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PREFACE 

This project is focused on determining annual estimates of premature mortality for Harrison 

Rapids sockeye salmon (Oncorhynchus nerka). For the purpose of this study, premature 

mortality is defined as the mortality of Harrison Rapids sockeye salmon that return to the 

Harrison River but do not survive to the initiation of the Harrison River Mark-Recapture 

Program conducted by Fisheries and Oceans Canada (DFO) Stock Assessment. Mortality that 

occurs once the fish have reached their natal spawning grounds during the assessment period is 

not the focus of this study. Thus, the main body of this report documents our efforts to address 

the main project objectives. Our contributions to key collaborative projects that were leveraged 

from the main project objectives are reported in the appendices. The data that was collected for 

this project provides information for many related projects and we will continue to use this 

information to inform future mortality research.  

 

Note: The main document contains italicized paragraphs that pertain to sections that we will 

continue to advance and use to inform other interrelated questions.  
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INTRODUCTION 

The survival of Harrison Rapids sockeye salmon (Oncorhynchus nerka) between the Mission 

hydroacoustic site and their natal spawning grounds is highly uncertain. In recent years, this is 

most evident by the large variation in estimates of in-river loss that are based on discrepancies 

between Mission passage and spawning ground escapement. In some years, despite anecdotal 

evidence of large en-route loss, it was estimated that more Harrison sockeye reached spawning 

areas than were expected based on Mission estimates less catch. These discrepancies are creating 

management problems for both in-season loss predictions (i.e. management adjustments) and 

post-season run size determination (i.e. run size adjustments) – outcomes which can affect 

sockeye and pink salmon (Oncorhynchus gorbuscha) fishing opportunities in all sectors. The in-

season management adjustment (MA) that is applied to this stock may limit harvest 

opportunities, particularly in years when Harrison sockeye represent a significant portion of the 

Summer-run management aggregate and/or Fraser River pink salmon are abundant. 

The uncertainty in estimating the en-route loss (defined herein as premature mortality) of 

Harrison Rapids sockeye salmon is related to the very protracted in-river migration pattern and 

the unique assessment challenges of this system. Coincident with the early freshwater entry 

timing of most Late-run populations since 1995 (Cooke et al. 2004), Harrison sockeye exhibit the 

longest freshwater delay time (up to 3 months) between their first detection at Mission and the 

initiation of spawning ground assessments. Despite this information, most studies that have 

provided mortality estimates for Harrison sockeye have not reflected the proportional abundance 

of the Mission passage profile for this stock (e.g. Donaldson et al. 2012; Robinson et al. in 

press). The purpose of this project was to accurately estimate the premature mortality of 

Harrison sockeye by quantifying this mortality in relation to river-entry timing. To this end, 

Harrison Rapids sockeye salmon were tagged and released in the Harrison River throughout their 

migration period, from late July through to early October, to examine mortality patterns. This 

information will reduce the uncertainty in the relationship between Harrison sockeye migration 

by Mission and their survival to assessment on spawning grounds, providing auxiliary insight for 

the SEF project to improve post-season run size adjustments (RSA). 
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There a several different modelling approaches to quantify the relationship between Mission 

passage timing and premature mortality for Harrison Rapids sockeye salmon for either RSA or 

MA determination purposes. The central feature of the three modelling methods explored in this 

report involve the assumption of mortality being a function of entry date, but being invariable 

across each cohort of fish that pass Mission. This approach is consistent with freshwater 

residency time being the central driver of adult mortality in sockeye salmon (e.g. English et al. 

2005; Bradford et al. 2010; Hinch et al. 2012). This approach allows for flexibility to interpret 

the survival of fish tagged in the Harrison River for which it is unknown when they passed 

Mission. Further work using more detailed behavioural information is necessary to determine 

whether this assumption is correct. Notwithstanding future changes, the current models did 

provide estimates of the relative premature mortality differences for the past 6 years.   

Objectives 

The three main project outcomes are listed below. 

1) Estimate premature mortality for Harrison Rapids sockeye salmon 

2) Quantify the relationship between Mission passage timing and premature mortality for 

use in post-season run size adjustments (RSA) 

3) Provide information for the potential use in determining in-season management 

adjustment (MA) estimates 

This highly leveraged work was integrated with other key collaboration projects that provided 

the beneficial outcomes listed below (see appendices for details). 

A) Provide results to test key assumptions of the current Harrison sockeye mark-recapture 

program used to estimate spawning ground escapement (Fisheries and Oceans Canada 

(DFO) Stock Assessment Division) 

B) Examine tag-related effects to better interpret the growing amount of information on 

fishing and temperature-related impacts on premature mortality (the University of British 

Columbia (UBC) and Carleton University with financial support from the Natural 

Sciences and Engineering Research Council (NSERC)) 
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C) Provide information on Harrison sockeye distribution and their vulnerability to 

exploitation within the Harrison River (Sts’ailes First Nation and Simon Fraser 

University)  

D) Contribute information to increase the understanding of biological factors related to 

mortality (Genome BC and UBC/Carleton-NSERC)  
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METHODS 

Study system 

The Harrison River connects Harrison Lake to the Fraser River in the southwestern corner of 

British Columbia, Canada (Figure 1). It is home to the Harrison Rapids sockeye salmon 

population and a migratory thoroughfare for Birkenhead River and Weaver Creek sockeye 

salmon populations. The Birkenhead River is a major tributary of the Lillooet River, joining at 

the northern end of Lillooet Lake which feeds into Harrison Lake via the disjunct continuation of 

the Lillooet River. Weaver Creek is a tributary of the Harrison River that is connected through 

Morris Lake and the subsequent Morris Creek outflows. This 19 km stretch of river provides 

habitat for the freshwater life stages of all five species of Pacific salmon. 

 

 

Figure 1 – Map of the Fraser River system in British Columbia, Canada. The red ovals in the enlarged map roughly 

indicate the natal streams of the Fraser River sockeye salmon stocks discussed in this report: (A) Birkenhead River 

and (B) Weaver Creek and Harrison River. Adult sockeye salmon from all three populations will spend time in the 

Harrison River during their spawning migration. 
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These three populations comprise the vast majority of adult sockeye salmon to return to this 

system (see the 2014 predictions in Table 1). The stock-specific daily abundance profiles 

produced at the Mission hydroacoustic site (see Figure 11) portray the protracted freshwater 

entry that is particularly expansive for Harrison sockeye salmon; in 2014, the median 50% date 

for upstream migration of Harrison fish by Mission was September 2. The middle reach of the 

Harrison River provides spawning habitat that is used by this population in mid-November. 

Birkenhead sockeye salmon spawn within the Birkenhead River in late September. In mid-

October, Weaver sockeye salmon spawn in Weaver Creek or the adjacent artificial spawning 

channel operated by the DFO Salmon Enhancement Program.  

 

Table 1 – The 2014 sockeye salmon forecasts for the stocks present in the Harrison River at the time of capture and 

tag application. 

 

 

Both First Nation and recreational fisheries occur within the Harrison River. In 2014, there were 

Economic Opportunity (EO) and Food, Social and Ceremonial (FSC) fisheries in the Harrison 

River for the Sts’ailes and Scowlitz communities. In addition, there were recreational fishing 

opportunities in the Harrison River downstream of the Highway Bridge. Monitoring fisheries 

openings within the Harrison River, as well as in the Fraser River near the mouth of the Harrison 

River, was essential to evaluate the likelihood of harvest effects on the survival outcome.  

 

 

  

EFS EFS 10% 25% 50% 75% 90%

Harrison 399,700       387,100       118,000       228,000       473,000       980,000       1,888,000   

Weaver 25,300         12,900         102,000       176,000       323,000       591,000       1,019,000   

Birkenhead 67,800         34,500         205,000       311,000       493,000       831,000       1,299,000   

Misc. 7,400           5,100           18,000         33,000         60,000         104,000       185,000       

Total Harrison system 443,000       748,000       1,349,000   2,506,000   4,391,000   

Probability of Return at/or Below Specific Run Size
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Experimental design 

Most of the study fish were captured at the Park in the middle reach of the Harrison River (see 

Figure 2) using a beach seine and the help of the Sts’ailes fishing crew. This was accomplished 

with one end of the seine secured to shore while the other end was drawn to the middle of the 

river with a power boat. This end was then arced downstream and towed towards shore. Both 

ends of the net were pulled in by hand to assemble the catch into a manageable nearshore area. 

This capture method was also used at the Tapadera site and then again with the help of DFO 

Stock Assessment crew members at the Graveyard site (Figure 2). Two study fish were angled, 

tagged and released at the Mountain Bar site in the Fraser River, approximately 4 km 

downstream of the confluence of the Harrison River; this method was used in response to the 

temporary inability to capture sockeye salmon by beach seine. 

 

 

Figure 2 – A map depicting the three capture sites that were located on the Harrison River. 
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The experimenters managed the size and depth of the containment area created by the seine to 

minimize unnecessary stress or injury resulting from the confinement. Study fish were 

transferred from the seine net into a V-shaped trough equipped with a continual supply of river 

water. Adipose tissue and scale samples were removed for stock identification analyses (see 

Beacham et al. 2005 and Gable and Cox-Rogers 1993, respectively). The fork length (to the 10th 

of a cm) was recorded as well as an estimate of sex based on morphometric indicators and 

secondary sexual characteristics. The overall condition of the fish was ranked and recorded when 

transferred to the trough and again when released to resume migration. We used colour and scale 

assessments to provide information on freshwater residency time. Stopwatches were used to 

obtain the duration (mm:ss) required to complete the sampling procedures for each individual. 

