio of tag detections to pulses,
corrected by the number of pulses in a pulse trairSi@reindiceswereon the (01) scale
valueswere logittransformedor regressionsvith river level ando,,,.. Index values of 0 and 1
were seto 0.01 and 0.99, respectively, prior to transformation and regression, for numerical
estimation purpose3wo regressions were conducted, which mirrored the nature of the index as
an intermediate step betweewver level ando,,. The firstinvolved the tansformed index,
logit(prestiday, regressed againsver levelmeasured on the day of the passes

(1) logit(ptest_i,day) =D 71 +bg RLday

The effect of receiver statiofi) and river level (RL) weradditive assuming that the effect of
river level onpes;was consistent across all stati@msl test tag day#\ll stations sharéthe same
slope(bg), and theseparatenterceps (b;...b;) corresponddwith statiors Chk_1..Chk 7. The

second regression involved logit() againsthelogit-transbrmed index, accounting for
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variation among stations and river levigldoth detection probability typeMark-recapture,
represerga single (or average) estimate of a release gabapstationeven though the
probability of detecting individual fiswithin that group may vary over the run timing span of
the group due to variation in river levdlhe river level corresponding with the average arrival
time of each release group at each station was accounted for in the estimpgiotihaf model
usedwas [p(seg+HW),p(s+lewny]). Thispm r. Was paired with the predictguls: . (from the

first regression) at the corresponding river level

(2) Iogit(pmr_i,RL) = bg + blO Iogit(ptest_i,RL)pred

The model involvd a single slopéb,o) and intercep(bg), suchthatp,,, was assumed to be
proportional tapes;across all stationg.he effect ofstationis implicit, with some stations having
lower values of botb,,, andps, and other stations having higher values of these.

The indices shown ifiable5 were compared in terms of fit to river level data and
predictive ability ofp,. Coefficients of determination @R slopes, and intercept parameters
were calculated for both regressiovge ®lected two indices fromMable 5as having relatively
high R values in both regressions, and used these indices for the bpsipdictions(pm-)
across the range of river levels measured duringehed that Cheakamus River receivers were
deployedand test tag passes were condu¢fe@d 1.9 m; data from Bnronment Canada)Ve
divided this range of river levels inid0equal bins, and predictgxeh- ; in each bin. First, we
usedthe besffit bg andb;...b; parameters from regression (1) to pregig:; . at eaclriver
level. This valueof psii r. Was treated as fixed andh turn used in (2) to predigi,~ ;g at the
corresponding river level.

The uncertainty i« was quantified using a bootstrapping approach which accounted
for three sources of variatiora)(error in regressioh, (b) errorin regressior2, and (¢
uncertainty irp,, assessed from markcapture models fit to steelhead detection data during
their migration. We assumed these three sources of error were independent, and that each was
normally distributed in logit spac@ét a particular river level and station, a random draw from
the distribution of logitf.s:i r.) Was taken, based the estimated standard erromrefression
(1) at that river level and statiofthis value ofogit(pestir) Was then treated as fixed, arged

in regression (2) to take a random draw from the distributidogdt(p i /) at that value of
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logit(presti,r). The third component of uncertainty, erropiy from CJS model estimates,
further expanded the error arouthis random draw dbgit(pm i r1). INlogit space, thepn)cs
estimate for a particular station and release goaupbe considered #% mean of a normal
distribution with spread charactsed by SEQm_j groupcss The average SBf_ group)cisaCross
all release groups vgecalculated for eaadf the sixstatiors to give SEPy i)css which was used
to charactese a distribution centered on teecondandom draw ofogit(pyy i r0). (CIS
estimates were not possible for Chk_1 since fish migrating downstreamtgestls station.
Thelargest average Sgf._j groupcasfrom the other six stations was assumed for Chk_1 to be
conservative.A third random draw was taken from this distribution auasthen back
transformecdbnto the probability scale, representing a predigtdde ofpm i r.. At each of the
100river levelvalues andeverreceiver stations, 10,000 such sets of three random draws were
taken. The B and 9%' percentilesf this resulting distribution were calculated to repre8&fb
bootstrap confidenceards ofp,,~ ; over theriver levelrange considered.

The final step in meeting the goal of predictmg ; throughout the study was
straightforward. At each day during the period that receivers were deptbgedluesand
confidence intervalsf p, ;g correspondingotha t d a y 6 srivemevelweuertadeah.

These generated a time seriepgf at each statiomgpresentinghe probability of detecting a
residualised fish that swam past a given station on a giveWdaysedhis time seriesfopm. |
in conjunction withdetection data at Cheakamus River stations from possidx¢headesiduals
to estimate a likely rangd cesidualisation rateas follows

The times of fish detections on each river receiver were inspected to amsessicknce
of fish residualisingfter the initial downstream migration puldfea fish was detected either (a)
upstream of its release site, or (b) on any Cheakamus River receiver >4 weeks after release, and
was not detected thereafter on Squamish River caroceceiver stations, we considered it to be
a likely residual. We inspected detection patterns to verify whether tag detections were continual,
perhaps suggestive of a tag laying on the riverbed near a receiver rather than beingin a
residualised smalthese were excluded from the count of residualised sriglisn patterns
suggestive of possible residualisation were obseavathtion, thepn,~ ; corresponding to the
average river level over all days where the tag was detectedised to estimate theknown
number of residualised fish. Typically, a number presehig estimated as the ratio of the

number observed] to the detection probability, i.eD,=d/ p, whered is effectively a sum of
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observed individualdn this casep,,+ varies byi andriver level so we used modified
approach:

d.
(3) DChk = z {&] '

tag pmr*_/,RL

whered; o4 represents a possible residualised fish detectedrabne or more days with an

average river level RL over those day(3¢,«represents the total estimatedmber of tagged
steelhead from a particular provenance or release group residualising in the Cheakamus River.
This is divided by the number of fish released to estimate the proportion residualising.
Uncertainty around this estimate is derived by replathagower and upper 95% confidence

limits of pm+ g iN place ofpm j v 1IN EQ. 3 These return the upper and lower confidence

limits of Dcpy, respectivelywhich account for multiple error sourcespif- i ri. This method of
estimatingDcp reliesontwo mainassumptions:

e dobserved fish are actually residualised steelhaad not any of the following: tags in
predator stomachs, tags in smolts delaying their migration, tags laying on the river bed
after being extruded or having passed throughedator gut, or tags inside dead smolts

e residualising fish pass exactly o6&deakamus Rivereceiver stationluring the period
from release to midugust

Violation of these assumptiomgould typicallycause residualaion rates to bever-estimated,
although the potential for undestimation exists als@hrough use of regression (2), we have
assumed thai,, is not directly proportional tp,s. Therefore, we dmot have to assume the
following in predictingpm:

o fish detected at receivers travelleddaasimilar speed past receivers as tags during test tag
passes (whether moving upstream or downstream)

e acoustic output and tag delay intervals are the same for test tags as for steelhead tags.

We estimated the 2008 residualisation rate separately foranddatcheryeared smolts in the

Cheakamus River.
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RESULTS

Sampling effort with stationary and mobile receivers

Over the course of tH& month study in 2008 ach receiver was thelgject of 1122
swimpasses and-5 raft passewith the majorityof passe®ccurringin May and the first half
of June Table 9. The receivers generally remaineplerational most of the timbut high flows
resulted in a number of receivers moving out of posifi@b(e §. The receivers were inspected
more frequently thathey were in 2007, so the potential for inoperable receivers was greatly
reducedThereceiver at Chk_1 did not initially detect tags during swim passes, so it was
temporarily removed for assessingfitactionality. It was redeployed downstream apprdxkm
on June 1%, near the FVTHRGL release siténto what was hoped was a quieter section of the
river where detections of residualised fish passing the station would be more likely
Supplemental sampling using the mobile receiver led to the detedtzosingle tag,
from the TCH group in 2008 on July 3. This tag was detected upstream of the Tenderfoot Creek
and Cheakamus River confluereel9.82642N, 123.15078\WM) had been detected previously 4
days after release at Chk_4, but was not detectethbarsary receivers thereafter. At the time of
detection, the raft was stationary, with technicians in the process of measuring detection range to
a test tagNo fish were detecteduring sampling trips by raft when the raft was moving, nor

duringsamplingaroundTenderfoot Lake

Fish detections and migration patterns

Deploying several receiver stations in the Cheakamus and Squamish Rivers, as well as in
Howe Sound and beyond, allowbkdthsurvivorshipand travel rateluring the progression of the
juvenile migration to be quantified for each group of tagged steelfieaed fish generally
moved downstream immediately after releéiSg. 10. On average, the time from release until
detection at the first station was 02 d for
until several days after release, on ager(e.g., TCH in 2007 and FVTRG2 in 2008)Once
fish did commence migratirdpwnstream, the travel rate was generally ragitipugh there
wassomevariation among release groupssh that survived to the mouth of the Squamish River
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were heard on averadeb dafter release fow_RGL1 in 2008, and on average 21.4 d after
releasdor TCH in 2008; the other groups in both years were intermediate within this fagge (
10). There was no consistent pattern among rearing histories in the rate of migration
downstream: fish from TCH were generally faster in 2007 than in 2008; fishtfr@pper
FVTH release site in 2008 were relatively s|@ven taking into account their greater distance
travelled and fish from the lower redse site in both years wemearlyas fast as the two wild
groups in 2008. Sonmeatcheryrelease groups tookralatively long time to travel from the river
mouth to the inner Howe Sound line, while othatcherygroupsand both wild groups took less
time (the variation around average travel times was also generally less for wild draudg).
This pattern cotinued for travel through Howe Sound to the NSOG line, with average travel
times since release of 24 d for the wild groups and 287 d for the hatcheryeared groups.
There wereelatively few detections of hatchergared fiston the outer lines at &and JDF.
Despite only minor variation in travel rates to successive detection stations among wild
and hatcheryeared groups, there was considerable variation in the number of fish detected at
stations along the migration. These numbers for 2008, wiiddeand hatchery fish were both
tagged, are listed ifable 7 Blank cells indicate that the group of fish was released below that
particular stationT here appear to be differences between wild and hatekargd groups in the
proportion of fish reaclnig the lower Squamish Rivddowe Soundand outer line (QCS, JDF)
receiver stations. This could be the result of lower survival and/or a higher rate of residualisation
in hatcheryreared fish. Since tags are individually coded usedmarkrecapture metds to

estimate survival during the migratiamccounting for detection probabilities at receiver stations

Survival during migration

Steelhead survival in 2008

Detection probability sumodelsi Comparing detection probability subhodels while
keepinga constant and general soimdel for survival probability resulted in a slight preference
for the fully-independenp submodel, p(seg*G),p(s*G)], in terms of QAICc scored able §.
There was still reasonable support for the two models that usedremeintal covariates for
Cheakamus River stations; of these, modé&d¢g*G),p(s+lewny)] performed best. The

incorporation of an environmental covariate in these two models required only one extra
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parameter, but improved tigpodnessof-fit substantially elative to the fullypooled model,
[0(seg*G),p(s)], in whichp at a station was constrained to be equal for all five grolgisi¢ §.

Apart from relative AIC scores, there are reasons for preferring the models that use
environmental covariates. The gpsundependent model requires many more parameters than
other models and is associated with small sample sizes for some grabpes §, especially at
later stations during the migration route. This resul{sheing estimated for each group based
on fewnumbers of detected tags, and makes estimates oplaoithp susceptible to ovelitting
biases (Melnychukin pres$. As a result, the estimatespét a given station vary considerably
among groups (even at ocean stations where little variation isteg)eand confidence intervals
are wide Fig. 11). The number op parameters estimated at boundaries is an indication of this
overfitting; it was much higher for modedb(seg*G),p(s*G)] than for models with
environmental covariate3 éble 8 confidencdimits were based on the logit transformation).

