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Abstract 

Processes linking the environment and life histories are central to our understanding of 

population dynamics. This thesis combines life history theory and environmental 

variation to explain recruitment dynamics among populations in Fraser River sockeye 

salmon (Oncorhynchus nerka). I first explore relationships between spawning stream 

characteristics and spawning densities and show that streams with more cover have 

higher spawning densities. Next, I use a 21-year time series for three of these populations 

to explore hypotheses about how maternal life history traits and migration conditions, 

experienced during upstream migrations to their spawning grounds, influence 

reproductive investment. Maternal body size is strongly linked to total reproductive 

investment and both egg mass and fecundity; however, migration difficulty only 

influences egg mass and not fecundity. Using the same dataset, I show that egg mass and 

incubation temperatures influence juvenile fitness-related traits including length, mass 

and emergence timing. The main finding from these analyses, that warmer incubation 

temperatures result in lighter juveniles that emerge earlier, led to hypotheses about how 

incubation temperature might select for egg size among populations. I tested these 

hypotheses by comparing 16 populations and confirmed the prediction that in streams 

with warmer water, fish would produce heavier eggs. I then asked if these same maternal 

traits and environmental conditions would relate to adult recruitment dynamics. 

Populations spawning in streams with deeper water had higher maximum population 

growth rates and less variable recruitment. In addition, populations in streams with larger 

gravel exhibited stronger density-dependence. Finally, I develop a novel framework for 

evaluating how habitat data, combined with the cost of collecting such information, can 

be used in developing cost-effective surveys. I demonstrate this general framework with a 

simple example using the relationships between stream characteristics and sockeye 

densities, considering the costs and effectiveness of stream variables. Overall, this 

demonstration of the joint role of maternal traits and environmental conditions in 

recruitment dynamics supports the potential use of such variables as indicators of 
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population dynamics in the absence of long-term demographic data. Furthermore, it 

supports the development of cost-effective surveys, which is important as human impacts 

on populations increase, and as monitoring resources decline. 

Keywords:  Pacific salmon, maternal life history, juvenile life history, habitat, 
temperature, migration, reproductive investment, egg size, monitoring, 
cost-effective 
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Chapter 1.  
 
General Introduction 

Population dynamics are shaped by the biology of individuals and their interactions with 

others and the environment (Łomnicki 1988, Sutherland 1996, Roff 2002). A key aspect 

of population dynamics is recruitment, i.e. survival to adulthood. Understanding what 

factors regulate recruitment dynamics has been a central goal in ecology (Nicholson 

1933) and it is also important for the management of populations because this 

information can be used to assess risk and recovery from exploitation (Hutchings and 

Reynolds 2004). However, these assessments rely on accurate demographic data 

collected over long time periods, which are often not available for many species or 

populations. 

Life histories are fundamentally linked to the dynamics of populations (Łomnicki 1988, 

Sutherland 1996, Roff 2002). For example, species that are small bodied, have rapid 

individual growth, mature early and have short lifespans tend to have higher maximum 

population growth rates (Denney et al. 2002). Life history theory can also be used to 

predict how vulnerable species and populations are to natural and human made stressors 

(Jennings et al. 1998, Foufopoulos and Ives 1999, Brashares 2003, Hutchings and 

Reynolds 2004). Species that exhibit a fast “pace of life” and consequently high 

maximum population growth rates should also be more resilient in the face of 

environmental perturbations and exploitation (Reynolds 2003). Thus, studies that 

empirically link life histories with characteristics of population dynamics can be useful to 

managers tasked with assessing species or population vulnerability in the absence of 

adequate demographic data (Hutchings et al. 2012). 

Maternal life history traits may be particularly important for recruitment dynamics since 

energy allocations to offspring size and trade-offs with fecundity are intimately linked to 

offspring life history and survival (Einum and Fleming 2000, Benton et al. 2005, 

Venturelli et al. 2009, 2010). For example, it has been predicted that highly fecund 
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species should have more variable recruitment, although evidence for this relationship is 

mixed. (Mertz and Myers 1996, Einum et al. 2003) found no relationship while others 

have (Spitzer et al. 1984, Rickman et al. 2000). Few studies have directly examined 

relationships between egg size and population dynamics (Pepin and Myers 1991, Benton 

et al. 2005). Simple relationships between these reproductive traits and recruitment may 

be masked by the egg size-fecundity trade-off since recruitment is a function of both 

survival (related to egg size and quality) and number. Looking to additional maternal 

traits that better characterize reproductive output, such as body size, could circumvent 

this issue. 

Though relationships between life history traits and population dynamics can be useful 

for understanding species vulnerability there is another element to consider, namely the 

role of local habitats or environmental conditions (Stenseth et al. 2002, Coulson et al. 

2011). Environmental conditions can be particularly important near the edge of species’ 

ranges (Kunin et al. 2009). Specific habitat characteristics can also select for local 

adaptation of key life history traits, such as egg size (Einum et al. 2002). Within a 

population, temporal differences in environmental conditions may have more immediate 

impacts on population recruitment. For example, Parker and Begon’s (1986) model 

accounts for maternal and environmental influences on reproductive allocations, such as 

the egg size-number trade-off. This interplay among life histories, the environment and 

population dynamics has been recognized in conceptual models of life history strategies 

for a range in taxa (Grime 1977, Greenslade 1983, Winemiller 2005). However, few 

studies of wild populations have incorporated environmental variation into analyses of 

life histories describing recruitment processes at the population level. 

Pacific salmon (Oncorhynchus sp.) are a good model system for evaluating how 

environmental variation and life history traits influence recruitment. They spawn in a 

range of habitats throughout western North America and eastern Asia, and as a 

consequence have evolved a diversity of life histories (Groot and Margolis 1991, Quinn 

2005). Understanding recruitment dynamics in Pacific salmon populations is particularly 

important because we rely on abundant populations to preserve ecosystem, cultural and 

economic processes (Darimont et al. 2010). Furthermore, monitoring efforts have 
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declined for Pacific salmon, despite large-scale declines for some species (Peterman and 

Dorner 2012) and an increasing risk of extinction for a number of populations (Rand et 

al. 2012). 

This thesis examines the influence of maternal life history traits and environmental 

conditions on sockeye salmon recruitment dynamics. I studied 32 sockeye salmon 

spawning populations in two regions of the Fraser River Basin in British Columbia, 

Canada. Sockeye salmon typically spawn in small streams that flow into lakes where they 

rear for 1-2 years. They then migrate to sea where they grow for another 1-2 years before 

migrating back to freshwater to spawn. Therefore, populations that spawn in streams 

around a given lake share common environments in freshwater and at sea but differ in 

their spawning habitat, which allows for comparisons among populations in how 

spawning habitat and maternal life histories might influence their abundance. 

I used spatial (up to 32 populations) and temporal comparisons (up to 21-years for three 

populations) of environmental conditions and population characteristics, including 

maternal and juvenile life history traits and recruitment. In Chapter 2, I provide a 

comparison among populations to test hypotheses for how habitat characteristics 

influence breeding densities of sockeye salmon for two population complexes in the 

Fraser River Basin. This study shows that out of many commonly measured habitat 

characteristics only a few were needed to explain a considerable amount of the variation 

among populations in breeding densities. 

By quantifying the variation in habitat characteristics among populations I soon began 

thinking about how such variation might interact with life histories. Some of these ideas 

were followed up in the next two chapters. Chapter 3 investigates hypotheses for how 

maternal life history traits and environmental conditions influence reproductive 

investment and subsequent offspring fitness-related traits. Using a 21-year time series for 

three populations I tested predictions for how migration difficulty and maternal body size 

would influence the egg size-fecundity trade-off. I then examined how egg size and 

incubation conditions influence juvenile fitness-related traits. Finally, I test predictions 

for how incubation conditions might influence egg size among populations. 
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In Chapter 4 I use the results from Chapter 3 to predict how habitat and maternal 

phenotype might influence population dynamics. Using a series of mixed-effects Ricker 

models I examined the effects of maternal phenotype and spawning habitat conditions on 

maximum population growth rate, density dependence, and population variability. By 

incorporating both maternal life history and habitat conditions, this series of analyses 

provides a comprehensive perspective of how differences among sockeye salmon 

populations influence their dynamics, which is rarely done. 

In my fifth and final data chapter, I evaluate the cost-effectiveness of different survey 

designs. This is an important question for the management of all populations because of 

the limited resources available for monitoring and is particularly relevant to the 

management of Pacific salmon as highlighted in Canada’s Wild Salmon Policy (2005). 

This provides a framework that managers can use to incorporate considerations such as 

information and cost into designing cost-effective survey programs. I demonstrate this 

framework by using data from Chapter 2 to develop cost-effective habitat surveys. I 

found that surveying an intermediate number of habitat variables was most cost-effective 

but the exact number depended on the cost and effectiveness criteria used. This chapter 

highlights that not all data collected here, nor in other studies, was useful. Many variables 

were correlated, uninformative, or costly, leading to diminishing returns on information. 

Finally, Chapter 6 concludes the thesis by discussing all four data chapters in a broader 

context. I also consider future directions for this work. 
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Chapter 2.  
 
Relationships between habitat characteristics and 
breeding population densities in sockeye salmon1 

Abstract 

We examine the importance of stream habitat characteristics in governing variation in 

spawning densities of sockeye salmon (Oncorhynchus nerka) across 32 streams in the 

Fraser River basin, British Columbia, Canada. We used mixed-effects models to examine 

four competing hypotheses for the importance abiotic stream characteristics, acting on 

either adult salmon or embryo mortality. All models that received support using Akaike’s 

Information Criterion included stream characteristics that are associated with cover. 

These included the percent area of pools, percent of the banks that were undercut, and 

large woody debris (in that order). These results suggest the importance of stream 

characteristics, which reduce risk of predation on adults, in determining spawning 

sockeye salmon densities. Thus, identification of a small number of physical 

characteristics of streams provides insight into ecological processes that determine 

population densities. This information can be used to quantify habitat quality, which can 

guide habitat prioritization for conservation. 

  

 
1 A version of this chapter is published as Braun, D.C. and Reynolds, J.D. 2011 Relationships between 

habitat characteristics and breeding population densities in sockeye salmon. Canadian Journal of 
Fisheries and Aquatic Sciences. 68:758-767 
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Introduction 

Impacts of habitats on animal population dynamics depend on the interplay between 

ecological interactions such as predation and competition, and physiological requirements 

(Huey 1991, Parsons 2005, Parmesan 2006). Environmental conditions can mediate these 

ecological interactions (Pulliam and Danielson 1991). For example, climate change is 

redistributing species according to their physiological tolerances in conjunction with 

changes in predators and prey (Parmesan 2006). Insights into the mechanisms by which 

physical habitat characteristics mediate population dynamics can therefore benefit 

conservation programs and ecosystem-based management. 

Adult Pacific salmon returning to spawn in freshwater are ideally suited for studies of the 

role of habitats in mediating survival and densities of adults. Competition between 

spawning females for breeding sites can lead to superimposition of nests (i.e. nests dug 

earlier in the season being dug up by females that spawn later in the season), which can 

decrease reproductive success. The amount of superimposition varies with adult density 

and the availability of suitable spawning habitat (Essington et al. 2000), determined by 

characteristics such as substrate size, flow characteristics, and dissolved oxygen. In 

addition, adult salmon can experience high predation rates by bears (Quinn et al. 2003), 

which has been shown to depend on refugia in streams, such as deep water and physical 

complexity (Quinn et al. 2001, Gende et al. 2004). Empirical relationships between 

stream habitat and juvenile production have been explored for a number of salmonid 

species (Inoue and Nakano 1999, Sharma and Hilborn 2001, Bryant and Woodsmith 

2009). However, few studies have developed these habitat-abundance relationships for 

adults. Unlike many other species of fish, juvenile sockeye salmon (Oncorhynchus nerka) 

do not compete in streams, they travel to lakes as soon as they emerge from the gravel. 

The objective of this study is to use adult sockeye salmon as a model for understanding 

relationships between abiotic habitat characteristics and animal population densities in 

the context of ecological processes. We studied populations across 32 streams in two 

regions that experience very different environmental conditions in the Fraser River Basin, 

British Columbia, Canada (Figure 2.1). The Early Stuart population complex spawns in 

the most northern salmon-bearing watershed in the Fraser River, where fish can 
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experience warm spawning temperatures and low incubating temperatures (Cope 1996). 

Human impacts on streams in this region have been minimal. The Early Summer 

population complex spawns further south, experiences slightly warmer spawning and 

incubation temperatures, and streams have been impacted by deforestation, agricultural 

runoff and urbanization. 

 

Figure 2.1. Locations of 32 study streams in two regions of the Fraser River Basin: a) Stuart and 
b) Thompson. 

We investigate empirical relationships between stream habitat characteristics and adult 

spawning sockeye salmon abundance. To do this, we develop a series of hypotheses that 

incorporate habitat characteristics that could affect population densities by influencing 

the survival of adults and incubating embryos. Details of the hypotheses are provided in 

Table 2.1. Briefly, we hypothesize that spawning salmon densities are mediated by the 

effects of: 1) habitat cover on adult predation risk; 2) limitations of spawning habitat for 

adult competition; 3) water and temperature conditions affecting adult survival; 4) 
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incubation conditions affecting embryonic survival. These hypotheses can be tested by 

comparisons among streams if, as is typical with salmon, there is strong homing to natal 

streams and thus densities reflect in-stream survival of adults and their young, or if adult 

salmon choose spawning streams based on habitat characteristics that are appropriate for 

spawning. Each hypothesis is represented by either a single model or by multiple models, 

which use different combinations of abiotic variables. The relative importance of each 

model is assessed within an information-theoretic framework using Akaike Information 

Criterion. Our analyses control for conditions beyond the stream environment, such as 

lake rearing environments, migration conditions and fishing mortality (which occurs at 

sea and en route to each region). 

Table 2.1.  A priori hypotheses describing sources of instream mortality for spawning and 
incubation embryonic sockeye salmon. 

Model Variable Mechanism Correlation 
with density Reference 

Adult 
predation 1 

Cover index 
Cover (i.e. pools, wood and undercut 
banks) allows adults to hide and 
escape from predators 

+ 

(Fukushima 2001, Roni and 
Quinn 2001, Gende et al. 2004, 
Deschenes and Rodriguez 
2007) 

Adult 
predation 2 

Water 
quantity 
index 

Deep water allows adults to hide and 
escape from predators 

+ 

(Fukushima 2001, Quinn et al. 
2001, Roni and Quinn 2001, 
Gende et al. 2004, Deschenes 
and Rodriguez 2007) 

Adult 
predation 3 

Cover index 
+ water 
quantity 
index 

Deep water and cover (i.e. pools, wood 
and undercut banks) allow adults to 
hide and escape from predators 

+ 
 

(Fukushima 2001, Quinn et al. 
2001, Roni and Quinn 2001, 
Gende et al. 2004, Deschenes 
and Rodriguez 2007) 

Habitat 
competition 

Spawning 
habitat index 

Larger amounts of habitat suitable for 
spawning will reduce competition 
among adults 

+ (Fukushima and Smoker 1998) 

Adult 
energetics 1 

Gradient 
Higher gradients increase energy 
expenditure required prior to and 
during spawning 

- 
(Fukushima and Smoker 1998, 
Healey et al. 2003) 

Adult 
energetics 2 

Spawning 
accumulated 
thermal units 

Fish that experience higher water 
temperatures during spawning will 
have increased metabolic rates which 
can lead to energy depletion and death 

- (Crossin et al. 2004b) 

Adult 
energetics 3 

Gradient + 
spawning 
accumulated 
thermal units 

Increased energy expenditure can lead 
to energy depletion and death 

- 
 

(Fukushima and Smoker 1998, 
Healey et al. 2003, Crossin et 
al. 2004b) 
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Model Variable Mechanism Correlation 
with density Reference 

Adult 
temperature 
tolerance 

Mean 
maximum 
temperature 

High water temperatures during 
spawning can impair physiological 
processes, increasing mortality before 
spawning 

- 
(Bjornn and Reiser 1991, 
Farrell et al. 2008) 

Embryo 
conditions 1 

% Fine 
substrate 

Fine sediments can reduce oxygen 
uptake by embryos 

- 
(Chapman 1988, Buffington 
and Montgomery 2004) 

Embryo 
conditions 2 

Mean 
minimum 
incubation 
temperature 

Freezing water temperatures can kill 
eggs or impair development 

+ (Cope 1996) 

Methods 

Study sites 

We studied populations in 32 sites that are tributaries of 5 lakes in 2 regions (Table A.1). 

The Stuart region (n=22 streams studied) is in the sub-boreal spruce biogeoclimatic zone, 

and is home to the most northern sockeye spawning grounds in the Fraser River Basin 

(Figure 2.1a) (Figure A.2). Fish entering freshwater in June and destined for this region, 

are known as the “Early Stuart” complex. They migrate over 1100 km to spawn from late 

July to mid-August in tributaries of Trembleur Lake, Middle River and Takla Lake. The 

Thompson region (n=10) is located in south-central BC in the interior cedar-hemlock 

biogeoclimatic zone (Figure 2.1b) (Figure A.3). Sockeye in this region form part of the 

“Early Summer” complex. They enter freshwater in July and migrate approximately 400 

km to spawn in late August to mid-September. After embryos hatch in the gravel of 

streambeds, the fish migrate into “nursery lakes” where the juveniles live for 1-2 years 

before migrating downstream to the ocean. In this paper we use the term “population” to 

describe a group of fish that spawn in a single stream and “population complex” to 

describe a group of populations – either those in the Stuart region or those in the 

Thompson region. 

Data collection 

We selected sockeye salmon spawning streams in which spawning fish were counted 

every year. Stream habitat assessments were conducted during summer (June-August) in 

2007, prior to adults entering the streams. In the Stuart region fish enter the streams 
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during the first week of August and continue to spawn for three weeks; in the Thompson 

region fish enter the streams in the last week of August and spawn until the middle of 

September. In 2007 additional water quality measurements were taken after spawning 

(Stuart: September; Thompson: October-November), to characterize variables that might 

exhibit within-year variation (i.e. pH, conductivity, dissolved oxygen). We were unable 

to sample over-winter incubation conditions due to snow and ice. These same variables 

were measured again during spawning in 2008 and 2009. The locations of study reaches 

were selected according to accessibility. Reach length was defined as 30 times the 

average bankfull width (Bain and Stevenson n.d.). In each stream a single reach was 

surveyed according to a stratified random sampling method. Reaches were equally 

divided into four sections and four transects were located randomly within each section, 

thus 16 transects were surveyed per reach. Some variables were measured at transects 

(e.g. substrate), some at the section level (e.g. gradient) and others at the reach level (e.g. 

temperature). These field surveys generated data to compute metrics for 17 abiotic 

variables (Table A.4). 

