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EXECUTIVE SUMMARY 

An analysis of population monitoring data collected from 2017 to 2019 in the Harmer Creek population 
area indicated that the abundance of juvenile Westslope Cutthroat Trout was very low and appeared to be 
due to recruitment failure. Teck Coal Limited assembled a team of Subject Matter Experts (SMEs) and 
initiated an Evaluation of Cause to evaluate and report on what may have contributed to the very low 
recruitment. 
 
A strong negative relationship between the size of young of year trout and overwintering survival is well 
documented in the literature and likely reflects the fact that size is a key indicator of energetic status. More 
specifically, length indicates the efficiency of energy use while body condition is an indicator of lipid 
storage. Although fish can feed in winter, they must store most of the energy they require throughout the 
winter during the short growing season. 
 
Several stressors that could affect the growth of fish were evaluated in SME reports and include low 
growing season degree days (GSDD), exposure to dietary selenium, food availability and energy use. 
While the scope of the SME reports was to consider each of these potential stressors individually, our 
analysis considers the energetic status of fish, as inferred from fish size, which allows the relative 
contributions of some of the various energy related stressors to changes in recruitment to be estimated. 
 
We used a hierarchical Bayesian Integrated Network (hBIN) model to quantify the effect of energetic 
status on the egg to age-1 survival for the Harmer Creek and Grave Creek populations. The ratio between 
energy stores at the onset of winter and energy requirements was calculated as energetic status for this 
report. Energetic status was calculated based on length, body condition and the scaling of standard 
metabolic rate to the size observed in salmonids. This was used to estimate the relative contributions of 
GSSD, dietary selenium, fork length, body condition and energetic status to the observed recruitment 
patterns. The hBIN model makes multiple key assumptions including that 1) dietary selenium has the 
same effect on the length of age-0 Westslope Cutthroat Trout as has been observed in a study on age-0 
Chinook Salmon, 2) the effect of selenium on length occurs solely via the dietary pathway and 3) selenium 
only affects energetic status via fish length. In addition, the model does not include other stressors which 
may explain some of the remaining variation in the egg to age-1 survival or interact with the effect of 
energetic status as their effect on any of the variables in the model could not be quantified. 
  
The results indicate that energetic status is an important predictor of the egg to age-1 survival. More 
specifically the results suggest that energetic status explains 65% (29-85% 95% CI) of the difference in 
recruitment between the Harmer Creek and Grave Creek populations (Reduced Recruitment) and 90% 
(76-96% 95% CI) of the difference between Harmer Creek in 2018 compared to 2017 and 2019 
(Recruitment Failure). The results also suggest that GSDD and dietary selenium explain 34% (4-58% 95% 
CI) and 8% (3-16% 95% CI) of the Reduced Recruitment, respectively. Growing season degree days and 
dietary selenium were similar in 2018 compared to 2017 and 2019 therefore did not explain the 
Recruitment Failure that occurred over and above the observed Reduced Recruitment. 
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READER'S NOTE  

 

Background 

The Elk Valley (Qukin ʔamaʔkis) is located in the southeast corner of British Columbia (BC), Canada. 

“Ktunaxa people have occupied Qukin ʔamaʔkis for over 10,000 years. . . . The value and significance of 

ʔa·kxamis ̓qapi qapsin (All Living Things) to the Ktunaxa Nation and in Qukin ʔamaʔkis must not be 

understated” (text provided by the Ktunaxa Nation Council [KNC]). 

The Elk Valley contains the main stem of the Elk River, and one of the tributaries to the Elk River is Grave 

Creek. Grave Creek has tributaries of its own, including Harmer Creek. Harmer and Grave Creeks are 

upstream of a waterfall on Grave Creek, and they are home to isolated, genetically pure Westslope 

Cutthroat Trout (WCT; Oncorhynchus clarkii lewisi). This fish species is iconic, highly valued in the area 

and of special concern under federal and provincial legislation and policy.  

In the Grave Creek watershed1, the disturbance from logging, roads and other development is limited. 

The mine property belonging to Teck Coal Limited’s Elkview Operations includes an area in the southwest 

of the Harmer Creek subwatershed. These operations influence Harmer Creek through its tributary Dry 

Creek, and they influence Grave Creek below its confluence with Harmer Creek (Harmer Creek Evaluation 

of Cause, 2022)2. Westslope Cutthroat Trout populations in both Harmer and Grave Creeks are part of 

Teck Coal’s monitoring program. 

 

 

The Evaluation of Cause Process 

The Process Was Initiated 

Teck Coal undertakes aquatic monitoring programs in the Elk Valley, including fish population monitoring.  

Using data collected as part of Teck Coal’s monitoring program, Cope & Cope (2020) reported low 

abundance of juvenile WCT in 2019, which appeared to be due to recruitment failure in Harmer Creek. 

 
1  Including Grave and Harmer Creeks and their tributaries. 
2 Harmer Creek Evaluation of Cause Team. (2022). Evaluation of Cause – Reduced Recruitment in the Harmer Creek Westslope  
  Cutthroat Trout Population. Report prepared for Teck Coal Limited. 
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Teck Coal initiated an Evaluation of Cause — a process to evaluate and report on what may have 

contributed to the apparent recruitment failure. Data were analyzed from annual monitoring programs 

in the Harmer and Grave Creek population areas3 from 2017 to 2021 (Thorley et al. 2022; Chapter 4, 

Evaluation of Cause), and several patterns related to recruitment4 were identified:  

• Reduced Recruitment5 occurred during the 2017, 2018 and 2019 spawn years6 in the Harmer Creek 

population and in the 2018 spawn year in the Grave Creek population.  

• The magnitude of Reduced Recruitment in the Harmer Creek population in the 2018 spawn year 

was significant enough to constitute Recruitment Failure7. 

• Recruitment was Above Replacement8 for the 2020 spawn year in both the Harmer and Grave Creek 

populations. 

The recruitment patterns from 2017, 2018 and 2019 in Harmer Creek are collectively referred to as 

Reduced Recruitment in this report. To the extent that there are specific nuances within 2017-2019 

recruitment patterns that correlate with individual years, such as the 2018 Recruitment Failure, these are 

referenced as appropriate.  

How the Evaluation of Cause Was Approached 

When the Evaluation of Cause was initiated, an Evaluation of Cause Team (the Team) was established. It 

was composed of Subject Matter Experts (SMEs) who evaluated stressors with the potential to impact the 

WCT population. Further details about the Team are provided in the Evaluation of Cause report (Harmer 

Creek Evaluation of Cause Team, 2022).  

During the Evaluation of Cause process, the Team had regularly scheduled meetings with representatives 

of the KNC and various agencies (the participants). These meetings included discussions about the 

overarching question that would be evaluated and about technical issues, such as identifying potential 

 
3 Grave Creek population area” includes Grave Creek upstream of the waterfall at river kilometer (rkm) 2.1 and Harmer Creek 
below Harmer Sedimentation Pond. “Harmer Creek population area” includes Harmer Creek and its tributaries (including Dry 
Creek) from Harmer Sedimentation Pond and upstream.  
4 Recruitment refers to the addition of new individuals to a population through reproduction. 
5 For the purposes of the Evaluation of Cause, Reduced Recruitment is defined as a probability of > 50% that annual 
recruitment is <100% of that required for population replacement (See Chapter 4, Evaluation of Cause, Harmer Creek 
Evaluation of Cause Team 2022). 
6 The spawn year is the year a fish egg was deposited, and fry emerged. 
7 For the purposes of the Evaluation of Cause, Recruitment Failure is defined as a probability of > 50% that annual recruitment 
is <10% of that required for population replacement (See Chapter 4, Evaluation of Cause, Harmer Creek Evaluation of Cause 
Team  2022). 
8 For the purposes of the Evaluation of Cause, Above Replacement is defined as a probability of > 50% that annual recruitment 
is >100% of that required for population replacement (See Chapter 4, Evaluation of Cause, Harmer Creek Evaluation of Cause 
Team 2022). 
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stressors, natural and anthropogenic, which had the potential to impact recruitment in the Harmer Creek 

WCT population. This was an iterative process driven largely by the Team’s evolving understanding of key 

parameters of the WCT population, such as abundance, density, size, condition and patterns of 

recruitment over time. Once the approach was finalized and the data were compiled, SMEs presented 

methods and draft results for informal input from participants. Subject Matter Experts then revised their 

work to address feedback and, subsequently, participants reviewed and commented on the reports. 

Finally, results of the analysis of the population monitoring data and potential stressor assessments were 

integrated to determine the relative contribution of each potential stressor to the Reduced Recruitment 

in the Harmer Creek population. 

The Overarching Question the Team Investigated 

The Team investigated the overarching question identified for the Evaluation of Cause, which was:  

What potential stressors can explain changes in the Harmer Creek Westslope Cutthroat Trout 

population over time, specifically with respect to Reduced Recruitment? 

The Team developed a systematic and objective approach to investigate the potential stressors that could 

have contributed to the Reduced Recruitment in the Harmer Creek population. This approach is illustrated 

in the figure that follows the list of deliverables, below. The approach included evaluating patterns and 

trends, over time, in data from fish monitoring and potential stressors within the Harmer Creek population 

area and comparing them with patterns and trends in the nearby Grave Creek population area, which was 

used as a reference. The SMEs used currently available data to investigate causal effect pathways for the 

stressors and to determine if the stressors were present at a magnitude and for a duration sufficient to 

have adversely impacted the WCT. The results of this investigation are provided in two types of 

deliverables: 

1. Individual Subject Matter Expert reports (such as the one that follows this Note). Potential stressors 

were evaluated by SMEs and their co-authors using the available data. These evaluations were 

documented in a series of reports that describe spatial and temporal patterns associated with the 

potential stressors, and they focus on the period of Reduced Recruitment, including the 

Recruitment Failure of the 2018 spawn year where appropriate. The reports describe if and to what 

extent potential stressors may explain the Reduced Recruitment.  

The full list of Subject Matter Expert reports follows at the end of this Reader's Note. 