Additional comments were documented when necessary (e.g. tag application irregularities, sea 

lice presence, and wound severity). An active radio tag was attached to each study fish prior to 

release; all fish were released from the seine net within 1 h of the initial containment. 

Two different radio tag models and attachment methods were used in this study: the externally 

attached TX-PSC-E-45 (see Figure 3) and the internally applied TX-PSC-I-1200 (see Figure 4) 

both manufactured by Sigma Eight Inc. The external tag was 32 mm long and 10 mm wide at its 

most prominent point. The side of the tag that rest against the body of the fish was flat. Once 

applied, the tag profile was smooth and the antenna (305 mm) trailed from the posterior end. The 

external tag was designed with a hole on either end to facilitate attachment. Flexible nickel pins 

(77 mm in length) with transparent blue buffer discs (6 mm in diameter) were placed in both 

holes and simultaneously pierced through the dorsal musculature of the fish approximately 2 cm 

below the dorsal fin attachment. Using pliers, the tag was pulled snug against the body. Clear 

plastic discs (14 mm in diameter) were then applied to the exposed end of the pins to lessen the 

irritation once secured. The pins were clipped to a more manageable length and then individually 

knotted using the pliers. This method of attachment is comparable to techniques used to apply 

Petersen disc tags. In comparison, the cylindrical internal tag was 43 mm in length with a 

diameter of 16 mm. These tags were inserted into the stomach of the supine fish using a smooth 

plastic plunger to push the transmitter down the esophagus (Ramstad and Woody 2003; Cooke et 

al. 2005). Once inserted, the antenna (413 mm) trailed from the mouth of the fish (Figure 4). The 
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information presented in Table 2 accounts for the number of each tag type applied to the study 

fish by date and location.  

 

      

Figure 3 – Photos of the externally attached radio tags. The photo on the left shows the tag profile, including the 

transparent blue buffer discs used to secure the head of the pins. The photo on the right depicts the clear buffer discs 

partitioning the metal knots from the body of the study fish. 

 

       

Figure 4 – Photos of the internally attached radio tags. The photo on the left shows the shape and relative size of the 

tag. The photo on the right depicts the antenna that trails alongside the body of an internally tagged study fish. 
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Table 2 – The date and location of capture and release for all sockeye salmon that were tagged in this study. Each 

fish was equipped with either an external or internal radio tag prior to release. In all but one instance, the fish were 

captured and released at the same location. On October 1 2014, 16 fish were transported and released in the Fraser 

River at Haney, approximately 25 km downstream of Mission, to monitor their re-ascension into the capture system. 

 

Date Capture location Release location 
Tags applied 

External Internal Total 

07-Aug-14 HR - Park HR - Park 14 0 14 

12-Aug-14 HR - Park HR - Park 15 0 15 

27-Aug-14 HR - Park HR - Park 3 2 5 

28-Aug-14 HR - Tapadera HR - Tapadera 1 2 3 

08-Sep-14 FR - Mountain Bar FR - Mountain Bar 2 0 2 

11-Sep-14 HR - Park HR - Park 30 30 60 

18-Sep-14 HR - Park HR - Park 30 28 58 

25-Sep-14 HR - Park HR - Park 25 25 50 

01-Oct-14 HR - Park HR - Park 40 0 40 

01-Oct-14 HR - Park FR - Haney 16 0 16 

08-Oct-14 HR - Graveyard HR - Graveyard 16 0 16 

08-Oct-14 HR - Tapadera HR - Tapadera 1 0 1 

09-Oct-14 HR - Tapadera HR - Tapadera 3 0 3 

16-Oct-14 HR - Park HR - Park 10 10 20 

23-Oct-14 HR - Park HR - Park 10 10 20 

30-Oct-14 HR - Park HR - Park 16 0 16 

   232 107 339 

 

There was a permanent label on each radio tag that provided a means of contacting the 

experimenters when found or removed from a study fish. This information, in conjunction with 

an ongoing tag return reward program, was made available to encourage the reporting of 

harvested individuals. Additional study fish information was provided by the DFO Stock 

Assessment crew members that conducted the Harrison River shoreline carcass surveys. If a 

study fish was found, the tag was removed and the following information was recorded: 

date/time, location, sex, percent spawn, carcass condition, and tag serial number. All of the tag 

recovery information was used to inform our tracking observations and mortality estimates.  
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Telemetric monitoring 

Tag programming 

The radio tags used in this study were manufactured to transmit on the 150 MHz band on one of 

eight frequencies: 600, 620, 640, 660, 680, 700, 720 and 740. These frequencies, in combination 

with unique transmission patterns, provided individually-coded radio tags. The transmission 

patterns were defined using the SEI 2000 code set file with narrow pulses to extend battery life. 

Each tag was also equipped with a motion sensor that was used to assign a movement threshold 

to indicate a dead study fish. When the number of movement events per second fell below 180 

for a consecutive 24 h period, the coded transmission burst rate was reversibly altered. The 

default burst rate between coded transmissions was set to 5 s; if the motion sensor threshold was 

met, the burst rate switched to 7 s. 

A subset of radio tags also served to monitor the effectiveness of fixed receiver stations. A tag 

was mounted in the air near each of the stations. The tags were programmed to transmit at a 1 h 

burst interval to provide information on the power of each detection throughout the entire 

monitoring season. This data was assessed to determine whether a station exhibited indications 

of reduced detection efficiency within the study period. 

Fixed stations 

Each of the fixed receiver stations were equipped with a radio receiver powered by two 12V 

deep cycle marine batteries in parallel within a waterproof metal enclosure. Where reasonable, 

solar panels with voltage regulators were installed to charge the marine batteries. Two models of 

radio receivers were used: the Orion manufactured by Sigma Eight Inc. and the SRX400A 

manufactured by Lotek Wireless Inc. The SRX400A model provided the ability to connect 

multiple antennas to a single receiver using a peripheral antenna switch. As a result, these 

receivers were used at stations that required reception from more than one antenna. Each station 

was equipped with at least one Yagi antenna with 3, 4 or 5 elements. The use of more than one 

antenna was designed to improve the likelihood of detecting a study fish and not to discern the 

direction of travel.   
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The fixed receiver stations were set up to monitor study fish movement and ultimately infer 

mortality. Tracking efforts were focused on the Harrison River to detect Harrison Rapids and 

Weaver Creek sockeye salmon. Five fixed stations were established on the Harrison River itself 

(Figure 5). To estimate premature mortality, we monitored the movement of study fish relative to 

the temporal and spatial footprint of the stock assessment program. Figure 5 outlines the area of 

the Harrison River that was monitored during the mark-recapture program that began October 6 

2014. 

 

 

Figure 5 – Map of the Harrison River system bound by the Fraser River and Harrison Lake. The labelled red 

triangles indicate the name and location of each fixed receiver station within this system. The blue squares indicate 

the sites where study fish were captured, tagged and released. The yellow stars depict the edges of the area assessed 

by Fisheries and Oceans Canada Stock Assessment during their mark-recapture program. Most of the shoreline on 

each bank contained within the area bound by the stars (excluding Harrison Bay) was surveyed by Stock 

Assessment. The documented spawning grounds for Harrison Rapids sockeye salmon is contained within the fixed 

stations HR4 and HR8.  
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One station was located on Weaver Creek and was used to delineate whether a Weaver Creek 

study fish reached their natal spawning areas. We also installed a fixed station on Birkenhead 

River at the DIDSON adult enumeration weir that was operated by Fisheries and Oceans Canada 

Stock Assessment Division. This fixed station delineated the successful arrival of Birkenhead 

study fish to natal spawning areas.  

The ability of these fixed receiver stations to detect submerged radio tags was validated for both 

tag types at each location. This was accomplished by placing active tags at multiple depths and 

locations relative to the station in question. Submerged drifts were also conducted to mimic the 

movement of a tagged study fish.  

Four fixed receiver stations located in the Fraser River were monitored in collaboration with 

concurrent radio telemetry studies conducted by Arthur Bass, a PhD student at the University of 

British Columbia, and Jacqueline Chapman, a PhD student at Carleton University. These stations 

were originally part of a previously established Fraser River radio telemetry array by LGL 

Limited Environmental Research Associates (see Figure 6). These stations provided tracking 

information for study fish that left the Harrison River system. 

 

Figure 6 – Map of the lower Fraser River system. The triangles represent fixed radio receiver stations used to track 

study fish movement throughout the experiment. The red triangles depict the four Fraser River stations that were 

originally established by LGL Limited and then subsequently maintained in conjunction with concurrent research 

projects. A tenth receiver station was set up on the Birkenhead River to monitor the arrival of Birkenhead sockeye 

salmon at their natal spawning grounds (not depicted here). 
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Future plans: The detailed information on the fixed site validation protocols and results will 

provided information to determine the detection efficiency of each site, particularly in regards to 

the tag type used… is important to the graduate student projects and will be examined further. 

The detection efficiency of the Fraser River fixed receiver sites evaluated by the concurrent 

project will be obtained. 

