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Abstract 

Species with complex life histories – where individuals undergo a rapid ontogenetic shift 

followed by a change in habitat – may respond to environmental and ecological drivers 

in unanticipated ways. For example, traits shaped by conditions in one habitat could 

carry over to the next habitat leading to unpredicted consequences. Steelhead trout are 

anadromous with plastic, complex life-histories that display broad variation in both 

freshwater and marine phases of their life cycle. Here, I linked environmental variation 

(e.g., nutrient subsidies, marine climate) to life-history traits (e.g., smolt size, size at 

maturity) and carry-over effects to understand how these factors may affect population 

production in the depressed Keogh River, BC population. Beginning with a 40-year 

timeseries of steelhead abundance and juvenile life-history data, I examined how smolt 

production and traits (length and age) vary with freshwater rearing conditions. Steelhead 

smolt production, length-at-age, and age covary with temperature, artificial nutrient 

addition, and pink salmon spawning abundance (spawners generate a nutrient subsidy 

via eggs and carcass tissues that young steelhead eat). Next, I investigated how pink 

salmon egg abundance (and thus pink salmon spawning abundance) translated to egg 

consumption by young steelhead across varying fish communities. Using experimental 

egg additions, I discovered that increasing egg availability disrupted size- and species-

based dominance hierarchies, allowing small juvenile steelhead and less competitive 

fishes to access eggs. In Chapter 4, I developed and validated improvements to scale-

based fish length back-calculation to estimate smolt length from adult scales for use in 

Chapter 5. Finally, using three decades of archived adult steelhead scales, I examined 

how smolt traits (i.e., sex and back-calculated length) combine with marine 

environmental conditions to affect adult life-history traits and female steelhead egg 

production across three decades. I discovered carry-over effects of the freshwater 

environment on adult traits via relationships between smolt length and age- and length-

at-maturity. However, the opposing effects of smolt length on age-at-maturity (which 

affects length-at-maturity) and length-at-maturity dampened the positive effect of smolt 

length on egg production. Collectively, this thesis informs steelhead management and 

demonstrates the complicated inter-relationships between environment and traits across 

complex and plastic life-histories. 
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Chapter 1.  
 
General Introduction 

Life history can be a strong predictor of species’ extinction risk (Reynolds 2003, 

Hutchings et al. 2013, Kindsvater et al. 2016). Generally, large-bodied, late-maturing, 

and low fecundity (i.e., “slow” life history) species are more sensitive to reduced survival, 

while small-bodied, early-maturing, and high fecundity (i.e., “fast” life history) species are 

more sensitive to habitat loss (Reynolds 2003). Species may also have mixes of slow 

and fast traits, where the frequency of successful reproduction determines whether they 

are more or less vulnerable to changes in mortality rates (Kindsvater et al. 2016). For 

example, increased mortality for low fecundity small-bodied species can be offset by 

rapid maturation and frequent successful reproduction, while large-bodied species with 

high fecundity may remain vulnerable to increased mortality due to infrequent 

reproductive success and late maturity (Kindsvater et al. 2016). Thus, understanding life-

histories can help inform effective conservation and management.  

Life-histories can vary through time and lead to unexpected changes in 

population dynamics. Shifts in life-history traits such as age-at-maturity can alter both the 

carrying and compensatory capacity of populations (Kindsvater et al. 2016). For 

example, a rapid reduction in age-at-maturity and decreased fecundity preceded the 

eventual collapse of the Canadian Atlantic Cod (Gadus morhua) fishery in the early 

1990s (Olsen et al. 2004), and similar life-history shifts have been observed in 

depressed Chinook salmon (Oncorhynchus tshawytscha) populations (Ohlberger et al. 

2018, 2020). Thus, there is a need to understand what drives life-history variation, to use 

the drivers of life-history variation to predict trait expression, and to determine how 

individual-level trait expression affects species’ population dynamics. 

1.1. Trait variation and carry-over effects 

Variation in life-history traits (i.e., traits that affect survival or reproduction; Cole 1954) 

arises from a complex interplay of genetic and environmental factors including plastic 

trait expression and mortality (Stearns 2000, Moran et al. 2016). The ability to plastically 

express life-history phenotypes allow organisms of a single genotype to respond to 
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ecological factors that are spatially and temporally variable, such as prey resources and 

the physical environment. For example, Madsen and Shine (2006) found that water 

python (Liasis fuscus) growth trajectories are determined during their first year of growth 

by dusky rat (Rattus colletti) abundance, where high initial prey availability was linked to 

faster long-term growth rates while low initial prey availability resulted in slower long-

term growth rates. Thus, spatial or temporal variability in environmental or ecological 

factors can drive variation in life-history traits. Despite an extensive history of research in 

life-history plasticity and trait variation, the relationships between environment, traits, and 

their consequences for survival and reproduction remain a key question in the face of 

novel and rapidly changing environmental conditions caused by human activity. 

Life-history phenotypes in early life stages may have consequences for survival 

and reproduction during later life stages (carry-over effects; O’Connor et al. 2014). For 

example, red-eyed tree frog (Agalychnis callidryas) eggs hatch earlier in response to 

predation by snakes, but this reduces their probability of surviving to metamorphosis 

(Touchon et al. 2013). While plastic hatch timing may allow red-eyed tree frogs to reduce 

early mortality and maximize life-time fitness, there is still a cost (albeit reduced relative 

to the cost of not hatching early) that is incurred later in life due to early predation by 

snakes. In organisms with complex or migratory life histories, migrating or 

metamorphosing at a younger age may similarly allow an individual to minimize 

exposure to suboptimal conditions in the rearing habitat, but at the cost of a smaller body 

in the post-migration habitat which may increase its vulnerability to predators, alter 

foraging opportunities, and potentially reduce reproductive success (Werner and Gilliam 

1984). However, the cost or trade-off associated with early migration may be less certain 

because environmental conditions in the pre-migration habitat may not correlate with 

conditions found in the next habitat, and thus carry-over effects may not be consistently 

optimized with respect to the post-migration habitat. Using migration timing and size as a 

hypothetical example, an animal that migrates earlier to avoid poor conditions in the pre-

migration habitat may be met with conditions in the post-migration habitat with lower 

associated mortality for smaller individuals (e.g., predators that selectively consume 

larger individuals; Newman and Waters 1984), higher associated mortality for smaller 

individuals (e.g., food is scarce and smaller individuals are more prone to starvation; 

Stockhoff 1991), or have stabilizing selection with respect to body size at migration. 

Variable post-migration habitats may also produce different size-dependent growth rates 



3 

and maturation schedules that ultimately determine reproductive output and life-time 

fitness, but examples of size by environmental interactions and their population-level 

impacts are rare and require more investigation (Tredennick et al. 2018). 

1.2. Complex life histories and conservation 

Organisms with complex and/or migratory life histories are imperilled at a global scale 

(Wilcove and Wikelski 2008, IUCN 2021), especially those that depend on freshwater 

habitats for a portion of their life cycle (IUCN 2022, Waldman and Quinn 2022). For 

example, the International Union for the Conservation of Nature estimates that 41% of all 

amphibian species are threatened (IUCN 2021) – a taxon largely defined by 

metamorphosis associated with a shift from freshwater to terrestrial habitats (but see 

axlotl salamanders; Monaghan et al. 2014). Similarly, migratory freshwater fishes 

(including anadromous, catadromous, amphidromous and potadromous fishes) have 

experienced a 76% decrease in global abundance (Deinet et al. 2020). These declines 

in migratory species can represent massive losses to the transfer of energy and 

nutrients across habitats and ecosystems (Wilcove and Wikelski 2008, Alerstam and 

Bäckman 2018). For example, over a one century period Gresh et al. (2000) 

documented the loss of over 100 million kilograms in annual nutrient subsidies from 

spawning Pacific salmon to the rivers of the western United States south of Canada. 

While it is generally understood that a wide variety of human impacts (e.g., development, 

pollution, climate change, invasive species introductions, etc.) are negatively impacting 

freshwater species (Campbell Grant et al. 2020, Deinet et al. 2020, IUCN 2022, 

Waldman and Quinn 2022), it is unclear to what degree these impacts are mediated by 

or interact with life-history plasticity and carry-over effects, nor how they combine to 

affect population dynamics. 

1.3. Steelhead trout 

Steelhead trout (Oncorhynchus mykiss) are the anadromous life-history variant of 

rainbow trout. They have a complex life-history where they spawn and rear in freshwater 

and then undergo a physiological and morphological change called smoltification that 

allows juveniles to tolerate saltwater as they migrate to sea (Groot and Margolis 1991). 

Like the myriad of migratory species that rely on freshwater habitats, many steelhead 
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populations have declined – for example, 11 of 15 steelhead distinct population 

segments are listed as threatened or endangered under the Endangered Species Act 

across their southern native range in the United States (NOAA 2022). In British 

Columbia (BC), Canada, the Thompson and Chilcotin River populations are red listed 

under provincial legislation (Government of British Columbia 2022) and have been 

classified as endangered by the Committee on the Status of Endangered Wildlife in 

Canada (COSEWIC), but are currently unlisted under the Species At Risk Act 

(Government of Canada 2021). Coastal Southern BC steelhead populations suddenly 

declined to very low abundances in the early 1990s, although they are not currently 

listed under any conservation legislation (Kendall et al. 2017, Bison 2021). Thus, there is 

a need for science that informs the management and rehabilitation of depleted steelhead 

stocks. 

Since the 1990s, there has been a strong emphasis in the literature on marine 

environmental conditions driving poor marine survival, and thus driving the decline of 

steelhead in southern coastal BC (Welch et al. 1998, 2000, Smith and Ward 2000, 

Friedland et al. 2014). This narrative has begun to shift as more recent papers have 

used multi-decadal time-series of steelhead abundance to identify a mix of freshwater 

and marine factors driving population declines (Scheuerell et al. 2021, Wilson et al. 

2021a). However, steelhead display enormous life-history variation in both the 

freshwater and marine portions of their life cycle, and neither of these studies considered 

how smolt traits shaped by the freshwater environment may carry-over and interact with 

the marine environment to affect survival and reproduction (Schoen 2022). For example, 

past work has demonstrated that steelhead smolt age and size are plastic traits (Beakes 

et al. 2010, Phillis et al. 2016) and that larger steelhead smolts may be more likely to 

survive in the marine environment (Wilson et al. 2021b; but see Friedland et al. 2014). 

Further, Quinn et al. (2011) found a negative association between smolt size and age-at-

maturity, which affects size-at-maturity (older fish are larger) and ultimately egg size and 

quantity in female steelhead (larger females produce larger and more eggs). Yet, the 

interactions and co-dependencies among freshwater environmental variables, smolt 

traits, marine environmental variables, and reproductive traits are poorly defined. Thus, 

life-history variation and carry-over effects in steelhead may have contributed to 

population declines. 
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In this thesis, I explore the causes and consequences of life-history variability in 

steelhead trout through analyses of time-series data, archived samples, comparative 

studies, and experiments from the Keogh River, BC, CAN. In Chapter 2, I use a 4-

decade time-series of steelhead adult abundance, smolt abundance, and smolt traits to 

examine how species interactions, management interventions, and climate variation 

affect life-history variation in juvenile steelhead trout. For Chapter 3, following up on a 

result from chapter 2 where I discovered a link between pink salmon spawning 

abundance and steelhead smolt age and production, I investigate how the magnitude of 

a pink salmon spawning subsidy is partitioned among steelhead and other stream fishes 

using in-situ egg addition experiments. In Chapter 4, I review and propose improvements 

to scale-based fish length back-calculation methods, and then validate these 

improvements using age estimates and growth measurements from three decades of 

archived steelhead scales. Finally, in Chapter 5 I use the methods developed in Chapter 

4 to estimate smolt length from adult steelhead scale measurements and ages sampled 

across three decades. I then use these data to examine how marine environmental 

variation and individual smolt traits combine to affect reproduction-relevant traits and 

individual female steelhead egg production. Collectively, this thesis improves our 

understanding of the interplay between environment, life history, and carry-over effects 

to inform the management and rehabilitation of depressed steelhead populations. 

1.4. Contributions 

The data chapters that follow (Chapters 2 – 5) are the result of long-term collaborations 

and partnerships among Indigenous, federal, and provincial governments, consultants, 

and academic institutions. Chapters 2 and 3 have been published, and Chapter 4 has 

been submitted for review at a journal. Although I led the writing and coded the analyses 

for each data chapter, all include at least one co-author and thus are written in first-

person plural. Chapters 1 and 6 are my own and as such they are written in the first-

person singular. For chapters 2, 4, and 6, scale samples and data archived by InStream 

Fisheries Research Inc. and owned by the Government of British Columbia or archived 

and owned the Government of Canada were graciously provided for use in analyses. For 

Chapter 3, I led the experiment, and, for Chapters 4 and 5 I led the scale analyses 

although neither would have been possible without guidance and assistance. All 
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chapters were completed with comments and edits from coauthors, peers, and my 

supervising committee. 
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Chapter 2.  
 
The roles of extrinsic and intrinsic factors in the 
freshwater life-history dynamics of a migratory 
salmonid 

2.1. Introduction 

Life-history transitions of organisms with complex life cycles may be influenced by 

multiple factors such as weather, species interactions, and management intervention 

(Benard 2004). Such shifts in life-history transitions can connect the conditions in the 

first part of the life cycle to the next part. In amphibians, for example, cues from 

predators, water temperatures, and density dependence can all influence the size and 

timing of metamorphosis and thereby influence adult fitness (Wilbur and Collins 1973, 

Semlitsch et al. 1988, Relyea 2007). Yet, density dependence can either exacerbate or 

ameliorate population-level impacts of stressors in species with complex life cycles 

(Hodgson et al. 2017). Understanding the potential for multiple drivers of life-history 

expression is particularly relevant for species of management or conservation 

importance as life- history shifts can alter population recovery and sustainable 

exploitation rates (Rowe and Hutchings 2003, de Roos et al. 2006). 

Pacific salmonids are a management-relevant system for examining the 

simultaneous effects of intrinsic (i.e., density dependence) and extrinsic factors (e.g., 

climate, species interactions, and management actions) on life-history expression. 

Pacific salmon have complex life cycles; after a freshwater juvenile phase that can last 

up to several years, salmon undergo a series of physiological and morphological 

changes – called smoltification – prior to migrating to sea. The age and size of 

individuals undergoing the smoltification process can vary within and across populations 

(Groot and Margolis 1991, Quinn 2005), and life-history expression may respond to 

shifts in climate conditions (Crozier et al. 2008). However, density dependence may also 

affect these shifts. For example, in sockeye salmon (Oncorhynchus nerka) rearing lakes 

in Alaska, warmer years were associated with increased size of juvenile sockeye salmon 

(O. nerka) and a younger age of outmigration, but increased density decreased growth 

and increased age at outmigration (Schindler et al. 2005, Rich et al. 2009). Thus, life-
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history variation in salmon may be strongly influenced by environmental conditions and 

density dependence. 

It is also possible that species interactions, namely from other species of salmon, 

could influence variation in the expression of key life-history parameters of Pacific 

salmon over time. Spawning salmon, such as pink, chum (Oncorhynchus keta), and 

sockeye salmon, dislodge benthic invertebrates and release nutrient-rich eggs, which 

can subsidize stream salmonids by increasing prey resources (Bilby et al. 1996, 

Scheuerell et al. 2007, Denton et al. 2010). The carcasses of Pacific salmon also 

provide a source of nutrients to streams. Salmon subsidies can increase consumption 

and growth of stream fish (Moore et al. 2008, Bentley et al. 2012, Armstrong and Bond 

2013), and this altered growth could shift the life histories of co-occurring species. For 

example, Nelson and Reynolds (2014, 2015) found that the density, size, and 

proportional age structure of coho salmon (Oncorhynchus kisutch) juveniles correlated 

with spawning chum and pink salmon densities across streams. While it has been widely 

hypothesized that Pacific salmon migrations benefit co-occurring salmon populations 

during the freshwater portion of their life cycles (Naiman et al. 2002, Achord et al. 2003, 

Scheuerell et al. 2005), there have been few quantifications of these potential impacts 

on life-history variation (but see Michael 1995). Spawning salmon could alter the size at 

age, age composition, or numbers of out-migrating smolts of another species (Ward and 

Slaney 1988), but these potential responses could be attenuated by within-species 

density dependence (Grant and Imre 2005, Myrvold and Kennedy 2015). 

The addition of artificial nutrients to freshwater systems is one management 

strategy that has been employed to attempt to recreate former salmon nutrient 

subsidies, but there is great uncertainty regarding its efficacy and there are concerns 

about potential unintended consequences (Compton et al. 2006, Collins et al. 2015). 

Nutrient addition has generally increased individual growth rates in a variety of salmonid 

populations across multiple studies and locations (Johnston et al. 1990, Wipfli et al. 

2010, Collins et al. 2016). At the population level, artificial subsidies have increased 

juvenile fish biomass and survival in some studies of sockeye salmon (Hyatt et al. 2004), 

but not in other studies or locations with sockeye, or other species (Hyatt et al. 2004, 

Collins et al. 2016). It is worth noting that these studies were performed over relatively 

short periods of time (< 12 years) relative to the salmon life cycle and did not account for 
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juvenile density dependence. Thus, there is a need to quantify potential impacts of 

nutrient addition over longer time periods while accounting for density dependence. 

Steelhead are one species of Pacific salmon with enormous intrapopulation life-

history diversity and plasticity (Kendall et al. 2015). Thus, nutrient subsidies, density 

dependence, and environmental variation may cause particularly large shifts in their life 

history. In the juvenile portion of steelhead life history, the age and size at migration to 

sea are determined by a combination of growth opportunity and an individual genetically 

determined threshold size and growth rate (Beakes et al. 2010, Phillis et al. 2016). Given 

their life-history plasticity, subsidies could enable young steelhead to reach size 

thresholds for migration earlier, and thereby lead to smolts migrating from freshwater at 

younger ages. Depending on growing conditions and the timing and magnitude of 

subsidies, increased growth rates might also produce larger steelhead for a given age. 

Larger size may translate into increased survival in their subsequent marine phases, and 

while some studies have found that larger smolts are more likely to survive the 

subsequent marine phase of their life cycle (Holtby et al. 1990, Bond et al. 2008, 

Osterback et al. 2014), other studies have failed to detect size- selective survival, or 

have shown evidence that this has changed over time (Ward et al. 1989, Friedland et al. 

2014). However, competition among stream-rearing salmonids can be high and density 

dependence may decrease juvenile steelhead size and increase mortality (Keeley 2001). 

Given the importance of steelhead for fisheries and the threatened status of this species 

in some locations (Northwest Fisheries Science Center 2015), understanding whether 

co-occurring salmon species or experimental nutrient addition alters their life cycles 

could inform management options at the ecosystem and multi-species level. 

Here, we examine how four decades of variation in extrinsic (weather, a species 

interaction, and a management intervention) and intrinsic (density dependence) factors 

have influenced life-history variation in a migratory species. Specifically, we asked how 

temperature, precipitation, intraspecific density dependence, adult pink salmon 

abundance, and experimental nutrient addition correlate with the size, age, and 

abundance of migratory steelhead smolts. Using a long-term dataset from the Keogh 

River, British Columbia, Canada, we discovered that steelhead life histories appear to be 

influenced by multiple factors. Specifically, weather, pink salmon, and experimental 

nutrient addition were associated with the size, age, and production of steelhead smolts. 

Yet, only density dependence appeared to consistently regulate steelhead smolt 
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production. These results provide a management-relevant example of how life-history 

transitions may be altered by complex environmental dynamics. 

2.2. Methods 

We analyzed four decades of steelhead smolt data from the Keogh River, a well-studied 

stream in British Columbia, Canada. We examined steelhead smolt size, age, and 

abundance and tested how these response variables may be influenced by six potential 

predictor variables: pink salmon spawner abundance, artificial nutrient addition, density 

dependence, temperature, summer precipitation, and winter precipitation. All these 

variables have been shown or hypothesized to affect fish growth, which in turn may have 

consequences for age at migration to sea and density-dependent mortality in juvenile 

steelhead (see Table 2.1 for details). Our goal was to describe the relationships between 

our response and predictor variables while accounting for time. We considered that our 

predictor variables may be important during different time intervals or time lags within the 

freshwater residence of juvenile steelhead. Thus, we tested two or three different time 

intervals for the potential linkages between predictor variables and response variables 

and employed temporal autocorrelation structures or random effects (where appropriate) 

to account for temporal patterns within our dataset. To avoid overparameterization of 

models, we first determined the best time interval or time lags for each predictor variable 

for a given response variable and then used the top time-interval variable sets for model 

comparison and averaging. 
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Table 2.1. A priori predictions for possible effects of variables on the age-
specific probability of migration, smolt fork length, and smolts per 
wild female steelhead spawner production in the Keogh River, 
British Columbia, Canada. 

Predictor 
variable 

Mechanism Metric References 

Pink salmon 
abundance 

Pink salmon spawning can increase juvenile 
steelhead growth and energy reserves via a 
nutrient subsidy of eggs, carcass tissues, and 
carcass decomposition, which may increase 
juvenile steelhead growth and energy reserves, 
allowing them to reach their threshold smolting 
size earlier, and reducing density- dependent 
mortality 

Log(pink salmon 
spawner 
abundance 
estimate) 

(Michael 1995, Bentley et 
al. 2012, Armstrong and 
Bond 2013, Nelson and 
Reynolds 2015, Phillis et 
al. 2016) 

Nutrient 
addition 

Nutrient addition can increase juvenile steelhead 
growth and energy reserves via a bottom-up 
nutrient subsidy, which may increase juvenile 
steelhead growth and energy reserves, allowing 
them to reach their threshold smolting size 
earlier, and reducing density-dependent mortality 

Categorical, 0 – 3 
nutrient addition 
events 

(Johnston et al. 1990, 
Hyatt et al. 2004, Phillis et 
al. 2016) 

Density Increased juvenile steelhead density can reduce 
their growth and energy reserves, which may 
delay juvenile steelhead reaching their threshold 
smolting size and increase density- dependent 
mortality 

Total number of 
smolts produced 
by a brood year 

(Ward and Slaney 1993, 
Keeley 2001, Grant and 
Imre 2005, Phillis et al. 
2016) 

Temperature The metabolic rate of steelhead is dependent on 
water temperature, controlling potential growth 
rates and energy reserves, which may alter the 
time it takes for juvenile steelhead to reach their 
threshold smolting size, and alter density-
dependent mortality 

Mean air 
temperature (°C) 
from April 
through October 

(Boughton et al. 2007, 
Brewitt and Danner 2014, 
Doctor et al. 2014, Phillis 
et al. 2016) 

Summer 
precipitation 

Increased summer precipitation can increase 
stream flow during the low flow period, increasing 
the amount of available habitat and drifting 
benthic invertebrates, which may increase 
juvenile steelhead growth and energy reserves, 
allowing them to reach their threshold smolting 
size earlier, and reducing mortality 

Total 
precipitation 
(mm) from April 
through October 

(Brittain and Eikeland 
1988, Battin et al. 2007, 
Courter et al. 2009, Phillis 
et al. 2016) 

Winter 
precipitation 

Increased winter precipitation can cause 
scouring events via flooding, reducing fish 
densities/competition via mortality, which may 
increase juvenile steelhead growth and energy 
reserves, allowing them to reach their threshold 
smolting size earlier 

Total 
precipitation 
(mm) from 
November 
through February 

(Battin et al. 2007, Phillis 
et al. 2016) 

2.2.1. Site description and research history 

The Keogh River is a small (31.2 km long, 130 km2 watershed area) lake-headed river in 

northeast Vancouver Island, British Columbia, entering Northern Johnstone Strait at 

50°40043.56″ N, 127°20055.23″ W (Smith and Slaney 1980). The watershed is rain-
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dominated, receiving an average of 1910 mm of precipitation per year (Government of 

Canada 2015). More information on Keogh River discharge, nutrient concentrations, and 

the surrounding ecosystem can be found in Smith and Slaney (1980), Perrin et al. 

(1987), Ward and Slaney (1988), and Johnston et al. (1990). Keogh Lake has been 

modified with a water-control structure, allowing more water to be retained and then 

released later during periods of low flow (Slaney and Zaldokas 1997). 

Keogh River steelhead are a winter-run eco-type and thus enter the river as 

adults from December to May and subsequently reproduce, with fry emerging from the 

gravel in early summer (Ward and Slaney 1988). Juveniles rear in the river for one to 

five years and then become smolts and migrate seaward in April to mid-June (Ward and 

Slaney 1988). Adults generally return to the river after 2 years at sea but may stay in the 

ocean from 1 years (males) up to 4 years (Ward and Slaney 1988). Steelhead are 

iteroparous: approximately 10% of adult steelhead successfully migrate back to sea and 

then return to reproduce again (i.e., repeat spawning; Ward and Slaney 1988). 

This study builds on a strong history of research in the Keogh River by 

simultaneously examining the different aspects of steelhead smolt life histories as a 

function of multiple potential drivers. Work has been published previously on density-

dependent smolt production (Ward and Slaney 1993, Ward et al. 2008, Atlas et al. 

2015), nutrient addition (Johnston et al. 1990, Ward et al. 2008), and steelhead life 

history (Ward and Slaney 1988, Ward et al. 1989). In addition, Ward et al. (2008) 

examined the effect of nutrient addition, different time periods, and stream restoration 

treatments on density-dependent smolt production in the Keogh River. In an analysis of 

7 years of data, they found that relative to a nearby untreated river, experimental nutrient 

addition in the Keogh River shifted the proportions of age-2 and age-3 smolts. Past 

research also found that nutrient addition influenced steelhead fry mass (Johnston et al. 

1990) and showed that smolt length increased during nutrient addition (Ward et al. 

2008). Here, we build on these previous studies to examine the multiple dimensions of 

smolt life histories (size, age, and abundance) and how they might be influenced by 

multiple potential drivers (species interactions, artificial nutrient subsidies, environmental 

conditions, and density dependence) over four decades. 
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2.2.2. Steelhead smolt sampling 

Steelhead smolts were enumerated annually from 1976 to present using a counting 

facility that spans the full river (we focus on 1976–2014). The counting facility is in 

operation from approximately the end of April to mid-June and consists of a concrete sill 

that extends across the river, with vertical metal plates redirecting the river through the 

smolt trap. During high-flow events, hanging incline plane traps were used to capture 

smolts (Mottram 1977). Trap efficiencies were tested by marking (with fin clips) and 

releasing captured coho smolts above the counting facility and determining the recapture 

rate (Ward and Slaney 1988). Daily visual trap inspections and weekly snorkel 

investigations ensured that there were no gaps where smolts could escape the trap 

(Ward and Slaney 1988, McCubbing 2002). 

Wild steelhead smolts were enumerated, and 15 – 20% were sampled for fork 

length (hereon referred to as length in this chapter) and mass on a daily basis 

(McCubbing 2002). Fish were anesthetized (using a mixture of 10 parts clove oil to one 

part 95% ethanol) prior to measurements and scale sampling. Prior to release, smolts 

were held briefly to allow for recovery from anesthesia. Scales were aged as described 

in Ward and Slaney (1988). From 1976 to 1980, scales were removed from a random 

subsample of those fish for aging (Ward and Slaney 1988), with scales sampled 

posterior to the dorsal fin on the left ventral side (McLellan 2004). Smolt age classes 

were proportionally allocated to the total number of steelhead smolts in an outmigration 

year to determine how many smolts were in each age class. After 1980, scales were 

sampled using a stratified random design based on 10 mm length classes (Ward and 

Slaney 1988). For steelhead whose length was measured but were not scale-sampled 

(and thus not aged using scales), ages were assigned based on the size–age 

relationship developed from stratified age sampling. The proportions of the different ages 

across all sampled steelhead from each out-migration year were then multiplied by the 

total number of migrating smolts to determine the number of smolts in each age class. 

To determine the age proportions of smolts based on brood year, the age-1 to age-5 

smolts from the same brood year were summed over consecutive out-migration years to 

calculate a total number of smolts produced by a brood year, and then, the number of 

smolts at a given age was divided by the total. 
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2.2.3. Adult steelhead enumeration 

Adult steelhead abundance has been estimated in the Keogh River since 1972 with 

mark-recapture, using the combination of an adult fish weir and angling to capture adult 

steelhead (McCubbing 2002). Since 1997, a resistivity counter has also been used in the 

estimation of adult steelhead abundance (McCubbing 2002). Wild and hatchery adult 

steelhead abundances were estimated separately and segregated by sex. We focus on 

female wild steelhead as the key metric of adult steelhead abundance. 

Different levels and types of introductions and straying of hatchery-reared 

steelhead in the Keogh River have occurred. In some years in the 1980s and early 

2000s, juvenile steelhead were raised in net-pens (1980s; Slaney and Harrower 1981) 

and then in the Quatse Hatchery (2000s; Ward 2006) and released into the Keogh River 

and estuary as smolts. When there were additions of hatchery smolts, numbers ranged 

from 3100 to 39,676 smolts. Hatchery-origin smolts were marked using a combination of 

fin clips and tags and were noted as such if captured at the smolt counting facility, and 

thereby were excluded from our analyses. Sources of adult hatchery fish in the Keogh 

River include strays from the Quatse River Hatchery, and returning adults from additions 

of net-pen or hatchery- raised steelhead smolts during the 1980s (Slaney and Harrower 

1981) and early 2000s (Ward 2006). These programs marked their juveniles prior to 

release, allowing hatchery adults to be identified upon return and thereby excluded from 

our analyses. 

2.2.4. Pink salmon enumeration 

We hypothesized that young steelhead may be positively influenced by co-occurring pink 

salmon. Pink salmon spawn in the river in late September and October (McCubbing et 

al. 1999), when their eggs may be an important source of food for young steelhead. Pink 

salmon fry emerge from the gravel in mid- to late April and migrate immediately to sea, 

and remain at sea for approximately 18 months before returning to spawn (Groot and 

Margolis 1991). Semelparous pink salmon die after spawning, have a fixed 2 year life 

cycle, and exhibit a pronounced cycle of alternating years of high abundance (Groot and 

Margolis 1991). From 1976 through present, pink salmon spawner abundance in the 

Keogh River has been jointly enumerated by Fisheries and Oceans Canada (DFO), and 

the BC Provincial Government (currently managed under the Ministry of Forests, Lands, 
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Natural Resource Operations, and Rural Development [MFLNRORD]). From 1976 to 

1997, pink salmon were enumerated by DFO using stream walks and recording the peak 

spawner count as the escapement size (P. Van Will, personal communication). From 

1997 to present, InStream Fisheries Research, Inc. (contracted by DFO), has been 

enumerating pink salmon using a resistivity counter (McCubbing et al. 1999). Resistivity 

counter accuracy was assessed using video validation and was incorporated into 

estimates of pink salmon abundance. Given that pink salmon abundance estimates from 

1976 to 1997 are based on peak counts, these estimates are likely conservative. 

However, doubling the abundance estimates of pink salmon (which is a common 

correction factor for peak count data; Jones and McPherson 1997, Jones et al. 1998) 

prior to 1998 did not significantly affect our results. Given that pink salmon abundance 

estimates over the four decades of this system ranged from less than 1000 to over 

100,000, we suggest that the signal-to-noise ratio of these data are robust to potential 

observation error and potential bias in pink salmon abundance estimates. 

Four years of pink salmon data were missing from our database: 1981, 1991, 

1993, and 1994. We estimated the abundance of pink salmon in these missing years by 

predicting from a regression of pink salmon abundance of the nearby Cluxewe River vs. 

pink salmon abundance of the Keogh River with both abundances log-transformed to 

meet the assumptions of normality (***P < 0.001, R2 = 0.55, n = 36). 

2.2.5. Nutrient addition 

Whole-river inorganic nutrient addition treatments were applied from 1983 through 1986 

and from 1997 through 2004 (Johnston et al. 1990, McCubbing and Ward 1997, 1999, 

Ward et al. 2008; Table A.1). Inorganic nutrients were deployed using slow-release 

pellets as well as liquid agricultural fertilizers (Table A.1). The first treatment period was 

intended to eliminate phosphorous limitations on periphyton growth and to observe how 

this affected the mean mass of coho and steelhead fry (Johnston et al. 1990). The 

second treatment period was intended to restore depressed coho and steelhead 

populations in the river (McCubbing and Ward 1997). Small- scale nutrient addition 

experiments were also conducted in 1981 in the upper reach of the watershed (Johnston 

et al. 1990), but because < 1 km of the river was treated, these nutrient addition 

experiments were not considered in our analyses. For a detailed timeline of nutrient 

addition events and treatments, see Table A.1 and its associated references. 
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2.2.6. Environmental conditions 

We investigated the potential effects of three environmental factors: air temperature, 

summer precipitation, and winter precipitation. We included these factors in our analyses 

because they were the best-available proxies of stream temperature and discharge that 

spanned our four-decade dataset. Air temperature (°C) was measured as the mean diel 

temperature from April through October, and summer precipitation (mm) was measured 

as the total precipitation that fell from April through October. We hypothesized that these 

metrics of summer temperature and precipitation could be linked to growing conditions 

for young steelhead and thus potentially influence their size, age, and abundance (Table 

2.1). Winter precipitation (mm) was measured as the total precipitation that fell from 

November through February, the period when the Keogh River is most susceptible to 

winter flooding which could be a source of mortality for young steelhead. All 

environmental conditions were measured at Port Hardy Airport, British Columbia, 

Canada (Government of Canada 2018), immediately adjacent to the mouth of the Keogh 

River. 