2. The Evaluation of Cause report. The SME reports provided the foundation for the Evaluation of 

Cause report, which was prepared by a subset of the Team and included input from SMEs.  
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The Evaluation of Cause report:  

a. Provides readers with context for the SME reports and describes Harmer and Grave Creeks, the 

Grave Creek watershed, the history of development in the area and the natural history of WCT 

in these creeks 

b. Presents fish monitoring data, which characterize the Harmer Creek and Grave Creek 

populations over time  

c. Uses an integrated approach to assess the role of each potential stressor in contributing to 

Reduced Recruitment in the Harmer Creek population area.  

 

 

Conceptual approach to the Evaluation of Cause for the Reduced Recruitment in the Harmer Creek Westslope 

Cutthroat Trout population. 

 

Participation, Engagement & Transparency 

To support transparency, the Team engaged frequently with participants throughout the Evaluation of 

Cause process. Participants in the Evaluation of Cause process, through various committees, included:  

• Ktunaxa Nation Council 
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1. INTRODUCTION 

1.1. OVERALL BACKGROUND 

Teck Coal Limited (Teck Coal) undertakes aquatic monitoring programs in the Elk Valley, including fish 
population monitoring.  Using data collected from 2017 to 2019 in Harmer and Grave Creeks, Cope & 
Cope (2020) reported low abundance of juvenile Westslope Cutthroat Trout (WCT; Oncorhynchus clarkii 
lewisi), which was suggestive of recruitment failure in Harmer Creek. Teck Coal initiated an Evaluation 
of Cause — a process to evaluate and report on what may have contributed to the apparent recruitment 
failure. Data were analyzed from annual monitoring programs in the Harmer and Grave Creek population 
areas9 from 2017 to 2021 (Thorley et al. 2022; Chapter 4, Evaluation of Cause), and several patterns 
related to recruitment10 were identified: 

• Reduced Recruitment11 occurred during the 2017, 2018 and 2019 spawn years in the Harmer Creek 
population and in the 2018 spawn year in the Grave Creek population.   

• The magnitude of Reduced Recruitment in the Harmer Creek population in the 2018 spawn year12 
was significant enough to constitute Recruitment Failure13.  

• Recruitment was Above Replacement14 for the 2020 spawn year in both the Harmer and Grave 
Creek populations.  

The recruitment patterns for the 2017, 2018 and 2019 spawn years in Harmer Creek are collectively 
referred to as Reduced Recruitment in this report. To the extent that there are specific nuances within 
2017-2019 recruitment patterns that correlate with individual years, such as the 2018 Recruitment Failure, 
these are referenced as appropriate. 
 
The Evaluation of Cause Project Team investigated one overarching question: What potential stressors 
can explain changes in the Harmer Creek Westslope Cutthroat Trout population over time, 
specifically with respect to patterns of Reduced Recruitment? To investigate this question, the Team 
evaluated trends in WCT population parameters, including size, condition, and recruitment, and in the 
potential stressors that could impact these parameters. They evaluated the trends in WCT population 
parameters based on monitoring data collected from 2017 to 2021 (reported in Thorley et al., 2022 and 
Chapter 4, Harmer Creek Evaluation of Cause Team, 2022). The Grave Creek population area was used 
as a reference area for this evaluation. 
 

 
9 “Grave Creek population area” includes Grave Creek upstream of the waterfall and Harmer Creek below Harmer 

Sedimentation Pond.   “Harmer Creek population area” includes Harmer Creek and its tributaries (including Dry Creek) from 
Harmer Sedimentation Pond and upstream. 
10 Recruitment refers to the addition of new individuals to a population through reproduction. 
11 For the purposes of the Evaluation of Cause, Reduced Recruitment is defined as a probability of > 50% that annual 
recruitment was < 100% of that required for population replacement (See Chapter 4, Evaluation of Cause, Harmer Creek 
Evaluation of Cause Team, 2022). 
12 The spawn year is the year a fish egg was deposited, and fry emerged. 
13 For the purposes of the Evaluation of Cause, Recruitment Failure is defined as a probability of > 50% that annual recruitment 
is < 10% of that required for population replacement (See Chapter 4 Evaluation of Cause, Harmer Creek Evaluation of Cause 
Team, 2022). 
14 For the purposes of the Evaluation of Cause, recruitment Above Replacement is defined as a probability of > 50% that annual 
recruitment is > 100% of that required for population replacement (See Chapter 4 Evaluation of Cause, Harmer Creek 
Evaluation of Cause Team, 2022) 
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The approach for analyzing potential stressors for the Evaluation of Cause was to: (1) characterize trends 
in each stressor for the Harmer and Grave Creek populations, (2) compare the trends between the two 
population areas, (3) identify any changes in Harmer Creek during the period of Reduced Recruitment, 
including the Recruitment Failure of the 2018 spawn year where appropriate, and (4) evaluate how each 
stressor trended relative to the fish population parameters. The Team then identified mechanisms by which 
the potential stressors could impact WCT and determined if the stressors were present at a sufficient 
magnitude and duration to have an adverse effect on WCT during the period of Reduced Recruitment. 
Together, these analyses were used in the Evaluation of Cause report to support conclusions about the 
relative contribution of each potential stressor to the Reduced Recruitment observed in the Harmer Creek 
population area. 

1.2. REPORT SPECIFIC BACKGROUND 

This Subject Matter Expert (SME) report evaluating the Energetic Status of age-0 WCT was developed 
late in the Harmer Creek Evaluation of Cause process to address what was identified as an important 
causal effect pathway. The analysis of fish population monitoring data suggested that the recruitment 
patterns for the 2017 to 2019 spawn years were primarily caused by low survival of fish in their first 
winter, due to their small size at the onset of winter (Chapter 4, Harmer Creek Evaluation of Cause Team, 
2022). Several stressors were evaluated that could affect the growth of fish [i.e., low growing season 
degree days (Hocking et al 2022) dietary selenium (de Bruyn et al 2022), food availability (Wiebe & Orr 
2022) or energy use (e.g., Hocking et al 2022)]. The scope of the other SME reports was to consider each 
of these potential stressors individually. This report considers the energetic status of fish, as inferred from 
fish size. This approach allows the relative contribution of the energy related stressors, for which sufficient 
data is available, to changes in recruitment to be estimated. In the case of Dry Creek, the contribution of 
the maternal transfer of selenium acting directly on the egg to age-1 survival is also estimated (see 
Attachment A). 
 
 
There were two primary objectives addressed by this SME report. The first objective was to evaluate the 
relationship between energetic status and egg to age-1 survival. The second objective was to estimate the 
contributions of the stressors for which sufficient data were available, in this case growing season degree 
days (GSDD) and dietary selenium, to the observed Reduced Recruitment and Recruitment Failure 
patterns through energetic status15. Energetic status, which is defined in this report as the ratio of the 
relative energy stores at the onset of winter to the energy requirements during winter, is important because 
it determines whether individuals have sufficient energy reserves to survive the winter. The energetic 
status of a cohort of age-0 salmonids at the start of winter is perhaps the most important predictor of 
recruitment success in systems with a short growing season (Coleman and Fausch 2007a). While stressors 
other than GSDD and selenium have the potential to affect a fish’s energy budget, a lack of data or 
information on the other stressors’ causal influence on any of the terms in the model prevented their 
inclusion in the analysis. Examples of other stressors that may influence energy stores or requirements 
include food availability, predation pressure and winter conditions. 
 

 
15 In this report the term Reduced Recruitment is used to refer to the difference in the estimated egg to age-1 survival in the 

Harmer Creek population relative to the Grave Creek population from 2017 to 2019 while the term Recruitment Failure refers 
to the difference in the estimated egg to age-1 survival in 2018 relative to 2017 and 2019 for the Harmer Creek population.  
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1.3. REVIEW OF RELEVANT WESTSLOPE CUTTHROAT TROUT BIOLOGY 

There are conditions in the Harmer Creek population area that make it challenging for age-0 fish to attain 
the energetic status they need to survive winter. This section provides a review of key aspects of WCT 
biology needed to understand this relationship.  
 
Spawning typically commences in both the Harmer Creek and Grave Creek populations by May 25, peaks 
around June 15 and continues to about July 15, although in colder years it may be delayed (Chapter 3, 
Harmer Creek Evaluation of Cause Team, 2022; Thorley et al 2022b). Based on the spawning and 
temperature data collected by Cope and Cope (2020) and detailed by Hocking et al (2022), it is estimated 
that in a typical year fry emergence would begin in the warmest section of Grave Creek below the 
confluence with Harmer Creek around the end of July but may not peak until late August in the mainstem 
of Harmer Creek. This leaves the newly emergent fry with a short window of time to accumulate enough 
energy prior to the onset of winter in early October. 
 
The age-0 WCT emerge from the gravels with a fork length of approximately 20 mm (Coleman and Fausch 
2007a) and begin primarily feeding on benthic invertebrates (Wiebe et al. 2022). Initially the young of 
year put their energy into growing longer (Biro et al. 2005) but as winter approaches they increase their 
lipid (fat) content (Giacomini and Shuter 2013; Biro et al. 2021). The pressure to accumulate energy to 
survive the winter is so strong that smaller young-of-year fish will risk being eaten by predators to get the 
food they need (Biro et al. 2005; Finstad et al. 2010). In fact, the resultant increase in predation associated 
with local reductions in food availability due to competition between individuals is considered to be one 
of the primary factors limiting the abundance of trout populations (van Poorten et al. 2018). Cannibalism 
by age-2 and older conspecifics may represent the most important predation pressure (Rosenfeld 2014). 

The young fish continue to grow until the mean daily water temperature drops below about 4 C (Coleman 
and Fausch 2007b) which, in the Harmer system is typically the beginning of October. 
 