Mobile tracking 

Mobile tracking provided fine-scale information to enhance the data collected from the fixed 

stations. We conducted an assessment of key sections of the Harrison River by boat at least once 

a week, resulting in 21 mobile tracking occasions. We used a mobile receiver and Yagi antenna 

to determine the general location of each tag encountered. The date/time, coding information and 

signal strength were recorded. The direction of highest power indicated the location of an 

individual tag. GPS coordinates provide visual assessments of the distribution patterns. We also 

used an additional hand-held receiver and antenna to spot check areas or tags of uncertainty on 

occasions outside of the mobile tracking schedule.  

Future plan: On multiple occasions, side-by-side comparisons of the detections from both 

receiver types were conducted during mobile tracking. We plan to look at this information to 

inform our understanding of the influence that technology can play in detection efficiencies and 

ultimately disseminated survival results. 

Data use 

We will develop the tracking history of each tagged sockeye to determine their migration 

behaviour (time and space) and ultimately their survival.  This will include the release date, fixed 

and mobile tracking data and recovery information. The multiple objectives of this project 

require that the tracking history information is consistent with all of the intended uses of this data 

(see appendices). 
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Mission migration timing 

The stock-specific passage of Fraser River sockeye salmon at the Mission hydroacoustic site is 

estimated by the Pacific Salmon Commission. These estimates can provide the daily passage 

abundance of Harrison Rapids sockeye salmon moving through the lower Fraser River. This 

profile can then be used to estimate the distribution of the study population as it enters the 

Harrison River. The timing-based survival model developed herein uses the daily Mission 

passage abundance values to produce estimates of premature mortality within the Harrison River. 

Thus, it requires the passage distribution to be adjusted for the migration time to reach the 

Harrison River from Mission.  

On October 1 2014, a subset of tagged sockeye salmon were forced to re-ascend a portion of 

their migratory pathway. Fourteen Harrison Rapids sockeye salmon were captured at The Park in 

the Harrison River and released in the Fraser River just downstream of Mission at Haney. These 

study fish were externally tagged then relocated using a truck equipped with a transport tank. 

The tank was filled with cool water from the nearby Chehalis River (a tributary of the Harrison 

River) and oxygen levels were monitored and maintained throughout the 1 hour transportation 

process.  
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Premature mortality models 

Historically, populations belonging to the Late-run group have entered the Fraser River during 

September and October; however, since 1995, these populations have been entering the river an 

average of 6 weeks earlier without any corresponding change in spawn timing (Lapointe et al. 

2003, Cooke et al. 2004). The earlier entry timing changes the typical migratory conditions 

experienced by these fish and increases the amount of time spent in fresh water prior to 

spawning. In turn, this protracted fresh water residency prolongs the exposure of the salmon to 

pathogens and warm water temperatures. The negative impact on migration survival of this 

alteration in migration timing for Late-run stocks is well-documented and summarized in the 

review by Hinch et al. (2012). 

Of all the populations in the Late-run group that first started entering the river early, Harrison 

River sockeye has exhibited the most dramatic increase in early entry timing. In fact, this change 

has been so large that the Harrison group has now been assigned to the Summer run timing 

management group.  

River entry-timing and associated freshwater residency, has long been recognized as a predictor 

of spawning migration mortality for the Late-run group (Lapointe et al. 2003). As such, the 

following model was developed to examine the issue of freshwater entry timing in relation to en-

route mortality for the all stocks that exhibit extended freshwater residency. In particular, we use 

capture date and survival data to model the migration mortality of Harrison River sockeye 

salmon. A detailed explanation of the methods used to produce different estimates of en-route 

mortality for the Harrison River sockeye population, as well a description of the included 

biological data, is provided in the sections below. The mortality estimates produced through this 

process are based on three separate models will be recommended for use in the post-season 

determination of total run size for Harrison River sockeye salmon, and are independent of the 

DBE.  

Sources of data 

The main source of data for this project came from the 2014 SEF Harrison tagging study. 

Additional data sources used in the Harrison timing model were limited to those providing 
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capture date and survival information, as this data is required to produce an estimate of en-route 

mortality (see Table 3). Some of the available information was produced through experimental 

manipulation. The following section discusses the decisions that were made prior to integrating 

the data into the models. 

Data-use decisions 

Donaldson et al. 2012 – The percent survival values used were a result of pooling values among 

treatment groups. The authors report that there were no significant treatment effects on survival 

to spawning grounds. Pooled survival values for all dates are currently being used.  

Robinson et al. in press – The raw data from the radio-telemetry study was used to obtain 

estimates of survival-to-spawn for each capture date. At present we have combined the dates into 

a single mean value. The percent survival values were pooled among treatment groups despite 

there being modest treatment effects on survival.  

DFO Stock Assessment Kamloops 2013 – A modest tagging study was conducted in 2013 that 

followed similar methods to those described in the Harrison 2014 study (Stu LePage, pers. 

comm.). Survival was estimate for each tagging date that occurred prior to the initiation of 

spawning ground assessments.  

SEF Harrison 2014 tagging study – Data from telemetry fixed stations were used for this 

purpose.  

 

Due to the nature of the data, the results are presented as survival values; however, this is 

converted to a mortality estimate for the purpose of obtaining and integrating a mortality 

estimate into the run size determination for Harrison Rapids sockeye salmon.  
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Table 3 – Data sources contributing to the timing-based model for estimating en-route mortality of Harrison Rapids sockeye salmon. 

 

Source Study Design 
Capture 

Date(s) 

Capture 

Location 
Treatment 

Survival 

Response 

SEF Harrison 2014 
External and Internal 

Radio-tagging 

Aug 7 to Oct 5th 

2014 

Harrison 

River @ The 

Park 

N/A Survival to Oct 7th  

Donaldson et al. 2012 
Internal acoustic 

tracking 

Sept 10,11,14,17 

2009 

Harrison 

River @ The 

Park 

fisheries capture 

simulations 

survived treatment, 5 

days and to spawning 

grounds 

Robinson et al. in press 
Internal radio 

tracking 

Aug 23,29 

Sept 1,20,21 

2011 

Harrison 

River @ The 

Park 

fisheries capture 

simulations, ventilation 

assistance 

survival to spawning 

grounds 

DFO Stock Assessment 

Kamloops 2013 

External radio 

tagging 

Aug 22 to Oct 3 

2013 

Harrison 

River @ The 

Park 

N/A survival to Oct. 7th  
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Modeling tagging data:  

We fit a polynomial function to the extracted survival data (see Figure 7); however, to maintain 

biological relevance, we acknowledge the inherent limitations of the equation. From a biological 

perspective on survival, we would expect to see a plateau as the capture date occurs later in the 

migration season. Furthermore, we would not expect this plateau to reach a survival proportion 

of one, implying that all fish that migrate past the capture site after October 6 will survive, by 

definition. Also, predicting the survival of fish migrating past the capture site earlier than our 

first data point (August 7) results in a biologically unlikely increase in survival probability. Thus, 

understanding the biological limitations of this model is key in effectively interpreting its output. 

For the preliminary estimates we are recommending using the Weaver equations with the tag 

adjustment until further analysis of survival within the Harrison is completed (Figure 8). 

 

 

Figure 7 – This figure illustrates the data points extracted from the raw survival information available in the Table 3 

sources, including preliminary 2014 results. A polynomial function, depicted by the black line, was fit to the data. 

September 1 = 72 on the x-axis. 
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Figure 8 – This figure illustrates the 2013 Harrison tagging study (blue circles) versus the Weaver timing model 

data (Robinson and Patterson 2014). September 1 = 72 on the x-axis. 

 

Adjusting for handling-related mortality: 

Survival estimates obtained from various monitoring methods (e.g. radio tracking, holding 

studies, and mark-recapture programs) should incorporate an adjustment to account for handling 

and captivity-related mortality (e.g. Patterson et al. 2004; Donaldson et al. 2010). For this model, 

we adjusted the survival proportions to reach an estimate that is more representative of the 

natural mortalities that result from varied durations of freshwater residency. We assume a 

variable handling-mortality adjustment value of approximately 20% for survival values at 50%. 

This total % decreases for lower and higher survival estimates to account for the proportional 

effect of tagging (as illustrated in Figure 9). This 20% value was based on previous work by 

Martins et al. (2011) where they estimated the treatment effect of river tagging, using paired 

survival data from ocean tagged fish for multiple Fraser stocks.  
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Figure 9 – The figure represents the adjustment to survival based on the proportional change in tag-related effects 

with mean survival. For example, tag survival of 50% would equate to a 17% increase in survival, whereas 80% 

survival would result in a 10% increase. 