Physical habitat structure consists of runs, glides, rapids, riffles, pools, large woody 

debris, stream wetted and bankfull width, substrate composition, percent gradient, percent 

undercut banks, and water depth. Runs, glides, rapids and riffles were identified 

according to Bain and Stevenson (n.d.). The length and width of each habitat unit was 

measured and percent of each habitat unit was calculated. Pools were identified as 

habitats with an identifiable upstream crest (i.e. upward slope), a tail (i.e. outflow 

portion), and which had a maximum depth that was 1.5 times deeper than the tail depth 

(Fausti et al. 2004). The length and width of each pool was measured. All pieces of large 

woody debris (both >1.5 m long and >10 cm diameter) were counted following the 

protocol of (Roni and Quinn 2001). Briefly, we included any dead pieces of wood within 

the stream channel; this did not include branches or parts of living trees. We calculated 

large wood density (pieces of large wood per m of stream) by dividing the number of 

large wood pieces counted by the length of the survey reach. Stream wetted width was 

measured at the water surface perpendicular to flow and bankfull width was measured at 

the maximum point that the water surface could reach without flooding (Bain and 

Stevenson n.d.). They were measured to the nearest 0.01 m at all transects. Substrate 
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composition was quantified using the Wolman pebble count method (Wolman 1954), 

whereby the intermediate axes of ten stones were measured to the nearest 1 mm at each 

transect for a total of 160 counts per stream. Substrate sizes were classified as fines (0-1.2 

cm), spawning gravel (1.3-10.2 cm) or cobble and boulders (>10.3 cm); the percent of 

each size class was calculated. Gradient measurements were taken for each stream 

section using a 5x Abney hand level and mean values were used. At each transect, water 

depth was measured to the nearest 0.01 m at 10-12 equidistant points across the stream 

channel. Water depth was summarized as the mean and the mean maximum depth for 

each stream. Undercut banks were measured as the length of stream bank that was 

undercut divided by the total stream bank length; the mean of both banks was calculated. 

Spawning and incubation water temperatures were measured using temperature data 

loggers (ibutton DS1922L). These were programmed to record temperatures at 2-hour 

intervals, and were waterproofed and attached to a 1-m long iron rod inserted into the 

streambed. Three data loggers were installed in each stream and stratified 15-20 cm 

below, on, and 15 cm above the substrate. Spawning temperature metrics were based on 

the values from the average start (the first individuals observed on the spawning grounds) 

to end of spawning (the last observation of live individuals on the spawning grounds) for 

each population complex. Incubation temperature metrics were calculated from the 

temperature loggers embedded (15-20 cm) in the substrate, from the peak of spawning 

(defined below under “Salmon population parameters”) until estimated emergence, based 

on previous studies in the Stuart region (Cope 1996) and the Thompson region (Williams 

et al. 1989). For spawning and incubation the mean maximum and mean minimum daily 

temperatures were calculated, respectively. We also characterized the thermal experience 

of spawning adults by summing the mean daily temperatures during the spawning period. 

pH, conductivity, and dissolved oxygen were measured one to three times at a single 

location in each stream prior to spawning (Stuart: June-August; Thompson: late August) 

and twice during the early stages of incubation (Stuart: September; Thompson: October-

November) during 2007. We included additional measurements during spawning for 

2008 and 2009. We averaged values during spawning and incubation. All water quality 

variables proved to be well within optimum values (pH: min=6.6 and max=8.6 (Ikuta et 
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al. 2003); conductivity: max=560 uS cm-1 (USEPA 1986); dissolved oxygen: typically 

>9.0 mg L-1 and 95-100% saturation (Bjornn and Reiser 1991) in all streams, and are not 

considered further. Discharge was also measured but due to inconsistent sampling 

(equipment malfunction) and the sensitivity of measurements to rainfall, discharge was 

excluded from the analysis. Furthermore, we include habitat variables such as gradient 

and water depth, which are related to discharge and are more direct measures of the 

potential influence of discharge on adult salmon and incubating embryos. 

Data collection 

We used data collected by Fisheries and Oceans Canada (DFO) over the last years (2004-

2007) to calculate the density (fishm-2) of spawning sockeye salmon in the study reaches 

where we collected habitat data. Populations are estimated during spawning using visual 

counts every four days in the Stuart region and every seven days in the Thompson. In 

each stream, DFO personnel conducted foot surveys to count the number of live and dead 

sockeye across all spawning grounds. Finer scale counts were also recorded for stream 

sections that corresponded to the reaches we surveyed for habitat data. DFO personnel 

estimated the total abundance of spawning salmon in each stream by multiplying the 

“peak” surveyed abundance of spawning salmon by an expansion factor. Expansion 

factors are used to calibrate the observed counts, which are underestimates of the actual 

abundances. The peak surveyed abundance was determined as the highest value obtained 

by adding the live count of salmon from a single survey to the total number of dead 

salmon summed across all prior surveys. The live count of salmon includes both 

individuals spawning and migrating upstream. By the time peak abundance is observed 

most fish are spawning and few are moving upstream to other reaches, therefore our 

reach density metric likely reflects egg deposition. In the Stuart region, the expansion 

factor was calculated from data collected at counting fences on 2-3 streams. The 

expansion factor is calculated as the total number of salmon that passed through the 

counting fence, divided by the peak surveyed abundance. In the Thompson region, an 

average expansion factor of 1.8 was used in the absence of counting fences (Schubert 

2007). We then calculated the abundance of spawning salmon in our study reach (AR) as: 
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        (1) 

where AT is the total abundance of spawning salmon in the stream estimated by DFO, LR 

is the number of live fish counted in the stream section that corresponds to our study 

reach, and LT is the number of live fish counted in the entire stream.  Both LR and LT 

counts are taken from the day of highest surveyed abundance. We excluded counts of 

dead salmon from our calculation, as it is not possible to determine where in the stream 

those fish had spawned. Our reach-specific densities (DR, fishm-2) were calculated as: 

        (2) 

where AR abundance of spawning salmon in the study reach, w is the stream wetted width 

in meters and l is the length of the reach in meters. This density metric was strongly 

correlated with total abundance (Pearson’s correlation: r=0.79 p<0.0001). 

Some sockeye populations in the Fraser River display cyclical dominance, whereby every 

four years the population abundance is particularly high (Ricker 1950, Levy and Wood 

1992). These cycles may result from predation on juveniles in lakes and / or over-fishing, 

but they have not been linked to stream habitat (Ricker 1950). The year and degree of 

dominance varies by juvenile nursery lake (Levy and Wood 1992), and many of our 

populations had no fish during sub-dominant years. In order to make a valid comparison 

across all populations we used spawning density estimates from the most recent dominant 

year. While using a single year’s data could mask inter-annual variation in abundance 

within streams, a strong correlation between the dominant year density and the mean 

density from 2004-2007 (Pearson’s correlation: r=0.88, p<0.001) suggests this is not a 

problem. Finally, the dominant year adult density was log10-transformed to improve 

model assumptions. 

Statistical analyses 

We used PCA to transform some of the original data into orthogonal (i.e. uncorrelated) 

variables, thereby eliminating multicollinearity among variables within PCAs and 
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reducing the number of variables used in the models (Graham 2003). Principal 

components were constructed using original variables that were correlated and 

ecologically related (Table 2.2). For example, a cover index was constructed using large 

woody debris, percent undercut banks and percent pool area, which are highly correlated 

(Roni and Quinn 2001). All variables, including principal components, were assessed for 

collinearity using the variance inflation factor (Zuur et al. 2010). Only principal 

components and variables with VIF scores of less than 3 were included in our analyses 

(Zuur et al. 2010). 

Table 2.2. Indices constructed using principal components analysis. Loadings represent the 
influence of each variable on the principal component. Percent variance is the variance in the 
original variables that is explained by the principal component. All indices were constructed with 
32 streams. 

Principal Component Variables Loadings % Variance 

Cover 

% Pool area 0.60 

62 Large wood (pieces  m-1) 0.58 

% Undercut bank 0.56 

Water quantity 

Maximum water depth 0.54 

79 
Mean water depth 0.50 

Stream cross-section area 0.53 

Pool depth 0.42 

Spawning habitat 

% Spawning gravel substrate 0.55 

58 
% Cobble and boulder substrate -0.52 

Geometric mean substrate size -0.47 

% Gradient -0.45 

Mixed-effects models were constructed to evaluate our candidate set of a priori 

hypotheses and were then compared using Akaike’s Information Criterion corrected for 

small sample sizes (AICc) (Burnham and Anderson 2002). All statistical analyses were 

conducted in R (R Development Core Team 2009). Equipment failure led to missing 

temperature data in three of the 32 streams. Therefore, the analysis was conducted in two 

steps, first with a restricted but complete dataset on 29 streams and second with a larger 

set of streams, but without temperature. We used a mixed-effects model approach with 

lakes as a random effect. We compared models with and without region as a fixed factor. 

Mixed-effects models account for a lack of independent samples caused by correlations 

among variables across different scales (McMahon and Diez 2007, Zuur et al. 2009). 
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Thus, this method can account for, although indirectly, differences in overall abundance 

due to factors beyond the stream environment, such as differences in rearing lake 

productivity. The inclusion of region as a fixed factor further accounts for differences in 

ocean survival of juveniles, fishing mortality in the ocean and en route to the two regions, 

and migration conditions. Within each of the two regions there are multiple lakes, each 

with a different productivity (Shortreed et al. 2001). The size of smolts migrating to sea 

can influence survival (Koenings et al. 1993), and this is in part determined by lake 

productivity (Hyatt et al. 2004). Therefore, abundances are likely to be correlated among 

streams within lakes and regions. Given this nested structure and potential for sites to be 

correlated at different scales we fitted the following mixed-effects model: 

                                                        (3) 

where Yijk is the density of salmon for observation i in lake j and region k. The intercept is 

 and the term  allows for intercepts to vary for each lake. Region ( ) is a fixed 

factor with two levels, the Stuart and Thompson regions. The coefficient for  

is ,  is continuous and  is the residual error. Varying intercept and 

residual error terms are assumed to be independently and identically normally distributed 

(N) with a mean of 0 and variance σ2 (Zuur et al. 2009). 

We used AICc to compete multiple alternative hypotheses (Burnham and Anderson 

2002) that could explain sources of in-stream mortality for sockeye salmon (Table 2.1). 

We constructed 10 models to test various combinations of variables within each 

hypothesis. We inspected model diagnostics for heteroscedasticity, normality and 

independence of residuals (Zuur et al. 2009). 
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Results 

The analysis was conducted in two steps, first with a complete dataset on 29 streams and 

second with a restricted dataset, which did not include temperature metrics, on 32 

streams. The top models (∆AICc<3) and their ranked orders were identical for both 

analyses, therefore all results are reported for the restricted dataset, without temperature, 

to increase sample sizes. Variables associated with biotic interactions provided the best 

fits to population densities. Two models had ∆AICc<3, both of which described biotic 

interactions and not physiological tolerances (Table 2.3a). The top two models 

represented the adult predation hypothesis (Table 2.3a). Cover index is the only habitat 

variable in the top model other than region, and as predicted was positively related to 

adult density (Figure 2.2a, Table 2.4a). This index (based on PCA) is composed of pool 

area, large wood debris and undercut banks. The second best model contained both cover 

and water quantity (Table 2.3a). Contrary to our prediction, water quantity was 

negatively related to adult density (Table 2.4a). The addition of water quantity to cover in 

the second model provides little additional explanatory power given the small differences 

between AICc scores for the first and second models (Table 2.3a). A graphical 

representation of the fit for the top two models is in Figure 2.3. 

Table 2.3. Indices constructed using principal components analysis. Loadings represent the 
influence of each variable on the principal component. Percent variance is the variance in the 
original variables that is explained by the principal component. All indices were constructed with 
32 streams. 

 Hypothesis Model K AICc ΔAICc wi ER 
a) Adult predation 1 Cover Index + Region 5 -55.10 0.00 0.574 1.0 

 
Adult predation 3 

Cover index + Water quantity 
index + Region 

6 -54.45 0.66 0.414 1.4 

 Embryo conditions 1 % Fine substrate + Region 5 -45.51 9.59 0.005 121.1 

 Adult predation 2 Water quantity index + Region 5 -45.31 9.79 0.004 133.7 

 Habitat competition Spawning habitat index + Region 5 -44.17 10.93 0.002 236.0 

 Adult energetics 3 % Stream gradient + Region 5 -42.50 12.60 0.001 543.5 

b) Post hoc – Cover index % Pool area + Region 5 -53.38 0.00 0.900 1.0 

 % Undercut bank + Region 5 -48.67 4.71 0.085 10.5 

 Large wood (pieces  m-1) + 
Region 

5 -45.13 8.25 0.015 61.9 
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Figure 2.2. Mixed-effects regression plots for the cover index with region as a fixed factor and 
lake as a random effect. Numbers refer to multiple streams within lakes: 1=Takla Lake, 
2=Trembleur Lake, 3=Shuswap Lake, 4=Momich Lake, 5=North Barriere Lake. Grey regression 
lines are for the Stuart region, and black lines are for the Thompson region; solid lines are for 
streams within lakes, and the dashed lines show the mean for each region. 
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Table 2.4. Model parameter estimates (coefficients for main effects), standard errors (S.E.), t-
values and P values for: a) initial candidate set of mixed-effects models and b) cover PC 
decomposed. Final models were constructed using restricted maximum likelihood. 

 
Hypothesis Model Parameter Estimate S.E. DF T P 

a) 
Adult 
predation 1 

Intercept 0.523 0.192 26 2.73 0.011 

 
Cover Index 0.046 0.013 26 3.7 0.001 

 
Region -0.245 0.116 3 -2.11 0.125 

 
Adult 
predation 3 

Intercept 0.536 0.2 25 2.68 0.013 

 
Cover Index 0.043 0.012 25 3.54 0.002 

 
Water quantity index -0.015 0.01 25 -1.56 0.131 

 
Region -0.247 0.121 3 -2.04 0.133 

 Adult 
predation 2 

Intercept 0.602 0.27 26 2.23 0.035 

 
Water quantity index -0.02 0.011 26 -1.81 0.083 

 
Region -0.275 0.163 3 -1.68 0.191 

 Habitat 
competition 

Intercept 0.523 0.192 26 2.73 0.011 

 
Spawning habitat index  0.046 0.013 26 3.7 0.001 

 
Region -0.245 0.116 3 -2.11 0.125 

 Adult 
energetics 3 

Intercept 0.587 0.249 26 2.36 0.026 

 
% Stream gradient 0.001 0.016 26 0.04 0.972 

 
Region -0.273 0.15 3 -1.82 0.166 

 Embryo 
conditions 1 

Intercept 0.556 0.251 26 2.21 0.036 

 
% Fine substrate 0.003 0.002 26 1.77 0.089 

 
Region -0.287 0.152 3 -1.89 0.155 

b) 

Post hoc – 
Cover index 

Intercept 0.506 0.169 26 3 0.006 

 
% Pool area 0.004 0.001 26 3.43 0.002 

 
Region -0.279 0.102 3 -2.73 0.072 

 
Intercept 0.482 0.191 26 2.53 0.018 

 
Large wood (pieces �Ÿm-1) 0.283 0.178 26 1.59 0.123 

 
Region -0.25 0.112 3 -2.24 0.111 

 
Intercept 0.448 0.188 26 2.39 0.025 

 
% Undercut bank 0.003 0.001 26 2.48 0.02 

  Region -0.24 0.11 3 -2.17 0.119 
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Figure 2.3. Observed spawning densities vs. fitted spawning densities for (a) the top model with 
cover and (b) second ranked model with cover index and water quantity index. Both models 
contain region as a fixed factor and lake as a random effect. The solid black line in each figure is 
the 1:1 line, and the dashed grey line is the observed vs. fitted regression line. 
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All pairwise model comparisons of models that either did or did not account for regional 

differences showed that accounting for region was important, as indicated by lower AICc 

values. None of the models related to the physiological tolerances (Table 2.1) were 

supported, and none of the environmental variables within those models were significant 

predictors of sockeye density. 

Post hoc analysis 

To understand the finer-scale mechanisms driving the relationship between cover and 

salmon density we examined each of the variables contained in the cover index PC. The 

cover index was composed of three statistically and ecologically correlated variables, 

pool area, undercut banks, and large woody debris. Pool area has the highest loading for 

the cover index, followed by large woody debris and undercut banks, though the loadings 

for each of the variables are quiet similar (Table 2.2). We built three new models, each 

containing one of these three variables and competed them using AICc (Table 2.3b). The 

top model, which included percent pool area, had 10 times more support than the second 

model. All predictors had a positive relationship with adult spawning density (Figure 

2.4). 
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Figure 2.4. Mixed-effects regression plots for (a) percent pool area, (b) percent undercut banks, 
and (c) large wood density. All models contain region as a fixed factor and lake as a random 
effect. Numbers refer to multiple streams within lakes: 1=Takla Lake, 2=Trembleur Lake, 
3=Shuswap Lake, 4=Momich Lake, 5=North Barriere Lake. Grey regression lines are for the 
Stuart region, and black lines are for the Thompson region; solid lines are for streams within 
lakes, and the dashed lines show the mean for each region. The nonsignificant regression lines 
for large wood are included to illustrate groupings of the data. 
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Discussion 

We compared alternative hypotheses for the potential impacts of abiotic stream 

characteristics on densities of spawning sockeye salmon, according to their inferred 

effects on mortality of either spawning adults or incubating embryos. The top model 

included a single habitat predictor, which was a cover index composed of the percentage 

of the stream that was pool habitat, the percentage of the stream bank that was undercut, 

and number of large wood pieces per length of stream. Of these, percentage pool area had 

the largest explanatory power but was out-performed by the composite cover index. 

Our results revealed the importance of stream characteristics, which previous studies 

have shown to be associated with predation risk. High densities of large wood and 

abundant undercut banks provide physical cover from predators. Large pools also provide 

adults with a refuge from predators. For example, grizzly bears (Ursus arctos), an 

important predator of spawning salmon (Quinn et al. 2003), are less successful in 

complex streams with deep pools and large amounts of large woody debris than in small, 

shallow streams (Gende et al. 2004). In complex streams, bears selected for older (stream 

residence 7+ days), slower sockeye salmon, which are easier to catch, whereas in uniform 

streams they selected for younger (stream residence 1-3 days), quicker individuals of 

higher nutritional value (Gende et al. 2004). In the Alaskan streams studied by Gende et 

al. (2004) most female sockeye had spawned by their third day in the stream, which 

suggests that the impacts of bear predation on salmon populations would be greater in 

uniform streams than in complex ones. Furthermore, Gende et al. (2004) observed 

sockeye salmon using deep pools and large wood as refuge from predation by bears. Both 

grizzly and black bears (Ursus americanus) are regularly encountered on many of our 

study streams, as are salmon carcasses with marks that are indicative of bear predation 

(Quinn and Kinnison 1999). However, a few of our streams in the Thompson region are 

near urban centers and therefore may experience lower levels of bear predation (Crupi 

2003). In the absence of predation, which is typical of urban streams, it is possible that 

the variables we have identified might not influence adult spawning densities to the same 

extent. Future studies that combine the demographics of salmon consumed by bears with 

population parameters (e.g. salmon density) among streams could yield further insights 
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into how physical characteristics of streams mediate the impacts of bear predation on 

salmon populations. Furthermore, experimental approaches might be possible to test 

directly the role of physical features in mediating predation risk. 