To avoid this potential for oveftting, we prefer to consider models in which, apart from
differences irp among groups due to river level differengegstimates are constrained to be
equal among group®Ve believe this is reasonable since all groups use V9 tags and should
therefore have similar probabilities of detection as they migrate past receiver stations. [The tags
did differ in average delay intervals between transmissions, with 19 tags hairsydeky and
179 tags having a 40 s delay. Tfastorwas considereth other modelgresults not shown), but
the effect was in the opposite direction than expected (hpassociated with 40 s delay tags),

SO appears to be a spurious result. The ¢dayceffect was not considered in subsequent

analyses.] River level and discharge as measured by Environment Canada during the study were
highly correlatedr(> 0.99), so there is little need to consider both environmental covariate
models. Detection probdity estimates at successive stations are shoviAg.nl2for the
authorpreferredp sub-model with a parsimoniougs submodel. By constraining estimates to be

the same among groups at Squamish River and ocean stations, the potentiatHfitraytr

sparse data for some groups is reduced, and confidence limits are narrower around the
constrained estimates. Detection probabilities varied widely across receiver stations, from <12%
at Chk_7 to >90% at Chk_4, HS_in, and HS_d&ig(12. Note thap wasnot constrained to be
similar among Squamish River stations, but happened to be similar, estimated betvéét 74

for these three station&t NSOG, all models fop that did not involvestationgroupinteraction

effectswere given tweaextra terrs, one foreach of thavild groups to represent grouppecific
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Pnsoc Since these groups demonstrated gplitte be haviour after entry into the Strait of Georgia.
This effect is seen iRig. 12for the two wild groups. At NSOG, the estimates shdovrithese
two groupsare not true detection probabilities, but rather joint probabilities of movement and
detection.

We proceed to comparingsuly models while assuming the authareferredp sub-model,
p(s+lewny), but we later return to consider the Al@st submodel,p(s*G), and evaluate
whether our inferences of survival change under differeninsatbels ofp.

Survial probability submodels rearing history effects There was a strong overall
effect of wild or hatcheryearing history on survival, with greatemeival in wild fish thanin
hatcheryreared fish. This is most easily seen by comparing the sdmesiccandidate model
within the set, §(seg+HW),p(s+lewny], with the similar model without the additive HW effect,
[0(seq),p(s+lewny]. Despite only difering by one parameter, the model without the HW had a
QAICc that was 8.7 larger than the formé&able 9, suggesting considerably less support in the
data. In addition to incorporating an overall HW effect, the best model also included parameters
that dlow for wild-specific and hatchergpecific mortality in the first segment of each release
group. This model required two extra parameters, but these were warranted due to the associated
decease in negative lelikelihood (Table 9. Beta coefficients fothese parameters under model
[0 (seg+tHW-M; 4+M; w), p(s+lewn] showed that overall survival was greater in wild fish than
in hatchery By = 0.74 with 95% confidence limits that exclude 0,-0.25), and also that the
initial mortality effect was greatdor hatchery fishf§y; 4 =-1.63, 95% confidence limits2.85
to -0.41)than for wild fish by;w = -0.24, 95% confidence limits1.62 to 1.15).

There was no effect of stock within HW ¢ronce HW was already accounted for;
PQAI Cc was 4¢(s&y+HWestocklp, €dMgw), p(B+levend] compared with model
[0 (seg+tHW-M; 4+M; w), p(s+leweny], but these models differed by exactly 2 parameféable
9), indicating no further improvement in the goodnre&ét by including a stock effect.

Similarly, therewas little effect of release group number within stock within HW once HW and
stock were already accounted for. QAICc differed by 0.8 between mig@eigtG-M; y+Miw),
p(s+le\ChK)] and model ¢(seg+tHW+stockM; 1 +M; ), p(s+levChK)], and differed by 1.4
beween model§(seg+G) p(s+leveny] and model § (seg+tHW+stock)p(s+leven]. These
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comparisons differed by a single paramefal(e 9, suggesting only minor improvement in the
goodnesof-f i t by i1 ncluding the rel eaasessegtiallymop ef f ec
support for models involving a multiplicative effeaifseg*HW*stockor seg™G, i.e,,

seg*HW:stockrelease group numbefMhese models involved at least 10 more parameters than

the corresponding additive models, but the reduction intivegaglikelihood was not

sufficient to warrant the inclusion of these interaction effeEéble 9. Sample ges of some

groups (e.g., FVTHRG2)werelikely too small to support such large models with interaction

effects on survival, and limited oppartity to borrow information from other groups through

model constraints. The single modé{§eg+HW-M; 1+M; ), p(stlewn)] was clearly the best

supported within this set, so we carry this model forward for the analysis of body size effects.

Survial probability submodels body sizesffectsi There was a small effect of fork
length onsurvivalonce wild or hatcheryearing history was already accounted for. Model
[0 (seg+tHW-M, 4+M; w+FL), p(stlewny] had a slight improvement in goodnessfit to the daa
compared with modelfseg+tHW-M; 1+M;w), p(s+lewny], but it required one extra parameter
to be estimated. These closely balanced out in terms of parsimony, resulting in similar levels of
support for these two modeds revealed bgIC scores [able D). The beta coefficient had
95% confidence limits that did not exclude zero, further suggesting that the effect wa®meak:
= 0.013, 95% confidence limits).005 to 0.030).

There was no support for an additive effecKain survival, either when inctied by
itself or when FL was already accounted for. The inclusion of this extra parameter led to no
improvement in terms of goodnes&fit (Table 1Q. The three models that did not include an
additiveHW effect had little support. They required one fewarameters to be estimated, but
had poorer goodness-fit to the data Table 10, suggesting that the HW effect observed in the
previous section was not simply dueateeragebody size differences between wild and hatchery
rearedgroups Since there wasasonable support for the model including FL as an additive
effect, we carry the top two models frarable 10forward for the final analysis of survival

effects.

Survival probability submodels effectsof migration distance, predator abundance, and

release dateg Models with segmergpecific estimates df outperformed models where logi)(
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was constrained to be a linear function of segment distaiade#g 1). All four segmenispecific
models had a similar level of support in the data, and their camdsp distancdased models

had QAICc values at least 8.6 greater. THese segmenspecific models with similar support
suggest relatively small effects of release date and, as noted in the previous section, fork length
on survival. Inclusion of thegearameters slightly improved the goodnes$dit, essentially

enough to compensate for the extra parameter. In the top mp@elgtHW-M; 4 +M;w+RDatg,
p(s+lewny], confidence intervals around the beta coefficient for release date did not exclude
zero:brpate= 0.043, 95% 4., -0.008 to 0.095. The effect is only small, but it is in the opposite
direction than expected, with lategleased fish of the same provenance (rearing and stock
history) having a slighpredictedsurvival advantage over fish rekesl earlier. This is not the

result of latefreleased fish being greater in body size, since the model including both effects also
had a positive beta coefficient (again, not significantly different from bpe;.= 0.039, 95%
c.l.,-0.013 to 0.091).

Of the top four models with nearly equal support, the one that includes effects of RDate
and FL allows for survival differences among release groups since they all have different release
dates and body sizes. We present survivorship declines under this mode
[0 (seg+tHW-M; 4 +M; w+RDate+FL) p(s+lewny] in Fig. 13 Survivorship estimates represent
survival since release, the product of segrspacific survival rates. Confidence limits around
segmentspecific survival probabilities are estimated with profikelihoods, and the standard
error of the survivorship produid calculated using the Deltaetiod. Estimates are plotted
against either detection station (a), or minimum distance travelled since release (b). Under this
assumed model, survivorship fronmease to the river mouth is estimated to be806&o for the
wild groups and 2214% for the hatcheryeared groupsT@able 12. This survival difference is
similar when estimated from release to exit from the Strait of Georgia system via QCS or JDF,
with survivorship of wild groups at 229% and that of hatcheirgared groups atB0% (Table
12). As noted earlier, the initial decline in survival from release to the first station encountered
was greater for hatchemgared groups than wild grougsig. 13.

There was little support for any of the distatised models within this set of candidate
modelsin the 2008only analysis These required fewer parameters than the segment
independenimodels, but had comparatively poorer goodrafst. Within these distacebased

models, effects of fork length, release date, and bull trout counts were all Tate ().
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Models that involved an average of raw bull trout count data over all years slightly outperformed
those with a smoothed Lowess fit to count data. Metl&t involved separate relationships
between logiif) and distance in Cheakamus River, Squamish River, and ocean segments had
essentially no suppom this 2008only analysis These required two extra parameters to be
estimated compared to models thatlla single relationship between log)ténd distance across
all segments, but little goodnesesfit was gained. For comparison, we present survivorship
estimates assuming the distafiesed modeld(dist+HW+M; 4, +M; w+RDate+FL) p(s+leveny]

in Fig. 14 This is a more highly constrained model than thdtig 13 although a constant
intercept parameter agnacross stations means that lo@gjt{s only indirectly proportional to
segment distance. After the initial mortality levels in the first segmestt adftease, the
survivorship declined at a similar rate for all groups under this nodet they shared the same
minimummigration distance in each segméffy. 14. Survivorship estimates to the three
stations shown iffable 12were similar under thidistancebased model arndhe segment
independenmodel p(seg+tHW4M; 1 +M;w+RDate+FL),p(s+lewy] for all release groups.

For reference, we also provide survivorship estimates assuming théntlélye ndent
segment (or station) and greapecific CJS modeestimates, i.e. from modep(seg*G),p(s*G)],
shown inFig. 15 This model is less parsimonious than the one assuniéd.it3 and estimates
may be susceptible to ovétting (e.g. the predicted survivorship of 100% ovex finst three
segments foFVTH_RG2), so the authors prefer estimates presented)ii3 Two of these
groups were seen to have poor overall goodonédis to detection data assungrthis general
model (TCH and WRGL1), so we interpret their results with caution. Even under tbigg
independent model, howex; the survivorship trend of W_RG1 was similar to that oR@2,
and the trend of TCH was silar to that of the other two hatchemyared groupsHig. 19, so the
estimate®of these two groups with poor fits at least appedret reasonable. Despite the potential
for overfitting, the discresed survivorship estimates thethree stationgn Table 12under this
model [p(seg*G),p(s*G)] are generally in line with those under model
[0 (seg+tHW-M, 4 +M, w+RDate+FL),p(s+lewny)]. At each of these three stages, survivorship
estimateof the two wild groups were higher than those of the three hatechargd groups
underall threemodels(Table 12, which is supported by the additive HW effect in the top sub
model for$ (Table 9.
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Although the effect of bull trout counts by segment was not a strong factor in explaining
variation in the data under model selection criteria, we examine this possible factor under more
detail. Of the five release groups, three were released in alade| adjacent to the
Cheakamus River, and not in the mainstem. The majority of the first segment of these three
groups was therefore not in the mainstem, where bull trout typically reside. We excluded the first
segment, and considered all remaining CheakaRivsr segments up to Chk_6 (where bull trout
surveys ended) for all groups together. Survival probabilities by segment from the general model
[0(seg*G),p(s*G)] and bull trout counts by segment were converted to survival rates and bull
trout densities (ki) by factoring in segment distance. The relationship between these suggests a
slight decrease in steelhead survival rates as bull trout density incréagelb( There were
not sufficient numbers of segments monitored to evaluate whether the reigaidiffered by
wild and hatchery rearing histories.

Before proceeding to incorporating other years into the andbrsge nerality, we
consider the effect of our choice in soindels ofp. We carried out this analysis assuming the
authorpreferred submodel [p(s+lev) to avoid potential ovefitting to the data. If we had
instead proceeded assuming the Al€st submodel [p(s*G)], our inferences in comparing sub
models forp would have changed very little. The same top model would have been selected after
comparing rearing history effects, and the same two models would have been selected after
comparing body size effects. After the final comparison, the same four models would again be at
the top of the list, all with QAICc within 2.2 of one another, altjlothe ranking of these would
be slightly different(seg+HW-M; 1 +M;w), p(s*G)], with QAICc=1353.2,

[0 (seg+tHWM; y+M; w+FL), p(s*G)] withpQ A | C ¢ p(BegtHWM,;+M;y+RDate,),
p(s*G)] withqpQA | Cc, and p(s2g+HW-M,; 1 +M;+RDate,+FL), p(s*G)] with

PQA | Cc Ehis suggests that survival results were robust to choice imsdel forp. The
more general sumodels forp were better statistically in terms of AIC scores, but were more

susceptible to poorly estimated parameters due tefatiag to sparse datalfable §.