 

Model I 

In order to obtain an estimate of the en-route mortality of Harrison River sockeye salmon, we 

incorporated their daily abundance values at Mission and adjusted for the duration required for 

these fish to migrate from Mission to the Harrison River capture site (i.e. the Park). This assumes 

that the date of capture in the Harrison River can be used to determine the relative date that these 

fish would have passed by the Mission hydroacoustics facility. We used the migration 

information based on transport fish (see the Mission migration timing section); an adjustment of 

7 days was used for the entire migration period. The tagging mortality equation, adjusted for tag 

mortality, which generates an estimate of survival by Mission passage date was applied to the 

daily cohort of fish. The equation developed for Weaver was used in this simulation based on its 

similarity to the 2013 and 2014 Harrison sockeye. Future work will be done to update the timing 

model to be more specific for Harrison sockeye. This would create an estimate of mortality for 

each day. These daily mortality estimates were summed across the entire migration period to 

generate an overall estimate of survival.  
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We used the product of the daily survival proportion and Mission escapement abundance to 

obtain daily en-route mortality estimates (numbers of fish for a given date estimated to have died 

prior to reaching Harrison River during the specified spawning escapement timing). The sum of 

these daily mortality estimates, across the range of model dates (represents the vast majority), 

divided by the total Harrison River Mission escapement estimate provides an overall percent 

mortality value. This value is then used to generate a % RSA-mortality value after adjusting for 

catch upstream of Mission.   

Instantaneous Mortality Models 

A second approach to modelling mortality was developed that used the 2014 tagging data to 

inform a daily instantaneous mortality value. In the case, we sought to determine whether the 

tagging information was consistent with an estimate of daily mortality rate. Daily mortality rate 

is assumed to be constant for each day a fish is alive past Mission. A value of 1% per day was 

chosen based on the tagging information from 2013 and 2014 Harrison projects and applied to 

two different models. 

Model II 

The simplest model was to apply a 1% mortality for all fish alive on given day. This is done by 

assuming that October 6 is 100% survival – October 5 would be 99% and so on. This simple 

metric was then applied to the Mission timing distributions to generate a weighted survival 

estimate.  

Model III 

This model used the same 1% instantaneous mortality value, but made continual adjustments to 

each cohort of fish as they entered the Fraser River at Mission. Meaning that a fish that entered 

at any date would have 1% probability of not making it to the next day. For example, the 

cumulative impact of 100 days at 1% equals 36% overall survival at day 100. In Model II this 

value would be 0%.  
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Caveats 

Sample size 

 Some of the data points are based on a broad range of sample sizes available; however, 

each is treated equally. We envision that this could be a particular issue for fish captured 

earlier (e.g. August) since there is a trend towards smaller sample sizes during this time. 

This creates a larger uncertainty estimate for August and early September entry dates 

(Model I). 

Entry-timing assumptions 

 Assumes that fish captured later are recent entries to the freshwater system rather than 

early-entry fish that have milled about (Model I) 

 Does not account for potential mortality within the freshwater environment prior to 

reaching Mission (Model I) 

 No adjustment for fisheries removals prior to reaching the Harrison (all models)  

 The major assumption thus far is that the probability of surviving any given day in fresh 

water is consistent across the groups entering the Fraser River (all models) 
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Environmental conditions 

The water temperature in Harrison River and Weaver Creek was recorded using temperature 

loggers (TidbiT v2, Onset Computer Corporation Inc., Bourne, MA) deployed by the 

Environmental Watch Program. Real-time water level data for the Harrison River was collected 

by the Water Survey of Canada and made available on their website. This website also provided 

water temperature and discharge information for the mainstem of the Fraser River near Hope. 

High water conductivity attenuates radio signals, reducing tag detectability. The water 

conductivity of the Harrison River is low and was not expected to impact the study; however, 

opportunistic readings were collected at various locations throughout the Harrison River. In 

particular, we were interested in determining whether water conductivity changed by season or 

location. 
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RESULTS 

A total of 339 radio tags were applied to live adult sockeye salmon that were then released to 

resume their spawning migration. Based on a combination of scale and genetic stock 

identification analyses, the sockeye salmon that were tagged and released were comprised of the 

following stock composition: 324 Harrison, 10 Weaver, 1 Big Silver, 1 Scotch, and 1 Sproat. We 

were unable to obtain stock identifications for two of the study fish.  

To accomplish the main objectives of this report, timing-based survival estimates for Harrison 

Rapids sockeye salmon are required. As a result, the remainder of this report will focus on the 

data obtained from the Harrison Rapids study fish only. Fourteen of the 324 Harrison fish were 

transported downstream of the Mission hydroacoustic site to evaluate the duration required for 

the fish to re-ascend their migratory pathway. These fish were removed from the dataset that 

directly informs the survival estimates; however, the information was used to develop the 

relationship between Mission passage timing and arrival to various locations within the Harrison 

River (see Mission migration timing below). 

The overarching goal of this project was to develop a method for estimating the natural and 

fishing-related mortality of Harrison Rapids sockeye salmon between Mission and spawning 

ground assessments. In 2014, the Harrison River mark-recapture spawning ground enumeration 

program began on October 6. Therefore, the behaviour and survival of the study fish that were 

tagged and released prior to this date will be used to inform the model. Table 4 summarizes the 

radio transmitter applications for Harrison study fish; the focus will be on the 234 fish that were 

released on or before October 1. 

The relatively low number of tags applied on the earlier application dates was due to the inability 

to capture fish for experimental purposes. Based on the real-time information provided by the 

Mission hydro acoustic site (see Figure 11), Harrison fish were expected to be present within the 

system during this time. 
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Table 4 – The date and location of transmitter insertion for study fish identified as Harrison Rapids sockeye salmon. 

Each sockeye salmon was equipped with either an external or internal radio tag prior to release. The movement of the 

study fish tagged prior to October 6 2014 will be examined to determine estimates of survival to reach stock 

assessment. The sockeye salmon that were transported downstream in order to monitor their re-ascension are not 

included here.  

 

Date Location 
Tags applied 

External Internal Total 

Aug-07 HR - Park 14 0 14 

Aug-12 HR - Park 15 0 15 

Aug-27 HR - Park 3 2 5 

Aug-28 HR - Tapadera 1 2 3 

Sep-08 FR - Mountain Bar 1 0 1 

Sep-11 HR - Park 28 28 56 

Sep-18 HR - Park 30 26 56 

Sep-25 HR - Park 22 22 44 

Oct-01 HR - Park 40 0 40 

Oct-08 HR - Graveyard 16 0 16 

Oct-08 HR - Tapadera 1 0 1 

Oct-09 HR - Tapadera 3 0 3 

Oct-16 HR - Park 10 10 20 

Oct-23 HR - Park 10 10 20 

Oct-30 HR - Park 16 0 16 

  210 100 310 

 

To maintain accuracy in our application of migration rate and behavioural information, the four 

study fish that were tagged and released at a location other than The Park (see Figure 2) were 

removed from the analyses. The remaining 230 sockeye salmon consisted of 116 male fish, 113 

female fish and one fish of unknown sex (see Table 5). The method of determining the sex of 

study fish using secondary sexual characteristics was confirmed effective by the nine study fish 

carcasses recovered by DFO Stock Assessment crew members. Average fork lengths (mean + 

SE) for the male and female study fish were 62.9 + 3.3 cm and 58.5 + 2.3 cm, respectively. The 

Pacific Salmon Commission conducted otolith analyses on samples of Harrison Rapids sockeye 

salmon that were available during spawning ground assessment and determined that the 2014 

escapement was predominantly 4 year olds (approx. 5% 31 and 95% 41). 
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Table 5 – A summary of the transmitter insertions for Harrison Rapids study fish tagged and released at The Park in 

the Harrison River. The sex of one study fish internally tagged and released on September 11 was not recorded and 

thus not included in the table below.  

 

Date 
 Male  Female 

  External Internal Total   External Internal Total 

Aug-07  5 0 5  9 0 9 

Aug-12  5 0 5  10 0 10 

Aug-27  2 1 3  1 1 2 

Sep-11  14 16 30  14 11 25 

Sep-18  17 13 30  13 13 26 

Sep-25  11 12 23  11 10 21 

Oct-01   20 0 20   20 0 20 

 

The accompanying protocols to both external and internal tag applications were identical. Any 

differentiation in the duration required to complete the processing of an externally or internally 

tagged individual is the result of the tag insertion procedure itself. On average, the duration 

(mean + SE presented in mm:ss) a study fish spent in the processing trough for each tag type was 

1:13 + 0:35 and 0:40 + 0:11, respectively. For the purpose of the main objectives, the externally 

and internally tagged fish will be assessed as equal. 

Future plans: The collaborative research project conducted by Melissa Dick, a graduate student 

at Carleton University, evaluates the potential effects of the different tag application 

methodologies on the behavioural and physiological responses of a separate group of 

comparable study fish (see Appendix B). The migratory behaviour and survival of the released 

study fish herein will also inform her thesis. 
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Figure 10 – Graphic depictions of some of the movement patterns exhibited by radio-tagged Harrison Rapids 

sockeye salmon throughout their migratory window. The red dots represent detections from a fixed receiver station. 

The x-axis lists these sites by location within the watershed - the most upstream site is the upmost label (see Figure 5 

and Figure 6). Labels that begin with FR indicate the station was located on the Fraser River; HR indicates Harrison 

River, WR indicates Weaver Creek and BR indicates Birkenhead River. The numbers in the labels roughly estimate 

the location in river kilometers from the outflow of that particular system. The dotted line shows the date that the 

study fish was released to resume migration. 
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Mission migration timing 

The released fish consisted of eight male and six female sockeye salmon with a mean fork length 

of 58.4 cm and 60.5 cm, respectively. One male study fish was captured in the Whonnock gill 

net test fishery approximately 8 km upstream of the release site on October 2 2014. Based on the 

tracking information, the detection efficiency of the telemetry stations at the Mission 

hydroacoustic site was poor: eight of the 13 study fish were detected. For these fish, the average 

migration time from the release site to Mission was 1 day 11 hours (range: 15 hours to 2 days 22 

hours). Table 6 summarizes the migration time information from the release site to two sites in 

the Harrison River. The mean migration time calculated from the release site to Mission can be 

subtracted from the table values in order to inform the survival model. 