Overwintering in cold high elevation and/or high latitude streams is energetically demanding (Huusko et 
al. 2007). Initially, the fry must expend a disproportionate amount of energy acclimatizing to the drop in 
water temperature (Cunjak et al. 1987). This transition is so physiologically taxing that a spike in mortality 
has been observed at the start of winter (Cunjak et al. 1987; Coleman and Fausch 2007b). Then the fry 

must survive four to six months until the mean daily water temperature rises above 5 C (Coleman and 
Fausch 2007a). During this time a reduced gastric evacuation rate (Elliott 1972; Cunjak et al. 1987; Khan 
2022) means that ingestion of benthic invertebrates provides insufficient energy to meet metabolic 
requirements (Cunjak and Power 1987). To prolong their energy reserves overwintering fish reduce their 
metabolic costs by minimizing movement (Speers-Roesch et al. 2018). In this context changes in flow 
and/or anchor/frazil ice that induce a fish to relocate require a relatively high energetic cost. It should, 
however, be noted that under surface ice fish are reported to lose less energy. This is because conditions 
tend to be more hydraulically and thermally stable which results in a lower metabolic expenditure (Hansen 
and Rahel 2015). Fish may also consume more food (Finstad et al. 2004) which is associated with a 
reduction in the predation risk from the reduced light levels (Metcalfe et al. 1999; Finstad 2004). For 
further discussion of ice and water temperature in the context of the Harmer Creek WCT population see 
Hocking et al. (2022). 
 
The length of age-0 trout at the end of the fall strongly influences the probability of surviving through the 
winter (Huusko et al. 2007). For example, based on laboratory (Coleman and Fausch 2007b) and field 
studies Coleman and Fausch (2007a) concluded that the “data suggest that cutthroat trout fry need to reach 
a minimum of 30 - 35 mm TL [28 – 33 mm FL] by the onset of winter to allow recruitment to age 1 in 
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temperature regimes like those of the streams we studied in the southern Rocky Mountains.” They were 
able to predict fish length from the number of degree days available for egg incubation and fish growth 
which they quantified in terms of the GSDD. Coleman and Fausch (2007a) defined the start of the growing 
season as the beginning of the first week that average stream temperatures exceeded and remained above 

5C; and the end as the last day of the first week that average stream temperature dropped below 4C. A 
key conclusion of Coleman and Fausch (2007a) was that the three subspecies16 of Cutthroat Trout native 
to Colorado streams have a high probability of recruitment failure in streams with less than 800 GSDDs 
but may have adequate recruitment in some years in streams reaching about 800–900 degree days. 
Coleman and Fausch (2007a) considered 900 to 1,200 degree days to be optimal for recruitment for 
Cutthroat Trout native to Colorado in the southern Rocky Mountains. From 2017 to 2019, the average 
GSDD in Harmer Creek was 780 degree days below the confluence with Dry Creek, 910 GSDD above 
the Harmer Creek Sedimentation Pond at the lower limit of the Harmer Creek population and 1,080 below 
the Harmer Creek Sedimentation Pond where the Grave Creek population extends into Harmer Creek 
(Hocking et al. 2022). 
 
The lipid content of age-0 trout is also a key predictor of overwintering survival (Biro et al. 2004, 2021; 
Berg et al. 2011). The body condition of a fish, which is its wet weight (mass) relative to its length (He et 
al. 2008), provides an index of how “fat” a fish is. Cunjak and Power (1987) reported an ~25% decline in 
body condition between late summer and early winter for trout in a temperate Canadian stream which 
persisted until the spring that the authors attributed to the energetic demands of acclimatization. Simpkins 
et al. (2003) reported that both lipid content and body condition declined linearly during fasting (the latter 
by ~20% over three months) and Alverez and Nicieza (2005) demonstrated that brown trout compensate 
for food restriction by rapidly gaining body condition (not length) and this gain reflects an increase in 
lipid content. More recently, Wilson et al. (2021), found that condition factor, rather than energetic 
variables, was the best predictor of swim performance in juvenile sockeye salmon (Oncorhynchus nerka) 
during food deprivation. 
 
Selenium exposure is concerning from an energetic perspective because in parts of the Grave Creek 
population area it is at levels that can reduce the growth of salmonid fry (de Bruyn et al. 2022). An 
experiment has demonstrated that even moderate levels of selenium in food (~11 mg/kg dw) can reduce 
the growth of Chinook salmon (Oncorhynchus tshawytscha) fry by ~10% (DeForest et al 1999; Hamilton 
et al, 1990). As discussed by de Bruyn et al. (2022) and conceptually detailed by Hocking et al. (2022) a 
relatively small change in length could have a disproportionate effect on recruitment if a relatively high 
proportion of the population are close to an energetic threshold required to survive the winter. As discussed 
above, age-0 fish in the Harmer Creek population area are relatively small due to the short growing season 
and cold water temperatures in the Harmer Creek population area. Selenium also reduces the lipids 
(triglycerides) in the liver (Knight et al. 2016) – an important energy store. The fact that disruption of lipid 
metabolism is part of selenium’s adverse outcome pathway (Ankley et al. 2010) raises the possibility that 
there may be additional energetic costs of dietary exposure beyond those captured by the reduction in 
length. For further information on possible pathways of action of selenium on the Harmer Creek 
population see de Bruyn et al. (2022). 

 
16 In addition to Colorado Cutthroat Trout (Oncorhynchus clarkii pleuriticus), Greenback (Oncorhynchus clarkii virginalis) 

and Rio Grande Cutthroat Trout (Oncorhynchus clarkia stomias) are also native to Colorado. 
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2. METHODS 

2.1. STUDY AREA 

The study area, which is mapped in Figure 1, is described in Chapter 2 and the Grave Creek and Harmer 
Creek fish populations in Chapters 3 and 4 in the Evaluation of Cause Report (Harmer Creek Evaluation 
of Cause Team 2022). For the purposes of this report it is important to be aware that: 1) almost all 
spawning and subsequent age-0 growth occurs in Harmer Creek downstream of the confluence with Dry 
Creek; 2) selenium undergoes speciation and is converted into a bioavailable form – primarily in the Dry 
Creek and Harmer Creek Sedimentation Ponds – resulting in increased downstream dietary selenium 
concentrations (de Bruyn et al. 2022); and 3) based on lineal distance, approximately 6% (Table 1) of the 
age-0 fish belonging to the Grave Creek population inhabit Harmer Creek below the Harmer Creek 
Sedimentation Pond (HRM-R1) where, like the age-0 Harmer Creek population fish, they are exposed to 
elevated dietary selenium levels. For additional information on the study area and fish populations see 
Cope and Cope (2020) and Thorley et al. (2022b). 
 

Table 1. The lineal fish habitat by population, creek and reach. 

Population Creek Reach Length (km) 

Grave Grave Creek GRV-R2 2.3 

Grave Grave Creek GRV-R3 4.8 

Grave Grave Creek GRV-R4 3.8 

Grave Harmer Creek HRM-R1 0.5 

Harmer Harmer Creek HRM-R2 0.3 

Harmer Harmer Creek HRM-R3 2.6 

Harmer Harmer Creek HRM-R4 2.1 

Harmer Harmer Creek HRM-R5 0.8 

2.2. DATA COLLECTION 

The data used in these analyses were collected as part of Teck Coal’s aquatic monitoring program. A data 
summary and description of methods used is provided in those reports (Golder 2022; Hocking et al. 2022; 
Thorley et al. 2022b; Brooks and Robinson 2022). 
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Figure 1. A map of the Grave-Harmer Watershed indicating reaches, barriers and water temperatures loggers. 
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SMR ∝  
𝑊0.87

𝑊
 

Equation 3. The expected relationship between standard metabolic rate (SMR) and weight (W) for salmonids from 

Steingrimsson and Grant (1999). 

When related to body size or physiology, such non-linear power relationships are called allometric 
relationships (Calder 2001)  

𝑌 = 𝛼𝑋𝛽 
Equation 4. The general allometric relationship from Calder (2001). 

and are often modeled using the log transformation such that  
 

log(𝑌) = log(𝛼) + 𝛽 log (𝑋) 
Equation 5. The general allometric relationship as a simple linear regression on the log scale. 

which is equivalent to a simple linear regression where log(𝛼) is the intercept and 𝛽 the slope. 

2.3.4. NORMAL DISTRIBUTION 

The normal (or Gaussian) distribution, which is fully defined by its mean (centre) value and standard 
deviation (spread), is a bell-shaped curve (Figure 9). This curve describes the probability density of all 
possible real values. The normal distribution provides a useful tool for describing the uncertainty in many 
unbounded biological parameters or outcomes (McElreath 2020). Almost exactly 95% of the probability 
mass (i.e., the area under the curve) falls within two standard deviations of the mean. 
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Figure 9. The normal probability density function by standard deviations from the mean. 

2.3.5. TRUNCATED DISTRIBUTIONS 

Truncated distributions assign zero probability to values outside the truncation limits. They are useful 
tools to provide limits to informative priors or in the case of truncated half-normal distributions (Figure 
10) to provide positive values for standard deviations while ensuring most of the probability mass is close 
to 0 (Stan Development Team 2017). 

 
Figure 10. The truncated half-normal probability density function by standard deviations from the mean. 

2.3.6. VARYING EFFECTS 

Hierarchical (also known as multilevel or mixed effects models) are so named because they include 
multiple varying (also known as random) effects (McElreath 2020). A varying effect improves predictions 
by finding the appropriate balance between no variation and total independence. Thus, for example, a 
varying effect of year allows the values from years where there is data to inform those where there is not 
while still permitting inter-annual variation (Kéry and Royle 2016). This is possible because the values 
from years with data provide information on the expected value as well as the variation among years. 

2.3.7. EGG TO AGE-1 SURVIVAL 

The point estimates of the egg to age-1 survival from Thorley et al.’s (2022b) integrated life-cycle model 
were converted into log odds (Figure 11) and input into the model described in Section 2.5 below to 
estimate the relationship, if any, between energetic status and early life-stage survival. 
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The sensitivity of the parameters to the choice of prior distributions was evaluated by increasing the 
standard deviations (SDs) of all the priors by an order of magnitude while preserving any truncation and 

then using �̂� to evaluate whether the samples were drawn from the same posterior distribution (Thorley 
and Andrusak 2017). 
 