Studies of juvenile salmonids demonstrate empirical relationships similar to the cover-

density relationship observed in this study. For example, Sharma and Hilborn (2001) 

showed strong relationships between pool density, large wood and juvenile coho 

production. Brown trout (Salmo trutta), brook trout (Salvelinus fontinalis) and rainbow 

trout (Oncorhynchus mykiss) biomass have been shown to correlate to in-stream cover, 

the amount of overhanging vegetation (Wesche et al. 1987, Kozel and Hubert 1989) and 

percent undercut banks (Wesche et al. 1987). Finally, Atlantic salmon (Salmo salar) 

juveniles have been linked to in-stream cover (Johansen et al. 2005), and masu salmon 

(Oncorhynchus masou) to pool area (Inoue and Nakano 1999). Although the types of 

cover examined in these studies (including this one) vary, the importance of cover in 

supporting salmonid populations in streams is consistent across a number of species and 

life stages. 

Pools, undercut banks and large wood could also provide low velocity habitats for fish, 

reducing their metabolic rates. We measured other habitat features, such as accumulated 

thermal units (during spawning) and stream gradient, which we believe more accurately 

characterize the amount of energy used by fish during spawning. Models that contained 

these variables were included in our candidate set of models and performed poorly 

relative to others. 

There are a number of possible explanations for the lack of support for the physiological 

tolerance hypotheses. First, while the sample size and number of variables surveyed is 

large in comparison to most other stream habitat studies, the temporal extent of the 

dataset is small. Although variables such as temperature, dissolved oxygen, and pH 

varied among streams, values were all within ranges that are readily tolerated by this 

species (Bjornn and Reiser 1991, Ikuta et al. 2003, Farrell et al. 2008). However, pH, 

conductivity, and dissolved oxygen were sampled a limited number of times and prior to 

winter, and only represent a snap-shot of the water conditions. Second, the effects of 
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temperature on mortality in streams could be superseded by downstream conditions 

during migration to the spawning grounds (Macdonald 2000), which would manifest at 

the level of the population complex rather than at the individual population level. For 

some Fraser River population complexes, temperatures during adult sockeye freshwater 

migration have increased in recent decades (Farrell et al. 2008) and can be higher than 

temperatures experienced on the spawning grounds. Finally, in the northern Early Stuart 

population complex, alevins avoid freezing temperatures by moving down through the 

substrate (Cope 1996, Roff 2002). Therefore, while our results highlight the importance 

habitat characteristics that provide cover, they cannot rule out an additional role for 

physical tolerances in other years that may affect spawning densities. 

Our results show that a very simple model that includes physical cover in streams can 

describe a large amount of variation in sockeye salmon population densities in 32 streams 

in two widely separated regions in different biogeoclimatic zones. These characteristics 

have been shown by other studies to reduce predation risk on adults, which suggests that 

predation risk may be an important determinant of adult population densities. Therefore, 

it may be possible to quantify the quality of spawning habitat for salmon based on a few, 

key abiotic stream characteristics. Such quantitative assessments of habitat quality can be 

used to prioritize streams for conservation and restoration of salmon populations. These 

results can direct restoration activities in streams, such as increasing pool habitat, 

undercut banks, and large wood. Using a hypothesis-driven approach to relate simple 

habitat survey data to population densities can provide insights into important ecological 

interactions and the underlying mechanisms that determine population densities. This 

approach can inform ecosystem-based management. 
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Chapter 3.  
 
Maternal and environmental influences on egg size and 
juvenile life history traits in Pacific salmon 

Abstract 

Life history traits such as fecundity and offspring size are shaped by investment trade-

offs faced by mothers and mediated by environmental conditions. We use a 21-year time 

series for three populations of wild sockeye salmon (Oncorhynchus nerka) to test 

predictions for such trade-offs and responses to conditions faced by females during 

migration, and offspring during incubation. In years when their 1,100 km upstream 

migration was challenged by high water discharges, females that reached spawning 

streams had invested less in gonads by producing smaller but not fewer eggs. These 

smaller eggs led to lighter juveniles, and this effect was further amplified in years when 

the incubation water was warm. This latter result suggests that there should be selection 

for larger eggs to compensate in populations that consistently experience warm 

incubation temperatures. A comparison among 16 populations, with matching migration 

and rearing environments but different incubation environments (i.e. separate spawning 

streams), confirmed this prediction; smaller females produced larger eggs for their size in 

warmer creeks. Taken together, these results reveal how maternal phenotype and 

environmental conditions can shape patterns of reproductive investment and 

consequently juvenile fitness-related traits within and among populations. 
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Introduction 

Maternal influences on juvenile life history traits are driven by trade-offs faced by 

mothers and shaped by environmental conditions. Females provision their offspring 

according to their own condition (Roff 2002), which can influence egg size and fecundity 

(Fleming and Gross 1990). For example, the classic trade-off between egg size and 

fecundity (Smith and Fretwell 1974a) can depend on female size, age, and condition 

(Mousseau and Fox 1998, Roff 2002). Investments in eggs can, in turn, affect juvenile 

fitness (Einum and Fleming 1999, Marshall and Keough 2007, Venturelli et al. 2010). In 

addition, environmental conditions experienced by both mothers and offspring can 

dramatically influence the offspring size-fecundity trade-off (Parker and Begon 1986, 

Fleming and Gross 1990, Solemdal 1997, Mousseau and Fox 1998). Environmental 

conditions can also affect the translation from egg size to juvenile fitness (Einum et al. 

2002), which ultimately drives recruitment (Hutchings 1991). 

Studies of migration have provided some clear insights into how female condition, 

mediated by the environment, can affect reproductive investment. For example, pre-

migratory condition and migratory duration influence laying date and clutch size of the 

greater snow goose (Chen caerulescens atlantica) (Bêty et al. 2003). Salmon in 

populations with more difficult migration routes produce fewer and smaller eggs for a 

given body size and have a higher ratio of egg number to egg size than fish with easier 

migrations (Fleming and Gross 1989, 1990, Kinnison et al. 2001, Crossin et al. 2004b). 

These findings come from comparisons among populations but they may also apply to 

variation among years within populations, a concept that has not been tested. 

Once females reach the breeding grounds and have laid their eggs, offspring size and the 

conditions the embryos face can continue to shape offspring life history and survival. 

Larger offspring survive better in many taxa (Beacham and Murray 1985, Sinervo 1990, 

Fox 1994, Williams 1994, Bernardo 1996, Chambers and Leggett 1996). This bigger-is-

better relationship can be mediated by environmental conditions early in life. For 

example, Beacham and Murray (1990) conducted extensive experiments on the effects of 

egg size and incubation temperature on juvenile size and survival in salmonids. They 



 

27 

observed that not only was initial size strongly correlated with juvenile size but also that 

the largest juveniles and the highest rates of survival occurred at intermediate 

temperatures. Furthermore, dissolved oxygen levels and egg size can interact to influence 

survival of eggs just before they hatch (Einum et al. 2002). While many studies take 

advantage of controlled experiments and artificially propagated fish to examine the 

effects of egg size and environmental conditions on offspring fitness (Burt et al. 2010), 

there are few examples of how these interactions play out in wild populations. 

Selection on egg size among populations can result from differences in incubation 

environments that affect offspring fitness (Einum and Fleming 2000, Einum et al. 2002, 

Heath et al. 2003). Theoretical (Hendry and Day 2003) and empirical (Einum et al. 2002) 

studies have shown that incubation conditions can select for egg size in Pacific salmon. 

While studies have tried to explain variation in egg size among populations of Pacific 

salmon by either demonstrating the mechanism for egg size evolution (Einum et al. 2002) 

or relating variation in egg size to abiotic variables (Fleming and Gross 1990, Quinn et al. 

1995), none have combined these two approaches. 

Pacific salmon are a good model system for understanding the interplay between 

maternal influence and environmental conditions on juvenile life history traits through 

comparisons both among and within populations. We studied 16 wild anadromous 

sockeye salmon (Oncorhynchus nerka) populations, all of which experience the same 

long inland migrations (1,100 km) to their unique spawning grounds (i.e. creeks), and 

similar habitats for juveniles post-incubation, in both freshwater and marine 

environments. During their freshwater migrations to their spawning grounds, adults stop 

feeding and use their energy reserves for migration, gonad development, and spawning. 

Variation in juvenile size after they hatch and emerge from the gravel where embryo 

development occurs can therefore be linked back to interactions between migration 

conditions, female size, egg size, and the conditions faced by embryos during 

development. 

In this paper we test hypotheses for how maternal phenotype and environmental 

conditions influence reproductive investment in wild populations of sockeye salmon and 
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subsequent juvenile fitness-related traits. We use both temporal and spatial analyses. The 

temporal analysis is based on a 21-year study of three populations, which examines 

migration difficulty faced by adults during their non-feeding upstream river migration to 

their spawning grounds, the incubation environments of their embryos, and the size and 

timing of emergence of their offspring. We begin with tests of effects of inter-annual 

variation in migration difficulty (i.e., river discharge) during upstream freshwater 

migration to their spawning grounds on reproductive traits including egg size, egg 

number, total gonad mass, and the ratio of egg number to egg size. We predict that 

reproductive investment will scale negatively with migration difficulty. Using the same 

temporal study we then examine how variation in egg size and incubation temperatures 

translate into offspring fitness-related traits, including length, mass, and timing of 

juvenile emergence from incubation substrate. We predict that warmer incubation 

temperatures will produce smaller juveniles that emerge earlier due to increased 

metabolic demands and faster development, respectively. This leads to hypotheses about 

selection on egg size, which we examine with a comparative analysis of 16 populations. 

We test the prediction that incubation temperatures will explain differences in egg size 

among populations. We discuss the findings in the context of the interplay between 

maternal traits and environmental conditions mediating links between life histories and 

offspring fitness. 

Methods 

Study sites 

We studied freshwater migration and spawning stream conditions for sockeye salmon 

populations in the Stuart drainage of the Fraser River Basin in British Columbia, Canada 

(Figure 3.1). Sockeye salmon that migrate from the ocean to spawn in small tributaries of 

lakes and rivers in this drainage are known as the Early Stuart population complex. They 

begin their 1,100 km migration up the Fraser River in early July and spawn from late July 

until late August. The peak of spawning occurs at similar times for all streams (within a 

week). Females dig nests in the gravel and bury their eggs, and juveniles emerge from the 

gravel the following spring. Further information on the study streams can be found in 

Chapter 2 (Braun and Reynolds 2011). 
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Figure 3.1. Locations of study streams  and discharge measurements  in the Fraser River 
Basin, British Columbia, Canada. Time series data used in within-population analyses were 
collected for three populations (Forfar , Gluskie , and Kynock ) from 1989 to 2009. Data 
used in among-population analyses were collected for all streams 16 in 2009. 

Our temporal dataset is a 21-year time series (1989-2009) for three populations (Figure 

3.1), which includes data on adult female life history traits, migration difficulty, juvenile 

life history traits, and incubation temperatures. This dataset allows tests of hypotheses for 

temporal variation in traits within populations. Our spatial dataset comprises 16 

populations studied in 2009, including the three populations from the first dataset (Figure 

3.1). This provides among-population tests of relationships between female length, 

spawning stream temperature, and egg mass. 

Within populations: maternal length, reproductive investment, and migration difficulty 

Data from the 21-year study of maternal body length and reproductive investment in 

three populations were collected by stock assessment personnel from Fisheries and 

Oceans Canada as part of annual surveys of spawning fish which are conducted to 

Hope discharge 
station  
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estimate annual egg deposition (Schubert and Fanos 1997). Upon arrival at the spawning 

grounds, unspawned females were sampled from each of the three study populations from 

1989 to 2009 (samples per stream per year, mean = 23, range = 5-50). Standard body 

length (tip of the snout to the last vertebra in the tail) was measured to the nearest 10 mm 

and otoliths were removed for aging. The majority of fish sampled proved to be 4 year-

olds. There were no 3 year-old females and a relatively small percentage of 5 year-old 

fish were found (mean=21.3%, range=0-87.5%). 

For this dataset we used four metrics to characterize reproductive investment: 1) 

fecundity, 2) wet egg mass, 3) total gonad mass, and 4) the ratio of number of eggs to wet 

egg mass. The gonads of each fish were removed and preserved in 10% formalin. Full 

fecundity counts were conducted for 20% of the samples and the remaining 80% were 

estimated using full egg counts for a sub-sample of the gonads and calculated as: 

𝐹! = 𝐹!
!!
!!

       (1) 

where Fs is the number of eggs counted from the gonad sub-sample, gs is the mass of the 

gonad sub-sample, gt is the total gonad mass, and Ft is the total estimated fecundity. Wet 

egg mass (formalin fixed eggs) was calculated by dividing the number of eggs in the sub-

sample by the sub-sample mass. 

Migration difficulty was characterized by the mean Fraser River discharge over a 30-day 

period surrounding the estimated mean 50% timing (July 14th) of when fish pass through 

the most difficult point in their upstream migration, Hell’s Gate (Macdonald et al. 2010). 

We also used the 30-day period surrounding year specific estimates of the 50% timing 

date. This resulted in nearly identical results therefore we continued to use the mean run 

timing date because it was a simpler of the two metrics. These data were collected by the 

Water Survey of Canada from a river gauge at Hope, BC (1989-2009), which is in the 

lower river just downstream of Hell’s Gate (Figure 3.1). We also analysed water 

temperature during migration from the same location (Patterson et al. 2007). However, 

we do not consider temperature further in the Results for the following reasons; 

temperature was highly correlated with discharge (high discharge with low temperature 
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r=-0.85); and since temperatures rarely exceeded the values that are associated with 

decreases in migratory performance for this particular population complex at Hells Gate 

(Eliason et al. 2011), which often migrates before warm temperatures become an issue. 

We used linear mixed-effects regression to relate body length of females and river 

discharge to variation in metrics of individual reproductive investment (egg mass, 

number of eggs, total gonad mass, and the ratio of egg number to egg size). We also 

included age at maturity as a fixed factor. We did not expect relationships to vary among 

our three populations, but we included population as a fixed factor in all models to 

account for pseudo-replication. A random-intercept by year was included to account for: 

1) annual differences in females such as body energy condition (Crossin et al. 2004a) or 

disease, and 2) annual differences in the presence of fishing gear in rivers that may 

damage fish or impede passage (Baker and Schindler 2009), thereby influencing energy 

allocation to reproduction. The full model describing reproductive traits is: 

𝑅!,!,! = 𝛼 + 𝜇! + 𝛾𝐵𝐿!,!,! + 𝛽𝐷! + 𝜑𝑃𝑜𝑝! + 𝜔𝐴𝑔𝑒!,!,! + 𝜀!,!,!   

𝜇~𝑁 0,𝜎! , 𝜀~𝑁 0,𝜎!        (2) 

where R is the reproductive trait for female i from population j in year k, 𝛾 is the effect of 

body length, 𝛽 is the effect of discharge, 𝜑 is the effect of population on the intercept, 

and 𝜔 is the effect of age at maturity on the intercept. The residual error 𝜀, and the year-

specific variation in the intercept 𝜇 have a mean of zero and are normally distributed. 

Within populations: egg mass, incubation temperature, and juvenile fitness-related traits 

Time series data on incubation temperatures and juveniles for the three populations were 

available from Fisheries and Oceans Canada (Figure 3.1). Temperature was measured 

hourly from 1989 to 2007 although due to logger failure some years of data were missing. 

We used daily mean temperatures to calculate three metrics that characterize incubation 

temperatures: 1) Maximum daily mean incubation temperature (Max temp) which 

characterizes the warmest water temperatures experienced by incubation embryos and 

typically occur in August, 2) Fall accumulated thermal units (ATU) which is the sum of 

the daily mean temperature from peak spawning to Nov 15th) and characterizes the 



 

32 

thermal experience for incubation embryos before temperatures drop near zero or below, 

usually in November, and 3) Incubation ATU which is the sum of the daily mean 

temperature from peak spawning to the 50% juvenile emigration date and characterizes 

the thermal experience of embryos throughout there development. For each juvenile trait 

we selected the temperature metric with the most support according to AICc relative 

variable importance. Although we found strong statistical support for some temperature 

metrics over others in explaining juvenile traits, there are strong correlations among all 

three temperature metrics (range in r – 0.51-0.75). Correlations among our temperature 

metrics makes it difficult to determine which of the temperatures metrics or periods of 

development might have the greatest effect on juvenile fitness-related traits. For details 

on the analyses see Appendix B.1 and Table B.1. The temperature metrics selected are as 

follows: for juvenile dry mass – Max temp, and for juvenile length and 50% emigration 

date – Fall ATU. 

We used linear regression to relate the mean population egg size and incubation 

temperature to mean juvenile length and dry mass at emergence, and timing of 

emergence. Previous studies have suggested egg size mediates the influence of incubation 

conditions on juvenile size and survival (Beacham and Murray 1990, Einum and Fleming 

1999); this was examined by including an egg mass by incubation temperature 

interaction. We also examined a population by temperature interaction to determine if 

relationships between temperature and juvenile traits varied by population. The full 

model was: 

𝐽!,! = 𝛼 + 𝛾𝐸𝑔𝑔! + 𝛽𝑇𝑒𝑚𝑝! + 𝜑𝑃𝑜𝑝! + 𝛿(𝐸𝑔𝑔! ∙ 𝑇𝑒𝑚𝑝!)+ 𝜃(𝐸𝑔𝑔! ∙ 𝑃𝑜𝑝!)+ 𝜀!,! 

