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EXECUTIVE SUMMARY  

 

Two of the main concerns about the short-term hatchery rearing effort of Cheakamus 

River juvenile steelhead from 2006-2008 were: (1) the potential for lower survival of hatchery-

reared smolts during the downstream and early ocean migration compared with wild smolts, and 

(2) the potential for high levels of residualisation in hatchery-reared smolts. We conducted an 

acoustic tag and tracking study in 2007 and 2008 to evaluate these potential factors.  

Strong differences in survival between wild and hatchery-reared groups were observed 

during the smolt migration, with 23-36% (SE, 5-6%) of hatchery-reared fish (two release groups 

in 2007 and three in 2008) and 69-72% (SE, 3-4%) of wild fish (two release groups in 2008) 

surviving to the Squamish River mouth. Survival differences were maintained among groups 

throughout the first few hundred kilometres of their ocean migration, with survivorship from 

release to exit from the Strait of Georgia system at 3-6% (SE, 0.5-6%) for hatchery-reared fish 

and 25-28% (SE, 4-5%) for wild fish. The most precipitous declines in survival with increasing 

migration distance were observed immediately after release, especially in hatchery-reared groups. 

As the genetic makeup of wild and short-term hatchery groups was similar, the initial survival 

differences likely reflect absence of natural selection pressures in hatchery-reared fish prior to 

release. We found a strong effect of size-dependent mortality, with higher survival in larger fish, 

and a weaker effect of release date, with higher survival associated with earlier release dates.  

Using seven acoustic receiver stations deployed in the river during and several months 

following the migration period in 2008, we monitored for steelhead that showed potential 

evidence of residualisation (i.e., that did not complete their migration to sea and remained 

resident in freshwater). We conducted a series of test tag passes past the stations to predict a time 

series of detection probabilities over this period. These detection probabilities varied by station 

and with river level. Few fish were detected in the river after the initial migration period or 

travelling upstream from release sites. We estimated residualisation rates of 0.02 (95% c.l., 0.01-

0.04) for wild smolts and 0.09 (0.05-0.20) for hatchery-reared smolts in 2008. These estimates, 

being based on a small number of residualised fish detected, were highly sensitive to the number 

of fish detected and also whether or not detection patterns were considered suggestive of 

residualisation behaviour. These estimates were well within the range of residualisation rates 

reported for steelhead smolts from other rivers, based on an extensive literature review and meta-

analysis of residualisation estimates.  
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INTRODUCTION  

 

Juvenile steelhead trout were one of the most severely depleted populations in the 

Cheakamus River following the August 2005 railcar spill of sodium hydroxide. A conservation 

concern for the population was immediately recognised by fisheries scientists, anglers, managers, 

and the public. Restoration efforts supported by CN have included a number of instream 

enhancement projects including LWD structures, habitat complexing and backchannel re-wetting 

projects, as well as a short-term (2 years) hatchery-rearing and release program, implemented in 

an effort to boost adult returns in years of poor forecasted wild smolt yield. Concerns regarding 

the effectiveness of this hatchery-based restoration effort include potentially high levels of 

residualisation (failure to migrate) and lower survival of hatchery-reared smolts during the 

downstream and ocean migration compared with wild smolts. Both of these factors could reduce 

adult returns and thus the likelihood of success of the hatchery-rearing program.  

To address the hypotheses of (1) lower survival during the migration and (2) higher 

residualisation rates of hatchery-reared steelhead smolts relative to wild smolts, we conducted an 

acoustic tagging and tracking study. Hatchery-reared smolts were tagged and released into the 

Cheakamus River watershed in 2007 and 2008. In 2007, wild steelhead smolt yield appeared 

much reduced (Melville and McCubbing 2008) and, as a result, insufficient numbers of fish were 

available for tagging. The 2007 portion of the study therefore represented an initial baseline for 

survival estimates and migration timing measurements in hatchery-reared smolts. Previous 

studies in 2004 and 2005 on wild steelhead smolt migrations in the Cheakamus River produced 

similar estimates for wild smolts. In 2008, there were sufficient wild steelhead smolts caught 

during their downstream migration for tagging. Having both wild and hatchery-reared smolts 

tagged in 2008 allowed for a direct comparison of survival and residualisation between rearing 

groups in the same year. 

 

Background: survival of wild Cheakamus River steelhead smolts 

Recent developments in acoustic tagging technology have yielded individually-coded tags 

small enough to be surgically implanted into juvenile salmonids. By deploying a series of 

acoustic receivers in rivers and using the Pacific Ocean Shelf Tracking Project (POST, see 
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www.post-coml.org ) array of receivers on the ocean seabed (Welch et al. 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 migrations of wild Cheakamus River steelhead smolts downstream and through the 

Strait of Georgia system were tracked using the POST array in 2004 and 2005 (Melnychuk et al. 

2007). A high proportion of tagged fish survived the downstream migration (71%, 84%), and 

after ocean entry, fish migrated rapidly through Howe Sound. Most fish proceeded north through 

Johnstone and Queen Charlotte Straits, while a few went south through the Strait of Juan de Fuca. 

In both years, the proportion of tagged fish surviving from release to leaving the Strait of Georgia 

system was 27%. Similar estimates of downstream and early marine survival, travel rates, and 

migration routes are assessed in this present study. In general, the first few weeks of the smolt 

migration are arguably the most important period determining recruitment in salmon populations. 

This downstream and early ocean comparison of survival could therefore provide insight into 

relative differences of total marine survival rates, and therefore fitness differences, between wild 

and hatchery-reared steelhead.  

 

Background: survival differences among wild and hatchery salmonids in other watersheds 

Several studies have compared wild and hatchery-reared 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 compared outmigrating smolts during 

their migration. Survival of wild smolts from the Keogh River in 2002 during the first ~20 km of 

the ocean migration was similar to a group of hatchery-reared 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). Survival during a short migration downstream was higher in wild coho 

smolts than hatchery smolts in the Campbell River (Chittenden et al. 2008). In Atlantic salmon, 

there were no consistent differences in survival between wild and hatchery-reared smolts that 

migrated downstream and through the Bay of Fundy (Lacroix 2008). Similarly, no differences 
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were observed between wild and hatchery-reared Atlantic smolts during the migration through a 

Norwegian fjord (Thorstad et al. 2007). 

Other studies have compared survival between wild and hatchery-reared smolts over the 

full ocean life (i.e., smolt-to-adult survival). Recapture rates of Atlantic salmon tagged as smolts 

and caught as adults in fishing gear were 2-3 times higher for wild fish than hatchery-reared fish 

in south-western Norway (Jonsson et al. 2003) and in the Baltic Sea (Jokikokko et al. 2006, 

Kallio-Nyberg et al. 2004, Saloniemi et al. 2004). However, survival of sea-ranched Atlantic 

salmon offspring in the Baltic Sea was higher for fish with hatchery-reared parents than fish with 

wild parents, likely due to the heritability of higher growth rates in hatchery fish and size-related 

advantages for survival (Kallio-Nyberg et al. 2007). In the Columbia River basin, a short review 

of comparative differences in steelhead found that total marine survival was consistently higher 

for wild than for hatchery-reared smolts (Reisenbichler and Rubin 1999). In Chinook salmon 

from the Columbia River basin, survival was greater in wild smolts than in hatchery-reared 

smolts of the same size, but the larger average body size of hatchery-reared smolts compensated 

for this. As a result, return rates of hatchery fish were higher than of wild fish (Zabel and 

Williams 2002). Over 10 years of study in the Columbia River basin, survival of steelhead was in 

general greater for wild fish than for hatchery-reared fish, but there were no consistent 

differences in Chinook salmon among wild and hatchery-reared fish (Smith et al. 2006, Zabel et 

al. 2002). Finally, in New Zealand, fry-to-adult survival rates of Chinook salmon were higher in 

wild than hatchery-reared fish when standardised to a similar body size, but hatchery-reared fish 

were much larger so the total survival rate was higher (Unwin 1997). 

 

Background: rates of residualisation of juvenile salmonids in other watersheds 

 A primary concern in the effectiveness of hatchery programs is residualisation of released 

individuals (Sharpe et al. 2007, Viola and Schuck 1995). Residualisation is the process whereby 

juveniles fail to emigrate within the primary migration period (Viola and Schuck 1995). These 

individuals are termed residuals and represent a potential economic loss, with residuals not 

recoupable as returning adults. They may also cause adverse ecological impacts, as steelhead 

residuals are believed to compete with (Martin et al. 1993), predate upon (Cannamela 1993, 

Martin et al. 1993) and may eventually mate with (Viola and Schuck 1995) wild fish populations 

(Ostrand 2008). 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 2008) and differing microhabitats), the vulnerability of a number of these populations 

keeps residualisation as a primary concern (Viola and Schuck 1995).  

 To gain a sense of the range of residualisation 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 they 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 generation versus 

second or later generation hatchery raised steelhead, respectively). We located 13 studies which 

reported estimates of steelhead residualisation (Table 1). An additional two studies were found 

which estimated indices of residualisation rate (i.e., estimates 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 papers (Walters 2005; a Keogh River study) reported results from 

studies in the Snake and Columbia River basins. Literature searches were thorough, but as 

publications containing results were 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 methodology. A major difference was seen in the 

techniques employed by the Lyons Ferry Complex (LFC) series relative to the others (Table 1). 

The majority of studies employed a modified mark-recapture strategy, releasing marked rainbow 

trout (generally of hatchery origin) and recapturing both trout and residual steelhead either 

through a direct angling effort or through sampling the catches of private anglers. Conversely, the 

FLC studies sampled using electrofishing, employing a multi-pass removal estimator and 

sampling in multiple, non-contiguous locations along the river. Only Cannamela (1993) 

employed a mark-recapture estimator using electrofishing for recapture, preventing a statistical 

separation of the effect of estimator and sampling equipment. Similarly, Ostrand (2008) sampled 

using intensive pit-pack monitoring. 
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 None of the techniques used in the sampled literature are free of bias, though 

Cannamelaôs (1993) use of mark-recapture and electrofishing may be the most accurate. Mark-

recapture estimates using released trout are generally accepted as providing accurate estimates of 

residual steelhead population size (Peterson et al. 2004, Viola and Schuck 1995). Sampling, 

though, is labour intensive and many studies resort to sampling the catches of private 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 Schuck 1995). Some studies attempted to make a 

mark-recapture estimate using only residualised steelhead but found that the population size (and 

resulting number of marked individuals) was too low to make accurate estimates (Cannamela 

1993, Viola and Schuck 1991). The LFC series technique of using electrofishing and a multi-pass 

removal estimate has also been shown to bias towards low residual population estimates 

(Peterson et al. 2004). This is likely due to the evasive behaviour of fish, resulting in low capture 

probabilities as well as a further reduced capture probability with subsequent passes (Peterson et 

al. 2004). This situation presents a constant bias which will be increased by the shape and 

substrate of the sampling location 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. Bumgarner and Dedloff (2007) found that multiple-pass 

estimates of wild age 1+ summer steelhead (as a proxy for residual steelhead) were 22% lower 

than mark-recapture 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 rate across the studies was 

0.055 ± 0.006 S.E. (n = 47). When the results were separated, studies employing a mark-

recapture estimate had an average residualisation rate of 0.070 ± 0.009, while studies employing 

a multiple pass estimate had an average rate of 0.034 ± 0.007 (n = 27 and 20, respectively). When 

the conversion factor of 1.28 (multiple-pass to mark-recapture) estimated by Bumgarner and 

Dedloff (2007) was used, standardising to a mark-recapture estimate, the average residualisation 

rate was estimated to be 0.059 ± 0.007 (n = 47; Fig. 1). Residualisation rates varied among the six 
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watersheds, with aggregated mean estimates ranging from 0.02 (for the Snake River) to 0.09 (for 

the Salmon River; Fig. 1). 

Six papers presented residualisation rate estimates 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 not be 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 paired estimates 

(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 the estimate 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 residualisation rate against the proportion of the combined total release which was of 

hatchery broodstock origin (%H), as a fixed effect (one study released endemic and hatchery fish 

together in varying proportions). We considered ólocationô and %H nested within ólocationô as 

random effects. The intercept of the regression model, corresponding with %H=0, represented the 

overall scaled residualisation rate for endemic broodstock fish across studies (14.1%; Table 2). 

The (intercept + %H effect), corresponding with %H=1, represented the overall scaled rate for 

hatchery fish (1.1%; Table 2). The relative ratio between them was 12.6, suggesting that 1st 

generation hatchery fish (endemic) were 12.6 times more likely to residualise than 2nd+ 

generation fish (hatchery). Hatchery-reared Cheakamus River steelhead smolts are 1st generation 

fish, equivalent to óendemicô in these other studies.  

 

 

METHODS 

Study site  

The Cheakamus River is a 5th order river with a mean annual discharge of 31.5 m3/s 

(regulated by a dam; the natural annual discharge is 68 m3/s). It drains into the Squamish River 

before reaching Howe Sound. The total distance from release in the Cheakamus River to the 
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mouth of the Squamish River ranged from 15.9-27.5 km, depending on release site. Howe Sound 

drains into 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 south (Fig. 2).  

 

Stationary acoustic array  

Prior to releasing smolts, Kintama Research (under POST) installed VEMCO Ltd. VR-2 

or VR-3 acoustic receivers in listening lines placed either just above the seabed or raised to a 

depth of 150 m below the surface (in regions of water depths >150m) 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 (JDF, 29) (Fig. 2). The lines of receivers 

deployed on the seabed were arranged to detect 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 Cheakamus River (Fig. 3) and 

Squamish River (Fig. 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 were located in 

the Cheakamus River upstream of the Tenderfoot Creek confluence; these were mainly used to 

monitor for any residualised smolts that moved upstream after release (they were also used to 

detect fish migrating downstream from the release site furthest upstream in 2008). Two stations 

(4 receivers) in 2007 and four stations (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 within this 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 Harbour (Fig. 4). These were used to monitor smolts as they completed the 

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 until mid-June (2007) or early July (2008). Cheakamus 

River receivers were in place until mid-August in both years.  
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Fish release groups 

Hatchery steelhead smolts were reared from eggs collected from Cheakamus River brood 

fish, and raised at Tenderfoot Creek Hatchery (TCH) or Fraser Valley Trout Hatchery (FVTH). 

Smolts were tagged one to several weeks before release. They were either released into 

Tenderfoot Creek under volitional release (TCH fish) or transported by truck and released into 

the Cheakamus River at various sites (FVTH fish). Wild (W) smolts were caught during their 

downstream migration in side channel traps and rotary screw traps in the Cheakamus River. They 

were held for up to 7 d until fish could be tagged, and were released approx. 2 d after tagging 

near the original capture sites. We tagged 100 fish in 2007 and 200 fish in 2008, but in 2008 one 

tag-related mortality and one tag extrusion were observed prior to fish release, so a total of 198 

tagged fish were released in 2008. These fell under the two (2007) and five (2008) release groups 

(RG) shown in Table 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 2008, after 

hatchery groups were already tagged. Over both years, release dates ranged from May 5-23. Early 

release groups included TCH smolts in both years and W_RG1 in 2008. Late release groups 

included FVTH smolts in 2007 and FVTH_RG2 in 2008. Release locations varied among groups, 

and are shown in Fig. 3. One group (FVTH_RG1 in 2008) was released further upstream than 

others, approx. 15 km upstream of the Cheakamus and Squamish River confluence. Another 

group (FVTH in 2007) was released further downstream than others, below the confluence with 

the Cheekeye River, approx. 3.6 km upstream of the Cheakamus and Squamish River confluence. 

The remaining five groups were all released within 1.5 km of each other, between Tenderfoot 

Creek and the North Vancouver Outdoor School (Fig. 3).  

In 2008, body lengths (fork length, FL) and weights were similar among the two W 

groups and the TCH group (Table 3; Fig. 5), but were several millimetres longer or grams heavier 

in the two FVTH groups. The condition factor (K), a scaled ratio of body weight to body length3 

for each fish, was smallest in the two W groups, intermediate in the TCH group, and highest in 

the two FVTH groups. Larger values of K imply heavier fish for a given body length. In 2007, 

fish weight was not recorded, but average length of the TCH group was near the longer end of the 

2008 average size range, and the 2007 FVTH group was near the middle of this 2008 range 

(Table 3). 
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Smolt tagging 

VEMCO V9-6L acoustic tags that transmitted at 69.0 kHz were used for all fish in both 

years (and were the same as those used in 2004-2005). Tags measured 20 mm x 9 mm diameter 

(Fig. 6) and weighed 3.3 g in air. These tags are uniquely coded so individual fish can be 

identified when detected on acoustic receivers. In 2007, to meet fish release deadlines before tag 

manufacturing availability, 20 tags were used from Kintamaôs stock, which had a 30-90 s random 

delay between tag emissions. These were used in the 19 TCH fish and one FVTH fish. The other 

80 tags, all used in FVTH fish, had a 20-40 s random delay between tag emissions. The shorter 

average delay between tag emissions is expected to slightly increase detection probabilities on 

acoustic receivers as fish swim by, but also results in a shorter lifespan from the date of tag 

activation. This tag delay factor was taken into account when estimating detection probabilities. 

The 20 tags at 30-90 s delay were predicted to shut off on Aug. 5 and the 80 tags at 20-40 s delay 

were predicted to shut off on July 23. In 2008, 19 tags had a 20-40 s random delay (these were 

used for W_RG2), and were predicted to shut off on July 19. The other 179 tags had a 20-60 s 

random delay (used for the other four groups and the remaining nine fish from W_RG2). 