2.2.7. Statistical analyses 

We used a two-stage statistical modeling approach to examine the degree of support for 

intrinsic and extrinsic factors influencing three components of steelhead smolt 

outmigration (size, age, and numbers). The purpose of this approach was to create a top 

set of competing models and model-averaged coefficients for each response variable we 

analyzed, where each final group of models would contain only one time interval or lag 

per explanatory variable. In the first stage, for each of our response variables, we 

determined the best time interval or time lag of each predictor variable using Akaike 

information criteria corrected for small sample sizes (AICc; Burnham and Anderson 

2002). To do this, we created a model set to compare the relative support for different 

potential time intervals and lags for each predictor variable, with a maximum of one time 

interval for each predictor. Depending on the biology of the response variable and 

predictor variable, we compared time intervals of lifetime, lag of one year, and lag of two 

years. All statistical procedures were performed using the statistical programming 

software R (R Core Team 2018). We competed the models using AICc with the MuMIn 

package (Bartoń 2016). From the list of top models, we selected the top time interval of 

each predictor variable, that is, the time interval that appeared in or nearest to the top 
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model for a given predictor and response variable. In the second stage of modeling, we 

formed a global model composed of the top time interval of each predictor variable for 

each response variable, and then, all possible combinations of these global models were 

competed using AICc. We model-averaged the top models with ΔAICc scores ≤ 2. 

Our analyses examined multiple potential drivers of the different components of 

steelhead smolt life histories. We analyzed steelhead smolt age as a series of three 

models that represent the repeated migration decision-making process of juvenile 

steelhead. Mean smolt size at age and the number of smolts produced per wild female 

steelhead spawner were modeled with ages combined. Across the different response 

variables, we examined six main predictor variables: (1) intraspecific density-dependent 

processes as quantified by the abundance of smolts from a brood year or wild female 

spawner abundance, (2) pink salmon abundance, (3) nutrient addition, (4) mean air 

temperature during the summer, (5) total summer precipitation, and (6) total winter 

precipitation. All continuous variables were centered and scaled by two standard 

deviations (SD) to make their effect sizes comparable to categorical variables (e.g., 

nutrient addition and age) and to improve model interpretation (Schielzeth 2010). Where 

nutrient addition was used as a categorical variable, it was centered only. For a list of a 

priori predictions and associated mechanisms of the effects of the six predictor variables 

on the three sets of response variables, see Table 2.1. 

Age 

We modeled age at outmigration as a series of decisions of whether to stay in the river 

or go to sea. We selected time intervals of our predictor variables based on work by 

Satterthwaite et al. (2009), who suggested that the absolute body size and condition of 

juvenile steelhead as well as rates of growth and change in body condition during a 

decision window interact with genetic thresholds (Phillis et al. 2016) to determine 

whether a juvenile steelhead migrates to sea the following spring. Thus, every year a 

juvenile steelhead spends in the river requires a decision on whether to migrate to sea or 

remain in the river and is based on two time intervals of information: lifetime history 

(absolute size and condition) and recent history (rates of change in size and condition). 

To reflect this decision-making process, we analyzed the age-specific probability of a 

juvenile steelhead migrating to sea with three binary generalized linear mixed-effects 

models using the glmer() function in the lme4 package (Bates et al. 2017), and 
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competed the effects of pink salmon abundance and nutrient addition at a recent time 

interval (outmigration year -1) and a lifetime interval (mean of all years spent in the 

river). We examined the effects of our weather-related predictors at the lifetime interval 

because these variables tend to vary little year to year relative to pink salmon 

abundance and nutrient addition, thus reducing the likelihood of a meaningful difference 

between the effect of the lifetime interval and the effect of the year prior to migration time 

interval. We set migration year as a random effect given that multiple fish were sampled 

in each outmigration year and we wanted to account for variation common to all 

individuals among years. 

The first decision model examines the probability of juvenile steelhead migrating 

at age 1. All juvenile steelhead in our dataset experience this decision because it is the 

earliest point in time that these fish can migrate to sea. Because age-1 steelhead have 

only spent one year in the river, we only examined the effects of the extrinsic factors 

(pink salmon abundance, nutrient addition, environment) of the year prior to migration. 

However, because there could be both within- and across-cohort competition (intrinsic 

factors), we tested three different time intervals of density dependence: the abundance 

of smolts produced in the same brood year, the abundance of smolts produced by the 

previous brood year, and the sum of the same and previous brood years’ smolt 

abundance. The abundance of smolts produced in the same brood year was the most 

supported time interval for predicting age-1 migration. 

For subsequent age analyses, we focused on the fish that had not yet migrated 

to sea. Juvenile steelhead that migrated at age 1 obviously cannot migrate at age 2; 

thus, individuals that migrated at age 1 were removed from the dataset used to calculate 

the probability of migrating at age 2. The same process was repeated for the analysis of 

migration at age 3, where individuals that had migrated at age 1 and age 2 were 

excluded from the dataset used for the probability of migrating at age 3. In both 

analyses, the lifetime representation of nutrient addition was the proportion of years with 

nutrient addition over the span of time a fish had spent in the river up to the migratory 

decision in question. For the age-2 analyses, the lifetime interval was the top time 

interval for both pink salmon abundance and nutrient addition, whereas the top time 

interval for the age-3 analysis was year prior to migration. The time interval best 

explaining the effect of density dependence (measured as total brood smolt abundance) 
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was the previous brood year for migration at age 2, and the sum of the previous and 

same brood years for migration at age 3. 

To perform the analyses of individual migratory decisions, we adapted our 

original dataset. The original dataset consisted of summary proportions of the total 

number of steelhead smolts produced by a brood year that migrated at age 1–5. We 

multiplied these smolt age proportions by the mean annual smolt-aging sample size (200 

smolts) to generate representative individual-level data. Age-5 fish were rare, so we 

combined the age-4 and age-5 groups into the age-4+ group. Based on the smolt age of 

an individual, we assigned 0 (no migration) or 1 (migration) for each migration window 

that an individual experienced. For example, an age-3 smolt was 0, 0, 1 because it failed 

to migrate at age 1 and age 2 but migrated at age 3. 

Size 

We analyzed smolt fork length at migration to sea with a single linear model using the 

gls() function in the nlme package (Pinheiro et al. 2017). We set age as a fixed 

categorical variable and did not hypothesize interactions between age and our predictor 

variables. We competed the same time intervals for the same predictor variables that 

were used in the age-2 and age-3 probability of migration models described above, with 

the same rationale for restricting weather-related predictor variables to the lifetime 

interval only. The lifetime interval was consistently the best time interval for both pink 

salmon abundance and nutrient addition, and the total number of smolts produced by the 

previous brood year was the best time interval for density dependence. We tested for 

and failed to detect temporal autocorrelation in the residuals of separate, age-specific 

global models. 

Abundance 

We examined how density dependence and extrinsic factors correlated with steelhead 

smolt production. Given previous evidence that there was a shift in steelhead smolt 

production after 1990, we analyzed production dynamics separately in each of the two 

time periods (pre- 1991 and post-1990). Specifically, Atlas et al. (2015) found that there 

was a shift in density-dependent relationships (using a linearized Ricker model) in Keogh 

smolt production around 1990 (Figure 2.1a) associated with their spatial contraction 

within the watershed. We used linearized Ricker models that describe the natural log of 
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the number of steelhead smolts produced per wild female steelhead spawner as a 

function of wild female steelhead spawners and other covariates. The models were fit 

with the gls() function from the nlme package. We tested for and failed to detect 

temporal autocorrelation in the global model residuals. We used a Ricker model because 

preliminary analyses suggested that a Ricker model fit our data better than a Beverton-

Holt model, and the linearized version of a Ricker model allows for the simple integration 

of additional covariates and temporal autocorrelation structures. 

We examined which extrinsic factors (pink salmon abundance, nutrient addition, 

and weather) best explained the number of smolts produced per spawner: (1) the first 

year of life or (2) the mean of the first three years of life in the river. Previous work by 

Sogard et al. (2009) and Myrvold and Kennedy (2015) suggests that the strongest period 

of density-dependent mortality in juvenile steelhead may occur during the first year of 

life, and it also seems possible that lifetime conditions experienced by a juvenile 

steelhead brood could affect the total production of steelhead smolts per spawner. We 

averaged our extrinsic variables over the first three years juvenile steelhead may spend 

in the river because greater than 50% of juvenile steelhead migrate by age 3. For our 

intrinsic factor (density dependence), we examined three different time intervals: the 

abundance of wild female steelhead spawners in the same brood year, the abundance 

of spawners in the previous brood year, and the sum of the same and previous brood 

years’ spawner abundance. Lifetime was the best time interval for pink salmon 

abundance, temperature, and winter precipitation, whereas the brood year was the best 

time interval for nutrient addition, summer precipitation, and density dependence. 

2.3. Results 

Keogh River steelhead adult and smolt abundances varied across an order of magnitude 

between 1976 and 2010, with a notable decline in abundance of both life stages after 

1990 (Figure 2.1a). In contrast, mean steelhead smolt length by brood year, smolt ages, 

and pink salmon spawner abundance varied greatly over the period without any clear 

long-term change in pattern after 1990 (Figure 2.1b-d). The even-year pink salmon 

population averaged 6.4 times more abundant than the odd-year population (Figure 

2.1d); thus, there was biennial change in salmon-derived food for young steelhead. On 

average, odd-year steelhead broods produced greater proportions of age-4 smolts, and 

even-year broods produced greater proportions of age-3 smolts (Figure 2.1; Figure A.1) 
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in the absence of artificial nutrient addition. The spikes in the proportion of age-2 

steelhead smolts coincide with years when nutrients were added to the whole river 

(Figure 2.1c, d). Mean temperature from April through October increased over time by 

approximately 0.021°C year-1 (95% confidence interval [CI] 0.005 – 0.037). Annual 

summer and winter precipitation varied from year to year but did not show a consistent 

trend through time. 

 

Figure 2.1. Steelhead, pink salmon, nutrient addition, temperature, and 
precipitation data used in our analyses from 1976 to 2014 for the 
Keogh River, Port Hardy, British Columbia, Canada. All steelhead 
data are associated with brood year. (a) Steelhead smolt and wild 
female adult spawner abundance. Note that smolt abundance is 
displayed at one-tenth of total abundance for each brood year. (b) 
Mean steelhead smolt fork length according to smolt age. (c) 
Proportional steelhead smolt age composition. (d) Pink salmon 
spawner abundance and nutrient addition periods. The green blocks 
indicate the time periods when the Keogh River was treated with 
artificial nutrient addition. (e) Mean air temperature during the 
summer (from April through October). (f) Total annual summer (April 
through October) and winter (November through February) 
precipitation. Winter precipitation months span consecutive years, 
so total winter precipitation is assigned to the earlier year (e.g., 
winter precipitation in 1978 was the sum of precipitation in 
November-December 1978 and January-February 1979). 
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2.3.1. Probability of migration at age 

Age 1 

Age-1 migration in Keogh River steelhead was rare but positively associated with 

increased nutrients and pink salmon. The top predictors of the probability of a juvenile 

steelhead migrating at age 1 were nutrient addition (in all top models) and pink salmon 

abundance (in six of seven top models; Figures 2.2a, 2.3a; Table A.2). Nutrient addition 

during the brood year increased the odds ratio of migrating at age 1 by 2.4 units (95% CI 

0.5 – 4.2; Figure 2.3a), and pink salmon during the autumn of the brood year increased 

the mean odds ratio of migrating at age 1 by 2.1 units (95% CI 0.03 – 4.2; Figure 2.3a) 

for every ~4-unit increase in log pink salmon abundance. In other words, nutrient 

addition increased the mean probability of migrating at age 1 from 0.0005 (95% CI 

0.0001 – 0.003) to 0.006 (95% CI 0.0002 – 0.15) and increasing pink salmon abundance 

from ~7000 fish (mean abundance) to ~400,000 fish (mean + 2 SD) increased the mean 

probability to 0.004 (95% CI 0.0001–0.15). The other covariates tested (density, 

temperature, and precipitation) appeared in less than three of the top models, and all 

had effects with 95% CIs that spanned zero (Figure 2.3a; Table A.2). 

Age 2 

The probability of an age-2 juvenile steelhead migrating was higher in years of nutrient 

addition and high pink salmon abundance. Both mean nutrient addition and mean log 

pink salmon abundance were in all models with AICc ≤ 2 (Figures 2.2b, 2.3b; Table A.2). 

The proportion of years of nutrient addition increased the mean odds ratio of smolts that 

did not migrate at age 1 migrating at age 2 by 1.5 units (95% CI 0.9 – 2.1; Figure 2.3b) 

for every 0.9-unit (2 SD) increase in the proportion of years with nutrients added, and 

mean log pink salmon abundance during the first and second autumns since brood year 

hatching increased the mean odds ratio of smolts migrating at age 2 by 0.7 units (95% 

CI 0.06 – 1.4; Figure 2.3b) for every ~2-unit (2 SD) increase in mean log pink salmon 

abundance. In other words, increasing nutrient addition from 1 to 2 years increased the 

mean proportion of smolts that did not migrate at age 1 and migrated at age 2 from 0.50 

(95% CI 0.20 – 0.78) to 0.68 (95% CI 0.37 – 0.90), and increasing mean pink salmon 

abundance from ~6700 fish (mean abundance) to ~48,300 fish (mean + 2 SD) increased 

the mean proportion of smolts that did not migrate at age 1 and migrated at age 2 from a 

mean of 0.45 (95% CI 0.38 – 0.53) to 0.63 (95% CI 0.40 – 0.82). All other covariates 
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tested only appeared in one of the five top models, and all had effects with 95% CIs that 

spanned zero (Figure 2.3b; Table A.2). 

Age 3 

The top predictors for the probability of a juvenile steelhead migrating at age 3 that had 

not migrated at age 1 or age 2 were nutrient addition and pink salmon abundance (both 

in all top models; Figures 2.2c, 2.3c; Table A.2). Log pink salmon abundance during the 

third autumn since brood year hatching increased the mean odds ratio of smolts that did 

not migrate at age 1 or age 2 migrating at age 3 by 2.1 units (95% CI 1.2 – 3.1; Figure 

2.3c) for every ~4-unit increase in log pink salmon abundance, and nutrient addition in 

the autumn before migration increased the mean odds ratio of smolts that did not 

migrate at age 1 or age 2 migrating at age 3 by 1.3 units (95% CI 0.3 – 2.3; Figure 2.3c). 

In other words, increasing pink salmon abundance from ~7000 fish (mean abundance) 

to ~400,000 fish (mean + 2 SD) increased the mean probability of migration at age 3 

(given no previous migration) from a mean of 0.86 (95% CI 0.79 – 0.92) to 0.98 (95% CI 

0.92 – 1.00), and nutrient addition in the autumn before migration increased the mean 

probability of migration at age 3 to 0.96 (95% CI 0.83 – 0.99). All other covariates tested 

were not present in more than three of seven top models and had effects with 95% CIs 

spanning zero (Figure 2.3c; Table A.2).
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Figure 2.2. Plots illustrating the age-specific proportion of juvenile steelhead 
migrating to sea given that they did not migrate in a previous year. 
Points represent raw proportions of steelhead that went to sea on a 
given year, lines represent mean proportions of steelhead migrating 
to sea under different levels of nutrient addition, and light-gray 
areas represent the combined 95% confidence intervals of all lines 
in the plots. (a) Probability of migration at age 1. The black and the 
yellow points and lines represent no nutrient addition and nutrient 
addition during the brood year, respectively. Pink salmon 
abundance is measured during the fall of the brood year. (b) Effect 
of log mean pink salmon abundance over the two autumns spent in 
the river on the probability of migrating at age 2. Darker points 
denote less nutrient addition. (c) Effect of the mean proportion of 
years of nutrient addition on the probability of migrating at age 2. (d) 
Probability of migration at age 3. The black and the yellow points 
and lines represent no nutrient addition and nutrient addition, 
respectively, in the year prior to migration. Pink salmon abundance 
was measured during the autumn prior to migration. 



25 

 

Figure 2.3. Plots of standardized Akaike information criteria corrected for small 
sample sizes model-averaged coefficients with 95% confidence 
intervals describing the effects of pink salmon abundance, whole-
river nutrient addition, density dependence, temperature, and 
precipitation (s., summer; w., winter) on measurements of 
probability of migration to sea (a, b, c), steelhead smolt length (d), 
and abundance (e). Density refers to the total number of steelhead 
smolts produced by a given brood year(s), except for plot (e), where 
density refers to wild female steel- head spawner abundance. In plot 
(e), the black coefficients represent results from the 1976 to 1990 
model, and the blue coefficients represent results from the 1991 to 
2010 model. Numbers following predictor variables denote time lags, 
where -1 refers to the growing season or winter prior to migration 
(except density, where -1 means the previous brood year), and 0 
refers to the brood year. For the “mean” of predictor variables, such 
as pink salmon abundance and nutrient addition in panel (d), this 
refers to the mean value of that predictor over the lifetime of the 
fish. 

2.3.2. Mean smolt length 

The strongest predictors of mean smolt fork length were age, nutrient addition, and 

temperature (Figures 2.3d, 2.4a, b). Not surprisingly, older smolts were larger: on 

average, age-3 smolts were 24 mm longer than age-2 smolts (95% CI 47 – 54), and 

age-4 smolts were 60 mm longer than age-2 smolts (95% CI 82 – 89). Nutrient addition 

was associated with an increase in mean smolt length by 8 mm (95% CI 3 – 12; Figure 

2.3b) when moving from no nutrient addition to 50% of years with nutrient addition, and 

smolt length increased by 6 mm (95% CI 2 – 10) for every 0.80°C (2 SD) increase in 

mean temperature. All other predictor variables tested either had weak effects (pink 
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salmon, summer precipitation, density) with 95% CIs that spanned zero or did not 

appear in the top model set (winter precipitation). 

 

Figure 2.4. Plots of smolt fork length (mm) vs. (a) mean proportion of years of 
nutrient addition, (b) mean temperature over the summers (April-
October) each age class had spent in the river. Light-gray areas 
represent 95% confidence intervals for each line, and points 
represent raw data. Orange, blue, and black points and lines 
represent smolt ages 2 – 4, respectively. 

2.3.3. Brood smolt abundance 

The number of steelhead smolts produced per wild female steelhead spawner was 

negatively density-dependent and best predicted by wild female steelhead spawner 

abundance in both the 1976 – 1990 and 1991 – 2010 time periods (Figures 2.3e, 2.5a-c; 

Table A.2). In the earlier time period, the top extrinsic predictors of steelhead smolt 

production were nutrient addition and temperature, whereas pink salmon abundance 

was the best extrinsic predictor in the later time period. From 1976 to 1990, the average 

number of smolts produced per spawner was 27 (at an average spawning density of 545 

female steelhead) and decreased by a factor of 0.25 (95% CI 0.18 – 0.35; Figure 2.3e) 

for every ~625 (2 SD) additional wild female steelhead spawners in a brood year. Smolts 

produced per spawner were associated with a decrease by a factor of 0.69 (95% CI 0.48 

– 0.98; Figure 2.3e) for every ~0.7°C (2 SD) increase in mean temperature and increase 

by a factor of 1.16 (95% CI 1.14 – 1.18; Figure 2.3e) when moving from zero years of 

nutrient addition to 3 years (100%) of nutrient addition. From 1991 to 2010, the average 

number of smolts produced per spawner was 3 (at an average spawning density of 73 

females) and decreased by a factor of 0.00056 (95% CI 0.000039 – 0.0083; Figure 2.3e) 

for every ~625 (2 SD) additional wild female steelhead spawners in a brood year. Smolts 

produced per spawner increased by a factor of 1.76 (95% CI 1.03 – 3.01; Figure 2.3e) 

for every additional ~40,000 pink salmon (2 SD increase in mean pink salmon 
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abundance). All other predictor variables tested did not appear in the top model sets 

(summer and winter precipitation). 

 

Figure 2.5. Log(steelhead smolts per wild female steelhead spawner) vs. wild 
female steelhead spawner abundance (density 0) from (a, b) 1976 to 
1990, and from (c) 1991 to 2010. Points represent raw data, and lines 
represent a linearized Ricker curve. (a) The yellow line represents 
smolt production when all years experience nutrient addition, and 
the black line represents smolt production in the absence of nutrient 
addition. Darker points represent a lower proportion of years of 
nutrient addition. (b) The yellow line represents smolt production 
when the mean temperature is 2 standard deviations (SD) above 
normal, and the black line represents smolt production when the 
mean temperature is 2 SD below normal. Darker points represent 
cooler mean temperatures. (c) The yellow line represents smolt 
production when pink salmon abundance is 2 SD above normal, and 
the black line represents smolt production when pink salmon 
abundance is 2 SD below normal. Darker points represent lower 
mean pink salmon abundances. 
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2.4. Discussion 

We discovered that multiple extrinsic (species interactions, artificial nutrient addition, and 

warming temperatures) and intrinsic (density-dependent) factors are linked to the 

freshwater life histories in a migratory fish with a complex life cycle. Through analyses of 

a four-decade time series of steelhead smolts, we found that the age and size of juvenile 

steelhead appeared to be primarily influenced by extrinsic factors: temperature, 

experimental nutrient addition, and pink salmon abundance. In contrast, the intrinsic 

factor of conspecific density was the only consistent predictor of the number of juvenile 

steelhead produced per spawning female. However, warmer temperatures were 

associated with fewer smolts per female, whereas nutrient addition and higher pink 

salmon abundances were associated with more smolts per female, depending on the 

time period (before or after 1990). Thus, our study provides evidence that steelhead life-

history dynamics are influenced by a variety of extrinsic and intrinsic factors that can 

vary substantially over time. 

Long-term studies such as this allow insights into complex ecological dynamics 

that would likely be missed by shorter-term studies (Hughes et al. 2017). Our study 

system underwent major biological and environmental changes over the last four 

decades. Across the four decades of data, wild female steelhead abundance decreased 

from an average of 533 adult female wild steelhead (pre-1990) to an average of 75 

adults after 1990. This pattern of decreased abundance mirrors larger-scale trends in 

regional salmon abundance; southern populations of many salmon species have tended 

to decline over the last several decades (Mueter et al. 2002, Malick and Cox 2016, 

Kendall et al. 2017). In contrast, pink salmon returns have a strong biennial pattern, but 

their trends have been relatively stable or increasing in their southern range and did not 

exhibit a large post-1990 regime shift in abundance (Malick and Cox 2016). With respect 

to climatic variability, precipitation did not consistently increase or decrease over time, 

but temperature increased by an average of 0.021°C year -1, tracking patterns of climatic 

warming. Thus, although our data come from only one intensively monitored watershed 

(Bennett et al. 2016), this system experienced many of the larger-scale trends observed 

in streams across the Pacific Northwest. 
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2.4.1. Nutrient addition 

Whole-river nutrient addition was associated with an increase in the mean size of smolts, 

an increase in the probability of juvenile steelhead migrating to sea at a younger age, 

and an increase in the number of smolts produced per wild female steelhead spawner 

prior to 1991. These results fit well within the proposed mechanisms that drive 

smoltification (Satterthwaite et al. 2009, Beakes et al. 2010, Phillis et al. 2016), where 

smolt age is determined by a combination of growing conditions and a genetically deter- 

mined growth rate and size threshold. Artificial nutrient addition presumably increased 

steelhead growth and thereby reduced the time that was required for individuals to meet 

their threshold size to begin smoltification, resulting in a portion of smolts leaving at least 

one year earlier than normal. Nutrient addition was also associated with greater smolt 

numerical production in the earlier portion of the time series but not during the later 

period of the time series. Indeed, previous studies of juvenile salmon responses to 

artificial nutrient addition have found that they only sometimes appear to have a positive 

numerical response (Hyatt et al. 2004, Collins et al. 2016). The lack of a numerical 

response after 1990 aligns with previous analyses from the Keogh River (McCubbing 

and Ward 2000, Ward et al. 2008) and those observed from other long-term studies of 

nutrient-enriched streams where initial increases in the individual growth of fish or 

macroinvertebrate predators failed to persist through time (Slavik et al. 2004, Davis et al. 

2010). Our findings mirror the results of a synthesis by Collins et al. (2015), where they 

showed that while nutrient addition was commonly associated with individual-level 

responses, population-level effects remain uncertain. 

2.4.2. Pink salmon 

Pink salmon abundance was positively associated with steelhead smolts migrating to 

sea in the following year and greater numbers of steelhead smolts produced per 

steelhead spawner after 1990. Thus, high abundances of pink salmon should be 

associated with shorter generation times and higher abundances of steelhead smolts in 

the current regime. Given that generation time is linked to population growth rate, if 

steelhead have a positive population growth rate (which they currently do not in the 

Keogh River), then higher abundances of pink salmon could increase the rate of 

population increase of steelhead, assuming all other things being equal. 
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Our results provide an important critical test of the hypothesis that salmon beget 

more salmon (Bilby et al. 1998). We observed linkages between pink salmon abundance 

and steelhead smolt age and abundance; however, it appears that pink salmon 

abundance only affected smolt production after an apparent shift in the ecosystem 

around 1990 (Atlas et al. 2015). After 1990, it appears that there was spatial contraction 

of steelhead in the Keogh River toward the lower reaches of the watershed (Atlas et al. 

2015); these lower reaches are also the areas of the river used by pink salmon for 

spawning. In the earlier portion of the time series, there was no statistical evidence that 

pink salmon abundance was associated with steelhead smolt production. Importantly, 

pink salmon abundance was positively correlated with steelhead smolt production in the 

current regime. It is possible that this positive relationship between pink salmon and 

steelhead smolt abundance became apparent because of the spatial alignment of pink 

salmon spawning and steelhead within the watershed. Regardless of the mechanism, 

our results suggest that a 2 SD increase in log pink salmon abundance may 

approximately double steelhead smolt production per spawner. 

Despite the effect of pink salmon on the probability of migrating to sea and the 

number of smolts produced per female steelhead spawner, pink salmon did not appear 

to affect steelhead smolt size. Mechanistically, pink salmon likely influenced steelhead 

life history by providing pulsed and energy-rich food resources. Steelhead could be 

subsidized through direct consumption of pink salmon eggs and carcass tissues (Bilby et 

al. 1998, Moore et al. 2008), or indirectly through increased invertebrate prey that have 

fed on pink salmon carcasses (Wipfli et al. 2010) or have been dislodged during pink 

salmon spawning (Scheuerell et al. 2007, Harding et al. 2014). We hypothesize that 

some of the increased growth in young steelhead due to high pink salmon returns could 

have manifested itself as shifted age structure toward a younger age at migration. 

Alternatively, given that recent changes in body condition are one of the factors 

controlling the decision to smolt in steelhead (Satterthwaite et al. 2009), we hypothesize 

that the pulsed nature of pink salmon spawning may cause an increase in body condition 

without affecting smolt length, improving survival and driving juvenile steelhead to smolt 

earlier. Our results align with the general paradigm where faster growth will confer 

survival advantages in stream salmonids (Quinn and Peterson 1996, Zabel and Achord 

2004). 
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Other studies within freshwater that have compared across streams with different 

salmon densities have found that high abundances of one species of salmon (e.g., 

sockeye, pink, or chum salmon) are associated with larger sizes of co-occurring stream-

rearing salmon like coho (Nelson and Reynolds 2015, Smits et al. 2016). Many papers 

have speculated that one population of salmon can benefit another co-occurring 

population by increasing growth and thus survival (Bilby et al. 1996, Wipfli et al. 1998), 

and this appears to be the case with steelhead and pink salmon in the Keogh River after 

1990. Our results align with those of Michael (1995), who found that higher returns of 

pink salmon were associated with more coho smolts produced per spawner in the Skagit 

River. Our research adds to the growing appreciation for the ecological impacts of pink 

salmon, which are increasing in many locations (Malick and Cox 2016). For example, 

there is a growing body of evidence that pink salmon in the marine ecosystem are 

important competitors, and years with high abundances are associated with decreased 

survival and size in sockeye salmon and nesting seabirds (Ruggerone and Connors 

2015, Springer et al. 2018). Here, we provide rare evidence that the temporal dynamics 

of one species of salmon is linked with the life history of a co-occurring salmonid during 

the freshwater phase of their life and that it may directly translate into increased per 

capita productivity. 

2.4.3. Comparing the subsidies 

This study offers the opportunity to consider how two different types of nutrient subsidies 

(artificial nutrients and pink salmon spawning) simultaneously affect steelhead, a 

migratory species with a complex life cycle. Both nutrient addition and pink salmon 

tended to shift juvenile steelhead toward earlier migration and were positively associated 

with greater smolt production in some time periods. However, pink salmon abundance 

did not substantially alter smolt size, while nutrient addition did tend to increase the 

length of migrating smolts. This difference in impact between pink salmon abundance 

and artificial nutrient addition is likely because these two subsidies differed substantially 

in their distribution across space and time as well as their potential pathways of 

incorporation. From a spatial perspective, artificial nutrients increased the ambient 

nutrient concentrations of the whole river, whereas pink salmon spawning is restricted to 

the lower 15 km of the river. Thus, steelhead smolts from the upper parts of the 

watershed would not experience elevated growth potential from pink salmon. Nutrient 
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addition and pink salmon also differ in the timing and duration of potential increases in 

steelhead food. Nutrient addition could potentially increase food availability throughout 

the growing season through bottom-up processes (Johnston et al. 1990). In contrast, 

pink salmon provide more contracted sources of nutrients and energy to young 

steelhead, with eggs and dislodged benthic invertebrates being available in the fall 

(Scheuerell et al. 2007, Moore et al. 2008), then their fry become a potential food source 

in the early spring, and carcasses subsidize steelhead through bottom-up processes 

(Naiman et al. 2002). Across years, the pink salmon signal was primarily an even–odd- 

year pattern (Figure A.1), whereas nutrient addition occurred in several multi-year 

blocks. Our study adds to the growing scientific appreciation that artificial nutrient 

addition impacts stream ecosystems differently than salmon (Compton et al. 2006, Wipfli 

et al. 2010). 

2.4.4. Climatic variation 

Warmer temperatures were associated with larger smolt sizes, and prior to the regime 

shift, higher temperatures were correlated with less steelhead smolts produced per wild 

female steelhead spawner. Increased temperatures may have increased growth rates of 

juvenile steelhead through bioenergetics (Boughton et al. 2007, Brewitt and Danner 

2014), and increased the per capita energy demand of juvenile steelhead, thereby 

reducing the number of individuals that could survive summer stream temperatures. In 

addition, increased summer precipitation (our proxy for discharge of the Keogh River) 

tended to increase the size of smolts and the numbers of smolts per spawner, but both 

responses were uncertain. More summer precipitation could translate into increased 

amounts of habitat and increase benthic invertebrate availability (Battin et al. 2007, 

Courter et al. 2009). We note that we had to use nearby air temperatures and 

precipitation measures as proxies for stream temperature and flow, which likely 

introduced error into these potential relationships. Regardless, there is evidence that 

ongoing climatic variability can influence steelhead smolts. 

2.4.5. Caveats 

While our study provides insights on how long-term ecological dynamics influence 

juvenile steelhead life histories, it is important to discuss the limitations of our study. In 

the Keogh River, different nutrient concentrations and methods for artificial nutrient 
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addition were used for each treatment block, but we considered these treatments as 

similar. Despite this potential source of variability, there were measurable effects of 

whole-river nutrient addition on steelhead smolt age, size, and abundance. Another 

important biological reality of this system is that pink salmon spawning only occurs in the 

lower 15 km of the watershed, with spawning densities increasing closer to the mouth of 

the river. Thus, juvenile steelhead had unequal access to pink salmon subsidies, 

depending on what part of the river they reared in. We also note that our study focused 

on a single (albeit long-term) study system and these dynamics may operate differently 

in other systems and regions. For instance, the Keogh River is nutrient-poor (Johnston 

et al. 1990) and thus is a system where nutrient addition may have particularly large 

effects. Further, although our study did account for weather variability in terms of air 

temperature and precipitation, these are indirect proxies for stream conditions. There 

were also a series of habitat manipulations that have been performed in the Keogh 

River, such as placement of large woody debris and installation of the water storage 

structure that occurred during the time series that could have contributed to unexplained 

variance in steelhead life-history dynamics. Our study did not examine other potential 

drivers of steelhead smolt characteristics and numbers, processes such as competition 

with other fishes such as coho salmon. Coho are the numerically dominant stream-

rearing salmonid in the Keogh River and may compete for space and food resources 

(Hartman 1965, Young 2004). Thus, coho could affect juvenile steelhead life histories, 

which should be investigated in future work. We also acknowledge that hatchery 

practices could be contributing to unexplained variation in the dynamics of this 

population through several potential mechanisms. First, outgoing hatchery smolts can 

residualize (fail to migrate to sea and become river residents; Slaney and Harrower 

1981) and may contribute to in-river density dependence (Ward 2006). Records from 

1980 and 1981 indicate that the majority of artificially reared smolts emigrated from the 

river (68.2 – 92.6%; Slaney and Harrower 1981), and those that failed to migrate to sea 

but survived and became river residents only occupied the lower 3 km of the Keogh 

River (Slaney and Harrower 1981). Thus, the effect of residualized hatchery fish on the 

juvenile wild steelhead population in the Keogh River was likely minimal. Second, 

hatchery adults that spawned in the Keogh River could have contributed to the numbers 

of smolts in the following years. However, previous studies have found that adult 

hatchery steelhead usually produce much fewer smolts than wild steelhead (from 4% to 

88%; Araki et al. 2008). We also acknowledge that we fit a Ricker model rather than a 
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Beverton-Holt or hockey stick model even though previous work has commonly used 

Beverton-Holt models for steelhead (Ward 2000, Moore et al. 2014), and over-

escapement seems biologically unlikely. We did so for two reasons. First, a Ricker 

model fit the data better (data not shown). Second, for every parameter fitted in a 

linearized Ricker model, one must fit two parameters in the equivalent Beverton-Holt 

model, which reduces statistical power. Collectively, while there are many important 

realities to this system and analyses, our study does provide insight into the dynamics of 

juvenile steelhead through analyses of the longest-term dataset on steelhead life 

histories of which we are aware. 

2.4.6. Potential management implications 

Our study quantifies how two potential management levers, population abundance of co- 

occurring salmon and artificial nutrient addition, can alter the life cycle of a depressed 

population of steelhead. Wild steelhead are targeted by catch-and-release fisheries in 

British Columbia (MFLNRORD 2017) that likely impart little mortality (< 6%; Nelson et al. 