Steelhead survival in alyears analysis

Detection probability stimodelsi The comparison of sumodels forp while keeping a

general sublmodel for$ constant resulted in a preference for the model with (separate) water
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level covarates for theaCheakamus anfiquamish River stationsy(seg:G),

p(s:year+ley+levsqy], in terms of QAICc scoresTable 13. Despite involving only a single

extra parameter for the Squamish River covariate, the gooofidissvas much better compared

to model p(seg:G) p(s:year+legny) ] , whi ch had a @QAI Cc of 14. 8.
[0(seq:G) p(s:G)] required estimating many more parameters. It had a correspondingly lower
negativelog i kel i hood, but overall wa®8Bektess parsi mo
coefficients for the best model showed a stronger relationship bepwaahriver level at

Cheakamus Rivestations b =-4.08, 95% c.l.;5.19 to-2.97) than at Squamish River statiohs (

=-0.62, 95% c.l.;0.88 t0-0.35), although this may habeen confounded by absolute water

level differences between rivefSor both riversp decreased as water level increageslin the

2008 analysis, we considered some models with an effect of tag delay interval. The effect again
turned out to be in thepposite direction than expected (higpeassociated with longer delay

tags), so appears to be a spurious result in thgealls dataset as well. The tag delay effect was

not considered in subsequent analyses. We proceed to compatibgnodels while asuming

the sub-modelp(s:year+leyntlevsqgn).

Survival probability submodels rearing historyand release dateffectsi The overall
effect ofwild or hatcheryrearing history on survival was again observed in thgedls analysis,
although this effeicwas primarily due to the 2008 year in which both wild and hatchery fish
were tagged. Wild fish had greater overall survival than hateteamed fisi(by = 0.75, 95% c.l.,
0.251.26) Compared to the best mod¢($eg:yearHW+M; 1+M; ), p(s:year+lev,tlevsqm],
the correspondi ng mod®@AICcuoféd.b ableild. Thehnitad ef f ect h
mortality terms (one for wild fish, one for hatcherghij that allow for mortality in the first
segment of each release group, irrespective of where that segment is, had a strong effect. The top
three models all involved these initial mortality parameters gapdICc for the fourthbest
model, similar to thdévest model but without these initial mortality parameters, was 4.5. Beta
coefficients for these parameters under the best model again showed that the initial mortality
effect was greater for hatchery fidh(y =-1.53, 95% c.l.;2.45 t0-0.62)than forwild fish
(bmiw =-0.30, 95% confidence limits1.63 to 1.02). The additive stock effect was weak. Model
[¢(seg:yearHW+stock#V; y+Miw ), p(s:year+ley+levsqn)] required two extra parameters to

be estimated than the best model, but the gain in goodhdissvas relatively small Table 14.
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The most general model, with segments and release groupgfi¢lyendent, was over
parametesed for some release groups and had no support in the data. We carry forward the best

model from this set and next evata effects of body size and release date.

Survival probability submodels body size and release das#ectsi There was a strong
effect of body size on survival, with the top four models all containing this covafialée( 15.
The best model gsegyear-HW+FL+M; 41 +M;w), p(s:year+legntlevsqym], had aQAICc that
was 7.0 smaller than the corresponding model without the FL effieet wild or hatchery
rearing history was already accounted fbine beta coefficient for fork length under this best
modéd showed positive sizdependence, witbreater predictedurvival of larger fishhanof
smaller fish when other factovgereaccounted forffr, = 0.021, 95% c.l., 0.060.033).

There was no effect of release date on survival under this se@ameitmodel
formulation. The secontdest model differed from the best model by only one parameter, RDate,
but the decrease in negativeidgelihood was negligible, suggesting negligible improvement in
the goodnessf-fit by including this extra parametefdgble 15. We had considered subodels
d(seg:year+FLM; ,+M; ), d(seg:yearRDateM; 1 +M; ), and
¢ (seg:yearRDate+FL-M; 4 +M; ) to examine whethehe effect of HW observed in the
previous section may have been the result of body size or release date differences between wild
and hatchery release groups, and not effects of wild vs. hatchery rparisg There was little
support for these modelgiQAICc = 6.2, 13.3, and 7.9, respectivelgble 15, confirming the
overallHW effect ony was weltsupported. Since there was strong support for only the best
model, we carry this forward to the final set to consider effects of migration distance stéedl ne

effects within this of year and release date.

Survival probability submodels effectsof migration distancé Distancebased models

had considerably more support than the more flexiblensotlels ofp that allowed independent
estimates of in eachsegment in each yeafrgble 1§. The distancdbased models that allowed
separate effects of distance @among Cheakamus River, Squamish River, and ocean segments

had more support than the more constrained models in which the effect of distanea®n
constant across these habitats. For example, the besiaidd,

¢ (distenitdistsgptdistytHW+FL+M; y+M;w), has only two more parameters than-suduel
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¢ (disttHW+FL+HM; y+M; ), but a lower negativéog-likelihood, resulting irglQAICc =4.4
(Table 14.

Theeffect of release date on survival was fairly weak when compared to the best model,
although it was not negligible like it was in the indepe ng®gment models. Estimation of the
single extra release date parameter reduced the negatilkeldgpod by>2 from the best
model. These factors balanced out, such that the top two modelble 16had essentially
equal support. The beta coefficient for release date under thimcdel
o (distenitdistsgnitdist tHW+FL+RD+M; 4+M w) had confidence limits thaidinot exclude
zero, but was at least suggestive of later release dates being associated with lower overall
survival than earlier release datégphie=-0.018, 95% c.1.;0.040 to 0.004). With a more
constrained sulmodel as the basis for compariso(gist+HW+FL+M; 4+M; ), the effect of
release date on survival was stronger (incorporation of the extra parameter reduced the negative
log-likelihood by >5;Table 16.

The interaction effect diw and body size on survival was weak. Compared with the
best nodel, the sulmodel involving this extra HW:FL parameter resulted slight
improvement in goodnesH-fit. The effect of fork length ofi was slightly stronger for hatchery
fish (be. 4 = 0.025, 95% c.l., 0.008.042) than for wild fishff_w = 0.015, 95% c.1;0.007 to
0.038), although in both groups, increased body size was associated with greater survival.
Predictedp over a range of fork lengths are showrkig. 17for onewild andone hatchery
reared groupnder the model that assumes this HW:FL interaction (i.e., in$pgite, predicted
lines for these groups are not parallel). The slope of the predicted line for hatchery fish is slightly
greater than that for wild fishnd the intercept difference is large enough such that over the full
range of fork lengths considered over all years, predicted survival of wild fish was greater than
that of hatcheryeared fish, especially at smaller body size.

There was essentially naygport for an effect of yegrer seon survival under the
distancebased models. Inclusion of this effect required three extra parameters to be estimated,
but the increase in goodnegkfit compared to the best mode&s marginal Table 1. This
suggestshat survival trends tended to be consistent across years once the factors contained in
the best model (e.g., HW, FL) were already accounted for.

Of the toptwo models with nearly equal support, the one that includes effects of RDate
and FL allows fopredictedsurvival differences among release growpsvivorship declines
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under this modeld(distehitdistsgnitdistytHW+FL+RDHM; 4+ M w), p(s:year+leyntevsgm]
are shownn Fig. 18 plotted against minimuraumulativedistance travelled. Under this
assumd model, survivorship from release to theer mouthwasestimated to be 682% for the
wild groups and 2-36% for thehatcheryreared groupsT@able 173. The decline of suivorship
in the first 20 km of the migration was very steep in hatcherydiseady <50% by this poinn
many groups. The decline in freshwater was less precipitous for wild groups. After ocean entry,
proportional mortality in the remainder of the monitored migration was more similar between
wild and hatcheryeared fish. By the potrof exit from the Strait of Georgia system via QCS or
JDF, the survival differencevas large, especially terms of aratio, with survivorship of wild
groups at 2-33% and that of hatchemeared groups &6% (Table 17 Fig. 18. The best
independensegment model g[(seg:year+HW+FLM,; ,+M;w), p(s:year+legntlevsqym], had
similar predicted survivorship declines to the distabased model, and thus similar differences
between wild and hatcheingared survivalKig. 19. Precision in the estimatddparameters was
less in this segmetihdependeinmodel Fig. 19 than in the more parsimonious distatiiEsed
model Fig. 18, largely a result of having more parameters estimatetlé 1§ and thus less
certainty in the estimated value of any one particpdaameter.

For reference, we also provide survivorship estimates assuming théntig¢lye nde nt
segment (or stationyear,and groupspecific model, §(segyearG), p(s:yearG)], in Fig. 2Q
This model ismuchless parsimonious than thestancebased radelassumed iifrig. 18 and
manyestimatesveresusceptible to ovelitting. Some groups (e.g., W_RG2 2004 and W_RG2
2005) had <10 fish tagged let alone detected at stations, so with groups assumed to be fully
independent, the model is clearly oymaraméerised for these groupSimilar arguments can be
made for TCH 2007 and FVTH_RG2 2008 groups, which had <20 fish tabedjood nessf-
fit was poor for three groups under the general model (FVTH 2007, TCH 2008, W_RG1 2008),
S0 we interpret their resuligith caution, but the survivorship declines of these groups at least
appears to be similar to those of other hatchery and wild groups, respedtigeBd. The
greater flexibility of thisgeneralmodel results in the best possible fit to the detedeta, and
even under this general model there are clear differences in survivorship among wild and
hatcheryreared fishfig. 20. Ignoring the two wild groups with insufficient sample sizes to
properly estimate parameters, survivorgtaipged from 684%to the Squamish River mouth

and 1839% to the outer ocean lineBable 17. If all hatchery groups are osidered,
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survivorship estimatesnder this general model were slightly higher than ones estimated under

the more parsimonious distarbased model, raging from 3258% from release to the

Squamish River mouth and13% to the outer ocean line§gble 173. Two of these groups,

however, had <20 fish tagged, so estimates are more likely to be inaccurate for these groups (one
of these TCH in 2007, ha@stimatedsurvival rates nearly as high as estimates of wild groups

Fig. 2Q Table 17. Ignoring these two hatchery groups, the range of estimated survivorship for
hatchery fish was 343% from release to the Squamish River mouth and 3% to the outer ocean
lines (Table 17. Uncertainty in survivorship estimatesasmuch greater under this general

model Fig. 20 than either of the more constrained models. In general, survival estimates appear

to be robust to model choice.