Tags were surgically implanted into smolts using standard surgical procedures (Moore et 

al. 1990, Welch et al. 2007). Smolts were sedated with 1 ppm metomidate HCl (AquacalmÊ), 

and 3-4 min prior to surgery they were brought under full anaesthesia with 70 ppm MS-222 

mixed with a 140 ppm NaHCO3 buffer. Gills were irrigated during surgery with running water 

and 50 ppm MS-222 (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 and recorded with each fish, and the anaesthetic bath was changed if temperature 

deviated by more than 2ºC from the source water. A mucous-protectant (VidalifeÊ) was used in 

all water baths. A tag was inserted into the abdominal cavity through a mid-ventral line incision, 

which was closed with 2 or 3 polydioxanone monofilament sutures. Fish were transferred back to 

aerated water and finally to the rearing tanks to recover. Tagged fish were held at least 1 week 

(hatchery fish) or 2 d (wild fish) before release to monitor fish for evidence of mortality or tag 

rejection.   
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Test tag passes in Cheakamus River 

To estimate the rate of residualisation of tagged steelhead smolts in the Cheakamus River, 

it was necessary to quantify the probability of detecting a tag at a receiver station for several 

weeks or months following release. Mark-recapture estimates of detection probability (pmr) from 

tagged fish (i.e., the probability of detecting a tag that travelled past a receiver station) were 

possible during the brief in-river migration period, but not afterwards, since detection data were 

absent. To estimate a mark-recapture-like probability of detection after the migratory period, we 

conducted a series of test tag passes past each receiver in 2008. When river discharge was less 

than 75 m3/s, multiple passes were conducted by two swimmers, each with a test tag, drifting past 

a receiver. Due to safety concerns, single passes by raft were used when discharge was 75-150 

m3/s, and passes were not conducted with either method above 150 m3/s.  

The two swimmers floating down the river attempted to stay approximately one-third 

river width away from the left and right banks, respectively. Each swimmer dangled a tethered 

transmitter below them and varied the distance at which the tag was held from their body 

depending on bottom depth, attempting to maintain direct line-of-sight 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, the transmitter was dangled beside the swimmer such 

that their body did not block line-of-sight to the receiver. Swims began and ended approximately 

200 m upstream and downstream of the receiver, respectively. Put-in and pull-out locations were 

selected to meet 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 from the receiver. Swimmers 

entered the water together at the start site, from opposite banks where possible, and the time was 

recorded. For consistency, one particular transmitter was always on the river side closest to the 

receiver. Due to heterogeneous water velocity, swimmers ended their passes at different times 

and the later pull-out time was recorded. 

Five swim passes at a receiver on a given test day were typically conducted, though this 

number ranged from 1-10 (Table 4). Both test tags were programmed to transmit every 20 s and 

were activated 10 s apart before each swim pass so their transmissions would not overlap. Before 

swim passes ï flow conditions permitting ï a receiver was checked for proper positioning, and 

detection data were downloaded. After a set of passes, the receiver was downloaded for test tag 
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data and then re-positioned to monitor for steelhead tags. A set of swim passes was conducted at 

each receiver on 3 or 4 days (Table 4, including the single passes on Aug. 14). If the receiver had 

moved from where it was last deployed due to river flow, an additional swim was conducted at 

this altered position to estimate its detection probability since last deployment. The receiver was 

then re-righted and the regular set of test tag passes was conducted.  

 Due to high water velocities mid-study, swim-based passes were not possible. Thus, five 

raft trips were conducted (Table 4), during which most of the Cheakamus River receivers were 

passed once each. For safety reasons, receivers were not downloaded or checked for upright 

positioning during raft passes. The criteria for tag put-in and pull-out locations for raft passes 

were the same as those for swim passes. Time-in and time-out were recorded. The two test tags 

were kept together on a weighted line at least 5 cm off the substrate and no more than 2 m deep, 

again offset by 10s so their signals would not collide. The raft was kept near the centre of the 

river moving at the same velocity as the surface water. 

 

Freshwater mobile tracking 

Sampling trips for steelhead tags were periodically conducted by raft down the 

Cheakamus River in 2008 (mobile sampling trips did not take place in 2007 due to equipment 

availability). These raft trips were used to monitor for tagged steelhead that may have 

residualised between stationary acoustic receivers where they would not be detected. A VEMCO 

VR-100 acoustic receiver with an omnidirectional hydrophone was operated by one crew 

member while the other steered the boat. This receiver can decode tags, and provides sound 

output through headphones so the user can hear tag pulses even if the tag ID cannot immediately 

be decoded. The hydrophone was towed behind the raft as it travelled downstream, generally 

0.25-0.5 m below the water surface, but raised while crossing rapids or shallow areas. The raft 

was slowed in calm pools to spend more time listening for tags; audible detection efficiency was 

assumed to be highest in these areas. Mobile tracking trips were conducted on May 30, June 4, 

July 3, and Aug. 6, concurrently with raft-lowered test tag passes past stationary receivers. 

Mobile sampling trips began near the release site for 2008 FVTH RG1 (approx. 1 km 

downstream of Chk_1 in 2008) and ended in the Squamish River downstream of the Cheakamus 

River confluence.  
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 Estimating sampling efficiency by raft was largely prohibitive due to swift flow 

conditions at the time that raft trips were conducted, and to time constraints. The 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 detected. Instead, we estimated maximum detection range 

during raft trips using the test tag. Measurements were taken from shore in calm eddies or 

laminar runs, with one individual holding the hydrophone fully submersed in at least 0.25 m of 

water while another individual submersed a tag in the water and progressively moved further 

away from the hydrophone in 1-2 m increments. Two distances were noted: the furthest distance 

at which the tag was decoded by the receiver on the first or second transmission, and the furthest 

distance at which the technician could audibly detect the tag. Tags were reliably decoded and 

audibly detected no further than 5 and 10 m away, respectively, in typical river conditions. As 

sampling speed by raft averaged 2.9 m/s and most fish tags transmitted, on average, every 40 s, 

decoding and audible detection efficiencies of mobile tracking were likely low. Absence of 

detections during mobile monitoring trips was therefore not considered evidence that tags were 

not present along sampling tracks. 

 Mobile monitoring was conducted in Tenderfoot Lake, the Tenderfoot Creek Hatchery 

acclimation lake, on July 6th. In range tests, the VR-100 was shown to have a detection range of 

>100 m in this relatively still water, so six sites along the length of the lake were selected to 

provide line-of-site monitoring of the entire lake. At each of these sites, the hydrophone was 

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

 

Mark -recapture analysis for survival estimation 

During their migration downstream and out of the Strait of Georgia, tagged smolts passed 

up to 9-13 detection stations (Figs. 2-4). In 2007, FVTH smolts passed up to 6 stations in 

freshwater, all in the Squamish River (including the river mouth), while TCH smolts passed up to 

9 stations in freshwater (3 of those in the Cheakamus River). (The receiver at Sqm_8 in 2007 

became detached from its base and was not operational for the study, so this was not considered 

among the 6 operational stations in the Squamish River.) In 2008, 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, while FVTH RG1 smolts passed an additional 3 earlier stations in the 

Cheakamus River (TCH smolts passed one of these additional stations as well; Figs. 3-4). In all 
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groups in both years, tagged smolts passed up to two stationary lines of receivers in Howe Sound, 

and 1 or 2 lines of receivers covering the southern and northern exit 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 probabilities (p) at each river receiver or line of 

ocean receivers in order to estimate the extent of migration of tagged fish; these were estimated 

simultaneously with survival rates () in each segment of the migration using the Cormack-Jolly-

Seber model (CJS; Cormack 1964, Jolly 1965, Seber 1965) and variants thereof. We 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 receivers, or between any 

stationary stations where they would not be detected; i.e., we assumed that residualisation 

rates were negligible. (The potential for residualisation in our 2008 study 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 (although in making survival comparisons between 

wild and hatchery-reared 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 hatchery-reared 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 variation in  or p among individuals is accounted for 

explicitly). 

  within some segment of the migration is independent of those in previous segments; p at 

some station is independent of those at previous stations. 
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The final segment  is confounded with p at the final line (QCS/JDF), and cannot be 

separately estimated in classic CJS models. To isolate these factors, we estimated an overall p for 

V9 tags on the NSOG line (pNSOG) and assumed this value for the QCS/JDF lines, adjusting for 

slight differences in deployment geometry among these three lines. These 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 analysis, we assumed the estimated and adjusted pNSOG from 

2007 (90.4%), and for the all-years analysis we assumed year-specific predictions for p on the 

outer lines. These estimates of pNSOG involved all salmon smolts tagged under POST from 2004-

2007 (when more tags were detected at and after NSOG than in 2008), but accounted for 

variation among years and tag types. After assuming fixed values for the final stage p, we used 

the 14-digit capture histories in a CJS recaptures-only model implemented with Program MARK 

(White and Burnham 1999; version 5) through RMark (Laake and Rexstad 2009; version 1.8.8) 

to estimate  in river and ocean segments and p at detection stations. The product of segment-

specific  estimates represents cumulative survivorship along migration routes. 

We used model goodness-of-fit  diagnostics in Program RELEASE (Burnham et al. 1987) 

to assess the fit of the most general mark-recapture model considered, [ (seg*G), p(s*G)], to 

detection data (where ósegô represents segment, ósô represents station, and óGô represents release 

group, of which there were five levels in the 2008 analysis and 11 levels in the all-years analysis; 

this implies independence among groups and segments/stations). For the 2008 dataset, the 

general model had an overall poor goodness-of-fit  (ɢ2 = 83.8, df = 35, p < 0.01). This was due to 

a poor fit for two of the five groups: TCH and W RG1 (p < 0.01 for these groups). Sparse data 

prevented insight into the failure of which assumption(s) was responsible, so we interpret 

survival results of these two groups with caution. In the all-years dataset, an additional group, 

FVTH in 2007, also had poor goodness-of-fit. To be conservative in the face of poor goodness-

of-fit, we estimated an overdispersion parameter, cĔ (Burnham et al. 1987) using the deviance 

bootstrap simulation method through Program MARK. The estimated values were cĔ = 1.279 for 

the 2008 dataset and 1.263 for the all-years dataset; to be conservative we simply used the higher 

value of 1.279 in both analyses to adjust AIC (Akaikeôs Information Criterion) values for 

comparing candidate models (Lebreton et al. 1992), and also for expanding confidence limits on 

 and p parameter estimates (Burnham et al. 1987).  
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Survival models can involve various types of covariates, or ófactorsô potentially affecting 

survival, built in directly. This is preferable to looking for effects of these factors on estimated 

parameters from general CJS models, as it appropriately accounts for the error structure in 

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. wild, hatchery location), body size, release date, 

migration distance, and bull trout predator abundance on survival. In addition, we consider 

effects of smolt release group, river level, and discharge on detection probability. Survival and 

detection probability models are fit to detection data using maximum-likelihood methods, and 

can be compared to one another with information-theoretic methods (Burnham and Anderson 

2002) on the basis of their goodness-of-fit to the data and the number of parameters in the model 

required to achieve that fit. In general, models with more parameters often provide a better fit to 

the data, but at the expense of reduced precision for any particular estimate. These trade-offs are 

evaluated using AIC model selection methods. Rather that comparing a suite of models at once 

involving all the above potential factors, we took a sequential approach and compared a small set 

of related models, selected the best model from that set, then moved to another comparison with a 

different focus.  

First, we compared survival models for the 2008 dataset alone, for three reasons: (1) this 

year contained both wild and hatchery-reared groups in the same year; (2) we predicted 

residualisation estimates for this year alone, so can compare those with survival estimates from 

this year; and (3) comparisons among survival models for the 2007 dataset was 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 years to achieve more generality in 

observed survival patterns. In addition to including hatchery-reared steelhead groups from 2007 

in the all-years models, we also included wild steelhead smolts from previous Cheakamus River 

studies in 2004 and 2005. Survival estimates for these wild groups were previously reported 

(Melnychuk et al. 2007), but were not analysed in a mark-recapture framework. 

 

Steelhead survival in 2008 

We took a sequential approach to comparing survival and detection probability sub-

models. First, we compared several sub-models for p while keeping a constant and general sub-
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model for . Second, we selected one of these p sub-models and kept it constant while comparing 

 sub-models in terms of rearing and release group effects. Third, we selected the best model 

from this set and considered body size effects in their effect on . Fourth, we selected the best 

two models from this set and made one final comparison of  sub-models that included effects of 

migration distance, bull trout predator abundance, and release date effects. Fifth, we returned to 

our original comparison of p sub-models and evaluated whether a different sub-model held 

constant across survival model comparisons would have led to different selected sub-model(s) of 

survival. Sequential approaches of first comparing p sub-models and then comparing  sub-

models have been used in similar studies (e.g., Zabel and Achord 2004). 

 

Detection probability sub-models ï  In other river systems like the Fraser River, river 

level (or discharge) has a strong influence on p at river stations (Melnychuk, in press). Higher 

river levels and faster flows, typically 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 downstream. The five release groups in 2008 were released at 

different times (Table 3), and consequently faced different flow conditions in the Cheakamus 

(Fig. 7a) and Squamish (Fig. 7b) Rivers (data from Environment Canada; the Cheakamus River 

gauge station is near the Chk_6 station in 2007 or Chk_5 station in 2008. River levels are 

correlated with discharge measurements, r > 0.99, with approximate equivalence of 1.0 m = 39 

m3·s-1 and 2.0 m = 180 m3·s-1). The earliest four groups released faced relatively low river levels, 

while FVTH_RG2 encountered higher river levels. We accounted for potential effects of river 

level or discharge on p at river stations by constraining p in some models to be functions of river 

level or discharge (likelihoods are evaluated in logit-space, so the constrained linear relationship 

is actually logit(p) vs. river level or discharge). At each station in the Cheakamus River, the mean 

arrival time of each group was calculated (from the first time that each individual fish arrived at a 

particular station), and the corresponding river level (or discharge) at that mean arrival time was 

used as the group-specific covariate value. Detection probabilities were modelled as common 

across release groups at Squamish River and ocean receivers.  

To represent exit from the Strait of Georgia system, detections from the outer lines at 

QCS and JDF were pooled as the final station of the migration. Fish from the two wild groups in 

2008 showed evidence of split-route migration patterns, with some fish moving north and 
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crossing QCS, and others moving south and crossing JDF (fish from the three hatchery-reared 

groups were only detected moving northward at NSOG and/or QCS, although their numbers 

detected were few in general). In an analysis involving multiple release groups with common p 

estimates for groups, this split-route pattern causes bias in  estimates in models other than the 

general CJS model (i.e., in models 2-4 below; Melnychuk, in press). To remove the bias in  

estimates due to this split-route migration pattern, two extra parameters were included, one for 

each release group, as group-specific parameters for pNSOG. These parameters absorbed the bias 

due to the split-route pattern, leaving  estimates unbiased (Melnychuk, in press). Across 

comparisons of p sub-models, the  sub-model held constant assumed full independence across 

release groups (G) and segments of the migration, (seg*G). Four sub-models for p were 

considered: 

 

1. (seg*G), p(s*G) fully-independent p estimates for each group at each station 

2. (seg*G), p(s) fully-pooled p estimates across groups at each station; stations 

independent 

3. (seg*G), p(s+levChk) p constrained by an additive effect of river level at the mean arrival 

time of a group at a station 

4. (seg*G), p(s+flowChk) p constrained by an additive effect of discharge at the mean arrival 

time of a group at a station 

 

We selected one sub-model of p on the basis of: its Akaikeôs Information Criteria score relative 

to other models (Burnham and Anderson 2002), the number of model p parameters estimated at 

boundaries, and its susceptibility to over-fitting or under-fitting. Later, we also selected a 

different model from this set, repeated the following sequences of comparing survival models, 

and evaluated whether survival results changed under different assumptions of p. We also 

considered the potential effect of differences in average tag delay interval on detection 

probabilities. 

 

Survival probability sub-models: rearing history effects ï  We incorporated the effect of 

wild or hatchery-rearing history (HW) as a covariate on survival. Some models involved HW as a 

multiplicative effect (independent effects of HW in each 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 the monitored migration). Since hatchery-raised fish were reared at two different 

hatcheries, we also considered effects of stock within HW in some models. Since there were two 

release groups for W and FVTH rearing histories, we also considered effects of release group 

within stock within HW.  