The analyses were implemented using R version 4.2.0 (R Core Team 2022) and the estimates produced 
using JAGS (Plummer 2003). 

2.5.  MODEL DESCRIPTION 

The hBIN model consists of an integrated network of hierarchical Bayesian submodels linking the 
expected GSDDs, dietary selenium concentrations, fork lengths and wet weights to the data and an 
allometric energetic submodel linking the expected fork lengths and weights to the egg to age-1 survival 
(see Section 2.3.7 above). The submodels are described verbally and mathematically below. For additional 
information on the model, including the model definition in JAGS code (Plummer 2017), see 
https://www.poissonconsulting.ca/f/418102047. 

2.5.1. ENERGETIC SUBMODEL 

The energetic submodel was based on the assumptions that 1) the structural (lipid requiring) tissue varies 
linearly by expected (mean) weight (Calder 2001); 2) the SMR (lipid requirements of the structural tissue 
per gram) varies by the structural tissue to the power of ~0.87 (Steingrímsson and Grant 1999); and 3) the 
total storage (available lipid) tissue varies linearly by the wet weight above a minimum length specific 
threshold at which an individual is expected to die of starvation (Cunjak and Power 1987; Simpkins et al. 
2003; Álvarez and Nicieza 2005; Wilson et al. 2021). We define the energetic status of an individual at 
the onset of winter (E) as  
 

𝐸 ∝
relative energy stores

relative metabolic requirement
 

 
Equation 6. The relationship between energetic status, energy stores and metabolic requirement. 

it follows from the above assumptions19 that  

𝐸 ∝
𝑊 − 𝑊min

𝑊average
𝛽SMR

 

 
Equation 7. The relationship between energetic status and the actual, minimum and average weight. 

 

where 𝑊 is the actual weight, 𝑊average is the expected weight in an average year given the length of the 

fish, 𝑊min is the length specific weight at starvation and 𝛽SMR (~0.87) is the allometric scaling of the 
standard metabolic rate to weight. 
 

 
19 The initial formulation of energetic status included the duration of the winter based on the end and start of the growing season 

as a variable. However, winter duration was not supported as an informative predictor.  

https://www.poissonconsulting.ca/f/418102047
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Figure 12. The Directed Acyclic Graph (DAG) of the relationships between variables. where ‘Condition’ is the body 

condition at the onset of winter, ‘Condition at Starvation’ is the body condition at starvation, ‘Day of Year’ is the day 

of the year, ‘Energy’ is the energetic status at the onset of winter, ‘Growth’ is the change in length, ‘Growth Chinook’ 
is the change in length of Chinook salmon fry in the Hamilton et al. (1990) data, ‘GSDD’ is the growing season degree 

days, ‘Length’ is the fork length at the onset of winter, ‘Length Emergence’ is the fork length at emergence, 
‘Population’ is the population (Harmer or Grave), ‘Selenium Dietary’ is the selenium dietary concentration, 

‘Selenium Tissue’ is the selenium tissue concentration, ‘Standard Metabolic Rate Scaling’ is the allometric scaling 
from weight to the standard metabolic rate, ‘Trophic Transfer Factor’ is the trophic transfer factor, ‘Weight’ is the 
wet weight, ‘Weight Scaling’ is the allometric scaling from length to weight, ‘Year’ is the year as a discrete variable 

and ‘Year in Population’ is the year within population as a discrete variable. The modelled relationships between 
variables are indicated by arrows. The arrows on the pathway from dietary selenium concentration to egg to age-1 

survival are colored light green. 
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Given that 𝐶 =  𝑊 𝑊average⁄  where 𝐶 is the body condition, defined as actual weight as a percentage of 

average weight for a fish of the same length (He et al. 2008), the previous equation can be reformulated 
as  

𝐸 ∝
(𝐶 − 𝐶min)𝑊average

𝑊average
𝛽SMR

 

 
Equation 8. The relationship between energetic status and body condition, minimum body condition and average 

weight. 

As 𝑊average ∝ 𝐿𝛽𝑊 , where 𝛽W (~3) is the allometric scaling term for the weight to length (Calder 2001), 

it can be restated as 

𝐸 ∝
(𝐶 − 𝐶min)𝐿𝛽W

𝐿𝛽W𝛽SMR
 

 
Equation 9. The relationship between energetic status and body condition, minimum body condition and fork length. 

which simplifies to  

𝐸 ∝
(𝐶 − 𝐶𝑚𝑖𝑛)

𝐿𝛽W𝛽SMR−𝛽W
 

 
Equation 10. A simplified form of the relationship between energetic status and body condition, minimum body 

condition and fork length. 

Under the assumption that an increase in energetic status has more effect on the egg to age-1 survival (S) 
at lower energy status (McElreath 2020) then 

log odds (𝑆) ∝ log (𝐸) 
Equation 11. The relationship between the log odds egg to age-1 survival and the energetic status at the onset of 

winter. 

Based on Steingrimsson and Grant (1999), the prior uncertainty in the metabolic scaling constant (𝛽SMR) 
was assumed to be an informative normal distribution with a mean of 0.87 and SD of 0.035 truncated at 
0.8 and 0.94. To cover a wide range of possibilities the prior uncertainty in the body condition at starvation 

(𝐶min) was assumed to be an normal distribution with a mean of 0.4 and a SD of 0.4 truncated at 0 and 0.8 
(Cunjak and Power 1987; Simpkins et al. 2003; Álvarez and Nicieza 2005; Wilson et al. 2021). The 

energetic submodel also included an effect of population on the egg to age-1 survival (𝛼𝑆𝑃
) to account for 

additional sources of mortality unrelated to condition (𝐶𝑝,𝑦) or fork length (𝐿𝑝,𝑦). 

 
Mathematically the survival part of the energetic submodel was defined as follows: 
 

logit(𝑆p,y)~Normal(𝜇𝑆𝑝,𝑦
, 𝜎𝑆) 

𝜇𝑆𝑝,𝑦
= 𝛼𝑆0

+ 𝛽𝐸(log(𝐸𝑝,𝑦) − log(𝐸𝜈)) + 𝛼𝑆𝑃
⋅ {

1 if Grave
−1 if Harmer

 

𝜎𝑆~Normal(0, 2) T(0, ) 

𝛼𝑆0
~ Normal(−4, 2) 

𝛽𝐸~Normal(0, 100) 

𝛼𝑠𝑃
~Normal(0, 2) 
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where 𝑆p,y is the probability of survival for the 𝑝th population in the 𝑦th year, 𝜇𝑆𝑝,𝑦
is the expected survival, 

𝜎𝑆 is the SD of the residual variation in 𝑆p,y, 𝛼𝑆0
 is the expected survival of a 37.5 mm FL fish of average 

body condition, 𝛽𝐸 is the effect of energetic status on 𝛼𝑆0
, 𝐸𝑝,𝑦 is the energetic status at the onset of winter 

for the 𝑝th population in the 𝑦th year, 𝐸𝜈 is the energetic status for a 37.5 mm FL fish of average body 

condition and 𝛼𝑃 is half the difference in the effect of population on 𝛼𝑆0
. 

 
The energetic part of submodel was: 
 

log (𝐸𝑝,𝑦) = log(𝐶𝑝,𝑦 − 𝐶min) − (β𝑊βSMR − β𝑊) ⋅ log(𝐿𝑝,𝑦) 

log (𝐸𝜈) = log(1 − 𝐶min) − (β𝑊βSMR − β𝑊) ⋅ log(37.5) 

𝐶min~Normal(0.4, 0.4) T(0, 0.8) 

βW~Normal(3, 1) 

βSMR~Normal(0.87, 0.035) T(0.8,0.94) 
 

where 𝐶p,y is the body condition at the onset of winter for the 𝑝th population in the 𝑦th year, 𝐶min is the 

body condition at starvation, β𝑊 is the length to weight allometric scaling exponent, βSMR is the weight to 

standard metabolic rate allometric scaling exponent and 𝐿𝑝,𝑦 is the fork length at the onset of winter for 

the 𝑝th population in the 𝑦th year. 

2.5.2. GSDD SUBMODEL 

To allow the missing GSDD values (Figure 4) to be efficiently estimated in the absence of repeat sampling 
or any predictor variables (McElreath 2020), the GSDD submodel assumed that all the uncertainty was in 

the varying effect of year (𝛼𝐺𝑆𝐷𝐷𝑦
) and the difference between the populations (𝛼GSDD𝑃

). 

 
Mathematically the submodel was defined as follows: 
 

GSDDp,y~Normal(𝜇GSDD𝑝,𝑦
, 1) 

𝜇GSDD𝑝,𝑦
= 𝛼𝐺𝑆𝐷𝐷0

+ 𝛼GSDD𝑃
⋅ {

0 if Grave
1 if Harmer

+ 𝛼𝐺𝑆𝐷𝐷𝑦
 

𝛼𝐺𝑆𝐷𝐷0
~Normal(1100, 10) T(1090,1110) 

𝛼GSDD𝑃
~Normal(0,200) 

𝛼𝐺𝑆𝐷𝐷𝑦
~Normal(0, 𝜎𝐺𝑆𝐷𝐷𝑌

) 

𝜎𝐺𝑆𝐷𝐷𝑌
~ Normal(0,200) T(0, ) 

 

where GSDDp,y is the GSDD for the 𝑝th population in the 𝑦th year, 𝜇GSDD𝑝,𝑦
 is the expected GSDD for the 

𝑝th population in the 𝑦th year, 𝛼𝐺𝑆𝐷𝐷0
 is the GSDD in HRM-R1 in an average year, 𝛼GSDD𝑃

 is the difference 

between HRM-R1 and HRM-R3-R5, 𝛼𝐺𝑆𝐷𝐷𝑦
 is the varying effect of year, and 𝜎𝐺𝑆𝐷𝐷𝑌

 is the SD of the 

varying effect of year. 



