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Abstract 

On August 5
th

 2005, a train derailment resulted in a spill of sodium hydroxide into 

the Cheakamus River, resulting in the loss of approximately 90% of the juvenile 

steelhead population in the river at the time of the spill. This loss was predicted to result 

in substantially lower adult escapements in 2009 and 2010, and potentially lower 

escapements in subsequent generations. A two-year steelhead hatchery supplementation 

program was initiated in 2006 in efforts to mitigate the impact of the spill. Trends in 

steelhead escapement can be used to evaluate the extent of impact of the spill on adult 

steelhead returns and the efficacy of the hatchery supplementation program. Steelhead 

escapement to the Cheakamus River has been estimated since 1996 from annual periodic 

swim counts combined with information on diver detection probability and run-timing 

obtained from radio telemetry conducted in a subset of years. In 2009, based on 

additional funding provided by CN, this program was expanded to estimate the 

escapement and run-timing of both wild- and hatchery-origin steelhead returns. Increased 

effort included radio tagging to compare behavior of wild- and hatchery-origin returns, 

additional swim surveys to improve the precision of escapement estimates, angler creel 

survey and logbook programs to help determine the relative abundances of the two stocks 

over the run, and modification of the escapement model to incorporate this new 

information. This report summarizes the results of the expanded steelhead escapement 

monitoring program in 2009.  

We conducted a total of 14 swim surveys in 2009 and radio-tagged 20 fish, 15 of 

which were wild in origin. The total estimated steelhead escapement to the Cheakamus 

River in 2009 was 237 fish (coefficient of variation = 0.47), of which 76 (CV=0.19) and 

161 (CV=0.67) were wild and hatchery in origin, respectively. The 2009 wild-origin 

escapement was the lowest on record since 1996 and 4.5-fold lower than the historical 

average of approximately 350 fish. There was strong evidence that hatchery-origin fish 

arrived later than wild-origin fish from angling data, and it was critical to account for this 

difference using a two-stock model to develop an unbiased estimate of the total 

escapement and the proportions of wild- and hatchery-origin fish. The estimate mode of 

arrival timing for wild-origin fish was April 3
rd

, which was six weeks earlier than the 

mode for hatchery-origin fish. The escapement-to-adult return stock-recruitment 
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relationship for the Cheakamus River indicates that approximately 150 spawners are 

required to maximize smolt production, leading to the historical average return of 350 

adults. Hatchery-origin smolts released in 2007 to mitigate the impacts of the spill 

returned at a rate of 0.9%, which was sufficient to produce a total escapement that 

exceeded the estimate number of spawners required to fully seed available habitat. It is 

uncertain whether the ability of hatchery-origin spawners to produce juvenile fish is 

similar to that of wild-origin fish. Thus, the effectiveness of the hatchery program to 

mitigate the impacts of the spill on future generations remains to be determined, but will 

be evaluated using future juvenile and adult abundance estimates. 
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1.0 Introduction 

On August 5
th

 2005, a train derailment resulted in a spill of 41,000 litres of 

sodium hydroxide into the Cheakamus River, resulting in the loss of approximately 90% 

of the juvenile steelhead population in the river at the time of the spill (McCubbing et al. 

2006). Steelhead in the Cheakamus River typically have a four- or five-year life cycle, 

and spend two to three years in freshwater and two or three years at sea. Given this life 

history, mortality of juveniles from the spill would reduce the escapement of adults from 

the 2005 brood year that would have produced smolts in 2007 and 2008 and subsequent 

adult returns in 2009 through 2011. The spill would also affect returns from the two 

previous brood years (2003 and 2004) whose juveniles were one- and two-years old at the 

time of the spill. Reduced escapement of effected brood years could reduce adult returns 

in future generations if the number of returning fish are insufficient to adequately ‘seed’ 

the river with enough fertilized eggs to produce enough juveniles to fully utilize available 

freshwater habitat. A simple spreadsheet model was developed to estimate the recovery 

time for the population (see Korman et al. 2005 and Appendix A). The model indicates 

that escapement will be substantially lower in 2009 and 2010 due to first-generation 

impacts, and that the extent of multi-generational impacts depended on the assumed 

productivity of the stock (Figure 1a and Appendix A). Under the worst-case stock 

productivity scenario, where the wild stock was just able to replace itself, that is, 

recruits/spawners was just greater than one (30 smolts/spawner * 0.035 marine survival 

rate=1.05 recruits/spawner), the population would take 3 generations to fully recover 

from the spill.  

In efforts, to mitigate the impacts of the sodium hydroxide spill and speed the rate 

of population recovery, the Canadian National Railway Company (CN) funded a two-

year steelhead hatchery supplementation program. Approximately twenty spawners were 

taken for broodstock in 2006 and 2007, resulting in the release of approximately 20,000 

one-year smolts in 2007 and 2008. These smolts would return between 2009 and 2011 

after spending two or three years in the ocean. The simulation of this hatchery scenario 

(Labelle 2006) indicated that the supplementation would largely mitigate the low returns 

between 2009 and 2011 (Fig. 1b). The model, which assumed that hatchery-origin 
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spawners would have the same productivity as wild-origin spawners, would completely 

mitigate the impact of the spill in future generations. 

Changes in steelhead escapement to the Cheakamus River can be used to evaluate 

the extent of impact of the sodium hydroxide spill on adult returns and the efficacy of the 

hatchery supplementation program to mitigate this impact. A program to estimate the 

annual number of adult steelhead returning to the Cheakamus River (escapement) was 

initiated by BC Hydro in 1996. Annual escapement is estimated by fitting parameters of a 

run-timing model to count data from repeat swim surveys conducted over the adult 

migration and spawning season (Korman et al. 2007). Estimates of diver detection 

probability, survey life and departure timing, determined from swim survey and radio 

telemetry data, are also incorporated in the model. In 2009, based on additional funding 

provided by CN, this program was expanded to estimate the escapement and run-timing 

of both wild- and hatchery-origin steelhead returns. Increased effort included radio 

tagging to compare behavior of wild- and hatchery-origin returns, additional swim 

surveys to improve the precision of escapement estimates, angler creel survey and 

logbook programs to help determine the relative abundances of the two stocks over the 

run, and modification of the escapement model to incorporate this new information.  

This report summarizes the results of the expanded steelhead escapement 

monitoring program in 2009. We present the basic data to evaluate the behaviour of wild- 

and hatchery-origin returns and estimate the escapement and run-timing of each stock. 

We estimate the return rate of the 2007 hatchery release, and compare the 2009 

escapement estimates with those from previous years to determine if the hatchery 

supplementation program was effective at mitigating low returns in 2009. We use a 

stock-recruit analysis to determine if the combined wild- and hatchery-origin escapement 

in 2009 was sufficient to mitigate spill impacts in future generations due to reduced 

escapement.  
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2.0 Methods 

2.1 Swim Counts and Angler Surveys 

Swim Counts 

The Cheakamus River, downstream of Daisy Lake Reservoir, extends 26 km to its 

confluence with the Squamish River. Only the lower 17.5 kilometers of this river are 

accessible to anadromous salmon and steelhead (Fig. 2). The area surveyed for returning 

steelhead was limited to the upper 14.5 km of the anadromous portion of the river, and 

begins approximately 500 m below a natural barrier, extending to the confluence with the 

Cheekye River. Higher turbidity and turbulence downstream of the Cheekye confluence 

severely limit opportunities to conduct informative swim surveys. Fourteen surveys were 

conducted between February 17
th

 and May 15
th

, 2009. Survey methods and timing were 

the same as previous assessments (Korman 2008). On each survey, a team of three divers 

floated the entire survey area in four to six hours. The survey area is divided into 34 

sections averaging 500 m in length (see Table 2.1 of Korman 2008). The number of 

steelhead (Oncorhynchus mykiss >40 cm, purple-silver hue, few black spots), resident 

rainbow trout (Oncorhynchus mykiss 20-40 cm, darker coloration, black spots common 

and large), and bull trout (Salvelinus confluentus) observed in each section was recorded. 

Wild- and hatchery-origin steelhead captured by angling were given pink and green 

spaghetti tags in 2009, respectively (see section 2.2). The number of tagged fish that were 

observed during swim surveys was also recorded. Divers classified steelhead according to 

adipose fin status in 2009 to estimate the proportion of wild- and hatchery-origin 

steelhead on each survey (absent=hatchery-origin, present=wild-origin). Horizontal 

visibility (HV) was estimated by measuring the maximum distance from which a diver 

could detect a dark object held underwater at 1 m depth.  Horizontal visibility was 

measured at 14.25 (section 4) and 7.65 (section 21) river kilometers (rkm) upstream of 

the Squamish River confluence to index conditions upstream and downstream of Culliton 

Creek, respectively (Fig. 2). Mean daily discharge (Q) over the survey period was 

computed from the Water Survey of Canada (WSC) hourly discharge record at the 

Brackendale gauge (WSC 08GA043). Hourly water temperatures were recorded with an 
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Onset Tidbit temperature logger placed at the North Vancouver Outdoor School just 

downstream of the WSC Brackendale gauge.  

Creel Survey 

A creel survey was conducted on the Cheakamus River from March 1
st
 through 

May 20
th

, 2009 to quantify catch and effort for a sample of individual anglers. The survey 

was not intended to quantify total angling effort or total catch. Each week a maximum of 

eight hours was dedicated to the survey. All interviews were conducted in the area 

between the Bailey Bridge (rkm 7.65) and Cheekye River confluence (rkm 3.65, the 

downstream boundary of the survey area). We often arranged to meet anglers at the end 

of the day to get a complete record of their day of fishing.  During the interview, each 

angler was asked to provide information on the number of hours fished, the number of 

steelhead and other species that were captured, and whether the steelhead that were 

captured had an adipose fin. Anglers participating in the tagging program (Section 2.2), 

who have considerable fishing experience on the Cheakamus River, were given logbooks 

to record similar statistics. 

2.2 Tagging and Radio Telemetry Surveys and Ageing 

Steelhead were captured by skilled volunteer anglers fishing both within and 

downstream of the survey area (Fig. 2). Methods were the same ones used in previous 

telemetry efforts (Korman et al. 2007). Upon capture, a MCFT-3A radio tag (Lotek 

Engineering Inc.) was placed in the stomach of each fish and a 6-inch fluorescent 

spaghetti tag was attached through the dorsal muscle mass so that divers could visually 

identify fish that were radio tagged to determine detection probability. Green and pink 

colored tags were used to unambiguously distinguish wild- and hatchery-origin fish, 

respectively. Fork length and gender were recorded during tagging and scale and tissue 

samples were taken for ageing and genetic analysis, respectively. Fish were held in a 

submersible holding tube for a minimum of one-half hour prior to release to ensure that 

the radio tag was properly placed and that tag regurgitation had not occurred.  