A particular segment digit may represent different physical portions of the migration for 

different release groups. For example, the segment from Chk_4 to Chk_5 for FVTH_RG1 is a 

physically different route than the segment from release to Chk_5 for FVTH_RG2, so these 

differences were accounted for in some candidate models: we used parameters to represent 

mortality during the first segment in these models, wherever the first segment may physically 

occur for some release group. It is appropriate to maintain differences in this initial mortality 

between wild and hatchery-reared groups, since the hatchery-reared fish have not been exposed 

to natural selection prior to release and therefore, on average, may be more susceptible to initial 

predation mortality. Accounting for the above possible effects on survival, 13 sub-models for  

were considered in total: 

 

1. (seg),                     

p(s+levChk) 

fully-pooled  estimates across groups in each segment 

2. (seg+Mi,H+Mi,W),  

p(s+levChk) 

like (1), with additive initial mortality (separate for W and 

H fish) 

3. (seg+HW),             

p(s+levChk) 

additive effect of HW, consistent across all segments 

4. (seg+HW+Mi,H+M i,W), 

p(s+levChk) 

like (3), with additive initial mortality (separate for W and 

H fish) 

5. (seg+HW+stock), 

p(s+levChk) 

additive effects of HW and hatchery stock within HW, 

consistent across all segments 

6. (seg+HW+stock+Mi,H+Mi,W), 

p(s+levChk) 

like (5), with additive initial mortality (separate for W and 

H fish) 

7. (seg+G),                

p(s+levChk) 

additive effect of group (i.e., HW, stock within HW, and 

release group number within stock within HW), consistent 

across all segments 
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8. (seg+G+Mi,H+M i,W), 

p(s+levChk) 

like (7), with additive initial mortality (separate for W and 

H fish) 

9. (seg*HW),            

p(s+levChk) 

multiplicative effect of HW, independent in each segment 

10. (seg*HW+M i,H), 

p(s+levChk) 

like (9), with additive initial mortality for H fish (not 

necessary for W fish) 

11. (seg*HW*stock),  

p(s+levChk) 

multiplicative effects of HW and hatchery stock within 

HW, independent in each segment 

12. (seg*HW*stock+M i,H), 

p(s+levChk) 

like (11), with additive initial mortality for H fish (not 

necessary for W fish) 

13. (seg*G),                

p(s+levChk) 

multiplicative effect of group (i.e., each of the 5 release 

groups independent), independent in each segment 

 

We selected one sub-model of  on the basis of AIC scores, and used this for evaluating body 

size effects on . 

 

Survival probability sub-models: body size effects ï  In several studies of juvenile 

salmonids, body size has been shown to affect the probability of survival, typically with larger 

smolts having a survival advantage over smaller smolts. The fork length of all smolts tagged 

under the POST project in 2004-2008 was recorded at the time of surgery. For Cheakamus River 

steelhead in 2008, body weights of fish from all release groups were also recorded. Body weight 

is typically loosely correlated with length (Fig. 5), but the scaled ratio of weight to length3 (i.e., 

body condition, K) permits a second type of size effect evaluation. To compare with the AIC-

best model from the previous section, we considered candidate models with an additive effect of 

fork length (FL), K, or both factors. In addition, to consider the possibility that previously-

observed effects of wild vs. hatchery-rearing were simply due to body size differences and not 

rearing factors per se, we also considered the same three additive effects of body size with a 

model not involving a HW effect. In total, we considered seven sub-models for : 

 

1. (seg+HW+Mi,H+M i,W), 

p(s+levChk) 

additive effect of HW, consistent across all segments, with 

additive initial mortality (separate for W and H fish) 
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2. (seg+HW+Mi,H+M i,W+FL), 

p(s+levChk) 

like (1), with additive effect of FL, consistent across all 

segments 

3. (seg+HW+Mi,H+M i,W+K), 

p(s+levChk) 

like (1), with additive effect of K, consistent across all 

segments 

4. (seg+HW+Mi,H+M i,W+FL+K), 

p(s+levChk) 

like (1), with additive effects of FL and K, both consistent 

across all segments 

5. (seg+Mi,H+Mi,W+FL), 

p(s+levChk) 

fully-pooled  estimates across groups in each segment, 

with an additive effect of FL and additive initial mortality 

(separate for W and H fish) 

6. (seg+Mi,H+Mi,W+K), 

p(s+levChk) 

fully-pooled  estimates across groups in each segment, 

with an additive effect of K and additive initial mortality 

(separate for W and H fish) 

7. (seg+Mi,H+Mi,W+FL+K), 

p(s+levChk) 

fully-pooled  estimates across groups in each segment, 

with additive effects of FL and K, and additive initial 

mortality (separate for W and H fish) 

 

Since two models from this set both had high levels of support in terms of AIC scores, these 

were both considered for the final step of evaluating survival effects.  

 

Survival probability sub-models: effects of migration distance, predator abundance, and 

release date ï  Rather than assuming independence in  estimates for each segment of the 

migration, the series of seg may be related to one another through segment-specific attributes. 

For example, the distance of each segment may be a reasonable predictor of mortality within 

segments if per-distance mortality rates are constant across segments. In some models, we 

constrained logit() of each segment to be linearly related to the length of the segment. These 

models require fewer parameters to be estimated than the fully segment-specific models, so may 

be more parsimonious in explaining the detection data. Segment distances were measured with 

mapping software as shortest-route distances between receiver stations. We also considered 

models in which the relationship between logit() and distance was allowed to differ among 

Cheakamus River, Squamish River, and ocean segments.  

In the Cheakamus River, periodic snorkel surveys to estimate the abundance of steelhead 

spawners and adult bull trout have been conducted from January-June for >10 years (data from 
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Josh Korman, Ecometric Research). A count-per-river-reach stratification has been consistently 

employed since 2003. The area surveyed begins above the location of Chk_1 in 2008 and ends 

below the confluence of the Cheekeye River, just downstream of station Chk_6 in 2008 (Fig. 3b). 

As bull trout are potentially predators of outmigrating steelhead smolts, these count data were 

used to represent two indices of potential predation risk for smolts. The number of snorkel 

survey days that occurred between May 5-24 (representing the range of smolt release dates) 

ranged from 1-4 in most years since 2003 (with none in 2004; Fig. 8). Bull trout were relatively 

scarce in reaches upstream of Chk_4. Average counts each year were variable, with lower counts 

on average in 2005 and 2006 and higher counts on average in 2007. In all years, however, a 

fairly consistent spatial distribution was observed, with some reaches having consistently higher 

bull trout counts than others across years (Fig. 8). The first index considered (óRawô) was the 

average per-reach count with all years combined (a 2008-specific index was also considered, but 

this had similar results to the all-years index). The second index considered (óLowô) involved a 

smoothed fit to the bull trout count data. Initially, a bivariate fit was considered, with effects of 

both snorkel reach and day in May (Fig. 9). Since there was relatively little change in Lowess-fit 

predicted counts over the period of May 5-24, a univariate fit involving just river reach was used. 

For both indices, the sum of the reach-specific average counts (Raw) or predicted counts (Low) 

was taken for each acoustic-tracking segment of the 2008 study (e.g., the covariate value for the 

segment from Chk_2 to Chk_3 is equal to the sum of counts in reaches 5-18; Fig. 8). This was 

only possible for the segments: release to Chk_2 (FVTH_RG1), Chk_2 to Chk_3 (FVTH_RG1), 

Chk_3 or release to Chk_4 (FVTH_RG1 and TCH), Chk_4 or release to Chk_5 (all groups), and 

Chk_5 to Chk_6 (all groups). The segment Chk_6 to Chk_7 was not fully monitored by snorkel 

surveys, and segments beyond Chk_7 had no associated bull trout counts.  

Variation in release date among groups was also considered to have potential effects on 

survival. Generally, later release times in hatchery-reared salmon are potentially associated with 

a decrease in survival (e.g., Beamish et al. 2008, Bilton et al. 1982). Some models incorporated 

an additive effect of release date to allow for this possibility of survival differences among 

groups. Based on the first model selected from the previous section, [(seg+HW+M i,H+Mi,W), 

p(s+levChk)], these different potential effects on survival were considered by the following 10 

candidate sub-models of : 
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1. (seg+HW+Mi,H+M i,W),                        

p(s+levChk) 

additive effect of HW, consistent across all 

segments, with initial mortality (separate for W 

and H fish) 

2. (seg+HW+Mi,H+M i,W+RDate),           

p(s+levChk) 

like (1), with additive effect of release date, 

consistent across all segments 

3. (dist+HW+Mi,H+M i,W),                       

p(s+levChk) 

seg constrained to segment distance; additive 

effect of HW, consistent across all segments, with 

initial mortality (separate for W and H fish) 

4. (dist+HW+Mi,H+M i,W+BTRaw),           

p(s+levChk) 

like (3), with additive effect of raw bull trout 

counts in segments up to Chk_6 

5. (dist+HW+Mi,H+M i,W+BTLow),           

p(s+levChk) 

like (3), with additive effect of Lowess-fit bull 

trout counts in segments up to Chk_6 

6. (dist+HW+Mi,H+M i,W+RDate),           

p(s+levChk) 

li ke (3), with additive effect of release date 

7. (distChk+distSqm+distsw+HW+Mi,H+M i,W), 

p(s+levChk) 

seg constrained to segment distance, with 

separate relationships for Cheakamus River, 

Squamish River, and ocean segments; additive 

effect of HW, consistent across all segments, with 

initial mortality (separate for W and H fish)  

8. (distChk+distSqm+distsw+HW+Mi,H+M i,W+BTRaw),  

p(s+levChk) 

like (7), with additive effect of raw bull trout 

counts in segments up to Chk_6 

9. (distChk+distSqm+distsw+HW+Mi,H+M i,W+BTLow), 

p(s+levChk) 

like (7), with additive effect of Lowess-fit bull 

trout counts in segments up to Chk_6 

10.  

(distChk+distSqm+distsw+HW+Mi,H+M i,W+RDate, 

p(s+levChk) 

 

like (7), with additive effect of release date 

 

The second model selected from the previous section also involved a body length effect, 

[ (seg+HW+M i,H+Mi,W+FL), p(s+levChk)], so a near-duplicate set of these 10 sub-models was 

also considered that incorporated the FL effect, [ (...+FL)], for a total of 20  sub-models in this 

final set. 
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Steelhead survival 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 between p and river level, 

or the relationship between  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 2004 W_RG2 and 2005 

W_RG2, respectively). General CJS models would be over-parameterised for these groups, but 

more constrained models would borrow information from other groups in the same year or 

different years in order to estimate shared parameters for these groups with small sample sizes. 

Body weights were not measured prior to 2008, so no models involving K were considered for 

the all-years analysis. Bull trout snorkel counts were not undertaken in May 2004, so we did not 

consider models with these year-specific covariates (nor with all bull trout count years pooled, 

since the spatial resolution of receiver stations in 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 (e.g., (seg:year...)) rather than considering main effects 

as well (e.g., (seg*year...) which is the same as (seg+year+seg:year...)). The reason for this is 

that segments (or stations, for p) differ geographically among years, so there was little sense 

considering an overall segment effect across all years.  

We took a similar approach of using sequential steps in the mark-recapture analysis of the 

all-year detection data. First, we compared sub-models for p while keeping a constant and 

general sub-model for . Second, having selected the best sub-model for p, we compared  sub-

models in terms of rearing effects. Third, we selected the best model from this set and considered 

body size and release date effects on . Fourth, we selected the best model from this set and 

made one final comparison of  sub-models that included migration distance effects.  

 

Detection probability sub-models ï We considered a general sub-model for p as well as 

sub-models constrained by river level covariate(s). In the 2008 analysis, since there was little 

variation in the river level corresponding to the mean arrival time of each group at each 

Squamish River station, there was not adequate information with which to model p at Squamish 

River stations as a function of river level. In the all-years analysis, however, there were more 

release groups, more stations, and a greater range of river levels during the mean arrival time of 

groups at stations. Some candidate models involved this additional covariate; p at Cheakamus 
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and Squamish River receivers were modelled with separate covariates since the water level in 

one river (or change in water level) bears no connection to the same water level in the other river 

in terms of p (or change in p). Similar to the 2008 analysis, detections from the outer lines at 

QCS and JDF were pooled as the final station of the migration, and pQCS/JDF was fixed at year-

specific values for V9 tags based on year-specific pNSOG estimates.  

There were an additional four groups in the all-years dataset showing evidence of split-

route migration patterns after entry into the Strait of Georgia: 2004 W_RG1, 2004 W_RG2, 2007 

TCH, and 2007 FVTH groups. Of these, only 2004 W_RG1 had sufficient detections on QCS 

and JDF to properly estimate the extra parameter for pNSOG that absorbs the bias due to the split-

route pattern (2004 W_RG2, with few tags detected on outer lines, was pooled with this group 

assuming the proportion would be similar among release groups for this wild population in the 

same year). The two hatchery groups from 2007 were similarly pooled and given an extra 

parameter for pNSOG; the pooled 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 2008. This 

resulted in a total of four extra parameters for pNSOG in the additive models across all years.  

Across comparisons of p sub-models, the  sub-model held constant was composed of 

interactions between groups (G) and segments of the migration, i.e., (seg:G), allowing the 11 

release groups to be considered independent in terms of . Four sub-models of p were 

considered: 

 

1. (seg:G),                         

p(s:year:G) 

fully-independent p estimates for each group in each year at each 

station (no main effects of station, year, or group) 

2. (seg:G),                      

p(s:year) 

fully-pooled p estimates across groups in each year at each 

station; stations and years are independent 

3. (seg:G),          

p(s:year+levChk) 

p constrained by an additive effect of river level (Cheakamus 

River) at the mean arrival time of a group at a station; stations and 

years independent 

4. (seg:G), 

p(s:year+levChk+levSqm) 

p constrained by additive effects of river level (separate effects for 

Cheakamus River and Squamish River) at the mean arrival time 

of a group at a station; stations and years independent. 
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We selected one sub-model of p on the basis of AIC scores, and used this for comparing  sub-

models. We again looked for evidence of tag delay effects on p in the all-years model. All tags in 

2004 and 2005 used a 60 s average delay, but there was again variation among tags in 2007, with 

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

  

Survival probability sub-models: rearing history and stock effects ï  The only year in 

which both wild and hatchery-reared smolts were released was 2008, so we expect the overall 

additive HW effect to be similar in the all-years analysis. Having other years incorporated still 

provides generality on survival inferences, however, through the effect of covariates like body 

size and release date on  (following section). Like the 2008 analysis, models considered 

involved various combinations of additive HW and stock effects (as there were multiple stocks in 

2007 also). Like the 2008 analysis, some models also included wild- or hatchery-specific initial 

mortality parameters for the first segment following release of each group (e.g., the parameter 

Mi,W 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 same year, and 

also provide a distance-independent initial mortality level for distance-based models considered 

later. All models assumed independence among segments and years. In total, seven sub-models 

for  were considered: 

 

1. (seg:year),                     

p(s:year+levChk+levSqm) 

fully-pooled  estimates across release groups in each 

segment and each year 

2. (seg:year+Mi,H+Mi,W),  

p(s:year+levChk+levSqm) 

like (1), with additive initial mortality (separate for W 

and H fish) 

3. (seg:year+HW),             

p(s:year+levChk+levSqm) 

additive effect of HW, consistent across all segments 

4. (seg:year+HW+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (3), with additive initial mortality (separate for W 

and H fish) 

5. (seg:year+HW+stock), 

p(s:year+levChk+levSqm) 

additive effects of HW and hatchery stock within 

HW, consistent across all segments 

6. (seg:year+HW+stock+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (5), with additive initial mortality (separate for W 

and H fish) 
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7. (seg:year:G),                

p(s:year+levChk+levSqm) 

each of the 11 release groups independent in each of 

their segments 

 

We selected one sub-model of  on the basis of AIC scores, and used this for evaluating body 

size and release date effects on . 

 

Survival probability sub-models: body size and release date effects ï  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 length. We only considered models with additive effects in this section, 

assuming the relative effect of FL on  or release date on  would be similar for wild and 

hatchery-reared fish (we relax this assumption in the next section). In total, we considered seven 

sub-models for : 

 

1. (seg:year+HW+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

additive effect of HW, consistent across all 

segments, with additive initial mortality 

(separate for W and H fish) 

2. (seg:year+HW+RDate+Mi,H+M i,W), 

p(s:year+levChk+levSqm) 

like (1), with additive effect of release date, 

consistent across all segments 

3. (seg:year+HW+FL+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (1), with additive effect of fork length, 

consistent across all segments 

4. (seg:year+HW+RDate+FL+M i,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (1), with additive effects of release date 

and fork length, both consistent across all 

segments 

5. (seg:year+RDate+M i,H+Mi,W), 

p(s:year+levChk+levSqm) 

additive effect of release date, consistent 

across all segments (no HW effect) 

6. (seg:year+FL+Mi,H+M i,W), 

p(s:year+lehvChk+levSqm) 

additive effect of fork length, consistent 

across all segments (no HW effect) 

7. (seg:year+RDate+FL+Mi,H+M i,W), 

p(s:year+levChk+levSqm) 

additive effects of RDate and FL, consistent 

across all segments (no HW effect) 
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We selected one sub-model of  on the basis of AIC scores, and used this to evaluate effects of 

migration distance on . 