2005) and are intercepted to varying degrees in commercial salmon fisheries 

(MFLNRORD 2016). Thus, it is difficult for harvest rates of wild steelhead in British 

Columbia to be modified for conservation objectives. In contrast, other salmon species 

such as pink salmon are harvested both commercially and recreationally. Where salmon 

populations are depressed, nutrient addition has been used as an enhancement option 

(Stockner and MacIsaac 1996, Ashley and Slaney 1997). However, we found that while 

nutrient addition increased the numbers of smolts produced per female steelhead 

spawner before the regime shift, we detected no effect of nutrient addition on smolt 

abundance after the regime shift. We did detect a positive effect of pink salmon 

abundance on the number of smolts produced per steelhead spawner after the regime 

shift. Further, we found that increased nutrient addition and pink salmon abundance 

were linked with juvenile steelhead migrating to sea at a younger age, which should 

decrease the generation time of steelhead and could increase their productivity in 

periods of positive population growth. 

It is possible that the impacts of pink salmon and artificial nutrient addition on the 

size and age of migrating steelhead smolts could have carryover effects (sensu 

O’Connor et al. 2014) and alter subsequent marine survival and numbers of returning 

adults. On the one hand, our work discovered that nutrient addition was associated with 
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larger smolts of a given age and previous research has found that larger steelhead and 

Atlantic salmon (Salmo salar) smolts can have a greater probability of surviving the 

marine portion of their life cycle to return to spawn in some studies (Antonsson et al. 

2010, Osterback et al. 2014), but not others (Keogh River; Friedland et al. 2014). On the 

other hand, increased pink salmon abundance and artificial nutrient addition were 

associated with younger ages of outmigration and younger smolts are generally smaller. 

Indeed, the difference in length between smolt ages was on average ~2–3 times greater 

than the effect of artificial nutrient addition on smolt length. Thus, carryover effects from 

pink salmon and artificial nutrient addition might actually reduce the probability of smolts 

surviving the marine environment due to migrating to sea at a younger age as smaller 

fish. Regardless of these freshwater dynamics, there have been dramatic declines in 

steelhead production in many parts of their southern range over the last several 

decades, including British Columbia, which appear to be predominantly influenced by 

climate-driven ocean conditions (Welch et al. 2000, Kendall et al. 2017). 

Through analyses of four decades of steelhead data, a species with a complex 

life cycle and of conservation concern, we discovered considerable temporal variation in 

the size and age of individuals when they migrate from freshwater to the ocean. These 

variations in life history were linked with a combination of extrinsic variables: nutrient 

subsidies in the form of species interactions and management intervention and climatic 

variation. These individual life-history shifts did not consistently scale up to contribute to 

juvenile population abundances over time. Instead, abundance of out-migrating 

steelhead smolts was consistently regulated by an intrinsic variable: density 

dependence. This demonstrates that a complex interplay of species interactions, nutrient 

subsidies, density dependence, and climatic variation can control the life-history 

expression of species with complex life cycles. 
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Chapter 3.  
 
Resource pulses increase the diversity of successful 
competitors in a multi-species stream fish 
assemblage 

3.1. Introduction 

Consumers must cope with spatial and temporal variability in food resources 

(Weimerskirch et al. 2005, Armstrong and Schindler 2011). In extreme cases, resources 

come in pulses, defined by Yang et al. (2008) as uncommon events in which large 

quantities of a resource become available for a short period of time. Although infrequent, 

resource pulses can provide the majority of the energy and nutrient intake for animal 

consumers (Yang et al. 2008, 2010). For example, bank voles may acquire ~74% of their 

annual food intake from oak and hornbeam mast events (Selva et al. 2012) that may 

only last ~4 weeks (Pucek et al. 1993). Resource pulses can also significantly alter the 

reproductive output and abundance of animal consumers (Yang et al. 2008, 2010); for 

example, female damselfish with access to coral propagules from a synchronized 

spawning event may produce larvae with 25% larger yolk sacs and 100% larger oil 

globules (McCormick 2003). While there is growing appreciation for the importance of 

resource pulses to consumers in a variety of ecosystems (Yang et al. 2010), it is less 

well understood how these resources are partitioned among competing consumers 

(Yang et al. 2008). It is possible that the magnitude of the resource pulse could 

temporarily alter competition; for instance, greater resource abundance could allow 

inferior competitors to acquire some portion of the resource pulse. 

Salmon-bearing streams are a classic example of ecosystems that can 

experience resource pulses (Schindler et al. 2003, Moore et al. 2008, Walsh et al. 2020). 

Salmon spawn and die in streams annually, producing carcass tissues and eggs that are 

consumed by a variety of predators and scavengers (Naiman et al. 2002, Deacy et al. 

2016) such as stream fishes (Lang et al. 2006, Bailey et al. 2019). Energy acquired 

during the brief salmon spawning period can dominate the annual energy budget for 

stream fish consumers (Scheuerell et al. 2007, Moore et al. 2008, Armstrong and Bond 

2013); for example, through bioenergetic simulations, Moore et al. (2008) predicted that 
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resident rainbow trout (Oncorhynchus mykiss) in their study would run an energetic 

deficit during the summer without salmon subsidies. Increased spawning salmon 

abundance can increase the growth (Rinella et al. 2012, Swain et al. 2014) and 

abundance (Nelson and Reynolds 2014, Swain and Reynolds 2015) of stream fishes, 

and alter their life histories (Bailey et al. 2018). The availability of this important food 

resource depends on stream fishes’ ability to consume dislodged or unsuccessfully 

buried salmon eggs (Collins et al. 2016). Salmon eggs are energetically and nutritionally 

superior to benthic invertebrates (Cummins and Wuycheck 1971, Schindler et al. 2003), 

they are highly visible, and eggs do not have an escape response to predators. Indeed, 

when salmon eggs are at high abundances, stream fishes may eat little else (Moore et 

al. 2008, Armstrong et al. 2010). Salmon egg availability varies both seasonally and 

annually – the positive nonlinear effect of spawner abundance on available eggs, caused 

by nest superimposition at high spawner abundances, can magnify interannual variance 

in spawner abundance (Moore et al. 2008). Thus, salmon egg availability to stream 

consumers can be extremely variable and this variation may have consequences for egg 

consumption among competing stream fish. 

Among drift-feeding stream fishes, competition is generally considered to be 

hierarchical, where larger individuals and certain species of fish express dominance and 

exclude others from territories or win direct contests for resources (Glova 1986, David et 

al. 2007, Sato and Watanabe 2014, Naman et al. 2019). During periods of regular (and 

low) resource availability, dominant individuals consume greater amounts of resources 

(Cutts et al. 1998, Taniguchi et al. 1998). However, although streams may be subject to 

long periods of low resource availability, most resources may be delivered in brief pulses 

such as synchronized aquatic insect emergences (Wesner et al. 2019), terrestrial insect 

dispersal/ outbreaks (Tyus and Minckley 1988), and stream fish spawning events 

(Armstrong and Bond 2013). The willingness to emigrate and territory sizes of stream 

fishes generally decrease as food availability increases, indicating that dominance 

hierarchies are weaker when more food is present (Slaney and Northcote 1974, Dill et 

al. 1981, Keeley 2000, Imre et al. 2004). Thus, while dominance hierarchies may 

structure drift-feeding stream fish behavior and foraging success most of the time, this 

paradigm may not be relevant during resource pulses, which can provide the bulk of the 

resources consumed by stream fishes. 
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Here, we performed an in-situ field experiment in short stream segments to 

examine the following question: how does the magnitude of a pulsed resource influence 

resource partitioning among a diverse consumer community? Specifically, we 

experimentally created resource pulses of different magnitudes by adding quantities of 

salmon eggs spanning three orders of magnitude and measuring the functional 

responses of stream fish consumers that varied in size and species – juvenile steelhead 

trout (O. mykiss), coho salmon (Oncorhynchus kisutch), and sculpins (Cottus spp.). We 

hypothesized that higher magnitude resource pulses would lead to broader sizes and 

species of consumers acquiring resources, and greater amounts of resources acquired 

per individual consumer. Specifically, we predicted that higher magnitude resource 

pulses would reduce the strength of dominance hierarchies, allowing smaller individuals 

and less competitive species to access resources and consume greater numbers of 

eggs. 

3.2. Methods 

3.2.1. Study system 

Pink salmon (Oncorhynchus gorbuscha) eggs were added to experimental reaches in 

the Keogh River (50°40043.56″ N, 127°20055.23″ W), British Columbia, Canada. The 

Keogh River is a small (31.2 km long with a watershed area of 130 km2; Smith and 

Slaney 1980) coastal stream with low nutrient concentrations (Johnston et al. 1990) that 

drains into Johnstone Strait on the east coast of Vancouver Island, just south of the town 

of Port Hardy. Since 1972, salmonid monitoring has been ongoing and several habitat 

restoration projects have been completed at the Keogh River (Ward and Wightman 

1989, Smith and Ward 2000, McCubbing and Ward 2002, Atlas et al. 2015, Bailey et al. 

2018). Stream fish species that may prey on salmon eggs in the Keogh River include 

juvenile steelhead trout (O. mykiss), coho salmon (O. kisutch), cutthroat trout 

(Oncorhynchus clarkii clarkii), Dolly Varden char (Salvelinus malma), and sculpins 

Cottus spp. (C. asper and C. aleuticus). Estimated pink salmon spawner abundance has 

ranged from as few as ~75 to > 800,000 fish over the last 40 years (Bailey et al. 2018), 

generating resource pulses that span many orders of magnitude. 
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3.2.2. Field experiment 

Water-hardened pink salmon eggs were experimentally added to 5 m long sites in the 

Keogh River over a three-week period from mid-August to the end of the first week of 

September. Eggs were sourced from mature female pink salmon staging at the mouth of 

the Keogh River, and egg treatments included six levels that ranged from 6 to 3575 eggs 

in logarithmic increments (6, 26, 72, 303, 865, 3575). Each egg treatment level was 

replicated six times for a total of 36 experimental units. These treatment levels were 

selected to approximate the range of eggs that stream fish might realistically encounter 

in the Keogh River from a year when extremely few pink salmon are spawning, to the 

peak of the largest pink salmon run ever recorded on the Keogh River (see Appendix 

B.1 for calculations). 

Site locations were determined by randomly selecting a habitat type (pool, riffle, 

or glide) and walking upstream until that habitat type was encountered (as characterized 

by Bain and Stevenson 1999, Fausti et al. 2004). This randomization method ensured 

that habitat was not confounded with egg treatment. Sites were placed within a 24-km 

stretch of river accessible to pink salmon, spaced a minimum of 20 m apart and a 

maximum of 11 km apart, and clustered around access points along the river. Site setup 

began with installing a seine net (1/4-inch mesh) across the downstream boundary of a 

site and anchoring it to the bottom by trapping the lead line with rocks. The upstream 

boundary of the site was then marked by a piece of rebar imbedded in the sediment 

through the thalweg of the stream. Next, a scent cue was installed at the upstream 

boundary of a site to simulate pink salmon spawning and to signal stream fishes that 

eggs may become available for consumption. The cue consisted of a weighted, sealed 

bag punched with small holes, and filled with water that eggs had soaked in for more 

than 24 hours. 

We left sites undisturbed for 15 min after adding the scent cue to allow fish to 

settle after the disturbance of setting up the net and rebar. Next, eggs were released all 

at once, underwater, and just above the substrate – akin to nest superimposition where 

eggs are released in a pulse. Thirty minutes after egg addition, three-pass electrofishing 

was used to capture as many fish from a site as possible. Captured fish were identified 

to species for salmonids or genus for sculpins, lightly anaesthetized, and then gastric 

lavage was used to sample their stomach contents. If a stomach sample contained 
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salmon eggs, egg fragments, or egg casings, the contents were preserved in 95% 

ethanol for later enumeration. We waited 30 min after egg addition before electrofishing 

because we wanted to provide fish with enough time to find and consume eggs without 

allowing them to pass eggs into the lower gut where they would be inaccessible to 

gastric lavage. Based on our observations, eggs did not drift out of the experimental 

reach (a few eggs were observed in the downstream net in only one of 36 sites). Fork 

length and mass of fish were measured after gastric lavage, at which time fish were 

placed in a flow-through recovery container in the stream before being released back 

into the site they were captured from. 

We used a net at the downstream boundary of each site to ensure that the 

different experimental reaches operated as independent units. If we had allowed fish to 

move freely, we may have resampled the same fish from a previous site downstream. In 

addition, the downstream net enabled us to efficiently sample the fish community and 

prevent fish that had consumed eggs from leaving the experimental area during fish 

capture efforts. 

We sampled a total of 36 sites and 1224 stream fish. Between one and six sites 

were sampled per day (depending on our supply of salmon eggs), and all 

experimentation was completed over the three weeks preceding when pink salmon 

typically arrive at the study reaches. Each site was only sampled once to minimize the 

impacts of electrofishing. Sites were sampled systematically from downstream to 

upstream to ensure that electrofishing never overlapped with the earliest migrating pink 

salmon spawners. Thus, all salmon eggs in the diets of the consumers were from the 

experimental treatments. 

Eggs from stomach samples were counted back in the laboratory. When counting 

the number of eggs in a stomach sample, we only counted an outer egg casing as an 

egg when we found egg fragments in the stomach. When there were multiple egg 

casings, we examined the egg fragments in a stomach and approximated how many 

whole eggs worth of fragments there were and added that to the egg consumption count 

for a fish. Egg fragments and casings were common but not dominant. Using this 

method, we produced conservative estimates of egg consumption by stream fishes. 
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3.2.3. Analysis 

We analyzed functional responses in separate models for each of the common predator 

taxa: steelhead trout, coho salmon, and sculpins. While cutthroat trout and Dolly Varden 

char were captured and did consume eggs, they were too rare to fit models for these 

species. We also omitted individuals from our models that were smaller than the 

smallest fish of each species recorded consuming an egg under the assumption that 

they were not capable of consuming eggs (50 mm O. mykiss, 45 mm O. kisutch, 56 mm 

Cottus spp.). For each of the common predator taxa, we tested a variety of potential 

covariates in a series of candidate models that were then competed to determine the top 

model. 

Species-specific individual egg consumption was modeled as a function of egg 

availability, individual fish characteristics, and fish community characteristics. Egg 

availability was measured as the number of eggs released at a site. For individual fish 

characteristics, we used ln(mass) and relative mass. We used the natural log of mass as 

a proxy for absolute competitive ability (a proxy for foraging efficiency and ability to win 

foraging contests) as well as a proxy for the maximum number of eggs an individual can 

consume (larger fish have greater internal volume to store food). In contrast, relative 

mass (the mass of an individual divided by the mass of the largest fish in a site, 

regardless of species) was used as proxy for the competitive ability of an individual 

relative to the largest competitor at a site. For community characteristics, we used site-

level competitor abundance and site-level fish community composition. Competitor 

abundance indicates how many mouths an individual must compete with for food (i.e., 

more competitors are hypothesized to reduce the number of eggs consumed per 

individual) and was the sum of all fish captured at a site minus one. Community 

composition was summarized using a principal components analysis of site-level species 

abundances (PCA; Appendix B.2). We used the first axis of the PCA which explained 

94% of the variation in fish abundance by species at each site. We included community 

composition because there is evidence that even among closely related species such as 

salmonids, there are species-specific differences in competitive dominance (Young 

2004, Thornton et al. 2017), and thus, sites with greater proportions of more dominant or 

less dominant species could reduce or increase individual egg consumption, 

respectively. 
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We examined stream velocity as potential variable. Stream velocity was 

measured by dropping a cork into the stream at the position of the rebar rod (that 

marked the upstream limit of a site) and timing how long it took to drift the length of a 

one-meter measuring stick. This measurement was repeated five times at each site and 

averaged. This measurement occurred after fish sampling took place to avoid disturbing 

the fish. We used stream velocity rather than habitat type because stream velocity is 

related to habitat type, and it was more likely that we would detect an effect from a 

quantitative variable than using a broad categorical variable. We hypothesized that 

higher stream velocities would reduce the probability of egg consumption and number of 

eggs consumed by fish. 

We modeled egg consumption by stream fishes using hurdle models in a 

Bayesian framework with the BRMS package (BRMS translates R code to STAN; 

Bürkner 2017) in the statistical software R (R Core Team 2018). Hurdle models have two 

components; in this case, the first submodel determined the probability of an individual 

consuming at least one salmon egg (i.e., the occurrence of any eggs in a fish’s 

stomach), and the second sub-model focused on the number of eggs in fish that 

consumed at least one egg. We used hurdle models rather than traditional functional 

responses because our data were zero-inflated, we hypothesized that different 

processes may influence the two components of the model, and only one response was 

measured for each individual fish (necessitating a random effects structure). We note 

that hurdle models can produce relationships between prey abundance and 

consumption rates that correspond with type I, II, or III functional responses. 

The logistic component of the hurdle model modeled the presence or absence of 

eggs in an individual’s diet, which can be conceptualized as the probability of a fish 

successfully accessing any eggs. This logistic component of hurdle models allowed us to 

test our hypothesis that increased egg availability increases the probability of egg 

consumption by less competitive stream fishes. Thus, ln(mass) and relative mass were 

potential covariates and represented the effect of body mass on competitive ability 

(foraging efficiency and ability to win direct contests). 

The count portion of the hurdle model modeled the number of eggs consumed by 

fish that consumed at least one egg. Count component models were always offset by 

ln(mass) to account for size-limited food storage and relative size was used as a 
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potential covariate to represent the competitive mechanism of fish size. Using ln(mass) 

as an offset allowed us to estimate the variation in egg consumption that could be 

attributed to competitive ability (via relative mass) without being confounded by 

differences in stomach volume. 

We included some of our covariates in all models for biological realism. Egg 

abundance (treated as a continuous variable) was included in all component models 

because there cannot be egg consumption without eggs. Site was set as a random 

effect in all component models to account for differences in habitat among sites and 

because egg treatments were applied at the site level, but responses were measured at 

the individual fish level. Stream velocity, number of competitors, and community 

composition were competed in some but not all models. Interactions among some of the 

covariates were tested (see Appendix B.3 for candidate model lists). We were 

particularly interested in whether egg abundance and body size effects (ln(mass) or 

relative mass) interacted. If body size effects were positive at low egg abundance but 

declined with increasing egg abundance (in either the logistic or count component 

model), this would indicate that dominance hierarchies were strongly weakened by 

increasing resource availability. However, even if body size effects do not interact with 

egg availability, it is still possible to observe evidence of reduced hierarchical effects on 

egg consumption given that hurdle models are a product of independent logistic and 

count component models. We restricted the number of covariates in sculpin count 

models to two fixed effects due to low numbers of sculpins consuming eggs (n = 29). 

In hurdle modeling, the combination of the best logistic component model and the 

best count component model combine to make the top hurdle model. Thus, candidate 

logistic generalized linear mixed effects models were competed first to determine the top 

logistic component model. The top logistic model was then set as the logistic component 

model in candidate hurdle models with different hypothesized count component models. 

To compare models, we used the post_prob() function in the BRMS package, which 

computes posterior model probabilities from marginal likelihoods to produce the relative 

probability of each candidate model against every other candidate model (probabilities of 

all models sum to one). 

We followed modeling options recommended for BRMS (which translates R code 

to Stan; Bürkner 2017) and Stan (Stan Development Team 2019). Our logistic 
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component models used the default logit link, while the count models were zero-

truncated negative binomial models with a default log link. All covariates were 

standardized (centered and divided by one standard deviation; Schielzeth 2010) and 

assigned Gaussian priors with a mean of zero and standard deviation of 10. These 

weakly informative priors make the null assumption that none of the covariates have an 

effect but includes a standard deviation that is broad enough to detect effects of 

standardized variables should they exist (Gelman 2019). Each model was run using four 

chains with lengths of 3000 iterations where the first 1000 iterations were discarded as 

burn-in. We evaluated model convergence using the Gelman-Rubin diagnostic test on 

each candidate model to determine whether independent chains converged to a 

common posterior mode, with potential scale reduction factors (Rhat) < 1.1 suggesting 

convergence. 

Simulation model 

We simulated egg consumption across the total sampled Keogh River fish community to 

explore how egg resources are partitioned across multiple sizes and species of stream 

fishes. Using the top model posterior distribution for each fish taxon from the analysis 

described above, we made predictions across three levels of egg availability: 10, 100, 

and 1000 eggs. We used these egg quantities for ease of interpretation and set a 

maximum of 1000 eggs because predicted egg consumption changed little above that 

abundance. We predicted the egg consumption of every fish in our dataset 1000 times 

and calculated the average for each fish. Individuals not included in the above statistical 

analysis because they were too small to consume eggs were included here and their 

consumption was always set to zero. For sculpins, individual relative size was calculated 

relative to the largest fish in the entire dataset rather than the largest fish at the site level 

(following the top model), and thus, absolute mass is proportional to relative mass for 

sculpins in this simulation. 

3.3. Results 

Across all egg treatments and sites, we captured a total of 234 juvenile steelhead trout, 

423 juvenile coho salmon, 541 sculpins, 20 cutthroat trout, and six Dolly Varden char. 

The proportion of fish from each taxon that consumed at least one egg was 0.56, 0.42, 

0.06, 0.55, and 0.33, respectively. Per gram of fish, steelhead trout, coho salmon, 
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sculpins, cutthroat trout, and Dolly Varden char consumed 0.57, 0.33, 0.04, 0.35, and 

0.12 eggs, respectively. Per site, there was an average of 6.6 steelhead trout (range 0–

20), 12.5 coho salmon (range 2–46), 50.9 sculpins (range 0–221), 0.5 cutthroat trout 

(range 0–3), and 0.2 Dolly Varden char (range 0–2). 

3.3.1. Top models 

For steelhead trout, coho salmon, and sculpins, all top candidate logistic component 

models included a measure of individual mass (relative mass for sculpins and natural log 

of absolute mass for the salmonids), and egg abundance (included in all candidate 

models; Appendix B.3). Similarly, the top count component model for each taxon 

contained egg abundance (included in all candidate models) and an offset of individual 

absolute mass (included in all candidate models; Appendix B.3). Top models never 

included interaction terms and candidate models including interactions never exceeded 

a relative model probability of 5% (Tables 3.1, 3.2). Neither species composition nor 

number of competitors at the site level (community-level factors) appeared in the top 

model for any taxon, and candidate models that included these terms never exceeded a 

relative model probability of 8% (Tables 3.1, 3.2). Similarly, candidate models that 

included stream velocity never exceeded a relative model probability of 5% (Tables 3.1, 

3.2). 
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Table 3.1. Top logistic component models for steelhead trout, coho salmon, and sculpins. 

Species and 
model rank 

Candidate logistic model Relative model 
probability 

Cumulative 
probability 

Steelhead trout    

1 egg abundance + ln(mass) + (1|site) 0.76 0.76 

2 egg abundance + relative mass + ln(mass) + (1|site) 0.18 0.94 

3 egg abundance + ln(mass) + egg abundance:ln(mass) + (1|site) 0.02 0.96 

4 egg abundance + relative mass + ln(mass) + relative mass:ln(mass) + (1|site)  0.02 0.98 

5 egg abundance + ln(mass) + no. competitors + (1|site) 0.02 1.00 

Coho salmon    

1 egg abundance + ln(mass) + (1|site) 0.83 0.83 

2 egg abundance + relative mass + ln(mass) + (1|site) 0.12 0.95 

3 egg abundance + ln(mass) + no. competitors + (1|site) 0.02 0.97 

4 egg abundance + relative mass + ln(mass) + relative mass:ln(mass) + (1|site)  0.02 0.98 

5 egg abundance + ln(mass) + egg abundance:ln(mass) + (1|site) 0.01 1.00 

Sculpins    

1 egg abundance + relative mass + (1|site) 0.37 0.37 

2 egg abundance + (1|site) 0.30 0.68 

3 egg abundance + no. competitors + (1|site) 0.08 0.76 

4 egg abundance + relative mass + no. competitors + (1|site) 0.05 0.81 

5 egg abundance + relative mass + egg abundance:relative mass + (1|site) 0.05 0.86 

6 egg abundance + stream velocity + (1|site) 0.05 0.91 

7 egg abundance + ln(mass) + (1|site) 0.04 0.94 

8 egg abundance + (1 + egg abundance|site) 0.02 0.97 

9 egg abundance + relative mass + ln(mass) + (1|site) 0.01 0.98 

10 egg abundance + ln(mass) + no. competitors + (1|site) 0.01 0.99 

11 egg abundance + relative mass + no. competitors + egg abundance:relative mass + (1|site) 0.01 1.00 
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Table 3.2. Top count component models for steelhead trout, coho salmon, and sculpins. 

Species and 
model rank 

Candidate count model Relative model 
probability 

Cumulative 
probability 

Steelhead trout    

1 egg abundance + (1|site) + offset(ln(mass)) 0.91 0.91 

2 egg abundance + (1 + egg abundance|site) + offset(ln(mass)) 0.05 0.96 

3 egg abundance + relative mass + (1|site) + offset(ln(mass)) 0.02 0.98 

4 egg abundance + no. competitors + (1|site) + offset(ln(mass)) 0.01 0.99 

5 egg abundance + stream velocity + (1|site) + offset(ln(mass)) 0.01 1.00 

Coho salmon    

1 egg abundance + (1|site) + offset(ln(mass)) 0.86 0.86 

2 egg abundance + relative mass + (1|site) + offset(ln(mass)) 0.08 0.94 

3 egg abundance + (1 + egg abundance|site) + offset(ln(mass)) 0.02 0.96 

4 egg abundance + no. competitors + (1|site) + offset(ln(mass)) 0.02 0.98 

5 egg abundance + relative mass + egg abundance:relative mass + (1|site) + offset(ln(mass)) 0.01 0.99 

6 egg abundance + stream velocity + (1|site) + offset(ln(mass)) 0.01 1.00 

Sculpins    

1 egg abundance + (1|site) + offset(ln(mass)) 0.76 0.76 

2 egg abundance + relative mass + (1|site) + offset(ln(mass)) 0.16 0.92 

3 egg abundance + no. competitors + (1|site) + offset(ln(mass)) 0.06 0.98 

4 egg abundance + stream velocity + (1|site) + offset(ln(mass)) 0.02 1.00 
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Overall, fish size and egg abundance had consistently large and positive effects 

on egg consumption. As predicted, increased egg availability increased the number of 

eggs consumed across fish taxa (Tables 3.1, 3.2, Figures 3.1, 3.2). Egg availability had 

strong mean standardized effects in the logistic component models (range across taxa 

was 1.45 – 1.98; Table 3.3), supporting our hypothesis that higher abundances of eggs 

would enable more individuals, including those less dominant, to access eggs. The 

mean effect of egg abundance was also positive in the count component models, albeit 

weaker and less certain (range across taxa 0.19 – 0.52; Table 3.3). Fish size (individual 

mass or relative mass) had positive mean standardized effects across logistic 

component models (range across taxa 1.25 – 2.53; Table 3.3), supporting our 

hypothesis that larger fish were competitively dominant over smaller fish. As expected, 

the offset of the natural log of individual mass explained much of the variation in the 

number of eggs consumed in the count component models (Figure 3.1b, d, f) because 

this variable controlled for differences in stomach volume. 

Table 3.3. Top logistic and count component model results for steelhead trout, 
coho salmon, and sculpins. 

  Model variable effects† 

  ln(egg abundance) mass‡ 

Taxon Component 
model 

Mean Lower 95% 
CI 

Upper 95% 
CI 

Mean Lower 95% 
CI 

Upper 95% 
CI 

steelhead logistic 1.98 1.40 2.67 1.46 0.96 2.04 

trout count 0.19 -0.07 0.48 N/A N/A N/A 

coho logistic 1.45 0.91 2.11 1.25 0.89 1.62 

salmon count 0.32 0.07 0.62 N/A N/A N/A 

sculpins logistic 1.72 0.96 2.65 2.53 0.72 4.49 

 count 0.52 -1.30 1.69 N/A N/A N/A 

† Variable effect units are natural log odds for logistic models, and natural log of eggs consumed for count models 
given a one standard deviation increase in the variable of interest. ‡ For steelhead trout and coho salmon, mass is the 
natural logarithm of the absolute mass of an individual fish in grams; for sculpins, mass is the mass of an individual 
sculpin divided by the mass of the largest fish at a given site. 
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Figure 3.1. Data and mean predictions with 95% credible intervals for the (a, c, 
e) logistic and (b, d, f) count components of (a, b) steelhead trout, (c, 
d) coho salmon, and (e, f) sculpin hurdle models. Gray-shaded areas 
represent the combined 95% credible intervals of the three lines 
shown in each plot. Yellow, cyan, and blue lines represent mean -1 
SD ln(mass), mean ln(mass), and mean + 1 SD ln(mass), 
respectively, for (a) steelhead trout and (b) coho salmon. For (c) 
sculpins, yellow, cyan, and blue lines represent mean -1 SD relative 
mass, mean relative mass, and mean + 1 SD relative mass, 
respectively. Points are colored according to the mass or relative 
mass of the individual fish, and represent (a, c, e) no eggs 
consumed or one or more eggs consumed, or (b, d, f) the number of 
eggs consumed if a fish consumed one or more eggs. 
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Figure 3.2. Hurdle model mean predictions and 95% credible intervals of egg 
consumption by (a) steelhead trout, (b) coho salmon, and (c) 
sculpins given 30 min to consume eggs across a range of egg 
availabilities. Yellow, cyan, and blue lines represent mean -1SD ln 
(mass), mean ln(mass), and mean + 1 SD ln(mass), respectively, for 
(a) steelhead trout and (b) coho salmon. For (c) sculpins, yellow, 
cyan, and blue lines represent mean -1 SD relative mass, mean 
relative mass, and mean + 1 SD relative mass, respectively. 

Steelhead trout 

Larger steelhead trout presented with higher salmon egg abundances were not only 

more likely to consume at least one egg, but also generally consumed greater quantities 

of eggs (Table 3.3, Figure 3.1a, b). In the top hurdle model, an average juvenile 

steelhead (4.4 g) was predicted to eat 1.7 eggs on average (95% CI 1.3 – 2.2) at mean 

egg abundance (266 eggs added) and 3.2 eggs (95% CI 2.4 – 4.0) at high egg 

abundance (2224 eggs; mean + 1 SD; predictions are for all steelhead regardless of 
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whether they consumed eggs). With respect to individual size, at mean egg abundance 

(266 eggs added), a 4.4-g steelhead was predicted to consume 1.7 eggs (95% CI 1.3 – 

2.2), whereas an 11.1-g (mean + 1 SD) steelhead was predicted to consume 5.7 eggs 

(95% CI 4.1 – 7.4; Figure 3.2a). 

Coho salmon 

Larger coho salmon presented with higher salmon egg abundances were also more 

likely to consume at least one egg and consumed greater quantities of eggs (Table 3.3, 

Figure 3.1c, d). In the top hurdle model, an average juvenile coho (1.9 g) was predicted 

to eat 0.5 eggs on average (95% CI 0.1 – 1.1) at mean egg abundance (250 eggs 

added) and 1.4 eggs (95% CI 0.5 – 2.1) at high egg abundance (1633 eggs; mean + 1 

SD; predictions are for all coho regardless of whether they consumed eggs). With 

respect to individual size, at mean egg abundance (250 eggs added), a 1.9-g coho was 

predicted to consume 0.5 eggs (95% CI 0.1 – 1.1), whereas a 3.0-g (mean + 1 SD) coho 

was predicted to consume 1.2 eggs (95% CI 0.4 – 2.0; Figure 3.2b). 

Sculpins 

Larger sculpins relative to other stream fishes at their site presented with higher salmon 

egg abundances were more likely to consume at least one egg and consumed greater 

quantities of eggs (Table 3.3, Figure 3.1e, f). In the top hurdle model, an average sculpin 

(5.8 g and 25% of the mass of the largest fish in a site) was predicted to eat 0.1 eggs on 

average (95% CI 0.0 – 0.2) at mean egg abundance (108 eggs) and 0.4 eggs (95% CI 

0.1 – 1.3) at high egg abundance (1110 eggs; mean + 1 SD; predictions are for all 

sculpins regardless of whether they consumed eggs). With respect to relative size, at 

mean egg abundance (108 eggs) a 5.8-g sculpin with 25% relative mass was predicted 

to consume 0.1 eggs (95% CI 0.0 – 0.2), whereas an 11.3-g sculpin with 50% relative 

mass (mean + 1 SD) was predicted to consume 0.2 eggs (95% CI 0.0 – 0.7; Figure 

3.2c). 

Simulation model 

Incorporating the results of our top model fits into a simulation model revealed that 

across egg abundances, simulated steelhead consumed the most eggs (Figure 3.3). At 

low egg abundance, 30% of steelhead consumed eggs at an average of 0.73 eggs per 

individual, and at high egg abundance, 96% of steelhead consumed eggs at an average 
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of 5.3 eggs per individual. However, as egg abundance increased, coho and sculpins 

were increasingly able to eat eggs (Figure 3.3). At low egg abundance, only 2% of coho 

and 5% of sculpins consumed eggs at an average of 0.03 and 0.05 eggs per individual, 

respectively. At high abundance, 96% of coho consumed eggs averaging 1.8 eggs per 

individual, while 53% of sculpins consumed eggs averaging 0.53 eggs per individual. 