The movements of radio-tagged steelhead were determined using data from three 

fixed telemetry stations and mobile tracking during the swim surveys. Mobile tracking 

was conducted from a raft that followed 50-100 meters behind the divers on each survey 

to identify the presence of tagged steelhead by river section using a Lotek SRX 400 
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version 4.01/W5 mobile receiver outfitted with a 3-element Yagi antenna (model F-3FB). 

Fixed stations were located at the upstream and downstream boundaries of the lower 

survey area (Fig. 2) and at the Brohm-Cheekye confluence. Lotek SRX_400 receivers 

with CODE LOG W17 and W20 firmware were used at fixed telemetry stations to record 

upstream and downstream movements.  

The fixed station at the downstream end of the lower survey area was configured 

so it could also record movement of fish up and down the Cheekye River. Telemetry 

stations consisted of a 12-volt deep cycle battery, a watertight enclosure, three 4-element 

Yagi antennas, double insulated coaxial cable fitted with BNC connectors and an ASP-8 

antenna-switching unit.  The antennas were pointed in the upstream and downstream 

directions of the Cheakamus River. A third and fourth antenna were added to the lower 

station and orientated in the upstream and downstream directions of the Cheekye River. 

The direction of travel was determined based on the relative signal strength detected by 

each antenna (Koski et al. 1993). Receivers at fixed telemetry stations were set up to 

continuously scan all frequencies in use.  When a steelhead outfitted with a digitally 

encoded tag moved into detection range, the date, time, channel, code, signal strength and 

the antenna number were recorded within the receiver’s memory.  Fixed stations were 

installed well before the deployment of the first radio tag (prior to March 15
th

) and were 

retrieved at the end of spawning and kelting period (late June).  

Freshwater and ocean ages from the 28 adult steelhead captured by anglers as part 

of the tagging program in 2009 were estimated by scale reading. Approximately five 

scales from each fish were collected from the preferred area above the lateral line and 

immediately below the dorsal fin. Samples were placed in coin envelopes marked with 

appropriate data for cross-reference. After a period of air-drying, scales were placed 

between two microscope slides and analyzed using a microfiche reader following the 

methods of Mackay et al. (1990). Age determination was undertaken by the methods 

outlined in Ward et al (1989) and were the same as those used in previous years. Two 

persons examined each scale sample set without knowledge of the size or time and 

location of capture of the sampled fish. Samples were discarded when a consensus 

between both persons could not be reached. The same scale readers have been used since 
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the inception of the program. We compare the 2009 age estimates with those from 

previous years. 

2.3 Steelhead Escapement Model 

In order to determine the total escapement of returning spawners from periodic 

swim counts, the proportion of fish observed by divers (detection probability) and the 

fraction of the total run that is present on each survey is estimated (Korman et al. 2007). 

Detection probability can be estimated based on the fraction of marked fish present in the 

survey area that are observed, or by predicting it from river conditions. The fraction of 

the run that is present on any survey can be estimated based on difference between the 

cumulative proportion of the run that has arrived and the cumulative proportion that has 

departed. An escapement estimation model quantifies these processes. The model 

consists of three main elements. A process model predicts the number of fish present on 

each day of the run and the departure schedule based on the total escapement and 

relationships simulating arrival timing and survey life (the duration a fish resides in the 

surveyed area given its date of entry). An observation model simulates the number of 

marked and unmarked fish observed on each survey based on the number of tags known 

to be in the survey area, predictions of the number of unmarked fish that are present, and 

predictions of detection probability. A statistical model is then used to fit model 

predictions to observations to compute the most likely estimates (MLEs) of model 

parameters and to quantify uncertainty in these estimates. 

Process and observation model parameters are estimated by maximizing the value 

of a likelihood function that integrates data on the number of marked and unmarked fish 

observed on each survey, the number of marks present in the survey area, survey life, and 

departure timing. Data for the latter three elements were collected by marking fish with 

an external spaghetti tag that could be identified by divers, and through radio telemetry. 

This marking-telemetry program has been undertaken in six (2000, 2001, 2003, 2004, 

2005, and 2009) of 13 years that the swim surveys have been conducted (1996-2009, 

excluding 1998). The model can be applied in years when marking-telemetry is not 

conducted by assuming that data on the relationship between detection probability and 

river conditions, survey life and date of entry, and data on departure schedules are 

exchangeable among all years of the survey.  
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In order to estimate hatchery-origin steelhead escapement beginning in 2009, we 

modified the Korman et al. (2007) model to predict escapement, and arrival and departure 

timing for both wild- and hatchery-origin fish. The model predicts the numbers of both 

stocks that are present on each survey, which in turn is used to determine the proportion 

that are wild in origin by survey date. These proportions are statistically compared to 

proportions based on the catch of wild- and hatchery-origin fish via an additional term in 

the likelihood function. We assume that hatchery- and wild-origin stocks have similar 

detection probabilities, survey lives (standardized by date of entry), and vulnerabilities to 

being captured by anglers. More details of the model are described below.  

Process Model 

The proportion of the total escapement entering the survey area each day is 

predicted separately for wild- and hatchery-origin stocks using a beta distribution (eqn. 

1a, Tables 1 and 2). The beta distribution is parameterized so that β is calculated based on 

estimates of the day when the peak arrival rate occurs (, or the mode of arrival timing) 

and the precision of arrival timing (, eqn. 2), following the formulation in Gelman et al. 

(2004). Note that small values of  represent a low and constant rate of arrival over the 

duration of the run, while larger values represent a shorter and more concentrated arrival 

timing. A more flexible arrival model, which is not constrained by a parametric function 

like the beta distribution, was included as an option in the new escapement model. In this 

case, we estimate the proportion of the run arriving between adjacent surveys (eqn. 1b). 

We refer to this latter model as the ‘deviate’ arrival-timing model. 

Survey life, that is, the number of days a fish spends in the survey area, is 

predicted using a negative logistic function with respect to date of entry (i.e., fish that 

arrive later have a shorter survey life, eqn. 3). We assume that wild- and hatchery-origin 

stocks have the same survey life – date of entry relationship. Mean departure day for fish 

arriving each day of the run is predicted based on the sum of the arrival day and the 

survey life for fish arriving on that day (eqn. 4). The proportion of fish that arrive on day 

i and depart on day j, which we term the arrival-departure matrix, is predicted from a 

normal distribution (eqn. 5) and accounts for variation in survey life for a given arrival 

day. Matrix values are standardized so that proportions across all departure days for each 

arrival day sum to one, that is, all fish must exit the survey area by the assumed last day 
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of the run.  The proportion of fish departing on each day is a function of arrival timing 

and the arrival-departure matrix (eqn. 6). As the former values vary by stock origin, 

departure timing also varies by origin. The number of fish present in the survey area by 

stock on each day is the product of the total escapement and the difference in the 

cumulative arrival and departure proportions (eqn. 7). Estimates of the cumulative 

proportion of wild-origin steelhead that have arrived by model day are required for the 

two-stock model. These proportions are determined based on the ratio of the cumulative 

arrivals of wild-origin steelhead to the sum of cumulative arrivals across both stocks 

(eqn. 8). 

Observation and Statistical Models 

Escapement, arrival timing, and survey life parameters, and those defining the 

relationship between detection probability and the ratio of horizontal visibility to 

discharge (HV/Q), are jointly estimated by maximum likelihood. Independent likelihood 

terms are developed for different components of the model, and the log-likelihoods are 

added together to give a total likelihood function. 

 The likelihoods of the number of marked (Lr) and unmarked (Lu) fish observed are 

assumed to follow a Poisson distribution (eqn.’s 9 and 10). The terms Lr and Lu, as for all 

that follow, represent the sum of log-transformed probabilities across observations. Note 

that detection probability is a nuisance parameter that does not need to be directly 

estimated. Instead, it is evaluated at its conditional maximum likelihood estimate for each 

survey based on equation 11 (see Korman et al. 2007). That is, detection probability is 

simply the ratio of the total number of fish observed (data) to the total number predicted 

to be present. As predictions of the number present (Uo,i) are not independent across 

surveys because they are linked through the model structure, the number of unmarked 

fish contributes to the conditional estimate of detection probability. Detection probability 

is assumed to be equivalent among hatchery- and wild-origin steelhead in the two-stock 

model and is therefore based on the ratio of the total fish observed to the total present. 

The ratio of horizontal visibility to discharge is a good predictor of detection 

probability in the Cheakamus River (Korman et al. 2007). Physically-based detection 

probability estimates are required to estimate the number of fish present on surveys 

where there are no tagged fish in the survey area. In this analysis, we recognize that 
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physically-based detection probability predictions can also be used on surveys where tags 

are present. Precision of a purely tag-based estimate of detection probability will be very 

poor when the total number of tags present or the true detection probability, is very low. 

In this situation, estimates of detection probability from the physically-based model, 

which incorporates information on detection probability from multiple surveys within and 

across years under similar environmental conditions, will make an important contribution 

to the estimate of the numbers present.  

A logistic model is used to predict detection probability based on the ratio of 

horizontal visibility to discharge (eqn. 12). Two additional likelihoods for the observed 

number of marked (Lpr) and unmarked (Lpu) fish can now be computed by replacing the 

conditional detection probabilities (qi) in eqn.’s 9 and 10 with detection probabilities by 

the physical model (pi, eqn.’s 13 and 14).  Parameters of the p-HV/Q relationship are 

jointly estimated with other model parameters using data from all surveys when tags were 

present (eqn. 15). Note that Lpr is the sum of likelihoods across surveys in the year that 

escapement is being estimated for. Lp is the sum of likelihoods across all surveys when 

tags were present over all years when telemetry was conducted, excluding observations 

used in calculating Lpr to avoid double counting.  

The likelihood of the survey life data (Ls) is computed assuming normally 

distributed error (eqn. 16). Note that the term sl in this likelihood function is a nuisance 

parameter that is calculated at its conditional maximum likelihood estimate based on eqn. 

17 (Ludwig and Walters 1994). The likelihood of the observed number of fish departing 

the lower survey area in a downstream direction by stock origin (Lo,d) is  computed 

assuming multinomial error (eqn. 18). 

Estimates of the proportion of cumulative arrivals that are wild in origin by 

survey date (eqn. 8) are compared to observed estimates of stock proportions determined 

by the number of wild- and hatchery-origin steelhead landed by anglers. The likelihood 

of the catch of wild-origin steelhead up to each survey date (Lf) is computed assuming 

Poisson error, and depends on the total catch (wild and hatchery) up to each survey date 

and the predicted cumulative proportion of wild fish (eqn. 19).  