 

Survival probability sub-models: effects of migration distance ï  Distance-based models 

for  may be especially parsimonious in a multi-year analysis. Rather than estimating separate 

parameters for each segment in each year, the effect of distance on  can be made consistent 

across years, reducing the number of model parameters. Or, óyearô can be included as an additive 

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

years (we considered óyearô in some models, as a categorical rather than numerical covariate, so 

no continuous trend over 2004-2008 was assumed). Some models considered assumed a 

common effect of distance on  across habitats, while others allowed separate effects among 

Cheakamus River, Squamish River, and ocean segments. We considered multiplicative effects 

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

previous set as well as distance-based models. These models allow the effects of body size on  

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

a big fish vs. a little fish might be less for wild fish that for hatchery fish, or vice-versa). Some 

distance-based models involved an additive release date effect, since that is more likely to 

improve goodness-of-fit for the more constrained distance-based models than for the segment-

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

following 10 sub-models of : 

 

1. (seg:year+HW+FL+Mi,H+Mi,W),                        

p(s:year+levChk+levSqm) 

additive effects of HW and FL, consistent 

across all segments, with additive initial 

mortality (separate for W and H fish) 

2. (seg:year+HW*FL+Mi,H+M i,W),                        

p(s:year+levChk+levSqm) 

like (1), with an interaction effect between 

HW and FL, consistent across all segments 

3. (dist+HW+FL+M i,H+Mi,W),    

p(s:year+levChk+levSqm) 

seg constrained to segment distance; 

additive effects of HW and FL, consistent 

across all segments, with additive initial 

mortality (separate for W and H fish) 

4. (dist+HW+FL+RD+M i,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (3), with an additive effect of release 

date, consistent across all segments 
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5. (dist+HW+FL+year+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (3), with an additive effect of year, 

consistent across all segments 

6. (dist+HW*FL+Mi,H+Mi,W),   

p(s:year+levChk+levSqm) 

like (3), with an interaction effect between 

HW and FL, consistent across all segments 

7. (distChk+distSqm+distsw+HW+FL+M i,H+Mi,W), 

p(s:year+levChk+levSqm) 

seg constrained to segment distance, with 

separate relationships for Cheakamus River, 

Squamish River, and ocean segments; 

additive effects of HW and FL, consistent 

across all segments, with additive initial 

mortality (separate for W and H fish)  

8. (distChk+distSqm+distsw+HW+FL+RD+M i,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (7), with an additive effect of release 

date, consistent across all segments 

9. (distChk+distSqm+distsw+HW+FL+year+Mi,H+M i,W), 

p(s:year+levChk+levSqm) 

like (7), with an additive effect of year, 

consistent across all segments 

10. (distChk+distSqm+distsw+HW*FL+Mi,H+Mi,W), 

p(s:year+levChk+levSqm) 

like (7), with an interaction effect between 

HW and FL, consistent across all segments 

 

As in previous steps, we compared sub-models of  on the basis of AIC scores. 

 

Detection probability projections for residualisation estimation 

To estimate the rate of residualisation of smolts in the Cheakamus River, we predicted 

mark-recapture-like detection probabilities over the period of several months after the brief 

steelhead migration. Mark-recapture detection probabilities (pmr) were not directly estimable at 

river stations over this time period, so we used detection indices derived from test tag passes 

(ptest) as an intermediate measure of detection probability. Unlike mark-recapture estimates, test 

tag passes were conducted over a wide range of time and river levels. We related ptest to river 

level measured that day, and then subsequently related pmr to ptest at the same station (i) and river 

level (RL). We combined these components using regressions and bootstrapping in order to 

predict a mark-recapture-like p as a function of river level. River levels measured over time in 

the Cheakamus River (by Environment Canada) were used to generate a time series of predicted 

pmr_i while receivers were deployed, a span of several months after the steelhead migration.  
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Detection data from test tag passes were summarised as a series of detection indices that 

ranged from 0-1. We considered several different indices, and compared them according to their 

relationship with river level and their predictive ability of pmr. Some indices were based on single 

passes of test tags, while others were based on a set of passes (generally five) that occurred on 

the same day. Some were specific to each of the two test tags, while others considered both tags 

together. Indices fell into four categories: a binary outcome of a tag detected or not as it passed a 

receiver station; proportion of transmissions that were detected; ratio of time between the first 

and last detections to the duration of the pass; and indices based on VR-2 receiver metadata 

logged during the test tag passes (detections, pulses, and syncs received). These are summarised 

in Table 5. 

The first three categories of detection indices each contained three levels of aggregation 

(Table 5). Per-tag indices involved calculating a separate index value for each test tag during 

each pass. Per-pass indices involved pooling the two tags and calculating an index value for each 

pass. Per-set indices were assessed by averaging these per-pass values across all passes in the set. 

In the fourth category, two indices based on receiver meta-data were calculated over a set of 

swims when receivers were downloaded before and after a set of passes. The small number of 

these occurrences, however, limited their usefulness. The first was a ratio of tag detections to 

syncs (the first part of a pulse train), and the second was a ratio of tag detections to pulses, 

corrected by the number of pulses in a pulse train (8). Since indices were on the (0-1) scale, 

values were logit-transformed for regressions with river level and pmr. Index values of 0 and 1 

were set to 0.01 and 0.99, respectively, prior to transformation and regression, for numerical 

estimation purposes. Two regressions were conducted, which mirrored the nature of the index as 

an intermediate step between river level and pmr. The first involved the transformed index, 

logit(ptest_i ,day), regressed against river level measured on the day of the passes: 

 

(1) logit(ptest_i ,day) = ɓ 1é7 i  + ɓ8 RLday    . 

 

The effects of receiver station (i) and river level (RL) were additive, assuming that the effect of 

river level on ptest was consistent across all stations and test tag days. All stations shared the same 

slope (ɓ8), and the separate intercepts (ɓ1...ɓ7) corresponded with stations Chk_1...Chk_7. The 

second regression involved logit(pmr) against the logit-transformed index, accounting for 
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variation among stations and river levels in both detection probability types. Mark-recapture pmr 

represents a single (or average) estimate of a release group at a station, even though the 

probability of detecting individual fish within that group may vary over the run timing span of 

the group due to variation in river level. The river level corresponding with the average arrival 

time of each release group at each station was accounted for in the estimation of pmr (the model 

used was [ (seg+HW), p(s+levChk)]). This pmr_RL was paired with the predicted ptest_i ,RL (from the 

first regression) at the corresponding river level:  

 

(2) logit(pmr_i ,RL) = ɓ9 + ɓ10 logit(ptest_i ,RL)pred    . 

 

The model involved a single slope (ɓ10) and intercept (ɓ9), such that pmr was assumed to be 

proportional to ptest across all stations. The effect of station is implicit, with some stations having 

lower values of both pmr and ptest, and other stations having higher values of these. 

The indices shown in Table 5 were compared in terms of fit to river level data and 

predictive ability of pmr. Coefficients of determination (R2), slopes, and intercept parameters 

were calculated for both regressions. We selected two indices from Table 5 as having relatively 

high R2 values in both regressions, and used these indices for the basis of pmr predictions (pmr*) 

across the range of river levels measured during the period that Cheakamus River receivers were 

deployed and test tag passes were conducted (0.9-1.9 m; data from Environment Canada). We 

divided this range of river levels into 100 equal bins, and predicted pmr* _i in each bin. First, we 

used the best-fit ɓ8 and ɓ1...ɓ7 parameters from regression (1) to predict ptest_i ,RL at each river 

level. This value of ptest_i ,RL was treated as fixed and, in turn, used in (2) to predict pmr* _i ,RL at the 

corresponding river level.  

 The uncertainty in pmr*  was quantified using a bootstrapping approach which accounted 

for three sources of variation: (a) error in regression 1, (b) error in regression 2, and (c) 

uncertainty in pmr assessed from mark-recapture 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 space. At a particular river level and station, a random draw from 

the distribution of logit(ptest_i ,RL) was taken, based on the estimated standard error of regression 

(1) at that river level and station. This value of logit(ptest_i ,RL) was then treated as fixed, and used 

in regression (2) to take a random draw from the distribution of logit(pmr_i ,RL) at that value of 
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logit(ptest_i ,RL). The third component of uncertainty, error in pmr from CJS model estimates, 

further expanded the error around this random draw of logit(pmr_i ,RL). In logit space, the (pmr)CJS 

estimate for a particular station and release group can be considered as the mean of a normal 

distribution with spread characterised by SE(pmr_i ,group)CJS. The average SE(pmr_i ,g roup)CJS across 

all release groups was calculated for each of the six stations to give SE(pmr_i)CJS, which was used 

to characterise a distribution centered on the second random draw of logit(pmr_i ,RL). (CJS 

estimates were not possible for Chk_1 since fish migrating downstream did not pass this station. 

The largest average SE(pmr_i ,group)CJS from the other six stations was assumed for Chk_1 to be 

conservative.) A third random draw was taken from this distribution and was then back-

transformed onto the probability scale, representing a predicted value of pmr* _i ,RL. At each of the 

100 river level values and seven receiver stations, 10,000 such sets of three random draws were 

taken. The 5th and 95th percentiles of this resulting distribution were calculated to represent 95% 

bootstrap confidence bands of pmr* _i over the river level range considered.  

 The final step in meeting the goal of predicting pmr* _i throughout the study was 

straightforward. At each day during the period that receivers were deployed, the values and 

confidence intervals of pmr* _i ,RL corresponding to that dayôs measured river level were taken. 

These generated a time series of pmr*  at each station, representing the probability of detecting a 

residualised fish that swam past a given station on a given day. We used this time series of pmr* _i 

in conjunction with detection data at Cheakamus River stations from possible steelhead residuals 

to estimate a likely range of residualisation rate, as follows.  

The times of fish detections on each river receiver were inspected to assess any evidence 

of fish residualising after the initial downstream migration pulse. If a 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 or ocean receiver 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 being in a 

residualised smolt; these were excluded from the count of residualised smolts. When patterns 

suggestive of possible residualisation were observed at station i, the pmr* _i corresponding to the 

average river level over all days where the tag was detected was used to estimate the unknown 

number of residualised fish. Typically, a number present (D) is estimated as the ratio of the 

number observed (d) to the detection probability, i.e., D = d / p, where d is effectively a sum of 
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observed individuals. In this case, pmr* varies by i and river level, so we used a modified 

approach: 

 

(3) 
tag RL,_*mr

tag,

Chk   = 
i

i

p

d
D    , 

  

where di ,tag represents a possible residualised fish detected at i on one or more days with an 

average river level RL over those day(s). DChk represents the total estimated number 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 replacing the lower and upper 95% confidence 

limits of pmr*_i ,RL in place of pmr*_i , RL in Eq. 3. These return the upper and lower confidence 

limits of DChk, respectively, which account for multiple error sources in pmr*_i , RL. This method of 

estimating DChk relies on two main assumptions: 

 d observed fish are actually residualised steelhead, and 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 through a predator gut, or tags inside dead smolts  

 residualising fish pass exactly one Cheakamus River receiver station during the period 

from release to mid-August 

 Violation of these assumptions would typically cause residualisation rates to be over-estimated, 

although the potential for under-estimation exists also. Through use of regression (2), we have 

assumed that pmr is not directly proportional to ptest. Therefore, we do not have to assume the 

following in predicting pmr*: 

 fish detected at receivers travelled at a similar speed past receivers as tags during test tag 

passes (whether moving upstream or downstream) 

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

We estimated the 2008 residualisation rate separately for wild and hatchery-reared smolts in the 

Cheakamus River. 
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RESULTS 

 

Sampling effort with stationary and mobile receivers 

 Over the course of the 3+ month study in 2008, each receiver was the subject of 11-22 

swim passes and 4-5 raft passes, with the majority of passes occurring in May and the first half 

of June (Table 4). The receivers generally remained operational most of the time, but high flows 

resulted in a number of receivers moving out of position (Table 6). The receivers were inspected 

more frequently than they were in 2007, so the potential for inoperable receivers was greatly 

reduced. The receiver at Chk_1 did not initially detect tags during swim passes, so it was 

temporarily removed for assessing its functionality. It was re-deployed downstream approx. 1 km 

on June 17th, near the FVTH_RG1 release site, into 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 detection of a single tag, 

from the TCH group in 2008 on July 3. This tag was detected upstream of the Tenderfoot Creek 

and Cheakamus River confluence (~49.82642N, 123.15078W). It had been detected previously 4 

days after release at Chk_4, but was not detected on stationary receivers thereafter. At the time of 

detection, the raft was stationary, with technicians in the process of measuring detection range to 

a test tag. No fish were detected during sampling trips by raft when the raft was moving, nor 

during sampling around Tenderfoot Lake.  

 

Fish detections and migration patterns 

Deploying several receiver stations in the Cheakamus and Squamish Rivers, as well as in 

Howe Sound and beyond, allowed both survivorship and travel rate during the progression of the 

juvenile migration to be quantified for each group of tagged steelhead. Tagged fish generally 

moved downstream immediately after release (Fig. 10). On average, the time from release until 

detection at the first station was Ò2 d for most groups, although some groups were not detected 

until several days after release, on average (e.g., TCH in 2007 and FVTH_RG2 in 2008). Once 

fish did commence migrating downstream, the travel rate was generally rapid, although there 

was some variation among release groups. Fish that survived to the mouth of the Squamish River 
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were heard on average 4.6 d after release for W_RG1 in 2008, and on average 21.4 d after 

release for TCH in 2008; the other groups in both years were intermediate within this range (Fig. 

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; fish from the upper 

FVTH release site in 2008 were relatively slow, even taking into account their greater distance 

travelled, and fish from the lower release site in both years were nearly as fast as the two wild 

groups in 2008. Some hatchery release groups took a relatively long time to travel from the river 

mouth to the inner Howe Sound line, while other hatchery groups and both wild groups took less 

time (the variation around average travel times was also generally less for wild groups; Fig. 10). 

This pattern continued for travel through Howe Sound to the NSOG line, with average travel 

times since release of 19-20 d for the wild groups and 23-47 d for the hatchery-reared groups. 

There were relatively few detections of hatchery-reared fish on the outer lines at QCS and JDF.  

 Despite only minor variation in travel rates to successive detection stations among wild 

and hatchery-reared groups, there was considerable variation in the number of fish detected at 

stations along the migration. These numbers for 2008, where wild and hatchery fish were both 

tagged, are listed in Table 7. Blank cells indicate that the group of fish was released below that 

particular station. There appear to be differences between wild and hatchery-reared groups in the 

proportion of fish reaching the lower Squamish River, Howe Sound, and outer line (QCS, JDF) 

receiver stations. This could be the result of lower survival and/or a higher rate of residualisation 

in hatchery-reared fish. Since tags are individually coded, we used mark-recapture methods to 

estimate survival during the migration, accounting for detection probabilities at receiver stations.  

 

Survival during migration  

Steelhead survival in 2008 

 Detection probability sub-models ï  Comparing detection probability sub-models while 

keeping a constant and general sub-model for survival probability resulted in a slight preference 

for the fully-independent p sub-model, [ (seg*G), p(s*G)], in terms of QAICc scores (Table 8). 

There was still reasonable support for the two models that used environmental covariates for 

Cheakamus River stations; of these, model [(seg*G), p(s+levChk)] performed best. The 

incorporation of an environmental covariate in these two models required only one extra 
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parameter, but improved the goodness-of-fit  substantially relative to the fully-pooled model, 

[ (seg*G), p(s)], in which p at a station was constrained to be equal for all five groups (Table 8).  

Apart from relative AIC scores, there are reasons for preferring the models that use 

environmental covariates. The group-independent model requires many more parameters than 

other models and is associated with small sample sizes for some groups (Table 3), especially at 

later stations during the migration route. This results in p being estimated for each group based 

on few numbers of detected tags, and makes estimates of both p and  susceptible to over-fitting 

biases (Melnychuk, in press). As a result, the estimates of p at a given station vary considerably 

among groups (even at ocean stations where little variation is expected), and confidence intervals 

are wide (Fig. 11). The number of p parameters estimated at boundaries is an indication of this 

over-fitting; it was much higher for model [(seg*G), p(s*G)] than for models with 

environmental covariates (Table 8; confidence limits were based on the logit transformation).  

To avoid this potential for over-fitting, we prefer to consider models in which, apart from 

differences in p among groups due to river level differences, p estimates are constrained to be 

equal among groups. We 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 having a 30 s delay and 

179 tags having a 40 s delay. This factor was considered in other models (results not shown), but 

the effect was in the opposite direction than expected (higher p associated with 40 s delay tags), 

so appears to be a spurious result. The tag delay effect was not considered in subsequent 

analyses.] River level and discharge as measured by Environment Canada during the study were 

highly correlated (r > 0.99), so there is little need to consider both environmental covariate 

models. Detection probability estimates at successive stations are shown in Fig. 12 for the 

author-preferred p sub-model with a parsimonious  sub-model. By constraining estimates to be 

the same among groups at Squamish River and ocean stations, the potential for over-fitting to 

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_out (Fig. 12). Note that p was not constrained to be 

similar among Squamish River stations, but happened to be similar, estimated between 74-75% 

for these three stations. At NSOG, all models for p that did not involve station:group interaction 

effects were given two extra terms, one for each of the wild groups, to represent group-specific 



38 

pNSOG since these groups demonstrated split-route behaviour after entry into the Strait of Georgia. 

This effect is seen in Fig. 12 for the two wild groups. At NSOG, the estimates shown for these 

two groups are not true detection probabilities, but rather joint probabilities of movement and 

detection.  

We proceed to comparing  sub-models while assuming the author-preferred p sub-model, 

p(s+levChk), but we later return to consider the AIC-best sub-model, p(s*G), and evaluate 

whether our inferences of survival change under different sub-models of p.  