Relative to their size, coho consumed the most eggs (0.45 eggs g-1), followed by 

steelhead (0.41 eggs g-1) and then sculpins (0.12 eggs g-1). Across species, small fish 

(e.g., < 4.0 g) that were unlikely to access eggs at low egg abundance (1.6% consumed 

eggs) could access eggs at higher abundances (69.7% consumed eggs). Thus, higher 

magnitude resource pulses benefited a broader diversity of fish consumers.
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Figure 3.3. Histograms of the average of 1000 times bootstrapped individual-
level egg consumption predictions for (a, b, c) steelhead trout, (d, e, 
f) coho salmon, and (g, h, i) sculpins under three different egg 
availability scenarios: (a, d, g) 10 eggs, (b, e, h) 100 eggs, and (c, f, i) 
1000 eggs. Predictions were made for every steelhead trout, coho 
salmon, and sculpin in the dataset to represent the range of sizes 
observed. Individuals not included in the analysis because they 
were too small to consume eggs are included here, but their 
response is always set to zero. For sculpins, individual relative size 
was calculated relative to the largest fish in the entire dataset rather 
than the largest fish at the site level, and thus, absolute mass is 
proportional to relative mass for the purposes of this simulation. 

3.4. Discussion 

We discovered that resource abundance and individual-level traits (species identity and 

body size) had greater effects on resource consumption by an assemblage of fish 
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predators than community-level characteristics. Specifically, egg abundance, species 

identity, and individual size were influential drivers of stream fishes foraging on salmon 

eggs. In contrast to predictions based on the typical paradigm that stream fish are 

consistently structured by interspecific competition, we found that community 

composition and the number of competitors had little apparent effect on egg 

consumption, at least at the spatial and temporal scale of this field experiment. Fish 

consumers became saturated at high egg densities following the shape of a type II 

functional response curve. And while none of our top models included interactions 

between resource availability and metrics of body size, the product of the logistic and 

count component models suggests that increased egg availability enabled subordinate 

fishes to consume more eggs. Ultimately, high resource abundance resulted in a greater 

number of sizes and species of stream fishes consuming salmon eggs. 

Extremely high densities of salmon eggs saturated stream fish predators, with 

consumption rates following the shape of a type II functional response (Holling 1959). 

Not surprisingly, larger fish consumed more eggs than their smaller counterparts. 

Stream fish communities are typically structured by species-influenced dominance 

hierarchies (Glova 1986, David et al. 2007, Naman et al. 2019). Indeed, Bailey et al. 

(2019) observed size- and species-specific patterns of competitive interactions in video 

analysis from a subset of this study. Yet here we found that the community composition 

per se did not influence individual consumption rates. This lack of a statistical effect of 

community composition may be due to the lack of manipulation of the fish community in 

this study, or relatively weak species interactions. The different consumers had different 

patterns of consumption as a function of egg density, implying they had different 

competitive abilities. Coho consumed more eggs relative to their size than steelhead or 

sculpins (Figure 3.3). This aligns with earlier studies (Glova 1986, Young 2004) that 

showed that coho are dominant or quasi-dominant over sympatric trout of equal size. 

However, in this system, juvenile coho were generally smaller than most steelhead trout. 

In contrast, sculpins ate relatively fewer eggs than the drift-feeding salmonids. Sculpins 

are benthic predators that can consume salmon eggs directly from salmon nests by 

moving through interstitial spaces in the substrate (Foote and Brown 1998). This mode 

of foraging likely reduces the rate of interactions between sculpins and salmonids, and is 

supported by Bailey et al. (2019) who observed that sculpins rarely interacted with 

salmonids during egg experiments. Collectively, these findings showcase the functional 
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relationships between the abundance of a pulsed resource (salmon eggs) and their 

consumption by a community of consumers (stream fishes). 

Resource pulses of eggs allowed smaller, less dominant fishes to access, and 

consume salmon eggs. This aligns with the work of Sato and Watanabe (2014), who 

found that only the largest of their three subsidy treatments allowed subdominant fish 

access to that subsidy. Here, we have expanded on that result by showing that this 

relationship is upheld in a multi-species system across a much wider range of 

subsidization and fish size variation. As we predicted, large dominant salmonids were 

more likely to consume eggs than smaller fishes at very low salmon egg availability 

(Figure 3.1), indicating that they were more effective competitors. At higher egg 

availabilities, hurdle model prediction slopes of total eggs consumed by large and small 

fish became approximately parallel (Figure 3.2), suggesting that fish at the tops of their 

respective dominance hierarchies were either satiated or unable to monopolize the 

salmon eggs. Underwater video analysis from a subset of this study found that 

increasing egg availability reduced the frequency of interference competition behaviors 

among stream fishes (Bailey et al. 2019), suggesting that dominance hierarchies were 

indeed eroded by increasing egg availability. Overall, while stream fish communities are 

generally considered to be highly size-structured competitive hierarchies (Nakano 1995, 

David et al. 2007, Naman et al. 2019), this paradigm may shift during resource pulses. 

More generally, resource pulses may be particularly important for species and sizes of 

consumer that would normally be competitively subordinate. 

There are several caveats to this study that should be discussed. First, we did 

not allow fish to enter a treatment segment from further downstream. Fish consumers 

may track spawning salmon to access the resource subsidy (Foote and Brown 1998, 

Armstrong et al. 2013, Sergeant et al. 2015); thus, we needed to use a stop net in order 

to keep the experimental reaches independent and facilitate fish capture. The second 

caveat is that we did not examine egg consumption over the days or weeks that salmon 

spawning runs usually last; our experiments ran for 30 min from the point of egg addition 

to the beginning of fish extraction. Given more time to forage, individuals may have 

found and consumed more eggs, but more time would also allow digestion to take place 

which could have skewed our results. Thus, our study focused on the immediate benefits 

to fish consumers (e.g., consumption rates), not seasonal (e.g., growth), nor longer-term 

impacts (e.g., survival or life histories). Third, we did not assess the mass of alternative 
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food items, that is, fish and invertebrates. However, anecdotally we note that only one 

large steelhead in our study had consumed another fish, and all other fishes examined in 

our study consumed only a few small invertebrates. Therefore, it is unlikely that egg 

consumption was significantly affected by alternative prey sources in our study. Finally, 

we did not bury eggs in the gravel like salmon do, which sculpins may be uniquely able 

to access via interstitial spaces (Foote and Brown 1998). Thus, our interpretation of the 

functional responses of sculpins to salmon eggs is focused on eggs released into the 

water column, such as when eggs are uncovered by nest superimposition. Overall, we 

suggest that our study provides novel insights into the short-term impacts of different 

levels of egg subsidies to fish consumers and that scaling up these findings remains a 

research frontier. 

The diversity of fish consumers that benefit from salmon subsidies will be 

influenced by variability in salmon spawning abundance, which in turn is influenced by 

environmental variability as well as human management actions such as harvest rates of 

fisheries. Thus, our study adds to the growing body of research that illuminates the 

potential trade-offs between harvest and the ecosystem benefits that salmon provide 

(Levi et al. 2012). Increasing the number of eggs (a high quality, energy-dense food) a 

stream fish consumes can increase resident fish growth and survival (Bentley et al. 

2012, Bailey et al. 2018). Our results indicate that there were diminishing returns for 

increasing egg abundance increasing egg consumption (i.e., type II functional response) 

for individual size classes of fish, but that higher egg numbers were needed to benefit 

diverse consumers. This aligns with the synthesis of (Walsh et al. 2020) who showed 

that ecological relationships between freshwater fish and salmon density tend to be 

asymptotic, and require extremely high salmon densities (7.3 kg m-2) to reach 90% of 

their asymptote. Moore et al. (2008) found that the relationship between salmon 

spawning density and the number of salmon eggs available for consumption is positively 

exponential and linked to nest superimposition by female salmon. Thus, even modest 

increases in salmon returns could have large impacts on egg consumption by diverse 

stream fish consumers. 

Resource pulses have been hypothesized to provide opportunities for consumers 

to maximize their energy acquisition (Yang et al. 2008, Armstrong and Schindler 2011). 

Such resource pulses often take the form of subsidies, where prey resources cross 

ecosystem boundaries and thus can reach disproportionately high abundances. Past 
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studies have experimentally manipulated resource subsidies to stream fishes to show 

that subsidies can drive a many-fold increase in the growth rate of consumers (Wipfli et 

al. 2003, Uno and Power 2015, Collins et al. 2016) and reduce hierarchical effects 

among two size classes within a consumer species (Sato and Watanabe 2014, Naman 

et al. 2019). Subsidies can also temporarily alter trophic cascades (Sato and Watanabe 

2014, Collins et al. 2016), although this may depend on the timing of subsidies (Sato et 

al. 2016), and generate apparent competition over longer time scales (Marcarelli et al. 

2020). Here, we provide rare, in situ empirical evidence of pulse-level resources 

increasing the diversity of sizes and species of consumers that benefit from a single 

subsidy. Collectively, our results combined with the studies mentioned above suggest 

that resource subsidies may promote the persistence of subdominant individuals and 

species, potentially facilitating a diversity of species and size structures. However, 

human activities can decrease the magnitude of these resource pulses and results from 

our study suggest that this loss will decrease the diversity of the benefactors. For 

example, many resource pulses are driven by migratory animals (Bauer and Hoye 

2014), such as salmon in our study system, yet migratory animal populations are rapidly 

diminishing (Wilcove and Wikelski 2008). We suggest that decreases in the magnitude 

of resource pulses will not only decrease resources to individual consumers, but also 

reduce the number of species and sizes of consumers that can benefit. 
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Chapter 4.  
 
Fish length back-calculation from scales: advancing 
methodology and correction of bias 

4.1. Introduction 

Understanding patterns and processes underlying somatic growth and body size is 

foundational to much of modern ecology and resource management – particularly for 

species that exhibit indeterminate and non-linear somatic growth, like fishes (King 2007). 

Rate of somatic growth shapes individuals’ body size-at-age (or stage), and is 

associated with life-history strategies, habitat shifts, migration behaviour, and stochastic 

processes (e.g., Rooij et al. 1995, Kendall et al. 2015, Wilson et al. 2019). Somatic 

growth can also indicate fish population density, productivity, and fecundity (Barneche et 

al. 2018). 

Back-calculating fish lengths from hard structures (e.g., scales, otoliths, opercula) 

is a commonly used method for determining lengths at ages or stages in the somatic 

growth histories of a wide variety of fishes (e.g., Horppila and Nyberg 1999; Klumb et al. 

2001; Heidarsson et al. 2006; Landa et al. 2015; Isermann et al. 2018). For example, 

two of the fundamental papers on back-calculation by Ricker (1992) and Francis (1990) 

have been cited 442 time collectively since they were published (Figure C.1). Typically, 

age or stage can be inferred from hard structures due to seasonal or stage-related 

changes in somatic and hard structure growth rate, which appear as bands or clusters of 

rings in hard structures termed annuli or growth checks (Francis 1990). Checks or annuli 

formed in the past can be used to infer fish length at the time those marks were formed 

by sampling hard structures that grow in proportion to fish length, and a function that 

describes the relationship between hard structure measures and fish length (Francis 

1990). Thus, fish length back-calculation is a powerful approach that has been used to 

infer a variety of information including annual somatic growth rates (e.g., Fera et al. 

2015), size-selective survival (e.g., Holtby et al. 1990), and links between environmental 

variables and somatic growth (e.g., Beardsley and Britton 2012). 
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Back-calculating fish length involves a series of assumptions that bear careful 

examination. Francis (1990) broke down the validation of fish length back-calculation 

into three key assumptions (Table 4.1). Assumption 1 is that the positions of checks and 

annuli on hard structures remain constant through time. Assumption 1 is extremely 

difficult to test and rarely validated – we were unable to find a published example of 

validating assumption 1. Assumption 2 is that the estimated times of formation of checks 

and annuli are correct. To test this assumption, studies need to verify that the timing of 

an event (such as migrating to a new habitat), and the formation of a check are 

synchronized. If there is asynchrony, this leads to under- or over-estimation of size at 

time. Assumption 2 can be validated using a variety of methods including using 

tetracycline to create a visible band on hard structures to validate the timing of growth 

checks (e.g., Holden and Vince 1973), bomb radiocarbon ageing for estimating the year 

in which a growth check forms (Campana 1997), or laser ablation to track shifts in hard 

structure chemistry if a growth check should a) align with a habitat transition that 

includes a change in water chemistry and b) there is minimal lag between exposure to 

new water chemistry and expression of the new chemistry in the hard structure (Ryan et 

al. 2019). Assumption 3 is that the back-calculation method is accurate. This assumption 

can be validated by marking and measuring fish at the stages/ages that are being back-

calculated, releasing them, and recapturing them later so that back-calculations can be 

compared to true lengths. Without validation of assumptions, size-at-age (or stage) can 

be misestimated (Francis 1990), potentially leading to mismanagement where somatic 

growth-associated traits are used as indicators of stock status or production. While 

studies often assert that assumptions of back-calculation procedures have been 

previously validated in other papers, such validations are seldom performed. 

Table 4.1. Fish length back-calculation assumptions (Francis 1990). 

Assumption Description 

1) The positions of checks and annuli on hard structures must remain constant through time (i.e., no 
warping or loss of marks as fish grow) 

 

2) The estimated times of formation of checks and annuli are correct. 

 

3) The back-calculation function describing the relationship between hard structure measures and fish 
length is accurate. 
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A great deal of effort has been invested into developing and testing various 

methods of back-calculation to validate assumption 3 (e.g., Whitney and Carlander 

1956, Campana 1990, Francis 1990, Ricker 1992, Ashworth et al. 2017). While there are 

a wide variety of back-calculation functions (Table 4.2), they can be broadly split into two 

categories: Scale-Proportional Hypothesis (SPH) versus Body-Proportional Hypothesis 

(BPH) methods (Francis 1990). Using scales as an example, the SPH considers scale 

radius ~ body length, whereas BPH considers body length ~ scale radius (Francis 1990). 

SPH and BPH hypothesis methods produce different length estimates in back-

calculations, thus Francis (1990) recommended that scientists use the average of both 

(Table 4.2). However, Ricker (1992) proposed the use of geometric mean regression 

(rather than ordinary least squares regression) as an alternate solution to the differences 

in length estimates from SPH versus BPH methods. Because geometric mean 

regression assigns error equally among the x- and y-axes, body length ~ hard structure 

becomes the reciprocal relationship of hard structure ~ body length. Unfortunately, little 

attention has been paid to Ricker’s paper relative to Francis’ paper, thus the use of 

ordinary least squares regression and the dichotomy between BPH and SPH methods 

remains common. Quantitative approaches that effectively deal with uncertainty are 

particularly important for scales given the potential for multiple sources of variation. For 

example, individual-level variation in scale size (Hanson et al. 2019) and scale erosion 

and resorption (Claiborne et al. 2011) could all introduce variability. Furthermore, there is 

evidence that body-scale relationships may change with age (Zivkov 1996), but 

incorporation of age/stage-specific body-scale relationships in scale-based back-

calculation are extremely rare. Thus, there is an opportunity to update scale-based back-

calculation methodology. 

Here, we aim to examine and improve scale-based fish length back-calculations 

with a series of analytical advances applied against an extensive empirical dataset. We 

begin with an overview of problems that may lead to inaccuracy in scale-based back-

calculations (i.e., issues that affect assumption 3) including individual-level variation in 

scales, non-linear relationships between body length and scale radius, age/stage-

induced shifts in the body-scale relationship, sexual dimorphism, and scale 

erosion/resorption. For each problem, we provide a solution that can be integrated into 

common back-calculation methods. We then validate the timing of a growth check 

(assumption 2) and assess whether integrating our solutions in two common back-
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calculation methods improves back-calculation accuracy (assumption 3) for an imperiled 

population of steelhead trout (Oncorhynchus mykiss). We show that unvalidated scale 

back-calculations can hide substantial inaccuracy and bias and we then provide a post-

validation method for correcting that bias. We also find that the combination of several 

solutions to common back-calculation problems improves back-calculation accuracy 

over traditional methods. 
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Table 4.2. Common fish length back-calculation functions and new derivations, where S = hard structure measures (e.g., 
scale radius), L = fish length measures, β = regression slope coefficient, α = regression intercept, ε = normally 
distributed error, Si = hard structure measure from the origin to the ith mark, Sc = hard structure from the 
origin to the outer margin at the time of capture, Li = fish length at the time of formation of the ith hard 
structure mark, and Lc = fish length at the time of capture. SPH = the Scale Proportional Hypothesis, and BPH 
= the Body Proportional Hypothesis. 

Method Function 

Associated 
Hypothesis Reference Description 

Simple 
Regression 

𝐿 ~ 𝛽𝑆 + 𝛼 + 𝜀 

 

𝑆 ~ 𝛽𝐿 + 𝛼 + 𝜀 

BPH 

 

SPH 

Carlander 
1981; Eq. 1 & 
2 in text 

- assumes linear relationship 

- fit regression, then plug in hard structure measure and 
solve for length 

- not recommended by Francis (1990) and often used by 
mistake in place of the Fraser-Lee, Scale-Proportional, or 
Body-Proportional method 

 

Dahl-Lea 
𝐿𝑖 = (

𝑆𝑖

𝑆𝑐

)𝐿𝑐 
SPH/BPH Lea 1910 - assumes linear relationship between hard structure 

measure and body length that always intersects the 
origin (when L = 0, S = 0) 

- accounts for deviations in body-scale ratios 

 

Monastyrsky 
ln(𝐿) ~ 𝛽 ln(𝑆) + 𝛼 + 𝜀 ; 𝐿𝑖 = (

𝑆𝑖

𝑆𝑐
 )

𝛽

𝐿𝑐 

 

ln(𝑆) ~ 𝛽 ln(𝐿) + 𝛼 + 𝜀 ; 𝐿𝑖 = (
𝑆𝑖

𝑆𝑐
 )

1/𝛽

𝐿𝑐 

BPH 

 

 

SPH 

Bagenal and 
Tesch 1978; 
Francis 1990 

- linear or non-linear relationship 

- fit regression to extract β for use in the 2nd equation 

- assumes a constant slope in log space, but ignores log 
space intercept 

- accounts for deviations in body-scale ratios 

 

Fraser-Lee 𝐿 ~ 𝛽𝑆 + 𝛼 + 𝜀 ; 𝐿𝑖 = 𝛼 + (𝐿𝑐 −  𝛼) (
𝑆𝑖

𝑆𝑐
) 

                              OR 

𝐿 ~ 𝛽𝑆 + 𝛼 + 𝜀 ; 𝐿𝑖 = (𝛽𝑆𝑖) (
𝐿𝑐−𝛼

𝛽𝑆𝑐
) + 𝛼 

 

BPH Fraser 1915; 
Lee 1920; Eq. 
1, 3, 8 in the 
text 

- the two rows of equations are equivalent  

- fit regression to extract α and/or β for use in the 2nd 
equation for both rows 

- can use biological intercept* in place of α 

- accounts for deviations in body-scale ratios 

*A biological intercept is measured directly from juvenile fish and is the average body length at which a hard structure forms. 
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Table 4.2. (cont’d) 

Method Function 
Associated 
Hypothesis Reference Description 

Multi-
Age/Stage† 
Fraser-Lee 

𝐿0 ~ 𝛽0𝑆0 + 𝛼0 + 𝜀 ; 

𝐿1 ~ 𝛽1𝑆1 + 𝛼1 + 𝜀 ; 

𝐿𝑖 = (𝛽0𝑆𝑖) (
𝐿𝑐 − 𝛼1

𝛽1𝑆𝑐

) + 𝛼0  

BPH Eq. 6-7, 9 in 
the text 

- fit regressions to extract 𝛼0,1 and 𝛽0,1 for use in the 3rd equation 

- accounts for age/stage-specific linear body-scale relationships 

- accounts for deviations in body-scale ratios 

 

Modified†‡ 
Fraser-Lee 

ln(𝐿0) ~ 𝛽0ln(𝑆0) + 𝛼0 + 𝜀 ; 

ln(𝐿1) ~ 𝛽1ln(𝑆1) + 𝛼1 + 𝑂𝑗 + 𝜀 ; 

𝐿𝑖 = exp[ (𝛽0ln (𝑆𝑖)) (
ln(𝐿𝑐) − (𝛼1 + 𝑂𝑗)

𝛽1 ln(𝑆𝑐)
) + 𝛼0 ] 

BPH Eq. 16-18 in 
the text 

- fit regressions to extract 𝛼0,1 and 𝛽0,1 for use in the 3rd equation 

- accounts for age/stage-specific non-linear body-scale 
relationships 

- accounts for deviations in body-scale ratios 

 

Scale-
Proportional 

𝑆 ~ 𝛽𝐿 + 𝛼 + 𝜀 ; 𝐿𝑖 = (−
𝛼

𝛽
) + (𝐿𝑐 − (−

𝛼

𝛽
)) (

𝑆𝑖

𝑆𝑐
 ) SPH Hile 1941; 

Francis 1990 
- fit regression to extract α and β for use in the 2nd equation 

- can use biological intercept in place of −𝛼/𝛽 

- accounts for deviations in body-scale ratios 

 

Body-
Proportional 

𝐿 ~ 𝛽𝑆 + 𝛼 + 𝜀 ; 𝐿𝑖 = (𝛽𝑆𝑖 + 𝛼) (
𝐿𝑐

𝛽𝑆𝑐+𝛼
) BPH Whitney and 

Carlander 
1956; Francis 
1990; Eq. 1 & 
4 in the text 

 

- fit regression to extract α and β for use in the 2nd equation 

- can use biological intercept in place of α, where α is included as 
a fixed variable when fitting the regression 

- accounts for deviations in body-scale ratios 

 

Multi-
Age/Stage† 
Body-
Proportional 

𝐿0 ~ 𝛽0𝑆0 + 𝛼0 + 𝜀 ; 

𝐿1 ~ 𝛽1𝑆1 + 𝛼1 + 𝜀 ; 

𝐿𝑖 = (𝛽0𝑆𝑖 + 𝛼0) (
𝐿𝑐

𝛽1𝑆𝑐 + 𝛼1

)  

BPH Eq. 6-7, 10 in 
the text 

- fit regressions to extract 𝛼0,1 and 𝛽0,1 for use in the 3rd equation 

- accounts for age/stage-specific linear body-scale relationships 

- accounts for deviations in body-scale ratios 

 

Modified†‡ 
Body-
Proportional 

ln(𝐿0) ~ 𝛽0ln(𝑆0) + 𝛼0 + 𝜀 ; 

ln(𝐿1) ~ 𝛽1ln(𝑆1) + 𝛼1 + 𝑂𝑗 + 𝜀 ; 

𝐿𝑖 = exp[(𝛽0ln(𝑆𝑖) + 𝛼0) (
ln(𝐿𝑐)

𝛽1 ln(𝑆𝑐) + 𝛼1 + 𝑂𝑗

) ] 

BPH Eq. 16-17, 19 
in the text 

- fit regressions to extract 𝛼0,1 and 𝛽0,1 for use in the 3rd equation 

- accounts for age/stage-specific non-linear body-scale 
relationships 

- accounts for deviations in body-scale ratios 

† 0 and 1 subscripts represent the life stage for which length is being back-calculated and the life stage at capture, respectively. ‡ Oj is a categorical variable representing age 
(number of years spent at sea) within stage (adult) for steelhead trout. 
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4.2. Methods 

4.2.1. Introduction to fish length back-calculation functions 

At the core of every back-calculation method is a mathematical function typically 

composed of two parts. The first part is a regression equation that describes the 

relationship between body length and scale radius, and the second part is the back-

calculation equation that uses parameter estimates from the regression, the length and 

scale radius of a fish at capture, and the scale radius of the fish at a previous age/stage 

to estimate the length of that fish at the previous age/stage. 

While there are many different back-calculation methods, most are underpinned 

by one of two simple ordinary least squares regressions: 

1) 𝐿 ~ 𝛽𝑆 + 𝛼 + 𝜀 

2) 𝑆 ~ 𝛽𝐿 + 𝛼 + 𝜀 

where L is fish length, S is scale radius, β is the slope term, α is the intercept, 

and ε is normally distributed error. Equation 1 follows the Body-Proportional Hypothesis 

(BPH) because body length is the dependent variable, while Equation 2 follows the 

Scale-Proportional Hypothesis (SPH) because scale radius is the dependent variable. 

These are the most common, but they are not the only BPH and SPH regressions – for 

example, these regressions can be modified to log-log relationships (see Monastyrsky 

Method, Table 4.2). While different back-calculation methods may share the same 

regression (and therefore follow the same hypothesis), they always use different back-

calculation equations (see Table 4.2 for common back-calculation methods). 

For this paper, we focus on a pair of methods that follow the BPH and use 

Equation 1 for their regression: the Fraser-Lee Method and the Body-Proportional 

Method. We focus on the BPH for two reasons: 1) Ricker (1992) argued that it makes 

greater biological sense to use the regression of body length ~ scale radius (BPH) than 

scale radius ~ body length (SPH) because the SPH regression can result in y-intercepts 

where body length is negative (Ricker 1992); 2) below, we present a solution that 

nullifies the BPH vs SPH debate identified in the introduction. Although both equations 

follow the BPH, they differ in how they describe proportional deviation from the average 
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body-scale relationship. Where the Fraser-Lee Equation (Equation 3) describes a 

proportional deviation from the slope of the average body-scale relationship, the Body-

Proportional Equation (Equation 4) considers the proportional deviation of the observed 

fish length at capture from the expected fish length at capture given scale radius at 

capture. 

3) 𝐿𝑖 = 𝛼 + (𝐿𝑐 −  𝛼) (
𝑆𝑖

𝑆𝑐
) 

4) 𝐿𝑖 = (𝛽𝑆𝑖 + 𝛼) (
𝐿𝑐

𝛽×𝑆𝑐+𝛼
) 

where Li is fish length at previous age or stage i, Lc is fish length at capture, Si is 

scale radius at previous stage or age i, Sc is scale radius at capture, and α and β are 

estimated from the regression in Equation 1. We focus on these two back-calculation 

methods because they are extremely common and easily modified. However, many 

proposed solutions to the challenges of back-calculations identified below can also be 

applied to other back-calculation functions. 

4.2.2. Potential back-calculation challenges and solutions 

The following section overviews a suite of problems that may lead to inaccuracy in scale-

based back-calculation and provides solutions that can individually be integrated into 

most common back-calculation methods (Table 4.2), or all simultaneously integrated into 

the Fraser-Lee (Equations 1 & 3) or Body-Proportional methods (Equations 1 & 4). 

Some solutions can be used in any back-calculation regardless of the hard structure 

used, while others are specific to scales or explicitly motivated by salmonids. For each 

solution, we provide the case for their use and commentary on how they fit into the 

larger picture of fish length back-calculation methods. 

Individual-level variation in scales 

Across all hard structures used in fish length back-calculation, accounting for error in the 

dependent (e.g., fish length) and independent (e.g., scale radius) variables of the body-

hard structure relationship is crucial to finding the most accurate regression slope and 

intercept. Ordinary least squares (OLS) regression assumes there is neither 

measurement error (the difference between the true value and the measured value) nor 

process error (error arising due to real drivers of variation) in the independent variables 
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(Ahrestani et al. 2013). For example, in the regression of fish length ~ scale radius, 

process error in the independent variable would be deviation from the mean scale radius 

for a given fish length due to an outside factor that affects scale radius but not fish length 

(e.g., scale erosion), and imperfect scale measurement would produce measurement 

error. By assuming all error occurs in the dependent variable, OLS regression produces 

shallower slopes than regression methods that account for error in the independent 

variable, introducing bias into the body-hard structure relationship. 

As we noted in the introduction, Ricker proposed using geometric mean 

regression to solve this issue and move past the SPH vs BPH dichotomy (Ricker 1992). 

Geometric mean regression assigns error equally to the dependent and independent 

variables (50% for Y, 50% for X). This likely works well for hard structures that are not 

repeatedly or variably sampled within individuals and are unlikely to erode – e.g., 

sampling an otolith, a dorsal spine, the right cleithrum, etc. However, scales can be 

highly variable at the individual fish level because they vary in size and shape depending 

on where they are sampled from on the body of a fish (e.g., Ibañez et al. 2009), and they 

are vulnerable to erosion and damage. Thus, it seems quite likely that scales may be 

responsible for more than 50% of the total error in the body-hard structure relationship. 

Sampling and measurement methods have been developed to reduce individual-

level variation in scales, including strict protocols that explicitly define where on a fish’s 

body scales should be sampled from (e.g., Maher and Larkin 1955), and taking scale 

radius measurements that are not on the major axis of the scale (the axis that divides a 

scale in half along its length; e.g., Morita 2001, Bond et al. 2008). However, there are 

several factors that contribute to individual-level variation in scales that cannot be 

avoided through improved sampling or measurement techniques. First, there will 

inevitably be some variation in the sampled body location across many live fish, which 

can influence scale size or shape (Ibañez et al. 2009). Second, scale loss or damage is 

common in most fish species, thus scale regrowth is a common feature (Bereiter-Hahn 

and Zylberberg 1993). Scale regrowth appears as a “blanked out” portion of a scale 

where circuli and annuli information are lost (Figure C.2i.). Multiple scales are often 

collected to mitigate this risk. However, even with proper methodology applied to 

sampling scales to reduce individual-level variation, it is possible that geometric mean 

regression may not accurately reflect the proportion of error attributable to scales in the 

body-scale relationship. Instead, we recommend using a measurement error model, 
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where the amount of measurement error attributable to individual-level variation in 

scales is measured and explicitly accounted for. 

Here, we present a Bayesian measurement error model coded in the statistical 

software Stan (Carpenter et al. 2017), where measurement error 𝜏 is fixed (i.e., not 

estimated in the model) as defined: 

5) 𝜏 =
∑ 𝜎𝑘

𝑛
𝑘

𝑛
 

where 𝜎𝑘 represents the standard deviation of the mean sampled scale radius for 

the kth fish, and 𝜏 is the mean of those standard deviation measures across n sampled 

fish. We recommend calculating 𝜏 using 5 scales per individual fish for at least 30 fish 

across the entire size range which should provide an appropriate balance between 

statistical sample size, sampling feasibility and fish health (see Figure C.3 for a 

simulation showing the trade-off between sample size and bias). The estimates of β and 

α from the Bayesian measurement error model can be directly substituted for β and α 

from a BPH ordinary least squares regression in the Fraser-Lee method, BPH version of 

the Monastyrsky method, or Body Proportional method (Table 4.2). The estimates of β 

and α from the Bayesian measurement error model should be more accurate than 

ordinary least squares (OLS) estimates because measurement variation in scale radii is 

explicitly accounted for. Thus, this eliminates the need for the SPH versions of methods 

such as the Scale Proportional method (the SPH version of the Fraser-Lee method) to 

average with BPH methods because the appropriate proportion of error has been 

assigned to each axis of the BPH regression. 

The measurement error model we present is relatively specific to scales but 

would be equally suitable for any hard structure that varies at the individual level where a 

suitable number of samples (5 or more) can be taken. An alternative approach can be 

found in Nater et al. (2018) who use a state-space modeling approach to account for 

measurement error. We recommend using the measurement error model approach 

when repeated samples are not available for all individuals in a dataset, or when time 

and/or money constraints make it impractical to measure repeated samples for all 

individuals in the dataset. 



68 

Non-linear relationships 

The study of allometry is fundamental to fish length back-calculation. Allometry is a long-

standing field of biology that studies how the dimensions of body parts or metabolism 

scale with organism body size or the size of another body part (Gayon 2000). It is 

standard practice to log-transform both the dependent and independent variables and 

use a reduced major axis (RMA) regression (similar to geometric mean regression, it 

also assigns equal error to the dependent and independent axes) to infer whether there 

is an isometric, negative allometric, or positive allometric relationship between two body 

variables (Gayon 2000, Niklas and Hammond 2014). For the relationship between body 

length (length) and a hard structure measure (length), the isometric slope = 1, which is 

linear in non-log space. If the slope of the relationship is greater or less than 1, it is 

positively or negatively allometric which is non-linear in non-log space. Many published 

scale-based back-calculations assume isometry between body length and scale radius 

without testing that assumption (e.g., Martinson et al. 2000; Tedesco et al. 2009; Izzo 

and Zydlewski 2017). Thus, except for authors using the Monastyrsky method (Table 

4.2), scale-based fish length back-calculation is rarely treated as an allometric scaling 

problem. 

Common back-calculation methods (except the Monastyrsky method) can be 

used with hard structure measure and body length log-transformed for the regression 

and back-calculation equation, where the final output can be back-transformed to non-

log space (Fry 1943). Before using the isometric version of a back-calculation method, 

one should at least test for isometry using a log-log linear regression. If the RMA or GM 

log-log regression slope is significantly different from 1, the standard isometric back-

calculation is not appropriate. 

Log-log regressions can be used to describe body-hard structure relationships for 

all hard structures used in back-calculations. A caveat to log-transformation is that the 

back-transformed intercept of log-log BPH regressions forces the origin to be zero (but 

see the Modified Fry method in Vigliola et al. 2000). This means that the intercept is no 

longer interchangeable with biological intercepts (the empirical measurement of average 

body length at formation of the hard structure), a common modification for improving the 

Fraser-Lee method. For hard structures besides scales, relationships that go through the 

origin may not be a large issue because they often develop at very small body lengths. 
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For scales, we know that some fishes, such as salmonids, do not begin scale formation 

until they reach a particular length (e.g., Fry 1943; Walker and Sutton 2016); thus, 

describing how body length changes with scale size using a single relationship may not 

be feasible. 

Age/stage-induced shifts 

Ontogenetic shifts in the body-scale relationship should be common given that fish 

typically experience multiple stages of somatic growth across their lifespan (Wilson et al. 

2018). Furthermore, fish typically do not hatch with fully formed scales – instead, fish 

form scales after reaching a certain body size, such that their scales must grow at a rate 

to catch up to body size at formation plus additional somatic growth if their scales 

provide complete or overlapping body coverage (Carlander 1985). For example, Atlantic 

salmon (Salmo salar) do not begin scale formation until they are ~ 30 mm long, and their 

scales do not provide complete body coverage until they are ~ 50 mm long, at which 

point their scale growth can decelerate to match somatic growth rate (Warner and Havey 

1961). Shifts in the body-scale relationship should also be expected when fish undergo 

rapid changes in body morphology during stage changes. For example, salmonids 

experience rapid body elongation during smoltification (McCormick and Saunders 1987) 

and develop significant secondary sexual characteristics in preparation for spawning 

(e.g., Hendry and Berg 1999). Scale-based back-calculations rarely account for 

ontogenetic shifts in the body-scale relationship. 