Table 6 – The migration times from the Fraser River release site (Haney) to two separate Harrison River telemetry 

stations. Site HR1 is located at the Harrison-Fraser confluence. Site HR6, where these fish were originally captured 

and tagged prior to transport, is located in the middle reach of the Harrison River. ‘NA’ is used to indicate fish that 

were not detected at a particular station. This could be because the study fish did not re-ascend or the station did not 

detect the fish as it passed. This table does not integrate the mobile tracking data. 

Release Date Time 
  

HR1 - Harrison Mouth 
  

HR6 - The Park 
  

  Date Time Duration (h:mm)   Date Time Duration (h:mm) 

2014-10-01 12:45  2014-10-03 07:10 42:25  2014-10-09 02:47 182:02 

2014-10-01 12:45  2014-10-08 05:12 160:27  2014-10-14 00:47 300:02 

2014-10-01 12:45  2014-10-03 20:52 56:07  2014-10-17 00:20 371:35 

2014-10-01 12:45  2014-10-30 07:34 690:49  2014-11-06 09:44 860:59 

2014-10-01 12:45  2014-10-05 06:23 89:38  2014-10-08 06:36 161:51 

2014-10-01 12:45  NA NA  2014-10-05 19:41 102:56 

2014-10-01 12:45  2014-10-03 03:44 38:59  2014-11-08 11:22 910:37 

2014-10-01 12:45  2014-10-04 12:45 72:00  2014-10-07 22:55 154:10 

2014-10-01 12:45  2014-10-05 06:59 90:14  2014-10-07 02:36 133:51 

2014-10-01 12:45  2014-10-04 11:28 70:43  NA NA 

2014-10-01 12:45  2014-10-03 09:56 45:11  NA NA 

2014-10-01 12:45  2014-10-05 23:40 106:55  2014-10-08 07:21 162:36 

2014-10-01 12:45  2014-10-08 19:56 175:11  2014-10-09 03:08 182:23 

       

min   1 day 15 hours   4 days 7 hours 

median   3 days 9 hours   7 days 14 hours 

mean   5 days 17 hours   13 days 8 hours 

max   28 days 19 hours   37 days 23 hours 
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Future plans: The information presented here is based on fixed telemetry station detections. This 

data will be supplemented with the mobile tracking detection information, providing a more 

detailed assessment of the movement patterns as the study fish re-ascend. This additional 

information will also help to decipher the reasons why some fish were not detected at particular 

stations. In addition, we plan to use data from a concurrent study that was completed in the 

Fraser River. Harrison Rapids sockeye salmon were incidentally tagged and released within a 

kilometer of the Fraser River release site used in this study. This provides us with the 

opportunity to monitor the upstream migration of Harrison Rapids fish that have not been forced 

to re-ascend their migratory pathway. 
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Figure 11 – The estimated daily relative abundance of Harrison, Weaver and Birkenhead sockeye salmon stocks 

migrating upstream by the Mission hydroacoustic site. This stock-specific information is determined using the stock 

identification of catch from nearby test fisheries. Note that the Weaver distribution includes the Cultus stock and the 

Birkenhead distribution includes the Big Silver stock due to limitations in differentiating stocks.   
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Premature mortality models 

The three different modelling approaches generated mortality patterns that were similar across 

years, but varied in their absolute values. The modelled survival estimates were also different 

compared to values based on difference between estimates (DBE: Mission escapement, minus 

catch and spawning escapement) for the past six years. Overall, the lowest survival estimates 

were generated using Model I, the timing model based on Weaver. The highest survival 

estimates were generated using Model III. 2012 had the lowest estimated survival based on all 

three models. 

DBE estimates 

2009 2010 2011 2012 2013 2014 

137% 74% 72% 51% 71% 43% 

 

Model I 

 2009 2010 2011 2012 2013 2014 

29% 45% 41% 11% 33% 55% 

 

Model II 

 2009 2010 2011 2012 2013 2014 

50% 57% 57% 36% 51% 63% 
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Model III 

2009 2010 2011 2012 2013 2014 

62% 67% 67% 54% 63% 72% 
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Fishing pressure 

There were First Nation fishery openings for the Harrison River beginning July 31 and 

intermittently continuing until early September. Table 7 summarizes the fishing pressure and the 

number of sockeye salmon harvested in these openings. An example of the spatial distribution of 

set nets is present in Figure 12; however, as expected, the set net distribution shifted alongside 

changes in target species migration behaviour. We observed a shift towards the lower river as the 

season progressed. 

 

Table 7 – The weekly summary of the 2014 First Nation fishing effort and sockeye salmon catch for the Harrison 

River. The information depicted below summarizes the Food, Social and Ceremonial (FSC) and Economic 

Opportunity (EO) fisheries that target sockeye salmon. Within each fishery type, the number of drift and set nets are 

presented; this number reflects the total number of nets interviewed by Fisheries and Oceans Canada (DFO) 

Resource Management. The catch column presents the reported number of sockeye salmon captured by week. This 

information was provided by DFO Resource Management. Note that some fisheries were open for a portion of the 

week indicated. 

  FSC  EO 

Week   Drift Net Set Net Catch   Drift Net Set Net Catch 

Jul-27  - 4 32  - - - 

Aug-03  1 24 1,443  - - - 

Aug-10  4 26 1,129  - - - 

Aug-17  - 3 100  21 54 4,602 

Aug-24  - - -  58 84 15,344 

Aug-31  - - -  19 68 4,780 

Sep-07   - - -   27 60 8,919 
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Figure 12 – A Google Earth image of the number of set nets observed in the Harrison River on the afternoon of 

August 13 2014. Each pink drop indicates the approximate location of a set gill net.  

 

In addition to the fisheries targeting sockeye salmon within the Harrison River, Harrison Rapids 

sockeye were also vulnerable to capture in commercial, recreational and First Nation fisheries in 

the lower Fraser River and marine environment. Of particular interest to this project is the 

catches of Harrison sockeye in the Fraser River above Mission because these fish would 

contribute to the DBE determination. 
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Environmental conditions 

In 2014, there were noticeable fluctuations in the Harrison River water level. As depicted in 

Figure 13, the water levels were unusually high and flashy toward the end of the season, during 

which time Harrison Rapids sockeye salmon were beginning to aggregate and spawn in the 

middle reach of the river. These high water events likely contributed to the movement of both 

dead and live study fish within the system.  

 

 

Figure 13 – The 2014 hourly water level data for the Harrison River obtained from Environment Canada’s Water 

Survey of Canada website. In 2014, the Harrison Rapids sockeye salmon stock initiated their freshwater entry in late 

June. The peak spawn dates observed by DFO Stock Assessment, November 10th to 20th, were within the historical 

range. 

 

Figure 14 presents the 2014 water temperature for the Harrison and Fraser rivers. The latter half 

of the migratory period presented here demonstrates an approximate 4°C thermal differentiation 

between the two river systems. This may have influenced the detectable movements of live study 

fish. 
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Figure 14 – Side-by-side comparison of the 2014 hourly water temperature data for the Harrison River (provided by 

the Environmental Watch Program) and the Fraser River at Hope (obtained from the Water Survey of Canada 

website). In 2014, the Harrison Rapids sockeye salmon stock initiated their freshwater entry in late June. The peak 

spawn dates observed by DFO Stock Assessment, November 10th to 20th, were within the historical range. 

 

Future plans: We will be evaluating the detailed study fish movements in relation to 

environmental conditions to provide supplementary information to our tracking data. These 

relationships will provide information for stock assessment programs conducted in the Harrison 

River system (see Appendix A).  

In addition, we have recovered water temperature data loggers from two Harrison Rapids 

sockeye salmon incidentally tagged in a concurrent experiment in the lower Fraser River. These 

loggers were attached to the internally applied tags and thereby contain recordings of the 

thermal environment experienced by these fish.  

Lastly, we will be compiling the water conductivity information that we collected during the 

study. As mentioned in the methods section, we did not expect the conductivity to affect our 

ability to detect the radio tags but we were interested in assessing potential variation.  
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CONCLUSIONS 

The three models developed to estimate premature mortality are robust to annual variations in the 

entry timing of Harrison Rapids sockeye salmon. They represent a transparent and repeatable 

methodology to generate a post-season estimate of premature mortality for Harrison sockeye 

salmon. All three methods are supported by the tagging information to varying degrees and by 

the biological knowledge of premature mortality of early entry fish. Overall, the results reveal 

that premature mortality continues to be a major problem for future recruitment of this 

population. The most conservative estimate of premature mortality averaged over the past 6 

years is only 64%. Assuming that Harrison sockeye salmon continue to enter the Fraser River 

early (Figure 15), the premature mortality modelling work done herein will be a valuable source 

of advice for both post-season RSA determination and potentially in-season MA modelling. 