 

Survival probability sub-models: rearing history effects ï  There was a strong overall 

effect of wild or hatchery-rearing history on survival, with greater survival in wild fish than in 

hatchery-reared fish. This is most easily seen by comparing the second-best candidate model 

within the set, [ (seg+HW), p(s+levChk)], with the similar model without the additive HW effect, 

[ (seg), p(s+levChk)]. Despite only differing by one parameter, the model without the HW had a 

QAICc that was 8.7 larger than the former (Table 9), suggesting considerably less support in the 

data. In addition to incorporating an overall HW effect, the best model also included parameters 

that allow for wild-specific and hatchery-specific mortality in the first segment of each release 

group. This model required two extra parameters, but these were warranted due to the associated 

decrease in negative log-likelihood (Table 9). Beta coefficients for these parameters under model 

[ (seg+HW+M i,H+Mi,W), p(s+levChk)] showed that overall survival was greater in wild fish than 

in hatchery (ɓW = 0.74 with 95% confidence limits that exclude 0, 0.2-1.25), and also that the 

initial mortality effect was greater for hatchery fish (ɓM i,H = -1.63, 95% confidence limits, -2.85 

to -0.41) than for wild fish (ɓMi,W = -0.24, 95% confidence limits, -1.62 to 1.15). 

There was no effect of stock within HW on  once HW was already accounted for; 

ȹQAICc was 4.2 for model [(seg+HW+stock+Mi,H+M i,W), p(s+levChk)] compared with model 

[ (seg+HW+M i,H+Mi,W), p(s+levChk)], but these models differed by exactly 2 parameters (Table 

9), indicating no further improvement in the goodness-of-fit by including a stock effect. 

Similarly, there was little effect of release group number within stock within HW once HW and 

stock were already accounted for. QAICc differed by 0.8 between model [(seg+G+Mi,H+Mi,W), 

p(s+levChk)] and model [ (seg+HW+stock+M i,H+Mi,W), p(s+levChk)], and differed by 1.4 

between model [(seg+G), p(s+levChk)] and model [ (seg+HW+stock), p(s+levChk)]. These 
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comparisons differed by a single parameter (Table 9), suggesting only minor improvement in the 

goodness-of-fit by including the release group effect implicit in óGô. There was essentially no 

support for models involving a multiplicative effects of seg*HW*stock or seg*G, i.e., 

seg*(HW:stock:release group number). These models involved at least 10 more parameters than 

the corresponding additive models, but the reduction in negative log-likelihood was not 

sufficient to warrant the inclusion of these interaction effects (Table 9). Sample sizes of some 

groups (e.g., FVTH_RG2) were likely too small to support such large models with interaction 

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

model constraints. The single model [(seg+HW+Mi,H+M i,W), p(s+levChk)] was clearly the best-

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

 

Survival probability sub-models: body size effects ï  There was a small effect of fork 

length on survival once wild or hatchery-rearing history was already accounted for. Model 

[ (seg+HW+M i,H+Mi,W+FL), p(s+levChk)] had a slight improvement in goodness-of-fit to the data 

compared with model [(seg+HW+Mi,H+M i,W), p(s+levChk)], 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 models as revealed by AIC scores (Table 10). The beta coefficient had 

95% confidence limits that did not exclude zero, further suggesting that the effect was weak: ɓFL 

= 0.013, 95% confidence limits, -0.005 to 0.030). 

There was no support for an additive effect of K on survival, either when included by 

itself or when FL was already accounted for. The inclusion of this extra parameter led to no 

improvement in terms of goodness-of-fit (Table 10). The three models that did not include an 

additive HW effect had little support. They required one fewer parameters to be estimated, but 

had poorer goodness-of-fit to the data (Table 10), suggesting that the HW effect observed in the 

previous section was not simply due to average body size differences between wild and hatchery-

reared groups. Since there was reasonable support for the model including FL as an additive 

effect, we carry the top two models from Table 10 forward for the final analysis of survival 

effects. 

 

Survival probability sub-models: effects of migration distance, predator abundance, and 

release date ï  Models with segment-specific estimates of  outperformed models where logit() 
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was constrained to be a linear function of segment distance (Table 11). All four segment-specific 

models had a similar level of support in the data, and their corresponding distance-based models 

had QAICc values at least 8.6 greater. These four segment-specific models with similar support 

suggest relatively small effects of release date and, as noted in the previous section, fork length 

on survival. Inclusion of these parameters slightly improved the goodness-of-fit, essentially 

enough to compensate for the extra parameter. In the top model, [(seg+HW+M i,H+Mi,W+RDate), 

p(s+levChk)], confidence intervals around the beta coefficient for release date did not exclude 

zero: ɓRDate = 0.043, 95% c.l., -0.008 to 0.095. The effect is only small, but it is in the opposite 

direction than expected, with later-released fish of the same provenance (rearing and stock 

history) having a slight predicted survival advantage over fish released earlier. This is not the 

result of later-released fish being greater in body size, since the model including both effects also 

had a positive beta coefficient (again, not significantly different from zero; ɓRDate = 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 model 

[ (seg+HW+M i,H+Mi,W+RDate+FL), p(s+levChk)] in Fig. 13. Survivorship estimates represent 

survival since release, the product of segment-specific survival rates. Confidence limits around 

segment-specific survival probabilities are estimated with profile likelihoods, and the standard 

error of the survivorship product is calculated using the Delta method. Estimates are plotted 

against either detection station (a), or minimum distance travelled since release (b). Under this 

assumed model, survivorship from release to the river mouth is estimated to be 76-80% for the 

wild groups and 29-44% for the hatchery-reared groups (Table 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 22-29% and that of hatchery-reared groups at 3-10% (Table 

12). As noted earlier, the initial decline in survival from release to the first station encountered 

was greater for hatchery-reared groups than wild groups (Fig. 13).  

There was little support for any of the distance-based models within this set of candidate 

models in the 2008-only analysis. These required fewer parameters than the segment-

independent models, but had comparatively poorer goodness-of-fit. Within these distance-based 

models, effects of fork length, release date, and bull trout counts were all minor (Table 11). 
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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. Models that involved separate relationships 

between logit( ) and distance in Cheakamus River, Squamish River, and ocean segments had 

essentially no support in this 2008-only analysis. These required two extra parameters to be 

estimated compared to models that had a single relationship between logit() and distance across 

all segments, but little goodness-of-fit was gained. For comparison, we present survivorship 

estimates assuming the distance-based model [(dist+HW+M i,H+Mi,W+RDate+FL) , p(s+levChk)] 

in Fig. 14. This is a more highly constrained model than that in Fig. 13, although a constant 

intercept parameter on  across stations means that logit() is only indirectly proportional to 

segment distance. After the initial mortality levels in the first segment after release, the 

survivorship declined at a similar rate for all groups under this model since they shared the same 

minimum migration distance in each segment (Fig. 14). Survivorship estimates to the three 

stations shown in Table 12 were similar under this distance-based model and the segment-

independent model [ (seg+HW+Mi,H+M i,W+RDate+FL), p(s+levChk)] for all release groups. 

For reference, we also provide survivorship estimates assuming the fully-independent 

segment (or station) and group-specific CJS model estimates, i.e. from model [(seg*G), p(s*G)], 

shown in Fig. 15. This model is less parsimonious than the one assumed in Fig. 13, and estimates 

may be susceptible to over-fitting (e.g. the predicted survivorship of 100% over the first three 

segments for FVTH_RG2), so the authors prefer estimates presented in Fig. 13. Two of these 

groups were seen to have poor overall goodness-of-fit to detection data assuming this general 

model (TCH and W_RG1), so we interpret their results with caution. Even under this group-

independent model, however, the survivorship trend of W_RG1 was similar to that of W_RG2, 

and the trend of TCH was similar to that of the other two hatchery-reared groups (Fig. 15), so the 

estimates of these two groups with poor fits at least appear to be reasonable. Despite the potential 

for over-fitting, the discretised survivorship estimates to the three stations in Table 12 under this 

model [ (seg*G), p(s*G)] are generally in line with those under model 

[ (seg+HW+M i,H+Mi,W+RDate+FL), p(s+levChk)]. At each of these three stages, survivorship 

estimates of the two wild groups were higher than those of the three hatchery-reared groups 

under all three models (Table 12), which is supported by the additive HW effect in the top sub-

model for  (Table 9). 



42 

Al though 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 a side channel 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 Cheakamus River segments up to Chk_6 (where bull trout 

surveys ended) for all groups together. Survival probabilities by segment from the general model 

[ (seg*G), p(s*G)] and bull trout counts by segment were converted to survival rates and bull 

trout densities (km-1) by factoring in segment distance. The relationship between these suggests a 

slight decrease in steelhead survival rates as bull trout density increased (Fig. 16). There were 

not sufficient numbers of segments monitored to evaluate whether the relationship differed by 

wild and hatchery rearing histories. 

Before proceeding to incorporating other years into the analysis for generality, we 

consider the effect of our choice in sub-models of p. We carried out this analysis assuming the 

author-preferred sub-model [p(s+lev)] to avoid potential over-fitting to the data. If we had 

instead proceeded assuming the AIC-best sub-model [p(s*G)], our inferences in comparing sub-

models for  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, although the ranking of these would 

be slightly different: (seg+HW+Mi,H+M i,W), p(s*G)], with QAICc=1353.2, 

[ (seg+HW+M i,H+Mi,W+FL), p(s*G)] with ȹQAICc=0.6, [ (seg+HW+M i,H+Mi,W+RDatefw), 

p(s*G)] with ȹQAICc=1.2, and [ (seg+HW+Mi,H+M i,W+RDatefw+FL), p(s*G)] with 

ȹQAICc=2.2. This suggests that survival results were robust to choice in sub-model for p. The 

more general sub-models for p were better statistically in terms of AIC scores, but were more 

susceptible to poorly estimated parameters due to over-fitting to sparse data (Table 8). 

 

Steelhead survival in all-years analysis 

Detection probability sub-models ï  The comparison of sub-models for p while keeping a 

general sub-model for  constant resulted in a preference for the model with (separate) water 
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level covariates for the Cheakamus and Squamish River stations, [(seg:G), 

p(s:year+levChk+levSqm)], in terms of QAICc scores (Table 13). Despite involving only a single 

extra parameter for the Squamish River covariate, the goodness-of-fit was much better compared 

to model [ (seg:G), p(s:year+levChk)], which had a ȹQAICc of 14.8. The more general model 

[ (seg:G), p(s:G)] required estimating many more parameters. It had a correspondingly lower 

negative log-likelihood, but overall was less parsimonious, with ȹQAICc of 6.8. Beta 

coefficients for the best model showed a stronger relationship between p and river level at 

Cheakamus River stations (ɓ = -4.08, 95% c.l., -5.19 to -2.97) than at Squamish River stations (ɓ 

= -0.62, 95% c.l., -0.88 to -0.35), although this may have been confounded by absolute water 

level differences between rivers. For both rivers, p decreased as water level increased. As in the 

2008 analysis, we considered some models with an effect of tag delay interval. The effect again 

turned out to be in the opposite direction than expected (higher p associated with longer delay 

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

not considered in subsequent analyses. We proceed to comparing  sub-models while assuming 

the sub-model p(s:year+levChk+levSqm). 

 

Survival probability sub-models: rearing history and release date effects ï  The overall 

effect of wild or hatchery-rearing history on survival was again observed in the all-years analysis, 

although this effect was primarily due to the 2008 year in which both wild and hatchery fish 

were tagged. Wild fish had greater overall survival than hatchery-reared fish (ɓW = 0.75, 95% c.l., 

0.25-1.26). Compared to the best model [(seg:year+HW+Mi,H+M i,W), p(s:year+levChk+levSqm)], 

the corresponding model without this effect had a ȹQAICc of 4.5 (Table 14). The initial 

mortality terms (one for wild fish, one for hatchery fish) 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, and ȹQAICc for the fourth-best 

model, similar to the best 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 fish (ɓM i,H = -1.53, 95% c.l., -2.45 to -0.62) than for wild fish 

(ɓMi,W = -0.30, 95% confidence limits, -1.63 to 1.02). The additive stock effect was weak. Model 

[ (seg:year+HW+stock+Mi,H+M i,W), p(s:year+levChk+levSqm)] required two extra parameters to 

be estimated than the best model, but the gain in goodness-of fit was relatively small (Table 14). 
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The most general model, with segments and release groups fully-independent, was over-

parameterised for some release groups and had no support in the data. We carry forward the best 

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

 

Survival probability sub-models: body size and release date effects ï  There was a strong 

effect of body size on survival, with the top four models all containing this covariate (Table 15). 

The best model, [(seg:year+HW+FL+Mi,H+Mi,W), p(s:year+levChk+levSqm)], had a QAICc that 

was 7.0 smaller than the corresponding model without the FL effect once wild or hatchery-

rearing history was already accounted for. The beta coefficient for fork length under this best 

model showed positive size-dependence, with greater predicted survival of larger fish than of 

smaller fish when other factors were accounted for (ɓFL = 0.021, 95% c.l., 0.009-0.033). 

There was no effect of release date on survival under this segment-based model 

formulation. The second-best model differed from the best model by only one parameter, RDate, 

but the decrease in negative log-likelihood was negligible, suggesting negligible improvement in 

the goodness-of-fit by including this extra parameter (Table 15). We had considered sub-models 

(seg:year+FL+Mi,H+M i,W), (seg:year+RDate+M i,H+Mi,W), and 

(seg:year+RDate+FL+Mi,H+M i,W) to examine whether the 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 rearing per se. There was little 

support for these models (ȹQAICc = 6.2, 13.3, and 7.9, respectively; Table 15), confirming the 

overall HW effect on  was well-supported. Since there was strong support for only the best 

model, we carry this forward to the final set to consider effects of migration distance, and nested 

effects within this of year and release date. 

 

Survival probability sub-models: effects of migration distance ï  Distance-based models 

had considerably more support than the more flexible sub-models of  that allowed independent 

estimates of  in each segment in each year (Table 16). The distance-based models that allowed 

separate effects of distance on  among Cheakamus River, Squamish River, and ocean segments 

had more support than the more constrained models in which the effect of distance on  was 

constant across these habitats. For example, the best sub-model, 

(distChk+distSqm+distsw+HW+FL+M i,H+Mi,W), has only two more parameters than sub-model 
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(dist+HW+FL+M i,H+Mi,W), but a lower negative-log-likelihood, resulting in ȹQAICc = 4.4 

(Table 16).  

The effect of release date on survival was fairly weak when compared to the best model, 

although it was not negligible like it was in the independent-segment models. Estimation of the 

single extra release date parameter reduced the negative log-likelihood by >2 from the best 

model. These factors balanced out, such that the top two models in Table 16 had essentially 

equal support. The beta coefficient for release date under this sub-model 

(distChk+distSqm+distsw+HW+FL+RD+M i,H+Mi,W) had confidence limits that did not exclude 

zero, but was at least suggestive of later release dates being associated with lower overall 

survival than earlier release dates (ɓRDate = -0.018, 95% c.l., -0.040 to 0.004). With a more 

constrained sub-model as the basis for comparison, (dist+HW+FL+Mi,H+M i,W), 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 of HW and body size on survival was weak. Compared with the 

best model, the sub-model involving this extra HW:FL parameter resulted in a slight 

improvement in goodness-of-fit. The effect of fork length on  was slightly stronger for hatchery 

fish (ɓFL_H = 0.025, 95% c.l., 0.008-0.042) than for wild fish (ɓFL_W = 0.015, 95% c.l., -0.007 to 

0.038), although in both groups, increased body size was associated with greater survival. 

Predicted  over a range of fork lengths are shown in Fig. 17 for one wild and one hatchery-

reared group under the model that assumes this HW:FL interaction (i.e., in logit-space, predicted 

lines for these groups are not parallel). The slope of the predicted line for hatchery fish is slightly 

greater than that for wild fish, and 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 hatchery-reared fish, especially at smaller body size.  

There was essentially no support for an effect of year per se on survival under the 

distance-based models. Inclusion of this effect required three extra parameters to be estimated, 

but the increase in goodness-of-fit compared to the best model was marginal (Table 16). This 

suggests that 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 top two models with nearly equal support, the one that includes effects of RDate 

and FL allows for predicted survival differences among release groups. Survivorship declines 
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under this model [(distChk+distSqm+distsw+HW+FL+RD+M i,H+Mi,W), p(s:year+levChk+levSqm)] 

are shown in Fig. 18, plotted against minimum cumulative distance travelled. Under this 

assumed model, survivorship from release to the river mouth was estimated to be 69-82% for the 

wild groups and 23-36% for the hatchery-reared groups (Table 17). The decline of survivorship 

in the first 20 km of the migration was very steep in hatchery fish, already <50% by this point in 

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 hatchery-reared fish. By the point of exit from the Strait of Georgia system via QCS or 

JDF, the survival difference was large, especially in terms of a ratio, with survivorship of wild 

groups at 21-33% and that of hatchery-reared groups at 3-6% (Table 17; Fig. 18). The best 

independent-segment model, [(seg:year+HW+FL+Mi,H+M i,W), p(s:year+levChk+levSqm)], had 

similar predicted survivorship declines to the distance-based model, and thus similar differences 

between wild and hatchery-reared survival (Fig. 19). Precision in the estimated  parameters was 

less in this segment-independent model (Fig. 19) than in the more parsimonious distance-based 

model (Fig. 18), largely a result of having more parameters estimated (Table 16) and thus less 

certainty in the estimated value of any one particular parameter.  

For reference, we also provide survivorship estimates assuming the fully-independent 

segment (or station), year, and group-specific model, [ (seg:year:G), p(s:year:G)], in Fig. 20. 