Common scale-based back-calculations (Table 4.2) assume that a single 

function adequately describes the relationship between body length and scale radius 

throughout the ontogeny of fish. However, Zivkov (1996) showed that body-scale 

relationships can change as fish grow, and suggested that the differences in these 

relationships may reduce the utility of common back-calculations based on proportional 

deviation from the average body-scale relationship. To solve this problem, Zivkov 

suggested characterizing each distinct age/stage with a separate relationship. Here, we 

expand on this idea by suggesting that ages/stages where sexual dimorphism occurs 

may require sex-specific body-scale relationships as well. 

Multiple body-scale relationships can be integrated into the Fraser-Lee method 

and the Body Proportional method. The Fraser-Lee and Body Proportional methods both 

assume that the deviation of an individual from the average body-scale relationship at 
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capture is constant through time and use that deviation to back-calculate body length. 

The difference is that the Fraser-Lee method uses the deviation of an individual at 

capture from the average slope of the body-scale relationship, whereas the Body 

Proportional method uses the deviation of the length at capture from predicted length at 

capture based on scale radius (Figures C.4i. & C.5i.). Below, we present versions of the 

Fraser-Lee and Body-Proportional methods that have been modified to incorporate 

multiple body-scale relationships: 

6) 𝐿0 ~ 𝛽0𝑆 + 𝛼0 + 𝜀 

7) 𝐿1 ~ 𝛽1𝑆 + 𝛼1 + 𝜀 

where L is fish length, S is scale radius, β is a slope term, α is an intercept, and ε 

is normally distributed error. Variables with the 0 subscript belong to the body-scale 

relationship for the age or stage at time i, and variables with the 1 subscript belong to the 

body-scale relationship for the age/stage of the fish at capture. Subscripts i and c 

represent the age/stage of back-calculation and the age/stage of capture, respectively. 

Equations 6 & 7 are modifications of Equation 1 and are the two age or stage-specific 

BPH regressions needed for back-calculation with multiple body-scale relationships. 

8) 𝐿𝑖 = (𝛽𝑆𝑖) (
𝐿𝑐−𝛼

𝛽𝑆𝑐
) + 𝛼 

9) 𝐿𝑖 = (𝛽0𝑆𝑖) (
𝐿𝑐−𝛼1

𝛽1𝑆𝑐
) + 𝛼0 

10) 𝐿𝑖 = (𝛽0𝑆𝑖 + 𝛼0) (
𝐿𝑐

𝛽1𝑆𝑐+𝛼1
) 

Equation 8 shows an alternate but mathematically equivalent version of the 

Fraser-Lee method that produces identical Li values. We developed this alternate 

version because we were unable to modify the original equation to incorporate multiple 

body-scale relationships due to the absence of β. Equation 9 shows the alternate Fraser-

Lee back-calculation modified to back-calculate from the age/stage at capture c to the 

age/stage at time i. Equation 10 shows the version of the Body-Proportional method 

modified to back-calculate from the age or stage at capture to the age or stage at time i. 

Note that the L0 and/or L1 regressions in Equations 6 & 7 can be split into sex-specific 

relationships if sexual dimorphism is present (see Figures C.4 & C.5 for a graphical 
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illustration of back-calculation using the traditional and modified versions of the Fraser-

Lee and Body Proportional methods). 

The modifications we made to the Fraser-Lee and Body Proportional methods 

could also be used for other hard structures besides scales. In fact, Morita and Matsuishi 

(2001) used a similar modification to the Scale Proportional method for back-calculating 

fish length at age from otoliths to account for decoupling between otolith increments and 

fish length. Other approaches that reflect shifts in the body-hard structure relationship for 

otoliths can be found in Bervian et al. (2006), and Ashworth et al. (2017). 

Scale erosion and resorption 

When anadromous salmonids return to freshwater to spawn, depending on how long 

they have spent in freshwater, their scales can experience some degree of resorption 

and erosion (e.g., Claiborne et al. 2011) where material is lost from the outer edge of the 

scale. This results in overestimating size at previous ages or stages. The severity of the 

problem it causes for back-calculation depends on when and how scales are sampled 

and can be avoided if fish are sampled early in their migration close to the river mouth. 

In the case of minor resorption or erosion, regression solutions like those presented in 

the previous section could be used. For example, one could add a distance-from-ocean 

or date-of-capture variable to the regression shown in Equation 7 and incorporate that 

parameter into Equations 9 and 10. However, in more severe cases, we recommend 

stepping back to basic regression methods (see Table 4.2) as used by Siegel et al. 

(2018). 

4.2.3. Validation with steelhead trout 

The solutions presented above appear theoretically sound, but do they produce back-

calculation methods that perform better than their traditional versions? Here, we validate 

the proposed solutions integrated in the Fraser-Lee and Body-Proportional back-

calculation methods for assumptions 2 and 3 and compare the results to the traditional 

Fraser-Lee and Body proportional methods using scales from an intensively monitored 

steelhead trout population. Specifically, we validate back-calculation from steelhead 

adults (returning to the river to spawn) back to smolts (juvenile steelhead migrating from 

their natal river to the sea). Although we do not directly validate assumption 1, according 

to the Program Manager of the Department of Fisheries and Oceans Sclerochronology 
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Laboratory (Pacific Region), Pacific salmonid scales and otoliths are not re-workable; 

thus, once annuli or checks are deposited, they do not move around within the structure 

(S. Wischniowski, personal communication, 2021). For assumption 2, we test that the 

“saltwater check” (the circulus on the scale that is assumed to mark the boundary 

between freshwater and saltwater scale growth) truly indicates the transition from 

freshwater to saltwater. For assumption 3, we compare the accuracy, precision and bias 

of our modified Fraser-Lee and Body-Proportional back-calculations to their traditional 

versions (Table 4.2; Equations 16-19). 

Steelhead scale data 

All scales used in the following analyses were sampled from winter-run steelhead trout 

captured at the Keogh (Giyuxw) River, BC, CAN within the traditional territory of the 

Kwakwaka’wakw First Nation between 1976 and 2014. Steelhead smolts (juvenile fish 

migrating from their natal stream to the ocean) are sampled annually from April through 

June using a full-width-of-river fish fence located 300 m upstream of the river mouth. 

Similarly, adults are sampled using a combination of fence capture and angling, with 

dates of fence operation and angling varying through time but generally spanning from 

January through April (Bailey et al. 2018). Since 2013, a subset of smolts have been 

individually marked with subdermal 5 mm PIT-tags (passive integrated transponders), 

and with all returning adults scanned for PIT-tags to monitor for recaptures. Scales were 

sampled from a standardized region between the posterior insertion of the dorsal fin and 

the anterior insertion of the anal fin, 3-4 scales above the lateral line (Maher and Larkin 

1955). Multiple scales were sampled from each fish. 

For each set of scales in a sample from a single fish, we selected the clearest 

scale with the least regrowth. Scales were sandwiched between glass slides with a scale 

bar and photographed using a Leica dissecting microscope with an integrated Moticam 

3.0+ camera and Motic Images Plus software. We identified the centroid of each scale 

and drew a line from there to the outer margin along the long axis and added two more 

lines at 15 degrees to the left and right of the long axis (Hopelain 1998; Bond et al. 2008; 

Figure 4.1) using the vector graphics editor Inkscape (“Inkscape” 2020). Radii were 

measured using ImageJ (Rasband 2020). For smolts and adults we measured from the 

centroid to the outer margin of the scale to determine whole scale radius, and we also 

measured from the centroid to the saltwater growth check in adults to estimate their 
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smolt scale radius, hereon referred to as the “saltwater check radius” (Figure 4.1). In all 

cases, we used the average of the pair of 15-degree radial measures to reduce 

individual-level scale variation. 

 

Figure 4.1. An adult steelhead scale from the Keogh River, BC, CAN. The units 
for the scale bar visible on the left are 10ths of a millimeter. 
Saltwater check radii were measured from the centroid to the blue 
dots where the white lines intersect the saltwater check marking the 
theoretical transition from freshwater to saltwater when a fish was a 
smolt. Adult scale radii were measured from the centroid to the 
outer margin of the scale at the open black circles. Radii measures 
from each side of a given scale were averaged to calculate the adult 
or estimated smolt scale radius. The orange line is placed on the 
outside of an ocean annulus (a series of relatively densely spaced 
circuli denoting slower scale and thus somatic growth). The fish this 
scale was sampled from spent 1 winter at sea before returning to 
spawn in the following winter. 

Saltwater checks on adult scales were identified using the standard assumption 

that salmonid smolts begin rapid somatic growth relative to freshwater somatic growth as 

soon as they enter the ocean (e.g., Hooton et al. 1987; Connor et al. 2005; Peyronnet et 

al. 2007), which appears as an abrupt shift in circuli spacing between densely-spaced 
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freshwater circuli and widely spaced marine circuli (see Figure C.2 for an example of a 

saltwater check). Scales were aged by identifying and counting annuli (rings of densely 

spaced circuli relative to average freshwater or saltwater scale growth; Figure 4.1). The 

position of the saltwater check and the age of each scale were determined 

independently by two different people trained to age steelhead scales from the Keogh 

River. Discrepancies between ages and saltwater check identification were then tie-

broken in discussion with a third scale ager, and scales that we could not agree on were 

discarded (typically due to excessive scale damage and/or regrowth). 

Saltwater check validation 

We used visual and mathematical methods of validating assumption 2. Visual validation 

involved comparing a smolt and an adult scale from the 3 recaptured steelhead for which 

both scales were available. Specifically, we compared the saltwater check radius of each 

adult scale to the observed radius of the corresponding smolt scale, the circuli counts of 

the previous summer through winter up to the saltwater check (adult scale) and up to the 

margin of the smolt scale, and circulus spacing in the same region. This provided 

preliminary information on whether the saltwater growth check in the adult scale 

represented the true radius of the smolt scale, and if not, whether that difference may be 

due to scale warping (i.e., circuli counts are the same in both scales but circulus spacing 

is different) or due to slow initial somatic growth at sea (i.e., circulus counts are greater 

up to the saltwater check radii within adult scales). 

Mathematical validation involved comparing the calculated smolt scale radius 

(i.e., an estimate of the true smolt scale radius within an adult scale calculated using true 

smolt length, true adult length, and adult scale radius) to the saltwater check radius (i.e., 

measured by reading an adult scale and estimating the position of the saltwater check in 

recaptured fish). To find the calculated smolt scale radius, we fitted back-calculation 

method-specific body-scale relationships and used steelhead recaptured as adults that 

were initially captured and measured as smolts just before they entered the ocean. 

There were 12 steelhead recaptures where a smolt length, adult length, and a readable 

adult scale were available. 

To compare the traditional Fraser-Lee and Body-Proportional methods to our 

modified versions, we fit body-scale relationships for adults and smolts combined 

(traditional methods) as well as separate body-scale relationships for smolts and adults 
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(modified methods; details on fitting body-scale relationships can be found in the next 

section on validating assumption 3). Estimated coefficients from these fitted relationships 

(i.e., slope and intercept) were used to parameterize traditional and modified back-

calculation equations (Table 4.2; Equations 3-4, 16-17), which were then rearranged so 

that calculated smolt scale radius was a function of measured smolt length, measured 

adult length, and measured adult scale radius. 

11) 𝑆𝑖 =
𝑆𝑐(𝐿𝑖−𝛼)

𝐿𝑐−𝛼
 

12) 𝑆𝑖 =
(

𝐿𝑖(𝛽𝑆𝑐+𝛼)

𝐿𝑐
)−𝛼

𝛽
 

13) ln (𝑆𝑖) =
(ln (𝐿𝑖)−𝛼0)(𝛽1ln (𝑆𝑐))

(ln (𝐿𝑐)−(𝛼1+𝑂𝑗))𝛽0
 

14) ln (𝑆𝑖) =
(

ln (𝐿𝑖)(𝛽1ln (𝑆𝑐)+𝛼1+𝑂𝑗)

ln (𝐿𝑐)
)−𝛼0

𝛽0
 

where L is fish length, S is scale radius, β is a slope term, and α is an intercept 

(see Table 4.2 for details). Variables with the 0 subscript belong to the body-scale 

relationship for the age/stage at time i, and variables with the 1 subscript belong to the 

body-scale relationship for the age/stage of the fish at capture. Subscripts i and c 

represent the age/stage of back-calculation and the age/stage of capture, respectively. 

The variable O represents a categorical effect of ocean age j (details on fitting body-

scale relationships can be found in the next section on validating assumption 3). 

Equations 11-14 are the rearranged equations of the Fraser-Lee, Body Proportional, 

Modified Fraser-Lee, and Modified Body-Proportional equations, respectively. We 

determined whether there was consistent under- or overestimation of smolt scale radius 

by measuring the average residuals 𝜇𝑟 between calculated smolt scale radius and the 

saltwater check radius averaged across all recaptured fish such that: 

15) 𝜇𝑟 =
∑ (𝑆𝑣−𝑆𝑚)𝑘

𝑛
𝑘

𝑛
 

where Sv is the saltwater check radius and Sm is the calculated smolt scale radius 

for the kth individual, and n is the number of recaptured steelhead used for validation. 

We used an arithmetic difference rather than a proportional difference because there 
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was no evidence that differences in scale radii between calculated smolt scale radius 

and saltwater check radius on adult scales increased with increasing smolt length. We 

quantified smolt scale radius mis-estimation for each back-calculation method because 

each method produces different mis-estimation values, and mathematical validation of 

assumption 2 assumes that each method is accurate (i.e., that assumption 3 is valid). 

For each back-calculation method, the mean mis-estimation value (𝜇𝑟) can be 

subtracted from the saltwater check radius to correct for over- or underestimation of the 

smolt scale radius within adult scales. Hereon, we refer to saltwater check radius 

measurements that have been adjusted for mis-estimation as “corrected”, while 

unadjusted saltwater radius measurements are “uncorrected”. 

Back-calculation validation 

We compared back-calculated smolt lengths from traditional versus modified methods 

using corrected and uncorrected scale radius measurements with observed true smolt 

fork length from the 12 recaptured steelhead used for validating assumption 2. We 

assessed the accuracy, precision, and bias of the different methods by quantifying the 

average difference between back-calculated and observed fork lengths, finding the 

standard deviation of those differences, and estimating the mean slope of those 

differences as a function of true smolt fork length. For a final validation check, we also 

plotted observed smolt fork length and scale radii measures along with back-calculated 

smolt fork lengths. The observed smolt data are the same data we used to fit smolt 

body-scale relationships, and the back-calculated smolt fork lengths came from the 

same adult lengths and scale radii we used to fit the adult body-scale relationships. We 

used this plot to examine how the scatter and slopes of the back-calculated smolt fork 

lengths and scale radii compare to observed smolt fork lengths and radii. 

Traditional methods 

We used the most common form of the Fraser-Lee and Body-Proportional back-

calculation methods, where fish length and scale radii are untransformed, and a single 

linear ordinary least-squares body-scale relationship was fit through all available data 

(i.e., one relationship for smolts and adults). Specifically, we fit fish fork length as a 

function of scale radius with a random effect of smolt year (the year a juvenile steelhead 

migrated to sea) to account for multiple fish sampled per year using the lme4 package in 

the statistical software R (R Core Team 2018). This regression included scale radii and 
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lengths from 312 adult steelhead and 389 smolts sampled from smolt years 1981, 1983, 

1988, 1993, 1999, 2003, and 2008. While adult data were available for more years, we 

restricted those data to years that matched the smolt data and to a maximum of 50 fish 

per year so that random effects of year would include smolt and adult information for 

every year and to balance the influence of adults and smolts on the slope of the model. 

The slope and intercept of the regression were used to parameterize 𝛽 and 𝛼 in 

Equations 4 and 5. 

Modified methods 

We integrated most, but not all, solutions proposed earlier into modified versions of the 

Fraser-Lee and Body-Proportional back-calculation methods. Specifically, we fit 

separate Bayesian mixed effects measurement error models (see paragraph 4 within the 

“Individual-level variation in scales” section of “Potential back-calculation challenges and 

solutions” for a description) with a random effect of smolt year for steelhead smolts and 

adults using natural log-transformed fork lengths and scale radii. Preliminary 

comparisons of mixed models using AIC (Akaike’s Information Criterion; Burnham and 

Anderson 2002) supported the inclusion of ocean age (years spent at sea) as a 

categorical variable in the adult body-scale relationship but did not support the inclusion 

of capture method (a way to potentially account for scale erosion and resorption in adult 

steelhead that have returned to the river to spawn; Figure C.6), spawner history (first 

time spawner versus repeat spawner; Figure C.7) or sex (Figure C.8). Additionally, 

preliminary analyses did not support the inclusion of smolt age in the smolt body-scale 

relationship (Figure C.9). This resulted in the following equations modified from 

Equations 6 and 7: 

16) ln (𝐿0) ~ 𝛽0ln(𝑆0) + 𝛼0 + 𝜀 ; 

17) ln(𝐿1) ~ 𝛽1ln(𝑆1) + 𝛼1 + 𝑂𝑗 + ε ; 

where L is fish length, S is scale radius, β is a slope term, α is an intercept, and ε 

is normally distributed error. Variables with the 0 subscript belong to the body-scale 

relationship for the age/stage at time i, variables with the 1 subscript belong to the body-

scale relationship for the age/stage of the fish at capture, the variable O represents a 

categorical effect of ocean age j (Table 4.2). These regressions included scale radii and 

lengths from 3892 adult steelhead spanning across smolt years 1972-2012 (with no data 
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for 1977, 2006, or 2007), and the same smolt data as were used for the traditional 

methods. 

Body-scale relationships were fit using the Bayesian statistical software Stan 

(Carpenter et al. 2017) using the package rstan (Stan Development Team 2020) in R (R 

Core Team 2018). Individual variation in scales (i.e., measurement error) was 

incorporated in the smolt and adult models by defining measured scale radius as a 

normally distributed variable with the mean representing the “true” mean scale radius of 

an individual fish and a standard deviation of 𝜏. We calculated 𝜏 on the natural log scale 

with Equation 5 using scales from 50 steelhead smolts stratified by size class (small = < 

170 mm, medium = 170-200 mm, large = > 200 mm) randomly selected from 1981, 

1983, 1988, 1999, and 2003. We stratified by size class to reduce size-bias in the 

estimation of 𝜏, and we only used smolt scales because there was rarely a minimum of 5 

scales available to measure per adult fish. 

Stan models were run using four chains with lengths of 10 000 iterations where 

the first 1000 iterations were discarded as burn-in. We evaluated model convergence 

using the Gelman-Rubin diagnostic test to determine whether independent chains 

converged to a common posterior mode, with potential scale reduction factors (Rhat) 

<1.1 suggesting convergence. All covariates were assigned Gaussian priors with a mean 

of 0 and standard deviation of 5. These weakly informative priors make the null 

assumption that none of the covariates have an effect but include a standard deviation 

that is large enough to detect effects from covariates, if there was sufficient evidence. 

Estimated coefficients from the smolt and adult body-scale regressions were 

used to parameterize the following back-calculation equations modified from Equations 9 

and 10: 

18) ln (𝐿𝑖) = (𝛽0ln (𝑆𝑖)) (
ln (𝐿𝑐)−(𝛼1+𝑂𝑗)

𝛽1ln (𝑆𝑐)
) + 𝛼0 

19) ln (𝐿𝑖) = (𝛽0ln (𝑆𝑖) + 𝛼0) (
ln (𝐿𝑐)

𝛽1ln (𝑆𝑐)+𝛼1+𝑂𝑗
) 

where L is fish length, S is scale radius, β is a slope term, and α is an intercept 

(see Table 4.2 for details). Variables with the 0 subscript belong to the body-scale 

relationship for the age/stage at time i, and variables with the 1 subscript belong to the 
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body-scale relationship for the age/stage of the fish at capture. Subscripts i and c 

represent the age/stage of back-calculation and the age/stage of capture, respectively. 

Equations 18 and 19 represent modified Fraser-Lee and Body-Proportional back-

calculation equations adjusted to account for natural log-transformed data and the 

categorical effect of ocean age (O), with the j subscript denoting years spent at sea 

(Table 4.2). 

4.3. Results 

4.3.1. Saltwater check validation 

We discovered that assumption 2 (that the previous visual method could correctly 

identify the location of the transition to saltwater on a scale) was not valid. Both the 

visual and mathematical validation methods indicated that what we have been identifying 

as the saltwater check on adult Keogh River steelhead scales does not precisely 

represent the time (and thus size) when steelhead smolts enter the ocean. Specifically, 

true smolt scale radii were smaller than saltwater check radii. In the visual validation, we 

found that the three smolt scales had on average 18% smaller radii than the saltwater 

check radii measured on their corresponding adult scales, and that the mean number of 

circuli from the latest winter leading up to the outer edge of the smolt scales were on 

average 5.2 fewer than the number of circuli leading up to the saltwater check on adult 

scales (Figure 4.2; see Figure C.10 for close-up photos comparing scale pairs from 

Figure 4.2). We hypothesize that this pattern arises because steelhead smolts initially 

experience slow somatic growth after reaching the ocean before beginning rapid somatic 

growth and forming the saltwater check in their scales. Thus, a portion of the adult scale 

between the centroid and the saltwater check represents marine somatic growth, 

suggesting overestimation of the true smolt scale radius within adult scales when using 

the saltwater check to indicate when an adult steelhead first migrated to sea as a smolt. 
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Identity Recapture 1   Recapture 2   Recapture 3 

Smolt scale information estimated observed   estimated observed   estimated observed 

Side of scale left right left right   left right left right   left right left right 

radius (mm) 1.009 1.144 0.978 0.909   0.986 0.862 0.794 0.822   1.353 1.313 1.062 1.085 

circuli count 8 10 5 6   8 7 2 4   9 14 4 4 

mean circuli spacing (mm) 0.020 0.019 0.031 0.027   0.020 0.021 0.025 0.019   0.025 0.018 0.030 0.030 

Figure 4.2. Three pairs of scales sampled from three fish captured as smolts and recaptured as adults. Orange overlays 
on the adult scales are the footprint of the smolt scales below matched centroid to centroid. The teal margins 
represent the additional area on adult scales that were estimated to be part of the smolt scale when these fish 
were smolts based on the saltwater check read on the scale samples from adult fish. Black lines represent the 
long axes of the scales, and white lines show where radius and circulus measures were taken on the left and 
right sides of each scale. Estimated values were measured from the smolt portion of adult scales (centroid to 
saltwater check), and observed values were measured from smolt scales. 
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Mathematical validation of 12 recaptured individuals for which we had adult 

scales, adult lengths, and true smolt lengths also revealed that the calculated smolt 

scale radius was smaller on average than the saltwater check radius in adult scales, 

further confirming the violation of assumption 2. On average, the difference between the 

calculated smolt scale radius and the saltwater check radius was -0.32 mm (95% CI -

0.14 – -0.49 mm), -0.33 mm (95% CI -0.17 – -0.49 mm), -0.14 mm (95% CI 0.12 – -0.41 

mm), -0.13 mm (95% CI 0.07 – -0.33 mm) for the traditional Fraser-Lee, traditional Body-

Proportional, modified Fraser-Lee, and modified Body-Proportional methods, 

respectively. While these differences in scale radius may appear small, they can 

translate to biologically significant differences in back-calculated smolt length (up to 21 

mm on average depending on the back-calculation method). Thus, the examination of 

recaptured individuals provided a rare opportunity to test assumption 2 and revealed that 

the timing of the formation of the saltwater check does not occur exactly when Keogh 

River steelhead smolts enter the ocean, thereby violating a key assumption of scale 

aging. 

4.3.2. Back-calculation equation validation 

Body-scale relationships 

We discovered that assumption 3 was better met using our modified regression methods 

to describe body-scale relationships than using traditional regression methods. Visually, 

the combined smolt/adult body-scale relationship (Figure 4.3) for the traditional back-

calculation methods produced worse fits to the data than modified methods based on 

age/stage-specific body-scale relationships (Figures 4.4 – 4.5). In the modified methods 

regressions, the slope of the relationship between body length and scale radius was 

much steeper for smolts (0.75; 95% CI 0.69 – 0.81) than for adults (0.39; 95% CI 0.37 – 

0.42), suggesting different body-scale relationships. For example, in the separate smolt 

and adult body-scale relationships, a 0.5 mm increase in scale radius from mean scale 

radius (mean smolt = 0.8 mm, mean adult = 4.2 mm) resulted in a change in predicted 

fork length from a mean of 188 mm (95% CI 151 – 235 m) to 270 mm (95% CI 216 – 338 

mm) for smolts, and from a mean of 697 mm (95% CI 609 – 796 mm) to 807 mm (95% 

CI 707 – 923 mm) for adults. We also found weak evidence for a categorical effect of 

ocean age on the body-scale relationship for adult steelhead (mean effect ranging from 

0.99 – 1.27; lower 95% CIs ranging from -3.43 – -3.14, upper 95% CIs ranging from 5.34 
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– 5.62). Furthermore, variance increases with increasing scale radius providing evidence 

that the typical regressions for traditional back-calculation methods (which use non-log 

axes) fail to describe the variance in the data (Figure 4.3). Thus, the modifications we 

made to the traditional regression methods (i.e., fitting separate measurement error 

models for smolts and adults, using log-log axes, and including ocean age as an 

explanatory variable in the adult regression) improved the regression fits to our data on 

smolt and adult body lengths and scale radii. 

 

Figure 4.3. Ordinary least squares linear regression describing the relationship 
between scale radius and body length in steelhead smolts and 
adults combined. 
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Figure 4.4. Bayesian measurement error model fit to steelhead smolt scale radii 
and fork lengths. i) Predicted fork length and true mean scale radius 
estimated by the measurement error model, with blue error bars 
describing y-axis error (95% credible intervals), and orange error 
bars describing error in the estimated true mean scale radii for each 
black point (95% credible intervals). The black line describes the 
mean relationship. ii) Black points are raw fish length and scale 
radius values, and the black line again represents the mean 
relationship fit by the model. 
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Figure 4.5. Bayesian measurement error model fit to steelhead adult scale radii 
and fork lengths. i) Predicted fork length and true mean scale radius 
estimated by the measurement error model, with black error bars 
describing y-axis error (95% credible intervals), and blue error bars 
describing error in the estimated true mean scale radii for each point 
(95% credible intervals). The lines coloured according to ocean age 
describes the mean body-scale relationships. Ocean age is the 
number of winters a steelhead has spent at sea or spawning since 
initial migration to sea as a smolt. ii) Points are raw fish length and 
scale radius values coloured according to ocean age, and the 
coloured lines again represent the mean relationships fit by the 
model. 

Accuracy, bias, and precision 

Overall, the best back-calculation method for Keogh River steelhead (i.e., the method 

that best satisfied assumption 3) appeared to be the radii-corrected modified Body-



85 

Proportional method (Table 4.3; Figures 4.6 – 4.7). From the mathematical validation, 

radii-corrected Fraser-Lee methods were on average less accurate and tended to be 

strongly biased (Table 4.3; Figure 4.6), and the radii-uncorrected Body-Proportional 

methods were on average less biased but also much less accurate (Table 4.3; Figure 

4.6). Corrected and uncorrected traditional methods were on average more precise but 

also more biased than modified methods (Table 4.3; Figure 4.6). However, among the 

Body-Proportional methods, the modified version produces the most realistic back-

calculated fork lengths (Figure 4.7). The scatter and slope of the points produced by the 

modified Body-Proportional method provide a visibly better match to the scatter and 

slope of smolt fork lengths and scale radii sampled from smolts collected at the fish 

fence (Figure 4.7). Thus, the use of log-log axes and the integration of an ocean age 

effect and multiple body-scale relationships (one for smolts and one for adults) to create 

the Modified Body-Proportional back-calculation equation (Equation 19) most accurately 

back-cast smolt lengths in Keogh River steelhead. 

Table 4.3. Accuracy, precision, and bias of traditional and modified Fraser-Lee 
and Body-Proportional back-calculation methods using smolt scale 
radii (measured from the adult scale centroid to the saltwater check) 
corrected and uncorrected for overestimation using 12 recaptured 
steelhead trout from the Keogh River, BC, CAN. 

 
Radii corrected Radii uncorrected 

Method 

Accuracy 

(mm) 

Precision 

(mm) Bias 

Accuracy 

(mm) 

Precision 

(mm) Bias 

Traditional Fraser-Lee -0.4 14 -0.2 33 13 -0.1 

Traditional Body-Proportional 0.1 13 -0.07 34 13 -0.02 

Modified Fraser-Lee -1 24 -0.3 23 22 -0.3 

Modified Body-Proportional -0.5 18 -0.01 22 17 -0.006 

Note: Accuracy is the average arithmetic difference between estimated and true smolt fork length, precision is the 
standard deviation of accuracy, and bias is the mean ordinary least squares slope of predicted minus observed smolt 
fork length as a function of observed fork length. 
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Figure 4.6. Validation results for traditional (i – ii) versus modified (iii – iv) 
versions of the Fraser-Lee (i, iii) and Body-Proportional (ii, iv) back-
calculation methods using scale radii corrected (blue) and 
uncorrected (orange) for overestimation of smolt scale radii within 
adult scales measured from the centroid to the saltwater check. 
Points are residuals derived from steelhead that were initially 
captured and measured as smolts, and recaptured, measured, and 
scale sampled as adults. Points with positive and negative values 
represent back-calculated smolt lengths that are overestimated or 
underestimated, respectively. Lines show the ordinary least squares 
correlations between points and true smolt fork length. 
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Figure 4.7. Comparison of smolt fork lengths and corresponding scale radii 
measured from smolts captured at the Keogh River fish fence (black 
points) to back-calculated smolt fork lengths with corresponding 
corrected saltwater check radii using the traditional Body-
Proportional method (green points) and the modified Body-
Proportional methods (orange points). Lines and shaded grey areas 
describe the Ordinary Least Squares slopes of the body-scale 
relationship for each group. 

4.4. Discussion 

Scientists have been trying to accurately reconstruct individual fish somatic growth using 

hard structures for over 100 years (e.g., Lea 1910), and several of the original methods 

are commonly used today (Lea 1910, Fraser 1915). Fish somatic growth is tracked for a 

variety of reasons, including inferring stock productivity, estimating fecundity, and setting 

harvest limits (Kuparinen and Festa-Bianchet 2017, Barneche et al. 2018). Scales 

present an excellent opportunity to reconstruct somatic growth because scale collection 

is common in many fish sampling programs, it is non-lethal, and causes minimal harm to 

fish – thus, scale-based somatic growth reconstruction is useful for threatened species 

and populations. However, scale-based back-calculation poses a series of challenges – 

for example, scales are vulnerable to damage, erosion, and scale regrowth, vary in size 

and shape within and across individual fish, and the relationship between scale size and 

fish length may change with age/stage. Here we presented a series of solutions to these 

challenges that can be integrated into commonly used back-calculations. Using archived 

scales from a wild steelhead population, we also compared traditional and modified 
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versions of two common back-calculations by examining assumptions 2 and 3 of back-

calculation (Table 4.1; Francis 1990). 

Examining methodological assumptions revealed biologically significant bias in 

back-calculated length estimates. Here, we found that the timing of the formation of 

saltwater checks in Keogh steelhead scales did not match the timing of saltwater entry 

by steelhead smolts, thus invalidating assumption 2. Some steelhead smolts may exhibit 

somatic growth in the lower river between their release downstream of the fish fence and 

their ocean entry, which may explain some discrepancies between back-calculated and 

observed lengths (from the fish fence). However, the scope for this growth is likely 

negligible owing to a) the fish fence where steelhead smolts were captured and 

measured is only 300 m from the ocean, and b) the Keogh River has functionally no 

estuary as the river dumps over a sandstone shelf into the ocean. Thus, without a 

correction factor to adjust saltwater check radii measures, all back-calculation methods 

substantially overestimated smolt fork lengths (Figure 4.6). We also found differences 

among back-calculation methods by examining assumption 3. Of the four methods we 

validated, the Body-Proportional methods performed better than Fraser-Lee methods, 

and the modified version of the Body-Proportional method performed best (Table 4.3; 

Figures 4.6 – 4.7). Traditional and modified Fraser-Lee methods were more biased than 

traditional and modified Body-Proportional methods (both before and after adjusting the 

scale radius). Specifically, estimates from Fraser-Lee methods resulted in 

underestimated body sizes for longer smolts and overestimated body sizes for smaller 

smolts relative to observed smolt fork length (Figure 4.6). Overall, these results 

demonstrate how substantial inaccuracy can go undetected in standard back-

calculations in the absence of validating assumptions. 

Back-calculating body sizes when assumption 2 (the estimated times of 

formation of checks and annuli are correct) is invalid can lead to a range of 

consequences common among fishes (including salmonids). First, this finding highlights 

the general importance of validation. In the absence of validation, we would have 

overestimated steelhead smolt lengths by an average of approximately 14% – enough to 

alter the conclusions of scale-based marine size-selection papers such as Ward et al. 

(1989) and Holtby et al. (1990). Second, we suggest that back-calculations focusing on 

size at the time of a habitat transition need to be particularly cautious about validation as 

there are a variety of factors that may delay expected shifts in somatic growth or somatic 
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growth expression in hard structures. Using salmonid smolts as an example, we 

hypothesized four different mechanisms that may explain slow initial marine somatic 

growth, where the potential for smolt size overestimation is dependent on the 

hypothesized mechanism: i) In river systems such as the Keogh River where there is 

little-to-no estuary, the sudden transition to saltwater may have physiological effects that 

slow somatic growth until fish acclimate to saline water; ii) The early marine environment 

may not be productive enough to increase somatic growth rates – for example, the 

Keogh River drains into Johnstone Strait, a region that is hypothesized to be a slow 

somatic growth zone for migrating Pacific salmonids (Mckinnell et al. 2014, Journey et 

al. 2018); iii) Prey-switching, where salmonid smolts adjusting to new food sources in the 

ocean may prevent immediate rapid somatic growth – e.g., brown trout foraging 

efficiency increases with time after introduction to a novel prey resource (Sundström and 

Johnsson 2001); iv) There may be a time lag between rapid somatic growth and 

expression of that growth in hard structures. Hypotheses i) and ii) are geographically 

constrained mechanisms, where smolt size overestimation would only occur in 

watersheds with little or no estuary or that drained into a low productivity marine 

environment. In contrast, hypotheses iii) and iv) would be general with some potential for 

variation among species. Finding the mechanism behind slow initial marine scale growth 

would inform the reliability of unvalidated scale-based salmonid marine survival papers. 