The potential application of the work conducted herein for MA modelling is supported by the 

close association between the DBE estimates and modelled values. With the exception of 2014 

and 2009, all of the Model III estimates were within 10% of the DBE. This suggests a modified 

Model III approach could be used to help predict an MA for Harrison sockeye in-season. The 

major challenge will still be to provide an in-season estimate of in-river entry time. 

Tagging information can be used to reject the assumptions for each of the models. For example, 

if different cohorts of fish entering the river have different inherent survival estimates, then 

modelled survival using the current fixed rates (all models) will be markedly different than the 

variable daily survival estimate. Although, the preliminary tagging results suggest that the three 

models are describing a realistic premature mortality pattern, there are some anomalies. The first 

major anomaly is the higher survival of early entry (August) Harrison fish than would be 

predicted from Weaver timing-based models or Harrison holding study results (e.g. Jeffries et al. 

2012). This August survival estimate will only go up as more mobile tracking data is 

incorporated. It is possible that a portion of the earliest timed fish are seeking thermal refugia 

and thus not exposing themselves to the potential negative effect of temperature dependent 

pathogen development (Mathes et al. 2010). This is similar to the survival pattern of Cultus Lake 

sockeye, wherein the early September fish had higher survival to spawn than October fish 
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(Bradford et al. 2010).  More work needs to be done on the tagging analysis to help inform future 

model selection. Irrespective, we can conclude that some of the earliest entry fish (earliest ever 

tagged in fresh water) are contributing to the overall spawning escapement estimate. 

The results of the 2014 Harrison tagging study provided valuable information on not just the 

2014 premature estimate but also methods to determine past and possible future estimates of 

premature mortality. Our intention is to also create flexible platforms to allow for additional data 

input and refinement of output for the Harrison. Furthermore, a broader process is being 

developed from this work to help integrate biological research associated with estimates of 

premature mortality that is transferable to other stocks.  

  

 

Figure 15 – The relative daily abundance of Harrison Rapids sockeye salmon estimated to have passed Mission 

from 2009 to 2014. The historic median entry dates for this population was late September. 
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Recommendations 

As with all projects, a series of key recommendations for future work have arisen. Here we have 

focused on presenting those most relevant to the premature mortality work.  

 There are several other major sources of information that need to incorporate into this work; 

these include: 

o Recently completed research (UBC students and DFO Stock Assessment) 

o Jeffries and Sopinka holding studies at CLL 

o Chehalis First Nation tagging abundance information 

o Unpublished LGL Limited data sets from tagging in the 2000s 

 More work is needed to explore alternate survival functions to see if they do a better job of 

representing the tagging information across years; for example: 

o A sigmoidal function is more likely to be biologically relevant 

o Logistic regression 

o Michaelis-Menton equation  

o Kaplan-Meier  

 Calculate confidence and prediction intervals for the survival curves 

 Evaluate the outputs when varying handling-related survival 

 Evaluate sensitivity to migration duration between Mission and capture site 

 Evaluate sensitivity to exploitation rates based on new information regarding fish behaviour 

 More specific work on the current models; include the following: 

o Modify Model III & II to vary daily mortality rate by date (higher earlier on) 

o Update Model I with the latest tagging information specific to the Harrison River 2014  
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APPENDICES 

Appendix A: In-kind Objective One 

Provide results to test key assumptions of the current Harrison sockeye mark-recapture program 

used to estimate spawning ground escapement 

In 2013, DFO Fraser Sockeye Stock Assessment, in conjunction with DFO Environmental 

Watch, initiated a pilot radio-tagging program on the Harrison River to assess the feasibility of 

testing some of the key assumptions associated with the local mark-recapture program. This 

work was continued in 2014; an additional 76 tags were applied to Harrison Rapids sockeye 

salmon during the marking portion of the program. The study fish were tracked throughout the 

system for the duration of mark-recapture assessment. Movement information will be analyzed 

using the same methodology developed for sockeye distribution information in Appendix C. 

The data will be used to evaluate the fundamental assumptions that the study population is closed 

and that each individual within the population has equal opportunity to be tagged and recovered 

during assessment. More explicitly, it will be used to assess Harrison Rapids sockeye salmon for 

the following movement patterns during the mark (i.e. tagging) and recapture (i.e. carcass 

recovery) periods of the enumeration program: 

 Study fish permanently leaving the assessment area during or after the tagging portion of the 

program, including active migration upstream, active migration downstream, or through 

passive carcass drift. Assuming that the tagged and untagged fish are the same (i.e. equal 

likelihood of leaving), this emigration would not affect the population estimate, particularly 

as it concerns enumerating spawning ground escapement. However, as the assumption 

stands, if the emigration is skewed to a particular stratifying classification, then the number 

of marked fish could be biased relative to the recapture ratio. 

 Study fish entering the assessment area after tagging had stopped, meaning that the fish are 

available for the recovery portion only. The behaviour of radio-tagged fish that left the 

assessment area prior to the program initiation and then re-entered at a later date will be 
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examined. As anticipated, using the simple model, this behaviour would result in a larger 

recapture ratio and thus population estimate. However, the temporal influence of this 

immigration may alter depending on the stratification used in determining overall population 

abundance. 
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Appendix B: In-kind Objective Two 

Examine tag-related effects to better interpret the growing amount of information on fishing and 

temperature-related impacts on premature mortality 

This project objective has been evaluated in partnership with Melissa Dick, a Master of Science 

student in Dr. Steven Cooke’s Fish Ecology and Conservation Physiology Laboratory at Carleton 

University in Ottawa, Ontario. Her research, described below, will make up her graduate thesis. 

Introduction 

The development of electronic animal tracking technology has provided tools for studying the 

behaviour, ecology, and ecophysiology of wild fish (Cooke et al. 2012) and is a common tool in 

fisheries sciences (Lucas and Baras 2000; Cooke et al. 2004; Block 2005; Nielsen et al. 2009). 

However, the attachment of an electronic transmitter can adversely affect a fish’s behaviour and 

health. Transmitter attachment methods necessitate capture and handling of the fish by the 

researcher, during which time the attempts made by the fish to struggle free can cause them to 

exercise to exhaustion. Exhaustive exercise will lead to severe metabolic, acid-base and ionic 

changes (Kieffer 2000). The physiological stress and recovery following a tagging event may 

impact the behaviour and survival of a fish. In the case of Pacific salmon, the accumulation of 

physiological stress following a tagging event may jeopardize migration and reproductive 

success (Hinch et al. 2006). This is important to consider because a central tenant of biotelemetry 

studies and mark-recapture programs is the assumption that tagged individuals are representative 

of their population (Brown et al. 2011). If tagging prompts such effects, the data generated from 

an individual affixed with an electronic transmitter is unrepresentative of the broader population. 

Researchers must understand the physiological and behavioural effects associated with tagging 

methods to reliably interpret information generated by a telemetry program. While many studies 

use telemetry to study anadromous salmonids, few efforts have been made to understand the 

physiological impacts of a tagging event (Drenner et al. 2012).  

The aim of this study is to assess the effects of two different radio telemetry tagging methods on 

the behavioural ecology, physiological response and recovery, and fate of migrating adult 
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sockeye salmon (Oncorhynchus nerka). A paired analysis of the following two tagging methods 

was conducted: 1) external attachment at the base of the dorsal fin and 2) gastric insertion via the 

mouth. The study species included a number of sockeye salmon populations that migrate through 

the Harrison River corridor, which is a tributary of the Fraser River in British Columbia. The 

majority of the study group was composed of Harrison River sockeye salmon, and additional 

DNA analysis must be conducted to confirm the presence of Weaker Creek sockeye salmon. 

Several tagging studies have occurred on Harrison River sockeye salmon in the past, however no 

research has been specifically designed to quantify the tag-related effects on migrating adult 

salmon. Given the ecological and socio-economic importance of Pacific salmon, understanding 

the potential consequences of different tagging methods on fish behaviour, physiology and 

survival is important to inform study design and data interpretation.    

Methods 

This tagging and holding study took place in conjunction with the tracking project described 

within the body of this report. A subset of fish (n = 334) captured in the beach seine were tagged 

with dummy tags and held in a nearshore net pen to conduct a paired analysis of gastric and 

external radio telemetry tags. Established protocols were used for gastric tagging adult salmon 

without anesthetic since fish that can be harvested for human consumption cannot be 

anaesthetized (Cooke et al. 2005; Young et al. 2006; Donaldson et al. 2010). Gastric tags were 

inserted through the mouth into the stomach using a smooth plunger. External tags were affixed 

to the dorsal musculature at the dorsal fin base. This experiment was conducted over 5 days: 11 

September, 18 September, 25 September, 16 October, and 23 October. Tagging commenced as 

soon as the beach seine was bagged, and fish were not held in the beach seine for more than 60 

minutes. Study fish were dip netted from within the bagged seine and placed in a trough affixed 

with a pump that allowed fresh river water to continuously flow over the mouth, gills and body 

of the fish throughout the entire tagging procedure. Each fish was measured for fork length and 

assessed for capture and release vigor, maturity, and injuries. The sex of each study fish was 

identified using secondary sexual characteristics. A sample of tissue from the adipose fin was 

removed using a hole punch to determine stock composition via DNA analysis; a scale was 

removed to inform stock composition and provide age estimates. On average, the duration of the 

entire procedure for processing a gastrically or externally tagged fish was 15 or 43 seconds, 
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respectively. After the tagging procedure was complete, the fish was transported via dip net to 

the nearby flow-through net pens located within the Harrison River. A baffle made of blue 

tarpaulin was installed lengthwise in the net pens to allow for 4 holding areas. Water temperature 

and weather conditions were recorded on days during which the holding study took place. 