Residualisation and projected detectin probability

Few steelhead smolts were detedted007 or 200&teither: (1) receivers upstream of
their release site, or (2) any Cheakamus River receivers >4 weeks past their release wzite
thereafterat Squamish River or ocean receiv€fable19). In 2008, he observed proportion of
releasedish meeting either of these critemasslightly higher in hatcheryeared fish4 of 98,
excluding the tag that was more likely stationary than in a live, residualised gmaoltin wild
fish (1 of 100) In 2007, no fish from either group were detected upstream of their release site
No fish were detected >4 weeks after relaast07either, although the number of stations
operatedvas fewerin 2007 there were no Cheakamus River stations downstredine 5 TH
release site, receivers were checked and maintained less fregaadthyo mobile sampling was
conducted in 2007. The overathmpling efficiency wathereforelikely less than in 2008

On the basis of Rvalues for regressions betwetest tagpass indices and river level (Eq.
1), as well as between maricapture detection probabiliégtimates and test tag pass indices
(Eq. 2), we selected two indices that outperformed otfexislé 1§. Both indices involved
aggregating the two test tags édiger, but not aggregating passes within a set. These indices
describedvhether test tags were detected or not during a pass [P/##ps)], and the
proportion of signals transmitted that were detected during a @e3st[(perpass). These were
attractve compared to other types of indices in that they had more values estimated than

temporal range or receiver matata indicesTable 18.
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Changes in ater levelof the Cheakamus River during tseidy(Fig. 7a) caused
variation in detection probabilit,eatCheakamus Rivestations over this periogdFig. 12. This
was evident in the variation of test tag pass index values with river level 2882), with pass
index values tending to be greater during periods of lower river ldvelas also evideritom
one tag from FVTHRGJ, whichwas detected at Chk_4 during several periods in 2008y
consistently from May 45, June 4, June 6, sporadically from JunegQ2fairly consistently
from July 12Aug. 7, and sporadically from Aug-B4. These periccoincide with relatively
low water levels in the Cheakamus RivEIg; 7a). During the period from May-8ug. 14,there
were no detections of this tag during the times when water level was >1.6 m. It is possible this
tag was stationary, laying on the eéivbed some distance from Chk_4 (either in a fish that died,
after being defecated from a smolt predator, or after being extruded from the smolt). During
periods of low water level and thl@vy acoustic background noise, the tag was occasionally
detectedduring periods of high water level and noise, it was not.

Mark-recapture estimates of detection probabifity, were only possible during the
smolt migrationwhich for Cheakamus River receivers, occurred only in May, and only at
certain river levelsKig. 21). The test tag pass indice®k,s;, that were used to estimate a mark
recapturedike detection probability, were assessed over wider ranges of time and riveiHigvel (
21). There was a negative relationship observed between the test tag indeeandlriver level
during the passes, for both indic&sg; 22). Regression slopes were steeffigrcoefficients in
Table 1§ for the [P/A (perpass)] indexKig. 2), which was essentially a binary logistic
regression, than for the [%Det (peass)] in@x (Fig. 22a). Variation among stations was
observed, similar to that seen foy;, estimatesKig. 12: the highespes;values occurred at
Chk_4, while the lowest values occurred at Chk_7 (as well as at Chk_1, forpyhastimates
were not possible).

Test tag pass indices were not evaluated at the exact mean arrival time of each release
group at each Cheakamus River detection staisthese were unknown at the time of
conducting test tag passdsis wouldideallybe the appropriate comparisonweenp,s;and
Pmr, SiNCe river level affects both typesmfinstead, the predicted logi(s; i r) at the
corresponding river level fqu,, i r. (i.€. the predicted value along the best fit lin€ig. 22at
the appropriate river level and statiorgswcalculated to compare wih, i r.. There is a

reasonably strong relationship betwgipandpredictedps; for both indices Fig. 23 Table 18.
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Values ofpredictedps; for the [%Det (petpass)] index tended to be lower th@apvalues at the
corresponding river level {gs. 21a and 28, and the slope between them wdgb,,
coefficient inTable 1§. Predicted values @kes;for the [P/A (per-pass)] index tended to be
similar top,, values at the corresponding river levathough they had a eater range of
logit(prestirL), iNdicating that values were more extreme (closer to O or 1 boundaries) than
corresponding,, values (Figs21b and 2B). The slope between them was Jhble 1§.

The established relationships between river levelpagdFig. 22 Eqg. 1) and between
Pmr aNdpeest (Fig. 23 Eq. 2) allowp,, to be predictedp.~) for any given river level at any
Cheakamus River receiver station. These predictions are shown by the kings2# back
transformed to the probability degslopes of the predicted line are equal among stations in
logit-space, but not after battansformation). These show a general decreasg-iwith
increasing river level. Predictions are similar for the two indi€&g. @4a and b). Variation
among $ations is predicted, in line withe observed variation among stationgig:and NPy,
estimated from steelhead detection data. Bootstrapped 95% confidence limits around these best
fit predictions are quite wide, as they take into account multipter sources involved with
estimatingp,,, through the intermediate stepmfs. Confidence limits are slightly narrower for
the index [%Det (pepass)] Fig. 24a) than for the index [P/A (pgrass)] Fig. 240) as a result of
confidence bands for the regision in Eq. 1 being narrower for [%Det (jparss)] Fig. 22a) than
for the index [P/A (pepass)] Fig. 2D). This might be expected given that index [%Det {per
pass)] values are continuous from Owhereas values of index [P/A (pe&iss)] are binary,ither
0 or 1, so greater uncertainty is expected around the mean relationship. In ggperathe py,,
estimates from steelhead detections reasonably well (as they should, since they were partly based
on these). In a couple cases, howepgk,was nd very close t@,, steelhead estimates (Chk_3
at low river level, especially for index [%Det (ppass)]; Chk_6 at low and high river level,
especially for indeXP/A (perpass)], and Chk 7 at low river levelig. 24). This is a result of
the constrainbn the slopégin Eq. 1 being equal among stations; consequently, slopes (in logit
space) are also equalkiyg. 24 Predicted fits are not fl exible
estimates, but rathgthe constrained best fit is achieved over all statiogsther.

Predictedp,, varied throughout the studgpom May to midAugust and was inversely
related to river levelRig. 295. Two main pulses of high river flow, in milay to midJune and

in late June to early July, resulted in relatively lpy during these timesRelatively low river
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level periods occurred in early to iMay, mid to late June, and early July to the end of the
study period in midAugust. During these periods,~ was relatively highKig. 25, so any
steelhead potentially residisihg in the Cheakamus River would have been more likely to be
detected at these timeBhere was also variation among stationpjp: it was generally >80% at
Chk_4 at all but the highest river levels, and was generally <30% at Chk_1 and Béila 7.
reault of the similar relationships iRig. 24 p,« was similar for the two indices

We now return to the detections at Cheakamus River stations that were suggestive of
possible residualisation behavioliaple 19, and use these to estimate residualisatoes.
Because detections were so few, we grthmby wild and hatcheryeared categories rather
than by release groudpr estimating residualisatioitags were detected at both high and low
river levels Table 19, so we assume it was possible for edj§sh to be detected throughout
the May to midAugust study period. The five fish that were detected as possible residuals were
detected at different times and at different stations (T20)leThe average river level during the
day(s) that fish were defcted at a station was used to calculate the correspgmging:. and its
95% confidence limits. These were used to predict the number of fish that actually passed station
i based on the number detected thergd); the sum of these extrapolated nemgave a group
specific estimate of the number of tagged fish residualising in the CheakamusRiveE(. 3).
The resulting estimated residualisation rates were 0.02 (95% c.kQ@@)for wild fish and
0.09 (0.050.20) for hatcheryeared fish irR008. The confidence limits around these estimates
are a direct inversion of the confidence limits aropgge ; g, and therefore incorporate multiple

sources of error associated with test tag passes and estppadetling the steelhead migration.

DISCUSSION

In this study, we tested our two main hypotheses and fq@hdurvival of hatchery
reared smolts from wild Cheakamus River steelhead broodstock was lower overall than survival
of wild smoltsduring the downstream and early ocean migratiod;(2) there was some
indication that residualisation rate was higher for hatciheayed smolts than for wild smolts in
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2008 although estimates for both groups were <10% and had wide confidence limits. We discuss
each of these results in detail.

Survival differences among wild and hatchenreared steelhead smolts

Despite similar broodstock origins, survival during the smolt migration was clearly
higher for wild smolts than fonatcheryreared steelheadhis difference was consistent in both
the 2008only analysis, when rearing histories were compared in the same year, and in the all
years analysis, which provided generality through incorporation ofevilg or hatcheryonly
studies in previous years. It was also consistent across different assumpii@ng-pecapture
model structuredt is important to note that estimated survival rates in each segment and overall
(cumulative) survivorship since release are actieghymateo f dap p ardéentwhs wrhvi v al
assumes that no residualisation occurs fish,do not cease migrating before arriving at
Cheakamus River receiver stations or in between stations where they would not be detected). We
discuss the potential for residualisation later in detail, but the conclusion of survival differences
between wildand hatcheryeared fistappears to beobust to the rates of residualisation that
were estimated to bel0%

The most likely explanation for the lower observed survival of hateteased fish is
their lack of substantial exposure to natural selegiressures prior to release from a hatchery.
Populations are comprised of a wide range of individuals with differing taitsarly as the egg
stage some of which may affect survivaflost wild fish smolt after gear and a halfalthough
some migrate adge 2.5 or even 3.5. During this perimetween emergence and smoltification,
the wild populatiorwassubjected to predation pressures and environmental stressdiiseligat
resul ted i n-fda tdmaslulbesret d@rhortehe p ofpagdingdnd on r e ma
release. In contrast, hatchewsared fish were not exposed to such pressures, so a greater
proporti-foint@fi mdiewisdual s were | i kely tagged coc
greaterinitial mortality component in the first migrath segment following release was greater
in hatcheryreared fishsupportinghea s er t i on -ftihtad it mheéi Vil ¢sasl s woul
likely to die soon after release.

The first segment ahe migration of each release group contained variable nunabers

bull trout, potential predators of steelhead smolts. There were few bull trout in the first segment
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of FVTH_RG1 compared with the first segment of the other four groups in 2008, but initial
mortality of FVTH_RG1 was still relatively highr{g. 19. In segments following the first, there
was slight evidence of bull trout density affecting steelhead survivalFetel®, but the spatial
resolution of acoustic receiver stations was not fine enough to assess this possible factor in detail,
even in 20080ther predators including merganser ducks have been known to feed on
outmigrating salmonid smoltsand are commonly observed on the Cheakamus River. They may
have taken advantage of 0 na HigherGviamprédatibrerateg s mo |
on hatchery smolts than on wild smolts have been observed in other salmonids soon after release
(e.g., in predation of sea trout smolts by cormorants and herons in a Baltic Sea fjord estuary;
Dieperink et al. 2001)n the remainder of the migration segnts, the difference in mortality
between wild and hatcheirgaredsteelheadvas less compared to this initial mortality difference
(Figs.18-19).

Survival differences occurredespitehatcheryreared smolts generally being larger than
wild smolts Table3). Sizedependent mortality has been observed in other salmonid populations
over total ocean life, with larger smolts generally having greater survival than smaller fish
(Bilton et al. 1982, Holtby et al. 1990, Waadd Slaney 1988perhaps due to improved predator
avoidance capacity and/or energy stores. It has been observed less commonly during the short
window of the smolt migratio(but see Dieperink et al. 2001S5ince we alsobserved positive
sizedependent mortality during the first few weeks of the smoltatign, if we were to
standardie survival to a common body lengffig. 17 and compute the product of these
segmentspecificpredicted survival probabilities, the resulting survivorship difference between
wild and hatcheryeared fish would be even greaf€he interaction effect of HVEnd fork
length in submodel¢ (distchitdistsgmtdist +HW*FL+M; 1 +M; ) of the altyears analysis was
weak (Tdle 16; Fig. 17, but nonetheless suggestive that the effect of fork length on survival
was stronger for hatchery fish than wild fish. That idyath groups larger body sizes were
associated with increased survival, but an increase of 1 mmin length resulted in a greater
increase in survival of hatchery fish than it did for wild fisig{ 17). Size dependency in
survival due to predation may haakeadyoccurredn wild smolts in fry or presmolt stages
prior to the time of capture, so may be weaker-pelgtaseThe stronger sizeependence in
mortality of hatchery fish seems reasonable considering initial mortality after release was higher

in hatchery fish; some degree of sidependency in mortality of hatchery smolts likely occurred
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both in the first segment and in the remainder of the monitored smolt migration. In other words,

there was likely a greater opportunity for stependent mortaltto occur in hatchery smolts

since there had been | ess opportunity for the
prior to release.