We also provided a quantitative comparison of the performance of different 

methods of length back-calculation. The modified Body-Proportional method produced 

the most realistic back-calculated smolt lengths. This is most apparent in the comparison 

of back-calculated smolt lengths and sampled smolt lengths as a function of scale radius 

(Figure 7) where the slope of the smolt lengths back-calculated using the modified Body-

Proportional methods is steeper than the traditional methods and a better match to the 

slope of the smolts measured at the fish fence. The steeper slope of the points produced 

by the modified methods can be attributed to the use of multiple body-scale 

relationships, and accounting for measurement error in scale radii. Using multiple body-

scale relationships allowed the steeper slope of the smolt body-scale relationship to be 

reflected in back-calculated smolt lengths, and accounting for error in independent 

variables typically increases the slope of the relationship relative to slopes produced by 

Ordinary Least Squares (OLS) regression. This result confirms Zivkov’s (1996) 

contention that there are age/stage-based changes in body-scale relationships, and 
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mirrors the findings of Morita and Matsuishi (2001), where the incorporation of an age 

effect in their otolith-based back-calculation improved estimates of back-calculated fish 

somatic growth rates. It also supports Ricker’s (Ricker 1992) point that OLS regression 

does not produce the most accurate slopes for body-scale relationships. 

Scale-based back-calculation assumptions are rarely validated. It is common 

practice for publications using back-calculation to cite other papers that have validated 

back-calculation methods for the same species in place of running their own validation. 

Yet, validations typically produce useful information. For example, Heidarsson et al. 

(2006) discovered that traditional versions of the Dahl-Lea and Fraser-Lee methods 

overestimated Atlantic salmon smolt length from adult scales, and that there were 

population-specific differences in the degree of overestimation. Similarly, Hanson et al. 

(2019) also found the Dahl-Lea method to overestimate smolt length in Atlantic Salmon, 

and proposed a correction equation to improve their back-calculation. Klumb et al. 

(1999) showed that the Fraser-Lee and Weisberg methods overestimated smallmouth 

bass and walleye lengths at previous captures, but that the Fraser-Lee method 

performed better than the Weisberg method. Conversely, Pierce et al. (1996) 

demonstrated little difference between a variety of back-calculation methods for pumpkin 

seed and golden shiners, but this was attributed to body-scale relationships with low 

error. Thus, unless working with a population for which back-calculation has been 

previously validated or extremely low-variation body-scale relationships, we recommend 

validating assumption 3 (that the back-calculation function is accurate) if possible. 

Ideally, practitioners would validate event markers in hard structures for each new 

population of fish and test different back-calculation methods using recaptured 

individuals. However, we understand that this is rarely feasible. Even if recaptured 

individuals are unavailable, a comparison of the slope and scatter of back-calculated fish 

lengths as a function of scale radius to slope and scatter of sampled fish lengths and 

scale radii (e.g., Figure 4.7) could prevent the use of back-calculation methods that 

violate assumption 3. Ultimately, if no validation is performed, papers should include that 

as a caveat in their discussion. 

The potential for body-scale relationships to change through time or and/or vary 

with environmental conditions (Smoliński and Berg 2022) was a potential source of error 

that was not accounted for in this study. Back-calculation methods inherently account for 

variation in the body-scale relationship among individual fish by using individual 
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deviation from the mean body-scale relationship in the back-calculation process. In this 

study, we took this further by accounting for age- and stage-based shifts in the body-

scale relationship. However, if the slope or intercept of the underlying mean body-scale 

relationship varies through time or with environmental conditions, length back-

calculations for fish that experienced unusual environmental conditions or lived during 

time periods with large deviations from the long-term average body-scale relationship 

may be compromised. Smoliński and Berg (2020) provided evidence that body-scale 

relationships in herring may differ across time periods and as a function of sea surface 

temperatures. Their result appears plausible when placed in the context of work by 

Beakes et al. (2014) that found that scale growth is a function of water temperature and 

somatic growth, where somatic growth is a function of temperature and food availability. 

However, Smoliński and Berg’s findings assume a linear relationship between scale 

radius and fish length across age classes and do not account for individual-level 

variation in scale radius. Thus, it is difficult to determine how much of the variation in 

their body-scale relationships is explained by time period and sea surface temperature 

when growth trajectories can alter significantly as fish age and scale radii can vary 

considerably within individuals even when sampled from a standardized location. Future 

work should investigate temporal and environmentally-driven variation in body-scale 

relationships while accounting for ontogenetic shifts in the body-scale relationship and 

individual-level variation in scale radius. 

4.5. Conclusion 

Back-calculating fish lengths from hard structures such as scales stretches back over a 

century (e.g., Lea 1910) and remains relevant today (e.g., Ulaski et al. 2020). Although 

the hard structures used for back-calculation have diversified through time (starting with 

scales and broadening to otoliths, fin spines, cleithra, and vertebrae; Francis 1990), 

scales remain useful because they can be sampled non-lethally with minimal harm to 

fish (excellent for species of conservation concern). Validating fish length back-

calculations can have major impacts on fish length at age estimates, such that invalid 

assumptions may alter the conclusions of publications and change recommendations to 

fisheries managers. Here, we provided a series of options for back-calculation 

practitioners to use to improve the validity of assumption 3 (that the back-calculation 

method is accurate), particularly if validation suggests that assumption 2 (timing of 
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growth checks/annuli) is valid but the back-calculation function itself is not performing 

well. We also demonstrated how these modifications can improve back-calculation with 

a wild fish population. Ultimately, we hope this paper provides a roadmap for other 

scientists seeking to use more effective and accurate scale-based back-calculation. 
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Chapter 5.  
 
Carryover effects and species interactions affect 
adult life-history traits in an anadromous salmonid 

5.1. Introduction 

Carry-over effects occur when prior events or traits shaped during a previous life stage 

affect the survival or reproduction of an organism later in life (O’Connor et al. 2014). 

Carry-over effects within the same habitat can link information or state gained at an early 

life stage to optimize traits at the next stage. For example, Garcia et al. (2019) found that 

Pacific chorus frogs exposed to rainbow trout odor before hatching responded with 

slower growth and more cryptic behaviour as tadpoles, reducing the probability of 

predation. Carry-over effects can also be extremely important for organisms that go 

through dramatic ontogenetic habitat shifts, such as species with complex life-histories 

(Wilbur 1980). These cross-habitat carry-over effects may be less predictable as 

environmental conditions in one habitat may not correlate with conditions in the 

subsequent habitat, especially when those habitats are separated by large distances 

(Crozier et al. 2008). While there are a variety of studies that have demonstrated that 

plastic traits such as body size at migration to a new habitat have consequences for 

growth, survival, or reproduction in the new habitat (e.g., De Block and Stoks 2005, van 

Allen et al. 2010, Wilson et al. 2021b), studies on how size at migration interacts with 

environmental variation in the new habitat (i.e., size-by-environment interactions) and 

their implications for population dynamics are scarce (Tredennick et al. 2018). 

Anadromous salmonids are migratory animals with complex life-histories where 

size at migration to a new habitat is a largely plastic trait affected by environmental 

conditions in the rearing habitat (Schindler et al. 2005, Rich et al. 2009, Bailey et al. 

2018). Anadromous salmonid size at migration to sea (i.e., smolt size) can have carry-

over effects on survival in the marine environment and future reproduction-relevant traits 

such as age- and size-at-maturity. Larger smolts can have a greater probability of 

survival (Holtby et al. 1990, Saloniemi et al. 2004, Wilson et al. 2021b; but see Friedland 

et al. 2014, Ulaski et al. 2020), are more likely to return after fewer years at sea (and 

thus at smaller sizes; Bilton et al. 1982, Nicieza and Braña 1993, Tattam et al. 2015), 
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and may achieve greater size-at-maturity relative to smaller smolts that spent the same 

amount of time at sea (Nicieza and Braña 1993). Size and age at maturity can have 

significant impacts on the value of fisheries and the fitness of individuals – for example, 

Oke et al. (2020) discovered that declines in body size for Alaskan chinook salmon may 

have lead to losses of 16% and 21% in egg production and fisheries value respectively. 

Thus, freshwater rearing conditions affecting juvenile growth and smolt size may shape 

the development of adult traits in the marine environment with population-level and 

economic consequences. 

The degree to which smolt size is linked to the traits of returning adults may 

depend on marine environmental conditions and species interactions (i.e., size-by-

environment interactions). For example, marine survival and/or size-at-maturity in 

anadromous salmonids has been linked to variation in the marine environment 

measured as shifts in sea surface temperature (Mueter et al. 2005a, Wells et al. 2007, 

Oke et al. 2020), sea surface salinity (Morita et al. 2001, Mueter et al. 2005b, Xu et al. 

2020), upwelling (Wells et al. 2007, Boldt et al. 2020), the North Pacific Gyre Oscillation 

(Jeffrey et al. 2017, Malick et al. 2017, Wilson et al. 2021a), El Niño Southern Oscillation 

(Macfarlane et al. 2005, Wells et al. 2006, Oke et al. 2020), harbour seal abundance 

(Berejikian et al. 2016, Wilson et al. 2021a), congeneric salmon abundance (Ruggerone 

and Nielsen 2004, Ruggerone and Connors 2015, Oke et al. 2020), and anchovy 

abundance (Moore et al. 2021). These diverse oceanic factors could lead to non-random 

patterns of survival or growth that alter relationships between smolt size and adult traits. 

Regardless of the mechanism, smolt size and marine environment may act 

independently or in concert to impact marine survival and reproductive traits (e.g., size -

at-maturity, fecundity), but this potential requires further exploration. 

Steelhead trout (Oncorhynchus mykiss) have broad life-history diversity (Moore 

et al. 2014, Kendall et al. 2015) for which carry-over effects of smolt size on marine 

survival have been demonstrated previously (e.g., Wilson et al. 2021b). They spend 

between 1 and 7 years in freshwater before migrating to sea, resulting in smolt sizes 

ranging from 130 mm to greater than 300 mm fork length (Peven et al. 1994, Bailey et al. 

2018). After migration to sea, steelhead may spend between six months and six years in 

the marine environment before returning to freshwater to spawn and may display either 

semelparous or iteroparous spawning strategies (Moore et al. 2014, Kendall et al. 2015, 

Scheuerell et al. 2021). Variation in age at return and spawning strategies generates a 
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wide range of potential sizes at maturity and total lifetime reproductive output as smaller 

female steelhead typically produce fewer and smaller eggs (Quinn et al. 2011) and 

smaller males can have lower reproductive success per spawning event (Seamons et al. 

2007, Christie et al. 2018). Further, steelhead attempting iteroparity can have over 2.5 

times the lifetime reproductive output of semelparous individuals if they succeed in 

spawning more than once, but have lower lifetime reproductive output if they die before 

spawning a second time (Christie et al. 2018). However, the degree to which this 

diversity is driven by intrinsic factors versus freshwater carry-over effects, plastic 

responses to marine environmental conditions, or an interaction between freshwater and 

marine conditions remains poorly understood. 

Here we investigated how environmental variation and individual traits as smolts 

combine to affect reproduction-relevant traits in steelhead trout across a three-decade 

long timeseries. Specifically, we examined the role of size at migration to sea (smolt fork 

length), sex, marine environmental conditions, and marine species interactions in 

determining the number of sea winters at maturity, size-at-maturity (fork length), and 

patterns of iteroparity in adult steelhead trout. We then used predictions of size-at-

maturity to estimate how egg production by female steelhead trout changes under 

variation of the strongest predictors of adult life-history. Using archived adult steelhead 

trout scales from the Keogh River, British Columbia, Canada, and Bayesian multi-level 

models integrating individual- and annual-level effects, we discovered that variation in 

reproduction-relevant traits appears to be driven by carry-over effects from freshwater 

that are mediated by species interactions and climatic variation in the ocean 

environment. However, at the population level these relationships effectively canceled 

themselves out such that annual environmental and individual-level (e.g., smolt size) 

variation did not affect population-level egg production given a fixed number of returning 

female steelhead. This study demonstrates how diverse drivers can interact to produce 

adult traits that determine the reproductive potential of an imperiled population with a 

complex life-history. 

5.2. Methods 

We analyzed 30 years of Keogh River adult steelhead scales to derive reproduction-

relevant trait data including the number of sea winters at maturity, size-at-maturity, and 

iteroparity. We then examined the relationships between those traits and individual-level 
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(i.e., smolt size, sex, sea-winters-at-maturity) and annual-level predictor variables (i.e., 

sea surface temperature and salinity, regional upwelling strength, broad scale upwelling 

timing, El Niño Southern Oscillation, Aleutian Low Pressure Index, North Pacific Gyre 

Oscillation, an index of North Pacific salmon abundance and Strait of Georgia harbour 

seal abundance, and Keogh River pink salmon spawning abundance). All these 

variables have been hypothesized to affect or have been associated with Pacific 

anadromous salmonid marine survival, growth, or winters spent at sea (details in Tables 

5.1 & 5.2). We analysed winters spent at sea, and size-at-maturity with multi-level 

Bayesian models, and visually explored variables that may influence iteroparity with 

plots comparing individuals captured during their first spawning migration (i.e., fish that 

may or may not eventually display iteroparity) to individuals that were captured on their 

nth spawning migration. Finally, we contextualized our results by estimating how female 

steelhead egg production changes given variation in smolt traits and environmental 

conditions. 

Table 5.1. Predicted effects and mechanism of individual-level explanatory 
variables on the number of winters spent at sea before maturity, 
size-at-maturity, and probability of iteroparity in Keogh River 
steelhead trout. 

Variable Predictions and mechanisms Metric References 

Smolt size 
(SS) 

Larger smolts have a competitive advantage because they 
are less gape-limited (i.e., can access a greater diversity of 
resources) and have higher burst swimming speeds allowing 
faster growth rates. Faster growth is expected to reduce the 
number of winters spent at sea before maturity, increase 
size-at-maturity relative to the number of winters spent at 
sea 

 

Length (mm) at 
migration to sea 

(Stearns and C. 
Koella 1986, 
Sogard 1997, 
Wolter and 
Arlinghaus 2003, 
Quinn et al. 2011, 
Romanuk et al. 
2011) 

 

Sex Females invest more energy into their gametes than males, 
reducing the amount of energy they can invest into growing 
longer, resulting in shorter lengths at maturity than males. 
Females are more likely to spend 2 or more winters at sea 
before maturing because of the greater cost of reproduction, 
and because their reproductive output directly scales with 
fecundity and thus size-at-maturity 

 

Categorical; 
female or male 

(Fleming and 
Reynolds 2004, 
Quinn et al. 2011) 

Sea 
winters at 
maturity 
(SWM) 

Individuals that spend more winters at sea before maturing 
will generally mature at a larger size because of the 
additional time spent growing in the marine environment.  

Categorical; ≤ 1 
winter or ≥ 2 
sea-winters-at-
maturity 

(Quinn et al. 
2011, Christie et 
al. 2018) 
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Table 5.2. Hypothesized effects and mechanisms of annual-level explanatory 
variables on growth at sea in Keogh River steelhead trout. Faster 
growth has been shown to reduce the number of winters spent at 
sea before maturity (Quinn et al. 2011), and increase size-at-maturity 
relative to the number of winters spent at sea. 

Variable Hypotheses and mechanisms Metric References 

Sea surface 
temperature 
(SST) 

Higher sea surface temperatures on the 
coastal shelf of British Columbia can be 
associated with downwelling, lower 
marine primary productivity, and reduced 
survival. Higher temperatures also 
increase the metabolic demand of 
ectotherms, potentially reducing smolt 
growth rates 

 

Mean daily sea surface 
temperature (°C) at Pine 
Island, BC, for May to 
June 

(Mueter et al. 2005a, 
Wells et al. 2007) 

Sea surface 
salinity (SSS) 

Higher sea surface salinities on the 
coastal shelf are typically associated with 
upwelling or reduced freshwater input 
(from rain or streams) and higher marine 
primary productivity, potentially 
increasing smolt growth rates 

 

Mean daily sea surface 
salinity (ppt) at Pine 
Island, BC, for May to 
June 

(Morita et al. 2001, 
Mueter et al. 2005b) 

Regional scale 
upwelling 
strength (RUS) 

Stronger upwelling is typically associated 
with higher marine primary productivity, 
potentially increasing smolt growth rates  

Mean upwelling-
favorable wind stress 
between Vancouver 
Island and Haida Gwaii 
for May to June 

 

(Wells et al. 2007, 
Boldt et al. 2020) 

Southern British 
Columbia 
upwelling timing 
(BUT) 

The timing of spring coastal marine 
primary productivity has been linked to 
steelhead smolt survival, and likely also 
affects growth 

 

Start date (Julian day) of 
the upwelling season 
measured at La Perouse 
Bank, BC 

(Wilson et al. 2021b) 

Multivariate El 
Niño Southern 
Oscillation Index 
(MEI) 

Higher values of the MEI have been 
associated with both faster and slower 
growth rates depending on the region of 
the Pacific Northwest 

 

Annual index of the 
intensity of the El Niño 
Southern Oscillation 

(Macfarlane et al. 
2005, Wells et al. 
2006) 

Aleutian Low 
Pressure Index 
(ALPI) 

Higher values of the ALPI are typically 
associated with greater copepod 
production at ocean station PAPA and 
greater North Pacific salmon production, 
and likely correspond to faster growth 
rates 

 

Annual index of the 
intensity of the Aleutian 
Low Pressure system  

(Beamish and 
Bouillon 1993, Malick 
et al. 2009) 

North Pacific 
Gyre Oscillation 
Index (NPGO) 

Higher values of the NPGO are 
associated with greater marine 
productivity along the west coast of 
North America and greater salmon 
productivity in British Columbia and 
Washington. Thus, the NPGO likely 
increases early marine growth rates 

Average November – 
March index value of the 
intensity of the North 
Pacific Gyre Oscillation in 
the winter before 
smolting 

 

(Di Lorenzo et al. 
2008, Malick et al. 
2017) 
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Table 5.2. (continued) 

Variable Hypotheses and mechanisms Metric References 

North Pacific 
salmon 
abundance and 
Strait of Georgia 
harbour seal 
abundance index 
(SSA) 

 

Higher abundances of seals and salmon 
increases predation pressure and 
competition, increasing mortality and 
reducing growth rates 

Principle components 
analysis axis of salmon 
and seal abundance 

(Ruggerone and 
Nielsen 2004, Turner 
2004, Wilson et al. 
2021a) 

Keogh River pink 
salmon spawning 
abundance 
(KRP) 

Higher spawning abundances of pink 
salmon increase the marine nutrient 
subsidy to juvenile steelhead, which may 
increase the amount of stored energy 
smolts migrate to sea with, resulting in 
faster early marine growth rates 

Pink salmon spawning 
abundance in the fall 
prior to a given steelhead 
smolt migration year 

(Bailey et al. 2018) 

5.2.1. Study site 

The Keogh (Giyuxw) River lies within the traditional territory of the Kwakwaka'wakw First 

Nation. It is lake-fed and 31.2 km long, draining a 130 km2 rain-dominated watershed 

that enters Queen Charlotte Strait south of Port Hardy on the east coast of northern 

Vancouver Island, BC (Smith and Slaney 1980). Keogh River steelhead are winter-run 

fish that migrate to sea as smolts between April and June and return to the river at 

sexual maturity between December and May (Ward and Slaney 1988). The Keogh River 

has a long history of past research due to intensive fish fence and angling-based 

juvenile and adult steelhead monitoring since 1975, including an analysis of a decade of 

steelhead life-history in the Keogh River (Ward and Slaney 1988). Ward & Slaney (1988) 

previously described sizes and ages at maturity as well as rates of repeat spawning from 

1975 to 1986. This study builds on that prior research by re-examining size- and sea-

winters-at-maturity and the probability of repeat spawning over a longer timeseries (three 

decades), and by examining the potential for individual-level traits and annual-level 

marine variables to combine and interact to produce reproduction-relevant traits in 

steelhead. 

5.2.2. Steelhead sampling and scale analysis 

Adult steelhead were sampled through a combination of intercepting and capturing fish 

using a fish fence or angling. Although the timing of the fish fence installation and 

angling has fluctuated over the years, typically these sampling methods occurred from 



99 

January to the end of April (Bailey et al. 2018). At capture, steelhead were sexed based 

on secondary sexual characteristics, measured for length, and then multiple scales were 

sampled from the typical body location for salmonids (3-4 scales above the lateral line 

between the posterior insertion of the dorsal fin and the anterior insertion of the anal fin; 

Maher and Larkin 1955). 

The details of the scale analysis can be found in Bailey et al. (in review). Briefly, 

archived adult steelhead scales from fish that migrated to sea between 1980 and 2009 

were photographed, aged, and read to determine the freshwater to saltwater smolt 

transition point (i.e., the saltwater check). Scales were also examined for the presence of 

a spawning check which indicates that the fish the scale was sampled from had 

spawned previously. Whole scale radius, freshwater scale radius (i.e., from the scale 

centroid to the saltwater check), and length at capture were used to back-calculate the 

length of each steelhead at ocean entry as a smolt. We used a modified version of the 

Body-Proportional back-calculation method with freshwater scale radii measures 

corrected for overestimation bias that was validated with steelhead that had been 

captured as smolts and recaptured as adults (Bailey et al. in review). 

5.2.3. Environmental variables 

We tested environmental variables that had the potential to explain annual-level variation 

in steelhead marine growth rates, and thus sea-winters-at-maturity (i.e., the amount of 

time spent at sea before maturing; Quinn et al. 2011) and size-at-maturity (see Table 5.1 

for details). Broadly, these variables can be divided into two categories: variables that 

may explain early marine growth (smaller scale spatial and/or temporal variables), and 

variables that may explain overall marine growth (larger scale spatial and temporal 

variables). Early marine variables included: a) mean May – June sea surface 

temperatures and salinities at Pine Island, BC (Wan 2021) located 42 km northwest of 

the mouth of the Keogh River along the general marine migration route towards offshore 

habitat (Hayes and Kocik 2014, Myers 2018); b) mean May – June regional upwelling 

strength 185 km northwest of the Keogh River mouth between the northern tip of 

Vancouver Island and Haida Gwaii (Thomson et al. 2014, Hourston and Thomson 2020); 

c) southern British Columbia upwelling start date estimated at La Perouse Bank (48.83 N 

126.0 W; Thomson et al. 2014, Hourston and Thomson 2020) located 225 km south-

southeast of the Keogh River off the west coast of Vancouver Island; mean April – June 
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Multivariate El Niño Southern Oscillation index (National Oceanic and Atmospheric 

Administration [NOAA] 2021, Wilson et al. 2021b), and mean November – March North 

Pacific Gyre Oscillation Index preceding a smolt migration (Di Lorenzo et al. 2008, 

Malick et al. 2017, Di Lorenzo 2021). Broad-scale marine variables included the annual 

Aleutian Low Pressure Index (Surry and King 2015), and an index of marine competition 

and predation composed of North Pacific salmon abundance (i.e., chum, pink and 

sockeye abundance; Ruggerone and Irvine 2018) and Strait of Georgia harbour seal 

abundance (Nelson et al. 2019). Salmon and seal abundance were combined because 

they were strongly positively correlated (Wilson et al. 2021a). To address this, salmon 

and seal abundance were standardized (centered and scaled by 1 standard deviation) 

and combined as the first axis of a principal component analysis that explained more 

than 95% of the variation in their abundances. We hypothesized that early marine 

variables were only important during the first year of marine residence for a smolt cohort, 

and that broad-scale marine variables may be important across the entire marine 

residence. Thus, the annual-level effects of early marine variables were only related to 

the measure of an early marine variable on the migration year of a given smolt cohort, 

whereas broad-scale marine variables were tested at two different time scales: smolt 

migration year, and the mean of a broad-scale marine variable across the migration year 

and the second year at sea (i.e., the two years that all ≥ 1-sea-winter steelhead 

experience at sea). We referred to broad-scale marine variables that summarize the 

marine environment across the first two years of marine residence as “cumulative”. 

5.2.4. Analyses 

We analyzed the effect of individual-level and annual-level variables on sea-winters-at-

maturity and size-at-maturity using Bayesian multi-level models in the statistical software 

Stan (Carpenter et al. 2017) via R (R Core Team 2018). The individual-level portion of 

models included some combination of individual-level explanatory variables (i.e., sea-

winters-at-maturity [for the size-at-maturity analysis only], sex, and smolt size; Table 

5.1), a global intercept, a categorical year by global intercept interaction that explains 

year-to-year variance in the global intercept, and in some models a cross-level 

interaction between smolt size and year that explains year-to-year variance in the effect 

of smolt size. The annual-level portion of models explained variance among the year 

intercepts and for some models a cross-level interaction between smolt size and year 
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using annual-level explanatory variables (e.g., the Aleutian Low Pressure Index). All 

continuous explanatory variables were standardized (centered and scaled by 1 standard 

deviation; Schielzeth 2010). Both analyses were run in two stages: 1) competing a 

variety of candidate models that only included combinations of individual-level variables, 

year intercepts, interactions between individual-level variables, and interactions between 

smolt size and year intercepts (see Appendix D.1, Tables D1.1-D1.2 for a list of 

candidate models); and 2) using the top individual-level model with different single 

annual-level variables explaining the variance among year intercepts and cross-level 

interactions between smolt size and year (see Table 5.2 for a list of the annual-level 

variables). Temporal autocorrelation was accounted for with an AR-1 temporal 

autocorrelation structure in both steps of the analyses. Candidate models were ranked 

using leave-one-out cross-validation from the LOO package (Vehtari et al. 2017, Yao et 

al. 2018) by comparing expected log pointwise predictive densities (Vehtari 2020). All 

models were run using 6 chains and 10 000 iterations with the first 5000 discarded as 

warm-up, and the remaining iterations thinned by a factor of 5 to manage model fit file 

sizes. 

Sea winters at maturity 

We analysed sea-winters-at-maturity (SWM) as a binary variable where steelhead spent 

one or fewer winters at sea (0), or two or more winters at sea (1). Keogh River steelhead 

can spend between zero and three winters at sea before their first spawning event, but 

98.8% of the returning adults spent one or two winters at sea. We used a Bernoulli error 

distribution with a logit link function for the individual-level portion of our candidate 

models, and a normal or multi-normal Cholesky distribution for the annual-level portion 

of our candidate models (depending on whether the model included year intercepts only, 

or year intercepts plus the cross-level interaction between smolt size and year). 

Candidate models grouped individual fish by their smolt migration year, but the rate at 

which adults were scale-sampled varied by their spawning year (range 5 – 88%), leading 

to overrepresentation of one or the other sea winter class originating from the same 

smolt year. To correct for this, we negatively offset the annual-level portion of candidate 

models by the difference between the logit-transformed raw ratio of 2-sea-winter to 1-

sea-winter fish by smolt year and the logit-transformed true ratio of 2-sea-winter to 1-

sea-winter fish calculated using return year sampling rates and return year sea-winter 

ratios (see Appendix D.2 for an example calculation). We used weakly informative 
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normal priors with a mean of zero and standard deviation of one for all explanatory 

variables and annual effects. We used a more informative normal prior for the global 

intercept in candidate models with a mean of zero and a standard deviation of 0.5 

because the raw mean probability of maturing after ≥ 2 winters at sea was close to 0.5 

(logit(0.5) = 0). 

Size at maturity 

Size-at-maturity (fork length; mm) was analyzed as normally distributed data. A normal 

or multi-normal Cholesky distribution was used for the annual-level portion of each 

model, again dependent on whether the model varied by year for intercepts only, or for 

intercepts plus the cross-level interaction between smolt size and year. Priors for 

individual-level explanatory variables were normally distributed and set to a mean of 

zero and a standard deviation of 35 mm. This assumed no effect of the explanatory 

variables but allowed models to explain up to one standard deviation of variation from 

the mean size-at-maturity for a one standard deviation change in an explanatory 

variable. Annual-level explanatory variable priors were also set to a mean of 0 mm but 

with a standard deviation of 15 mm because they attempt to explain variation within the 

year intercepts and cross-level smolt size by year interaction, which was smaller than 

variation among individuals. The prior for the global intercept (i.e., the mean size-at-

maturity across all years) was set to approximately the raw mean size-at-maturity (730 

mm) and raw standard deviation of the mean (70 mm). Year intercepts and cross-level 

interactions were also assigned a normal prior with a mean of 0 mm and standard 

deviation of 35 mm. 

Iteroparity 

Due to low numbers of iteroparous individuals through time (n = 220 across 30 years) 

and the inability to distinguish between semelparous steelhead, iteroparous steelhead 

that had only spawned once but spawned again in the future without being recaptured 

and sampled, and steelhead that attempted iteroparity but failed to survive a subsequent 

marine migration, we compared iteroparous steelhead (i.e., fish with scales that 

displayed spawning checks) to fish that appeared semelparous (i.e., fish with scales 

lacking spawning checks) using plots and descriptive statistics. We compared these two 

groups of steelhead using individual traits (Table 5.1), environmental variables (Table 

5.2) during their smolt year, and environmental variables (Table 5.2 excluding pink 
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salmon spawning abundance) on the year of their first spawning event (i.e., the 

environmental conditions they would have encountered on their return to sea after their 

first spawning event). 

Egg production 

We simulated egg production by individual female steelhead spawners as a function of 

their size at maturity. Size-at-maturity under different marine environmental conditions or 

smolt traits was predicted from the top sea-winters-at-maturity model and size-at-

maturity models. We then used those predictions to estimate variation in total egg 

production for an average return of female steelhead. We focused on the top variables 

that affected size-at-maturity directly or indirectly (e.g., variables that affected sea-

winters-at-maturity, an important factor determining size-at-maturity; Tables 5.3, 5.4) 

because the number of eggs produced per female steelhead spawner is a function of 

their size-at-maturity (Ward and Slaney 1993, Quinn et al. 2011). We began by 

predicting age at return for smolts at even size intervals ranging from mean -2 SD to 

mean +3 SD smolt size. Using 1000 random posterior draws of coefficient estimates 

from the top sea-winters-at-maturity model, we made a total of 2000 predictions of sea-

winters-at-maturity per smolt: 1000 predictions under average sea surface temperatures 

(SST), and 1000 predictions under mean +1 SD SSTs. We then used individual smolt 

size and their predictions of sea-winters-at-maturity to calculate predictions of size-at-

maturity for each smolt. Again, we randomly drew 1000 posterior coefficient estimates 

from the top size-at-maturity models and applied them to the smolts (each smolt with an 

individual smolt length and their associated predictions of sea-winters-at-maturity under 

different SST conditions) to predict size-at-maturity. Sizes-at-maturity predicted under 

mean environmental conditions (i.e., mean North Pacific salmon and Strait of Georgia 

seal abundance [SSA]; Table 5.4) were paired with sea-winters-at-maturity predictions 

made under mean SSTs and mean +1 SD SSTs. Predictions for size-at-maturity under 

mean +1 SD SSA and mean +1 SD Keogh River pink salmon spawning abundance 

(KRP) were paired with sea-winters-at-maturity predictions under mean SSTs. This 

resulted in estimating size-at-maturity under overall mean environmental conditions, 

mean +1 SD SSTs, mean +1 SD SSA, and mean +1 SD KRP. We then translated 

predicted sizes-at-maturity to egg production using the following equation derived from 

Keogh River steelhead: 
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1) ln(𝑒𝑔𝑔𝑠) = 3.053 ln(𝑙𝑒𝑛𝑔𝑡ℎ) − 11.89 (Ward and Slaney 1993) 

Where length (size-at-maturity) is measured in millimeters. To estimate the 

number of eggs produced by an average run of spawning female steelhead, we summed 

egg production across 314 females for each of the 1000 estimates of size-at-maturity 

under each environmental scenario described above. Females were drawn from the 

simulated smolts based on the mean and SD length of smolts that survived to spawn 

across the timeseries. Finally, we repeated the entire process under mean 

environmental conditions with a new group of simulated smolts with a mean length that 

was +1 SD greater than average smolt size so that the effect of smolt size on egg 

production can be compared to the effects of environmental variation. This simulation 

this assumes that the size-fecundity relationship is stable through time. 

5.3. Results 

Across 2,938 adult steelhead originating from 30 different years of smolt migrations, 

55% spent one or fewer winters at sea while 45% spent two or more winters at sea 

before maturing, returning at an average length of 734 mm with 8% surviving to display 

iteroparity. The average annual return of female steelhead was 314 individuals for which 

we estimate they collectively produce an average of 1,171,676 eggs (SD = 144,922) 

assuming no pre-spawn mortality. 

5.3.1. Sea winters at maturity 

As expected, larger smolts and male steelhead were on average more likely to spend 

one or fewer winters at sea, while smaller smolts and female steelhead were more likely 

to spend two or more winters at sea before maturing (Table 5.3; Figure 5.1). The top 

variables explaining annual-level variation in the proportion of ≤ 1 sea winter to ≥ 2 sea 

winter steelhead were mean daily sea surface temperature at Pine Island during May 

and June, cumulative annual Aleutian Low Pressure Index (average ALPI during the first 

two years at sea), and the strength of upwelling-favourable winds between North 

Vancouver Island and Haida Gwaii (Table 5.4). On years when regional sea surface 

temperatures were high or the cumulative Aleutian Low Pressure Index was low, the 

slope of the relationship between smolt size and winters spent at sea became more 

negative (Figures 5.1, 5.2a-b), indicating that larger smolts were likely to spend less time 
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at sea. In years when regional upwelling-favourable winds were strong, steelhead were 

more likely to spend two or more winters at sea with the exception of very large smolts 

(> 2 SD over mean smolt size; Figures 5.1, 5.2c). Thus, freshwater carry-over effects 

and size-by-environment interactions in the ocean appear to affect the number winters 

smolts spend at sea before returning to spawn. 