   

 

 19 

 

2.5.3. GROWTH EFFECT OF SELENIUM SUBMODEL 

The growth effect submodel assumed that the effect of dietary selenium on growth (increase in length 
since emergence) is the same for WCT as that for Chinook salmon fry in the experiments of Hamilton et 
al. (1990).  
 
Mathematically the submodel was: 
 

𝐺𝑖~Normal(𝜇𝐺𝑖
, 𝜎𝐺𝑖

) 

𝜇𝐺𝑖
=  1/(1 + 10^(𝛼Se ∗ (log(𝛼EC50)/log(10) − log(Se𝑖 − 1)/log(10)))) ∗  −1 

𝛼EC50~Normal(30, 5) T(0, ) 

𝛼Se~Normal(2,1) 
 

where 𝐺𝑖 is the mean growth in the 𝑖th experiment, 𝜇𝐺𝑖
 is the expected growth in 𝑖th experiment, 𝜎𝐺𝑖

 is the 

standard error of the mean growth in the 𝑖th experiment, 𝛼Se is the intercept, 𝛼EC50 is the dietary selenium 

concentration with a 50% effect on growth, and Se𝑖 is the dietary selenium concentration in the 𝑖th 

experiment. 

2.5.4. DIETARY SELENIUM SUBMODEL 

To analyse the benthic invertebrate and fish muscle tissue selenium data together, the dietary selenium 
submodel assumed that the prior uncertainty in the trophic transfer factor from benthic invertebrate to fish 

muscle tissue (𝛽TTF) was a normal distribution with a mean of 1.24 and a SD of 0.07 truncated at 1.10 and 
1.38 (Kuchapski and Rasmussen 2015). The model allowed the dietary selenium concentration to vary by 

population (𝛼Se𝑃
) and randomly by population within year (𝛼𝑆𝑒𝑝,𝑦

). 

 
Mathematically the submodel was: 
 

log(𝑆𝑒𝑝,𝑦,𝑠,𝑖) ~Normal (log (𝜇𝑆𝑒𝑝,𝑦,𝑠
) , 𝜎Se) 

log (𝜇𝑆𝑒𝑝,𝑦,𝑠
) = 𝛼Se0

+ 𝛼TTF ⋅ {
0 if Dietary
1 if Tissue

+ 𝛼Se𝑃
⋅ {

0 if Grave
1 if Harmer

+ 𝛼𝑆𝑒𝑝,𝑦
 

𝜎𝑆𝑒~ Normal(0,2) T(0, ) 

𝛼𝑆𝑒0
~Normal(−4,2) 

𝛼TTF~Normal(1.24, 0.07) T(1.10,1.38) 

𝛼Se𝑃
~Normal(0,2) 

𝛼𝑆𝑒𝑝,𝑦
~Normal(0, 𝜎𝑆𝑒𝑃𝑌

) 

𝜎𝑆𝑒𝑃𝑌
~ Normal(0,2) T(0, ) 

 

where 𝑆𝑒𝑝,𝑦,𝑠,𝑖 is the selenium concentration of the 𝑖th sample of the 𝑠th substrate (benthic invertebrate kick 

sample or fish muscle tissue plug) in the 𝑝th population in the 𝑦th year, 𝜇𝑆𝑒𝑝,𝑦,𝑠
 is the expected selenium 

concentration of the 𝑠th substrate in the 𝑝th population in the 𝑦th year, 𝜎Se is the SD of the residual variation 

in 𝑆𝑒𝑝,𝑦,𝑠,𝑖, 𝛼Se0
 is the expected selenium concentration of benthic invertebrates in HRM-R1 in an average 

year, 𝛼TTF is the TTF from benthic invertebrate to fish muscle tissue, 𝛼Se𝑃
 is the difference between HRM-

R3-R5 and HRM-R1, 𝛼𝑆𝑒𝑝,𝑦
 is the varying effect of year within population, and 𝜎𝑆𝑒𝑃𝑌

 is the SD of the 

varying effect of year within population. 
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2.5.5. FORK LENGTH SUBMODEL 

The fork length submodel assumed that the length at the onset of winter varies by dietary selenium 
exposure and randomly by population within year and varies positively with GSDD (Coleman and Fausch 
2007a, 2007b; Brooks and Robinson 2022). The prior uncertainty in the fork length of the WCT at 

emergence (𝛼EMERGE) was a normal distribution with a mean of 20 and a SD of 1 mm truncated at 18 and 
22 mm (Coleman and Fausch 2007). 
 
Mathematically the submodel was: 
 

log(𝐿𝑝,𝑦,𝑖) ~Normal(log (𝜇𝐿𝑝,𝑦,𝑖
) , 𝜎𝐿) 

log (𝜇𝐿𝑝,𝑦,𝑖
) = ((log(𝛼𝐿0

) + 𝛽GSDD(GSDD𝑝,𝑦 − 900) + 𝛼𝐿𝑝,𝑦
) − 𝛼EMERGE)(𝐺𝑝,𝑦 + 1) + 𝛼EMERGE 

𝜎𝐿~Normal(0,1) T(0, ) 

𝛼𝐿0
~Normal(37.5, 5) 

𝛽GSDD~Normal(0,0.1) T(0, ) 

𝐺𝑆𝐷𝐷𝑝,𝑦 = 𝛼𝐺𝑆𝐷𝐷0
+ 𝛼GSDD𝑃

⋅ {
0 if Grave

1 if Harmer
+ 𝛼𝐺𝑆𝐷𝐷𝑦

 

𝛼𝐿𝑝,𝑦
~Normal(0, 𝜎𝐿𝑃𝑌

) 

𝛼EMERGE~Normal(20,1) T(18,22) 

𝐺𝑝,𝑦 =  1/(1 + 10^(𝛼Se ∗ (log(𝛼EC50)/log(10) − log(Se𝑝,𝑦 − 1)/log(10)))) ∗  −1 

log(Se𝑝,𝑦) = 𝛼𝑆𝑒0
+ 𝛼Se𝑃

⋅ {
0 if Grave

1 if Harmer
+ 𝛼𝑆𝑒𝑝,𝑦

 

𝜎𝐿𝑃𝑌
~Normal(0,1) T(0, ) 

 

where 𝐿𝑝,𝑦,𝑖 is the fork length of the 𝑖th fish in the 𝑝th population in the 𝑦th year, 𝜇𝐿𝑝,𝑦,𝑖
 is the expected fork 

length of the 𝑖th fish in the 𝑝th population in the 𝑦th year, 𝜎𝐿 is the SD of the residual variation in 𝐿𝑝,𝑦,𝑖 , 𝛼𝐿0
 

is the expected fork length of a fish at the onset of winter at 900 GSDD, 𝛽GSDD is the effect of GSDD on 

𝛼𝐿0
, GSDD𝑝,𝑦 is the GSDD in the 𝑝th population in the 𝑦th year, 𝛼𝐿𝑝,𝑦

 is the varying effect of year within 

population on 𝛼𝐿0
, 𝛼EMERGE is the length at emergence, 𝐺𝑝,𝑦 is the growth effect of dietary selenium in the 

𝑝th population in the 𝑦th year, 𝜎𝐿𝑃𝑌
 is the SD of 𝛼𝐿𝑝,𝑦

 and Se𝑝,𝑦 is the dietary selenium concentration in the 

𝑝th population in the 𝑦th year. 

2.5.6. WEIGHT (CONDITION) SUBMODEL 

The weight submodel assumed that the weight varied by fork length, day of the year and randomly by 
population within year (He et al. 2008). The weight submodel was used to estimate the body condition by 
dividing the expected weight of a 37.5 mm FL fish for each population in each year by its expected weight 

in an average year. As weight to length allometric scaling term (𝛽W) was close to 3 the estimated body 
conditions are insensitive to the length of the fish used for standardization. A condition value of 1.05 
indicates that fish are on average 5% heavier for their length at the onset of winter than in an average year. 
 
Mathematically the submodel was: 
 

log(𝑊𝑝,𝑦,𝑖)~Normal(log(𝜇𝑝,𝑦,𝑖) , 𝜎𝑊) 
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log(𝜇𝑝,𝑦,𝑖) = 𝛼𝑊0
+ β𝑊log(𝐿𝑝,𝑦,𝑖) + 𝛽DOY(𝐷𝑂𝑌𝑖 − 275) + 𝛼𝑊𝑝,𝑦

 

𝜎𝑊~Normal(0,1) T(0, ) 

𝛼𝑊0
~Normal(−11,2) 

βDOY~Normal(0, 0.01) 

𝛼𝑊𝑝,𝑦
~Normal(0, 𝜎𝑊𝑃𝑌

) 

𝜎𝑊𝑃𝑌
~ Normal(0,0.1) T(0, ) 

𝐶𝑝,𝑦 =
exp (𝛼𝑊0

+ β𝑊log(37.5) + 𝛼𝑊𝑝,𝑦
)

exp(𝛼𝑊0
+ β𝑊log(37.5))

 

 

where 𝑊𝑝,𝑦,𝑖 is the wet weight of the 𝑖th fish in the 𝑝th population in the 𝑦th year, 𝜇𝑝,𝑦,𝑖 is the expected wet 

weight of the 𝑖th fish in the 𝑝th population in the 𝑦th year, 𝜎𝑊 is the SD of the residual variation in 𝑊𝑝,𝑦,𝑖, 

𝛼𝑊0
is the expected wet weight of a 1 mm FL fish in an average year at the onset of winter, β𝑊 is defined 

in the energetic submodel above, 𝐿𝑝,𝑦,𝑖 is the length of the 𝑖th fish in the 𝑝th population in the 𝑦th year, 𝛽DOY 

is the effect of day of the year on 𝛼𝑊0
, 𝐷𝑂𝑌𝑖  is the day of the year the 𝑖th fish was caught, 𝛼𝑊𝑝,𝑦

 is the 

varying effect of year within population, 𝜎𝑊𝑃𝑌
 is the SD of 𝛼𝑊𝑝,𝑦

 and 𝐶p,y is the body condition at the 

onset of winter for the 𝑝th population in the 𝑦th year. 