Difference in release date does not appear to be a likely explanation for survival
differences. In the 2008 compsmn, the early wild and two early hatchery groups were all
released around the same time; in theyaddrs comparison, there were some early and some late
releases of both wild and hatchery fish. Overall the RDate factor had a fairly weak effect in both
the 2008 analysisT@ble 1) and the alyears analysisTiable 16, but it was in opposite
directions. Later release dates were associated with greater survival in the 2008 analysis (once
other factors of HW antl; were already accounted for), but with dearsed survival in the all
years analysis (once other factors of distance, HW, FL\amekere already accounted for). This
could be the result of a change of the release date effect in the presence of a different set of
factors already accounted for in tiweo analysegi.e., confounding with other factor)r else
could be a spurious result for the 2008 year. Thgedrs analysis provides greater generality, so
the observed negative correlation is more likely to be the case than the positive cometidion
the 2008only analysis. The negative correlation between release date and survival confirms
results found in other studi€Bilton et al. 1982and supports hypotheses relating to shifting
advantages of earlier migrants in the face of climate ch@Begmish et al. 2008)f hatchery
fish had smolted and were released later than optimal physiologically, there could have been
survival consequences from being held back. Smolts from TCH were released under volitional
release, however, so trappearsinlikely, as their survival ratesere comparable to site from
FVTH that were transported by truck and released. (18. Wild fish were caught during their
migration and held for up to a week prior to tagging; this interruption to the migrationlewoudd
equally beemphysiologicallystressful. The data suggest that the overall wild vs. hateleamnng

effect was much stronger than a possible release date effect on survival.

Distancebased survival models

Somed submodels were based drbeing ind@endentn different segments (and years),

and others were distantased, in which segments were related to one another through the
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distance covariate gn In these distanebased models, the interest is not particularly in whether
increased migration giance results in decreased probability of surviviableed, that is perhaps
obvious (although not so obvious that the relationship between distan¢eldfas across
habitats). The issue, rather, is to consider which mackpture model structure,ggeent
independent or distandmsed, is more suitable as a framework on which to build other related
models of interest involving potential effects @auch as body size, release date, or initial
mortality. Segmenindependent models involve more parametind consequently allow more
flexibility in fitting detection data. Distanekased models are constrained to the assumption that
logit(¢) is proportional to segment distance, but estimated precision under this framework is
typically greater than in segmeindependent models. Model selection criteria like AIC can
assist in arbitrating between these tradiis to achievegreater parsimony.

In the allyears analysis, distand®sed models had considerably more support than
independent segmehtsed modelsT@able 16) This is the reverse of what we found in the 2008
analysis Table 1), and is easily explained by the number of years in the dataset. With only a
single year, independent segment models required estimating only 11 parameters more than the
correspnding, heavilyconstrained distaneleased modelsT@ble 1). With multiple years, we
assumed that the relationship between segment distance and segment survival was consistent
across all years. The distarcased models are no more constrained in thgeafs analysis than
in the singleyear analysis, but relative to the independent segment models, they are much more
parsimonious: they required estimating 39 fewer parameters than the corresponding independent
segment models. The assumption of consistietts of distance on survival across years seems
reasonable. There is little reason to expect, all other factors being equtietsiatpe ofurvival
over some particular distance should differ among years. Indeed, the ad@itweeffect was
weak when incorporated into distant®sed models, suggesting that other factors on survival
(distance, HW, FL, ani¥l;}) were more important in accounting for variatiorsumvivalamong
release groups in different years that was the effegtesfibper se

Thedistancebased models that allowed for separate relationships of segment distance
and¢ among the three habitats (Cheakamus River, Squamish River, ocean) were better supported
in the allyears analysis than models assuming a common effect of distaficGcooss these
habitats Table 1§. Estimated model coefficients showed the decrease in survival for an increase
of one unit of distance was greatest in the Cheakamus River, followed by the Squamish River,
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and least in ocean segments. This ranking couldatdifferential predation pressures among
habitats. The Cheakamus River above the confluence with the CheekeygdRieally exhibits
relativelylow turbidity during the smolt migration, and smolts may be highly susceptible to
visual predatorsgitherfish or birds. The Squamish Riveregomparaison has a higher turbidity,
perhaps reducing predation risk the ocean, predator densities may be lower, and smolts could
travel at different depthdBeamish et al. 200ap reduce exposure to possible predators, unlike
in the two rivers where depth refugae less likely t@xist. Aside from physical characteristics
of these three habitats, all releases occurred in the Cheakamus River. The initial period after
tagging and releass likely associated with higher mortalibwer several segmendsie to new
predation pressures (for hatchery fish) and/or adjusting to swimming with an implanted tag (both
wild and hatchery fish) e gar dl ess of where fish aousel rel ease
thereforealso explairwhy perdistance mortality was higher in the Cheakamus River than the
other two habitats.

The assumptions of mairkecapture models for survival outlined earlier could have
resulted in biases in parameter estimates if they were violated. The possibilityreltaed
mortality or tag sheddingxists. In hatchery tank studiesortality and shedding rates are
typically low, around<5-10 % for the size range of fish and tag sizes used in this @&ugly
Welch et al. 2007)Even if the tagelated mortalityvashigher in migrating smolts than in tank
studies, as long as the effecassimilar for wild and hatcheryeared fish, the conclusion of
survival differences among them remains robTag) failure may have occurred for one kate
migrating group, FVTH in 2007, as some fish could have crossed ocean lines after tag batteries
expired. Tags in this group were predicted to shut off around July 23, but three different fish
were detected on the H&ut, NSOG, and QCS lines between July2Z2 Survivorship to the
outer QCS or JDF lines may therefore have been somewhat underestimated for this group
(although in our experience tag batteries tend to last at least several weeks beyond their predicted
expiry dates). No other release group in either yggreared to cross ocean lines after or around
the time of tag expiry.

We now turn to the assumpti¢im the following section}hatfish did not cease their
migration prior to encountering any receivershetween any stationariver stations where
they would not be detectelth a markrecapture frameworkf fish are not detected at a station

during their migration byp at the station iseasonably higkas estimated from other fish
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detected at and afténat statiop, the most likely explanation under the assumption of no
residualisation is that fish died prior to arriving at the station. Macapture) estimates are

t hus & ap p a which are essentialpint prdbabilitiesof migration and srvival to the
station If somefish from a release group residualised in freshwater, survivorship (FBd<,
18-20, Tables 12nd17) would be underestimatddr the group

Potential for higher rates of residualisation in hatcheryreared smolts

The methoddevelopedn this study of using test tag passes as an intermediate step for
predicting markrecaptureike detection probabilities (during times wheg cannot be
estimated) allowed us to estimate residualisation rates of taggett 8sams resonablethat
PestCaN Serve as an index o, test tag pass indices are on the Scale, likgdmy; Prestandpm,
both varied inversely with river levehdependently; and test tags were similar in acoustic power
to steelhead tag¥alues ofps; for the [%0Det (perpass)] index tended to be lower than
estimategFigs. 21a, 28) despite test tag transmissions being more frequent than steelhead tags.
This does not present a problem sitioe secondegressiorfEqg. 2) allowed an intercept to be
estimded, but is interesting biologically as it might be explained by fish behaviour. Test tags
drifted downstreamt the speed afver flow. Sincep, tended to be greater, this implies fish
may have travelled more slowly past receivers, or travelled in diztaince increments,
temporarily stopping often enough that they would be likely to stop within range of a receiver
station wherealetectiorwould be more likely than if travelling at the speed of the wa&irmr.nal
timing arguments seem unlikely to beeaplanation for the,,, > ps: difference Wild steelhead
smolts were observed travelling past river stations more frequently during night time hours
(Melnychuk et al. 2007yvhile test tag passes were conducted in dayliBiver leveland
dischargg ended to be hi gher at ni gthdupgefwatershdwi ng t
solower p would beexpectedat night than during the day.

The largest dference ofpn, > pestWas observed at Chk_Ei@. 21). As a result, hie
largest discrepancy amotige indexpredictedp,,~ and steelheadstimated,, was for Chk_6
under index [P/A (pepass)], where steelheadtimated,,, fell outside the 95% confidee
limits of p,,» at low river leves (Fig. 24). This is a result of steelheadtimated,,,, being

higher in general than test tag passes would prexbostrained to be consistent across stations
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(Fig. 21b; these are the outliersking. 23). Unlike the other Cheakamus River detection stations,
a large pool occurred within detection range of Chk_6. If steelhead smolts used this pool to rest,
avoid avian predators near the surface, or otherwise delay their migration temporarily, the
increased amount difme spent in this pool may have resulted in high detection probabilities. In
contrast, a swimmer with test tag drifting down the river past the station and not stopping in this
pool may have been less likely to be detected at Chk_6 relative to thd tgbat@nship
betweerp,,- and steelheadstimated,, at other stationsHig. 2d).
Detection data supporting potential evidence of residualisation behaviour were very few:
only one wild fish and four hatchergared fistwere detected either upstreafrthe release site
or anywhere in the Cheakamus River >4 weeks after re(@abde 19. The estimated
residualisation rates of 2% and 9%, respectively, are therefore very sensitive to this small
number oftsuspecat drésidualised steelhead. The confidetinits around these estimates,
despite being conservative by accounting for multiple sources of error independently, may not
provide adequate covera@®e illustrate this with two examples, the first involving the
possibility of not detecting residualiddish, and the second involving the possibility that
0 s u s p residuats dnigtht not actually be live, residualised steelhead smolts.
0] As there was only a single witduspea drésidual the estimated rate for wild fish
would approximately double & single other wild residual had been detectdus doubled
rate would be verglose to theurrentupper confidence limiof 4%. (Conversely, the
estimated rate would be zero if we had not detected this fish.)
(i) OneGuspea drésidualthe FVTH_RGL1 tagletected at Chk_1 beginning June 17
(when the receiver was relocated to this posifi@able 19 displayed consistent diurnal
movements. For several days during the period from JW& lthe tag was detected several
hundred times during night time houbait not at all during daylight hours. As river levels
were typically greater during night time hours than daylight hours, this stsggee of two
possibilities: (athe tag was on a river bank or bar, and submerged during night time hours
but exposed tthe air during daylight hours (when it would not be detected). This seems
unlikely, however, since detections trailed off in early July whemr lenels rose.
Alternatively, (b the tag was inside a fish that exhibited diurnal movements, often within
detection range of Chk_1 at night but either upstream or downstream out of range during the

day. This fish could be either a residualised smolt or a predator that had previously eaten the
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smolt. If eithercases (a) or (kpredatoy were true, then one of theur6 s u s p seelbeadd 6
residuals would not actually be a live, residualised srbk estimated hatchery
residualisation rate would in this case@4 (95% c.l., 0.08.07), a considerable change
from the case where this tag is assumed to be a edisied smoltand outside this current
lower 95% confidence limitable 20.
Other studies have also found that estimates of residualisation rate were possibly inaccurate
when based on a small number of recaptastsnatefCannamela 1993, Viola and Schuck
1991) In this estimation method we assumed tlestdualising fish pass exactly one Cheakamus
River receiver station during thegpod from release to midugust so that fish are not counted
on multiple receives and any fish that do residualise have the opportunity to be detected at a
station. Nod s u s p residuatfidhbwas detected at more than one station, although theatetecti
by mobile tracking allowed us to identify one fish that was not detected at a receiver station, and
we incorporated this into the analysis.

Despiteresidualisation rate estimathsingrelatively imprecise and sensitive to the small
number oftisuspead desiduals, we can say that very few tags were detected over a period of
several months while multiple receivers in the Cheakamus River were operational, as verified by
test tag passe®Vhether or not our estimates of residualisation rate are accurgadyldepend
on the scale of movement that would be associated with residualisati@npossibility of
residualisation is associated withriner movement of several kilometrbg smolts(as it was in
the Keogh River; Walters 2005, Werlen 200Bjn it is unlikely that many other tagged smolts
would have residualised in the Cheakamus Rivemantieen detected during this peridicthe
possibility of residualisation is associated with shorter distancesroféanmovement or more
localised habitbuse, then we cannot exclude the possibility dlaalitionalfish residualised in
the river but did not move far enough to be detected on receiver stations during the survey period.
In this case, our estimated residualisation rates would be biase@fithwe fivesuspeat d 6
residuals Table 20, three were detected at a receiver either immediately upstream or
immediately downstream of the release site, so may have only travelled short distances. The
other twod s u s p residuatgzhgsecither the immeidite upstream or immediate downstream
station after release without being detected. They weredatected at a different station or with
mobile tracking, so may have travelled longer actual distaktese we accept thgossibility

of biased residualaion ratesour estimate of 9% for hatchergared smolts is well within the
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range of those estimated for hatcheegred steelhead in other systefg).(l), which averaged
about 6% We were not able to find any published estimates of residualisatioim raikel
steelhead.