Due to the late arrival timing of hatchery-origin fish in 2009, the model very 

likely overestimated the upper limit of the credible interval of escapement of hatchery-
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origin fish and the mode of their arrival timing (see Section 3.3). This occurred because 

much of the run appears to have arrived after mid-April when there were few swim 

surveys, and where uncertainty in estimates of the numbers present on those surveys was 

very high due to higher discharge and low visibility. In this situation, there was not 

sufficient data for the model to exclude the possibility of a very large and late hatchery-

origin run. To address this problem, we used a very uninformative inverse logistic 

penalty function on the mode of arrival timing for hatchery-origin fish (eqn. 20) to 

constrain the model so it did not predict unrealistically late arrival timing. We examined 

the sensitivity of the model estimates to a wide range of parameterizations of the penalty 

function. 

The total log-likelihood for all the data given a set of model parameters θ  = o, 

o,o, λm, λh, λs, ρh, ρs, was determined by summing all component log-likelihoods and 

the penalty function (eqn. 21). In years when hatchery-origin steelhead are expected to 

return (2009-2011), H, H,H are estimated by including LdH, Lf, and Hpen in the total 

likelihood. It is also possible to run the original single-stock model in years when 

hatchery returns are expected. This simpler model will produce a more precise estimate 

of the total escapement than the two-stock model because of the reduced number of 

parameters, but has the disadvantage of not providing separate estimates of wild- and 

hatchery-origin escapement. The single-stock escapement estimate could be biased if 

arrival or departure timing differs substantively between the two stocks. 

When estimating parameters for any particular year, note that the first four terms 

of the total likelihood and Lf (eqn. 21) are evaluated based only on data collected in that 

year, while the latter 4 terms depend on data collected over all years when telemetry was 

conducted. The denominator of 2 in the total likelihood formula accounts for the fact that 

observations of marked and unmarked fish are double-counted in the overall likelihood 

because they are evaluated using both conditional MLE values (q from eqn. 11) and 

physically-based predictions of detection probability (p from eqn. 12). The first term of 

eqn. 21 does not contribute to the total likelihood in years where tagging was not 

conducted, or for surveys where tags are not present in years when tagging is conducted.   

Two alternate hierarchies can be used to estimate the historical time series of 

escapement for the Cheakamus River steelhead population.  The year-independent model 
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estimates all model parameters independently for each year. In years with only wild-

origin steelhead returning, eight parameters are separately estimated for each year. An 

additional 3 parameters are estimated in years when hatchery-origin fish are returning. To 

derive estimates of the number of wild-origin fish from 1996-2009 and hatchery-origin 

fish in 2009, a total of 107 parameters are estimated (1998 is excluded as no surveys were 

conducted). Note that a larger number of parameters are estimated if the deviate arrival 

timing model is used (eqn. 1b, e.g., 19 parameters for the composite single stock model in 

2009 vs. eight under the beta arrival model). The pooled-year model assumes that 

parameters for survey life–date of entry and p-HV/Q relationships are the same over all 

years, while escapement and arrival timing parameters can vary. In this case 39 year-

specific parameters for wild-origin steelhead (W, W, W), three parameters for hatchery-

origin steelhead (H, H, H), and five parameters common to all years (λm, λh, λs, h, s) 

are estimated (47 for all 13 survey years). Korman et al. (2007) showed that the pooled-

and independent-year models produced very similar MLEs of escapement, but that 

uncertainty in these estimates was slightly larger for the year-independent model due to 

the larger number of parameters. In this report, we only present escapement estimates 

from the year-independent model because it produces wider credible intervals that we 

feel are likely more realistic than those from the pooled-year model because survey life-

date of entry and detection probability-HV/Q relationships inevitably vary among years. 

Escapement estimates were computed using the AD model builder software (Otter 

Research 2004). Non-linear optimization was used to quickly find the maximum 

likelihood estimates (MLEs) of parameter values. Uncertainty in MLEs was computed 

using the delta method. Estimates of the expected (average) parameter values and 90% 

credible intervals (10
th

 and 90
th

 percentiles) were calculated from posterior distributions 

generated using Monte Carlo Markov Chain (MCMC) simulation. The posterior 

distributions for each year were derived from a total of 50,000 simulations. Every 5
th

 

value was retained to remove auto-correlation among adjacent estimates. Of the 10,000 

remaining simulations, the first 1,000 records were discarded to remove initialization 

(i.e., burn-in) effects. This sampling strategy was sufficient for the model to produce 

stable posterior distributions (model convergence) for all parameters in all years. 
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2.4 Stock-Recruit Analysis 

The number of adult steelhead returning to the Cheakamus River will be 

determined by freshwater and marine survival rates as well as the number of spawners 

that produced the returns, often termed brood escapement or spawning stock. We 

examined the relationship between spawning stock and the resulting adult returns using a 

stock-recruit analysis. To do this, we computed the spawning stock (SSt) that produced 

the adult returns in year, t, based on the following formula, 

66,55,44,33, PaPaPaPaSS tWtWtWtWt    , 

where W is the estimated number of wild origin returns in year t-x and Pa is the 

proportion of fish returning at total age x. Pa values were constant across years and based 

on all available ageing data for wild-origin steelhead (see Table 8: Pa3=0.02, Pa4=0.47, 

Pa5=0.41, Pa6=0.09). Year-specific age proportions could not be used because scales have 

only been collected for six of the nine years used in the stock-recruit analysis (2001-2009 

returns which require escapement estimates back to 1996). As no escapement estimate is 

available for 1998, we averaged escapements from 1997 and 1999 to calculate 

escapement for this year. This was necessary to compute the spawning stocks for the 

2001-2003 return years.  Stock-recruit analyses of adult data are traditionally only 

applied to semalparous species or to immature stages of iteroparous species. In the case 

of steelhead, which are iteroparous, the number of repeat spawners must be removed 

from the number of recruits or they would be double-counted in the stock-recruit 

analysis. We used the average repeat spawner rate based the complete ageing dataset of 

0.16 (see Table 8) to compute the number of maiden recruits (maiden recruits = total 

recruits * (1-repeat spawner fraction)). We then plotted the number of maiden adult 

recruits as a function of the spawning stock that produced it.  

We did not attempt to estimate stock-recruitment parameters from the spawner 

stock-to-adult return data as there were no observations at low spawning stock, which is 

critical to estimate the stock productivity term (initial slope). Instead, for illustrative 

purposes, we developed theoretical hockey-stick relationships based on the assumption 

that the average adult return over the period of record, excluding spill effected years 

(beginning in 2008), represents the current carrying capacity of the system, and that stock 

productivity is equivalent to values estimated for steelhead in the Keogh River. The latter 
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values were based on maximum smolt/spawner ratios of 30 (1980s) or 60 (post 

fertilization and habitat enhancement, see Fig. 24 of McCubbing and Ward 2008). These 

values were converted to adults/spawner based on the assumed recent marine survival 

rates of 0.035 (McCubbing and Ward 2008).  Two adult stock productivities 

(returns/spawner) were therefore derived based on the two combinations of freshwater 

productivity and marine survival rate: 1.05 (30 smolts/spawner*0.035 survival) and 2.1 

(56*0.035) adults/spawner. We assumed that adult steelhead were not harvested to any 

significant extent in both marine and freshwater environments. 

3.0 Results 

3.1 Swim Counts and Creel Survey 

Discharge in the Cheakamus River was generally low and steady for the majority 

of the swim survey period in 2009, although, like in most other survey years, high flows 

limited survey opportunities in late April and May (Fig. 3). Water temperature during 

winter of 2009 was 1-1.5 °C colder from mid-February through mid-March compared to 

previous years as indexed by the temperature record from 2008. 

 We conducted a total of 14 swim surveys in 2009 (Table 3). Counts of steelhead, 

rainbow trout, and bull trout across surveys ranged from 2-25, and 2-14, and 11-70 fish, 

respectively. Detection of the presence or absence of an adipose fin on steelhead by 

divers to determine the origin (wild or hatchery) of returning spawners was challenging 

(Table 4). On average, adipose fin status could only be determined for 22% of the fish 

that were observed. Steelhead exhibit a very strong fright response as divers approach 

and are therefore only seen for few seconds, typically while fleeing at high speed. They 

are also often observed at the bottom of deep pools. These factors make it very difficult 

to clearly see the adipose fin and therefore reliably determine origin. Across all surveys, 

only one fish without an adipose fin was detected.  It is very likely that we 

underestimated the proportion of steelhead without an adipose fin because of the 

difficulty in clearly seeing this detail of the fish. Thus, we were more likely to misclassify 

such fish as unknown in status, relative to fish that had an adipose fin. We therefore do 

not consider the diver-based steelhead origin data reliable, and exclude it from further 

consideration. 
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 Angling data provided useful information on steelhead origin. The creel survey 

and the logbook records from anglers who participated in the tagging program 

documented a total of 520 and 441 hours of effort between March 1
st
 and May 20

th
, 

respectively (Table 5). A total of 13 and 40 steelhead were landed based on the creel 

survey and angler logbook data, respectively. Based on the ratio of total catch to fishing 

effort from the creel survey and angler logbook data, 40 and 11 hours of fishing effort 

were required to land a steelhead, respectively. The proportion of wild-origin steelhead in 

the catch over the winter and spring was approximately 45% for both data sets. Both data 

sets also showed that the proportion of wild fish in the catch began to decline by mid-

April, clearly indicating a later return for hatchery-origin fish (Fig. 4).  

3.2 Radio Telemetry and Age structure 

A total of 28 adult steelhead were captured by volunteer anglers and were 

sampled for age and genetics in 2009 (Table 6, genetic data not processed). Twenty of 

these fish were radio tagged of which 19 were marked with a spaghetti tag so detection 

probability by divers could be estimated (one fish was accidentally released without a 

spaghetti tag). Only five of the 13 hatchery-origin steelhead captured by volunteer 

anglers were tagged (Table 7). This occurred because; many of the hatchery-origin 

steelhead were too small to radio tag (< 50 cm, n=3) given the large size of the tags we 

used, had already kelted (n=4), or were caught very late in the season after swims had 

been completed (n=1). The sex ratio for captured hatchery-origin steelhead was roughly 

equivalent, but twice as many wild females were tagged than wild males. Hatchery-origin 

steelhead were smaller than wild steelhead. Hatchery-origin returns in 2009 would have 

spent a maximum of two years at sea given that the first smolt release occurred in 2007. 