𝜀~𝑁 0,𝜎!        (3) 

where J is the juvenile trait (i.e. length, dry mass, or emigration date) in year k for 

population j, is the intercept, γ is the effect of egg mass, β  is the effect of temperature, 𝜑 

is the effect of population on the intercept, 𝛿 and 𝜃 are the effects of the interactions 

between egg mass and temperature and egg mass and population, and 𝜀 is the residual 

error. 
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Among populations: maternal length, incubation temperatures and egg mass 

In 2009, females were sampled from 16 populations after they died of natural causes 

(Figure B.2) rather than lethally sampling live females (as in the previous dataset) 

because of recent conservation concerns for the Early Stuart populations. This prevented 

us from collecting data on fecundity and total gonad mass. We measured standard length 

and removed and froze any remaining eggs. Some eggs (up to 20) usually remain in the 

female’s body cavity after they have spawned and died. Undeveloped, discolored or 

broken eggs were not sampled. There are no differences between spawned eggs and eggs 

retained by females after spawning (D Patterson unpublished data). Eggs were then dried 

at 60 °C for 48 hrs (Patterson 2004), weighed to one-hundredth of a milligram and the 

mean dry egg mass for each female was calculated. We collected samples from 315 

females but were only able to obtain sufficient egg samples (≥10) from 179 females 

(females per stream: range 7-17). Preliminary analyses in which we resampled egg size 

from 5 females with ≥ 25 eggs showed that this sample size was adequate to encompass 

variation among egg sizes within females. 

When testing the hypothesis that warmer incubation temperature selects for larger egg 

size we accounted for maternal length because longer females produce larger eggs. There 

was no support for interactions between maximum daily mean incubation temperature 

and population on juvenile traits; therefore we assumed that the selective pressure of 

temperature on egg size is consistent among populations. We compared models that 

included all combinations of body length, maximum mean incubation temperatures and a 

body length by maximum temperature interaction to explain dry egg size using linear 

mixed-effects models. Population was included as a random intercept to account for 

pseudo-replication. The full model for describing egg mass among populations is: 

𝐸𝑔𝑔!,! = (𝛼 + 𝜇!)+ 𝛾𝐵𝐿!,! + 𝛽𝑇𝑒𝑚𝑝! + 𝛿(𝐵𝐿!,! ∙ 𝑇𝑒𝑚𝑝!)+ 𝜀!,!   

𝜇~𝑁 0,𝜎! , 𝜀~𝑁 0,𝜎!        (4) 

where Egg is the dry egg mass for female i from population j, 𝛾 is the effect of body 

length, 𝛽 is the effect of incubation temperature, 𝛿 is the effect of the interaction between 
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body length and temperature, α  is the intercept, 𝜇 is the population specific variation in 

the intercept, and 𝜀 is the residual error. Both 𝜇 and   ε have a mean of zero and a normal 

distribution. 

Multi-model averaging and inference 

For all of our analyses we evaluated the relative strength of support for hypotheses and 

incorporated model uncertainty using AICc (for small sample sizes) model selection and 

averaging, respectively(Burnham and Anderson 2002). Average parameter estimates 

were calculated in the MuMIn R package (Barton 2012) using the “Natural Average” 

method (Grueber et al. 2011) and a 95% confidence set (all models with cumulative 

summed weights ≥0.95) (Burnham and Anderson 2002). We also calculated the relative 

variable importance (RVI), which is the sum of the weights of all models that contain a 

variable. AICc values represent the trade-off between model complexity (i.e. the number 

of parameters) and model fit within a candidate set of models. 

The effect sizes of explanatory variables in regression models are only interpretable in 

the units of the variable (Schielzeth 2010). In order to compare relative effect sizes we 

standardized our data by centering (subtracting the mean) and dividing by 2 standard 

deviations (Gelman 2008). This also allows for the interpretation of main effects for 

variables involved in interactions without considering the interaction because the mean 

for all variables is approximately zero (Schielzeth 2010). 

Mixed effects model fits were evaluated using pseudo-R2, which is the R2 between the 

observed versus fitted values. All variables included in each of the analyses had variance 

inflation factors <3, which indicated collinearity among variables was within reasonable 

limits and did not substantially inflate the standard errors of our parameter estimates 

(Zuur et al. 2010). Diagnostics for heteroscedasticity, normality and independence of 

residuals were visually inspected. 

Results 

A synthesis of the key results from the 21-year temporal analyses is in Figure 3.2. As 

predicted, years with high discharge during migration generally led to lower reproductive 
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investment. In addition, years with high incubation temperature led to smaller juveniles 

that emerged earlier. We also confirmed that larger females made larger reproductive 

investments, resulting in larger eggs and higher fecundity. Moreover, in years and creeks 

with larger average egg mass the resulting juveniles were also larger during out-

migration. Details of these results are presented below. 

 
Figure 3.2. Schematic representation of the environmental and life history variables considered 
in our analyses at the corresponding life stages for sockeye salmon. Red lines are relationships 
with life history traits and blue are relationships with environmental conditions, the thickness of 
arrows implies the relative strength of influence (within an analyses), and the direction of 
influence are denoted by positive and negative symbols (+,-). 

Within populations: effects of maternal length and migration difficulty on reproductive 
investment 

Total gonad mass decreased with migration difficulty. This was primarily due to 

production of smaller eggs, rather than reduced fecundity, resulting in higher ratios of 

egg number to egg mass in years when discharge was high (Figure 3.3). Age at maturity 

and population identity had no influence on these reproductive traits (Table 3.1, Figure 

3.3). 
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Figure 3.3. Row 1: Wet egg mass versus a) female standard length and b) river discharge. c) 
shows model-averaged standardized coefficients for models describing wet egg mass. Row 2: 
Fecundity versus d) female standard length and e) discharge. f) shows model-averaged 
standardized coefficients for models describing fecundity. Row 3: Total gonad mass versus g) 
female standard length and h) discharge. i) shows model-averaged standardized coefficients for 
models describing total gonad mass. Row 4: Ratio of egg number to egg mass versus j) female 
standard length and k) discharge. l) shows model-averaged standardized coefficients for models 
describing the ratio of egg number to egg mass. Data are for three populations (Forfar , Gluskie 

, and Kynock ) from 1989-2009. Error bars in bivariate plots are standard error and 95% 
confidence intervals for coefficients. 

As predicted, longer-bodied females had heavier gonads, heavier eggs, were more 

fecund, and produced more eggs for a given egg mass (Table 3.1, Figure 3.3). All of 

these reproductive traits were influenced more by body length than migration difficulty 
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(effect sizes of body length relative to migration difficulty on: wet egg mass = 2X, 

fecundity = 11X, gonad mass = 8X, and egg number:size = 1.5X) (Figure 3.3). 

Table 3.1. AICc 95% confidence set of models relating female body length, migration difficulty, 
age and river discharge-length interaction to a) egg mass, b) fecundity, c) gonad mass, and d) the 
ratio of egg number to egg mass. ΔAICc is the difference in AICc values between model i and the 
best model of those considered and wi is the probability that a model is the best model of the set. 
All models included population identity as a fixed factor and a random intercept by year. 

 Reproductive trait Model k AICc ΔAICc wi 
a) Wet egg mass Discharge + Body length 7 8988 0.00 0.70 

  Age + Discharge + Body length 8 8990 1.85 0.28 

b) Fecundity Age + Body length 7 18234 0.00 0.36 

  Body length 6 18235 0.19 0.32 

  Discharge + Body length 7 18236 1.48 0.17 

c) Gonad mass Discharge + Body length 7 12753 0.00 0.57 

  Age + Discharge + Body length 8 12755 1.90 0.22 

  Body length 6 12756 2.66 0.15 

  Age + Body length 7 12758 4.67 0.06 

d) Number:Size Discharge + Body length 7 8594 0.00 0.55 

  Age + discharge + Body length 8 8595 1.16 0.31 

  Body length 6 8598 3.84 0.08 

  Age + Body length 7 8598 4.45 0.06 

Further support that both maternal phenotype and migration difficulty shape reproductive 

investment comes from the results of the AIC analyses. The 95% confidence set of 

models describing each reproductive trait included both maternal body length (all 

reproductive traits, relative variable importance (RVI) = 1.0), migration difficulty (RVI 

range = 0.2-1.0), and in some cases age at maturity (RVI range = 0.22-0.42) (Table B.3). 

The top models (lowest AICc values) for all response variables (Table 3.1) provided a 

good fit to our data. However, models explaining fecundity and gonad mass had much 

greater explanatory power than ones explaining egg size and the egg number:size ratio 

(pseudo R2: egg size= 0.28, fecundity=0.50, gonad mass=0.59, and egg 

number:size=0.19). 

Within populations: effects of egg size and incubation temperature on juvenile fitness-
related traits 

As predicted, warmer stream temperatures at the time of spawning (Max temp) led to 

lighter juveniles. This, alongside the positive effect of egg mass, explained 71% of the 
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variation in juvenile mass (Table 3.2, Figure 3.4). Together with egg mass, incubation 

temperatures explained 46% of the variation in juvenile length (Table 3.2). Finally, 

warmer fall incubation temperatures were also associated with earlier emergence, 

explaining a large amount of the variation in emigration date (R2=0.45) (Table 3.2). 

 
Figure 3.4. Row 1: 50% emergence date versus a) wet egg mass (EM) and b) Fall ATU. c) 
shows model-averaged standardized coefficients for models describing 50% emergence date. 
Row 2: Juvenile length versus d) wet egg mass and e) Fall ATU. f) shows model-averaged 
standardized coefficients for models describing juvenile length. Row 3: Juvenile dry mass versus 
g) wet egg mass and h) Max temp. i) shows model-averaged standardized coefficients for models 
describing juvenile dry mass. Data are for three populations (Forfar , Gluskie , and Kynock 
) from 1989-2009. Error bars are 95% confidence intervals for coefficients. 
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Not surprisingly, brood years with heavier eggs produced heavier juveniles on average 

(Figure 3.4). The effect of egg mass on juvenile length was 3 times greater than that of 

incubation temperature. The opposite was true for juvenile mass; the effect of incubation 

temperature on juvenile mass was 1.5X greater than that of egg mass (Figure 3.4). There 

was little correlation between egg mass and the 50% emigration date (R2=0.16) (Table 

3.2). Both incubation temperature (RVI range = 0.6-1.0) and egg mass (0.2-1.0) were 

included in the 95% confidence sets for all juvenile traits (Table B.4). 

Table 3.2. AICc 95% confidence set of models relating wet egg mass, incubation temperature, 
and interactions between egg mass and temperature and population and incubation temperature 
interaction to juvenile traits. All models included population as a fixed factor. Max temp is the 
maximum daily mean incubation temperature and Fall ATU is the thermal units accumulated from 
peak spawning to November 15th. 

 Juvenile trait Model R2 AICc ΔAICc wi 
a) Emergence Fall ATU 0.45 228 0.00 0.53 

 Emergence Fall ATU + Pop*Fall ATU 0.51 230 1.78 0.22 

 Emergence Fall ATU + Egg mass 0.45 231 2.80 0.13 

 Emergence Fall ATU + Egg mass + Pop*Fall ATU 0.51 233 4.96 0.04 

 Emergence Fall ATU + Egg mass + Fall ATU*Egg mass 0.46 233 5.11 0.04 

b) Length Fall ATU + Egg mass 0.46 32 0.00 0.52 

 Length Egg mass 0.35 33 0.82 0.35 

 Length Fall ATU + Egg mass + Fall ATU*Egg mass 0.46 36 3.90 0.07 

c) Dry mass Max temp + Egg mass 0.71 82 0.00 0.67 

 Dry mass Max temp 0.63 85 2.59 0.18 

 Dry mass Max temp + Egg mass + Max temp*Egg mass 0.72 85 3.40 0.12 

Among 16 populations: effects of temperature on egg mass 

Females that spawn in streams with warmer water produced larger eggs (Table 3.3, 

Figure 3.5), as predicted. This was confirmed by relating female body length, maximum 

daily mean incubation temperature and a body length by temperature interaction to dry 

egg mass among 16 streams. As in the previous analysis, larger fish produced larger eggs 

(Figure 3.5, Table B.5). The estimated effect of female body length on egg size was 3.3 

times greater than the effect of temperature (Figure 3.5). The relationship between body 

length and egg mass was mediated by temperature, whereby smaller females produce 

larger eggs (for their size) when spawning in warmer streams. This is shown by a 

negative interaction between body length and maximum incubation temperature, although 
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the uncertainty around the coefficient was as larger than the coefficient itself (Figure 3.5, 

Table B.5). There was a strong overall fit of the top model describing dry egg mass, 

which included maternal body length, maximum incubation temperature and a maternal 

body length by temperature interaction (pseudo R2 = 0.40). 

 
Figure 3.5. Bivariate plots of dry egg mass versus: a) female body length, b) maximum daily 
mean incubation temperature (Max temp), and c) a plot of model-averaged standardized 
coefficients for models describing dry egg size among populations. Data are for 16 populations 
collected in 2009. Error bars in bivariate plots are standard error and 95% confidence intervals for 
coefficients. 
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Table 3.4. AICc 95% confidence set of models relating maternal body length and maximum 
daily mean incubation temperature (Max temp), and a maternal length by temperature interaction 
to dry egg mass. ΔAICc is the difference in AICc values between model i and the best model of 
those considered and wi is the probability that a model is the best model of the set. 

Model k AICc ΔAICc wi 
Max temp + Body length 5 947.18 0.00 0.48 

Max temp + Body length + Max temp*Body length 6 947.27 0.09 0.46 

Discussion 

We found that both maternal phenotype and habitat conditions influence reproductive 

investment and subsequent juvenile fitness-related traits within populations. Specifically, 

maternal body length and annual variation in migration difficulty shaped reproductive 

investment, and egg size and incubation temperatures were strongly associated with 

juvenile fitness-related traits based on a 21-year time series for three populations. Taken 

together these results demonstrate that inter-generational effects of maternal phenotype 

and environmental conditions can interact, through egg size, to influence juvenile fitness 

in wild populations. This study also supported a predicted effect of incubation 

temperature on selection for egg size, based on a comparison among 16 populations. 

Previous studies have made comparisons among populations of correlations between 

migration difficulty and reproductive investment, rather than the long-term temporal 

comparison that we have done here. These studies have found that populations with 

difficult migrations have lower reproductive investment, smaller eggs, lower fecundity, 

and higher ratios of the number of eggs to egg size (Fleming and Gross 1990, Kinnison et 

al. 2001, Crossin et al. 2004b). Within populations, in years of greater migration 

difficulty, we also found that surviving females had lower reproductive investment and 

smaller eggs but not lower fecundity, resulting in a higher ratio of egg number to egg 

mass. Two mechanisms, alone or in combination, could explain these results: 1) 

disproportionally higher mortality of females that invest more in reproduction, or 2) 

facultative adjustments to energy allocated to reproduction. Patterson (2004) showed that 

for the same three populations egg mass increased consistently (measured at the 

beginning and end of their migration) among years that varied in migration difficulty 

using the same three populations as this study. In addition, these populations can suffer 

high levels of mortality during migration (up to 75% during high discharge) (Macdonald 
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2000) and on the breeding grounds due to energy depletion (Rand and Hinch 1998, 

Macdonald 2000, Patterson 2004), lending support to the mortality hypothesis. Moreover, 

other research on sockeye salmon has shown that releasing sockeye from their 

energetically expensive migration, through experimental manipulation of energy 

expenditures, does not change reproductive investment in gonad mass, egg size, or 

number (Patterson et al. 2004, Nadeau et al. 2009), suggesting fixed investment prior to 

migration. In contrast, among-population comparisons of Chinook salmon show increases 

in egg size with more difficult migrations (Kinnison et al. 2001). Interestingly, in the 

present study, migratory difficulty influenced reproductive investment through a decrease 

in egg size but not egg number, which suggests that either fecundity is set and selection 

occurs on high reproductive investment independent of number, or egg size can be 

modestly adjusted (reduced in this case) but not egg number. Studies on Macaroni 

penguins (Eudyptes chrysolophus) have shown that the degree to which egg development 

overlaps with migration can cause variation in egg size between consecutively laid eggs 

(Crossin et al. 2010). More work is needed to distinguish between differential mortality 

and physiological constraints on adjusting fecundity versus egg size. 

To put the effects of migration difficulty on reproductive investment into perspective, we 

estimate that from low to high (2 standard deviations) river discharge, females 

experienced approximately a 4% reduction in egg size due to migration difficulty alone. 

In contrast, the estimated effects of maternal length on reproductive traits are in some 

cases 10 times greater than river discharge. Furthermore, the estimated average en route 

mortality (in addition to fishing mortality) for Early Stuart sockeye is over 30% for the 

same 21-year period (Cummings et al. 2011). Hence, such small changes in egg size due 

to the maternal environment will likely have little measureable influence on recruitment 

compared to the direct en route loss. However, the effects of migration on egg size may 

combine with other impacts on reproductive output such as size-selective fishing on 

fecundity (Kendall et al. 2009). 

Numerous studies have shown the influence of egg size on juvenile growth rate and size 

(Einum and Fleming 1999, Marshall and Keough 2007, Venturelli et al. 2010) and for 

many taxa it is well known that larger juveniles have higher survival (Beacham and 
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Murray 1985, Sinervo 1990, Fox 1994, Williams 1994, Bernardo 1996, Chambers and 

Leggett 1996). In fish, juvenile size can influence swimming ability, size-selective 

predation (Taylor and McPhail 1985, Brännäs 1995), and the ability to endure harsh 

environments (Hutchings 1991). Notably, at the time of emergence there was 2.5 and 8 

times more variation in juvenile mass than emergence date and juvenile length, 

respectively (dry mass CV = 25%, emergence date CV = 10%, length CV = 4%). This 

suggests that for these populations mass at emergence is much more plastic than length 

and emergence date. The advantages of being a certain length are probably linked to burst 

swimming ability (Burt et al. 2011) and predator avoidance, whereas mass and 

emergence date likely reflect the ability to survive from emergence to the timing of 

zooplankton blooms. The increased metabolic cost of higher water temperatures is paid 

for by a reduction in mass, not length. 

Our study reveals that when incubation temperatures early in development are warm, 

juveniles emerge earlier and with lower energy reserves (i.e. lower mass) than when 

temperatures are cool, which could impact juvenile recruitment. Einum and Fleming 

(1999) showed early emergence in Atlantic salmon (Salmo salar) was associated with 

higher survival due to a competitive advantage. Schooling sockeye salmon juveniles feed 

in lakes on plankton and the timing of the spring plankton bloom can be crucial. 

Temperatures from the previous fall do not correlate with temperatures in the following 

spring (unpublished data), potentially leading to mismatches in timing of juvenile 

emergence, energy reserves, and spring plankton bloom. Individuals that emerge with 

larger reserves could have an advantage over individuals with smaller reserves, especially 

when emerging into a food poor environment (Hutchings 1991). The advantage of larger 

energy reserves could also exist among populations that enter a common environment 

once they emerge in the spring, such as the populations in this study. Further studies on 

the phenology of emergence and juvenile food sources are required to better understand 

how potential interactions between juvenile size and emergence timing might influence 

recruitment. 