Residualisation rates in the Cheakamus River appear to have been greater for-hatchery
reared fish than for wild fish in 2008. This implies that estimated survivorship was likely
underestimated for hatchery figtore sahan for wild fid, as residualisation and mortality were
not distinguished in the marecapture analysi®art of thanitial decline inapparent
survivorship after releassf hatchery fishs likely explained by residualisatioSince few of the
0 s u s p regsiduatfid @vere detected travelling downstream before showing evidence of
residualisation behaviour, this would most likely be interpreted as mortality during the first
segment after release. This partly expgaumy the extra initial mortality parameter for hatohe
reared smolts was greater than that for wild snadtt®ough it is noted that some residualised
fish may subsequently migrate in future smolt years (McCubbing and Ward. Z00& the
large estimated survivorship differences aimelsmaller residualigeon differencedetween wild
and hatcheryeared fishhowever, there still appear to be considerable survival differences

amongthemeven after accounting for differences in residualisation rate.

Management interest might not be in residualisationpatese but rather the combined
rates of residualisation and mortality, since both possibilities would result in fewer adult
steelhead returning from the ocean as adBlish factors are implicit in the estimates of
0 a p p aurviealdpresanted here. $ may not leave freshwat@tue to residualisatiorgr the
Strait of Georgia systefdue to mortality) butas a result magiot contribute to the adult
populatiorreturning from the ocean. (They may still contribute to the adult spawning population
afterfreshwater residualisation, but adults would be smaller in size. They may also reside in the
Strait of Georgia system throughout their marine lives, but this pattern does not appear to be
common for steelhead in southern B.d.he proportion of haheryreared steelhead smolts
survivingto successive stations during the migration was in general much lower than that of wild
smolts Table 17, regardless of whether thssumednarkrecapture moddiad the most
parsimonious fito the data Fig. 18 or the bst fit without regard for pitfalls of over
parameterisatiorAig. 20. The greatest differences in survival between wild and hateleargd

fish occurred soon after release, dgrihe downstream migratigrhase Similar results have
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been postulated fouvenileChinook salmon hatchery releases in the Squamish drainage (DFO
data on file) resulting in oceatvased releases to improve survival. In this study survival
differences were much less during the early ocean segments. It is therefore reasonablego as
that, despite the large early differences in survival, during the remainder of ocean life after
leaving Queen Charlotte Strait, survival mayreasonablgimilar for the subset of wild and

hatcheryrearedsmolts that survived to the outer QCS line.
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Tablel. Papers and reports considered in the raaetdysis of steelhead smolt residualisation rates.

Paper Samplhgmethod® n®  Broodstock®  Focus®

Partridge 1986 MR; A 3 Effect of smolt size on residualisation rates
Viola and Schuck 1991 MR; A 6 Techniques to reduce steelhead residualisatior
Cannamela 1993 MR; E 1 Predation on Chinook salmon fry

Martin et al. 1993 MR; A 6 Competition and predation on wild salmonids
Viola and Schuck 1995 MR; A 2 Techniques to reduce steelhead residualisatior
Pearsons et al. 1996 N/A 4 TRUE Techniques to improve hatchery output

Martin et al. 2000 MR; A 2 Hatchery contribution to fisheries

Bumgarner et al. 2002 MR; A 1 Hatchery contribution to fisheries

Bumgarner et al. 2003 MP; E 8 TRUE Hatchery contribution to fisheries

Bumgarner et al. 2004 MP; E 4 TRUE Hatchery contribution to fisheries

Walters 2005 MR; A 1 Characteristics and importance of residuals
Bumgarner et al. 2006 MP; E 4 TRUE Hatchery contribution to fisheries

Bumgarner and Dedloff 2007 MP; E 4 TRUE Hatchery contribution to fisheries

Sharpe et al. 2007 N/A 5 TRUE Techniques to reduce steelhead residualisatior
Ostrand 2008 MP; P 5 Competition and predation on wikalmonids

& Samplingmethod abbreviations are: MRmarkrecapture estimator; MPmultiple-pass estimator; A angling; Ei electrofishing;
Pi PIT tag detectorlN/A T only index values of residualisation rate were presented.

® his the number of sepate hatchery releaggoups with an individual residualisation estimate (multiple years and/or multiple release
groups within a year).

° Broodstock characteses whether a paper had residualisation rate estimates for both endemic and hatchery beiedbteak
releases.

9 Focus is the primary topic of the paper as it relates to steelhead residualisation.
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Table 2. Regression model results for scaled residualisation rate and the proportion of the total
release which was of hatchery broodstock origimnfsteelhead smolts in other watershéds.

Fixed effect Estimate S.E. df p-value
Intercept 141 4.1 19 0.003
%H -13.0 59 5 0.080

412 paired releases from four locations were included in the analysis. These were: Yakima River
(Pearsons et al. 19p6<alama River Eharpe et al. 2007Touchet River and Tucannon River

(Lyons Ferry Conplex hatchery evaluation studygnsising of Bumgarner et al. 2003, 2004, and
2006 and Bumgarner and Dedloff 2007).
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Table 3. Release groups of Cheakamus River stakBmalts tagged in 2007 and 2008. Size criteria include fork length (FL) and

condition factor (K).

. Mean FL R M R N R
Rearing Release Release Surgery . ean ange gan a_nge ean ange Number
histor Grou Date Date Release location (mm) FL weight weight K releasec

Y i [SD]  (mm) (9)[SD] (9) [SD]

2007
Tenderfoot 186.4 172

H (TCH) 1 06May 27Apr o 06 206 i i i 19
Below Cheekeye R 182.6 163

H (FVTH) 1 23May 15May  nfluence [11.6] 210 ) ) ) 81

2008
NVOS side 177.6 149 566 349 1.00 0.84

w 1 06May 04May o inels 127] 209 [111] 862 [009] 127 2
NVOS side 1788 158 591 410 1.03 092

W 2 12May 10May o nnels 95 203 [91] 769 [006 117 23
Tenderfoot 176.7 158 59.7 41.8 1.08 0.93

H (TCH) 1 O5May 14Apr | aichery 8.7] 192 [83] 740 [005 117 O
Upstream of 183.7 155 744 422 118 1.08

HFVIH) 1 0&May 15Apr o ioncr. [13.6] 206 [16.4] 1087 [0.05] 133 O
NVOS Gorbuscha ~ 188.4 167 793 532 118 1.10

HFVIH) 2 22May 1S5Apr el [10.0] 205 [12.0] 1011 [0.06] 134 19

66



Table4. Date and number of test tag passes conducted in 2008 at each receiver station in the
Cheakarnos River. Swim passes are boldfaced and passes by rétilanised

Date Chkl  Chk2  Chk3 Chk4 Chk5 Chk6  Chk7

May-08 - - - - 4 - -
May-09 - - - 5 - 5 5
May-13 5 5 - - - - -
May-14 - - 5 - - - -
May-15 - - - - 5 - -
May-30 - 1 - 1 1 1 1
Jun04 - 1 1 1 1 1 1
Jun06 - 1 1 1 1 1 1
Jun09 - - 10 10 - - -
Jun10 - - - - - 5 -
Junll 5 - - ; 5 ] ]
Junl2 - 5 - - - - 5
Junl7 5 - - - - - -
Jul03 - 1 1 1 1 1 1
Aug-06 - 1 1 1 1 1 1
Aug-14 1 1 1 1 8 1 1
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Table 5 Detection probability indices considered for test tag passéiseatkamuRiver receiver
stations in 2008. The number of values for which the index could be calculated acstatsosié
is indicated byn.

Index Description n

Presence or absence of any detections

P/A Boolean value, equals 1 if the tag was detected at least once, an

(pertag) otherwise 248
P/A Boolean value, equals 1 if either tag was deteatdeast once, and ( 131
(perpasg  otherwise
PIA Average of the P/A (pgpas$ index values 52
(per-se)

Proportion of transmissions detected

%Det Proportion ofsignalstransmitedby a given tag between tinie and

, 248
(pertag) time-outthatwere detected
%Det Proportion ofsignalstransmited by bothtags between timan and 131
(perpas$ time-outthatwere detected
%Det .
0,
(perse) Average of the %Det (pgras$ index values 52
Ratio of temporal range of detections to the temporal range of trans missins
%Time Time between the first and last detection of a giveratag 101
(per-tag) proportion of the time between tiane and timeout
%Time Time between the first and last detectioreihertagas a proportion 66
(perpasy  of the time between tiram and timeout
opT
voTime Average of théoTime (perpas$index values 16
(per-se)
Receiver metadata during a set of passes
Det:Sync Number of tag deteittns divided bythe number of syncduringthe 15
periodof the set of passes
Det-Pulse Numbe of tag detecdnsdivided by the number of (pulses/8) durin 19

the periodof the set of passes
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Table 6. History of receiver positioning problems for Cheakamus River stations in 2007 and

2008.
Date last Date Date of last
Rece_lver checked found with Problem description dete_ctlon
station when roblem during
OK P problem period
2007
. Receiver detached from base, layingor ~ No fish
Chk_2(A) ~ April 30 June 14 river bottom detections
Chk 5(A)  April 27  June 14 R_ecelver detached from base, laying or May 24
river bottom
. Receiver detached from base, laying or
Chk 5(B)  April 27 June 14 fiver bottom May 23
Chk 6(A)  April 30 June 14 Recelver detached from base, laying or May 28
river bottom
. Receiver detached from base, laying or
Chk 6(B)  April 27  June 14 fiver bottom May 23
2008
Receiver detached from base, freely
Chk 5(A) May 8 May 15 suspended in flow May 15
Flow pushed receiver out of position int
Chk 3 May 14  June 9 a deeper region near the shore, still June 6
upright
Chk 2 May 13  June 12 Receive tipped over and buried in grave  May 13
Flow once again pushed receiver into Aug. 6
Chk_3 June 9 Aug. 14 deeper region near shore, still upright. (test tag)
Chk 1 June 17 Aug. 14 F\_’ecelver detached from base, laying or July 1
river bottom.
Chk5(8) Jwell Aug. 14 Receiver detached from base, laying or  Aug. 14

river bottom. (test taQ)
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Table 7. Number (and percent) of tagged steelhead smolts detected at receiver stations during the 2008 smolt migration.