The maximum ocean-age of wild-origin spawners in 2009 was three, so it is not 

surprising that the mean size of hatchery-origin fish in 2009 was lower. However, the 

minimum sizes for hatchery-origin fish were very low compared to wild-origin fish in 

2009 and in other years when scales have been collected (min. size for wild fish prior to 

2009 was 590 mm). This occurred largely because three of the 13 hatchery-origin fish 

(23%) returned after one year at sea (Table 8). All three of these jack returns (2 male, 1 

female) were less than 500 mm and originated from the 2008 hatchery release. Note that 

wild jacks are also occasionally found in the wild population (2003 and 2005, Table 8).  
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Only five of the 13 hatchery-origin fish that were landed and could potentially be 

radio-tagged were scanned for a Coded Wire Tag (CWT) due to equipment availability. 

As smolts reared at the Fraser Valley Trout Hatchery (FVTH) were given a CWT while 

those reared at Tenderfoot Creek Hatchery were not, the ratio of CWTs on hatchery fish 

can be used to determine the relative return rates for these two groups of fish. Only one of 

the five scanned fish had a CWT. As the number of smolts produced from each facility 

and released into the Cheakamus River were similar, this suggests that the return rate for 

FVTH-reared fish was very roughly 1/4 the rate for fish reared at Tenderfoot Hatchery. 

However, there is very large uncertainty in this estimate given that only five fish were 

scanned for CWTs. 

The age structure of sampled wild-origin returns in 2009 was similar to the age 

structure based on all available recent data (Table 8). Sixty and 40% of adult returns in 

2009 left freshwater as two- and three-year smolts, respectively, compared to 72 and 28% 

based on the historical average. Fifty-seven, 21, and 21% were ocean age two and three 

and repeat spawners, respectively, compared to 54, 27, and 16% based on the historical 

average. A more complete assessment of the adult age structure for the 2007 hatchery 

release will be available in 2010 when ocean age 3 fish return. 

The majority of steelhead (15 of 20) were tagged within the survey area and 

survey life could only be determined for four fish that were tagged downstream (all wild, 

Table 6). Departure date could be unambiguously determined (based on a downstream 

departure record at the Cheekye fixed station) for 17 steelhead, three of which were 

hatchery-origin fish. As in previous years when telemetry was conducted, most tagged 

steelhead held in the lower survey area below river km 8, typically within 4-6 km from 

the Squamish River confluence. Five of 15 wild steelhead (33%) and two of five 

hatchery-origin steelhead (40%) moved into the upper survey area, and two wild 

steelhead (13% of wild) that held in the lower survey area moved into Brohm River. A 

total of 174 steelhead have been radio tagged in the Cheakamus River since 2000. Over 

the six years of the tagging program, an average of 17% of fish captured in the 

Cheakamus River have migrated into Brohm River. This percentage has varied between 

10 and 40% (2000) among years, but has ranged from 10-13% in four of the six years. 
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 Four estimates of survey life were available from the 2009 data (Table 6), 

bringing the total number of observations since 2000 from 54 to 58 (Fig. 5). We 

compared the survey life-date of entry relationships based on data from 2000 through 

2005 with the data collected in 2009. Survey life declines with date of entry and males 

typically have a longer survey life than females (Korman et al. 2007). Although the 

sample size of survey life estimates in 2009 was very limited, there was some indication 

that survey life for females was higher than in other years. Seventeen observations of 

departure timing were obtained in 2009 (Table 6), bringing the 2000-2009 total to 122 

observations. Departure timing in 2009 (median departure date of May 23
rd

) was about 10 

days later than in other years (average median date = May 12
th

, Fig. 6a). Although the 

sample size for hatchery-origin steelhead with respect to departure time was very limited 

(n=3), these fish departed the survey area later compared to wild fish (Fig. 6b). 

A maximum of 18 radio and spaghetti tagged fish were present in the survey area 

over 14 swims (Table 9). Tagged fish were in the survey area for 10 of 14 swims but 10 

tags or more were present on only five swims. The additional ten observations of 

detection probability in 2009 increased the total since 2000 from 52 to 62 observations. 

Across all 2009 surveys where tags were present, detection probability ranged from 0-

0.33 and averaged 0.16, less than the average of 0.22 based on data from 2000-2005 

(Korman et al. 2007). There was an insufficient number of tagged hatchery-origin 

steelhead to compare their detection probability with wild-origin fish. Only one radio 

tagged hatchery-origin steelhead was observed, which was not unusually low given the 

low numbers and late application of tags on hatchery-origin steelhead (Table 6), and low 

detection probability late in the run (Table 9). 

Discharge (Q) and horizontal visibility (HV) are important determinants of diver 

detection probability (Korman et al. 2007). Extensive algal mats were prevalent in much 

of the survey area and exudate and sloughing from these mats reduced visibility. 

Horizontal visibility tends to decline with increasing discharge. In 2009, horizontal 

visibility was lower than expected for a given discharge (Fig. 7a). We suspect that 

discharge measurements collected by Water Survey of Canada since 2009 are not 

consistent with those from previous years when tagging data was collected because the 

discharge measurement location was moved upstream (and no longer includes some side 
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channel flow). The likely negative bias in discharge estimates arising from the change in 

the discharge measurement location in 2009 offset lower values of HV, so the seasonal 

trend in HV/Q in 2009 was not atypical (Fig. 7b). However, the real HV/Q ratio in 2009 

is likely lower (because Q should be higher). Detection probability increases with 

increases in HV/Q (Fig. 7c). For a given HV/Q condition, detection probability in 2009 

was lower than in other years (note that all 2009 points in Fig. 7c are below the line). If 

the rating curve used to compute discharge in 2009 had been estimated at a location 

consistent with years when previous mark-recapture data was collected, the 2009 points 

in Fig. 7c would be shifted to the left because discharge would have been higher, making 

them more consistent with the 2000-2005 detection probability – HV/Q relationship. 

3.3 Escapement Estimates 

 We initially fit the original single-stock escapement model (Korman et al. 2007) 

to the 2009 data (Fig. 8). Using this model, the total escapement and coefficient of 

variation in escapement was 121 and 0.17, respectively. The model estimated that the 

mode of arrival timing occurred April 14
th

 and was well defined (CV = 0.07), and was 

able to provide a good fit to the departure timing (Fig. 8c) and survey life (Fig. 8d) data. 

In general, there was reasonable agreement in the numbers present estimated by 

expanding counts based on the ratio of tags detected to tags present (r/R points in Fig. 8b) 

and those based on the p-HV/Q expansion (open points). However, this was not the case 

for the last two surveys (April 30
th

 and May 15
th

) where the tag-based expanded counts 

were approximately twice the value of the p-HV/Q expanded counts. This difference 

could be due to sampling error alone, as detection probability estimates on these dates 

(r/R) were based on the detection of only one or two tags (Table 9). As discussed above, 

it is also possible that the best-fit p-HV/Q relationship over-estimated detection 

probability in 2009 on these dates (Fig. 8f and 7c) if discharge at the WSC Brackendale 

gauge was biased low relative to previous years. The model attempts to predict 

parameters that determine the numbers present over time (line, Fig. 8b) that balances the 

fit between the r/R and p-HV/Q expanded counts. As the latter expansion must also be 

consistent with the detection probability determined in other years when telemetry was 

conducted, there is a higher cost to not fitting the p-HV/Q expanded count data. Thus, the 
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model tends to favor parameters that predict the number of fish present on individual 

surveys that are consistent with the data used to fit this relationship. 

 The poor fit of the singe-stock model to the tag-based expanded counts in the last 

two surveys (Fig. 8b) could also be caused by lack of flexibility in the parametric arrival-

timing model. The beta distribution (eqn 1a) does not have the flexibility to fit a slowly 

ascending increase in arrival followed by a very rapid increase as indicated by the tag-

based expansion. Such a pattern could occur, especially if the composite stock is made up 

of a smaller stock with normal arrival timing and a larger late-arrival stock. We therefore 

fit the deviate arrival model (eqn. 1b) to the data. The deviate model produced an 

escapement estimate of 114 fish that was very similar to the beta arrival model (121). It 

predicted that approximately 50% of the run arrived after late-April (Fig. 9a). The 

numbers present predictions were less continuous due to the increased flexibility of the 

deviate model, however this increased flexibility did not result in a better fit to the highly 

uncertain r/R expanded counts at the end of the survey. Thus we conclude that the model 

does not fit these last r/R points because they are highly uncertain and inconsistent with 

predictions of detection probability based on the p-HV/Q relationship, which is more 

heavily weighted in the estimation. 

 The two-stock escapement model, that provides separate estimates of arrival 

timing and escapement for wild- and hatchery-origin returns, was applied to the 2009 

data. The most likely estimates of escapement and CVs in escapement based on the 

unconstrained two-stock model (Hpen=0 in eqn. 21) for wild- and hatchery-origin fish 

were 70 (0.17) and 164 (0.72), respectively. This model predicted that the mode of arrival 

timing for wild-origin fish (April 3
rd

, CV=0.1) occurred six weeks earlier than the mode 

of arrival for hatchery-origin fish (May 21
st
, CV=0.13). The late arrival timing of 

hatchery-origin fish resulted in very large uncertainty in the escapement estimate, since it 

predicts that much of the run entered the survey area after mid-April when few surveys 

were conducted, and where uncertainty in the numbers present on those surveys was high 

due to poor counting conditions. Given this situation, the model could not discount the 

possibility of a very large number of hatchery-origin fish arriving late in the run, which 

led to high uncertainty in the escapement estimate.  
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The estimate of the mode of arrival timing for hatchery-origin steelhead from the 

unconstrained two-stock model (model day 141 or May 21
st
) seems unlikely given that 

the mode of arrival timing for wild-origin fish, including the mode in 2009, typically 

occurs in late-March to early-April (Korman et al. 2007). We therefore used a penalty 

function (eqn. 20) to constrain the mode of arrival timing for hatchery-origin fish to 

reduce the probability of very late arrival timing which results in large uncertainty in 

escapement estimates. The effects of a variety of parameterizations of this function on 

estimates of hatchery-origin escapement and the mode of arrival timing were examined 

(Fig. 10). Increasing the maximum value of the penalty function (Pm) increased the 

magnitude of its effect, and larger slopes (Fig. 10b) imposed a steeper penalty gradient on 

late arrival than lower slopes (Fig. 10a). As expected, escapement and the mode of arrival 

timing declined as the magnitude of the penalty function was increased (Fig. 10c-f). We 

used a penalty function with parameters Pm=1, Ph=145, and Ps=50 as the default condition 

for all analyses that follow because it was the most uninformative of the eight penalty 

functions but still allowed the model to converge. This penalty function had little effect 

on the MLE of hatchery escapement relative to the model without a penalty function (Fig. 