Table 5.3. Top individual-level models according to the difference in expected 
log pointwise predictive densities (ELPD difference), the standard 
error (SE) of that difference, and the expected log pointwise 
predictive density leave one out criterion (ELPD LOO) for winters 
spent at sea at maturity (SWM) and size-at-maturity (LM). The 
models reported were within two SEs of the top model. 

Response Candidate model 
ELPD 
difference 

SE 
difference ELPD LOO 

SWM 
Sex + smolt size + smolt size|s_year 0.0 0.0 -1791.9 

Sex + smolt size + sex * smolt size + 1|s_year -10.4 5.6 -1802.3 

     

SM 

Age + sex + smolt size + age * sex + smolt 
size|s_year 

0.0 0.0 -14415.3 

Age + sex + smolt size + sex * smolt size + smolt 
size|s_year 

-10.6 7.1 -14425.9 
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Figure 5.1. Individual-level and annual-level variable coefficient estimates for 
the analysis of sea-winters-at-maturity. Variables displayed were 
included in models within 1 SD of the top model (Table 5.4). 
Asterisks denote an interaction between parameters, “Intercept ~” 
represents the effect of an annual-level variable on the value of year 
intercepts, and “Smolt size ~” represents the effect of an annual-
level variable on the cross-level interaction between smolt size and 
year. Dots denote the mean effect, bold lines illustrate the 50% 
credible interval, and the thin lines show the 95% credible intervals. 
Continuous variables were standardized; thus, effect sizes are 
relative to a 1 standard deviation increase in a given explanatory 
variable. The effect of being male or female is relative to the 
average-sized steelhead. 
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Table 5.4. Top annual-level models according to the difference in expected log 
pointwise predictive densities (ELPD difference), the standard error 
(SE) of that difference, and the expected log pointwise predictive 
density leave one out criterion (ELPD LOO) for winters spent at sea 
at maturity (SWM) and size-at-maturity (LM). The models reported 
were within two SEs of the top model. 

Response Candidate model 
ELPD 
difference 

SE 
difference ELPD LOO 

SWM 

Sea surface temperature 0 0 -1871.0 

Cumulative Aleutian Low Pressure Index -1.6 2.3 -1872.6 

Regional scale upwelling strength (May/June) -1.7 2.8 -1872.7 

Aleutian Low Pressure Index -1.8 2.2 -1872.8 

Regional scale upwelling strength (March/April) -2.7 2.3 -1873.7 

Southern British Columbia upwelling timing -3.8 2.5 -1874.7 

Sea surface salinity -4.2 2.3 -1875.2 

Keogh River pink salmon spawning abundance -4.3 2.7 -1875.3 

     

SM 

North Pacific salmon abundance and Strait of Georgia 
harbour seal abundance index 

0 0 -14670.6 

Cumulative North Pacific salmon abundance and Strait of 
Georgia harbour seal abundance index 

-1.2 1.3 -14671.8 

Keogh River pink salmon spawning abundance -3.6 4.1 -14674.1 

North Pacific Gyre Oscillation Index -3.9 3.5 -14674.5 

Aleutian Low Pressure Index -4.8 3.4 -14675.4 

Sea surface temperature -5.9 4.1 -14676.5 

Regional upwelling strength (March/April) -6.2 4.1 -14676.8 
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Figure 5.2. Mean number sea-winters-at-maturity as a 
function of smolt size and top annual-level 
environmental variables: a) sea surface 
temperature, b) cumulative Aleutian Low 
Pressure Index (averaged across two years), 
and c) upwelling favourable wind strength 
between Vancouver Island and Haida Gwaii. 
Small points represent jittered raw data and 
are coloured on a gradient from orange to 
blue where intense orange or blue points 
represent extremes in an environmental 
variable. The large points overlaid on the 
raw data represent the mean smolt size of 
fish that spent ≤ 1 winters at sea or ≥ 2 
winters at sea under environmental 
conditions that were ≥ 1 SD above the mean 
of an environmental variable (orange) or ≤ 1 
SD below the mean. The bold black lines 
represent the mean relationship between 
sea-winters-at-maturity and smolt size under 
average environmental conditions, while the 
bold orange and blue lines represent the 
same relationship but under mean + 1SD 
and mean – 1SD for the environmental 
variable associated with a given plot. The 
fine lines (black, orange, and blue) are 1000 
posterior draws per colour representing the 
variation in the mean relationships 
represented by the bold lines. 
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Smolt size and sea surface temperatures had the most consistent mean effects 

on sea-winters-at-maturity. Of the variables in top models, only the effect of smolt size 

and the effect of sea surface temperature on the cross-level interaction between smolt 

size and year had credible intervals that either did not overlap or marginally overlapped 

zero (Figure 5.1). On average, increasing smolt size by one standard deviation changed 

the log odds of an individual spending ≥ 2 winters at sea before maturing by -0.25 units 

(95% CI -0.86 – -0.07), and was changed by an additional -0.19 units (95% CI -0.41 – 

0.02) during smolt migration years when sea surface temperatures were one standard 

deviation above the mean (Figure 5.1). In other words, increasing smolt size from 175 

mm (mean) to 205 mm (mean + 1 SD) reduced the mean probability of an individual 

spending ≥ 2 winters at sea before maturing from 0.49 to 0.43 at mean sea surface 

temperatures (9.5 °C), and from 0.49 to 0.38 at 10.0 °C (mean + 1 SD sea surface 

temperature). Thus, smolt size had a moderate mean effect on sea-winters-at-maturity 

that was approximately doubled or nullified on years with regional sea surface 

temperatures that were 10.0 °C versus 9.0 °C respectively. 

5.3.2. Size at maturity 

Larger smolts that spent more winters at sea tended to return as larger adults, but this 

relationship was also affected by ocean environmental conditions. The top individual-

level model included smolt size, sea-winters-at-maturity, sex, a cross-level interaction 

between smolt size and smolt year (i.e., the effect of smolt size on size-at-maturity 

varied by the year in which steelhead migrated to sea) and an interaction between sea-

winters-at-maturity and sex (Table 5.3). The top variables explaining annual-level 

variation in steelhead size-at-maturity were North Pacific salmon and Strait of Georgia 

seal abundance (SSA), and Keogh River pink salmon spawning abundance (KRP) in the 

fall of the year prior to a smolt migration (Table 5.4). As expected, larger smolts and 

steelhead that spent more winters at sea matured at greater lengths on average (Figures 

5.3, 5.4). On smolt migration years when SSA was high, the positive effect of smolt size 

on size-at-maturity increased, and the overall size-at-maturity decreased on average 

(Figures 5.3, 5.5a). In contrast, the effect of smolt size on size-at-maturity was weaker in 

adult steelhead that migrated to sea on years following large pink salmon spawning runs 

than after small runs in the Keogh River (Figures 5.3, 5.5b). Thus, freshwater carry-over 

effects and size-by-environment interactions in the ocean appear to affect the size of 
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returning spawners.

 

Figure 5.3. Individual-level and annual-level variable coefficient estimates for 
the analysis of size-at-maturity. Variables displayed were included in 
models within 1 SD of the top model (Table 5.4). Asterisks denote an 
interaction between parameters, “Intercept ~” represents the effect 
of an annual-level variable on the value of year intercepts, and 
“Smolt size ~” represents the effect of an annual-level variable on 
the cross-level interaction between smolt size and year. Dots denote 
the mean effect, bold lines illustrate the 50% credible interval, and 
the thin lines show the 95% credible intervals. Continuous variables 
were standardized; thus, effect sizes are relative to a 1 standard 
deviation increase in a given variable. The effect of being male or 
female is relative to the average-sized steelhead. 
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Figure 5.4. Mean size-at-maturity as a function of smolt size and sea-winters-at-
maturity. Points represent raw data and are colour-coded according 
to sea-winters-at-maturity (orange = 1 or less winters at sea, blue = 2 
or more winters at sea). Bold lines represent the mean relationships 
between smolt size and size-at-maturity relative to sea-winters-at-
maturity, and fine lines are 1000 posterior draws per colour 
representing the variation in the mean relationships. 
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Figure 5.5. Mean size-at-maturity as a function of smolt size and top annual-
level environmental variables: a) an index of North Pacific salmon 
and Strait of Georgia seal abundance, and b) log pink salmon 
spawning abundance in the Keogh River in the fall prior to smolt 
migration. Small points represent raw data and are coloured on a 
gradient from orange to blue where intense orange or blue points 
represent extremes in an environmental variable. The bold black 
lines represent the mean relationship between size-at-maturity and 
smolt size under average environmental conditions, while the bold 
orange and blue lines represent the same relationship but under 
mean + 1SD and mean – 1SD for the environmental variable 
associated with a given plot. The fine lines (black, orange, and blue) 
are 1000 posterior draws per colour representing the variation in the 
mean relationships represented by the bold lines. 
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Smolt size and sea-winters-at-maturity had the greatest effects on size-at-

maturity whereas the effect of the index of North Pacific salmon and Strait of Georgia 

seal abundance and the effect of Keogh River pink salmon spawning abundance were 

more subtle. The credible intervals of the effects of sea-winters-at-maturity did not 

overlap with their means (Figure 5.3) providing evidence that size-at-maturity was 

statistically different between age classes. Of the remaining variables in top models, the 

effect of smolt size, the effect of SSA and KRP on the cross-level interaction between 

smolt size and year, and the effect of SSA on year intercepts had credible intervals that 

either didn’t overlap or marginally overlapped zero (Figure 5.3). Steelhead that spent ≤ 1 

winter at sea before maturing returned at an average length of 687 mm (95% CI 637 – 

738 mm), whereas fish that spent ≥ 2 winters at sea before maturing returned at a mean 

length of 776 mm (95% CI 725 – 826 mm). On average, increasing smolt size by one 

standard deviation (from 175 mm to 205 mm) increased the mean size-at-maturity by 31 

mm (95% CI 21 – 42 mm), and was changed by an additional 5 mm (95% CI -1 – 10 

mm) and -4 mm (95% CI -7 – 0.4 mm) during smolt migration years when SSA and KRP 

were one standard deviation above their means, respectively. Thus, carry-over effects of 

the freshwater environment (expressed as smolt size) and sea-winters-at-maturity were 

much stronger drivers of size-at-maturity than species interactions. 

5.3.3. Iteroparity 

On average, iteroparous steelhead were much more likely to spend one or fewer winters 

at sea prior to their first spawning migration (85%) compared to semelparous and/or 

potentially iteroparous spawners (53%; Figure 5.6). In contrast, there appeared to be no 

meaningful difference between the sex ratios (first time spawners were 59.9% female vs. 

iteroparous spawners were 62.2% female) nor mean smolt sizes of first-time spawners 

(mean = 176 mm, SD = 29 mm) versus iteroparous spawners (mean = 171 mm, SD = 27 

mm). We found no evidence that annual-level variables affected the rate of iteroparity in 

steelhead regardless of whether we examined environmental conditions during the smolt 

year or the spawning year (i.e., the year that steelhead spawn and then return to sea if 

they are attempting another marine migration). 
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Figure 5.6. Proportion of individual steelhead that spent 0, 1, 2, or 3 winters at 
sea before maturing (i.e., returning for their first spawning event) 
whose scales indicated they had spawned once or more than once 
at their time of capture. 

5.3.4. Egg production 

Increasing smolt size had a positive but variable mean effect on simulated egg 

production by female steelhead, whereas environmental variation appeared to have 

negligible mean effects on egg production (Figure 5.7). At the population level, variation 

in environmental conditions and changes in smolt size distribution generated similar 

means characterized by wide variation in predicted egg production (Figure 5.8).
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Figure 5.7. The number of eggs produced per female 
steelhead trout as a function of smolt size 
and annual-level variables. Points represent 
individual predictions of egg production and 
lines represent mean egg production. 1000 
individual predictions per smolt were 
generated for 251 smolts ranging from mean 
-2 SD to mean + 3 SD in smolt size for each 
annual-level variable. Predictions were 
based on 1000 posterior draws from the sea-
winters-at-maturity analysis (to provide 1000 
predictions of the number of winters spent 
at sea for each smolt) combined with 1000 
posterior draws from the size-at-maturity 
analysis (to provide 1000 predictions of 
size-at-maturity for each smolt given smolt 
size and winters spent at sea), which were 
then translated to egg production using 
Equation 1. Black, orange, and blue 
represent mean, mean + 1 SD, and mean -1 
SD for a) variation in sea surface 
temperatures, b) variation in North Pacific 
salmon and Strait of Georgia seal 
abundance, and c) variation in Keogh River 
pink salmon spawning abundance. 
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Figure 5.8. The total number of eggs produced by 314 female steelhead (the 
average female return) under different environmental conditions 
with the average smolt size distribution including average 
conditions (average), mean + 1 SD sea surface temperatures 
(SST+1), mean + 1 SD North Pacific salmon and Strait of Georgia 
seal abundance (SSA+1), mean + 1 SD Keogh River pink salmon 
spawning abundance (KRP+1). SFL+1 represents average 
environmental conditions with a smolt size distribution that is mean 
+ 1 SD. 

5.4. Discussion 

We found strong evidence for carry-over effects in the form of size-by-environment 

interactions where a) smolt size was a strong predictor of winters spent at sea at 

maturity and size-at-maturity and b) the effects of smolt size on these life-history traits 

were linked to annual variation in marine climate and species interactions (Figures 5.1 – 

5.5, 5.9). These two pathways led to opposing relationships between smolt size and 

adult size—large smolts generally became adults that spent fewer years in the ocean but 

that were larger for their age. The net effect of smolt size on adult size was positive, 

albeit with wide variation caused by the difference in size-at-maturity between steelhead 

that spent one or less versus two or more winters at sea before returning to spawn. 

However, relationships between smolt size and adult traits were not stationary through 

time and depended on marine environmental conditions and species interactions.
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Figure 5.9. Summarizing illustration of the influence of smolt size, sea-winters-
at-maturity (SW), sea surface temperatures (SST), the North Pacific 
salmon and Strait of Georgia seal abundance index (SSA), and 
Keogh River pink salmon spawning abundance (KRP) on mean size-
at-maturity in Keogh River steelhead trout.  

As expected, larger smolts spent fewer winters at sea on average and returned 

at greater lengths at maturity relative to the number of winters they spent at sea (Table 

5.1). These results align with past work on Keogh River steelhead by Ward and Slaney 

(1988) who found that younger smolts (which are smaller on average; Bailey et al. 2018) 

typically returned as smaller adults, and that size-at-maturity increased with the number 

of winters spent at sea. They also found that freshwater age (and thus smolt size) was 

generally negatively correlated with winters spent at sea. Similarly, Quinn et al. (2011) 

found that adult steelhead that spent fewer winters at sea were larger as smolts. Given 

that steelhead smolt size is a plastic trait affected by freshwater environmental 

conditions (Peven et al. 1994, Bailey et al. 2018), our results add to a growing body of 

evidence that there are carry-over effects of the freshwater environment on adult 

steelhead reproductive traits. 
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Marine environmental conditions were linked to the year-to-year changes in the 

effect of smolt size on sea-winters-at-maturity. Specifically, in years when regional sea 

surface temperatures were higher in May and June (during early marine period), smaller 

smolts became more likely to spend two or more winters at sea while larger smolts 

became more likely to spend one or less winters at sea before returning to spawn. Given 

that larger and faster growing smolts are associated with spending less time at sea 

(Quinn et al. 2011), this suggests that higher sea surface temperatures resulted in faster 

growth for larger smolts and slower growth for smaller smolts, or that fast-growing large 

smolts and slow-growing small smolts were more likely to survive. Past work by 

Friedland et al. (2014) linked faster early marine growth and higher early survival to 

lower sea surface temperatures around Northern Vancouver Island, but did not test for 

interactions between smolt size and growth rate. Therefore, these results provide novel 

insight into how marine environmental conditions can mediate freshwater carryover 

effects on steelhead reproductive traits through size-by-environment interactions. 

Marine environmental conditions were also linked to the year-to-year changes in 

the effect of smolt size on size-at-maturity. In years with high North Pacific salmon 

abundance and Strait of Georgia seal abundance (i.e., an index of predation and 

competition), the difference in size-at-maturity relative to sea-winters at maturity between 

large and small smolts became greater. This again suggests either a strengthened 

growth advantage for steelhead that migrated to sea as large smolts or selection against 

slow growing large smolts and fast-growing small smolts. Due to the strong correlation 

between North Pacific salmon and Strait of Georgia seal abundance, it is not possible 

with these data to determine whether these patterns were driven by competition (e.g., 

Ruggerone and Nielsen 2004) or predators (e.g., Berejikian et al. 2016). In contrast, on 

smolt migration years following large pink salmon spawning runs in the Keogh River, the 

relationship between smolt size and size-at-maturity flattened, suggesting that the 

nutrient subsidy provided by spawning pink salmon (Nelson and Reynolds 2015, Bailey 

et al. 2018) reduced the growing advantage provided by larger body size or reduced 

selection against slower-growing large smolts and faster-growing small smolts. While the 

strength of the effects of species interactions on size-at-maturity were relatively small, 

they again provide new information on how size-by-environment interactions can impact 

steelhead reproductive traits. 
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Simulated population-level egg production by female steelhead was largely 

unaffected by variation in smolt size distributions and marine environmental conditions. 

In contrast, individual-level egg production by female steelhead generally increased as 

smolt size increased, but this relationship was highly uncertain. We attribute this result to 

three factors: a) the counteracting indirect (via sea-winters-at-maturity) and direct effects 

of smolt size on size-at-maturity, where larger smolts are more likely to spend 1 or fewer 

winters at sea (and thus mature at smaller lengths on average; Figure 5.1) but return at 

greater lengths at maturity relative to the winters they spend at sea (Figure 5.3); b), 

environmental variation primarily affected the effect of smolt size on sea-winters-at-

maturity or size-at-maturity rather than shifting the mean response (Figures 5.1 & 5.3); 

and c) wide variation in individual female egg production as a function of smolt size due 

to the large difference in mean size-at-maturity between fish that spent one or fewer 

versus two or more winters at sea (Figure 5.7). These findings add a novel layer of 

nuance to the drivers of changes in female salmonid egg production. Past studies have 

linked changes in marine environmental change to size-at-maturity and egg production 

(Ohlberger et al. 2020, Oke et al. 2020) or changes in smolt age (and thus size) and the 

marine environment to changes in size-at-age and age-at-maturity (Rich et al. 2009, 

Cline et al. 2019), but none have explicitly linked the carry-over effects and size-by-

environment interactions associated with smolt size to age- and then size-at-maturity to 

estimate egg production like this study. Our results suggest that carry-over effects and 

size-by-environment interactions may do little to alter population-level egg production 

through effects on salmonid reproductive traits. However, carry-over effects and size-by-

environment interactions are likely important for marine survival (Rich et al. 2009, Wilson 

et al. 2021b) which limits the number of females that survive to spawn. Thus, carry-over 

effects and size-by-environment interaction may yet play a role in population-level egg 

production. 

There was only one factor that appeared to be related to iteroparity: winters 

spent at sea at maturity. As expected, steelhead that successfully attempted iteroparity 

spent fewer winters at sea before they spawned for the first time than steelhead that 

were semelparous, had only spawned once but may have spawned again in the future, 

or attempted iteroparity but failed to survive an additional marine migration. We did not 

expect that smolt size would not be associated with iteroparity despite evidence of smolt 

size affecting sea-winters-at-maturity. This result aligns with the work of Aykanat et al. 
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(2019) who found that age at maturity and the probability of expressing iteroparity are 

linked to the same allele in the vgll3 gene of Atlantic salmon. Thus, iteroparity may be a 

rigid trait that does not plastically react to environmental variation such that regardless of 

smolt size, a portion of steelhead migrants will attempt iteroparity. Another possible 

explanation is that the contrast between steelhead that may or may not display/survive 

to display iteroparity and steelhead that survived to display iteroparity was not strong 

enough and/or the sample size was too small to detect an indirect effect of smolt size on 

iteroparity via sea-winters-at-maturity. Alternatively, iteroparity may be most common in 

large smolts that grew fast (e,g., large, young smolts [age-2 or age-3]) as opposed to 

large smolts that grew slowly (e.g., large, old smolts [age-4 or age-5]) given that 

steelhead have limited life spans and iteroparity typically involves a greater portion of the 

life cycle spent at sea. Regardless of the mechanism, our results suggest that smolt size 

is not strongly related to iteroparity in steelhead. 

The population-level consequences of our findings are not conclusive and require 

context. First, population-level egg production has little effect on population productivity 

under moderate to high density-dependent recruitment (Grant and Benton 2000). Thus, 

egg production only becomes important when population abundance is low enough that 

density-dependence is not limiting the number of juveniles that can survive. Although 

Keogh River steelhead are depressed, density-dependence continues to limit smolt 

production (Atlas et al. 2015, Bailey et al. 2018), and unless factors driving density-

dependence are reduced, changes in egg production by female steelhead are unlikely to 

make much difference to adult steelhead abundances. Second, while returning after 

fewer years spent at sea may reduce generation time and increase population 

productivity (Grant and Benton 2000), it is important to note that this was more common 

among larger smolts, which are typically also older smolts (see Chapter 2). Thus, only 

young smolts that sent fewer years at sea may display a true reduction in total age-at-

maturity. Finally, mortality is the ultimate driver of the number of returning adult 

steelhead, and we did not examine smolt mortality rates with respect to smolt size and 

marine environmental conditions. Future work will address how smolt size and marine 

environmental variation combine to determine marine survival. 

Additional caveats to consider include that mortality is an important factor 

affecting variation in adult life history (e.g., Johnston and Post 2009, Bordeleau et al. 

2020) that was not accounted for in our analyses. Variation in life-history traits can be 
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driven by plastic phenotypic responses to environment (e.g., Morita et al. 2009), trait-

biased survival (Kendall et al. 2014), or both (e.g., Edeline et al. 2007) – thus, we are 

unable to distinguish the underlying mechanisms producing the variation in adult life 

history observations in this chapter. Furthermore, while the numbers of eggs produced 

by female steelhead appeared to be generally balanced by the opposing effects of smolt 

size on sea-winters-at-maturity and size-at-maturity, this study did not consider that size-

fecundity relationships could vary through time (Ohlberger et al. 2020) nor that egg size 

varies with female size (Quinn et al. 2011). Thus, our egg production results only reflect 

egg quantities as opposed to total reproductive investment by female steelhead. 

Through analyses of three decades of adult steelhead scales, we uncovered 

size-by environment interactions where smolt size had consequences for the number of 

sea-winters-at-maturity and size-at-maturity. We also found that varying environmental 

conditions and species interactions changed the strength of the effect of smolt size on 

sea-winters-at-maturity and size-at-maturity. However, because of the opposing direct 

and indirect effects of smolt size on size-at-maturity, egg production at the population 

level was unaffected given a fixed number of returning female spawners under varying 

smolt size distributions and environmental conditions. This study represents a rare 

example of how carry-over effects and size-by-environment interactions affect 

reproductive output in an organism with a complex and migratory life history. 
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Chapter 6.  
 
General Discussion 

The studies within this thesis represent a rare demonstration of the deep 

interconnectivity among environment, life-history, growth, and population production 

across disparate habitats in a species with a complex, migratory life history. Not only 

does this thesis elucidate links between environmental variation and traits at multiple life-

stages in steelhead trout (Chapters 2 & 5), but it also illustrates how traits shaped by 

environmental conditions in the rearing habitat can interact with environmental 

conditions experienced in a subsequent habitat to shape reproductive traits (Chapter 5) 

(i.e., carry-over effects and size-by-environment interactions; O’Connor et al. 2014, 

Tredennick et al. 2018). In addition, this thesis shows how pink salmon egg consumption 

by steelhead and other stream fishes is mechanistically linked to egg availability 

(Chapter 3) and thus pink salmon spawner abundance (a driver of steelhead smolt 

production, smolt age, and size-at-maturity; Chapter 2). It also includes a much-needed 

update to scale-based fish length back-calculation methods that provides tools for future 

scientists attempting to back-cast fish lengths with greater accuracy and less bias. 

Collectively, I hope this thesis informs steelhead management and conservation by 

increasing our general knowledge of steelhead biology and ecology, and more 

specifically by demonstrating how factors that can be manipulated by managers such as 

pink salmon abundance affect steelhead life-history and production. 

In the following sections, I discuss the contrasting impacts of congeneric salmon 

across the steelhead life cycle and illustrate how the results of this thesis are context-

dependent with respect to the broad range of ecosystems steelhead inhabit and major 

life-history variations they display. Next, I suggest how this information can be applied to 

steelhead conservation and management and conclude with how the results of this 

thesis contribute to migratory animal life-history theory. 

6.1. Congeneric salmon across the steelhead life cycle 

This thesis and past work by others provide strong evidence that steelhead trout have 

biologically meaningful interactions with congeneric Pacific salmon. These interactions 
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have consequences for growth, life history, and survival (Young 2004, Atcheson et al. 

2012, Bailey et al. 2019, Wilson et al. 2021a), where the type of interaction depends on 

both the habitat and species. For instance, in this thesis I find that juvenile coho salmon 

compete with juvenile steelhead for salmon eggs, and that gram-for-gram, coho are 

dominant competitors (Chapter 3). In this competitive setting, most juvenile steelhead 

could only feed extensively on eggs when they were hyper-abundant (Chapter 3). 

Conversely, I also show that increasing pink salmon spawning abundance (which 

provides a nutrient subsidy via the production of eggs, carcass tissues, and fry) was 

associated with reduced steelhead smolt age and increased steelhead smolt production 

post-1990 (Chapter 2). Concurrent research also found a positive signal of pink salmon 

in steelhead population trends (Wilson et al. 2021a). In addition, this thesis provides 

evidence that increasing pink salmon spawning abundance reduced the difference in 

size-at-maturity between small and large steelhead smolts, where larger smolts typically 

return at larger sizes at maturity than small smolts (Chapter 5). These results suggest 

that the subsidy from pink salmon spawners may have either reduced the competitive 

difference between large smolts and small smolts or allowed slower-growing large 

smolts and faster-growing small smolts to survive. Thus, in freshwater the general 

pattern appears to be that congeneric salmon that spend significant periods of time 

rearing in freshwater streams before migrating to sea (e.g., coho, stream-type chinook) 

are more likely to be competitors with juvenile steelhead (e.g., Young 2004, Bailey et al. 

2019, Chapter 2), while populations that spawn at high densities and spend little time 

rearing in freshwater (e.g., pink salmon and chum salmon) or rear in different freshwater 

environments (e.g., sockeye in lakes) are more likely to subsidize juvenile O. mykiss 

(Moore et al. 2008, Bentley et al. 2012, Chapter 2). 

The role of numerically dominant salmon species in saltwater appears to reverse 

from subsidizing steelhead through spawning events to limiting food availability in the 

North Pacific for steelhead and other Pacific salmon (Ruggerone and Nielsen 2004, 

Atcheson et al. 2012, Oke et al. 2020). In this thesis, I provide evidence that estimated 

North Pacific salmon abundance (the sum of pink, chum, and sockeye) alters the 

relationship between steelhead smolt size and size-at-maturity, where years with high 

salmon abundance (which were tightly correlated with Strait of Georgia seal abundance) 

were years when the effect of smolt size on size-at-maturity was stronger (i.e., big 

smolts came back bigger, and small smolts came back smaller; Chapter 5). Outside of 
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this thesis, Wilson et al. (2021a) found that high numbers of North Pacific salmon and 

harbour seal abundance were associated with depressed marine survival in Keogh River 

steelhead. While both of these results come with the caveat that harbour seal 

abundance is correlated with North Pacific salmon abundance, another study by 

Atcheson et al. (2012b) found that high Kamchatka pink salmon abundance in the North 

Pacific was associated with poor diets for steelhead in the Gulf of Alaska and North 

Pacific, suggesting competition between steelhead and North Pacific salmon. 

Furthermore, there are a variety of studies that demonstrate negative impacts of chum 

and pink salmon abundance on other Pacific salmon (e.g., Ruggerone and Nielsen 

2004, Ruggerone and Connors 2015, Oke et al. 2020). Thus, while pink, chum, and 

sockeye salmon may giveth in freshwater, they may also taketh in saltwater. 

The question that remains to be answered is, “what is the net impact of 

numerically dominant Pacific salmon on steelhead?”. To complete this picture for the 

Keogh River, we need to understand how steelhead smolt size and North Pacific salmon 

abundance influence smolt survival. Past work by Wilson et al. (2021a) has shown that 

high values of an index of North Pacific salmon abundance (pink, chum and sockeye) 

and Strait of Georgia seal abundance are associated with reduced Keogh steelhead 

marine survival, and Wilson et al. (2021b) have shown that larger smolts are more likely 

to survive to spawn in the Wind River, WA. In this thesis, I have shown that increased 

pink salmon spawning abundance increases smolt production in the post-1990 regime, 

but that large pink salmon spawning abundances are associated with younger and thus 

smaller smolts (Chapter 1). At the individual level, migrating to sea at a smaller size may 

be maladaptive for survival; however, smaller smolts tend to spend an additional winter 

at sea allowing them to return 10 cm longer on average, and these smolts likely have 

higher energy reserves following a large pink salmon run which may increase marine 

survival relative to size. At the population level, size-biased mortality may be balanced 

by increased smolt production following large pink salmon runs. However, there is 

uncertainty surrounding the effect of smolt size on survival at the Keogh River (Ward et 

al. 1989, Friedland et al. 2014), thus there is a need for future research to address how 

the effect of smolt size on marine survival changes from year-to-year, and whether those 

changes are associated with marine environmental conditions such as North Pacific 

salmon abundance and climate indices. Moreover, these relationships will likely be 
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scale-dependent, with competition operating at large oceanic scales, and positive effects 

operating at river or reach scales.  

6.2. Steelhead freshwater habitat and life-history diversity 

Steelhead inhabit a broad range of freshwater ecosystems in North America ranging 

from California to Alaska, encompassing everything from tiny coastal streams to 

enormous watersheds that span temperate rainforests and deserts (Quinn 2005, Ohms 

et al. 2014). Additionally, steelhead populations may be purely anadromous, or comprise 

a mix of interbreeding anadromous (steelhead) and resident (rainbow trout) individuals 

(Kendall et al. 2015). In this thesis, I find that increased growing season air 

temperatures, spawning salmon subsidies, and artificial nutrients are associated with 

increased smolt size at age and/or reduced age at migration to sea, but these results 

stem from a single purely anadromous steelhead population in a small, nutrient-poor, 

coastal stream with a rain-dominated hydrograph. This begs the question, “how do these 

results translate to other populations in extremely different freshwater habitats, or with 

mixed anadromous and resident (i.e., partially anadromous) populations?”. 

The effect of increasing air temperature on juvenile steelhead growth, life-history, 

and survival is dependent on a wide variety of factors. For example, if a stream is 

glacier-fed with a strong groundwater supply and heavy forest cover, it is well buffered 

against warming from increasing air temperatures (Kelleher et al. 2012) and thus 

warming is less likely to affect juvenile steelhead in that waterbody. If a stream is 

temperature sensitive, it is important to consider whether its current thermal regime is 

close to exceeding a population’s thermal tolerance (which varies by population for 

salmonids; e.g., Eliason et al. 2011), food availability relative to temperature-driven 

metabolic demand and constraints (e.g., Smits et al. 2016), if the stream has spatial 

heterogeneity in temperature with thermal refugia that fish can use (Boughton et al. 

2007, Sloat and Osterback 2013), and whether the population is purely or partially 

anadromous (Sloat et al. 2014). Thus, the outcome of increasing air temperatures is 

likely stream-specific and could range from no effect (in thermally buffered streams) to 

increasing mortality and/or potentially reduced growth rates (in sensitive streams close 

to the upper thermal tolerance of steelhead and with limited food resources; e.g., Sloat 

and Osterback 2013) to the positive effect of increased growth rates (in sensitive 

streams below the thermal tolerance and with abundant food). In purely anadromous 
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populations, reduced growth would likely produce older smolts, while faster growth may 

produce younger smolts (Chapter 2). In partially anadromous populations, higher 

temperature has been shown to increase the proportion of fish that become anadromous 

even if food availability allows for faster growth (Sloat and Reeves 2014, Van Doornik et 

al. 2021). 

The effects of increasing nutrient subsidies on steelhead growth, life-history, and 

survival are also highly context dependent. Factors such as the type of subsidy (e.g., 

Chapter 2), spatial and temporal distribution of the subsidy (e.g., Sato et al. 2016, 

Chapter 2), background stream productivity and thermal regime (e.g., Compton et al. 

2006, Smits et al. 2016), and pure versus partial anadromy (Kendall et al. 2015) need to 

be considered when thinking about how nutrient subsidies will affect steelhead. For 

example, the second chapter of this thesis finds that artificial nutrient addition that was 

continuously supplied to the whole river across a year was associated with increased 

smolt size and reduced smolt age, while increases in the magnitude of a pulsed subsidy 

from spawning pink salmon that occurs primarily in the lower half of the river was 

associated with smolt age reduction but no change in smolt size at age. Artificial nutrient 

addition was associated with increased steelhead smolt production in the first but not 

second half of the timeseries, while increased pink salmon spawning abundance showed 

the opposite temporal pattern. In a nutrient rich stream, the addition of subsidies may 

create water quality issues that negatively affect fish growth and/or survival (Compton et 

al. 2006), while in very cold streams nutrient addition will not affect growth and may not 

affect survival because temperature is limiting metabolism and thus growth (Smits et al. 