(5] L
= 58 ~ o < w o ~ 9 Y T - 5§ =)
© o 22 | | | | | | | | = 38 &6 @ w
s & 52 ¥ ¥ ¥ X X ¥ & Z & © 0 2 & 8 o
3 2 0 0 O © © 0 § % F T ¢ = QO
a o

66 62 9 49 48 42 46 38 26 10 2 12

=
[EEN
\l
N

(92) (86) (13) (68) (67) (58) (64) (53) (36) (14) (3) (17)

14 16 0 9 9 11 16 14 10 6 4 10
(50) (57) (0) (32) (32) (39) (57) (50) (36) (21) (14) (39)

25 16 14 1 12 13 13 12 11 7 1 0 1

e 140 (63) (40) (35) (3) (30) (33) (33) (30) (28) (18) (3) (0) (3)
22 13 18 13 5 0 9 12 12 5 4 3 1 0 1

FVIH 140 55) (33) ) (33) (13) (0) (23) (30) (30) (13) (10) (®) (B) (0) (3)
0 1 2 5 2 5 4 5 5 2 0 2

FVTH 2 18 (0) (6) (11) (28) (11) (28) (22) (28) (28) (11) (0) (11)




Table 8 Model selection resulsnd indicator of oveparameterisatiofor detection probability
(p) submodels in 2008 study

# p parameters

Model k -2:InL) QAICc a&QAICc estimated at
boundaries
0(seg*G),p(s*G) 115 1493.0 1429.1 0.0 7
(seg*G),p(s+ewny) ° 75 1625.1 14335 4.5 0
0 (seg*G),p(s+flowgny) ° 75 1627.0 1435.0 5.9 0
0(seg*G),p(s)’ 74 1659.0 1457.7  28.6 0

& Quantities shown are number oframetersK), loglikelihoods, andQAIC, values(adjusted
for small sample sizes and extnomial variation with&€=1.279). Sub models fomp are
compared while the fully timg"seg”) and grougvarying CJS sutmodel for¢ is held costant,
¢ (seg*G) The final statiorp is fixed for all groups and models at 0.904.

® Models contain grouspecificp parameters for the NSOG station for any groups that showed
split-route migration patterns beyond Howe Sound.
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Table 9 Model selection r&ults for survivaprobability(¢) submodels in 2008 study, focusing
on rearing history and release group effécts

Model k -2:InL) QAICc  aAICc
o (segtHW-M, 1 +Mi ), p(s+levChkK) 31 1669.1  1369.2 0.0
o (seg+HW),p(s+leveny) 29 1676.6 1370.8 1.6
d(seg+GM, 1 +Miw), p(s+levChK) 34 16653 13726 3.4
¢(segtHW+stockM; y+Miw), p(s+levChk 33 1669.1  1373.4 4.2
d(segM;y+Miw), p(s+levChk) 30 1677.4 13735 4.3
¢ (seg+rHW+stock)p(s+leveny) 31 1676.5 1374.9 5.8
0 (seg+G) p(s+leveny 32 16756 1376.3 7.2
d(seq),p(s+leveny 28 1690.5 1379.5 10.3
0 (seg*HW+M, ), p(s+levChi) 40  1660.9 1382.2 13.0
d(seg*HW), p(s+leveny) 39 1668.2 1385.7 16.6
¢ (seg*HW*stock),p(s+leveny) 64 1653.2  1429.9 60.7
¢ (seg*HW?*stock ), p(s+levChk) 65 1652.1  1431.3 62.1
0(seg*G),p(s+leveny) 75 16251 14335 64.4

% Quantities shown are number of parametkysl¢glikelihoods, andQAIC, values(adjusted
for smallsample sizes and exttanomial variation with€=1.279). Sub models fory are
compared while the suimodel forp is held constant gi(s+lewy), in which groupspecificp
parameters for the NSOG station are included for any groaps howed sphtoute migration
patterns beyond Howe Sourithe final statiorp is fixed for all groups at 0.904.
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Table 10 Model selection results for survivatobability(¢) submodels in 2008 study, focusing
on body size effects

Model k -2:InL) QAICc aAICc
d(seg+HW-M; 1+M;w), p(s+leven) 31 1669.1  1369.2 0.0
d(seg+HW-M, 1+M;w+FL), p(s+leveny) 32 1666.9 1369.6 0.4
d(seg+HWAM; i+M;w+K), p(s+Heven) 32 1669.1 1371.3 2.1
o (segtHW-M, 1 +M;w+FL+K), p(stleven) 33 1666.8 1371.6 2.4
d(segM;y+M; w+K), p(s+leveny 31 1676.0 1374.6 5.4
d(segM;y+M;w+FL), p(s+ewvend 31 1676.3 1374.8 5.6
d(segMiy+M;w+FL+K), p(s+levend 32 1675.1 1375.9 6.8

% Quantities shown are number of parametk)sl¢glikelihoods, andQAIC. values(adjusted
for smal sample sizes and extlnomial variation with€=1.279). Sub models forp are
compared while the suimodel forp is held constant gi(s+lewy), in which groupspecificp
parameters for the NSOG station are included for any grimapps howed sphtoute migration
patterns beyond Howe Sourithe final statiorp is fixed for all groups at 0.904.
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Table 11 Model selection results for survivatobability(¢) submodels in 2008 study, focusing
on effects of migration distance, predaadundance, and release date

Model k -2:nL) QAICc aQAICc
o (seg+tHW-M; ,+M,,+RDate) 32 1666.2 1369.0 0.0
o (seg+tHWM; +Miw) 31 1669.1 1369.2 0.1
o (seg+HW-M; +M;w+FL) 32 16669 13696 0.5
o (segtHWM, ,+M;w+RDate+FL) 33 1664.7 1370.0 0.9
o (dist+HWHM, 5 +M;w) 20 1709.9 1377.8 8.7
¢ (dist+HWHM, y+M;w+FL) 21 1708.2 1378.6 9.5
¢ (dist+HW+M, 4+M;w+RDate) 21 1708.5 1378.8 9.8
¢ (dist+HWHM, y+M;\w+BTRraw 21 1709.1 1379.3 10.2
o (dist+HWHM; 1 +M;w+BT ow) 21 1709.1 1379.3 10.2
¢ (dist+tHW+HM, +M;w+RDate+FL) 22 1707.3 1380.0 10.9
o (disttHWHM; +M; \w+BTrawtFL) 22 1707.4 1380.0 11.0
o (disttHWHM; y+M; w+BT o +FL) 22 17075 1380.1 111
¢ (distenitdistsgmtdistytHW+M; y+Miw) 22 1708.0 1380.5 115
¢ (distenitdistsgmrdist tHW+M; y+Miw+FL) 23 1706.1 1381.1 12.1
o (distoncdistsgmtdistHHW+M; +M;+RDate) 23 1706.6 13815 125
o (distenetdistsgtdist +HW+M; y+M;w+RDate+FL) 24 1705.2  1382.5 13.5
o (distentdistsgptdisty+HW+M; y+Miw+BT ow) 23 17079 13825 13.5
o (distentdistsgptdisty+HW+M; y+Miw+BTgraw 23 17079 1382.6 13.5

o (distonetdistsgptdistyHW+M; y+Miw+BT 0w tFL) 24 1706.0 1383.1 14.1
¢ (distenitdistsgurdist tHW+M; y+Miw+BTrawtFL) 24 1706.0 1383.2 14.1

& Quantities shown are number of parametkysl¢glikelihoods, andQAIC, values(adjusted
for small sample sizes and extsomial variation with €=1.279). Sub models fory are
compared while the suimodel forp is held constant gi(s+lewy,) (not listed, for clarity), in
which groupspecificp parameters for the NSOG station are included for any groups that
showed sptiroute migration patterns beyond Howe Souriek final statiorp is fixed for all
groups at 0.904.
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Table 12. Estimated survivorship from release to three detection points during the 2008 steelhead

smolt migration, under three different model assumptions.

Model Release grouf

to Sgm H

Survivorship (S.E.)

to HS out

to QCS/JDF

¢ (segtHW-M, 1 +M;w+RDate+FL),p(s+leveny)

W_RG1
W_RG 2
TCH
FVTH_RG1
FVTH_RG2

¢ (dist+HW+HM, +M;w+RDate+FL) p(s+leveny)

W_RG1
W_RG 2
TCH
FVTH_RG1
FVTH_RG2

¢(seg*G),p(s*G)
W_RG1
W_RG 2
TCH
FVTH_RG1
FVTH_RG2

0.761 (0.046)
0.804 (0.046)
0.378 (0.068)
0.292 (0.064)
0.438 (0.1D)

0.698 (0.046)
0.725 (0.048)
0.307 (0.054)
0.252 (0.046)
0.452 (0.109)

0.768 (0.057)
0.646 (0.103)
0.427 (0.089)
0.325 (0.098)
0.393 (0.131)

0.596 (0.057)
0.661 (0.063)
0.218 (0057)
0.177 (0.064)
0.321 (0.1D)

0.617 (0.054)
0.649 (0.057)
0.229 (0.051)
0.191 (0.046)
0.364 (0.112)

0.595 (0.068)
0.571 (0.106)
0.300 (0.082)
0.1 (0.098)
0.336 (0.127)

0.224 (0.076)
0.289 (0.076)
0.039 (0.057)
0.035 (0.064)
0.101 (0.108)

0.240 (0.056)
0.273 (0.062)
0.039 (0.051)
0.035 (0.046)
0.087 (0.103)

0.184 (0123)
0.395 (0.106)
0.028 (0.082)
0.028 (0.098)
0.123 (0.127)
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Table 13 Model selection restd for detection probabilityr) submodels in allyears study

Model k -2:In(L) QAICc  aAICc
d(seg:year:G)p(s:year+lewtlevsgn b 149 2794.3 2512.2 0.0
d(seg:year:G)p(s:year:G) 201 2636.8 2519.0 6.8
d(seg:year:G)p(s:year+leg) " 148 2816.3 2527.0 14.8
d(seg:year:G)p(s:yearf 147 2867.8 2564.8 52.6

% Quantities shown are number of parametk)sl¢glikelihoods, andQAIC. values(adjusted
for small sample sizes and extsnomial variation with&€=1.279). Sub-models forp are
compared while the fully timg"seg") and grouvarying CJS submodel for$ (without main
effects)is held constanty(segG). The final statiorp is fixed for all groups and models
according to yeaspecific predictions ranging from 0.85%0.923.

® Models contain grougpecificp parameters for the NSOG station for groups that showed split

route migration patterns beyond Howe Sound (a total of four parameters for six such groups, as
two pairs of groups were pooled due to few detectadmauter lines).
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Table 14 Model selection results for survivatobability(¢) submodels in alyears study,
focusing on rearing history effects

Model k -2:In(L) QAICc aAICc
¢ (seg:yeatHW+M; y+M; ) 87 2861.5 2421.0 0.0
o (seg:yearHW+stock+M; y+M; ) 89 2860.0 2424.3 3.3
d(seg:yearM;y+M;w) 86 2870.1 2425.4 4.5
¢(seg:yeafHW) 85 28737  2426.1 5.1
¢ (seg:yearHW+stock) 87 2869.5 2427.2 6.2
d(segyeal) 84  2887.2 24344 13.4
d(segyeal) 149 2794.3 2512.2 91.2

% Quantities shown are number of parametkysl¢glikelihoods, andQAIC, values(adjusted
for small sample sizes and extmomial variation with€=1.279). Sub models forp are
compared while the suimodel forp is held constant qi(s:year+legntlevsqn (not shown for
clarity), in which four grougspecificp parameters for the NSOG station are included for
groups that showed splibute migration patterns beyond Howe SouFde inal stationp is
fixed for all groups according to yeapecific predictions ranging from 0.855 to 0.923.
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Table 15 Model selection results for survivatobability(¢) submodels in alyears study,

focusing on body size and release date effects

Model k -2:InL) QAICc aAICc
d(seg:yeatHW+FL+M, 1 +Miw) 88 2849.7  2414.0 0.0
d(seg:yeatHW+RDate+FLM; 1 +M; w) 89 2849.5  2416.0 2.0
¢(seg:year+FLM; +Miw) 87 2860.5  2420.2 6.2
o(seg:yeatHW+M, +Miw) 87 2861.5  2421.0 7.0
¢ (seg:yearRDate+FL-M; 1 +M; ) 88 2859.8 2421.9 7.9
o (seg:yearHW+RDateM,; 1 +Mw) 88 2861.4  2423.1 9.1
o (seg:yearRDate-M; +M; ) 87 2869.6 2427.3  13.3