10e Pm=1 vs. Pm=0 with Ps=50), reducing the escapement estimate by less than 18%. The 

MLE of the modes of arrival timing from this constrained model (Fig. 10c, day 136) was 

similar to the estimate from the unconstrained model (day 141) but the uncertainty in the 

mode for hatchery-origin fish based on the former model (CV=0.08) was less than under 

the latter model (CV=0.13). This was the main reason why the relative variation in the 

hatchery-origin escapement estimate for the constrained model was lower than for the 

unconstrained (Pm=0) model (Fig. 10f).  

The constrained two-stock model (Pm=1, Ph=145, Ps=50 from eqn. 20) produced 

most likely estimates of wild- and hatchery-origin escapement of 70 (0.17) and 137 

(0.48) fish, respectively (Fig. 11). The constrained model provided an excellent fit to the 

cumulative proportion of the run that is wild based on angler catch (Fig. 11d). The time 

series of the total numbers present from the two-stock model (Fig. 11b) provided a 

slightly better fit to the p-HV/Q expanded counts than the single-stock model (Fig. 8b) 

because the prediction from the former was based on six parameters (4 arrival timing 

parameters and two escapement parameters) rather than three, and therefore had greater 
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flexibility. The expected values of steelhead escapement and CVs based on the posterior 

distributions from this model were 76 (0.19) and 161 (0.67) wild- and hatchery-origin 

fish, respectively. The combined escapement estimate was 237 (0.47) fish. The expected 

values or average escapements computed from the posterior distributions and uncertainty 

estimates are generally very similar to the most likely estimates and uncertainty 

determined from non-linear optimization and the delta method (Korman et al. 2007). This 

occurs because the posterior distributions of escapement are generally symmetric. This 

was not the case for hatchery returns in 2009. Here, larger uncertainty in escapement due 

to late arrival timing, even with the default penalty function, resulted in a posterior 

distribution with a long right-hand tail. Thus, the average escapement from the 

distribution (161) was higher than the modal value (127) and the MLE (137), and 

uncertainty determined using the posterior was larger than estimates from the delta 

method (which assumes a symmetric distribution). The posterior-based estimates are 

considered more reliable in such cases. 

Posterior distributions from the constrained two-stock model and correlation 

among parameters are shown in Figure 12. Escapement estimates increased with the 

mode of arrival timing for both wild- and hatchery-origin stocks. The extent of 

confounding between these parameters was greater for the hatchery-origin stock because 

of its later arrival timing. Greater uncertainty in the mode of arrival timing for the 

hatchery-origin stock was also caused by greater confounding between the mode and 

precision of arrival timing, again because of the mismatch between arrival timing and the 

period when relatively informative surveys were conducted. As seen in previous analyses 

(Korman et al. 2007), there was some confounding among parameters that define the 

survey life-date of entry or p-HV/Q relationships. Escapement and arrival timing 

parameters for the wild-origin stock were slightly confounded with survey life 

parameters. There was less evidence of this for the hatchery-origin stock because of the 

constraint imposed on the mode of arrival timing and by the assumption that all fish must 

exit by the last model day, which had a bigger effect for hatchery-origin fish because 

their predicted arrival timing was later. 
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3.4 Hatchery Return Rate 

Estimates of steelhead escapement in 2009 were used to evaluate the extent to 

which the hatchery program mitigated spill impacts on adult returns. A total of 21,505 

smolts were released into the Cheakamus River in 2007 (Table 10). Hatchery-origin 

steelhead escapement in 2009 was estimated at 161 fish. Based on scales from the 13 

hatchery fish examined in 2009, 23% were jacks that originated from the 2008 smolt 

release (Table 8). Thus, hatchery escapement in 2009 that was produced from the 2007 

smolt release was 124 fish (=161*(1-0.23)). A more complete assessment of the age 

structure of hatchery-origin returns from the 2007 release will be available in 2010 when 

fish that spent three years at sea return. However, if we assume that percentage of ocean 

age two and three fish is similar to the historical average for wild fish (66% age two, 34% 

age three), the return rate from the 2007 release was 0.9% (=100*124/(21,505*0.66)). 

This calculation could include jack returns from the 2007 release in the 2008 escapement 

but does not because we assumed that no jacks returned in 2008. While there is no ageing 

data from 2008 to support this assumption, we feel it is reasonable as none of the local 

anglers we are in contact with reported catching adipose clipped hatchery steelhead in 

2008 (i.e., jack returns from the 2007 release). Had the jack rates (proportion of ocean 

age 1) been equal among release years, more jacks should have been captured in 2008 

since the number of smolts released in 2007 was 22% higher than in 2008. 

The estimated return rate for the 2007 smolt release of 0.9% (Table 10) is very 

similar to the value used in the model to evaluate the potential efficacy of hatchery 

mitigation (see Labelle 2006 and Appendix A of this report). This model assumed a 3.5% 

survival rate for wild smolts, that survival rate of hatchery smolts would be 1/3
rd

 the rate 

for wild smolts, and that 20% of hatchery smolts would residualize. Given the actual 

smolt release, these assumptions lead to a prediction of 131 hatchery fish returning in 

2009 (21,505 * (1-0.2) * 0.66 * 0.035 * 0.33), which is equivalent to a return rate of 

0.9%. Based on acoustic tagging of smolts, the residualization rates of hatchery smolts in 

2008 ranged from 4-9% (Melnychuk et al. 2009), compared to 2% for wild smolts. These 

estimates are highly uncertain as they are based on detection of only 5 and 1 tags, 

respectively, and could include tagged fish that died (which results in an overestimate of 

residualization). If we assume the residualization rate in 2007 was similar to the estimate 
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from 2008, and that the residualization rate was very likely lower than the estimate of 

20% used in the model, then the overall marine survival of hatchery smolts from the 2007 

release must have been higher than the rate of 1.1% used in the model 

(=100*0.035*0.333). This model also predicted that the wild steelhead return in 2009 

would be 84 fish, very close to the estimated wild-origin escapement of 76 fish (Table 

10). Due to the close agreement between observed and predicted returns for both wild- 

and hatchery-origin fish, the predicted and observed total return was also quite similar.  

3.5 Spill Effects on 2009 Escapement based on a Comparison with 

Historical Escapement Estimates and a Stock-Recruit Analysis 

The estimated wild steelhead escapement to the Cheakamus River in 2009 of 76 

spawners was the lowest on record and over four-fold lower than the historical average of 

346 fish (Fig. 13). However, the combined wild and hatchery escapement in 2009 of 237 

fish was only 1.5-fold lower than the historical average. Steelhead escapement dropped 

by 60% between 2007 and 2008, and by 74% between 2008 and 2009. These changes 

were likely related to the impact of the sodium hydroxide spill. The spill occurred in 

August 2005 and would have decreased smolt output beginning in 2006. As predicted by 

the model (Fig. 1), this would in turn have resulted in reduced adult returns beginning in 

2008 (ocean 2 yr fish effected) and a larger reduction in 2009 (both ocean 2 and 3 fish 

effected). This predicted pattern is mirrored in the estimated 2007-2009 escapement trend 

(Fig. 13). 

The number of maiden adult returns to the Cheakamus River appeared to be 

relatively independent of the number of spawners that produced them, which likely 

indicates strong density dependence in spawner-to-adult return survival rates (Fig. 14). 

This result is not surprising as many steelhead trout and coho salmon stock-recruitment 

relationships indicate that relatively few spawners are needed to adequately seed 

available habitat, and that the majority of density dependence occurs during the 

freshwater stage of the life cycle (Ward and Slaney 1993, Bradford et al. 2000, 

McCubbing and Ward 2008). There is considerable uncertainty about the productivity 

(initial slope of the recruitment curve) of Cheakamus River steelhead, however the data 

from 2001-2004 indicate that it is likely closer to 60 than 30 smolts/spawner (see Fig. 1) 

at an assumed marine survival rate of 0.035.  The return in 2009 was also anomalously 
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low given the relatively large spawning stock that produced it (Fig. 14). That is, the 2009 

wild return was very low even though the escapements that produced these fish were well 

above the minimum to fully seed the river based on the stock-recruitment curve. The 

return in 2008 was a bit lower than expected given the stock-recruitment curve, but no 

more so than the returns in 2006, which were not affected by the spill. Thus, the effect of 

the spill was very apparent in the 2009 return but less so in the 2008 return. This result is 

not unexpected given that the 2008 return was buffered by steelhead that had spent three 

years at sea that were not effected by the spill. 

4.0 Discussion 

The estimated steelhead escapement to the Cheakamus River in 2009, based on 

the constrained two-stock model, was 237 fish, of which 76 and 161 were wild and 

hatchery in origin, respectively. There was strong evidence that hatchery-origin fish 

arrived later than wild-origin fish from angling data, and it was critical to account for this 

difference using the new two-stock model to develop an unbiased estimate of the total 

escapement. The escapement-to-adult return stock-recruitment relationship for the 

Cheakamus River indicated that approximately 150 spawners are required to produce the 

historical average adult return of approximately 350 fish. Returns of wild-origin fish in 

2009 were the lowest on record due to the impact of the spill on juvenile survival. 

Hatchery-origin smolts released in 2007 to mitigate the impacts of the spill returned at a 

rate of 0.9%, which was sufficient to produce a total escapement great enough to fully 

seed the river based on the stock-recruitment analysis, assuming that hatchery-origin 

spawners have the same reproductive success as wild-origin spawners. 

Diver detection probability in 2009 was lower than in other years at similar levels 

of discharge and horizontal visibility. It is very likely that this inconsistency occurred 

because discharge was underestimated in 2009 relative to previous years when telemetry 

data have been collected because the location of WSC discharge measurements has 

changed. This bias would cause a slight decrease in the slope of the p-HV/Q relationship, 

resulting in a slight overestimate of escapements in all years, as we assume that p-HV/Q 

data is exchangeable. The effect is likely minor because only 16% (10 of 62) of the p-

HV/Q estimates used to estimate the relationship in this analysis were obtained in 2009.  
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 The radio telemetry program in 2009 provided a limited number of survey life 

estimates, but a substantial number of departure timing and detection probability 

estimates. As in other years, some caution on the interpretation of departure and arrival 

timing based on the tagging data is warranted. While we attempt to distribute tags over 

time and space to provide a representative sample of the entire the run, variation in 

angling catchability makes it hard to do so. With this caution in mind, the 2009 data 

indicate that departure timing was approximately 10 days later compared to other years, 

and that detection probability was a bit lower (16% vs. 22% in other years). Only five of 

20 of the radio tagged steelhead in 2009 were hatchery-origin fish. This sample size was 

too low to rigorously evaluate differences in survey life, departure timing, or detection 

probability among stocks, which was one of the objectives of the tagging program. 