2016). In partially anadromous steelhead populations, the increase in growth that 

nutrient subsidies can provide may increase rates of residency (Kendall et al. 2015) as 

large subsidies such as those generated by high density salmon spawning can allow 

resident rainbow trout to achieve large body sizes without risking the migration to sea 

(e.g., Schwanke 2002). Ultimately, the smolt life-history and production results from this 

thesis may be predictive for other nutrient-poor coastal streams with purely anadromous 

steelhead populations, but in broader contexts, these results become less predictive and 

instead are valuable as an example of a) the incredible variation in traits that steelhead 

may display and b) the connections these traits have to environmental variables. 
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6.3. Conservation implications 

The future of steelhead populations in the middle and southern latitudes of North 

America is highly uncertain. Out of 15 native distinct population segments in the lower 48 

states, 11 are listed as threatened or endangered under the Endangered Species Act in 

the United States (NOAA 2022). In British Columbia (BC), Canada, the Thompson and 

Chilcotin River populations are classified as endangered by the Committee on the Status 

of Endangered Wildlife in Canada (COSEWIC) but are currently unlisted under the 

Species At Risk Act (Government of Canada 2021), and coastal Southern BC steelhead 

populations have declined to very low abundances (Bison 2021). The prevailing 

narrative since the 1990s has been that widespread steelhead declines have been 

primarily driven by poor marine survival (Welch et al. 1998, 2000, Smith and Ward 2000, 

Friedland et al. 2014); however, more recent work has shown that freshwater 

environmental conditions are still directly or indirectly responsible for as much as 50% of 

the variation in adult steelhead abundance (Wilson et al. 2021a). Thus, combining the 

results of this thesis in the appropriate context with past work by others in both 

freshwater and saltwater may provide future direction for conserving steelhead. 

Managing nutrient loading in streams may provide an opportunity to increase 

steelhead abundances in depressed populations. In partially anadromous steelhead 

populations, anthropogenic nutrient inputs may increase the proportion of juveniles that 

express a resident rather than anadromous life history (Kendall et al. 2015). For 

example, Thompson River steelhead are subsidized by a variety of human-derived 

nutrient inputs throughout the Thompson River watershed including the municipal 

sewage treatment plants in Kamloops and Merritt BC, effluent from the pulp mill in 

Kamloops, and fertilizer runoff from agricultural activity along large portions of the 

Thompson River and its tributaries (e.g., the Nicola Valley). More stringent 

environmental standards limiting the quantity of nitrogen and phosphorous that can be 

released into the Thompson watershed through treated sewage, industrial effluent, and 

alternative agricultural practices that reduce fertilizer use may slow juvenile growth rates 

and reduce expression of the resident life-history. Future research could address this 

question through experimental artificial nutrient manipulations in artificial streams with 

juvenile O. mykiss collected from steelhead-producing tributaries in the Thompson River 

watershed such as the Nicola and Bonaparte Rivers. 
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In nutrient-poor streams and rivers such as those that form many of the 

watersheds on Vancouver Island (including the Keogh River), increased nutrient addition 

through managing for larger escapements of pink, chum, or sockeye salmon may 

increase steelhead smolt production (Chapter 2). While it is unknown whether the 

reduction in steelhead smolt age (and thus smolt size) associated with salmon subsidies 

(Chapter 2) has a negative impact on marine survival, evidence from Chapter 5 

(specifically where smaller smolts return at larger sizes at maturity when they migrate to 

sea after a large pink salmon run) suggests that pink salmon subsidies may offset the 

potentially negative survival effect of being a small smolt as demonstrated by Wilson et 

al. (2021b). Unfortunately, declines in southern chum, pink, and sockeye populations 

(Peterman and Dorner 2012, Malick and Cox 2016) may challenge managers ability to 

increase salmon spawner abundances. While this thesis uses observational data to 

show an association between salmon spawning abundance and steelhead smolt 

production, future research could causally confirm this link through experimental 

manipulation of salmon spawning densities. 

Reducing the quantity of hatchery-produced pink and chum salmon in the North 

Pacific could benefit steelhead populations. Between 1990 and 2015, Ruggerone and 

Irvine (2018) estimated that 60% of all chum salmon and 15% of all pink salmon were 

produced by hatcheries, with the bulk of production occurring in Alaska, Russia, and 

Japan. There is mounting evidence that these numerically dominant species compete 

with and reduce the resources available for wild fish of the same species as well as 

other wild Pacific salmon and steelhead in the North Pacific (Atcheson et al. 2012, Cline 

et al. 2019, Oke et al. 2020). Although the results in this thesis show a small negative 

effect of an index of North Pacific salmon and Strait of Georgia seal abundance on size-

at-maturity for small steelhead smolts, research by others has demonstrated that 

steelhead diets become poor when Kamchatka pink salmon abundance is high 

(Atcheson et al. 2012) and that an index of North Pacific salmon and Strait of Georgia 

seal abundance is negatively associated with Keogh River steelhead marine survival 

(Wilson et al. 2021a). Northern hatchery production is particularly harmful to steelhead 

and salmon from the Alaska Panhandle southwards because the hatchery fish that are 

not captured in terminal fisheries stray into northern streams where juvenile salmonids in 

the south cannot access the nutrients transported from the North Pacific by northern 

hatchery salmon spawning in northern streams. Additionally, wild North Pacific salmon 
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abundance is at a historic high due to increases in northern stocks of chum, pink, and 

sockeye salmon (Ruggerone and Irvine 2018), further reducing the portion of marine 

nutrients that are transported back to southern streams. Thus, there is a need to develop 

and negotiate international treaties to reduce hatchery salmon production for the 

conservation of wild southern populations of steelhead and salmon (Holt et al. 2008). 

6.4. Contribution to migratory animal life-history theory 

Past work on animal migration and life-history has largely been focused on developing a 

unified definition of migration (e.g., Dingle 2006, Dingle and Drake 2007), investigating 

the evolution of migration and what the associated costs and benefits are relative to 

residency (e.g., Pulido and Berthold 2010, Shaw and Couzin 2013), examining the 

importance of migration phenology and phenological mismatches (e.g., Jones and 

Cresswell 2010, Visser and Gienapp 2019), and more recently, an increasing focus on 

carry-over effects of environmental conditions in pre-migration habitats on survival or 

traits developed in the post-migration habitat (e.g., O’Connor et al. 2014, Paxton and 

Moore 2015). This thesis contributes to this body of work by demonstrating cross-habitat 

carry-over effects where a plastic trait shaped by environmental conditions in the pre-

migration habitat (i.e., smolt size; Chapter 2) not only affects age- and size-at-maturity 

but shows how the effect of size-at-migration on adult life-history traits may depend on 

environmental conditions in the post-migration habitat (Chapter 5). Studies on cross-

habitat carry-over effects that examine how carry-over effects interact with the post-

migration habitat are rare, and have been limited with respect to the number of 

years/generations observed (e.g., Legagneux et al. 2012) or have been conducted in 

highly controlled experimental settings (e.g., Hettinger et al. 2012, Van Allen and Rudolf 

2013). Intriguingly, the outcome of the interaction between carry-over effects and the 

post-migration environment have been different in each of these publications and this 

thesis, where environmental conditions in the post-migration habitat may do nothing to 

mediate carry-over effects from the pre-migration habitat (Hettinger et al. 2012), the 

post-migration habitat may cancel out negative carry-over effects depending on 

environmental conditions (Legagneux et al. 2012, Van Allen and Rudolf 2013), or 

environmental conditions in the post-migration habitat may have varying consequences 

for different-sized individuals without affecting the mean response of the population 

(Chapter 5). Thus, this thesis presents novel carry-over effects dynamics for migratory 
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animals and represents a rare test of the interaction between cross-habitat carry-over 

effects and post-migration environmental conditions using a wild population across a 3-

decade timeseries. 

6.5. Concluding remarks 

Steelhead trout are incredible animals with diverse life-histories. Their trait variation and 

plasticity combined with migrations between freshwater and saltwater habitats make 

steelhead trout a difficult O. mykiss life history to manage. The future of southern 

steelhead populations is uncertain and fraught with hazards identified in this thesis (e.g., 

climate, nutrients, competition, carry-over effects) and others that were outside the 

scope of this research (e.g., forestry, hydrology, fisheries interception, steelhead 

hatcheries). It is my hope that the inspiring collaboration and cooperation among multiple 

levels of government, consultants, and nations that made this research possible will 

continue to grow and evolve so that future generations in southern BC and the lower 48 

states may appreciate wild steelhead in their local watersheds. 
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Table A.1. Nutrient addition history of the Keogh River, Port Hardy BC. 

    Target concentration (µg L-1)   

Year Type of fertilizer Length (m) 
Nutrient ratio 
(N-P-K) Phosphorus Nitrogen Location (km upstream) Reference 

1981 Rolled barley 300 NA NA NA 29.0 – 30.5 Johnston et al. 1990 

1981 Inorganic 300 34-0-0 15 200 29.0 – 30.5 Johnston et al. 1990 

1981 Inorganic 300 11-55-0 20 400 29.0 – 30.5 Johnston et al. 1990 

1983 Osmocote Prills TM 29000 UNK 10 100 0.0 – 29.0 Johnston et al. 1990 

1984 Osmocote Prills TM 3000 UNK 15 15 26.0 – 29.0 Johnston et al. 1990 

1984 Inorganic liquid 3000 11-55-0 15 15 23.0 – 26.0 Johnston et al. 1990, Ashley and Slaney 1997 

1984 Inorganic liquid 23000 34-0-0 15 150 0.0 – 23.0 Johnston et al. 1990, Ashley and Slaney 1997 

1985 Inorganic liquid 29000 UNK 10 100 0.0 – 29.0 Johnston et al. 1990, Ashley and Slaney 1997 

1986 Inorganic liquid 3000 11-55-0 10 NA 26.0 – 29.0 Johnston et al. 1990, Ashley and Slaney 1997 

1986 Inorganic liquid 26000 34-0-0 10 50 0.0 – 26.0 Johnston et al. 1990, Ashley and Slaney 1997 

1986 Inorganic liquid 26000 11-55-0 10 50 0.0 – 26.0 Johnston et al. 1990, Ashley and Slaney 1997 

1997 Inorganic briquettes 22000 UNK 5 NA 0.0 – 22.0 McCubbing and Ward 1997 

1998 Inorganic briquettes 27500 UNK 5 NA 0.0 – 27.0 McCubbing and Ward 1999 

1999 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward 2006 

2000 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward 2006 

2001 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward 2006 

2002 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward 2006 

2003 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward 2006 

2004 Inorganic briquettes 36500 UNK 3-5 NA 0.0 – 36.5 Ward pers. comm. 2016 

Notes: barley was applied at 280 g m-2 and contained 0.40% P, 1.88% N, and 39.24% C; Osmocote Prills TM are small beads that slowly release inorganic 

fertilizers contained within; briquettes were purchased from IMC Vigoro Inc., were composed of magnesium ammonium phosphate, and designed to release 

nutrients slowly; from 1984-1986 liquid agricultural fertilizers were used. 
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Table A.2. Akaike’s Information Criterion (AICc) summary of linear models with delta AICc ≤ 2 for the age-specific 
probability of smolting, smolt size, and brood smolt abundance, for the Keogh River, BC, CAN from 1976 to 
2010. 

Dependent variable Smolt age(s) Top models † K ‡ Log-likelihood AICc  ΔAICc  wi § 

Proportion migrating 1 Pink -1 + Nutr. -1 + (1|Migr. Year) 4 -444 895 0.00 0.23 

  Pink -1 + Nutr. -1 + TBS 0 + (1|Migr. Year) 5 -443 896 0.25 0.20 

  Pink -1 + Nutr. -1 + Temp. -1 + (1|Migr. Year) 5 -443 896 0.55 0.18 

  Nutr. -1 + (1|Migr. Year) 3 -445 897 1.35 0.12 

  Pink -1 + Nutr. -1 + W. Precip. -1 + (1|Migr. Year) 5 -444 897 1.62 0.10 

  Pink -1 + Nutr. -1 + TBS 0 + Temp. 1 + (1|Migr. Year) 6 -443 897 1.89 0.09 

  Pink -1 + Nutr. -1 + S. Precip. -1 + (1|Migr. Year) 5 -444 897 2.00 0.09 

 2 M. Pink + M. Nutr. + (1|Migr. Year) 4 -3824 7656 0.00 0.33 

  M. Pink + M. Nutr. + M. W. Precip + (1|Migr. Year) 5 -3824 7657 0.99 0.20 

  M. Pink + M. Nutr. + TBS -1 + (1|Migr. Year) 5 -3824 7658 1.25 0.18 

  M. Pink + M. Nutr. + M. Temp. + (1|Migr. Year) 5 -3824 7658 1.55 0.15 

  M. Pink + M. Nutr. + M. S. Precip + (1|Migr. Year) 5 -3824 7658 1.70 0.14 

 3 Pink -1 + Nutr. -1 + (1|Migr. Year) 4 -1378 2764 0.00 0.24 

  Pink -1 + Nutr. -1 + M. Temp. + (1|Migr. Year) 5 -1377 2764 0.12 0.23 

  Pink -1 + Nutr. -1 + T. TBS + M. Temp. + (1|Migr. Year) 6 -1377 2765 1.25 0.13 

  Pink -1 + Nutr. -1 + M. W. Precip. + (1|Migr. Year) 5 -1378 2765 1.26 0.13 

  Pink -1 + Nutr. -1 + M. S. Precip. + M. Temp. + (1|Migr. Year) 6 -1377 2766 1.90 0.09 

  Pink -1 + Nutr. -1 + M. S. Precip. + (1|Migr. Year) 5 -1378 2766 1.92 0.09 

  Pink -1 + Nutr. -1 + T. TBS + (1|Migr. Year) 5 -1378 2766 1.99 0.09 

†Predictor Variables: Pink = pink salmon abundance, Nutr. = nutrient addition, (1|Migr. Year) = migration year as a random effect, Temp. = temperature, S. Precip. = summer 
precipitation, W. Precip. = winter precipitation, TBS = density (measured as brood smolt abundance), and Spawn = density (measured as steelhead spawner brood abundance). 
The numbers following the variables in the migration and fork length analyses denote their associated time-intervals. For example, Pink -1 is the log abundance of pink salmon in 
the autumn prior to potential migration. “M.” represents a mean of a variable across multiple years, and T. represents a sum across multiple years. For the smolts per spawner 
analysis and the density variables, numbers denote time lags differently: “0” refers to the brood year, and “-1” refers to the previous brood year. ‡Degrees of freedom. §The AICc 

model weight which provides the probability that a given model is better than all other candidate models at describing variation in the dependent variable. 
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Table A.2. (continued) 

Dependent variable Smolt age(s) Top models † K ‡ Log-likelihood AICc  ΔAICc  wi § 

Fork length 2-4 Age + M. Nutr + M. S. Precip. + M. Temp. 7 -335 686 0 0.19 

  Age + M. Nutr. + M. Temp. 6 -336 686 0.32 0.17 

  Age + M. Pink + M. Nutr. + M. S. Precip. + M. Temp. 8 -334 686 0.46 0.15 

  Age + M. Pink + M. Nutr. + M. S. Precip. + Density -1 + M. Temp. 9 -333 687 1.21 0.11 

  Age + M. Nutr. + M. S. Precip. + Density -1 + M. Temp. 8 -335 687 1.26 0.10 

  Age + M. Nutr. + Density -1 + M. Temp. 7 -336 687 1.27 0.10 

  Age + M. Pink + M. Nutr. + M. Temp. 7 -336 687 1.31 0.10 

  Age + M. Pink + M. Nutr. + Density -1 + M. Temp. 8 -335 687 1.77 0.08 

Smolts per spawner 1-5 Spawn 0 + M. Temp. 4 3 7 0 0.41 

1976 – 1990  Spawn 0 + M. Nutr. 4 3 7 0.05 0.40 

  Spawn 0 3 0 9 1.57 0.19 

Smolts per spawner  Spawn 0 + M. Pink 4 -13 38 0 0.72 

1991 – 2010  Spawn 0 3 -16 40 1.88 0.28 
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Figure A.1. The illustrated effects of high (mean + 2 SD), mean, and low (mean – 
2 SD) pink salmon abundance and the pink salmon abundance cycle 
on the proportion of steelhead smolts migrating to sea at ages 1 – 
4+. Pink salmon in the Keogh River were on average 6.4 times more 
abundant during even years than odd years. Thus, even year pink 
salmon runs have a greater effect on steelhead smolt age than odd 
year runs on average. Each decision tree shows the mean effect of 
high, mean, or low alternating even-year and odd-year pink salmon 
runs on the proportion of steelhead smolts that migrate to sea at a 
given age. The left column describes steelhead smolts born on an 
even pink salmon brood year, and the right column indicates smolts 
born on an odd brood year. The numbers represent the mean 
proportion of smolts from a brood year that migrate at a particular 
age. Dashed lines represent 0.001 – 0.009 of smolts in a brood year, 
and solid lines represent ≥ 0.01 of smolts in a brood year. Lines are 
weighted according to the proportion of smolts, with black lines 
representing fish remaining in the river, and blue lines with arrows 
representing fish migrating to sea. 
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Appendix B. 
 
Supplementary Material for Chapter 3 

B.1. Estimated pink salmon spawning densities and their relationship to 
egg treatments. 

The following calculations are based on a paper by Moore et al. (2008) that 

estimates the relationship between sockeye salmon spawning density and the density of 

drifting salmon eggs. The following calculations adapt the relationship defined in Moore 

et al. (2008) to pink salmon behaviour, egg production, and estimates of spawning 

abundance for the Keogh River. 

Estimating salmon spawner density. To approximate the relationship between 

pink salmon spawner density and drifting egg density, we first estimated spawner 

density from spawner abundance. The maximum recorded pink salmon spawning 

abundance in the Keogh River is 801 473 spawners (Fisheries and Oceans Canada 

2020), thus we used this abundance to approximate the maximum potential density of 

pink salmon spawners. Not all spawners arrive in the river at the same time, and once 

spawning begins, females may remain on their redds (collection of nests) from 11 – 21 

days (median = 16; Smirnov 1975 in Groot and Margolis 1991) before dying. Using data 

on daily fish migration in the Keogh River through a resistivity counter from McCubbing 

(2002) in combination with the median number of days each pink salmon survives in the 

river, we estimated the daily pink salmon spawning abundance. Daily abundance was 

then divided by the total run size from the example year to determine the proportion of 

the total run on redd through time, including the proportion of the entire run that is 

attempting to spawn during peak spawning (Figure B.1.1). 



165 

 

Figure B.1.1. Approximate distribution of the proportion of Keogh River pink 
salmon run abundance on redd during a spawning event. 

Next, we multiplied the peak proportion of the spawning run on red (0.92) by the 

maximum recorded spawning run (801 473) for a value of 737 355. A survey by 

McCubbing et al. (2000) and unpublished stream surveys indicate that pink salmon 

primarily spawn in the lower 22.5 km of the river. In a year when pink salmon spawner 

abundance is >800 000 spawners, likely all available gravel is being used, so we 

assumed that 90% of the 22.5 km of spawning reaches were used by pink salmon 

regardless of their suitability. The Keogh River is approximately 15 m wide at its mouth, 

and 5 m wide at its origin – given that 22.5 km is 0.72 of the length of the river, and that 

bank width reduces by 10 m from origin to the sea, the mean width of the river in the 

lower 22.5 km of river is approximately 11.4 m. 

22.5 km / 31.2 km = 0.72 

15 m - 5 m = 10 m 

10 m * 0.72 = 7.2 m change in bank width over the lower 22.5 km 

mean river width over the first 22.5 km = 15 m - (7.2 m/ 2) = 11.4 m 
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From the above calculations and the assumption that 90% of the lower 22.5 km 

was useable for spawning, we determined that there was approximately 230 850 m2 of 

spawning area used by pink salmon spawners. 

22 500 m * 11.4 m * 0.9 = 230 850 m2 available spawning area 

With 230 850 m2 of spawning area and a peak spawning abundance of 737 355 

on the spawning grounds, the peak total spawning density was approximately 3.2 pink 

salmon m-2. 

Estimating salmon egg drift density. In Moore et al. (2008), a sockeye salmon 

spawner density of 3.2 m-2 produces 31 930 eggs m-2 d-1 based on the following power 

relationship: 

508.0 * salmon density (no. m-2) ^ 3.56 

However, female pink salmon redds are approximately half the size of sockeye 

salmon redds (1.8 m2 / 3.7 m2 = 0.49; Groot and Margolis 1991), and in the Keogh River 

female pink salmon produce approximately 45% of the number of eggs that female 

sockeye salmon produce (1620 / 3615 = 0.45; Beacham and Murray 1993). Thus, to 

convert sockeye salmon egg production to pink salmon egg production, we weighted 

pink salmon density by a factor of 0.47 and plugged this value back through the power 

function developed by Moore et al. (2008) to get: 

508.0 * (3.2 * 0.47) ^ 3.56 = 2172 eggs m-2 d-1 

If we scale this to the average size of the sites we treated (43 m2) and divide by 

24 hours, then during peak pink salmon spawning in the Keogh River during it’s largest 

run on record, approximately 3900 eggs site-1 hr-1 were produced, which is quite similar 

to our highest egg treatment of 3575 eggs.
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B.2. Principle components analysis of community composition 

Table B.2.1. Correlation between taxon-specific abundance and principle 
components axes 1 – 4. 

  Principle Components Axis 

Taxon PC1 PC2 PC3 PC4 

coho salmon 0.0425 -0.9978 -0.0499 -0.0111 

steelhead trout 0.0139 -0.0493 0.9987 0.0007 

cutthroat trout 0.0011 0.0111 0.0012 -0.9999 

sculpins -0.9990 -0.0431 0.0118 -0.0016 

 

Table B2.2. Standard deviation, proportion of variance, and cumulative 
proportion of variance in species composition explained by 
principle components axes 1 – 4. 

Principal Components Axis PC1 PC2 PC3 PC4 

standard deviation 36.52 8.56 4.11 0.93 

proportion of variance 0.94 0.05 0.01 0.00 

cumulative proportion of 

variance 0.94 0.99 1.00 1.00 
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Figure B2.1. Principle components axis 1 versus site. Panel (a) is a magnified portion of panel (b) outlined in a red dashed 
line. Panel (a) excludes the data point for site 3 due to the great difference in species composition between 
site 3 and all other sites. 



169 

B.3. Candidate models. 

Table B.3.1. Candidate model sets for initial logistic component model competitions. 

Candidate Component Model 

egg abundance + (1|site) 

egg abundance + (1 + egg abundance|site) 

egg abundance + no. competitors + (1|site) 

egg abundance + no. competitors + egg abundance:no. competitors + (1 egg abundance|site) 

egg abundance + community composition + (1|site) 

egg abundance + community composition + egg abundance:community composition + (1 + egg abundance|site) 

egg abundance + stream velocity + (1|site) 

egg abundance + stream velocity + egg abundance:stream velocity + (1 + egg abundance|site) 

egg abundance + ln(mass) + (1|site) 

egg abundance + ln(mass) + egg abundance:ln(mass) + (1|site) 

egg abundance + ln(mass) + no. competitors + (1|site) 

egg abundance + ln(mass) + no. competitors + egg abundance:ln(mass) + (1|site) 

egg abundance + ln(mass) + community composition + (1|site) 

egg abundance + ln(mass) + community composition + egg abundance:ln(mass) + (1|site) 

egg abundance + relative mass + ln(mass) + (1|site) 

egg abundance + relative mass + ln(mass) + relative mass:ln(mass) + (1|site) 

egg abundance + relative mass + (1|site) 

egg abundance + relative mass + egg abundance:relative mass + (1|site) 

egg abundance + relative mass + no. competitors + (1|site) 

egg abundance + relative mass + no. competitors + egg abundance:relative mass + (1|site) 

egg abundance + relative mass + community composition + (1|site) 

egg abundance + relative mass + community composition + egg abundance:relative mass + (1|site) 
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Table B.3.2. Candidate count component model sets for final hurdle model competitions. 

Taxonomic 

Group† Candidate Component Model 

sth & coh egg abundance + (1|site) + offset(ln(mass)) 

sth &coh egg abundance + (1 + egg abundance|site) + offset(ln(mass)) 

sth & coh egg abundance + no. competitors + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + no. competitors + egg abundance:no. competitors + (1 + egg abundance|site) + offset(ln(mass)) 

sth & coh egg abundance + community composition + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + community composition + egg abundance:community composition + (1 + egg abundance|site) + offset(ln(mass)) 

sth & coh egg abundance + stream velocity + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + stream velocity + (1 + egg abundance|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + egg abundance:relative mass + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + no. competitors + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + no. competitors + egg abundance:relative mass + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + community composition + (1|site) + offset(ln(mass)) 

sth & coh egg abundance + relative mass + community composition + egg abundance:relative mass + (1|site) + offset(ln(mass)) 

scu egg abundance + (1|site) + offset(ln(mass)) 

scu egg abundance + no. competitors + (1|site) + offset(ln(mass)) 

scu egg abundance + community composition + (1|site) + offset(ln(mass)) 

scu egg abundance + stream velocity + (1|site) + offset(ln(mass)) 

scu egg abundance + relative mass + (1|site) + offset(ln(mass)) 

† sth = steelhead trout, coh = coho salmon, and scu = sculpins. 
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Appendix C. 
 
Supplementary Material for Chapter 4 

 

Figure C.1. Number of papers by year that have cited Francis (1990) and Ricker (1992), 
two classic papers on the methodology of scale-based fish length back-
calculations. 
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Figure C.2. i) Regrowth in an adult steelhead scale from the Keogh River, BC, CAN. Regrowth is apparent in the erasure of normal 
scale circuli followed by unusually widely spaced circuli before returning to more normal spacing. Here regrowth 
obscures the smolt portion of the adult scale, suggesting this fish lost this scale right around the time it smolted and 
migrated from the river to the ocean. ii) A zoomed-in portion of an adult steelhead scale from the Keogh River, BC, CAN. 
The light blue line denotes the saltwater check – the theoretical circulus marking the transition of a smolt from the river 
to the ocean. The assumption is that freshwater growth is slow, and that marine growth is rapid, thus circuli are densely 
spaced on the inside of the blue line, and widely spaced on the outside. 
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Figure C.3. Boxplots of bias in calculated standard deviation as a function of sample 
size. Samples were randomly generated from a normal distribution using 
the function rnorm() in R with the mean and standard deviation set to 0 and 
0.3, respectively. Each sample size was simulated 1000 times to generate 
the data for each boxplot. 
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Figure C.4. A graphical illustration of i) the commonly used Fraser-Lee back-calculation, and ii) the Fraser-Lee back-
calculation modified for multiple body-scale relationships. The black lines represent i) the mean body-scale 
relationship (𝑳 ~ 𝜷 × 𝑺 + 𝜶 +) and ii) the mean body-scale relationship for fish at capture (𝑳𝟏 ~ 𝜷𝟏 × 𝑺 + 𝜶𝟏) and 
the mean body-scale relationship for fish at time i (𝑳𝟎 ~ 𝜷𝟎 × 𝑺 + 𝜶𝟎). Green lines represent individual 
deviations from the slope of the mean body-scale relationship based on length at capture (Lc) and scale 
radius at capture (Sc). In plot i) the intersection of the scale radius at time i (Si) with the individual deviation 
from the mean slope (dashed lines) is used to determine body length at time i (Li). In plot ii) the mean slope at 
time i is multiplied by the proportional slope deviation at time of capture to determine the individual slope 
deviation at time i. The intersection of the scale radius at time i (Si) with the individual slope deviation at time i 
(dashed line) is then used to determine body length at time i (Li). 
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Figure C.5. A graphical illustration of i) the commonly used Body Proportional back-calculation, and ii) the Body Proportional back-
calculation modified for multiple body-scale relationships. The black lines represent i) the mean body-scale relationship 
(𝑳 ~ 𝜷 × 𝑺 + 𝜶) and ii) the mean body-scale relationship for fish at capture (𝑳𝟏 ~ 𝜷𝟏 × 𝑺 + 𝜶𝟏) and the mean body-scale 
relationship for fish at time i (𝑳𝟎 ~ 𝜷𝟎 × 𝑺 + 𝜶𝟎). In plot i) and ii) the proportional difference (Δ L) between the mean length 
for scale radius at capture (Sc) and the actual length at capture (Lc) is applied to the mean length for scale radius at time i 
(Si) to calculate length at time i (Li). The difference is that plot i) uses a global body-scale relationship for mean body 
length given scale radius at capture and at time i, whereas plot ii) uses separate body-scale relationships for mean body 
length given scale radius at capture and at time i. 
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Figure C.6. Boxplots of the ratio of the natural log of scale radius to the natural 
log of fork length for adult steelhead by ocean age and sex. NA 
boxplots represent fish that were not sexed. 

 

Figure C.7. Boxplots of the ratio of the natural log of scale radius to the natural 
log of fork length for adult steelhead by ocean age and spawner 
status (first time spawners = “no”). 
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Figure C.8. Boxplots of the ratio of the natural log of scale radius to the natural 
log of fork length for adult steelhead by ocean age and capture 
method. Fish captured at the fence were fresh migrants from the 
ocean (minimal opportunity for scale resorption and wear), whereas 
“notfence” fish were captured an unknown period of time after river 
entry by wither angling or seining. “unk” denotes fish for which 
capture method was not recorded. 

 

Figure C.9. The natural log of steelhead smolt fork length as a function of the 
natural log of steelhead smolt scale radius colour-coded by age. 
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Figure C.10. Close-up photographs of pairs of scales from steelhead recaptures 
1 – 3 from Figure 4.5. Adult scales are in the left column, and smolt 
scales are in the right column. Orange line segments show the scale 
locations that represent ocean entry. The blue line segments show 
where the saltwater check was read on adult scales – i.e., the 
location where salmonid scientists typically assume marks the 
margin of the smolt scale at saltwater entry within the adult scale. 
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Appendix D. 
 
Supplementary Material for Chapter 5 

D.1. Candidate model tables. 

Table D.1.1. Candidate models compared for the individual-level component of 
the sea-winters-at-maturity analysis. SWM = sea-winters-at-maturity, 
and SS = smolt size. 

Model no. Model pseudocode 

1 SWM ~ (1 | smolt year) 

2 SWM ~ sex + (1 | smolt year) 

3 SWM ~ SS + (1 | smolt year) 

4 SWM ~ sex + SS + (1 | smolt year) 

5 SWM ~ sex + SS + sex:SS + (1 | smolt year) 

6 SWM ~ SS + (SS | smolt year) 

7 SWM ~ sex + SS + (SS | smolt year) 

Table D.1.2. Candidate models compared for the individual-level component of 
the sea-winters-at-maturity analysis. SM = size-at-maturity, SWM = 
sea-winters-at-maturity, and SS = smolt size. 

Model no. Model pseudocode 

1 SM ~ SWM + (1 | smolt year) 

2 SM ~ sex + (1 | smolt year) 

3 SM ~ SS + (1 | smolt year) 

4 SM ~ SWM + sex + (1 | smolt year) 

5 SM ~ SWM + sex + SWM:sex + (1 | smolt year) 

6 SM ~ SWM + SS + (1 | smolt year) 

7 SM ~ sex + SS + (1 | smolt year) 

8 SM ~ SWM + SS + SWM:SS + (1 | smolt year) 

9 SM ~ sex + SS + sex:SS + (1 | smolt year) 

10 SM ~ SWM + sex + SS + sex:SS + (1 | smolt year) 

11 SM ~ SWM + sex + SS + SWM:SS + (1 | smolt year) 

12 SM ~ SWM + sex + SS + SWM:sex + (1 | smolt year) 

13 SM ~ SS + (SS | smolt year) 

14 SM ~ SWM + SS + (SS | smolt year) 

15 SM ~ sex + SS + (SS | smolt year) 

16 SM ~ SWM + SS + SWM:SS + (SS | smolt year) 

17 SM ~ sex + SS + sex:SS + (SS | smolt year) 

18 SM ~ SWM + sex + SS + SWM:SS + (SS | smolt year) 

19 SM ~ SWM + sex + SS + sex:SS + (SS | smolt year) 

20 SM ~ SWM + sex + SS + SWM:sex + (SS | smolt year) 
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D.2. Example offset calculation for the annual-level portion of candidate 
sea-winters-at-maturity models for the smolt migration year 2000. 

Using the smolt migration year 2000 for this example, 1-sea-winter steelhead 

returned in 2002, and 2-sea-winter steelhead returned in 2003. With the return year 

proportions of 1-sea-winter and 2-sea-winter steelhead sampled in 2002 and 2003, and 

the estimated total steelhead return for each return year, we can estimate the number of 

1-sea-winter steelhead and 2-sea-winter steelhead that returned from the smolt 

migration that occurred in 2000 and calculate the true proportion of 2-sea-winter fish 

(i.e., the proportion of fish that would have a binary response of 1 in the sea-winters-at-

maturity analysis). 

• 2002 return year proportion of 1-sea-winter steelhead * 2002 estimated run size 

o 0.627 * 115 = 72 

• 2003 return year proportion of 2-sea-winter steelhead * 2003 estimated run size 

o 0.676 * 141 = 95 

• Smolt year 2000 calculated true proportion of 2-sea-winter-fish 

o 95 / (95 + 72) = 0.569 

To calculate the offset used to account for sampling bias in the annual-level 

portion of candidate sea-winters-at-maturity models (which occur through a logit link), we 

subtract the logit-transformed calculated true proportion of smolt year 2000 2-sea-winter 

steelhead from the logit-transformed raw proportion of smolt year 2000 2-sea-winter 

steelhead.  

• Logit(raw p) – logit(true p) 

o Logit(0.410) – logit(0.569) = -0.642  

This value is then subtracted from the annual-level predictor variables in the 

annual-level portion of candidate models for the smolt year 2000 to account for sampling 

bias. A different offset value was calculated for each smolt year included in the analysis. 