% Quantities shown are number of parametkysl¢glikelihoods, andQAIC, values(adjusted

for small sample sizes and extmomial variatiorwith €=1.279).Submodels forp are
compared while the sumodel forp is held constant gi(s:year+legntlevsqn (not shown for
clarity), in which four grougspecificp parameters for the NSOG station are included for

groups that sbwed splitroute migration patterns beyond Howe SouFde final statiorp is
fixed for all groups according to yeapecific predictions ranging from 0.855 to 0.923.
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Table 16 Model selection results for survivatobability(¢) submodels in alyears study,

focusing on migration distance and its nested effects of year and relea%e date

Model k -2:InL)  QAICc a&QAICc
o (distonictdistsgptdisttHW+F LM, M) 51 2930.7 2396.7 0.0
o (distonctdistsgntdist FHWHFL+RDHV, 1 +Miy) 52 2928.2  2396.9 0.2
¢ (distenitdistsgntdistytHW*FL+M,; 4 +M;w) 52 2930.1 2398.3 1.6
o (disttHW+FL+RDM; +M; w) 50 2936.7 2399.3 2.6
o (distrHWHFLHM, 1 +M; w) 49 2941.8 2401.1 4.4
o (distenitdistsgptdistyHW+FL+year#M; 4+ Miw) 54 2929.8 2402.4 5.7
o (distrHWAFEL+M, 1y +Miw) 50 2941.3  2402.8 6.2
¢ (disttHW+FL+yearM; y+M;w) 52 2940.3 2406.4 9.7
¢ (seg:year+HW+FLM; 4 +M;w) 88 2849.7 2414.0 17.3
¢ (seg:year+HW*FLM; y+M;w) 89 2849.1  2415.8 19.1

% Quantities shown are number of parametk)sl¢glikelihoods, andQAIC. values(adjusted

for small sample sizes and extmomial variation with€=1.279). Sub models forp are
compared while the sutmodel forp is held constant gi(s:year+leyptlevsqn) (not shown for

clarity), in which four grougspecificp parameters for the NSOG station are included for
groups that showed splioute migration patterns beyond Howe SouFike final statiorp is

fixed for all groups according to yeapecific predictions ranging from 0.855 to 0.923.

79



Table 17. Estimated survivorship from release to three detection points during the steeldiead s
migration, under two different model asgptions in the allyears study.

Model Release group Survivorship (S.E.)

to Sgm_H or

lowest Sqguamish to HS out

to QCS/JIDF

River station

o (distentdistsgpitdisty+HW+FL+RDHM; 4+ M w), p(s:year+leyntlevsgn

W_RG1 2004 0.766 (0.034)  0.706 (0.035) 0.291 (0.039)
W_RG2 2004 0.704 (0.061)  0.633 (0.070) 0.212 (0.061)
W_RG1 2005 0.824 (0.028)  0.763 (0.032) 0.325 (0.043)
W_RG2 2005 0.784 (0.036)  0.712 (0.044) 0.258 (0.049)
W_RG1 2008 0.720 (0.03) 0.666 (0.039) 0.281 (0.042)
W_RG2 2008 0.694 (0.037)  0.637 (0.043) 0.250 (0.046)
TCH 2007 0.364 (0.055)  0.303 (0.056) 0.061 (0.056)
TCH 2008 0.358 (0.048)  0.299 (0.048) 0.060 (0.048)
FVTH 2007 0.308 (0.047)  0.241 (0.045) 0.035 (0.04)

FVTH_RG1 2008
FVTH_RG2 2008

d(seg:year:G)p(seg:year:G)

0.233 (0.046)
0.279 (0.052)

0.192 (0.046)
0.219 (0.050)

0.037 (0.046)
0.032 (0.041)

W_RG1 2004 0.739 (0.077) 0.643 (0.084) 0.306 (0.090)
W_RG2 2004 0.778 (0.157) 0.778 (0.1%) 0.390 (0.208)
W_RG1 2005 0.843 (0.063) 0.773 (0.071) 0.326 (0.086)
W_RG2 2005+ 1 (0) 1 (0) 0 (0)

W_RG1 2008 0.768 (0.057) 0.595 (0.068) 0.181 (0.123)
W_RG2 2008 0.646 (0.104) 0.571 (0.106) 0.387 (0.106)
TCH 2007* 0.579 (0.128) 0.510 (0.130) 0.171 (0.130)
TCH 2008 0.427 (0.089) 0.300 (0.082) 0.027 (0.082)
FVTH 2007 0.328 (0.066) 0.149 (0.049) 0.027 (0.021)

FVTH_RG1 2008
FVTH_RG2 2008

0.325 (0.098)
0.393 (0131)

0.150 (0.098)
0.336 (0.127)

0.027 (0.098)
0.120 (0.127)

*Two wild release groups were ovparameterised under the general model with <10 fish

tagged, and two hatchery groups had <20 tagged, so estimates for these groups under the general

model are likely inaccurate.
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Table B. Regression results for detection probability indices fit to river level measurements (reg
1), and for markecapturep estimates fit to detection indices (reg 2). Criteria for comparing
indices include Rvalues for regressions, slof&)(of reg 1, and intercepbd) and slopef§;o) of

reg 2. Indices selected for subsequent analyses are boldface italicised.

2 2
Index n e R s b1 R
reg 1 reg 1 reg 2 reg 2 reg 2
Presence or absence of any detections
PIA 248 -6.39 0.36 0.38 0.44 0.77
(pertag)
PIA 131 -5.64 0.43 0.18 0.41 0.74
(per-pass)
PIA 52 -2.78 0.33 0.66 0.49 0.56
(perse)
Proportion of transmissions detected
%Det
ove 248 -1.38 0.29 8.64 2.22 0.79
(pertag)
0,
/oDet 131 -1.78 0.37 5.63 157 0.78
(per-pass)
0,
/oDet 52 -1.07 0.31 6.65 1.79 0.60
(perse)

Ratio of temporal range of detections to the temporal range of transmissions
%Time

101*  -2.36 0.11 4.81 1.02 0.74
(pertag)

v

oTime ooy 271 0.28 2.08 0.45 0.30
(per-pas3

ol

Time -2.28 0.47 2.04 0.57 0.43
(perse)

Re@iver metadata during a set of passes
Det:Sync 15 -0.68 -0.03 0.93 0.43 0.31

Det:Pulse 19 0.32 0.54 0.86 0.40 0.22

* Note: at Chk_7 station, no tags were detected during passes, so %Time indices could not be
calculated for this station.
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Table 19 Detections providing potential evidence of residualised steelhead in the Cheakamus
River in 2008. Listed in either detection category are fish that were not detected thereafter at
Sqguamish River or ocean stations.

Number Number

Release Number detected >4 detected Range of dates Range of
river level
Group released weeks after upstream of detected (m)
release release site
2007
FVTH 81 0 0
TCH 19 0 0
Total 2007 100 0 0
2008
W_RG1 72 0 0
W_RG2 28 1 0 July 25, 1012, 14 1.051 1.85
June 6Aug. 14; 0.9371 1.58;
8% * ) ’
FVTH_RGL 40 2 1 June 1727, July 1 0.961 1.84
FVTH_RG2 18 1 0 July 2829, Aug. 23 1.047 1.08
A May 9; 0.92;
A 1 1
TCH 40 0 2 July 3 1.84
Total 2008 198 38+ 3*

8 One of the FVTH RG1 fish was detected nearly camtiisly from June -@ug 14 during
periods of river levels <1.6 m. This is suggestive of a stationary tag near the receiver rather than
in a live, residualised fish, so this fish is not considered a likely residual.

* The other FVTH RG1 fish met both critarand is listed under both columns.

AOne of the TCH fish was detected by mobile sampling upstream of the release site.
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Table 20. Estimation of residualisation rate in the Cheakamus River for steelhead smolts in 2008. Detections of stedh@ad tag
were suggestive of possible residualisation behaviour were combined with detection probability egtimatas &t the appropriate
station and river level (RL) to predict the total number of tagged fish that residualised in the river. Estipatesoére based on

the test tag pass index [%Det (gEss)].

Release group Station Detection date(s) Average Corresponding Extrapolated Estimated

RL during Prr+ i RL number of fish residualisation rate
days (95% c. 1.) passing (95% c. I.)

detected (95% c. )

W_R& Chk 5 July 25,1012, 14 1.40 0.47 (0.26-0.70) 2.14 (1.44 3.92)

FVTH_RG1 Chk 1 June 1727, July 1 1.11 0.22 (0.08 0.53) 4.55 (1.89 12.50)

FVTH_RG2 Chk_6° July 2829, Aug. 23 1.06 0.58 (0.26 0.85) 1.73 (1.18 3.85)

TCH Chk_ 3 May8 0.92 0.85 (0.61- 0.96) 1.18 (1.05 1.65)

TCH mobile* July 3 1.84* 0.83 (0.620.94)* 1.21 (1.06 1.61)

Total wild Denk w= 2.14 (1.44 3.92) 0.02 (0.01- 0.04)

Total hatchery Dcnk = 8.66 (5.18 19.6)  0.09 (0.05 0.20)

8§ The fish passed Chk_5 undetected sometime between Mayy28. The average river level during this period was 1.29 m, and an
extrapolated number calculated from this corresponaliiagi r. gives a similar result to that calctéd for Chk_6 at 1.06 m.

* Detection probabilities during mobile sampling raft trips were not estimated. The fish was detected 4 days after @GHkade at
presumably moving downstream. Since the mobile detection location was upstream of Chk_4lidssen fish moved upstream
past Chk_4 sometime between May@y 3 without being detected. The average river level during this period was 1.3p#R, 5@

is calculated for Chk 4 at 1.35 m.

83



5661 HINUS PUE B|O1A,

G661 AINUS PUE E|O1A,

LEGL HINYZ pue B|olA

LB #INYs pue 2|01,

LBE | MINYS pUe BIOLA,

000z B 13 UIHE

cBEL B 13 LB

66| B 3B UILEW

tBEL B 13 LB

cG6L B 13 UIHE

L0007 Hopaq pue Jewlefwng

LO0Z Hopag pue Jawlefwng

900z |8 18 Jaulebwng

900z B 19 Jellebwing

FO0Z |28 18 Jauebwng

FOOZ |2 18 Jauiefwng

007 2 18 lauefwng

00z B 18 Jallebwng

00z B 18 Jauebwng

007 |2 18 leuwefwng

Tucannon [YWA)

LEEL HINYS puk B|O1A

LEE L AINYS pUe B|OLA,

LEGL HINYZ pue B|olA

000z B 13 UIHE

cBEL B 13 U

cB6L B 13 LB

LO0Z Hopag pue Jawlefwng

J00F Jopa pue Jellefiuing

900z |2 18 Jauiefwng

9007 e 1 Jauebwng

FOOZ |2 18 leuwefwng

F00Z | 12 Jallebwing

00z |B 18 Jauebwng

007 B 1 Jauebwng

007 |2 18 lauefwng

00z B 19 Jellebwing

700z |8 18 Jauiebwng

Touchet (WvA)

TR 'B|LILED

Sk

as81 ebpLHed

9261 efiplped

986/ 2bplULed

Sl

5002 S183BAA

2007 pUed}so

8007 PUBISO

5002 pUe}Sg

8007 pUBllso

300¢ pUB}=g

Aberthy (WWA)Kg

0.25

T
™
L]

015
0.1
0.05 4

ajel uojjes|ienpisal pajew)jsy

Watershed and study

Figure 1. Residualisation rate estimates of hatcheayed steelhead smolts from other watersheds. Estimates are grouped by
watershed, with abbreviations for: Kgeogh River (BC); SI Salmon River (ID); Sk Snake River (ID). Light shaded bars

represenstudies thatised a markecapture estimator, whildark shaded bars respresent studiesused a multiplgpass methad

which are adjusted to standardize for sampling method. Error bars show 95% c.l., which in some studies were not reported.
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Figure 2. Map indicating lines of acoustic receivers dperay the POST Project in Howe

Sound (inset map) and the Strait of Georgia system from-2008. Red lines show locations of
receivers and are labelled as: inner and outer Howe Sound (HS_in, HS_out); northern Strait of
Georgia (NSOG), Queen Charlotte&t(QCS) and Strait of Juan de Fuca (JDF).
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