However, the angling data provided strong evidence for later arrival timing of hatchery-

origin steelhead, which was consistent with the later departure schedule seen in the 

limited telemetry sample. This result is consistent with the hypothesis that the return of 

hatchery fish in 2009 would be late given that the brood stock from which they were 

produced were collected late in the run in 2006, and that arrival-timing is a heritable trait 

(Groot and Margolis 1991). 

 We estimated that the escapement of wild- and hatchery-origin steelhead to the 

Cheakamus River in 2009 was 76 (90% credible interval = 58-95) and 161 (65-316) fish, 

respectively. The wild escapement estimate in 2009 was the lowest estimate over the 13-

year period of record. The larger uncertainty in the estimate of hatchery-origin 

escapement was caused by its late arrival timing. Most of the informative swim surveys 

occurred prior to the period when the majority of hatchery fish entered the river. The total 

escapement estimate for 2009 was 237 fish (133-397). Thus, only 32% of the 2009 

escapement was comprised of wild-origin fish. This is lower than the estimate of 43% 

based on angler catch, however this modest discrepancy is not unexpected as the 

escapement-based ratio covers the entire run, while the angler estimate is only based on 

the period when fishing occurred (up to late May but with most effort occurring in April). 

It is worth noting that the total escapement estimated by the original single-stock model 

(Korman et al. 2007) in 2009 was 121 fish, which was approximately 50% lower than the 

total estimated by the two-stock model. This large difference was caused by differences 
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in arrival timing between the two stocks. It is therefore critical to use the two-stock 

model, which is supported by angler-based information on stock composition, to estimate 

escapement in years when significant numbers of hatchery-origin fish are expected to 

return (2009-2011). The angling program also provides scale samples that are needed to 

estimate age structure, which is in turn required to for the stock-recruitment analysis.  

The two-stock escapement model, and the interpretation of the basic angling data, 

both assume that hatchery- and wild-origin steelhead are equally catchable to anglers but. 

some studies indicate that the former group are more catchable. For example, tagged 

hatchery-origin winter run steelhead on the Chilliwack River were recaptured at twice the 

rate compared to wild-origin fish (45% vs. 21%, Nelson at al. 2005). However, in this 

study, as in others, it is not clear whether such differences are due to differences in timing 

and spatial distribution of fish, or due to innate differences in aggression caused by 

selection of brood stock and domestication. For example, in the Chilliwack River, a much 

higher proportion of wild-origin fish are located upstream of the hatchery in an area that 

is closed to fishing to conserve the wild population. This dynamic would exaggerate 

catchability differences among stocks. If this were the case, it would be incorrect to apply 

results from the Chilliwack River to correct angling data from the Cheakamus. We are 

currently re-analyzing the data from the Chilliwack study to better determine the cause 

for the observed difference in catchability and will summarize these findings in the 2010 

report. If justified, it will be possible to revise the two-stock escapement model to 

account for the potentially higher catchability of hatchery-origin fish. This revised model 

(and the interpretation of the basic data) will estimate a lower proportion of hatchery-

origin fish in the escapement than presented here. However, the estimate of the total 

escapement from the model would remain unchanged. 

The relationship between Cheakamus River steelhead spawning stock and 

subsequent adult returns indicates that as few as 150 spawners are needed to produce an 

average adult return of approximately 350 fish. Such high productivity is perhaps not 

surprising as Cheakamus River steelhead have maintained a relatively high abundance in 

recent years, prior to the effects of the spill, compared to other populations (e.g., Keogh 

River, see McCubbing and Ward 2008). Interestingly, there was no evidence in the stock-

recruitment relationship that the extreme flood in October 2003 affected the net 
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freshwater survival rate. If it had, adult returns should have been lower than expected 

beginning in 2006. The 2007 hatchery program appears to have been moderately 

effective at mitigating the effects of the sodium hydroxide spill on steelhead escapement 

and angling success. The return rate of smolts was approximately 1%. Over half of the 

angling catch in 2009 was composed of hatchery-origin fish. In the absence of a hatchery 

program, the escapement in 2009 was over four-fold lower than the historical average. 

Including hatchery returns, the total escapement in 2009 was only 1.5-fold lower. This 

improvement was not a complete mitigation of the impact of the spill, but considerably 

better than what would have occurred in the absence of hatchery enhancement. Assuming 

hatchery-origin fish have similar productivity to wild fish, the preliminary stock-

recruitment relationship indicates that the total escapement in 2009 of 237 spawners was 

sufficient to adequately seed available habitat. We should be able to evaluate this critical 

assumption by comparing juvenile abundance estimates in 2010 and 2011, which will be 

produced from populations dominated by hatchery-origin fish, with those in 2008, 2009, 

and after 2011, which will have originated from wild-origin fish only. A similar 

comparison can also be made using future adult return data. 
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Appendix A: Description of a Model Used to Assess the Effects 

of the 2005 Sodium Hydroxide Spill and Hatchery 

Supplementation on Steelhead Escapement to the Cheakamus 

River 

A simple spreadsheet model using steelhead escapement and age data from the 

Cheakamus River and information on stock productivity and marine survival from the 

steelhead population of the Keogh River was developed to estimate how long it will take 

the Cheakamus population to recover to pre-spill abundance levels and the potential 

benefits of hatchery supplementation. This model was initially described in Korman et al. 

(2005) and used by Labelle (2006) as part of the decision process for hatchery 

supplementation. The same model is described here and parameters are updated using the 

most recent data from the Cheakamus River.   

The model predicts the annual abundance of smolts and adult returns by 

freshwater and at-sea age from 1997 through 2050. We assume a hockey-stick 

relationship between spawner and smolt abundance (Bradford 1999) and a constant 

marine survival rate. The historical time series of escapements to the Cheakamus River 

(1996-2008) was used as input to the spawner-to-smolt relationship to predict the total 

number of smolts up to 2010. Predicted adult returns from the model were used as input 

to the spawner-to-smolt relationship to predict smolt numbers after 2010. Smolt 

production in each year was divided into 3 smolt age groups based on available ageing 

data. The adult returns of each age class produced from each smolt group was computed 

as the product of number of smolts in each smolt age class, the marine survival rate, and 

the proportion of that adult returns in each ocean age-smolt age class determined from 

available ageing data. To simulate the effect of the spill, we applied a 90% mortality rate 

to all smolt age classes in the river at the time of the spill. We compared the population 

trajectory assuming no mortality, with the trajectory assuming 90% mortality, with and 

without hatchery supplementation. 

There is no marine survival rate data available for the Cheakamus River, and the 

time series of steelhead smolt and escapement estimates was too short to develop a 

spawner-to-smolt relationship. We therefore had to assume that the data for the Keogh 
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River steelhead population is representative of the Cheakamus population. We assumed a 

marine survival of 0.035, which is the average rate for the Keogh River population using 

the last 5 yrs of available data (1993-2005, Ward 2000 and Ward et al. 2005). The 

number of smolts produced per spawner at low stock size was assumed to be 30 or 60 

(Ward et al. 2005), which provide reasonable fits to the stock-recruit time series for the 

Cheakamus (see Fig. 14 of this report). The estimated carrying capacity for smolts at the 

Keogh River is 211 smolts/km. The anadromous length of the Cheakamus mainstem 

covered by our adult surveys is 14 km. This translates to approximately 3,000 total 

smolts, which produces a return of only 100 fish under a marine survival rate of 0.035. 

As the actual maiden returns have averaged approximately 3-fold higher since 1996 (280 

maiden returns from 1996-2007), it is likely that the smolt capacity of the Cheakamus 

River is much higher, or alternately, that marine survival is higher. We assumed the 

former, and estimated the carrying capacity for the Cheakamus River by diving the 

average historical maiden returns from 1996-2007 (unaffected years) for the Cheakamus 

population by the assumed marine survival rate of 0.035 resulting in a smolt carrying 

capacity of 8,000 fish. We used the most recent age-structure information from the 

Cheakamus River to parameterize the model (see Table 8) which indicates that the 

proportion of smolts leaving after two, three, and four years in freshwater is 0.72, 0.28, 

and 0.01, respectively, and that 0.66 and 0.33 maiden spawners return after two and three 

years at sea, and that the repeat spawning rate was 0.16. 
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Table 1. Equations used in the model to estimate steelhead escapement from swim 

survey, radio telemetry, and angler catch data. See Table 2 for definition of model 

variables. 

 

 

Eqn. # Description Equation 

 

Process Model 

1 Arrival Timing a) beta model:      
11

, )1(


 oo

iiioPA
   

b) deviate model: iioPA ,  

2 Transformation of arrival timing 

parameters 
o

o

o
o

T





 


 2

1  

3 Survey life – date of entry 
)1(

ss

s

i

i
SL

h

mt 







  

4 Departure day 
ii SLid   

5 Proportion arriving on day ‘i’ that 

depart on day ‘j’ 
),,(, sliji djNormalPAD   

6 Departure timing 
ji

i

iojo PADPAPD ,,, *  

7 Number present by model day 









  

i i

oooio PDPAU
1 1

,   

8 Proportion of wild-origin fish that 

have arrived by model day 

 






i i

HHWW

i

WW

iw

PAEPAE

PAE

P

1 1

1
,

 

 

Observation Model 

9 Likelihood for marked fish 

observed (Lr) 
)(~ iii RqPoissonr  

10 Likelihood for unmarked fish 

observed (Lu) 
))((~ ,, iiHiWii RUUqPoissonu   

11 Conditional MLE of detection 

probability 
iHiW

ii
i

UU

ur
q

,, 


  

12 Detection probability based on 

physical conditions 
s

s

s

i

i
h

i

i

i

Q

HV

Q

HV

p






 

  

13 Likelihood for marked fish 

observed in current year based on 

p from eqn. 12 (Lpr) 

)(~ iii RpPoissonr  



 36 

Table 1 Con’t. 

 

Eqn. # Description Equation 

   

14 Likelihood for unmarked fish 

observed in current year based on 

p from eqn. 12(Lpu) 

))((~ ,, iiHiWii RUUpPoissonu   

15 Likelihood for marked fish 

observed from other years based 

on p from eqn. 12 (Lp) 

)(~ iii RpPoissonr  

16 Likelihood for survey life (Lsl) ),,(~ slii SLiNormalslobs   

17 Conditional MLE for the standard 

deviation in survey life – date of 

entry relationship 1

)( 2







n

SLslobs
s

ii

sl  

18 Likelihood for departure timing 

(LdW and LdH) 
),(~ ,,, io

i

ioio PDNexitMultinomNexit   

19 Likelihood of stock composition 

given catch data (Lf) 
))((~ ,,,,, iHiWiWiW CCPPoissonC   

20 Penalty function on the mode of 

arrival timing for hatchery fish )1(
ss

s

P

H

P

h

P

H
m

P
PHpen






  

21 Total Likelihood (LT) 

HpenLLLLL

LLLL
dataL

fdHdWsp

puuprr

T










22

)|( 
 

 



 37 

Table 2. Definition of variables used in the steelhead escapement model. 