2.5.7. CORRECTION FACTORS 

2.5.8. Grave Creek Population 

Two correction factors were introduced to the model to account for the fact that the selenium exposure 
and length data for the Grave Creek population were for HRM-R1 which is only ~6% of the Grave 
population area based on length. Following Thorley et al. (2022b), the correction factors were calculated 
assuming that the number of fish in each reach was directly proportional to the length of the reach (Table 

1). The selenium exposure correction factor of 0.15 for the Grave Creek (𝜅Se) population was then 
calculated under the further assumptions that, based on approximate watershed areas, dietary selenium 
concentrations in GRV-R1 and GRV-R2 were 50% of those in HRM-R1 and that due to the absence of 
any mine influence dietary selenium concentrations in GRV-R3 and GRV-R4 were negligible20. The 

length correction factor for the Grave Creek population (𝜅𝐿) of 0.8 assumed that fish in GRV-R3 grew 

50% less than those in the other reaches based on a GSDD of between 580 and 730 degree days at 
temperature station G3 (Hocking et al. 2022; Brooks and Robinson 2022). Both Grave Creek population 
correction factors included uncertainty via their prior distributions. More specifically, the prior uncertainty 
in the Grave Creek population selenium exposure correction factor was a normal distribution with a mean 
of 0.15 and a SD of 0.05 truncated at 0.05 and 0.25. The prior uncertainty in the length correction factor 
for Grave Creek was a normal distribution with a mean of 0.8 and a SD of 0.1 truncated at 0.7 and 0.9. 

 
20 For the purposes of the calculation the dietary selenium concentrations in GRV-R3 and GRV-R4 were conservatively 

assumed to be 0 mg/kg dw. However, Figure 13 in Golder (2022) and Figure 4 in de Bruyn et al. (2022) suggests that 
concentrations of selenium in benthic invertebrates in the control reaches of GRV-R3 and HRM-R6 are between 3 and 8 mg/kg 
dw. The consequences of this assumption for estimation of the effects of dietary selenium on the recruitment patterns are 
described in the Discussion. 
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2.5.9. Harmer Creek Population 

GSDD and dietary selenium concentrations are substantially higher in Dry Creek than the Harmer Creek 
mainstem (de Bruyn et al. 2022; Golder 2022; Hocking et al. 2022). However, almost all egg incubation 
and rearing to age-1 for the Harmer Creek population occurs in the Harmer Creek mainstem (Thorley et 
al. 2022b). Consequently, dietary selenium and GSDD correction factors were not required. Nonetheless, 
the possibility that the egg to age-1 survival rate for the Harmer Creek population may have been lowered 
due to exposure of adults in Dry Creek to selenium and other constituents of concern (Golder 2022) is 
explored in Attachment A and placed in context in the Evaluation of Cause report (Harmer Creek 
Evaluation of Cause Team 2022). 

2.5.10. COUNTERFACTUAL ANALYSIS 

The counterfactual analysis (Ferraro 2009) evaluates the extent to which fork length and GSDD and 
dietary selenium (through their influence on fork length) as well as body condition and energetic status 
(based on fork length and body condition) may have contributed to the Reduced Recruitment and 
Recruitment Failure patterns. The Reduced Recruitment in the Harmer Creek population from 2017 to 
2019 and the Recruitment Failure in the Harmer Creek population in 2018 were quantified in terms of the 
difference in the log odds in the egg to age-1 survival as estimated by the hBIN model. More specifically 
the Reduced Recruitment was quantified in terms of the mean of the annual differences in the log odds 
survival for the Harmer Creek population versus the Grave Creek population from 2017 to 2019. The 
Recruitment Failure was the difference in 2018 versus the mean of 2017 and 2019 for the Harmer Creek 
population. The counterfactual estimates the percent contribution by using the hBIN model to estimate 
what the percent change in the log odds survival differences would have been if the fish in both populations 
in all years were typical length (37.5 mm FL) and/or GSDD was 950 degree days and/or dietary selenium 
was 5 mg/kg dw (within background levels) and/or body condition was 1 (the estimated value for an 
average year) in both populations in all years21. 

3. RESULTS 

The results suggest that the energetic status at the onset of winter, based on length and body condition, is 
an important predictor of the age to age-1 survival explaining an estimated 65% (29-85% 95% CI) of the 
Reduced Recruitment and 90% (76-96% 95% CI) of the Recruitment Failure. The results also confirm the 
findings from previous studies that the juvenile body condition in 2018 was low in both populations 
(Thorley et al. 2022b; Wiebe et al. 2022); the length of age-0 WCT was shorter than expected given the 
GSDD in 2018 in the Harmer Creek population (Thorley et al. 2022b); GSDD influences length of age-0 
Cutthroat Trout at the onset of winter (Coleman and Fausch 2007a, 2007b; Brooks and Robinson 2022); 
and dietary selenium influences growth in Chinook salmon fry (Hamilton et al. 1990; DeForest et al. 1999; 
de Bruyn et al. 2022). Each of these results is described in more detail below starting with the effect of 
dietary selenium on growth. The parameters estimates are tabulated below (Table 2). For additional results 
see https://www.poissonconsulting.ca/f/418102047. 

 
21 The estimated contributions are relatively insensitive to the value of the constants because the counterfactual analysis is 

simply estimating the percent change in the difference in the estimated log odds survival if the length, GSDD, dietary selenium 
and/or body condition were the same. From this perspective the use of values that are typical as opposed to specific to one year 
or population is preferable in the sense that they represent intermediate values between the extremes. 

https://www.poissonconsulting.ca/f/418102047
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3.1. GROWTH EFFECT OF SELENIUM 

For the effect of dietary selenium on growth (increase in length from emergence) based on the data from 
Hamilton et al. (1990) as shown in Figure 6, the integrated model estimated that the EC10 (concentration 
with a 10% effect) was 11 (9-14 95% CI) mg/kg dw and the EC50 was 33 (31-37 95% CI) mg/kg dw 
(Figure 13). The estimated EC10 is consistent with the Elk Valley Water Quality Plan Level 1 Dietary 
Selenium Benchmark of 11 mg/kg dw (Teck Coal Limited 2014). 

 
Figure 13. The estimated average effect of dietary selenium on age-0 WCT growth based on the data from Hamilton et 

al. (1990) (with 95% CIs as dotted lines). 
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Table 2. The parameter estimates, lower and upper 95% CLs and s-values. 

Parameter Description Estimate 

Lower 

95% CL 

Upper 

95% CL SValue 

βSMR Allometric scaling of SMR to weight 0.872 0.81 0.929 10.6 

𝐶min Body condition at starvation 0.322 0.0162 0.744 10.6 

𝛼𝐺𝑆𝐷𝐷0
 

Expected value of GSDD in HRM-R1 in an 

average year 1100 1090 1110 10.6 

𝛼GSDD𝑃
 The effect of population on 𝛼𝐺𝑆𝐷𝐷0

 -231 -232 -229 10.6 

𝜅𝐿 

Length correction factor for the Grave Creek 

population 0.789 0.704 0.889 10.6 

𝛼Se The intercept for selenium survival effect 2.03 1.63 2.56 10.6 

𝛼EC50 

Selenium concentration with a 50% effect on 

growth 33.1 30.6 36.6 10.6 

𝛼𝐿0 

Expected fork length at the onset of winter at 

900 GSDD 36.6 33 41.2 10.6 

𝛼EMERGE Fork length of the WCT at emergence 20 18.3 21.6 10.6 

𝛽GSDD The effect of GSDD on 𝛼𝐿0  0.000562 7.23E-05 0.00125 10.6 

𝛼Se0
 Expected selenium in HRM-R1 in average year 0.868 0.0943 1.34 5.13 

𝜅Se 

Selenium exposure correction factor for Grave 

population 0.167 0.0802 0.241 10.6 

𝛼Se𝑃
 Effect of population on 𝛼Se0

 1.41 0.881 2.2 10.6 

𝛼TTF 

TTF from benthic invertebrate to fish muscle 

tissue 1.19 1.11 1.31 10.6 

𝛼𝑆0 

Survival of a 37.5 mm FL fish of average body 

condition -3.66 -4.4 -2.79 10.6 

𝛽𝐸 The effect of energetic status on 𝛼𝑆0  13.5 3.15 33 5.19 

𝛼𝑆𝑃
 

Effect of population on the egg to age-1 

survival 0.267 -0.831 0.912 0.888 

𝛼𝑊0
 

Expected weight of a 1 mm FL fish at the onset 

of winter -11.4 -11.6 -11.2 10.6 

𝛽DOY 
Effect of day of the year on 𝛼𝑊0

 
-0.00262 -0.0053 

-8.90E-

05 4.57 

β𝑊 Allometric scaling term for the weight to length 2.99 2.95 3.03 10.6 

𝜎𝐺𝑆𝐷𝐷𝑌
 SD of the varying effect of year on 𝛼𝐺𝑆𝐷𝐷0

 90.5 47 220 10.6 

𝜎𝐿 SD of the residual variation in 𝐿𝑝,𝑦,𝑖, 0.101 0.08 0.134 10.6 

𝜎𝐿𝑃𝑌
 SD of 𝛼𝐿𝑝,𝑦

 0.102 0.0406 0.232 10.6 

𝜎Se SD of the residual variation in 𝑆𝑒𝑝,𝑦,𝑠,𝑖 0.272 0.223 0.335 10.6 

𝜎𝑆𝑒𝑃𝑌
 

SD of the effect of year within population on 
𝛼Se0

 0.243 0.125 0.527 10.6 

𝜎𝑆 SD of the residual variation in 𝑆p,y 0.386 0.0185 1.55 10.6 

𝜎𝑊 SD of the residual variation in 𝑊𝑝,𝑦,𝑖 0.109 0.102 0.116 10.6 

𝜎𝑊𝑃𝑌
 SD of 𝛼𝑊𝑝,𝑦

 0.0339 0.0151 0.0706 10.6 
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3.2. DIETARY SELENIUM  

The estimates of the average annual population dietary selenium exposure for age-0 fish based on 
measurements of benthic invertebrate and fish muscle tissue from the Harmer Creek population (Figure 
5) varied from a low of 1.8 (0.8-2.7 95% CI) mg/kg dw in HRM-R1 in the Grave Creek population area 
in 2021 to a high of 13 (11-15 95% CI) mg/kg dw in the Harmer Creek population in 2021 (Figure 14). 