Our comparison of 16 wild populations supports the prediction that warmer incubation 

temperatures select for larger eggs. These results match the causal relationship observed 
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between incubation temperatures and juvenile fitness-related traits, indicating that for a 

given egg size warmer water leads to smaller juveniles. These results are not surprising 

since it has been long suggested that the egg size-fecundity trade-off is driven by 

selective pressures on egg size rather than fecundity (Lloyd 1987, Einum and Fleming 

2000, Heath et al. 2003) and it has also been inferred that there is strong selection on egg 

size in cultured Pacific salmon (Heath et al. 2003) but see (Beacham 2003). However, 

little consideration has been given to the population level consequences of egg size 

variation. For instance, the effect of temperature on egg size could lead to variation in 

juvenile recruitment among populations through the fecundity-size trade-off. Mothers 

that typically spawn in warmer streams will on average have large eggs per length than 

mothers from cooler streams. 

Alternative explanations for patterns of egg size variation among populations of Pacific 

salmon have been proposed, including: juvenile growth rate (Fleming et al. 1997), 

migration difficulty (Kinnison et al. 2001, Crossin et al. 2004b), dissolved oxygen 

(Einum et al. 2002), substrate size (Quinn et al. 1995, Rollinson and Hutchings 2010), 

breeding competition (Fleming 1994), and hatchery supplementation within populations 

(Heath et al. 2003). A key aspect of our study is that the populations share rearing habitat 

and experience similar environmental conditions throughout their life cycle except during 

spawning and incubation (which we have measured), thus controlling for other periods in 

their life-cycle that could also cause variation in egg size among populations, such as 

variation in female growth rates prior to migration (Fleming et al. 1997) and migration 

difficulty (Crossin et al. 2004b). We were able to test for potentially confounding effects 

of differences in dissolved oxygen, substrate size, and breeding competition on the 

spawning grounds and found no correlation with egg mass (unpublished data). Finally, 

there is no hatchery supplementation for these populations. Our results confirm 

explanations proposed in previous studies (Beacham and Murray 1990, Fleming and 

Gross 1990) about how temperature influences egg size among populations. Ours is the 

first study to measure temperature and link it to reproductive investment and traits related 

to fitness of juveniles in the wild. 
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In conclusion, this study demonstrates how inter-generation effects of maternal 

phenotype and environmental conditions can accumulate, through egg mass, to influence 

juvenile fitness-related traits. A synthesis of these results is provided in Figure 3.2. 

Briefly, adverse environmental conditions faced by mothers during their upstream 

migration and by incubating embryos can lead to smaller juveniles and early emergence, 

a combination of circumstances that could increase their probability of starvation before 

zooplankton blooms in the spring. Selection for larger eggs in warmer streams may be 

responsible for the observed correlation between egg mass and incubation temperature 

among streams. These findings bring us a step closer to understanding how the interplay 

between maternal traits and environmental conditions may affect recruitment and the 

potential evolution of egg mass. 
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Chapter 4.  
 
Maternal and environmental influences on 
population dynamics in Pacific salmon 

Abstract 

We compared 15 populations of sockeye salmon (Oncorhynchus nerka) to test general 

hypotheses for the relative importance of life history traits and environmental conditions 

in explaining variation in population dynamics. We found that environmental conditions 

are correlated with maximum population growth rates, density dependence and 

population variability, whereas life history traits were not correlated with any of our 

metrics used to characterize population dynamics. Populations that spawned in deep 

water had higher and less variable population growth rates and populations inhabiting 

streams with larger substrates experienced stronger density dependence. These results 

demonstrate the relative importance of environmental conditions and life histories in 

explaining population dynamics, which is rarely possible for multiple populations of the 

same species. 
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Introduction 

Maternal influences and environmental conditions can drive temporal changes in 

population abundance (Quinn et al. 2003, 2003, Hendry et al. 2004, 2004, Benton et al. 

2005, Venturelli et al. 2009). Understanding why populations differ in key characteristics 

such as maximum population growth rates (Denney et al. 2002) and density dependent 

population growth (Brook and Bradshaw 2006) is not only of great interest to ecologists 

but it is also important for the effective management of populations (Hutchings and 

Reynolds 2004). Maternal life history traits such as female body size and reproductive 

investment can vary through time and space due to selection or plastic responses to 

environmental conditions (Sand 1996, Hairston et al. 1999, Carlson et al. 2011). 

Empirically derived linkages between maternal life history traits and population 

dynamics provide powerful tools for predicting how such changes in female traits will 

influence future abundances (Hutchings and Reynolds 2004, Birkeland and Dayton 

2005). Likewise, linkages between environmental conditions and population dynamics 

can be used to predict how populations will respond to changes in habitat (Pulliam 1988) 

that are both positive (i.e. restoration) (Einum et al. 2007) and negative (i.e. degradation 

or loss) (Wiegand et al. 2005). However, few studies have incorporated both life histories 

and habitats in explaining population dynamics (Goodwin et al. 2006, Hutchings et al. 

2012). 

Fish are good model systems for understanding how maternal life history traits such as 

age at maturity, body size, and fecundity relate to variation among species in maximum 

population growth rate (Denney et al. 2002, Venturelli et al. 2009, Hutchings et al. 2012), 

density dependence (Goodwin et al. 2006), and population stability (Einum et al. 2003). 

Venturelli et al. (2010) showed that for a single population of walleye (Sander vitreus), 

the population was more productive when the mean age of the population was older 

because older females produce more and larger eggs than younger females. However, 

with few exceptions (Venturelli et al. 2010), environmental conditions are not considered 

as covariates in these analyses. This is probably because it is difficult to obtain adequate 

demographic, life history and habitat data for multiple populations. Pacific salmon 

(Oncorhynchus spp) provide a unique opportunity to evaluate differences among 
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populations in their dynamics because populations are typically locally adapted, and their 

commercial and cultural importance has led to extensive monitoring of abundance. 

However, many populations are managed at an aggregate level (multiple populations are 

combined) and differences among individual populations (at the stream level) have not 

been considered. 

The factors that affect Pacific salmon reproduction and mortality have been studied 

extensively. This body of research provides a useful platform from which we can derive a 

priori hypotheses about the environmental and life history traits that influence population 

dynamics (Table 4.1). For example, body size and correlated traits such as egg size and 

fecundity are linked to offspring production in Pacific salmon (Beacham and Murray 

1993). Environmental conditions such as water depth have been shown to influence 

mortality by bears on the spawning grounds (Carlson et al. 2011). Water temperature is 

related to the emergence timing and size of juveniles in Chapter 3, which may have 

fitness consequences. Gravel size has also been shown to influence survival of eggs 

where by fine substrate suffocates eggs (Chapman 1988) and larger gravels are difficult 

for females to build nests in (Quinn 2005). Specific predictions for how each of these 

variables might influence population dynamics are in Table 4.1. 

In this paper we examine general hypotheses for how maternal traits and habitat 

conditions combine to influence population dynamics, including maximum population 

growth rate, the strength of density dependence, and population variability. We used 

sockeye salmon populations, which inhabit a diverse range of habitats to which they are 

often locally adapted, leading to dramatic variation among populations in life history 

traits such as body size and egg size (Quinn 2005, Fraser et al. 2011). The populations 

used in this study share common rearing environments both in freshwater and at sea but 

differ in their stream spawning and incubation habitat. We first quantify large differences 

among populations in their dynamics. We then construct a series of mixed-effects Ricker 

models incorporating life history traits (maternal body size at maturity and egg size), and 

spawning and incubation habitat (water depth, gravel size and temperature) to estimate 

their effects on maximum population growth rates, density dependence, and population 

variability of 15 populations. Our modelling approach incorporates uncertainty in 
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estimates of population dynamics, which is often not considered (Rickman et al. 2000, 

Denney et al. 2002, Goodwin et al. 2006, Venturelli et al. 2009, Hutchings et al. 2012). 

Predictions for how these variables relate to population dynamics are in Table 4.1. By 

examining the combined effects of life history traits and habitat on variation in dynamics 

among populations, we provide a foundation for predicting how changes in these 

population characteristics will alter future abundances. 

Table 4.1. Hypotheses relating variation among populations in life history traits and habitat to: 
a) population growth rates, b) density-dependence, and c) population variability. These 
predictions assume that reproductive output is proportional to population productivity. Although 
we do not have data to test hypotheses describing the effect of fecundity on population dynamics, 
they are included for completeness. Note body size is standardized to age by only including 4-
year old females. Therefore, predictions about how body size will influence population dynamics 
are opposite to those found in comparison among species, where larger-bodied species have 
lower maximum population growth rates because they have later age at maturity (Dulvy et al. 
2001, Denney et al. 2002, Hutchings et al. 2012) for examples. 

Analyses Explanatory 
variables Prediction Reference 

a) Maximum 
population 
growth rate Body size 

Populations with larger females (at a given age of 
maturity) have higher population growth rates. Larger 
females invest more total energy into reproduction, 
producing more and larger eggs, and can dig deeper 
nests. 

(Beacham and Murray 1985, 
1993, Hendry et al. 2001, Hendry 
and Day 2003) (van den Berhe 
and Gross 1989, Einum and 
Fleming 2000, Roff 2002)  

 
Fecundity 

Populations with females that have greater fecundity 
and have higher population growth rates; for a given 
egg size, females with more eggs have higher fitness. 

(Smith and Fretwell 1974a, 
1974b, Einum and Fleming 2000, 
Roff 2002, Venturelli et al. 2010) 

 

Egg size  

Populations with females that produce larger eggs 
have higher population growth rates; for a given 
fecundity, females with larger eggs have higher 
fitness. 

(Smith and Fretwell 1974a, 
1974b, Einum and Fleming 2000, 
Roff 2002, Venturelli et al. 2010) 

 

Water depth 

Populations that spawn in streams with deeper water 
will have higher population growth rates. Shallow 
streams increase the risk of predation by bears and 
stranding, reducing the number of females able to 
spawn. Shallow water may also select for smaller fish 
leading to lower fecundity and smaller eggs, which 
could also reduce maximum population growth rates. 

(Quinn et al. 2001, Gende et al. 
2004, Carlson and Quinn 2007, 
Carlson et al. 2007) 

 

Tempera-ture 

Populations that spawn in streams with higher water 
incubation temperatures have lower population growth 
rates. Higher stream temperatures increase energy 
required for egg development, producing smaller 
juveniles that emerge early. 

(Beacham and Murray 1985, 
Hendry et al. 1998, Kamler 2008)  

 

Gravel size 

Populations that spawn in streams with intermediate 
substrate size will have higher population growth rates. 
When spawning substrate is too small it can cause 
embryo mortality and when too large it is difficult for 
females to dig nests. 

(Chapman 1988, Quinn 2005) 
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Analyses Explanatory 
variables Prediction Reference 

b) Density 
dependence Body size 

Populations with larger females will have stronger 
density dependence. Larger females dig larger or 
more nests, leading to more superimposition and egg 
mortality per unit area.  

(van den Berghe and Gross 
1984, Steen and Quinn 1999) 

 
Fecundity 

Populations with greater fecundity will have stronger 
density dependence. More fecund females (for a given 
egg size) require larger nests.  

(van den Berghe and Gross 
1984) 

 
Egg size  

Populations with larger eggs will have stronger density 
dependence. Females that produce larger eggs (for a 
given fecundity) require larger nests. 

(van den Berghe and Gross 
1984, Quinn 2005)  

 

Water depth 

Populations that spawn in streams with deeper water 
will have lower density dependence. Deeper water 
leads to more spawning habitat per unit of stream 
width because more of the stream will be deeper than 
for the minimum needed.  

(Fukushima and Smoker 1998) 

 Tempera-ture Density-independent - no hypothesis  

 

Gravel size 

Populations that spawn in streams with intermediate 
substrate size will have lower density dependence. 
High spawner abundance will force more females to 
use marginal spawning substrate (i.e. small substrate 
with high embryo mortality or large substrate that is 
difficult to dig). 

(Quinn 2005) 

c) Population 
variability 

Body size 

Populations with larger females (at a given age of 
maturity) will have more less variable population 
growth rates. Larger females invest more energy into 
reproduction, producing more and larger eggs, and 
can dig deeper nests that will protect eggs from 
environmental stochasticity during incubation such as 
scouring of substrate during high flow and freezing 
events. 

(Beacham and Murray 1985, 
1993, Hendry et al. 2001, Hendry 
and Day 2003) (van den Berhe 
and Gross 1989, Einum and 
Fleming 2000, Roff 2002)  

 

Fecundity 

Populations with females that have greater fecundity 
have more variable population growth rates; for 
females with more eggs, small variations in juvenile 
mortality can translate into large variation in the 
number of offspring surviving to adulthood. 

(Koslow 1992, Winemiller 2005) 
(Einum et al. 2003), but see 
(Rickman et al. 2000) 

 

Egg size  

Populations with females that produce larger eggs 
have less variable population growth rates (for a given 
fecundity). Survival of eggs and juveniles will be more 
consistent in the face of varying environmental 
conditions because larger eggs survive better than 
small eggs when environmental conditions are poor. 

(Hutchings 1991, Einum et al. 
2002, 2003) 

 

Water depth 

Populations that spawn in streams with deeper water 
will have less variable population growth rates. 
Shallower streams are more subject to periods of low 
water, leading to more variable mortality from bear 
predation and stranding. 

(Quinn et al. 2001, Gende et al. 
2004, Carlson and Quinn 2007, 
Carlson et al. 2007) 
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Analyses Explanatory 
variables Prediction Reference 

 

Tempera-ture 

Populations that spawn in streams with higher water 
incubation temperatures will have more variable 
population growth rates. Higher stream temperatures 
increase the energy demand of egg development, 
producing smaller juveniles that emerge early. 

(Chapter 3) 

 

Gravel size 

Populations that spawn in streams with intermediate 
substrate size will have less variable population growth 
rates. When spawning substrate is too small it can 
cause embryo mortality and when too large it is difficult 
for females to dig nests. 

(Quinn 2005) 

Methods 

Study sites 

We studied sockeye salmon, Oncorhynchus nerka, and their spawning stream habitats in 

15 populations in the Stuart drainage of the Fraser River Basin in British Columbia, 

Canada. For the purposes of this study, we consider fish that spawn in different streams 

to represent different populations and there is evidence of local adaptation of these 

populations (Chapter 3). These populations represent a subset of the Early Stuart 

population complex, which is composed of 35+ populations and is managed at an 

aggregate level. These sockeye salmon migrate upstream 1100 km from the ocean to 

spawn in small tributaries of lakes and rivers in the Stuart drainage. Fish spawn from late 

July to late August. The peak of spawning occurs at similar times for all streams (within a 

week) (Fisheries and Oceans Canada stock assessment). Females dig nests in the gravel 

and bury their eggs, and juveniles emerge the following spring. They then travel to a lake 

where they spend one year before migrating to sea, returning 2 years later. Further 

information on the study streams can be found in Chapter 2 (Braun and Reynolds 2011). 

Life history traits and habitat data 

We sampled females after they died naturally rather than using lethal sampling because 

of conservation concerns for the Early Stuart populations. Therefore we were unable to 

collect data on fecundity. All fish sampled were intact, with no indications of predation or 

scavenging. We measured snout length (from the middle of the eye to the end of the 

snout), body length (from the middle of the eye to the last vertebra in the tail), hump 

height (the maximum distance from the lateral line to the dorsal hump), and caudal 
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peduncle depth to the nearest millimetre (see Figure 2 in Hendry et al. (1999)). Each 

stream was sampled two to four times over the duration of spawning (August 1st –20th) in 

2009. The ages of fish were determined using otoliths. An independent lab checked 20% 

of our samples for accuracy, which was determined to be 100%. 

We used a body size metric created from four correlated morphological traits (correlation 

coefficients, r, ranged from 0.54 to 0.66), which included body length, snout length, 

hump height, and caudal peduncle depth (Table C.1). These variables were used in a 

principal components analysis to create orthogonal variables; 70% of the variation among 

variables was explained by the first principal component (PC) and all variables loaded 

strongly (loadings: body length, 0.49; caudal peduncle depth, 0.49; snout length, 0.53; 

hump height, 0.49). The first principal component thus provides an integrated index of 

body size. We censored age data by only including 4-year old fish (91%) in our analyses, 

which is similar to the age composition estimated from recruitment data for the entire 

population complex (94%). 

From the same females, we collected and froze any remaining eggs in the body cavity, 

discarding undeveloped, discoloured or broken eggs. Eggs were dried following the 

procedure outlined in (Patterson 2004) and used to calculate each female’s mean dry egg 

mass. We only included 4-year old females with a minimum of 10 eggs; 173 females 

from the 315 sampled met this criterion. 

Habitat variables were surveyed from 2007 – 2009 (Table C.1). Gravel size was sampled 

once in 2007 using the Wolman pebble count method (Wolman 1954). The intermediate 

axis of 10 stones were measured at 16 transects per stream. The geometric mean gravel 

size was calculated for each stream because this metric better captures the distribution of 

substrate sizes than does the arithmetic mean. Water depth was measured at 10-12 

equidistant points along 16 transects per stream in 2007. We calculated the stream 

maximum water depth by averaging the maximum water depth measured at each transect. 

Temperature loggers recorded stream temperature every two hours using ibutton 

temperature loggers from August 2007 to July 2009. We used the maximum daily mean 



 

53 

temperature to characterize incubation temperatures since this has been shown to 

influence fitness-related traits for these populations (Chapter 3). 

Abundance and recruitment data 

We defined recruitment as the number of fish that would have returned to their spawning 

streams in the absence of fishing mortality. Fishing mortality occurs along the sea coast 

and in rivers en route to the spawning streams. In recent years (1992 – present), natural 

mortality during the upstream freshwater migration has been added back into estimates of 

recruitment (Peterman and Dorner 2012) due to unusually high mortality. Although this 

will change the overall estimates of maximum population growth rate, this will be the 

same for all stream populations because the increase in recruits is at the population 

complex level. Stream-specific fishing mortality rates are not available (but see below). 