 

Symbol Definition 

 

State Variables 

PAo,I Proportion of stock ‘o’ arriving on day ‘i’ 

PADi,j Proportion arriving on day ‘i’ that depart on day ‘j’ 

PDo,j Proportion departing for stock ‘o’ on day ‘j’ 

Uo,I Number present for stock ‘o’ on day ‘i’ 

Pw,I Cumulative proportion of wild-origin fish that have arrived by day ‘i’ 

di Mean departure day for fish arriving on day i 

pi Predicted detection probability on day ‘i’ based on physical conditions 

Parameters 

 Escapement for stock ‘o’ 

o Model day where the maximum arrival rate of stock ‘o’ occurs 

o Precision of arrival timing for stock ‘o’ 

o Transformed parameter for arrival timing model for stock ‘o’ 

I The proportion of the run that has arrived between survey ‘i-1’ and ‘i’ 

λm Maximum mean survey life (days) 

λh Model day where survey life is ½ the maximum 

λs Slope of the survey life – date of entry relationship 

h HV/Q ratio at which detection probability is 0.5 

s Slope of the qP-HV/Q relationship 

Conditional Parameter (calculated) 

qi Detection probability on day ‘i’ 

sl Standard deviation (error) in survey life – date of entry relationship 

pen Value of penalty function used to constrain the mode of arrival timing 

for hatchery-origin fish 

Data 

Ri Number of tags in survey area on day ‘i’ 

ri Number of tags observed on day ‘i’ 

ui Number of untagged fish observed on day ‘i’ 

HVi/Qi Ratio of horizontal visibility to discharge on day ‘i’ 

slobsi Observed survey life on day ‘i’ 

N # of observations of survey life 

Nexito,I # of fish of origin ‘o’ departing on day ‘i’ 

Co,I Cumulative landed catch of fish of origin ‘o’ by day ‘i’ 

Constants 

i, j Indices for model day 

T Maximum model day (T=181) 

O Stock origin (wild: o=W, hatchery: o=H) 

I Proportional model day (i/T ranging from 0-1) 

Pm, Ph, Ps Terms defining the penalty function for arrival timing for hatchery fish 



 38 

Table 3. Physical conditions and counts of adult steelhead (SH), resident rainbow trout 

(RB), and bull trout (BT) during adult surveys in 2009. 

 

  Horizontal     

Survey Discharge Visibility  Count  

Date (Q in m
3
/sec) (HV in m) HV/Q SH RB BT 

       

17-Feb 13.4 7.5 0.56 2 7 70 

5-Mar 19.1 5.3 0.28 10 9 61 

12-Mar 14.6 5 0.34 15 4 52 

19-Mar 20 4.5 0.23 6 7 26 

26-Mar 17.3 6.4 0.37 12 11 61 

2-Apr 17.2 4.8 0.28 17 2 37 

7-Apr 16.8 3.5 0.21 8 3 24 

15-Apr 20 3.5 0.18 8 4 21 

16-Apr 17.6 4.4 0.25 10 10 30 

23-Apr 18.5 4.2 0.23 18 5 51 

24-Apr 16.5 4.2 0.25 25 7 64 

29-Apr 17.6 3.7 0.21 14 11 16 

30-Apr 17.6 4 0.23 17 6 26 

15-May 17.8 3.4 0.19 18 14 11 

 

 



 39 

Table 4. The number of observed steelhead that were not tagged (No Tag), and the 

number of those fish where adipose fin presence (wild) or absence (hatchery) was 

determined. The ‘proportion with origin confirmed’ is the ratio of the number of fish with 

and without an adipose divided by the total count. The proportion wild is the ratio of fish 

with an adipose that were counted relative to the total of fish with and without an adipose 

that were counted. 

 

    Proportion  

Survey No  With Without With Origin Proportion 

Date Tag Adipose Adipose Confirmed Wild 

      

17-Feb 2 0 0 0.00  

5-Mar 10 3 0 0.30 1.0 

12-Mar 15 9 0 0.60 1.0 

19-Mar 6 1 0 0.17 1.0 

26-Mar 12 3 0 0.25 1.0 

2-Apr 16 4 0 0.25 1.0 

7-Apr 7 1 0 0.14 1.0 

15-Apr 8 1 0 0.13 1.0 

16-Apr 8 2 0 0.25 1.0 

23-Apr 15 6 0 0.40 1.0 

24-Apr 21 4 0 0.19 1.0 

29-Apr 14 0 0 0.00  

30-Apr 15 1 0 0.07 1.0 

15-May 17 5 1 0.35 0.8 
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Table 5. Origin of steelhead landed in the Cheakamus River during winter and spring of 

2009 based on summaries of the creel survey (a) and angler logbooks (b). 

 

  Wild Hatchery  

 Angling Steelhead Steelhead Proportion 

Period Hours Landed Landed Wild 

     

a) Creel Survey     

March 1-10 39 0 0  

March 11-20 46.5 0 0  

March 21-31 226 2 0 1.00 

April 1-10 102.5 3 1 0.75 

April 11-20 33 0 0  

April 21-30 32 0 0  

May 1-10 25.5 0 3 0.00 

May 11-20 16 1 3 0.25 

Total 520.5 6 7 0.46 

     

b) Angler Log Books     

Jan-Feb 14 0 0  

March 1-10 5 0 0  

March 11-20 54.5 3 0 1.00 

March 21-31 58 1 1 0.50 

April 1-10 110.5 5 2 0.71 

April 11-20 77.5 4 2 0.67 

April 21-30 63 3 7 0.30 

May 1-10 34 1 6 0.14 

May 11-20 39 0 5 0.00 

May 21-31 17 1 2 0.33 

Total (March 1 - May 20) 441.5 17 23 0.43 
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Table 6. Summary of information on Cheakamus River steelhead captured in 2009 as 

part of the tagging program. Tagging locations are specified as below (d/s Cheekye 

confluence) or within the survey area. Origin of fish is specified as wild (W) or hatchery 

(H). Average holding location and maximum upstream (U/S) location refers to the 

number of river kilometers upstream of the Squamish-Cheakamus River confluence. Age 

is specified as years in freshwater and the ocean (r denotes a replacement scale where 

freshwater age cannot be determined, 1s1 denotes a repeat spawner that returned after 

two years in the ocean, spawned and returned to spawn a second time). * denotes fish that 

were tracked moving into Brohm River.  

 

Radio Date Loc. Origin Sex Age Fork Date of Date of Survey Avg. Most 

Tag Tagged Tagged    Length Entry Depar- Life Holding U/S 

Code      (mm)  ture (days) Loc. Loc. 

            

15 15-Mar Below W M 2.2 720 20-Mar   3.8 7.7 

17 27-Mar Within W F 2.2 760  30-May  12.0 13.3 

27 27-Mar Below W F 2.2 730 6-Apr 18-May 42 4.1 4.3 

24 30-Mar Within W F r.1s1 750  12-May  5.8 7.7 

28 3-Apr Below W F   3-Apr 22-May 49 4.3 7.7 

18 8-Apr Within W F 3.1s1 890  1-Jun  6.1 7.7 

 9-Apr Below H  M 1.1 490      

21 9-Apr Within W M 2.2 800  22-Jun  12.5 14.3 

12* 9-Apr Within W F 3.3 800  6-May  4.3 4.3 

65 11-Apr Below W M 3.3 820 17-Apr 23-May 36 5.5 7.7 

70 17-Apr Within W F 2.2 700  17-May  6.4 17.3 

34* 17-Apr Within W M r.2 720  9-May  6.8 7.1 

16 19-Apr Within W F 3.3 805  6-May  4.7 7.7 

38 23-Apr Within H F 1.2 780  22-Jun  5.8 9.8 

11 23-Apr Within H F 1.2 740  25-May  6.4 7.7 

40 24-Apr Within H M 1.2 720    7.1 7.7 

52 24-Apr Below W F 2.2 760 28-Apr 17-Jun 50 7.1 15.3 

29 24-Apr Within W F r.2 600  17-May  7.4 8.5 

22 24-Apr Within W M r.1s1 875  9-Jun  6.1 17.3 

 25-Apr Within H F 1.1 495      

23 27-Apr Within H M 1.2 730  1-Jun  8.5 10.3 

 29-Apr Within H M 1.1 415      

 29-Apr Within H F r.2 740      

41 6-May Within H F 1.2 710    6.4 7.7 

 8-May Within H M 1.2 660      

 8-May Within H F 1.2 760      

 13-May Within H M 1.2 780      

 13-May Within H F 1.2 740      
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Table 7. Number of steelhead that were sampled (age and genetics) and potentially 

available to radio tag, the number that were radio tagged, and the average and minimum 

fork length across all samples by sex and origin. 

 

 Sex  

Origin Female Male Total 

    

# Sampled    

Hatchery 6 7 13 

Wild 10 5 15 

    

# Radio Tagged   

Hatchery 2 3 5 

Wild 10 5 15 

    

Average Fork Length (mm) Avg. 

Hatchery 698 654 674 

Wild 755 787 766 
    

Minimum Fork Length (mm)  

Hatchery 495 415  

Wild 600 720  

 



 43 

Table 8. Proportions of freshwater, ocean, and total ages for Cheakamus River wild (W)- 

and hatchery (H)-origin adult steelhead from scale samples collected over all years when 

telemetry was conducted. A total of 132 and 179 freshwater and ocean ages were 

estimated, respectively. ‘n’ denotes the sample size for each strata. 