 
Figure 14. The estimated average dietary selenium exposure by spawn year, population and whether the estimates are 

informed by population and year specific dietary and tissue selenium data (with 95% CIs). 

3.3. GSDD 

The hBIN estimated that the GSDD ranged from ~800 to ~900 in all years except 2021 in the Harmer 
Creek population when it was ~1,000 degree days (Figure 15). In the Grave Creek population area GSDD 
was estimated to range between ~1,050 and ~1,150 for all years except 2021 when it was just over 1,200. 
The estimates of the GSDD were uncertain in 2016 and 2020 for both populations because there were no 
measured data for those years. 

 
Figure 15. The estimated Growing Season Degree Days (GSDD) by spawn year and population (reach) and whether 

the estimates are informed by population and year specific temperature data (with 95% CIs). 

The model also estimated that expected fork length increased with GSDD from 35 (30-40 95% CI) mm at 
800 GSDD to 43 (38-52 95% CI) mm at 1,200 GSDD (Figure 16). The estimated relationship is less steep 
than that estimated by Brooks and Robinson (2022; Figure 7) for multiple systems in the Elk Valley 
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including upper Fording River and Grave, Greenhills, Harmer, Lizard and Michel Creeks. One possible 
explanation for this discrepancy is that dietary selenium has more effect on growth, and therefore fork 
length, of WCT than Chinook salmon in Hamilton et al.’s (1990) study although due to the limited current 
dataset sampling error cannot be excluded. 

 
Figure 16. The estimated relationship between the average fork length at the onset of winter and the GSDD (with 95% 
CIs as dotted lines). The individual data points are the lengths of individual fish corrected for the estimated effect of 

dietary selenium. 

3.4. FORK LENGTH 

The model estimated that across all years the mean fork length of age-0s was between 41 and 43 mm in 
the Grave Creek population and between 30 and 37 mm in the Harmer Creek population (Figure 17). The 
biggest difference was in 2018 when the age-0 fish in the Grave Creek population were estimated to be 
43 (39 – 48 95% CI) mm FL compared to 30 (28 – 33 95% CI) mm FL in the Harmer Creek population 
(Figure 17). 

 
Figure 17. The estimated average fork length of age-0s by population and whether the estimates are informed by 

population and year specific length data (with 95% CIs). 
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3.5. BODY CONDITION 

Consistent with Thorley et al. (2022b) and Wiebe et al. (2022), the model estimated that the body condition 
of juveniles was lower in 2018 in both systems than the other years presented in Figure 18. The model 
estimated that the average body condition in 2018 was 97% (93 – 100% 95% CI) and 95% (90 – 99% 95% 
CI) lower than in an average year for the Grave Creek and Harmer Creek populations, respectively. 

 
Figure 18. The estimated average body condition (weight corrected for length based on a 37.5 mm FL fish) by spawn 
year and population and whether the estimates are informed by population and year specific weight and length data 

(with 95% CIs). 

3.6. ENERGETIC STATUS 

The hBIN model estimated that the energetic status at the onset of winter was a strong positive predictor 
of the egg to age-1 survival (Figure 19). The associated surprisal value of ~5 bits indicated that discovering 
that energetic status based on body condition and fork length did not have a positive effect on egg to age-
1 survival would be at least as surprising as throwing 5 heads in a row on a fair coin. 
 
The plot of the egg to age-1 survival on the log odds scale indicates that the egg to age-1 survival for the 
Harmer Creek population in 2018 was substantially lower than predicted based on the fork length and 
body condition (Figure 20). The egg to age-1 survival values for the Grave Creek population are all higher 
than predicted based on energetic status and all but one (2020) of the Harmer Creek population values are 
lower than predicted. This difference is fully accounted for by the model which estimated that unrelated 
to energetic status (based on fork length and wetted weight) the egg to age-1 survival is 0.5 (-1.7-1.8) log 
odds units higher in the Grave Creek population than the Harmer Creek population although the surprisal 
value is less than 1 bit. 
 
The hBIN model estimated that the WCT in the Grave Creek and Harmer Creek populations die of 
starvation at a body condition of 0.32 (0.02-0.74). The estimate which seems implausibly low should not 
be taken at face value because it represents an extrapolation under the assumption that energy storage 
declines linearly with wet weight. In reality the lipid content (g/g wet weight) can more than half over the 
course of the winter (Biro et al. 2004, 2021). 
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Figure 19. The estimated relationship between the egg to age-1 survival and energetic status at the onset of winter 
based on the mean fork length and mean body condition by population and spawn year and whether the survival 

estimates are informed by population and year specific density data. The individual points represent the egg to age-1 
survival as measured by Thorley et al. (2022a) or estimated by the current analysis. The horizontal dotted line 

indicates the estimated egg to age-1 survival of 3.7% required for population replacement based on the life-cycle 

model. 

 
Figure 20. The estimated relationship between the egg to age-1 survival on the log odds scale and the energetic status 

at the onset of winter based on the fork length and body condition by population and spawn year and whether the 
survival estimates are informed by population and year specific density data. The individual points represent the egg 

to age-1 survival as measured by Thorley et al. (2022a) or estimated by the current analysis. The horizontal dotted 
line indicates the estimated egg to age-1 survival of 3.7% required for population replacement based on the life-cycle 

model. 

3.7. COUNTERFACTUALS 

The hBIN model estimated that the actual Reduced Recruitment difference was -1.8 log odds units and 
the actual Recruitment Failure difference was -2.2 log odds units (Figure 21). 
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Figure 21. The actual egg to age-1 survival as estimated by the hBIN model (with 95% CIs) by spawn year and 

recruitment pattern (Reduced Recruitment vs Recruitment Failure). The red horizontal lines indicate the estimated 

recruitment difference for each pattern. The horizontal dotted line indicates the egg to age-1 survival of 3.7% 

required for population replacement as estimated by the life-cycle model. 

The counterfactual analysis estimated that energetic status at the onset of winter explained approximately 
two-thirds of the Reduced Recruitment because when the hBIN model was used to predict the egg to age-
1 survival with the same energetic status in both populations in all years (achieved by setting the fork 
length to be 37.5 mm and the body condition to be 1) the Reduced Recruitment difference was just -0.6 
log odds units as opposed to the estimated actual value of -1.8 (Figure 22). This can be seen by comparing 
the estimated difference in the Energy panel to the Actual panel in Figure 22. 
 
For the Recruitment Failure, the counterfactual analysis estimated that energetic status at the onset of 
winter explained approximately 90% of the pattern because with a constant energetic status the Reduced 
Recruitment difference was just -0.2 log odds units as opposed to the estimated actual value of -2.2 (Figure 
23).This can be seen by comparing the estimated difference in the Energy panel to the Actual panel in 
Figure 23. 
 
As discussed above and represented graphically in Figure 24, the counterfactual analysis estimated that 
energetic status at the onset of winter based on length and body condition explained 65% (29-85% 95% 
CI) of the Reduced Recruitment and 90% (76-96% 95% CI) of the Recruitment Failure. With respect to 
the Reduced Recruitment, the difference in fork length between the two populations, of which ~50% was 
explained by GSDD and ~12% was explained by dietary selenium, fully explained the difference in 
energetic status. In the case of the 2018 Recruitment Failure, the difference in body condition explained 
~62% of the difference in the energetic status with fork length accounting for the remaining ~38%. 
However, neither GSDD or dietary selenium explained any of the reduction in fork length in 2018 
indicating that other environmental variables and/or pathways were influencing growth (Figure 24). 
Overall, dietary selenium was estimated to have contributed 8% (3-16% 95% CI) to the Reduced 
Recruitment and diminished22 the Recruitment Failure by -3% (-1--5% 95% CI).  
 

 
22 The model estimated that dietary selenium was slightly lower in the Harmer Creek population in 2018 than 2017 and 2019 

which means that based on the pathway considered it would have had a positive effect on energetic status of the fish in the 
Harmer Creek population in 2018 relative to 2017 and 2019. 
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Figure 22. The egg to age-1 survival (with 95% CIs) and Reduced Recruitment differences as estimated by the hBIN 
model by spawn year and counterfactual scenario. Actual indicates the estimated actual values, energy indicates the 

estimated values with a constant energetic status at the onset of winter in both populations in all years (fork length of 
37.5 mm and body condition of 1), condition indicates the values with a constant body condition of 1, length indicates 

with a constant fork length of 37.5 mm, GSDD indicates with a growing season of 950 degree days and selenium 
indicates with a dietary selenium concentration of 5 mg/kg dw. The red horizontal lines indicate the estimated 

Reduced Recruitment difference for each scenario. The horizontal dotted line indicates the egg to age-1 survival of 

3.7% required for population replacement as estimated by the life-cycle model.  
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Figure 23. The egg to age-1 survival (with 95% CIs) and Recruitment Failure differences as estimated by the hBIN 
model by spawn year and counterfactual scenario. Actual indicates the estimated actual values, energy indicates the 

estimated values with a constant energetic status at the onset of winter in both populations in all years (fork length of 
37.5 mm and body condition of 1), condition indicates the values with a constant body condition of 1, length indicates 

with a constant fork length of 37.5 mm, GSDD indicates with a growing season of 950 degree days and selenium 

indicates with a dietary selenium concentration of 5 mg/kg dw. The red horizontal lines indicate the estimated 
Recruitment Failure difference for each scenario. The horizontal dotted line indicates the egg to age-1 survival of 

3.7% required for population replacement as estimated by the life-cycle model.  
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Figure 24. The estimated percent contributions to the Reduced Recruitment and Recruitment Failure patterns by the 

predictors of Growing Season Degree Days, dietary selenium, fork length, body condition and energetic status 

(“energy”) at the onset of winter (with 95% CIs). 