However, we estimated stream-specific recruitment by using the total number of recruits 

for the Early Stuart complex and the number of spawners counted in each stream (Figure 

4.1) (Figure C.2). First, for each year we calculated the proportion of recruits at ages 3, 4, 

and 5 years by multiplying the total number of recruits by the proportion of each age 

class from the Early Stuart recruit data; these recruits were then assigned to their 

appropriate brood year (4 year old recruits returning in 2000 were assigned the brood 

year 1996). Within each brood year, recruitment for each age class was calculated as: 

𝑅!,! = 𝑃!,!!!𝑆!,!!![1− 𝜇!!!]!! + 𝑃!,!!!𝑆!,!!![1− 𝜇!!!]!! + 𝑃!,!!!𝑆!,!!![1− 𝜇!!!]!!  

eq (1) 

Where R is the number of recruits produced by spawners from brood year t and 

population i, P is the proportion of recruits at ages 3, 4, and 5 (as denoted by the 

subscript) that returned 3, 4, and 5 years after the brood year, and S is the number of 

adults that spawned in year t and population i. Finally, µ incorporates exploitation and en 

route mortality experienced by all populations in the Early Stuart complex in year t. Our 

calculation of population-specific recruits makes three assumptions: 1) mortality due to 

fishing and upstream migration is similar among populations, 2) age structure is 

consistent among streams, and 3) adults return to their natal stream. The first assumption 

is reasonable because nearly all fishing occurs before the fish reach their spawning 
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streams. It is possible that size-selective fishing prior to the return to the streams may 

influence populations differently if they are of different sizes but fishing on these 

populations has been relatively low, with <30% of returning fish caught over the past 20 

years, with the exception of 3 years (English et al. 2011). The second assumption is also 

reasonable because there is little difference in the age composition among populations 

within a year (Figure C.3). Finally, the third assumption is reasonable because dispersal 

rates for salmonids are typically very low (Quinn 2005), although rates are not known for 

these populations. 

Ricker models 

Pacific salmon population dynamics are typically modelled using Ricker spawner-recruit 

models: 

log!
!!
!!
= 𝑎 + 𝑏𝑆! + 𝜀!       eq (2) 

where R is the number of recruits and S is the number of females that successfully 

spawned effectively and gave rise to the recruits (ages 3, 4 and 5) at time t. a is the 

intercept, which reflects the maximum population growth rate in loge(Recruits/Spawner) 

at low population abundance, b is the estimated influence of spawner density on survival 

of the progeny from spawners in year t, reflecting the strength of density dependence, and 

ε is the residual error. We used a mixed-effects Ricker model to include multiple 

populations: 

log!
!!,!
!!,!

= 𝑎 + 𝜃! + 𝑏 + 𝛾! 𝑆!,! + 𝜀!,!  

𝜃~𝑁 0,𝜎! , 𝛾~𝑁 0,𝜎! , 𝜀~𝑁(0,𝜎!)       eq (3) 

where θ and γ are the variation in maximum population growth rates and the strength of 

density dependence among populations, respectively, and ε is residual error for 

population i at time t. Estimates of θ, γ, and ε are assumed to be normally distributed with 

a mean of zero. 
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We used recruitment data for the Early Stuart complex for brood years 1953 to 2004. 

However, many of our time series are incomplete and some data are from periods of low 

productivity for the entire complex, which can lead to underestimates of maximum 

population growth rates relative to other populations that are represented in the full time 

series (brood years 1953-2004). We therefore added an Early Stuart productivity index to 

the basic Ricker model to account for variation in productivity that is common to all 

Early Stuart populations (Bradford et al. 2000). Variation in population dynamics can 

also be influenced by differences in the rearing lake environment. The populations 

studied here spend a year in one of two lakes, which vary in their physical and biological 

conditions (Shortreed et al. 2001), therefore we included a fixed factor for lake. We used 

an extended Ricker model to estimate maximum population growth rates: 

log!
𝑅!,!
𝑆!,!

= 𝑎 + 𝜃! + 𝑏 + 𝛾! 𝑆!,! + 𝜇𝑃! + 𝜋𝐿! + 𝜀!,! 

𝜃~𝑁 0,𝜎! , 𝛾~𝑁 0,𝜎! , 𝜀~𝑁(0,𝜎!)       eq (4) 

where, µ is the effect of the Early Stuart productivity index (P) for year t and π is the 

effect of rearing lake (L) j on recruits per spawner. This productivity index was calculated 

using six Early Stuart populations that are not included in our analyses and have long 

time series of recruits and spawners (minimum of 32 years). For each year we averaged 

the residuals taken from population-specific Ricker models and subtracted the overall 

mean to normalize the index. Therefore, our estimates of maximum population growth 

rate from the extended Ricker model are for when the overall productivity of the 

population complex was average. 

Ricker models constructed for Pacific salmon populations often include an autoregressive 

1-year lag (AR1) correlation structure. For each population we compared models with 

and without an AR1 term and found no support for the AR1 correlation structure, based 

on AICc values. Thus we focus on the mixed-effects Ricker model (eq 4) without AR1 

correlation structure. 
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Data analyses 

We examined the influence of average maternal phenotype and habitat within a 

population on that population’s dynamics using a series of mixed-effects Ricker models. 

We used maternal body size, egg mass, water depth, incubation temperature and substrate 

size in three analyses that examined the effects of these explanatory variables on: 1) 

maximum growth rate (the intercept), 2) the strength of density-dependence (effect of 

spawner abundance on offspring survival) and 3) population variability (the residual 

variance). We began the first analysis with equation 4 (null model) and then added our 

population level explanatory variables as fixed effects. This tested the effect of our 

explanatory variables on maximum population growth rate. The top model from the first 

analysis then became the null model for the second analysis. To this second null model 

(eq 5) we added an interaction between our explanatory variables and spawner abundance 

to test for their effects on density dependence. We repeated these steps and included a 

variance term that allowed residual variance to change exponentially with our 

explanatory variables to test for their effect on population variability. In each equation the 

addition of new variables and their effects are in bold. At each step we evaluated the 

weight of support for addition of these model terms, using AICc model selection, by 

comparing them to a null model. Null models are simpler models from the previous step. 

1) Effects on maximum population growth rate 

First, we assessed the additive effect of our explanatory variables on each population’s 

maximum population growth rate. Models with additional explanatory variables (eq 5) 

were compared to a null model (eq 4) by adding a single explanatory variable as a fixed 

effect to our extended Ricker model (eq 4): 

log!
𝑅!,!
𝑆!,!

= 𝑎 + 𝜃! + 𝑏 + 𝛾! 𝑆!,! + 𝜇𝑃! + 𝜋𝐿! + 𝝉𝑽𝒂𝒓𝒊 + 𝜀!,! 

𝜃~𝑁 0,𝜎! , 𝛾~𝑁 0,𝜎! , 𝜀~𝑁(0,𝜎!)       eq (5) 

where τ is the effect of explanatory variable x (Var) (either body size, egg size, substrate 

size, water depth, or incubation temperature). Explanatory variables are means for each 
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population (n=15) and therefore their effects are at the population level and will influence 

the variation explained in the random intercept (i.e. maximum population growth rate). 

We only included one of our explanatory variables at a time because of high collinearity 

among explanatory variables. We used AICc to identify the top model of the candidate 

set, which became the null model in the next step. 

2) Effects on density dependence 

We evaluated the potential for each of the explanatory variables to mediate the effects of 

spawner abundance (i.e. density-dependence) by adding an interaction between each of 

the explanatory variables and spawner abundance to the top model from the previous 

analyses (eq 5). 

log!
𝑅!,!
𝑆!,!

= 𝑎 + 𝜃! + 𝑏 + 𝛾! 𝑆!,! + 𝜇𝑃! + 𝜋𝐿! + 𝜏𝑉𝑎𝑟!"#! + 𝝀(𝑺𝒊,𝒕 ∙ 𝑽𝒂𝒓𝒊)+ 𝜀!,! 

𝜃~𝑁 0,𝜎! , 𝛾~𝑁 0,𝜎! , 𝜀~𝑁(0,𝜎!)       eq (6) 

where 𝜆 is the effect of the interaction between an explanatory variable (Var - either body 

size, egg size, substrate size, water depth, or incubation temperature) and spawner 

abundance. We compared models with only one interaction and the null model (top 

model from the previous step), which did not include an interaction. 

3) Effects on population variability 

Finally, we examined the effects of our explanatory variables on population variability by 

adding variance structure to our top model (from equation 6) that allows variance to 

increase or decrease at an exponential rate with one of the explanatory variables using the 

varExp function in R. A positive estimate for the variance parameter suggests that 

residuals increase with explanatory variable x. 

log!
!!,!
!!,!

= 𝑎 + 𝜃! + 𝑏 + 𝛾! 𝑆!,! + 𝜇𝑃! + 𝜋𝐿! + 𝜏𝑉𝑎𝑟!"#!!"!! + 𝜆(𝑆!,! ∙ 𝑉𝑎𝑟!"#!!"!!)+

𝜀!,!  

𝜃~𝑁 0,𝜎! , 𝛾~𝑁 0,𝜎! , 𝜀~𝑁(0,𝝈𝟐 ∙ 𝒆𝟐𝜹∙𝑽𝒂𝒓𝒊)     eq (7) 
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where δ is the effect of an explanatory variable (Var) on the residual error (ε). 

To make explanatory variables comparable they were standardized by subtracting the 

mean and dividing by two standard deviations (Schielzeth 2010). Diagnostics for 

heteroscedasticity, normality and independence of residuals were visually inspected. 

Results 

Annual population productivity was on average more variable among the 15 populations 

(CV – mean=79%, range=46-151%) than for the aggregate of the populations (CV=39%) 

(Figure 4.1, Figure C.2). Maximum population growth rates varied from 2 to 6 recruits 

per spawner among populations and population variability varied 8-fold. 

 
Figure 4.1. Plot of the natural log of recruits per spawner (loge(recruits/spawner)) for 15 Early 
Stuart sockeye salmon populations (grey lines) and the population complex (thick black line) in 
brood years 1953-2004. 

1952 1958 1964 1970 1976 1982 1988 1994 2000

-2

0

2

4

6

lo
g e

 (r
ec
ru
its

sp
aw
ne
r)

Year



 

59 

Variation in maximum population growth rates was best explained by stream water depth 

(Table 4.2a): populations in streams with deeper water had higher maximum population 

growth rates (when conditions were average) (Table 4.3a, Figure 4.2a). The effect of 

stream depth on survival was twice that of the next best variable, maximum incubation 

temperature (Figure 4.2a). The water depth model also had the lowest AICc value (Table 

4.2a). The second best model, which included incubation temperature, had a similar AICc 

value to the null model (Table 4.2a). Maternal life history traits and substrate size had 

little relationship with population growth rates (Figure 4.2a) and all had less support than 

the null model (Table 4.2a), which did not include a population level explanatory 

variable. 

As predicted, gravel size influenced density dependence: populations that spawned in 

streams with larger gravel exhibited stronger density dependence (Table 4.3b, Figure 

4.2b). The gravel size by spawner abundance interaction was strongly supported (model 

weight=0.91) compared to other interactions between our explanatory variables and 

spawner abundance (Table 4.2b). The next best model of the set was the null model, 

which did not include an interaction (Table 4.2b). Density-dependence did not vary with 

maternal traits, water depth or temperature (Figure 4.2b). 

Population variability was lower for populations in streams with deeper water (Table 

4.3c, Figure 4.2c). Residual variance decreased exponentially with stream depth (model 

weight=0.99) (Table 4.2c). Variance also decreased with smaller gravel size and larger 

body size (Figure 4.2c) but there was little support for their effect (model weights - 

substrate size=<0.001, body size model weight=<0.001) (Table 4.2c). 
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Table 4.2. Models examining the effects of body size principal component, dry egg mass, water 
depth, maximum daily mean incubation temperature (max temp), and geometric mean gravel size 
on: a) maximum population growth rate, b) the strength of density dependence, and c) population 
variability for 15 populations of sockeye salmon. ΔAICc is the difference in AICc values between 
model i and the best model of those considered and wi is the probability that a model is the best 
of the set. Model log likelihoods were estimated using maximum likelihood when competing 
models with different fixed-effects, and restricted maximum likelihood was used when competing 
models with different variance structures. 

Analyses Explanatory 
variable logLik AICc ∆AICc Weight 

a) Maximum 
population growth 
rate 

Water depth -979.1 1976.6 0 0.81 

Max temp -981.2 1980.8 4.2 0.10 

Null -983.4 1982.6 6 0.04 

Gravel size -982.7 1983.8 7.2 0.02 

Egg mass -983.1 1984.4 7.8 0.02 

Body size -983.1 1984.4 7.9 0.02 

b) Density 
dependence 

Gravel size -975.2 1970.7 0 0.86 

Null -979.1 1976.6 5.9 0.05 

Water depth -978.6 1977.4 6.7 0.03 

Body size -978.5 1977.5 6.8 0.03 

Max temp -979.1 1978.5 7.8 0.02 

Egg mass -979.1 1978.6 7.9 0.02 

c) Population 
variability 

Water depth -984.5 1989.5 0 0.999 

Gravel size -990.5 2003.5 14 0.001 

Body size -996.9 2016.3 26.8 0 

Null -1000.7 2022.1 32.6 0 

Max temp -1000.8 2023.9 34.4 0 

Egg mass -1000.8 2024.0 3234.6 0 
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Table 4.3. Coefficients for the top models describing effects on: a) maximum population growth 
rate, b) the strength of density dependence, and c) population variability for 15 populations of 
sockeye salmon. Coefficients (Coef.) and standard error (S.E.) are given in standard deviation 
units, which allow for comparisons of effect sizes among explanatory variables. The Early Stuart 
(ES) productivity index is a metric of the overall productivity of the Early Stuart population 
complex, which is added as a covariate to deal with the issue of some populations having 
incomplete time series and variation in productivity that is common to all Early Stuart populations. 
Spawn is the within population density dependence. 

Analysis Parameter DF Coef. S.E. 
a) Maximum 
population growth 
rate 

Intercept 613 1.50 0.22 

Rearing lake 12 0.32 0.18 

ES productivity index 613 1.18 0.09 

Spawn 613 -0.000054 0.000012 

Water depth 12 0.49 0.17 

     

b) Density 
dependence 

Intercept 612 1.56 0.21 

Rearing lake 12 0.31 0.16 

ES productivity index 612 1.17 0.09 

Spawn 612 -0.000099 0.000021 

Water depth 12 0.50 0.16 

Spawn x gravel size 612 -0.000136 0.000051 

c) Population 
variability 

Intercept 612 1.56 0.22 

Rearing lake 12 0.31 0.17 

ES productivity index 612 1.13 0.09 

Spawn 612 -0.000092 0.000021 

Water depth 12 0.50 0.17 

Spawn x gravel size 612 -0.000112 0.000053 

 
Figure 4.3. a) Standardized coefficients describing the effects of explanatory variables on a) 
maximum population growth rates from equation 5, b) density dependence from equation 6, and 
c) population variability from equation 7. Error bars are standard errors. Note: for c) standard 
errors are were not calculated for effects of explanatory variables on variance. 
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Discussion 

We found that variation among 15 populations in maximum population growth rates, 

density dependence, and population variability was strongly related to characteristics of 

habitats, whereas maternal life history traits had little explanatory power. Stream water 

depth was a key variable describing both maximum population growth rate and 

variability. This habitat feature can have both direct effects on populations through 

mortality of adults (Gende et al. 2004, Carlson and Quinn 2007), as well as indirect 

effects through selection for smaller body size (Quinn 2001). 

The direct effect of water depth can come through impacts on mortality in sockeye 

salmon due to stranding of adults (Carlson and Quinn 2007) and bear predation (Gende 

2004, Quinn 200, Carlson 2007). Observations by Fisheries and Oceans personnel during 

annual spawning surveys indicate that low water levels can impede access to streams in 

some years (D. Braun unpublished data), and these tend to be the streams with lower 

maximum population growth rates. Furthermore, predation by both grizzly (Ursus arctos 

horribilis) and black bears (Ursus americanus) is common in our study streams, and 

extremely high in some populations and years. A previous comparison of 32 streams, 

including those studied here, showed that the amount of stream cover is positively 

correlated with sockeye salmon densities, potentially due to reduced risk of predation by 

bears (Braun and Reynolds 2011). A re-analysis of those data using only the 15 streams 

used in this study suggests that water depth is also positively correlated with population 

density (R2=0.20). Thus, although the positive effects of deep water on adult survival are 

well supported (Carlson et al. 2011), this is the first time such effects have been scaled up 

to the level of population dynamics, including both maximum population growth rates 

and population variability. 

We feel the evidence points toward a stronger direct effect of water depth on population 

dynamics through differential survival of adults over the indirect effects through body 

size, however there is some evidence that allows us to disentangle these indirect effects. 

First, body size co-varied with water depth, whereby fish that spawned in shallower 

streams were smaller. Shallow water can select for smaller bodied fish (Quinn 2001) and 

earlier senescence (Carlson 2007). Although water depth out competed body size in 
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analyses that examined their effects on maximum population growth rates and population 

variability, the coefficients for body size were in the predicted direction in both analyses. 

We used an alternative dataset (D. Braun unpublished data) to examine relationships 

between body length and egg mass, fecundity, and total gonad mass, which reveal that 

differences between our populations with the longest and shortest fish (2.2 cm) only 

translate into small reductions in egg mass – 3%, fecundity – 8% and total gonad mass – 

12%. This reduction in reproductive investment alone is probably not enough to explain 

the differences in maximum population growth rates for these populations but suggests 

there may be some effect, albeit small, of body size on population dynamics. Taken 

together, these lines of evidence suggests that water depth may be related to population 

dynamics through multiple direct and indirect pathways, which include mortality due to 

stranding and bear predation (direct) and through selection on body size, which 

influences reproductive potential (indirect). 

Negative density dependence on the spawning grounds is commonly observed in Pacific 

salmon populations. On the scale of the stream population, density dependence is caused 

by females digging nests over top of the nests dug by females previously occupying the 

same site and can lead to substantial mortality by damaging the eggs and or making them 

accessible to a number of predators (Essington et al. 2000, Moore et al. 2008). 

Populations spawning in streams with large substrate exhibited greater density 

dependence. In streams with small substrate (within the range suitable for spawning 

sockeye salmon) there is a greater proportion of the stream suitable for spawning than in 

streams with larger substrate. Therefore, the effect of substrate size on the strength of 

density dependence likely reflects the amount of habitat available to spawning fish. 

Although fine substrate can cause embryo mortality (Chapman 1988), the streams we 

studied had low levels of fine sediment (<1 cm). In fact, the smallest substrate was 

associated with weakest density dependence. Another variable that may be important in 

determining the strength of density dependence is whether or not a barrier such as a 

waterfall truncates spawning habitat. Streams that are less constrained might buffer 

populations from strong density dependence in years when there are large returns of 

adults due to high juvenile survivorship at sea. 
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In spite of the strong support for the correlations found in this study we interpret our 

results cautiously because of the mismatch between time periods our population data, 

which spans decades (range 17-52 years), and explanatory variables, from 1-2 years. Our 

inferences from environmental variables seem reasonable because the rank order of 

populations is consistent from year to year. This has been shown by a comparison of 

habitats over 20 years for three of our study streams, with temperatures and substrate size 

showing strong consistency from year-to-year (i.e. the coldest stream is always the 

coldest and the warmest stream is always the warmest) (D. Braun unpublished data). We 

do not have a comparable time series for water depth, but the differences among streams 

in depth should be consistent from year to year as the streams are all in the same lake 

basin and therefore subject to similar precipitations patterns. Based on the same three 

populations, body length differences were less consistent through time with the rank 

order of streams changing from year to year (largest bodied streams one year would be 

the smallest in another). Therefore, effects of life history traits were probably more 

difficult to detect in this study. 