 

  Freshwater Age   

Year Origin 1 2 3 4 n  

2000 W 0.00 0.85 0.15 0.00 13  

2001 W 0.00 0.85 0.15 0.00 26  

2003 W 0.00 0.72 0.24 0.03 29  

2004 W 0.00 0.74 0.26 0.00 19  

2005 W 0.00 0.52 0.48 0.00 23  

2009 H 1.00 0.00 0.00 0.00 12  

 W 0.00 0.60 0.40 0.00 10  

Avg H 1.00 0.00 0.00 0.00 12  

 W 0.00 0.72 0.28 0.01 120  

        

  Ocean Age   

Year Origin 1 2 3 Repeat n  

2000 W 0.00 0.63 0.38 0.00 16  

2001 W 0.00 0.73 0.20 0.07 30  

2003 W 0.03 0.41 0.28 0.28 32  

2004 W 0.00 0.63 0.26 0.11 35  

2005 W 0.08 0.38 0.31 0.23 39  

2009 H 0.23 0.77 0.00 0.00 13  

 W 0.00 0.57 0.21 0.21 14  

Avg H 0.23 0.77 0.00 0.00 13  

 W 0.02 0.54 0.27 0.16 166  

        

  Total Age 

Year Origin 2 3 4 5 6 7 

2000 W 0.00 0.00 0.53 0.41 0.06 0.00 

2001 W 0.00 0.00 0.66 0.30 0.03 0.00 

2003 W 0.00 0.03 0.42 0.42 0.11 0.01 

2004 W 0.00 0.00 0.52 0.40 0.08 0.00 

2005 W 0.00 0.05 0.31 0.45 0.19 0.00 

2009 H 0.23 0.77 0.00 0.00 0.00 0.00 

 W 0.00 0.00 0.44 0.45 0.11 0.00 

Avg H 0.23 0.77 0.00 0.00 0.00 0.00 

 W 0.00 0.02 0.47 0.41 0.09 0.00 
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Table 9. Summary of number of steelhead counted by survey date stratified by presence 

of a tag (radio + spaghetti) and origin (wild or hatchery). Detection probability is the 

proportion of the total tagged fish present based on telemetry to the number that were 

counted during swim surveys. 

 

  

 Counted (swim survey) Present (telemetry) Detection 

Survey No Wild Hatchery Total Wild Hatchery Total Probability 

Date Tag Tag Tag Tags (r) Tag Tag Tags(R) (r/R) 

         

17-Feb 2 0 0 0 0 0 0  

5-Mar 10 0 0 0 0 0 0  

12-Mar 15 0 0 0 0 0 0  

19-Mar 6 0 0 0 0 0 0  

26-Mar 12 0 0 0 1 0 1 0.00 

2-Apr 16 1 0 1 3 0 3 0.33 

7-Apr 7 1 0 1 4 0 4 0.25 

15-Apr 8 0 0 0 7 0 7 0.00 

16-Apr 8 2 0 2 7 0 7 0.29 

23-Apr 15 2 1 3 12 1 13 0.23 

24-Apr 21 3 1 4 12 2 14 0.29 

29-Apr 14 0 0 0 15 3 18 0.00 

30-Apr 15 2 0 2 15 3 18 0.11 

15-May 17 0 1 1 6 5 10 0.10 
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Table 10. The return rate of the 2007 steelhead hatchery release to the Cheakamus River, 

and comparison of wild- and hatchery-origin escapements estimates with those predicted 

by a model used to estimate the impact of the CN caustic soda spill and the potential 

benefits of hatchery mitigation (from Appendix A of Korman et al 2005 and Labelle 

2006). See text for details on the calculations. FVTH (Fraser Valley Trout Hatchery) and 

Tenderfoot (Tenderfoot Creek Hatchery) denote hatcheries where fish were reared. The 

‘Hatchery (07)’ escapement in 2009 is the hatchery-origin escapement produced from the 

release in 2007 (i.e., estimated jacks from 2008 release in 2009 escapement were 

removed). 

 

Number of Hatchery Smolts Released 

Release Year FVTH Tenderfoot Total 

2007 10,679 10,826 21,505 

2008 8,857 8,761 17,618 

    

2009 Escapement 

Origin Avg. 10
th

 90
th

 

Hatchery 161 65 316 

Hatchery (07) 124 50 243 

Wild 76 58 95 

    

Hatchery Return Rate Avg 10th 90th 

2007 0.9% 0.3% 1.7% 

    

Predicted Returns from Spill model  

Origin 2009 2010 2011 

Hatchery 131 175 55 

Wild 84 63 190 

Total 215 238 245 

Observed 237   
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Figure 1. Simulations predicting steelhead escapement to the Cheakamus River based on 

the estimated loss of juveniles due to the 2005 caustic soda spill (under assumed 

productivities of 30 and 60 smolts/spawner and marine survival rate of 0.035) and 

assuming the spill did not occur (a), and a comparison of escapement with a spill effect 

but with release of hatchery smolts in 2007 and 2008 (b). Escapements between 1996 and 

2008 are estimated values except in 1998 (denoted by the filled circle) when no data was 

collected. An average based on adjacent values was used in this case. See text for details 

of model scenarios. 
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Figure 2. Map of the Cheakamus River study area showing the locations of migration 

barriers for anadromous fish in the Cheakamus and Brohm Rivers and the Water Survey 

of Canada discharge gauge at Brackendale. The gray points show the number of river 

kilometers from the Squamish-Cheakamus confluence. The adult swim survey area 

extends from ~ 300 m downstream of the migration barrier on the Cheakamus River to 

the confluence with the Cheekye River.
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Figure 3. Discharge at the Brackendale gauge (thick dark line) and water temperature 

downstream of the Cheekye River confluence (thick gray line) between January 1
st
 and 

May 31
st
, 2009. The light gray thin solid line shows the water temperature in 2008 for 

comparison. The light dashed horizontal lines denote minimum discharge requirements at 

the Brackendale gauge before and after March 31
st
. The points denote the dates that adult 

swim surveys were conducted.  
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Figure 4. Cumulative number of hours fished and cumulative number of wild- and 

hatchery-origin steelhead landed in the Cheakamus River during winter and spring 2009. 

The summary is based on combined information from a creel survey and angler logbooks. 
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Figure 5. Relationship between date of entry into the survey area and the number of days 

spent in the survey area (survey life) for steelhead in the Cheakamus River. Lines 

represent best-fit linear relationships for males and females respectively fit to the 2001 

through 2005 telemetry data only. Information from 2009 is distinguished by unique 

points and was not used in the estimation of linear relationships. 
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Figure 6. Cumulative proportion of radio tagged steelhead departing the survey area by 

date from 2001 through 2009 (a) and the departure schedule for wild- and hatchery-origin 

fish in 2009 only (b). 
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Figure 7. The relationship between horizontal visibility (HV) and discharge (Q) (a), time 

series of the ratio of horizontal visibility to discharge (b), and the relationship between 

HV/Q and detection probability (c). The relationship in c) was estimated using mark-

recapture data through 2005 only (data from 2009 are highlighted in black). The size of 

the points in c) is proportional to the log of the number of tags available on each survey.  
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Figure 8. Fit of the single-stock escapement model, where hatchery- and wild-origin 

returns are not modeled separately, to the 2009 data. a) shows the predicted proportion of 

the composite run arriving by day. b) shows the predicted number present (line) through 

the run, and the expected numbers present on individual surveys based on expanding 

counts by the ratio of tags observed to tags present (r/R) and based on the detection 

probability determined by the ratio of horizontal visibility to discharge (HV/Q). c) shows 

the predicted (line) and observed (points) departure schedule (data from 2001-2009). d) 

shows the predicted and observed survey life – date of entry relationship (data from 

2001-2009, solid points identify 2009 data). e) shows the predicted detection probability 

by survey date based on the p-HV/Q model (line), and estimates of detection probability 

based on tagging data (r/R) or the conditional estimate (MLE). f) shows the predicted  

detection probability – HV/Q relationship (line) and estimates of detection probability 

from tagging data only based on data from 2000-2009 (r/R, solid points highlight 2009 

data). 
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Figure 9. Fit of the deviate arrival timing composite escapement model, where hatchery- 

and wild-origin returns are not modeled separately, to the 2009 data. a) shows the 

predicted proportion of the composite run arriving by day. b) shows the predicted number 

present (line) through the run, and the expected numbers present on individual surveys 

based on expanding counts by the ratio of tags observed to tags present (r/R) and based 

on the detection probability determined by the ratio of horizontal visibility to discharge 

(HV/Q). r/R expanded counts cannot be computed when the number of tags observed is 

zero. 
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Figure 10. The effect of the penalty function (eqn. 20 in Table 1) on the mode of arrival 

timing for hatchery-origin fish (a, b), maximum likelihood estimates of the mode of 

arrival timing (c), uncertainty (CV) in the mode of arrival timing (d), escapement (e), and 

uncertainty in escapement (f). The effects of 8 alternate penalty functions are examined 

(all with Ph=145 or May 25
th

) based on low (a, Ps=10) and high (b, Ps=50) slopes and four 

different maximums (Pm=0, 1, 5, and 10). The penalty functions with Pm=0 result in 

Hpen=0 and produces estimates that are not constrained. 
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Figure 11. Fit of the constrained two-stock model  (Pm=1, Ph=145, Ps=50 from eqn. 20 in 

Table 1) to the 2009 data. a) shows the predicted proportion of the run for each stock 

arriving by day. b) see caption for Fig. 4.6. c) shows the predicted (line) and observed 

(points) departure schedule for both stocks (data from 2001-2009). d) shows the predicted 

number of wild- and hatchery-origin fish present. e) shows the predicted and observed 

survey life – date of entry relationship (data from 2001-2009, solid points identify 2009 

data). f) shows the predicted cumulative proportion of the run that is wild (line) and the 

observed proportions based on the ratio of wild fish landed to total fish landed. g) shows 

the predicted detection probability by survey date based on the p-HV/Q model (line), and 

estimates of detection probability based on tagging data (r/R) or the conditional estimate 

(MLE). h) shows the predicted  detection probability – HV/Q relationship (line) and 

estimates of detection probability from tagging data only (r/R, solid points highlight 2009 

data). 
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Figure 12.  Posterior distributions from the constrained two-stock model (Pm=1, Ph=145, 

Ps=50 from eqn. 20 in Table 1) for 2009 (histograms) and the correlation among 

parameters. A Lowess-smoothed trend line is used to highlight relationships among 

parameters. See Table 2 for definition of model parameters.
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Figure 13.  The steelhead escapement trend in the Cheakamus River, 1996-2009. The 

height of the bars and error bars show the average and 90% credible intervals from the 

posterior distribution of escapement estimates for each year, respectively. The 2009 

estimates are based on the constrained model (Pm=1, Ph=145, Ps=50). Wild spawners 

returning that were produced from juveniles that were affected by CN caustic soda spill 

of 2005 began to return to the Cheakamus River in 2008. 
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Figure 14. The relationship between the number of steelhead spawners in the Cheakamus 

River and the resulting maiden adult returns (total returns less repeat spawners). The year 

beside each point represents the return year. Theoretical hockey-stick stock-recruitment 

relationships are plotted for illustrative purposes only. The curves were generated by 

assuming current carrying capacity is equivalent to the historical average maiden 

escapement excluding spill effected return years (2008 and 2009), a repeat spawning rate 

of 0.16, and that stock productivity (initial slope of hockey stick) was the product of 30 

(solid line) or 60 (dashed line) smolts/spawner and an assumed marine survival rate of 

0.035. 
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