This model is much less parsimonious than the distance-based model assumed in Fig. 18, and 

many estimates were susceptible to over-fitting. 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 over-parameterised for these groups. Similar arguments can be 

made for TCH 2007 and FVTH_RG2 2008 groups, which had <20 fish tagged. The goodness-of-

fit was poor for three groups under the general model (FVTH 2007, TCH 2008, W_RG1 2008), 

so we interpret their results with caution, but the survivorship declines of these groups at least 

appears to be similar to those of other hatchery and wild groups, respectively (Fig. 20). The 

greater flexibility of this general model results in the best possible fit to the detection data, and 

even under this general model there are clear differences in survivorship among wild and 

hatchery-reared fish (Fig. 20). Ignoring the two wild groups with insufficient sample sizes to 

properly estimate parameters, survivorship ranged from 65-84% to the Squamish River mouth 

and 18-39% to the outer ocean lines (Table 17). If all hatchery groups are considered, 
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survivorship estimates under this general model were slightly higher than ones estimated under 

the more parsimonious distance-based model, ranging from 32-58% from release to the 

Squamish River mouth and 3-17% to the outer ocean lines (Table 17). 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, had estimated survival rates nearly as high as estimates of wild groups; 

Fig. 20; Table 17). Ignoring these two hatchery groups, the range of estimated survivorship for 

hatchery fish was 32-43% from release to the Squamish River mouth and 3% to the outer ocean 

lines (Table 17). Uncertainty in survivorship estimates was much 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 detection probability  

Few steelhead smolts were detected in 2007 or 2008 at either: (1) receivers upstream of 

their release site, or (2) any Cheakamus River receivers >4 weeks past their release date and not 

thereafter at Squamish River or ocean receivers (Table 19). In 2008, the observed proportion of 

released fish meeting either of these criteria was slightly higher in hatchery-reared fish (4 of 98, 

excluding the tag that was more likely stationary than in a live, residualised smolt) than in 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 release in 2007 either, although the number of stations 

operated was fewer in 2007, there were no Cheakamus River stations downstream of the FVTH 

release site, receivers were checked and maintained less frequently, and no mobile sampling was 

conducted in 2007. The overall sampling efficiency was therefore likely less than in 2008.  

On the basis of R2 values for regressions between test tag pass indices and river level (Eq. 

1), as well as between mark-recapture detection probability estimates and test tag pass indices 

(Eq. 2), we selected two indices that outperformed others (Table 18). Both indices involved 

aggregating the two test tags together, but not aggregating passes within a set. These indices 

described whether test tags were detected or not during a pass [P/A (per-pass)], and the 

proportion of signals transmitted that were detected during a pass [%Det (per-pass)]. These were 

attractive compared to other types of indices in that they had more values estimated than 

temporal range or receiver meta-data indices (Table 18).  
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 Changes in water level of the Cheakamus River during the study (Fig. 7a) caused 

variation in detection probabilities at Cheakamus River stations over this period (Fig. 12). This 

was evident in the variation of test tag pass index values with river level (Figs. 21-22), with pass 

index values tending to be greater during periods of lower river levels. It was also evident from 

one tag from FVTH_RG1, which was detected at Chk_4 during several periods in 2008: fairly 

consistently from May 9-15, June 4, June 6, sporadically from June 12-30, fairly consistently 

from July 12-Aug. 7, and sporadically from Aug. 8-14. These periods coincide with relatively 

low water levels in the Cheakamus River (Fig. 7a). During the period from May 9-Aug. 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 river bed 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 thus low acoustic background noise, the tag was occasionally 

detected; during periods of high water level and noise, it was not.  

 Mark-recapture estimates of detection probability, pmr, were only possible during the 

smolt migration, which for Cheakamus River receivers, occurred only in May, and only at 

certain river levels (Fig. 21). The test tag pass indices, ptest, that were used to estimate a mark-

recapture-like detection probability, were assessed over wider ranges of time and river level (Fig. 

21). There was a negative relationship observed between the test tag index value and river level 

during the passes, for both indices (Fig. 22). Regression slopes were steeper (ɓ8 coefficients in 

Table 18) for the [P/A (per-pass)] index (Fig. 22b), which was essentially a binary logistic 

regression, than for the [%Det (per-pass)] index (Fig. 22a). Variation among stations was 

observed, similar to that seen for pmr estimates (Fig. 12): the highest ptest values occurred at 

Chk_4, while the lowest values occurred at Chk_7 (as well as at Chk_1, for which pmr estimates 

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 station, as these were unknown at the time of 

conducting test tag passes. This would ideally be the appropriate comparison between ptest and 

pmr, since river level affects both types of p. Instead, the predicted logit(ptest_i ,RL) at the 

corresponding river level for pmr_i ,RL (i.e. the predicted value along the best fit line in Fig. 22 at 

the appropriate river level and station) was calculated to compare with pmr_i .RL. There is a 

reasonably strong relationship between pmr and predicted ptest for both indices (Fig. 23; Table 18). 
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Values of predicted ptest for the [%Det (per-pass)] index tended to be lower than pmr values at the 

corresponding river level (Figs. 21a and 23a), and the slope between them was >1 (ɓ10 

coefficient in Table 18). Predicted values of ptest for the [P/A (per-pass)] index tended to be 

similar to pmr values at the corresponding river level, although they had a greater range of 

logit(ptest_i ,RL), indicating that values were more extreme (closer to 0 or 1 boundaries) than 

corresponding pmr values (Figs. 21b and 23b). The slope between them was <1 (Table 18).  

 The established relationships between river level and ptest (Fig. 22; Eq. 1) and between 

pmr and ptest (Fig. 23, Eq. 2) allow pmr to be predicted (pmr*) for any given river level at any 

Cheakamus River receiver station. These predictions are shown by the lines in Fig. 24, back-

transformed to the probability scale (slopes of the predicted line are equal among stations in 

logit-space, but not after back-transformation). These show a general decrease in pmr*  with 

increasing river level. Predictions are similar for the two indices (Fig. 24a and b). Variation 

among stations is predicted, in line with the observed variation among stations in ptest and in pmr 

estimated from steelhead detection data. Bootstrapped 95% confidence limits around these best-

fit predictions are quite wide, as they take into account multiple error sources involved with 

estimating pmr through the intermediate step of ptest. Confidence limits are slightly narrower for 

the index [%Det (per-pass)] (Fig. 24a) than for the index [P/A (per-pass)] (Fig. 24b) as a result of 

confidence bands for the regression in Eq. 1 being narrower for [%Det (per-pass)] (Fig. 22a) than 

for the index [P/A (per-pass)] (Fig. 22b). This might be expected given that index [%Det (per-

pass)] values are continuous from 0-1, whereas values of index [P/A (per-pass)] are binary, either 

0 or 1, so greater uncertainty is expected around the mean relationship. In general, pmr*  fit the pmr 

estimates from steelhead detections reasonably well (as they should, since they were partly based 

on these). In a couple cases, however, pmr*  was not very close to pmr steelhead estimates (Chk_3 

at low river level, especially for index [%Det (per-pass)]; Chk_6 at low and high river level, 

especially for index [P/A (per-pass)], and Chk_7 at low river level; Fig. 24). This is a result of 

the constraint on the slope ɓ8 in Eq. 1 being equal among stations; consequently, slopes (in logit-

space) are also equal in Fig. 24. Predicted fits are not flexible enough to óchaseô all these 

estimates, but rather, the constrained best fit is achieved over all stations together.  

 Predicted pmr varied throughout the study from May to mid-August, and was inversely 

related to river level (Fig. 25). Two main pulses of high river flow, in mid-May to mid-June and 

in late June to early July, resulted in relatively low pmr*  during these times. Relatively low river 
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level periods occurred in early to mid-May, mid to late June, and early July to the end of the 

study period in mid-August. During these periods, pmr*  was relatively high (Fig. 25), so any 

steelhead potentially residualising in the Cheakamus River would have been more likely to be 

detected at these times. There was also variation among stations in pmr* : it was generally >80% at 

Chk_4 at all but the highest river levels, and was generally <30% at Chk_1 and Chk_7. As a 

result of the similar relationships in Fig. 24, pmr*  was similar for the two indices. 

 We now return to the detections at Cheakamus River stations that were suggestive of 

possible residualisation behaviour (Table 19), and use these to estimate residualisation rates. 

Because detections were so few, we group them by wild and hatchery-reared categories rather 

than by release group for estimating residualisation. Tags were detected at both high and low 

river levels (Table 19), so we assume it was possible for tagged fish to be detected throughout 

the May to mid-August study period. The five fish that were detected as possible residuals were 

detected at different times and at different stations (Table 20). The average river level during the 

day(s) that fish were detected at a station was used to calculate the corresponding pmr*_i ,RL and its 

95% confidence limits. These were used to predict the number of fish that actually passed station 

i based on the number detected there (di ,tag); the sum of these extrapolated numbers gave a group-

specific estimate of the number of tagged fish residualising in the Cheakamus River (DChk; Eq. 3). 

The resulting estimated residualisation rates were 0.02 (95% c.l., 0.01-0.04) for wild fish and 

0.09 (0.05-0.20) for hatchery-reared fish in 2008. The confidence limits around these estimates 

are a direct inversion of the confidence limits around pmr*_i ,RL, and therefore incorporate multiple 

sources of error associated with test tag passes and estimated pmr during the steelhead migration.  

 

 

DISCUSSION 

 

 In this study, we tested our two main hypotheses and found: (1) survival of hatchery-

reared smolts from wild Cheakamus River steelhead broodstock was lower overall than survival 

of wild smolts during the downstream and early ocean migration; and (2) there was some 

indication that residualisation rate was higher for hatchery-reared 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 hatchery-reared steelhead smolts 

 Despite similar broodstock origins, survival during the smolt migration was clearly 

higher for wild smolts than for hatchery-reared steelhead. This difference was consistent in both 

the 2008-only analysis, when rearing histories were compared in the same year, and in the all-

years analysis, which provided generality through incorporation of wild-only or hatchery-only 

studies in previous years. It was also consistent across different assumptions of mark-recapture 

model structures. It is important to note that estimated survival rates in each segment and overall 

(cumulative) survivorship since release are actually estimates of óapparent survivalô, which 

assumes that no residualisation occurs (i.e., 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 wild and hatchery-reared fish appears to be robust to the rates of residualisation that 

were estimated to be <10%.  

 The most likely explanation for the lower observed survival of hatchery-reared fish is 

their lack of substantial exposure to natural selection pressures prior to release from a hatchery. 

Populations are comprised of a wide range of individuals with differing traits as early as the egg 

stage, some of which may affect survival. Most wild fish smolt after a year and a half, although 

some migrate at age 2.5 or even 3.5. During this period between emergence and smoltification, 

the wild population was subjected to predation pressures and environmental stressors that likely 

resulted in a smaller, ómore-fitô subset of the population remaining at the time of tagging and 

release. In contrast, hatchery-reared fish were not exposed to such pressures, so a greater 

proportion of óless-fitô individuals were likely tagged compared to the wild population. The 

greater initial mortality component in the first migration segment following release was greater 

in hatchery-reared fish, supporting the assertion that the óless-fitô individuals would be more 

likely to die soon after release.  

The first segment of the migration of each release group contained variable numbers of 

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 high (Fig. 15). In segments following the first, there 

was slight evidence of bull trout density affecting steelhead survival rate (Fig. 16), but the spatial 

resolution of acoustic receiver stations was not fine enough to assess this possible factor in detail, 

even in 2008. Other predators including merganser ducks have been known to feed on 

outmigrating salmonid smolts , and are commonly observed on the Cheakamus River. They may 

have taken advantage of ónaµveô hatchery smolts soon after release. Higher avian predation rates 

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). In the remainder of the migration segments, the difference in mortality 

between wild and hatchery-reared steelhead was less compared to this initial mortality difference 

(Figs. 18-19). 

Survival differences occurred despite hatchery-reared smolts generally being larger than 

wild smolts (Table 3). Size-dependent 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, Ward and Slaney 1988), perhaps due to improved predator 

avoidance capacity and/or energy stores. It has been observed less commonly during the short 

window of the smolt migration (but see Dieperink et al. 2001). Since we also observed positive 

size-dependent mortality during the first few weeks of the smolt migration, if we were to 

standardise survival to a common body length (Fig. 17) and compute the product of these 

segment-specific predicted survival probabilities, the resulting survivorship difference between 

wild and hatchery-reared fish would be even greater. The interaction effect of HW and fork 

length in sub-model (distChk+distSqm+distsw+HW*FL+Mi,H+M i,W) of the all-years analysis was 

weak (Table 16; Fig. 17), but nonetheless suggestive that the effect of fork length on survival 

was stronger for hatchery fish than wild fish. That is, in both groups larger body sizes were 

associated with increased survival, but an increase of 1 mm in length resulted in a greater 

increase in survival of hatchery fish than it did for wild fish (Fig. 17). Size dependency in 

survival due to predation may have already occurred in wild smolts in fry or pre-smolt stages 

prior to the time of capture, so may be weaker post-release. The stronger size-dependence in 

mortality of hatchery fish seems reasonable considering initial mortality after release was higher 

in hatchery fish; some degree of size-dependency 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 size-dependent mortality to occur in hatchery smolts 

since there had been less opportunity for the smaller hatchery individuals to be óweeded outô 

prior to release. 

Difference in release date does not appear to be a likely explanation for survival 

differences. In the 2008 comparison, the early wild and two early hatchery groups were all 

released around the same time; in the all-years 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 analysis (Table 11) and the all-years analysis (Table 16), but it was in opposite 

directions. Later release dates were associated with greater survival in the 2008 analysis (once 

other factors of HW and M i were already accounted for), but with decreased survival in the all-

years analysis (once other factors of distance, HW, FL and Mi were 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 the two analyses (i.e., confounding with other factors), or else 

could be a spurious result for the 2008 year. The all-years analysis provides greater generality, so 

the observed negative correlation is more likely to be the case than the positive correlation under 

the 2008-only analysis. The negative correlation between release date and survival confirms 

results found in other studies (Bilton et al. 1982) and supports hypotheses relating to shifting 

advantages of earlier migrants in the face of climate change (Beamish et al. 2008). If 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 this appears unlikely, as their survival rates were comparable to smolts from 

FVTH that were transported by truck and released (Fig. 18). Wild fish were caught during their 

migration and held for up to a week prior to tagging; this interruption to the migration could have 

equally been physiologically stressful. The data suggest that the overall wild vs. hatchery-rearing 

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

 

Distance-based survival models 

 Some  sub-models were based on  being independent in different segments (and years), 

and others were distance-based, in which segments were related to one another through the 
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distance covariate on . In these distance-based models, the interest is not particularly in whether 

increased migration distance results in decreased probability of survival ï indeed, that is perhaps 

obvious (although not so obvious that the relationship between distance and  differs across 

habitats). The issue, rather, is to consider which mark-recapture model structure, segment-

independent or distance-based, is more suitable as a framework on which to build other related 

models of interest involving potential effects on  such as body size, release date, or initial 

mortality. Segment-independent models involve more parameters and consequently allow more 

flexibility in fitting detection data. Distance-based models are constrained to the assumption that 

logit( ) is proportional to segment distance, but estimated precision under this framework is 

typically greater than in segment-independent models. Model selection criteria like AIC can 

assist in arbitrating between these trade-offs to achieve greater parsimony. 

In the all-years analysis, distance-based models had considerably more support than 

independent segment-based models (Table 16.) This is the reverse of what we found in the 2008 

analysis (Table 11), 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 

corresponding, heavily-constrained distance-based models (Table 11). With multiple years, we 

assumed that the relationship between segment distance and segment survival was consistent 

across all years. The distance-based models are no more constrained in the all-years analysis than 

in the single-year 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 consistent effects of distance on survival across years seems 

reasonable. There is little reason to expect, all other factors being equal, that the slope of survival 

over some particular distance should differ among years. Indeed, the additive óyearô effect was 

weak when incorporated into distance-based models, suggesting that other factors on survival 

(distance, HW, FL, and Mi) were more important in accounting for variation in survival among 

release groups in different years that was the effect of óyearô per se.  

The distance-based models that allowed for separate relationships of segment distance 

and  among the three habitats (Cheakamus River, Squamish River, ocean) were better supported 

in the all-years analysis than models assuming a common effect of distance on  across these 

habitats (Table 16). 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 could reflect differential predation pressures among 

habitats. The Cheakamus River above the confluence with the Cheekeye River generally exhibits 

relatively low turbidity during the smolt migration, and smolts may be highly susceptible to 

visual predators, either fish or birds. The Squamish River in compararison has a higher turbidity, 

perhaps reducing predation risk. In the ocean, predator densities may be lower, and smolts could 

travel at different depths (Beamish et al. 2000) to reduce exposure to possible predators, unlike 

in the two rivers where depth refugia are less likely to exist. Aside from physical characteristics 

of these three habitats, all releases occurred in the Cheakamus River. The initial period after 

tagging and release is likely associated with higher mortality over several segments due to new 

predation pressures (for hatchery fish) and/or adjusting to swimming with an implanted tag (both 

wild and hatchery fish) regardless of where fish are released. This óneutralô hypothesis could 

therefore also explain why per-distance mortality was higher in the Cheakamus River than the 

other two habitats. 