Previous studies of correlations between life history traits and population dynamics of 

fish species have failed to incorporate the uncertainty in estimates of maximum 

population growth rates and density dependence (Mertz and Myers 1996, Rickman et al. 

2000, Denney et al. 2002, Goodwin et al. 2006, Venturelli et al. 2009, Hutchings et al. 

2012). The classical approach first estimates maximum population growth rates and 

density dependence using stock-recruitment statistical models and then uses these 

estimates in correlations with life history traits. This approach does not account for 

uncertainty in the population metrics. Not accounting for this uncertainty is similar to the 

problem of treating residuals as data, which divorces the residuals from the uncertainty in 

model that generated them (Freckleton 2009). We avoided this by incorporating the 

explanatory variables directly into the statistical stock-recruit model so we could account 

for uncertainty in the population parameters while simultaneously estimating the effects 

of our explanatory variables on recruits per spawner (survival). On one hand, not 

accounting for uncertainty in the previous studies may not be a big problem because these 

relationships are often examined at large scales (i.e. species) rather than at the population 

level. On the other hand, estimates of recruitment and spawner abundance for our study 
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populations are of relatively good quality compared to many other populations and 

species, though estimates of maximum population growth rates and density-dependence 

from single population Ricker models still contained considerable uncertainty (Figure 

C.4). It would be interesting for future studies to test the importance of leaving 

uncertainty out of these analyses. 

The populations we studied are managed as a single population complex, yet we have 

found strong variation among the populations in their dynamics, including an 8-fold 

difference in population variability, and a 2-fold difference in maximum population 

growth rates among populations. Populations with relatively low population growth rates 

may not be able sustain fishing pressure that is based on the population complex 

population growth rate, thus leading to their extinction. Reducing the number of 

populations can homogenize the meta-population structure, which can influence 

population persistence (Schtickzelle and Quinn 2007) and weaken the portfolio effect, 

whereby asynchrony among populations can maintain consistent fisheries catches 

(Hilborn et al. 2003, Schindler et al. 2010). Loss of populations can also have dramatic 

effects on ecological communities adjacent to and in which the fish spawn (Carlson et al. 

2011), which include predators and scavengers (Levi et al. 2012), birds (Field and 

Reynolds 2011), resident fish (Moore et al. 2008), invertebrates (Verspoor et al. 2011), 

algae (Verspoor et al. 2010), and riparian plant communities (Hocking and Reynolds 

2011). 

By including both life history traits and habitats in explaining population dynamics, we 

have a better understanding of the potential evolutionary and ecological factors 

influencing population dynamics. We also show that populations that are typically 

managed and analysed (Peterman and Dorner 2012, Connors et al. 2012) as a single 

population complex can differ dramatically in their dynamics. Natural and anthropogenic 

impacts on life history traits and environments could lead to complex interactions, 

challenging our ability to predict future population dynamics. However, empirically 

linking life history, environmental conditions with population dynamics provides insights 

into how these impacts may differ among populations. 
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Chapter 5.  
 
Cost-effective variable selection in habitat surveys2 

Abstract 

Researchers usually expect to understand ecological systems better when they examine 

more variables. However, we cannot measure everything because time and money are 

limited, so we need to make difficult choices. Decisions are complicated by the fact that 

variables are often either uninformative or highly correlated, leading to diminishing 

returns on information with new variables. Correlated variables and diminishing returns 

on information per variable can be explicitly incorporated with costs of data collection to 

design cost-effective survey programs. We develop a step-by-step quantitative protocol to 

evaluate the cost-effectiveness of survey designs under different cost scenarios to help 

scientists and managers design cost-effective surveys. We illustrate this protocol using a 

case study that relates physical stream habitat variables to variation in sockeye salmon 

spawning populations. We present our protocol by comparing linear regression models 

containing different combinations of variables representing different survey designs. The 

steps of the protocol are to: 1) eliminate redundant variables, 2) calculate costs scenarios, 

3) calculate survey performance metrics, and 4) identify and compare a subset of survey 

designs that maximize effectiveness at a given cost. Survey designs are compared by their 

ranked performance using R2, AICc, average cost-effectiveness ratio, and incremental 

cost-effectiveness ratio. Our case study shows diminishing returns on the information 

provided by the addition of more variables as survey costs increase. The protocol 

supports the design of cost-effective monitoring programs, and leads to a general 

discussion relating changing environmental conditions to survey costs, including the need 

for clear and measurable objectives, which allow scientific information to be translated 

into management options. 

 
2 A version of this chapter is published as Braun, D.C., and Reynolds, J.D. 2012 Cost-effective variable 

selection in habitat surveys. Methods in Ecology and Evolution. 3: 388-396 
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Introduction 

A common perception among ecologists is that the more variables collected, the more we 

learn about the ecology of a system. However, the costs of data collection are often 

prohibitive and increasing sampling intensity (either the number of samples or the 

number of variables) leads to diminishing returns on information. For example, additional 

variables may be uninformative or strongly correlated with variables already considered; 

these variables provide little new information and can come with significant costs. 

Although a large body of literature discusses cost-effective sample effort with regards to 

replication (Conquest 1983, Skalski 1985, Watson 2010), spatial scales (Marignani et al. 

2007, Eigenbrod et al. 2011) and temporal scales (Schreuder and Hansen 1999, 

Mackenzie and Royle 2005), few studies have quantitatively explored the cost-

effectiveness associated with the number of variables measured. This issue is complicated 

by the fact that the most expensive variables are not necessarily the most informative. 

Analyses that quantify the trade-off between the non-monetary benefit of some practice 

and the associated costs are becoming more prevalent in ecological research (Wintle et al. 

2010). Classical economic theories such as marginal gains theory and return on 

investment can be used to compare the cost-effectiveness of a range of survey designs 

(Underwood et al. 2008, Grantham et al. 2008). For example, Grantham et al. (2008) 

showed diminishing returns in the value of biodiversity survey data. They found that a 

reduced survey design (i.e. reduced number of survey plots) provided a similar amount of 

information to the largest survey but cost 25 times less. Similar results were found by 

Gardner et al. (Gardner et al. 2008) in identifying taxa that indicate ecological integrity 

and biodiversity, whereby the least expensive taxa to survey provided the most 

information on ecological integrity and biodiversity. These results suggest that less 

expensive survey designs can provide similar levels of accuracy when compared to more 

expensive surveys. 

While the ideas of diminishing returns on information and the application of different 

cost-effectiveness metrics have been well demonstrated, these studies only examined one 

monitoring option (i.e. variable or taxa) at a time, whereas potential combinations of 

variables or taxa have not been considered. A priority for this area of research is to 
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understand how different options interact (McCarthy et al. 2010). Many studies have 

covered the different components of survey designs (Haila and Margules 1996, Caughlan 

and Oakley 2001, Green et al. 2005) and some the whole process (Vos and Keurs 2000), 

but to our knowledge no study has considered both the financial and statistical costs of 

different monitoring options. This is important, due to the surge in monitoring 

precipitated by worldwide concerns about habitat alteration and global climate change 

(Caughlan and Oakley 2001). Therefore, there is a need for a general step-by-step 

protocol that can be applied to a range of scenarios to assess the cost-effectiveness of 

alternative survey designs. 

The scope of the problem is illustrated by Figure 5.1, which shows that the relationship 

between the number of variables measured and the information gleaned can be expected 

to be positive and asymptotic. Figure 5.1a demonstrates this relationship in a regression 

framework where R2 values indicate the fit between some explanatory variable collected 

during a habitat survey and a response variable of interest (e.g. population metrics). R2 

values for the models increase with the number of variables in each model and so do the 

cumulative costs (Figure 5.1b). The non-linear relationship between the number of 

variables and R2 is due to the decrease in unique information as new variables are 

sampled, whereas the non-linear relationship between variables and cost is due to 

increased sampling efficiency (e.g. a visit to a site becomes more cost-effective when 

more variables are sampled per visit). However, there is inherently no expected 

relationship between the cost of measuring a variable and the benefit from the amount of 

information it contains; more expensive surveys will not always provide more 

information. Combinations of variables that maximize effectiveness for a given cost need 

to be identified. Then, the cost-effective combinations can be compared by their overall 

effectiveness (e.g. R2), and the trade-off between cost and effectiveness (i.e. cost-

effectiveness). Additional performance metrics that trade off the amount of information 

and the statistical cost of including too many variables, such as Akaike information 

criterion (AIC), can be useful in comparing how parsimonious combinations of variables 

are. Selecting the most appropriate criterion will depend on the objectives of the 

monitoring program and the cost-effectiveness analysis. 
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Figure 5.1. Hypothetical relationships between: a) R2 values and the number of variables in 
linear regression models, and b) number of variables sampled and the cumulative cost of 
sampling. 

The objectives of this paper are to outline a general protocol for comparing the cost- 

effectiveness of different habitat survey designs, and to illustrate its application. We first 

present the protocol using four steps, beginning by assessing collinearity among variables 

and ending by comparing the cost-effectiveness of survey designs (Figure 5.2). We then 

illustrate this protocol using a case study where we evaluate the cost-effectiveness of 

physical stream habitat variables as predictors of spawning sockeye salmon 

(Oncorhynchus nerka) population densities. The information gained (i.e. effectiveness) 



 

70 

from each survey design is measured by relating the habitat variables measured to 

spawning sockeye population densities using regression models. Survey costs are 

represented as the money required to measure each variable in each survey design. 

Statistical costs are incorporated using AIC metrics, which evaluate the trade-off between 

the number of variables and model fit. Cost-effectiveness metrics are calculated using 

survey costs and R2 values. For each step in this method, we discuss the general 

considerations of their application to designing cost-effective surveys for a diverse range 

of habitat monitoring scenarios. 

 
Figure 5.2. The conceptual framework for evaluating cost-effectiveness of survey designs. 

Step 2 – Cost 
Calculate survey costs (time, dollars) for each design 
Incorporate sampling efficiencies 
Consider statistical costs of additional variables using AIC 

Step 4 – Compare survey designs 
Identify cost-effective set of models using R2 and cost 
Compare survey designs using performance metrics 

Step 1 – Collinearity 
Use Variance Inflation Factor (cutoff of >3) and cost to 
determine removal of collinear variables 

Step 3 – Survey performance metrics 
Build models from survey designs and calculate 
effectiveness (R2), cost-effectiveness metrics (ACER and 
ICER) and statistical efficiency (AIC) 
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Conceptual framework 

Step 1 – Collinearity 

Collinearity occurs when variables are highly correlated. Models that contain variables 

that are highly correlated can have reduced performance of both the overall model and 

the individual predictors, which can lead to type II errors (Zuur et al. 2010). Statistical 

redundancy (i.e. when variables share much of the same information) decreases sampling 

efficiency by reducing the amount of information per unit effort despite the cost of 

measuring more variables. A few simple tools can be used to help determine the degree 

of collinearity among variables. Most commonly used are correlation matrices, which can 

display either correlation coefficients among variables or simple scatter-plots. Another 

alternative is to use the variance inflation factor (VIF) (Zuur et al. 2010), which is a 

measure of how correlated a single variable is with all other variables within a set. 

There are numerous methods to reduce collinearity, each with pros and cons, see Graham 

(2003) for review. Two common approaches include: 1) eliminate one or more of the 

collinear variables (Zuur et al. 2010), and 2) multi-variate approaches, such as principal 

components analysis, which combines correlated variables into uncorrelated components. 

The most appropriate method will depend on the objective of the analysis. For this 

protocol, the objective is to reduce statistical and sampling redundancy in variables. This 

can be achieved by eliminating variables. While some explanatory power will be lost, 

eliminating variables not only reduces statistical redundancy, but also sampling 

redundancy because the variables do not have to be surveyed again. Approaches where 

variables remain in the analysis, such as principal components analysis, deal with the 

statistical redundancy but not sampling redundancy since the variables still need to be 

collected to create the principal components. Ridge regression and structural equation 

modelling can also be used (Graham 2003). 

The decision of which variable(s) to remove, based on statistical correlations, can be 

aided by considering survey cost (Burnham and Anderson 2002). For example, if two 

variables have similar correlations among variables but one is less expensive than the 

other, it would make sense to remove the more expensive variable. 
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Step 2 – Cost 

Survey costs 

Survey costs can be defined as either fixed or unfixed. Fixed costs do not vary with 

sampling intensity, such as planning and designing survey protocols, whereas unfixed 

costs increase with sampling intensity, which includes time to measure habitat 

characteristics (similar to variable costs in economics). It is important to explore different 

fixed cost scenarios because field site location can influence cost-effectiveness. For 

example the rank order of cost-effectiveness for surveys at remote sites with larger fixed 

costs will differ from surveys at more accessible sites with smaller fixed costs, given the 

same set of survey designs. For metrics that are derived from one variable or sample from 

the field, the field cost is shared by both metrics, which increases cost-effectiveness 

(Figure 5.1b). For example, water samples are commonly collected in the field and later 

sub-sampled for both nitrate and phosphorus. 

Statistical costs 

Complex models (large number of variables) pay a statistical cost for over-

parameterization (Burnham and Anderson 2002). Statistical cost can be considered by 

taking an information theoretic approach. For example Akaike information criterion 

(AIC) identifies the most parsimonious model, trading off between model fit and 

complexity (Johnson and Omland 2004). This model selection criterion penalizes models 

with more parameters. 

Step 3 – Survey performance metrics 

Effectiveness 

We define effectiveness as how well a survey informs the question(s) being asked. One 

way to quantify the effectiveness is to build statistical models from survey data and 

measure their performance using R2. For example, multiple regression models represent 

the relationship between different survey designs and some response variable of interest 

(i.e. population density, species diversity). How well the model fits the data indicates 

how well the survey data explain variation in the response variable, which can be 
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quantified by the coefficient of determination, R2 (Table 5.1). Therefore we take the 

model R2 as survey effectiveness. The general framework we present can be used with 

any type of linear model ranging from simple (e.g. linear regression) to complex (e.g. 

multi-level mixed-effects models). For our example we use multiple regression because it 

is the most appropriate given our study design and is familiar to ecologists.  

Table 5.1. Survey evaluation metrics 

Survey 
evaluation 
metric 

Calculation Elements Definition When to use Ref 

R2 
 

Fit 

Model goodness of fit 
or the amount of 
information in each 
survey design  

To accompany cost-
effectiveness metrics (only 
considers effectiveness) 

3 

AICc 
 

Fit, model 
complexity, 
and sample 
size 

Trade-off between 
model fit and the 
number of variables - 
model parsimony 

To accompany cost-
effectiveness metrics 
(costs only considered as 
number of variables) 

3 

Average cost-
effectiveness 
ratio - ACER  

Fit and cost 
Total cost per unit 
effectiveness 

When comparing multiple 
options at once – e.g. 
evaluating options for a 
new monitoring program 

2 

Incremental 
cost-
effectiveness 
ratio - ICER 

 
Fit and cost 

Change in cost per 
change in 
effectiveness of a 
new practice relative 
to current practice  

When explicitly comparing 
alternative options to a 
current program – e.g. 
evaluating potential 
changes to an existing 
monitoring program 

1 

Note: References: 1 (Briggs et al. 1997), 2 (Laska et al. 1997); 3 (Johnson and Omland 2004); SS – linear model sum 
of squares. 

Cost-effectiveness metrics 

Cost-effectiveness analyses (CEA) evaluate the trade-off between the financial costs and 

the non-monetary benefits of some practice. CEAs are used extensively in health 

economics to aid in making decisions about whether or not to a treatment is worth 

implementing (Donaldson et al. 2002). For example, the average cost-effectiveness ratio 

(ACER) is a metric often used to trade off the cost of a treatment or screening with some 

health benefit or increased detection probability (Hoch and Dewa 2008). This cost-

effectiveness approach can be applied to ecological monitoring programs by using survey 

costs along with some measure of monitoring effectiveness and will identify which 

survey option is the most cost-effective overall (Table 5.1). ACER is calculated as: 
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       eq (1) 

where TC is the total survey cost (fixed + unfixed costs), and E is the effectiveness (R2) 

of the survey. ACER is useful when the objective of the CEA is to develop new 

monitoring programs because it provides absolute cost-effectiveness values (Table 5.1). 

To compare the cost-effectiveness of two different survey options, we use the 

incremental cost-effectiveness ratio (ICER) (Hoch and Dewa 2008) (Table 5.1), 

calculated as: 

       eq (2) 

where VC is the unfixed survey cost (fixed cost not included), E is the effectiveness (i.e. 

R2) of the survey for the current survey design c, and an alternative survey design i. ICER 

is useful when the objective of the CEA is to re-evaluate existing programs because it 

compares alternatives that are either more or less intensive than the current design (Table 

5.1). While ICER identifies which alternative potential change is more cost effective than 

another one, it does not indicate whether the change itself is cost effective compared to 

the current design. We agree with the recommendation that the two cost-effectiveness 

metrics should be used together to make decisions (Laska et al. 1997). 

Statistical efficiency 

We define statistical efficiency as the trade-off between model fit and complexity and 

approximated by Akaike’s information criteria (AIC), which incorporates a penalty for 

model complexity determined by the number of parameters included in the model (Table 

5.1). In an AIC framework, simple models are deemed more efficient than complex 

models for a given level of fit. This approach is similar to cost-effectiveness metrics 

(trade-off between financial cost and model fit) except that here the cost is a statistical 

one. For each model, AIC is calculated as: 

       eq (3) 
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where p is the number of parameters and L is the likelihood function. An additional 

penalty for small sample sizes is usually added: 

       eq (4) 

where n is the number of observations. Burnham and Anderson (2002) recommends 

using AICc over AIC, regardless of sample size, because the two metrics converge when 

sample size is large relative to the number of variables. ΔAIC is the difference in AIC 

values between the model with the lowest AIC value and model i. Larger values indicate 

less efficient models relative to each other. AIC is useful when the objective of the CEA 

is to identify parsimonious models that also provide reliable parameter estimates, 

compared to R2 which only evaluates the fit of a model and does not penalize a model for 

complexity (Johnson and Omland 2004) (Table 5.1). 