Study fish were assigned to one of four treatment groups: capture control, holding control, 

tagged + 1 hour and tagged + 4 hours. The capture control fish were removed with a dip net from 

the beach seine as soon as it was bagged and immediately euthanized. These fish provided a 

baseline for capture stress. The holding control fish were removed from the seine with a dip net 

and added to the net pen. These fish provided a baseline for capture and holding-induced stress. 

The holding control and tagged fish were held in the net pens for 1 or 4 hours. GoPro cameras 

with waterproof cases were installed in the net pens to capture potential behaviour differences 

due to the application and presence of a radio tag. These cameras were mounted on 0.5” diameter 

PVC pipes and affixed to both the up and downstream ends of the net pens using zip ties. Only 

fish held for 4 hours were captured on camera in order to observe post-release behaviour and 

ensuing activity after several hours. After being held for the allotted time period, the fish were 

quickly removed from the pen and euthanized by a quick blow to the head. 

Immediately following euthanization of the fish by cerebral concussion, a blood sample was 

taken from the caudal vasculature using a 21-gauge needle and a 3 mL vacutainer syringe 

containing lithium heparin (B.D. Vacutainer, Franklin Lakes, NJ). Whole blood pH was 

measured using a Hanna pH meter. The vacutainer containing the blood sample was then stored 

in an ice-water slurry for temporary storage. Small samples of whole blood were reserved in 

hematocrit capillary tubes sealed with Crito-O-Seal and centrifuged at the earliest possible 

instance. Two replicates were conducted for each blood sample. The whole blood samples in the 

vacutainer were centrifuged at 7 000 g for 5 min and hematocrit tubes were centrifuged at 10 000 

g for 3 min. After samples were centrifuged, hematocrit and leukocrit were measured using a 

hematocrit reader card. The plasma was then transferred from the centrifuged vacutainer to three 

aliquots using a 1 mL pipette; the red blood cells were transferred into one aliquot. These 

samples were flash frozen in liquid nitrogen and temporarily stored on dry ice. After returning to 

the laboratory, all collected samples were transferred to a -80oC freezer until processing.    
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Following extraction of the blood sample, muscle tissues were sampled from each fish. The 

muscle sample was excised using a scalpel halfway between the dorsal and anal fin, and across 

the lateral line. Two adjacent samples of muscle were removed: each measuring less than 1 cm 

wide, ~ 4 cm long and ~ 2.5 cm deep, containing both red and white muscle tissue. The muscle 

samples were blotted with a paper towel to remove excess blood and then wrapped in pre-labeled 

aluminum foil packets. The foil packets were freeze-clamped with aluminum tongs that were 

pre-cooled in liquid nitrogen. After submersion in liquid nitrogen, these samples were 

temporarily stored on dry ice. All of the muscle samples were transferred to a -80oC freezer until 

processing.    

After the blood and muscle tissue samples were extracted and stored accordingly, morphometric 

information was recorded for each fish. The following information was recorded for each study 

fish: length of post-orbital to hypural plate (cm), length of post-orbital to fork (cm), fork length 

(cm), standard length (cm), total weight (g), gonad weight (g), liver weight (g), spleen weight 

(g), and microwave fat probe reading. For gastrically tagged fish, the stomach was assessed for 

perforation. 

Preliminary results 

Primary and secondary physiological responses following external and gastric tagging 

procedures will be quantified. A number of biochemical indicators can be measured in blood 

plasma to assess the physiological condition of a fish. A primary indicator that will be measured 

in this study is circulating cortisol, which is the principal corticosteroid in teleosts. Secondary 

indicators analyzed include plasma lactate, plasma glucose, and ions (potassium, sodium, 

chloride). The secondary physiological changes that occur tend to take longer to manifest in 

circulation than primary responses, from minutes to hours, but often remain altered for more 

extended periods (Barton et al. 2002). It can be difficult to interpret physiological indicators of 

mortality in migratory wild salmon using blood physiology, as stress responses are not always 

clear at this life stage. Part of the difficulty lies with obtaining good baseline measures and the 

additional problem that plasma cortisol increases progressively with maturation and 

independently of stress (Cooke et al. 2012). However, many exercise-related changes observed 
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in blood samples are driven by changes within the musculature, and thus muscle tissue may 

provide a more direct and sensitive measure of anaerobic exercise in fish (Pon et al. 2012).  

Anaerobic exercise in fish consumes energy and generates metabolic wastes, which can be 

measured from tissue samples (Milligan 1996; Kieffer 2000). For example, lactate, a metabolic 

by-product of anaerobic glycolysis, initially accumulates in muscle tissue but can also leak into 

the circulatory system (Kieffer et al. 1994; Wang et al. 1994). Using both plasma and muscle 

samples to assess physiological parameters is common in lab-based studies (Black et al. 1962; 

Milligan and Wood 1986; Wang et al. 1994), but is rarely applied to field-based studies (but see 

Peake and Farrell 2005). One exception is a field study assessing passage efficiency of fishway 

structures for pink salmon that demonstrated that muscle tissue has a greater sensitivity to 

exercise-related physiological changes than blood (Pon et al. 2012). Both muscle tissue 

physiological data and blood plasma information will be analyzed in this study to provide a 

comprehensive understanding of the duration and magnitude of the stress response and recovery 

between gastric and external tagging methods. It is predicted that muscle tissue will provide a 

more sensitive metric than blood samples for identifying physiological changes associated with 

exercise. We predict seeing evidence of metabolic activity such as decreases in muscle energy 

store and increases in metabolic by-products in blood and muscle tissues (e.g. lactate), as well as 

other indications of vigorous exercise such as the loss of ionic homeostasis. Furthermore, it is 

hypothesized that females may undergo more extreme physiological stress due to tagging as 

evidenced by higher plasma cortisol concentrations after acute stress during the spawning period 

(Kubokawa et al. 2001; Donaldson et al. 2014).  

In December 2014, laboratory analysis of the blood plasma samples was completed at the 

Department of Fisheries and Oceans Centre of Aquaculture and Environmental Research in West 

Vancouver. Preliminary statistical analyses and visualization (bar graphs) of the physiology data 

are underway. Some broad trends and patterns have been identified, which were presented at the 

8th Annual Workshop on Salmon Migrations, Climate Change, and Catch and Release Fisheries 

in February 2015 at the University of British Columbia in Vancouver. Further refinement of the 

statistical analysis is required to report significant differences.  
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Telemetry data and underwater camera footage were collected and will be analyzed to quantify 

the short- and long-term behavioural ecology and fate of sockeye salmon affixed with gastric or 

external electronic tags. Assessment of behavioral patterns and mortality rates will help identify 

tertiary responses or whole-animal changes in performance. The installation of cameras in 

nearshore net pens holding a group of control and tagged fish was designed to capture potential 

behaviour differences caused by the application and presence of a radio tag. This footage may 

display behavioural patterns and activity for up to 4 hours immediately following the tagging 

event. Telemetry data generated by fish that were tagged and released back into the system will 

be studied to identify patterns in the spatial ecology and mortality rates between tag treatment 

groups. This will allow researchers to understand whether a difference in handling time or tag 

attachment procedure related to fallback within the system or mortality prior to spawning. Fixed 

receiver stations installed throughout the Harrison River system will be used as checkpoints to 

study fish movement. Telemetry data collected by mobile tracking by boat and by foot will be 

studied for a finer spatial resolution of tagged individuals and to pinpoint areas of holding or 

mortality. Activation of the mortality sensor in the radio tag will allow for an accurate measure 

of timing and location of death. From my knowledge, this is the first field-based study 

conducting a paired analysis of two types of radio telemetry tag techniques on adult sockeye 

salmon. 

Perforation of the stomach lining following gastric tagging was common in individuals with 

advanced maturity. On the final day of the holding study (23 October), 90% of the gastrically 

tagged females had perforated stomachs, and 72% of the males. A progressive thinning of the 

stomach lining is associated with the final stages of sexual maturity in sockeye salmon. These 

results suggest that the use of the gastric attachment method should be limited when sockeye 

salmon are nearing spawning to avoid compromising the integrity of their stomach lining. 

Further research must be conducted to identify whether a perforated stomach affects a fish at the 

physiological and reproductive levels, particularly at this life stage. 

Future work 

Several weeks in May 2015 will be dedicated to completing muscle metabolite assays in the 

laboratory. This data will be incorporated into the physiology dataset, which currently includes 
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the blood plasma parameters outlined above. Analysis of the telemetry data and underwater 

camera footage will be completed over summer 2015. Water temperature data for the Harrison 

River during the 2014 field season will be acquired from DFO Environmental Watch Program 

and incorporated into the data analysis. More in-depth statistical analysis of the physiological 

data will be conducted over the same time period, and results will be presented at the 3rd annual 

International Conference on Fish Telemetry in Halifax in July 2015.  