The assumptions of mark-recapture models for survival outlined earlier could have 

resulted in biases in parameter estimates if they were violated. The possibility of tag-related 

mortality or tag shedding exists. In hatchery tank studies, mortality and shedding rates are 

typically low, around <5-10 % for the size range of fish and tag sizes used in this study (e.g., 

Welch et al. 2007). Even if the tag-related mortality was higher in migrating smolts than in tank 

studies, as long as the effect was similar for wild and hatchery-reared fish, the conclusion of 

survival differences among them remains robust. Tag failure may have occurred for one late-

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 HS_out, NSOG, and QCS lines between July 22-24. 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 year appeared to cross ocean lines after or around 

the time of tag expiry. 

We now turn to the assumption (in the following section) that fish did not cease their 

migration prior to encountering any receivers, or between any stationary river stations, where 

they would not be detected. In a mark-recapture framework, if fish are not detected at a station 

during their migration but p at the station is reasonably high (as estimated from other fish 
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detected at and after that station), the most likely explanation under the assumption of no 

residualisation is that fish died prior to arriving at the station. Mark-recapture  estimates are 

thus óapparent survivalô, which are essentially joint probabilities of migration and survival to the 

station. If some fish from a release group residualised in freshwater, survivorship (Figs. 13-15, 

18-20, Tables 12 and 17) would be underestimated for the group.  

 

Potential for higher rates of residualisation in hatchery-reared smolts 

 The method developed in this study of using test tag passes as an intermediate step for 

predicting mark-recapture-like detection probabilities (during times when pmr cannot be 

estimated) allowed us to estimate residualisation rates of tagged fish. It seems reasonable that 

ptest can serve as an index of pmr: test tag pass indices are on the 0-1 scale, like pmr; ptest and pmr 

both varied inversely with river level, independently; and test tags were similar in acoustic power 

to steelhead tags. Values of ptest for the [%Det (per-pass)] index tended to be lower than pmr 

estimates (Figs. 21a, 23a) despite test tag transmissions being more frequent than steelhead tags. 

This does not present a problem since the second regression (Eq. 2) allowed an intercept to be 

estimated, but is interesting biologically as it might be explained by fish behaviour. Test tags 

drifted downstream at the speed of river flow. Since pmr tended to be greater, this implies fish 

may have travelled more slowly past receivers, or travelled in short distance increments, 

temporarily stopping often enough that they would be likely to stop within range of a receiver 

station where detection would be more likely than if travelling at the speed of the water. Diurnal 

timing arguments seem unlikely to be an explanation for the pmr > ptest difference. Wild steelhead 

smolts were observed travelling past river stations more frequently during night time hours 

(Melnychuk et al. 2007) while test tag passes were conducted in daylight. River level and 

discharge tended to be higher at night (following the dayôs snowmelt from the upper watershed), 

so lower p would be expected at night than during the day.  

 The largest difference of pmr > ptest was observed at Chk_6 (Fig. 21). As a result, the 

largest discrepancy among the index-predicted pmr*  and steelhead-estimated pmr was for Chk_6 

under index [P/A (per-pass)], where steelhead-estimated pmr fell outside the 95% confidence 

limits of pmr*  at low river levels (Fig. 24b). This is a result of steelhead-estimated pmr being 

higher in general than test tag passes would predict, constrained to be consistent across stations 
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(Fig. 21b; these are the outliers in Fig. 23b). 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 of time 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 the typical relationship 

between pmr*  and steelhead-estimated pmr at other stations (Fig. 23b).  

Detection data supporting potential evidence of residualisation behaviour were very few: 

only one wild fish and four hatchery-reared fish were detected either upstream of the release site 

or anywhere in the Cheakamus River >4 weeks after release (Table 19). The estimated 

residualisation rates of 2% and 9%, respectively, are therefore very sensitive to this small 

number of ósuspectedô residualised steelhead. The confidence limits around these estimates, 

despite being conservative by accounting for multiple sources of error independently, may not 

provide adequate coverage. We illustrate this with two examples, the first involving the 

possibility of not detecting residualised fish, and the second involving the possibility that 

ósuspectedô residuals might not actually be live, residualised steelhead smolts.  

(i)    As there was only a single wild ósuspectedô residual, the estimated rate for wild fish 

would approximately double if a single other wild residual had been detected. This doubled 

rate would be very close to the current upper confidence limit of 4%. (Conversely, the 

estimated rate would be zero if we had not detected this fish.) 

(ii)  One ósuspectedô residual, the FVTH_RG1 tag detected at Chk_1 beginning June 17 

(when the receiver was relocated to this position; Table 19) displayed consistent diurnal 

movements. For several days during the period from June 17-27, the tag was detected several 

hundred times during night time hours, but not at all during daylight hours. As river levels 

were typically greater during night time hours than daylight hours, this suggests one of two 

possibilities: (a) the tag was on a river bank or bar, and submerged during night time hours 

but exposed to the air during daylight hours (when it would not be detected). This seems 

unlikely, however, since detections trailed off in early July when river levels 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 either cases (a) or (b, predator) were true, then one of the four ósuspectedô steelhead 

residuals would not actually be a live, residualised smolt. The estimated hatchery 

residualisation rate would in this case be 0.04 (95% c.l., 0.03-0.07), a considerable change 

from the case where this tag is assumed to be a residualised smolt, and outside this current 

lower 95% confidence limit (Table 20).  

Other studies have also found that estimates of residualisation rate were possibly inaccurate 

when based on a small number of recaptures estimates (Cannamela 1993, Viola and Schuck 

1991). In this estimation method we assumed that residualising fish pass exactly one Cheakamus 

River receiver station during the period from release to mid-August, so that fish are not counted 

on multiple receivers and any fish that do residualise have the opportunity to be detected at a 

station. No ósuspectedô residual fish was detected at more than one station, although the detection 

by mobile tracking allowed us to identify one fish that was not detected at a receiver station, and 

we incorporated this into the analysis.  

Despite residualisation rate estimates being relatively imprecise and sensitive to the small 

number of ósuspectedô residuals, 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 passes. Whether or not our estimates of residualisation rate are accurate largely depend 

on the scale of movement that would be associated with residualisation. If the possibility of 

residualisation is associated with in-river movement of several kilometres by smolts (as it was in 

the Keogh River; Walters 2005, Werlen 2003), then it is unlikely that many other tagged smolts 

would have residualised in the Cheakamus River and not been detected during this period. If the 

possibility of residualisation is associated with shorter distances of in-river movement or more 

localised habitat use, then we cannot exclude the possibility that additional fish 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 biased low. Of the five ósuspectedô 

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 two ósuspectedô residuals passed either the immediate upstream or immediate downstream 

station after release without being detected. They were later detected at a different station or with 

mobile tracking, so may have travelled longer actual distances. While we accept the possibility 

of biased residualisation rates, our estimate of 9% for hatchery-reared smolts is well within the 
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range of those estimated for hatchery-reared steelhead in other systems (Fig.1), which averaged 

about 6%. We were not able to find any published estimates of residualisation rate in wild 

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 fish more so than for wild fish, as residualisation and mortality were 

not distinguished in the mark-recapture analysis. Part of the initial decline in apparent 

survivorship after release of hatchery fish is likely explained by residualisation. Since few of the 

ósuspectedô residual fish were 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 explains why the extra initial mortality parameter for hatchery-

reared smolts was greater than that for wild smolts although it is noted that some residualised 

fish may subsequently migrate in future smolt years (McCubbing and Ward 2007). Given the 

large estimated survivorship differences and the smaller residualisation differences between wild 

and hatchery-reared fish, however, there still appear to be considerable survival differences 

among them even after accounting for differences in residualisation rate.  

 

Management interest might not be in residualisation rate per se, but rather the combined 

rates of residualisation and mortality, since both possibilities would result in fewer adult 

steelhead returning from the ocean as adults. Both factors are implicit in the estimates of 

óapparent survivalô presented here. Fish may not leave freshwater (due to residualisation) or the 

Strait of Georgia system (due to mortality), but as a result may not contribute to the adult 

population returning from the ocean. (They may still contribute to the adult spawning population 

after freshwater 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.C.). The proportion of hatchery-reared steelhead smolts 

surviving to successive stations during the migration was in general much lower than that of wild 

smolts (Table 17), regardless of whether the assumed mark-recapture model had the most 

parsimonious fit to the data (Fig. 18) or the best fit without regard for pitfalls of over-

parameterisation (Fig. 20). The greatest differences in survival between wild and hatchery-reared 

fish occurred soon after release, during the downstream migration phase. Similar results have 
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been postulated for juvenile Chinook salmon hatchery releases in the Squamish drainage (DFO 

data on file), resulting in ocean-based releases to improve survival. In this study survival 

differences were much less during the early ocean segments. It is therefore reasonable to assume 

that, despite the large early differences in survival, during the remainder of ocean life after 

leaving Queen Charlotte Strait, survival may be reasonably similar for the subset of wild and 

hatchery-reared smolts that survived to the outer QCS line. 
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Table 1. Papers and reports considered in the meta-analysis of steelhead smolt residualisation rates.  

Paper Sampling method a n b  Broodstock c Focus d 

Partridge 1986 MR; A 3  Effect of smolt size on residualisation rates 

Viola and Schuck 1991 MR; A 6  Techniques to reduce steelhead residualisation  

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 residualisation 

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 residualisation 

Ostrand 2008 MP; P 5  Competition and predation on wild salmonids 

a Sampling method abbreviations are: MR ï mark-recapture estimator; MP ï multiple-pass estimator; A ï angling; E ï electrofishing; 

P ï PIT tag detector; N/A ï only index values of residualisation rate were presented.  

b n is the number of separate hatchery release groups with an individual residualisation estimate (multiple years and/or multiple release 

groups within a year).  

c Broodstock characterises whether a paper had residualisation rate estimates for both endemic and hatchery broodstock steelhead 

releases.  

d 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 origin, from steelhead smolts in other watersheds. a 

 

Fixed effect Estimate S.E. df p-value 

Intercept 14.1 4.1 19 0.003 

%H -13.0 5.9 5 0.080 

 
a 12 paired releases from four locations were included in the analysis. These were: Yakima River 

(Pearsons et al. 1996); Kalama River (Sharpe et al. 2007); Touchet River and Tucannon River 

(Lyons Ferry Complex hatchery evaluation study, consisting of Bumgarner et al. 2003, 2004, and 

2006, and Bumgarner and Dedloff 2007). 
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Table 3. Release groups of Cheakamus River steelhead smolts tagged in 2007 and 2008. Size criteria include fork length (FL) and 

condition factor (K). 

 

Rearing 

history 

Release 

Group 

Release 

Date 

Surgery 

Date 
Release location 

Mean FL 

(mm) 

[SD] 

Range 

FL 

(mm) 

Mean 

weight 

(g) [SD] 

Range 

weight 

(g) 

Mean 

K 

[SD] 

Range 

K 
Number 

released 

2007            

H (TCH) 1 06-May 27-Apr 
Tenderfoot 

Hatchery 

186.4 

[9.6] 

172-

206 
- - - 

 

19 

H (FVTH) 1 23-May 15-May 
Below Cheekeye R. 

confluence 

182.6 

[11.6] 

163-

210 
- - - 

 

81 

2008            

W 1 06-May 04-May 
NVOS side 

channels 

177.6 

[12.7] 

149-

209 

56.6 

[11.1] 

34.9-

86.2 

1.00 

[0.09] 

0.84-

1.27 
72 

W 2 12-May 10-May 
NVOS side 

channels 

178.8 

[9.5] 

158-

203 

59.1 

[9.1] 

41.0-

76.9 

1.03 

[0.06] 

0.92-

1.17 
28 

H (TCH) 1 05-May 14-Apr 
Tenderfoot 

Hatchery 

176.7 

[8.7] 

158-

192 

59.7 

[8.3] 

41.8-

74.0 

1.08 

[0.05] 

0.93-

1.17 
40 

H (FVTH) 1 08-May 15-Apr 
Upstream of 

Culliton Cr. 

183.7 

[13.6] 

155-

206 

74.4 

[16.4] 

42.2-

108.7 

1.18 

[0.05] 

1.08-

1.33 
40 

H (FVTH) 2 22-May 15-Apr 
NVOS Gorbuscha 

channel 

188.4 

[10.0] 

167-

205 

79.3 

[12.0] 

53.2-

101.1 

1.18 

[0.06] 

1.10-

1.34 
18 
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Table 4. Date and number of test tag passes conducted in 2008 at each receiver station in the 

Cheakamus River. Swim passes are boldfaced and passes by raft are italicised. 

 

Date Chk1 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 

Jun-04 - 1 1 1 1 1 1 

Jun-06 - 1 1 1 1 1 1 

Jun-09 - - 10 10 - - - 

Jun-10 - - - - - 5 - 

Jun-11 5 - - - 5 - - 

Jun-12 - 5 - - - - 5 

Jun-17 5 - - - - - - 

Jul-03 - 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 passes at Cheakamus River receiver 

stations in 2008. The number of values for which the index could be calculated across all stations 

is indicated by n. 

 

 Index Description n 

Presence or absence of any detections 

 
P/A 

(per-tag) 

Boolean value, equals 1 if the tag was detected at least once, and 0 

otherwise 
248 

 
P/A 

(per-pass) 

Boolean value, equals 1 if either tag was detected at least once, and 0 

otherwise 
131 

 
P/A 

(per-set) 
Average of the P/A (per-pass) index values  52 

Proportion of transmissions detected 

 
%Det 

(per-tag) 

Proportion of signals transmitted by a given tag between time-in and 

time-out that were detected 
248 

 
%Det 

(per-pass) 

Proportion of signals transmitted by both tags between time-in and 

time-out that were detected  
131 

 
%Det 

(per-set) 
Average of the %Det (per-pass) index values  52 

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

 
%Time 

(per-tag) 

Time between the first and last detection of a given tag as a 

proportion of the time between time-in and time-out 
101 

 
%Time 

(per-pass) 

Time between the first and last detection of either tag as a proportion 

of the time between time-in and time-out 
66 

 
%Time 

(per-set) 
Average of the %Time (per-pass) index values  16 

Receiver meta-data during a set of passes 

 Det:Sync 
Number of tag detections divided by the number of syncs during the 

period of the set of passes  
15 

 Det:Pulse 
Number of tag detections divided by the number of (pulses/8) during 

the period of the set of passes  
19 
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Table 6. History of receiver positioning problems for Cheakamus River stations in 2007 and 

2008.  

 

Receiver 

station 

Date last 

checked 

when 

OK 

Date 

found with 

problem 

Problem description 

Date of last 

detection 

during 

problem period 

2007     

Chk_2(A) April 30  June 14 
Receiver detached from base, laying on 

river bottom 

No fish 

detections 

Chk_5(A) April 27 June 14 
Receiver detached from base, laying on 

river bottom 
May 24 

Chk_5(B) April 27 June 14 
Receiver detached from base, laying on 

river bottom 
May 23 

Chk_6(A) April 30 June 14 
Receiver detached from base, laying on 

river bottom 
May 28 

Chk_6(B) April 27 June 14 
Receiver detached from base, laying on 

river bottom 
May 23 

2008     

Chk_5(A) May 8 May 15 
Receiver detached from base, freely 

suspended in flow 
May 15 

Chk_3 May 14 June 9 

Flow pushed receiver out of position into 

a deeper region near the shore, still 

upright 

June 6 

Chk_2 May 13 June 12 Receiver tipped over and buried in gravel May 13 

Chk_3 June 9 Aug. 14 
Flow once again pushed receiver into 

deeper region near shore, still upright. 

Aug. 6  

(test tag) 

Chk_1 June 17 Aug. 14 
Receiver detached from base, laying on 

river bottom. 
July 1 

Chk_5(B) June 11 Aug. 14 
Receiver detached from base, laying on 

river bottom. 