4. DISCUSSION 

Early in the process the Harmer Creek Evaluation of Cause Team (2022) concluded that the Reduced 
Recruitment and Recruitment Failure patterns were primarily due to low survival of fish in their first 
winter, likely due to their small size. A strong negative relationship between the size of young of year 
trout and overwintering survival is well documented in the literature (Coleman and Fausch 2007a, 2007b) 
and likely reflects the fact that size is a key indicator of energetic status. More specifically, length indicates 
the efficiency of energy use while body condition is an indicator of lipid storage. Although fish can feed 
in winter, they must store most of the energy they require throughout the winter during the short growing 
season. The ratio between energy stores at the onset of winter and energy requirements was calculated as 
energetic status for this report. We used a hierarchical Bayesian Integrated Network model (Kéry & Royle, 
2016; Carriger et al., 2016; McElreath, 2020; Schaub & Kéry, 2022) to quantify the effect of energetic 
status on the egg to age-1 survival for the Harmer Creek and Grave Creek populations, based on length, 
body condition and the scaling of standard metabolic rate to the size observed in salmonids. This was used 
to estimate the relative contributions of GSSD, dietary selenium, fork length, body condition and energetic 
status to the observed recruitment patterns. Key assumptions in the model development are discussed 
below followed by a discussion of other environmental variables that could be explanatory for the 
differences in recruitment not explained by energetic status. 

4.1. MODEL ASSUMPTIONS 

Models use what is known (the data) to inform what is unknown (the questions) by making assumptions 
about the inter-relationships between the knowns and the unknowns. Models are simplifications of reality: 
rather than attempting to describe all possible inter-relationship, models simply describe the most 
important relationships. As is the case with all models the utility of the results depends on the extent to 
which the model’s assumptions adequately represent the system (Box 1976; McElreath 2020). The 
advantage of statistical models over professional judgement is that all the underlying assumptions can be 
identified and quantified allowing others to evaluate their validity. In the following paragraphs we 
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consider the model’s key assumptions with a focus on the implications for the estimates of the contribution 
of the variables to the two recruitment patterns. Where the assumptions are not met, we provide an 
explanation of how that could influence the results. 
 
A key assumption of the current analysis is that there is a difference in the egg to age-1 survival between 

the Grave Creek and Harmer Creek populations (𝜶𝑺𝑷
) that is unrelated to energetic status. This 

assumption is only weakly supported by the available data (s-value of just 0.89 bits). Removing this 
assumption, which explains ~25% of the Reduced Recruitment, substantially increases the contribution of 
fork length, and as a result dietary selenium (and GSDD), to the Reduced Recruitment. However, as much 
of the increase is likely to be correlative (as opposed to causal) the assumption is considered reasonable 
(McElreath 2020).  
 
A second key assumption is that the contribution of the unquantified stressors such as anomalous 
winter conditions to the egg to age-1 survival in 2018 is negligible. To the extent that this assumption 
is violated, the current analysis overestimates the proportion of the Recruitment Failure explained by body 
condition as well as the effect of energetic status on the egg to age-1 survival. 
 
A third key assumption is that the resultant effect of dietary selenium on the increase in length from 
emergence is the same for WCT as it is for Chinook salmon. As discussed in the selenium report (de 
Bruyn et al. 2022) this is probably a reasonable or at the very least potentially conservative assumption in 
the sense that any violations would decrease the contribution of dietary selenium. 
 
A fourth key assumption is that the effect of selenium on length occurs solely via the dietary pathway. 
As discussed by de Bruyn et al. (2022), maternal transfer could result in elevated selenium concentrations 
from spawning until emergence. Maternal transfer may also result in elevated selenium concentrations 
into the free-living fry stage although depuration is expected to result in a decline in body tissue 
concentrations once feeding commences (de Bruyn et al. 2022). Bioaccumulation causes fish muscle tissue 
concentrations to be ~ 1.24 times dietary concentrations (Kuchapski and Rasmussen 2015) and egg tissue 
concentrations to be ~1.6 times fish muscle tissue concentrations (Nautilus Environmental and Interior 
Reforestation 2011). Taken together these two TTFs result in a total benthic invertebrate to egg TTF of ~ 
2. Given the capacity of dietary selenium to bioaccumulate in eggs it is possible that maternal transfer 
explains some of the remaining length difference between the two populations. And as benthic invertebrate 
or fish tissue selenium data are not available for 2017, it is also possible that the exceptionally short length 
of the fry in Harmer Creek in 2018, which accounted for ~33% of the Recruitment Failure, may have been 
partially due to maternal transfer of selenium (de Bruyn et al. 2022). 
 
A fifth key assumption is that selenium only affects the length of the fry. This assumption is false as 
maternal transfer of selenium can increase mortality in WCT embryos prior to emergence (Nautilus 
Environmental and Interior Reforestation 2011). However, the estimated relationship is extremely non-
linear with the EC10 (concentration at which mortality is 10% higher than controls) not occurring until an 
egg concentration of 25 (12-31 95% CI) mg/kg dw is reached. Based on the estimated benthic invertebrate 
selenium concentrations and a total TTF of ~2 it is likely that the EC10 was not reached until 2021 although 
embryo mortality may have made a small (<5%) contribution to the Reduced Recruitment as a 10% 
increase in the mortality is equivalent to a change in the log odds of ~0.1 (with the overall difference being 
~1.9 log odds units). 
 
A sixth key assumption is that the background concentrations of dietary selenium in Grave Creek 

above the confluence with Harmer Creek are negligible. This assumption is also false. Dietary 



   

 

 34 

 

selenium values in Grave Creek above Harmer Creek and Harmer Creek above Dry Creek both indicate 
background concentrations between 3 and 8 mg/kg dw (de Bruyn et al. 2022; Golder 2022) which are 
consistent with the upper limit of the reference area normal selenium range of 8.74 mg/kg dw (Ings and 
Weech 2020). The fact that the estimated mean dietary selenium concentrations in the Grave Creek 
population are likely biased low means that the estimated contribution of dietary selenium to the Reduced 
Recruitment is likely biased high. 
 
A seventh assumption is that each population consists of a cohort of fish that are exposed to similar 
environmental conditions. This assumption is not fully met because for example fish in the lower end of 
HRM-R3 experience a GSDD ~ 100 degree days warmer than those in HRM-R5. There is also substantial 
variation in GSDD and/or selenium exposure for fish in the Grave population in GRV-R2, HRM-R1, 
GRV-R3 and GRV-R4. To account for this variation, which may or may not bias the estimates of the 
contributions depending on the distribution of fish and conditions, reach specific egg to age-1 survival 
rates would have to be developed. 
 
An eighth key assumption is that the average environmental conditions are indicative of the average 

population-level exposure. Although related to the previous assumption, this assumption concerns the 
variation about the modal value(s) as opposed to the existence of a single modal value. The assumption is 
violated when individual variation in environmental conditions is high and the response is strongly non-
linear. In the current analysis, there is substantial individual variation (Forsythe et al. 2021) in selenium 
muscle tissue concentrations and fork length and the effects of selenium on growth and fork length on egg 
to age-1 survival are both non-linear. As the effect of selenium on growth is disproportionately stronger 
at higher concentrations the estimated contribution of dietary selenium to the Reduced Recruitment is 
expected to be biased slightly low. There was insufficient data to switch to an individual-based model 
(Johnston et al. 2019). 

4.2. ADDITIONAL ENVIRONMENTAL VARIABLES 

The Evaluation of Cause, and underlying SME reports, considered predictors of egg to age-1 survival 
other than GSDD, selenium, length and body and energetic status. In the case of small population size 
(Thorley et al. 2022a), calcite, and dissolved oxygen in the mainstem the differences between populations 
and among years were too small to substantially contribute to the recruitment patterns23. The data for food 
availability (Wiebe et al. 2022) and total suspended solids (TSS) were relatively sparse. Finally, although 
the winter of 2018/2019 was anomalous, there were no direct observations of ice and the contributions of 
the differences in ice or stream flow could not be quantified (Hocking et al. 2022). It is therefore possible 
that if food availability, TSS, stream flow, ice and/or some other unknown environmental variable(s) were 
included in the model then one or more of the estimated contributions might change in one of three ways 
depending on the inter-relationships. If the other variables simply explained some of the residual variation 
in the egg to age-1 survival, then the uncertainty in the estimated contributions would be reduced. 
Alternatively, if the other variables explained some of the additional mortality in 2018 that is currently 
accounted for by energetic status, then the estimated contributions would decrease. Finally, if the other 
variables interact with energetic status then they might increase or decrease the estimated contributions 
depending on the context (McElreath 2020). 

 
23 Although density-dependence is a key determinant of recruitment (van Poorten et al. 2018) it was not included in the 
model as the differences in the egg densities between populations and among years were relatively small  (Thorley et al. 
2022c, 2022b). 
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4.3. CONCLUSIONS 

The results of our analysis indicate that energetic status at the onset of winter based on fork length and 
wet weight is an important predictor of the egg to age-1 survival and that GSDD and dietary selenium 
have both contributed to the Reduced Recruitment in the Harmer Creek population through their effects 
on fork length. More specifically the results suggest that energetic status explains 65% (29-85% 95% CI) 
and 90% (76-96% 95% CI) of the Reduced Recruitment and Recruitment Failure, respectively. The results 
also suggest that GSDD contributed 34% (4-58% 95% CI) and dietary selenium contributed 8% (3-16% 
95% CI) to the Reduced Recruitment. However, growing season degree days and selenium were similar 
in 2018 compared to 2017 and 2019 therefore did not explain the Recruitment Failure that occurred over 
and above the observed Reduced Recruitment. 

 

By evaluating the relationship of energetic status to egg to age-1 survival, we were able to consider the 
role of more than one stressor that could impact WCT through a common mechanism. This led us to a 
better understanding of the relative role of the different stressors. From an ecological perspective the 
finding that energetic status is an important predictor of egg to age-1 survival provides a framework for 
understanding the dynamics of WCT populations in colder systems. 
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