A holding study will take place at the Cultus Lake Salmon Research Laboratory in July 2015 to 

further explore the effects of a perforated stomach on sockeye salmon egg viability and 

deposition. It is anticipated that Early Summer sockeye salmon populations will be utilized in 

this study. 
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Appendix C: In-kind Objective Three 

Provide information on Harrison sockeye distribution and their vulnerability to exploitation 

within the Harrison River 

This project objective has been evaluated in partnership with Kaitlyn Dionne, a Master of 

Resource Management student with Dr. Sean Cox at Simon Fraser University in Burnaby, 

British Columbia. Her research, described below, will make up her graduate thesis. 

Introduction 

Sustainable fisheries management is contingent upon deciphering between natural and fishing 

mortality. Current methods for estimating both natural and fishing mortality do not provide fine 

scale information on location or timing of death and tend to rely on tag reporting rates 

(Hightower et al. 2001; Pine et al. 2012; Pollock et al. 2004). Tag reporting rates estimate fishing 

mortality but are often difficult to determine as they rely on fishermen to return tags (Hightower 

et al. 2001; Pollock et al. 2004). This creates limitations for fisheries management to explore 

targeted fishing options and mitigate some of the negative consequences of mixed stock fishing.  

To effectively manage a mixed stock fishery it is critical to understand stock structure and how 

fishing effort and mortality are distributed among the components of the stock (Begg et al. 

1999). Stocks within mixed stock fisheries often exhibit varying life history parameters, 

migration rates and productivity rates (Michaelsens et al. 2006). Failure to recognize stock 

structure can lead to over-exploitation of less productive stocks within a fishery as varying life 

histories and migratory rates can lead to differential vulnerability between stocks (Begg et al. 

1999).     

For centuries the predictable migration timing of Pacific salmon (Oncorhynchus spp.) has 

allowed First Nations on the Pacific coast of North America to plan their fisheries within the 

same week each year to anticipate the return of these fish (Hinch et al. 2012). However, in 1995, 

proportions of several Late-run stocks of Fraser River sockeye salmon (Oncorhynchus nerka) 

began to exhibit early run timing behaviour (Hinch et al. 2012). One particular sockeye salmon 
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stock that exhibits this early migration behaviour is Harrison Rapids. This change in behaviour 

has been so dramatic that it is now included as a Summer-run stock for management purposes. 

Uncertainty regarding how this population is vulnerable to en-route mortality has impacted the 

Sts’ailes who rely on this stock for both their economic opportunity (EO) and food, social, and 

ceremonial (FSC) fisheries. There is a desire by the Sts’ailes to selectively harvest Harrison 

sockeye salmon while avoiding the less abundant Weaver and Birkenhead sockeye salmon stocks 

that migrate through the Harrison River to their natal spawning grounds. This is an issue for the 

Sts’ailes because their main Harrison River fishing locations are downstream of both Weaver 

and Birkenhead spawning areas, leading to a strong potential to intercept migrating Weaver and 

Birkenhead sockeye salmon. To allow for selective harvest of the Harrison stock since the 

migration timing has changed, it is critical to understand where these fish are located in space 

and time. In addition to understanding the temporal and spatial distribution of these harvested 

sockeye salmon stocks, discerning between natural and fishing mortality throughout the 

spawning season should allow First Nations and government fisheries managers to alter fishing 

effort to protect stocks when abundances are low and permit selective harvest when abundances 

are high. 

Methods 

Previous work that has aimed to use telemetry data to inform models has focused on closed 

populations of fish (Hightower et al. 2001; Pollock et al. 2004). Due to the uncertainty in the 

spatial distribution of the Harrison Rapids sockeye salmon stock, this model will be developed 

for an open population because a proportion of these salmon migrate out of the river to hold in 

Harrison Lake and then subsequently return to the river to spawn. To provide the Sts’ailes with 

fine-scale distributional information on the sockeye stocks that they rely on, I will use telemetry 

data to develop a movement model that should estimate where these fish are located through 

space and time and how fishing effort affects these particular stocks.  

Model Formation 

Natural mortality will be modeled as an exponential function while fishing mortality will be 

broken up into recreational and First Nations fishing mortality. Recreational fishing mortality 
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will be modeled as constant through the recreational fishing season and locations in the river 

open to recreational fishing. First Nations fishing mortality will need to be modeled as a function 

of fishing effort. Following the example of Michaelsens et al. (2006), fishing effort data will be 

modeled as a covariate for fishing mortality rates to reduce the number of estimated parameters 

and increase efficiency in parameter estimation.  

Open population mark-recapture models like the Cormack Jolly Seber will be adapted for this 

system to estimate survival through space and time. Mark-recapture models can provide valuable 

information on individual stocks within a mixed stock fishery; however, tagging data has a 

tendency to be biased toward more abundant stocks (Michaelsens et al. 2006). By analyzing the 

estimated fishing mortality using a Bayesian framework, it can account for potentially sparse 

data for less abundant stocks by utilizing knowledge about how stocks may be different or 

similar based on published literature or expert judgment (Michaelsens et al. 2006). Movement 

information from the telemetry data would be fit to the model and parameters would be altered to 

best fit the data. Multiple fishing scenarios could then be analyzed against the model to 

determine what kind of fishing effort allocation results in the most fish with the less impact for 

the Sts’ailes. 

Preliminary results and future work 

The purpose of this study is to provide fine scale spatial and temporal distribution of the sockeye 

stocks that inhabit or migrate through the Harrison River. These results could shed light on 

potential habitat preferences of fish entering the river early which could allow for either more 

targeted fishing opportunities or for area closures to protect stocks in less productive years. Due 

to the unusual nature of the migration habits of the Harrison stock, model results may not be able 

to be generalized to other populations of salmon. However, it is hoped that this method may be 

used in other telemetry studies with open populations of semelparous fish that may be targeted in 

a mixed stock fishery. Moreover, this model can be used to test assumptions regarding the 

current closed system mark-recapture program used by DFO Stock Assessment by providing 

fine-scale spatial and temporal movement information.   
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Appendix D: In-kind Objective Four 

Contribute information to increase the understanding of biological factors related to mortality 

Simply documenting the pattern of premature mortality as a function of migration timing is the 

minimum for providing advice to management. However, without an improved understanding of 

the causes for this mortality, we are left with an inability to actually use this information to 

provide more formal predictions. New techniques and initiatives have been developed since the 

early 2000s during which time the first concerted effort to understand the biological basis for 

high premature mortality of late-timed stocks was underway. While we know more about the 

environmental associations of temperature and freshwater residency time with premature 

mortality, we know very little about the actual mechanisms that link microbes, pathogens, 

disease and ultimately reproductive failure in Fraser River sockeye salmon. Continued research 

efforts are currently underway to assess the health of salmon stocks across British Columbia (e.g. 

the Strategic Salmon Health Initiative from Genome BC to Dr. Kristi Miller). This tagging 

platform provided a unique opportunity to further our general understanding of fish condition 

and survival as well as partner with other researchers working on en-route mortality. The 

approach taken in 2014 focused on three main areas: the targeted destructive sampling of 

Harrison fish in the Harrison River (see Appendix B), biotelemetry work in the lower Fraser, and 

a holding study at Cultus Lake.  

Harrison Rapids sockeye salmon were captured and destructively sampled in the Harrison River 

throughout their spawning migration from early August to mid-November. Over 300 samples 

were obtained to provide physiological condition information over this protracted freshwater 

period. The first analyses that have been conducted on this work have focused on the energetic 

and reproductive status (Figure 1). The observed combination of low body fat and low ovary 

mass of female sockeye salmon is a potential indicator of premature mortality. This information 

will be compared to a historical dataset of reproductive and energetic status information that has 

been collected for Late-run stocks since 2001. Upcoming sample analyses will use new genomic 

tools to confirm the presence or absence of key microbes. Matching histology samples will be 

used to relate microbial presence and pathogen loads with actual pathology, physiology, and 

disease. Data available from previous holding studies on Harrison Rapids sockeye salmon will be 
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re-examined to compare other conditions that may be associated with premature mortality (e.g. 

low ion levels; Bradford et al. 2010; Jeffries et al. 2012). 

This research supported two biotelemetry projects that were led by Katrina Cook and Art Bass 

from the University of British Columbia. Both studies targeted Late Shuswap stocks, but they 

incidentally intercepted Harrison Rapids sockeye salmon. The projects were designed to assess 

the interactions between fisheries capture and pathogen presence as they relate to delayed 

mortality. The first project captured and released these fish in the Strait of Georgia and the 

second in the lower Fraser River at Fort Langley. Study fish from both projects were detected by 

the 2014 telemetry array within the Harrison system. A portion of the fish intercepted at Fort 

Langley were used in a holding study conducted at the Cultus Lake Salmon Research 

Laboratory. This project, led by Amy Teffer with the University of Victoria and in collaboration 

with the University of British Columbia, was designed to link the premature mortality of study 

fish to histology and genomic signatures of fate. The analytic support for these projects will 

continue to come from Genome BC and UBC-NSERC Strategic grants with additional tissue 

analysis support from the DFO Environmental Watch Program.  

 

 

Figure 1 – Ovary mass versus fat probe values for Harrison Rapids sockeye salmon collected from the Harrison 

River in 2014. The fish located in the lower left quadrant of the figure are in a poor energy state relative to their 

reproductive development. 