Aug. 14  

(test tag) 
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Table 7. Number (and percent) of tagged steelhead smolts detected at receiver stations during the 2008 smolt migration. 
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H
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H
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J
D

F 

Q
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S
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 J
D

F 

W 1 72 
   

66     

(92) 

62     

(86) 

9     

(13) 

49     

(68) 

48     

(67) 

42     

(58) 

46     

(64) 

38     

(53) 

26     

(36) 

10     

(14) 

2     

(3) 

12     

(17) 

W 2 28 
   

14     

(50) 

16     

(57) 

0     

(0) 

9     

(32) 

9     

(32) 

11     

(39) 

16     

(57) 

14     

(50) 

10     

(36) 

6     

(21) 

4     

(14) 

10     

(35) 

TCH 1 40     
25     

(63) 

16     

(40) 

14     

(35) 

1     

(3) 

12     

(30) 

13     

(33) 

13     

(33) 

12     

(30) 

11     

(28) 

7     

(18) 

1     

(3) 

0     

(0) 

1     

(3) 

FVTH 1 40 
22     

(55) 

13     

(33) 

18     

(45) 

13     

(33) 

5     

(13) 

0     

(0) 

9     

(23) 

12     

(30) 

12     

(30) 

5     

(13) 

4     

(10) 

3     

(8) 

1     

(3) 

0     

(0) 

1     

(3) 

FVTH 2 18 
   

0     

(0) 

1     

(6) 

2     

(11) 

5     

(28) 

2     

(11) 

5     

(28) 

4     

(22) 

5     

(28) 

5     

(28) 

2     

(11) 

0     

(0) 

2     

(11) 
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Table 8. Model selection results and indicator of over-parameterisation for detection probability 

(p) sub-models in 2008 study.a 

 

Model k -2·ln(L) QAICc æQAICc 

# p parameters 

estimated at 

boundaries 

(seg*G), p(s*G) 115 1493.0 1429.1 0.0 7 

(seg*G), p(s+levChk)
 b 75 1625.1 1433.5 4.5 0 

(seg*G), p(s+flowChk)
 b 75 1627.0 1435.0 5.9 0 

(seg*G), p(s) b 74 1659.0 1457.7 28.6 0 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for p are 

compared while the fully time- ("seg") and group-varying CJS sub-model for  is held constant, 

(seg*G). The final station p is fixed for all groups and models at 0.904.  
 

b Models contain group-specific p 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 results for survival probability ( ) sub-models in 2008 study, focusing 

on rearing history and release group effects.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg+HW+Mi,H+M i,W), p(s+levChk) 31 1669.1 1369.2 0.0 

(seg+HW), p(s+levChk) 29 1676.6 1370.8 1.6 

(seg+G+Mi,H+M i,W), p(s+levChk) 34 1665.3 1372.6 3.4 

(seg+HW+stock+Mi,H+Mi,W), p(s+levChk) 33 1669.1 1373.4 4.2 

(seg+Mi,H+Mi,W), p(s+levChk) 30 1677.4 1373.5 4.3 

(seg+HW+stock), p(s+levChk) 31 1676.5 1374.9 5.8 

(seg+G), p(s+levChk) 32 1675.6 1376.3 7.2 

(seg), p(s+levChk) 28 1690.5 1379.5 10.3 

(seg*HW+M i,H), p(s+levChk) 40 1660.9 1382.2 13.0 

(seg*HW), p(s+levChk) 39 1668.2 1385.7 16.6 

(seg*HW*stock), p(s+levChk) 64 1653.2 1429.9 60.7 

(seg*HW*stock+M i,H), p(s+levChk) 65 1652.1 1431.3 62.1 

(seg*G), p(s+levChk) 75 1625.1 1433.5 64.4 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s+levChk), in which group-specific p 

parameters for the NSOG station are included for any groups that showed split-route migration 

patterns beyond Howe Sound. The final station p is fixed for all groups at 0.904. 
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Table 10. Model selection results for survival probability ( ) sub-models in 2008 study, focusing 

on body size effects.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg+HW+Mi,H+M i,W), p(s+levChk) 31 1669.1 1369.2 0.0 

(seg+HW+Mi,H+M i,W+FL), p(s+levChk) 32 1666.9 1369.6 0.4 

(seg+HW+Mi,H+M i,W+K), p(s+levChk) 32 1669.1 1371.3 2.1 

(seg+HW+Mi,H+M i,W+FL+K), p(s+levChk) 33 1666.8 1371.6 2.4 

(seg+Mi,H+Mi,W+K), p(s+levChk) 31 1676.0 1374.6 5.4 

(seg+Mi,H+Mi,W+FL), p(s+levChk) 31 1676.3 1374.8 5.6 

(seg+Mi,H+Mi,W+FL+K), p(s+levChk) 32 1675.1 1375.9 6.8 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s+levChk), in which group-specific p 

parameters for the NSOG station are included for any groups that showed split-route migration 

patterns beyond Howe Sound. The final station p is fixed for all groups at 0.904. 
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Table 11. Model selection results for survival probability ( ) sub-models in 2008 study, focusing 

on effects of migration distance, predator abundance, and release date.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg+HW+Mi,H+M i,W+RDate) 32 1666.2 1369.0 0.0 

(seg+HW+Mi,H+M i,W) 31 1669.1 1369.2 0.1 

(seg+HW+Mi,H+M i,W+FL) 32 1666.9 1369.6 0.5 

(seg+HW+Mi,H+M i,W+RDate+FL) 33 1664.7 1370.0 0.9 

(dist+HW+Mi,H+M i,W) 20 1709.9 1377.8 8.7 

(dist+HW+Mi,H+M i,W+FL) 21 1708.2 1378.6 9.5 

(dist+HW+Mi,H+M i,W+RDate) 21 1708.5 1378.8 9.8 

(dist+HW+Mi,H+M i,W+BTRaw) 21 1709.1 1379.3 10.2 

(dist+HW+Mi,H+M i,W+BTLow) 21 1709.1 1379.3 10.2 

(dist+HW+Mi,H+M i,W+RDate+FL) 22 1707.3 1380.0 10.9 

(dist+HW+Mi,H+M i,W+BTRaw+FL)  22 1707.4 1380.0 11.0 

(dist+HW+Mi,H+M i,W+BTLow+FL) 22 1707.5 1380.1 11.1 

(distChk+distSqm+distsw+HW+Mi,H+M i,W) 22 1708.0 1380.5 11.5 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+FL) 23 1706.1 1381.1 12.1 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+RDate) 23 1706.6 1381.5 12.5 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+RDate+FL) 24 1705.2 1382.5 13.5 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+BTLow) 23 1707.9 1382.5 13.5 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+BTRaw) 23 1707.9 1382.6 13.5 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+BTLow+FL) 24 1706.0 1383.1 14.1 

(distChk+distSqm+distsw+HW+Mi,H+M i,W+BTRaw+FL) 24 1706.0 1383.2 14.1 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s+levChk) (not listed, for clarity), in 

which group-specific p parameters for the NSOG station are included for any groups that 

showed split-route migration patterns beyond Howe Sound. The final station p 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 group Survivorship (S.E.) 

  to Sqm_H to HS_out to QCS/JDF 

(seg+HW+Mi,H+M i,W+RDate+FL), p(s+levChk) 

 W_RG1 0.761  (0.046) 0.596  (0.057) 0.224  (0.076) 

 W_RG 2 0.804  (0.046) 0.661  (0.063) 0.289  (0.076) 

 TCH 0.378  (0.068) 0.218  (0.057) 0.039  (0.057) 

 FVTH_RG1 0.292  (0.064) 0.177  (0.064) 0.035  (0.064) 

 FVTH_RG2 0.438  (0.120) 0.321  (0.110) 0.101  (0.108) 

(dist+HW+Mi,H+M i,W+RDate+FL) , p(s+levChk) 

 W_RG1 0.698  (0.046) 0.617  (0.054) 0.240  (0.056) 

 W_RG 2 0.725  (0.048) 0.649  (0.057) 0.273  (0.062) 

 TCH 0.307  (0.054) 0.229  (0.051) 0.039  (0.051) 

 FVTH_RG1 0.252  (0.046) 0.191  (0.046) 0.035  (0.046) 

 FVTH_RG2 0.452  (0.109) 0.364  (0.112) 0.087  (0.103) 

(seg*G), p(s*G) 

 W_RG1 0.768  (0.057) 0.595  (0.068) 0.184  (0.123) 

 W_RG 2 0.646  (0.103) 0.571  (0.106) 0.395  (0.106) 

 TCH 0.427  (0.089) 0.300  (0.082) 0.028  (0.082) 

 FVTH_RG1 0.325  (0.098) 0.150  (0.098) 0.028  (0.098) 

 FVTH_RG2 0.393  (0.131) 0.336  (0.127) 0.123  (0.127) 
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Table 13. Model selection results for detection probability (p) sub-models in all-years study.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg:year:G), p(s:year+levChk+levSqm)
 b 149 2794.3 2512.2 0.0 

(seg:year:G), p(s:year:G) 201 2636.8 2519.0 6.8 

(seg:year:G), p(s:year+levChk)
 b 148 2816.3 2527.0 14.8 

(seg:year:G), p(s:year) b 147 2867.8 2564.8 52.6 

   

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for p are 

compared while the fully time- ("seg") and group-varying CJS sub-model for  (without main 

effects) is held constant, (seg:G). The final station p is fixed for all groups and models 

according to year-specific predictions ranging from 0.855 to 0.923.  
 

b Models contain group-specific p 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 detections at outer lines).  
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Table 14. Model selection results for survival probability ( ) sub-models in all-years study, 

focusing on rearing history effects.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg:year+HW+Mi,H+Mi,W) 87 2861.5 2421.0 0.0 

(seg:year+HW+stock+Mi,H+Mi,W) 89 2860.0 2424.3 3.3 

(seg:year+Mi,H+Mi,W) 86 2870.1 2425.4 4.5 

(seg:year+HW) 85 2873.7 2426.1 5.1 

(seg:year+HW+stock) 87 2869.5 2427.2 6.2 

(seg:year) 84 2887.2 2434.4 13.4 

(seg:year:G) 149 2794.3 2512.2 91.2 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s:year+levChk+levSqm) (not shown for 

clarity), in which four group-specific p parameters for the NSOG station are included for 

groups that showed split-route migration patterns beyond Howe Sound. The final station p is 

fixed for all groups according to year-specific predictions ranging from 0.855 to 0.923.  

 



78 

Table 15. Model selection results for survival probability ( ) sub-models in all-years study, 

focusing on body size and release date effects.a 

 

Model k -2·ln(L) QAICc æQAICc 

(seg:year+HW+FL+Mi,H+Mi,W) 88 2849.7 2414.0 0.0 

(seg:year+HW+RDate+FL+M i,H+Mi,W) 89 2849.5 2416.0 2.0 

(seg:year+FL+Mi,H+M i,W) 87 2860.5 2420.2 6.2 

(seg:year+HW+Mi,H+Mi,W) 87 2861.5 2421.0 7.0 

(seg:year+RDate+FL+Mi,H+M i,W) 88 2859.8 2421.9 7.9 

(seg:year+HW+RDate+Mi,H+M i,W) 88 2861.4 2423.1 9.1 

(seg:year+RDate+M i,H+Mi,W) 87 2869.6 2427.3 13.3 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s:year+levChk+levSqm) (not shown for 

clarity), in which four group-specific p parameters for the NSOG station are included for 

groups that showed split-route migration patterns beyond Howe Sound. The final station p is 

fixed for all groups according to year-specific predictions ranging from 0.855 to 0.923.  
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Table 16. Model selection results for survival probability ( ) sub-models in all-years study, 

focusing on migration distance and its nested effects of year and release date.a 

 

Model k -2·ln(L) QAICc æQAICc 

(distChk+distSqm+distsw+HW+FL+M i,H+Mi,W) 51 2930.7 2396.7 0.0 

(distChk+distSqm+distsw+HW+FL+RD+M i,H+Mi,W)  52 2928.2 2396.9 0.2 

(distChk+distSqm+distsw+HW*FL+Mi,H+Mi,W) 52 2930.1 2398.3 1.6 

(dist+HW+FL+RD+M i,H+Mi,W) 50 2936.7 2399.3 2.6 

(dist+HW+FL+M i,H+Mi,W)  49 2941.8 2401.1 4.4 

(distChk+distSqm+distsw+HW+FL+year+Mi,H+M i,W)  54 2929.8 2402.4 5.7 

(dist+HW*FL+Mi,H+Mi,W)  50 2941.3 2402.8 6.2 

(dist+HW+FL+year+Mi,H+Mi,W) 52 2940.3 2406.4 9.7 

(seg:year+HW+FL+Mi,H+Mi,W)                     88 2849.7 2414.0 17.3 

(seg:year+HW*FL+Mi,H+M i,W)                       89 2849.1 2415.8 19.1 

 

a  Quantities shown are number of parameters (k), log-likelihoods, and QAICc values (adjusted 

for small sample sizes and extra-binomial variation with cĔ=1.279). Sub-models for  are 

compared while the sub-model for p is held constant at p(s:year+levChk+levSqm) (not shown for 

clarity), in which four group-specific p parameters for the NSOG station are included for 

groups that showed split-route migration patterns beyond Howe Sound. The final station p is 

fixed for all groups according to year-specific predictions ranging from 0.855 to 0.923.  
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Table 17. Estimated survivorship from release to three detection points during the steelhead smolt 

migration, under two different model assumptions in the all-years study. 

Model Release group Survivorship (S.E.) 

  

to Sqm_H or 

lowest Squamish 

River station 

to HS_out to QCS/JDF 

(distChk+distSqm+distsw+HW+FL+RD+M i,H+Mi,W), p(s:year+levChk+levSqm) 

 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  (0.034) 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  (0.014) 

 FVTH_RG1 2008 0.233  (0.046) 0.192  (0.046) 0.037  (0.046) 

 FVTH_RG2 2008 0.279  (0.052) 0.219  (0.050) 0.032  (0.041) 

(seg:year:G), p(seg:year:G) 

 W_RG1 2004 0.739  (0.077) 0.643  (0.084) 0.306  (0.090) 

 W_RG2 2004 *  0.778  (0.157) 0.778  (0.157) 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 0.325  (0.098) 0.150  (0.098) 0.027  (0.098) 

 FVTH_RG2 2008 *  0.393  (0.131) 0.336  (0.127) 0.120  (0.127) 

* Two wild release groups were over-parameterised 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 18. Regression results for detection probability indices fit to river level measurements (reg 

1), and for mark-recapture p estimates fit to detection indices (reg 2). Criteria for comparing 

indices include R2 values for regressions, slope (ɓ8) of reg 1, and intercept (ɓ9) and slope (ɓ10) of 

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

 

 Index n 
ɓ8 

reg 1 

R2 

reg 1 

ɓ9 

reg 2 

ɓ10 

reg 2 

R2 

reg 2 

Presence or absence of any detections 

 
P/A 

(per-tag) 
248 -6.39 0.36 0.38 0.44 0.77 

 
P/A 

(per-pass) 
131 -5.64 0.43 0.18 0.41 0.74 

 
P/A 

(per-set) 
52 -2.78 0.33 0.66 0.49 0.56 

Proportion of transmissions detected 

 
%Det 

(per-tag) 
248 -1.38 0.29 8.64 2.22 0.79 

 
%Det 

(per-pass) 
131 -1.78 0.37 5.63 1.57 0.78 

 
%Det 

(per-set) 
52 -1.07 0.31 6.65 1.79 0.60 

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

 
%Time 

(per-tag) 
101 * -2.36 0.11 4.81 1.02 0.74 

 
%Time 

(per-pass) 
66 * -2.71 0.28 2.08 0.45 0.30 

 
%Time 

(per-set) 
16 * -2.28 0.47 2.04 0.57 0.43 

Receiver meta-data 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 

Squamish River or ocean stations. 

 

Release 

Group 

Number 

released 

Number 

detected >4 

weeks after 

release 

Number 

detected 

upstream of 

release site 

Range of dates 

 detected 

Range of 

river level 

(m) 

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 2-5, 10-12, 14 1.05 ï 1.85 

FVTH_RG1 40 2 §,*  1 * 
June 6-Aug. 14; 

June 17-27, July 1  

0.93 ï 1.58; 

0.96 ï 1.84 

FVTH_RG2 18 1 0 July 28-29, Aug. 2-3 1.04 ï 1.08 

TCH 40 0 2 À 
May 9;  

July 3 

0.92;  

1.84 

Total 2008 198 3 §,*  3 *   

 

§ One of the FVTH RG1 fish was detected nearly continuously from June 6-Aug 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 criteria and is listed under both columns.  

 
À One 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 steelhead tags that 

were suggestive of possible residualisation behaviour were combined with detection probability estimates (pmr*_i ,RL) at the appropriate 

station and river level (RL) to predict the total number of tagged fish that residualised in the river. Estimates of pmr*_ i ,RL are based on 

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

 

Release group Station Detection date(s) Average 

RL during 

days 

detected 

Corresponding 

pmr*_i ,RL 

(95% c. l.) 

Extrapolated 

number of fish 

passing i  

(95% c. l.) 

Estimated 

residualisation rate 

(95% c. l.) 

W_RG2 Chk_5 July 2-5, 10-12, 14 1.40 0.47  (0.26 - 0.70) 2.14  (1.44 - 3.92)  

FVTH_RG1 Chk_1 June 17-27, July 1  1.11 0.22  (0.08 - 0.53) 4.55  (1.89 - 12.50)  

FVTH_RG2 Chk_6 § July 28-29, Aug. 2-3 1.06 0.58  (0.26 - 0.85) 1.73  (1.18 - 3.85)  

TCH Chk_3 May 8 0.92 0.85  (0.61 - 0.96) 1.18  (1.05 - 1.65)  

TCH mobile* July 3 1.84 *  0.83  (0.62 - 0.94) * 1.21  (1.06 - 1.61)   

       

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

Total hatchery    DChk_H = 8.66  (5.18 - 19.61) 0.09  (0.05 - 0.20) 

§ The fish passed Chk_5 undetected sometime between May 22-July 28. The average river level during this period was 1.29 m, and an 

extrapolated number calculated from this corresponding pmr*_i ,RL gives a similar result to that calculated for Chk_6 at 1.06 m.  

 

* Detection probabilities during mobile sampling raft trips were not estimated. The fish was detected 4 days after release at Chk_4, 

presumably moving downstream. Since the mobile detection location was upstream of Chk_4, this implies the fish moved upstream 

past Chk_4 sometime between May 9-July 3 without being detected. The average river level during this period was 1.35 m, so pmr*_i ,RL 

is calculated for Chk_4 at 1.35 m. 
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Figure 1. Residualisation rate estimates of hatchery-reared steelhead smolts from other watersheds. Estimates are grouped by 

watershed, with abbreviations for: Kg ï Keogh River (BC); Sl ï Salmon River (ID); Sk ï Snake River (ID). Light shaded bars 

represent studies that used a mark-recapture estimator, while dark shaded bars respresent studies that used a multiple-pass method, 

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 operated by the POST Project in Howe 

Sound (inset map) and the Strait of Georgia system from 2004-2008. 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 Strait (QCS) and Strait of Juan de Fuca (JDF). 
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