Other metrics 

Although R2 and AIC are commonly used to evaluate models, other metrics can be used 

to measure effectiveness, such as intercept and slope of observed vs. fitted regressions 

(Pineiro et al. 2008). It may also be of greater interest to evaluate predictive power (root 

mean predicted squared error), as opposed to explanatory power (R2); this will depend on 

the objectives of the survey. In addition, statistical efficiency can be measured using 

Bayesian information criterion and likelihood ratio testing (Johnson and Omland 2004). 

The performance of survey designs with regards to effectiveness, cost-effectiveness and 

statistical efficiency will depend on the cost and effectiveness metrics used. There is no 

one way to measure effectiveness. Cost or effectiveness metrics can be chosen to reflect 

the priorities of surveyors, with the understanding that this choice can affect the decisions 

about which surveys designs are most cost-effective. 

Step 4 – Compare survey designs 

The final step is to identify a cost-effective subset of survey designs that maximizes 

explanatory power (i.e. statistical effectiveness) for a given cost. In our example this cost-

effective set is a subset of all possible models with the highest R2 for a given cost (closed 

€ 

AICc = AIC +
2p(p+1)

n − p −1
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circles in Figure 5.3). Once the cost-effective subset of models is identified we can 

compare models using the evaluation metrics outlined in Step 3 and Table 5.1. There can 

be more than one cost-effective survey design in the subset, according to the number of 

cost scenarios. Cost-effective surveys are identified using R2 values as effectiveness and 

cost is the price. The number of cost-effective models and shape of the relationship 

between R2 and the number of variables or cumulative cost will depend on how 

correlated variables are with each other and the amount of variance they explain in the 

dependent variable. 

Once a cost-effective subset of models is identified, ranking and comparing different the 

performance metrics against one another can aid in prioritizing survey designs that fit 

management objectives. Models within the cost-effective subset can vary in their cost 

(dollars), effectiveness (R2), cost-effectiveness (ACER and ICER), and statistical 

efficiency (ΔAIC). 

Case study: Sockeye salmon breeding habitat status 

We illustrate our protocol with data that were collected to assess stream habitat quality 

for spawning sockeye salmon (Braun and Reynolds 2011). For simplicity, we selected a 

subset of data from the original study. The subset consisted of 6 commonly measured 

abiotic variables from 24 streams measured from June – August, 2007, in the Stuart 

watershed of the Fraser River, British Columbia, Canada. The variables were measured 

within a single study section in each stream, whose length was determined as 30 times the 

width of the stream at the high water mark. Our response variable was the density of 

adult spawning fish in each section, as determined by surveys by the Canadian 

Department of Fisheries and Oceans. The over-arching goal of our study was to identify 

habitat variables that could be used to inform management on the status of stream habitat 

for sockeye salmon. Therefore, we identified habitat variables that are important to 

spawning sockeye density, because they may mediate predation risk experienced by 

spawning adults (Braun and Reynolds 2011). A variable’s effectiveness was determined 

as the proportion of variation it explained in salmon population densities. 
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Step 1 – Collinearity 

For this example, we assess collinearity for 6 variables using the criteria from Step 1 

(Table 5.2) based on the procedure outlined by Zuur, Ieno & Elphick (2010). We use VIF 

scores as our primary criteria for eliminating variables accompanied by financial cost 

(Zuur et al. 2010). If VIF scores for two variables were close (i.e. within 2) we use cost to 

determine which variable to eliminate. This is an arbitrary but clear criterion for bringing 

in cost to eliminate variables, and it fits with the overarching objective of selecting cost-

effective variables. After removing a variable we iteratively assess the remaining 

variables until all variables have VIF scores of less than 3 (Zuur et al. 2010). That 

procedure reduced our candidate set of variables from 6 to 4 (Table 5.2), which were 

used to construct regression models. 

Table 5.2. The variance inflation factors (VIF) used to drop candidate variables. The variable 
with the highest VIF score is dropped until all remaining variables have a score of <3. Note: In 
round two and three, cross-section area and mean water depth were dropped instead of 
maximum water depth because of cost. 

Variables 
Variance inflation factor 

Round 1 Round 2 Round 3 
Maximum water depth 6.5 4.7 1.1 

Mean water depth 4.02 3.9 Dropped 

Cross-section area 4.5 Dropped - 

% Pools 1.6 1.7 1.6 

Woody debris 1.3 1.3 1.2 

Undercut banks 1.4 1.4 1.4 

Step 2 - Cost 

For our primary analysis we consider a moderate fixed cost of $5000, which is an 

estimate of the total fixed costs for vehicles, boats, fuel, and field logistics for the 

duration of our surveys. A second analysis compares the average cost-effectiveness ratios 

using three fixed costs, low ($0) moderate ($5000) and high ($10 000). 

Unfixed costs are incorporated as time and money spent measuring each habitat variable. 

Time was recorded during field surveys and a mean time per stream is calculated. The 

mean time is then converted into dollars according to an hourly wage based on the level 

of expertise required to measure the metrics. We account for sampling efficiencies by 
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splitting the cost of measuring a variable into its potential shared and unique costs. For 

example, variables taken at transects share the cost of setting up those transects. We 

calculate the total cost of measuring each model (i.e. survey scenario) by summing the 

total labour costs with equipment costs, less any shared costs. Statistical costs of different 

survey designs were considered using AICc (small sample sizes). 

Step 3 – Survey evaluation metrics 

We built regression models that describe sockeye salmon densities using all possible 

combinations of abiotic variables from the candidate set for a total of 15 models. From 

these models we calculated four survey evaluation metrics (Table 5.1). We extracted each 

model’s R2 as our metric of effectiveness. Average cost-effectiveness ratio was calculated 

as in equation 1 where TC is the total survey cost (fixed + unfixed costs) and E is the R2 

from the model representing the survey design. Incremental cost-effectiveness ratio was 

calculated as in equation 2 where VC is the variable survey cost, E is the R2 from the 

model representing the current survey design c, and an alternative survey design i. 

Statistical efficiency was measured as ΔAICc. Model assumptions were evaluated using 

standard regression diagnostics and we used plots to visually assess normality of 

residuals and heteroscedasticity. Salmon densities were log transformed to better meet the 

assumptions of linear regression models. 

Step 4 - Compare survey designs 

Cost-effective subset of models 

First we identified a cost-effective subset of four survey designs by iteratively assessing 

the R2 values for each model from the least to most expensive using the moderate fixed 

cost scenario of $5000. If a model had an R2 value that was higher than all models that 

had equal or higher costs it was deemed cost-effective; it gives ‘the best bang for your 

buck’ (Figure 5.3). Consider a budget of $7500 to survey 24 streams. The most effective 

survey option would be to measure undercut banks and maximum water depth, which 

costs $6224 and gives an R2 of 0.58 (Table 5.3). More expensive survey options but still 

within the $7500 budget would provide less information. In fact, surveys that measure 

woody debris ($7088) or % pools ($7064) produce lower R2 values of 0.11 and 0.47, 
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respectively. We show this graphically in Figure 5.3 (closed circles are four cost-effective 

survey designs out of a possible 15 combinations of survey designs). Although the 

highest R2 value is achieved with the most expensive survey design, which includes all 

four variables, Figure 5.3 also shows the diminishing returns on information with 

increasing cost. 

 
Figure 5.3. a) R2 vs. cost and b) ΔAICc vs. cost for all 15 linear regression models relating 
stream habitat variables to sockeye salmon spawning density. Closed circles are the cost-
effective set of models and dashed line indicates the fixed cost. Note: cost-effective set of models 
identified by R2 values and cost may not include the most parsimonious model according to AICc 
values. 
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Table 5.3. The cost-effective set of survey designs ranked by their performance in each of the 
four performance criteria. Survey cost is the total estimated cost of surveying 24 streams (fixed 
cost + variable cost) using a moderate fixed cost of $5000. Effectiveness is the R2 value from 
each linear regression model (i.e. survey design). Cost-effectiveness metrics are ACER and 
ICER. Statistical efficiency is represented by ΔAICc. The ranked orders for each criterion are in 
brackets. 

Survey design/model Survey 
cost ($) R2 ΔAICc ACER ICER 

Undercut banks + Maximum 
water depth + % Pools + Woody 
debris 

10 376 0.698 (1) 3.4 (2) 14 865 (4) 1 044 000 (4) 

Undercut banks + Maximum 
water depth + % Pools 

8288 0.696 (2) 0.0 (1) 11 908 (2) 173 455 (3) 

Undercut banks + Maximum 
water depth 

6224 0.577 (3) 4.7 (3) 10 787 (1) 3036 (2) 

Undercut banks 5456 0.324 (4) 13.0 (4) 16 840 (3) 1407 (1) 
 

Comparison of evaluation metrics 

Once the cost-effective subset of models was identified, we ranked the performance of 

survey designs under each of the four criteria (R2, ACER, ICER, and ΔAICc) (Table 5.2). 

All criteria ranked survey designs differently, that is to say there was no clear “best” 

survey design. However, the survey that included undercut banks was the fourth ranked 

design for two out of the four criteria. The only survey design that ranked first more than 

once (twice) was the survey that included undercut banks and maximum water depth. 

ACER and ICER agreed on the top ranked models but diverged in their rankings of the 

other survey designs. The lack of agreement among performance metrics should be of 

little concern as long as decision makers are clear about which evaluation metric(s) best 

suit their CEA objectives and their monitoring needs or constraints. Ranking survey 

designs is useful because it simplifies the selection process but it also masks non-

linearities in the performance metrics and therefore should always be accompanied by the 

actual values. For example, the first and second survey designs ranked according to 

effectiveness have R2 values of 0.698 and 0.696; they have equal effectiveness but are 

ranked differently. Ranks accompanied by the actual metric values will help elucidate 

these non-linearities. 
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Comparison of fixed costs scenarios 

We explored how different fixed costs influence the average cost-effectiveness ratio by 

performing a second analysis, which compared two other fixed cost scenarios of low ($0) 

and high ($10 000) with the moderate fixed cost ($5000) scenario (Table 5.4). The 

rankings for all other metrics we used are independent of fixed cost as well as selection of 

the cost-effective set of survey designs. As fixed costs increased relative to unfixed costs, 

more intense surveys ranked higher than less intense surveys. The top ranked models for 

ACER differed for the three fixed cost scenarios, whereby at low fixed cost the top 

ranked model was the least expensive in the cost-effective set (maximizing R2 for a given 

cost), at the moderate cost the top ranked model was the second cheapest and at the high 

cost scenario the third most expensive survey was ranked highest (Table 5.4). Note that it 

would take a fixed cost of ~$600 000 for the most intense survey to be ranked highest. 

This is because the difference in R2 values between the two most intense surveys is 

extremely small (R2 for undercut banks + maximum water depth + % pools = 0.696, for 

undercut banks + maximum water depth + % pools + woody debris = 0.698). This 

suggests the importance of accounting for different fixed costs, especially if surveys are 

conducted across sites that vary in remoteness or if different infrastructure is required 

(e.g. accommodation and transportation). 

Table 5.4. The cost-effective set of survey designs ranked by their average cost-effectiveness 
ratio performance for three fixed cost scenarios; low, moderate and high. 

Survey design/model Variable 
costs ($) R2 

ACER 

Low ($0) Moderate 
($5000) 

High 
($10 000) 

Undercut banks + Maximum 
water depth + % Pools + Woody 
debris 

5376 0.698 7702 (4) 14 865 (4) 22 029 (3) 

Undercut banks + Maximum 
water depth + % Pools 

3288 0.696 4724 (3) 11 908 (2) 19 092 (1) 

Undercut banks + Maximum 
water depth 

1224 0.577 2121 (2) 10 787 (1) 19 452 (2) 

Undercut banks 456 0.324 1407 (1) 16 840 (3) 32 272 (4) 

Changes in the number of sites surveyed could influence the survey designs selected for 

the cost-effective set, which would influence the rankings for surveys under each of our 

criteria. We address the first part of this issue by comparing the cost-effective sets 
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derived from subsampled datasets to the set selected using the full dataset (N=24). We 

subsampled the full dataset at sample sizes ranging from 12 to 21 sites, 1000 times for 

each sample size. For each new dataset we re-ran the 15 models, and then used the new 

costs (fewer samples led to reduced costs) and model R2 to select a cost-effective set (as 

in step 4). This produced 1000 cost-effective sets for each sample sizes. This allowed us 

to determine the influence of sample size on: 1) the pattern of diminishing returns on 

information with cost, and 2) our confidence that the cost-effective subset is the true set. 

The true set is the cost-effective subset if the entire population of streams were sampled. 

We also counted the number of new survey designs that entered into the cost-effective 

sets for each sample size. 

The pattern of diminishing returns on information with cost was maintained at all sample 

sizes (Figure 5.4). Figure 5.5 shows how often the cost-effective subsets from the reduced 

dataset were identical to that observed with the full dataset. As sample size increases the 

confidence in the cost-effective subset increases linearly, in other words there is greater 

confidence in cost-effective sets derived from larger sample sizes. The cost-effective 

subsets for sample sizes greater than 18 always included the cost-effective subset from 

the full dataset. This suggests that when different cost-effective sets were identified it was 

because new survey designs were added, rather than because the original ones were being 

removed. Furthermore the number of new survey designs that entered the cost-effective 

set decreased with sample size. This suggests that as more sites are surveyed, fewer 

survey designs would be included in the cost-effective set. This can inform decisions 

about how many locations should be sampled. 
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Figure 5.4. The cost effective sets for the first 10 iterations (of 1000) from subsampled datasets 
at sample sizes of: a) 12, b) 16 and c) 20 and d) the full dataset (n=24). Closed circles are 
models found in the cost-effective set identified using the full dataset and open circles are new 
models identified by the full dataset. Labels: 1 = undercut banks, 2 = undercut banks + maximum 
water depth, 3 = undercut banks + maximum water depth + % pools, and 4 = undercut banks + 
maximum water depth, + % pools + woody debris. No fixed costs were included. 
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Figure 5.5. Variation in the percent of iterations where subsampled data produced identical 
cost-effective subsets to the full dataset. 1000 iterations were run per sample size (ranging from 
12-21). For each iteration, all 15 models were re-run using a unique dataset based on random 
draws (without replacement) from the full dataset. We did not use sample sizes greater than 21 
because they do not produce 1000 unique datasets. 

Discussion 

To our knowledge, this is the first step-by-step protocol for identifying cost-effective 

variables to be used in habitat surveys by trading off explanatory power and cost 

(financial and statistical). Results from our case study demonstrate that collecting more 

variables is not always better. Different fixed cost scenarios influenced the ACER 

whereby increases in fixed costs led to more-intense survey designs being more cost-

effective. 

The logistic and statistical issues we tackle are common to all habitat and biodiversity 

surveys. The underlying concepts to each of our steps are independent of scale, habitat, 

cost of survey, response variable metrics and statistical methods used to evaluate models. 

These steps can be applied to new data collected as part of a pilot project, with the goal of 

designing a new monitoring programme, or they can be used to examine the performance 

of an existing programme. Evaluating the cost-effectiveness of existing monitoring 
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programmes can help streamline the use of limited resources. It can also be used to adapt 

existing programmes by eliminating variables that are no longer or never were 

informative. 

Many monitoring programmes are long-term. This poses a challenge to cost-effective 

designs because variables that are redundant or uninformative today could become 

important tomorrow (Wintle et al. 2010). Twenty years ago, a few coral reef ecologists 

considered measuring pH and a few amphibian ecologists measured UV-B. Furthermore, 

advances in technology may lead to greater sampling efficiency, improving cost-

effectiveness. Therefore, any programme can be expected to require periodic re-

evaluation according to the criteria of interest, such as cost-effectiveness. A rule of thumb 

that may be helpful when gazing into the future could be ‘if it’s cheap, measure it’. 

Our framework assumes that survey objectives are measurable, which is essential, but 

may not always be true (Haila and Margules 1996, Vos and Keurs 2000, Green et al. 

2005). For example, we may want to assess ‘biodiversity’, but that will be impossible 

unless someone translates this objective into specific indices that can be measured, such 

as species rich- ness or evenness. Use of a framework such as this, which evaluates cost-

effectiveness of surveys, forces practitioners to tackle this problem head-on. 

Future work on this topic might include incorporating observation error as a performance 

criterion. The trade-off between variable number and sample replication could also be 

considered. This also would inform the discussion about when to select efficient designs 

over effective designs. More efficient designs allow for money to be spent on sampling 

more replicates, which will influence the power of the study and level of inference that 

can be drawn (Molloy et al. 2010). 

In conclusion, we hope that these protocol considerations will encourage researchers and 

managers to think about the idea that measuring more variables is not always better. 

More specifically, we hope this protocol will help identify cost-effective survey designs, 

for a given set of objectives and budget, through direct comparisons of cost and 

effectiveness among variables. Understanding how to evaluate cost-effectiveness of 

survey designs can improve decision-making and support the design of sustainable 
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monitoring programmes, thereby making better use of limited resources for conservation 

and management efforts. 
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Chapter 6.  
 
General Discussion 

This thesis combined information on life histories of individuals with environmental 

conditions to test hypotheses for empirical relationships with abundance and population 

dynamics. I was particularly interested in placing this information in an applied context in 

the hopes that the lessons learned here will aid in the management of populations. 

Historically, population ecologists viewed populations as being composed of individuals 

of a single phenotype, lacking individual variation (Bolnick et al. 2011). The advantage 

of this approach is that simple models can be used to describe population level processes, 

which is important for the management of populations. Unfortunately, potentially 

important individual variation within and among populations is ignored, which calls into 

question the utility of these models to adequately describe complex natural systems. In 

contrast, behavioural ecologist approach populations as being composed of unique 

individuals that vary in traits and behaviours. Behavioural ecology tends to focus on how 

natural selection shapes such variability with less focus on population level effects. 

Łomnicki (1988) made one of the first attempts to merge these two fields; his approach 

focused on differences among individuals in how they acquire resources and how this 

might influence a population’s dynamics (Figure 6.1a). Sutherland (1996) expanded on 

this perspective; he used a more general framework of how individual behaviours 

influence a population’s dynamics. Showing how these relationships might interact with 

environmental change further contextualized relationships between individual behaviour 

and population dynamics (Figure 6.1b). The ideas of how individual variation might scale 

up to affect communities was the focus of a recent review (Bolnick et al. 2011) but 

empirical studies of this nature are rare. This thesis draws on the approaches of Łomnicki 

(1988) and Sutherland (1996) while providing an alternative perspective for how 

variation scales up to population dynamics. 
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Incorporating variation of some life history trait or environmental factor to better 

understand dynamics at higher levels transcends scale. While Łomnicki (1988) and 

Sutherland (1996) focus on the influence of individual variation on population level 

dynamics, this same approach can be applied at any scale. For example, managers view 

the populations used for most of this thesis (i.e. Early Stuart population complex) as a 

single population complex, which is composed of 35+ homogeneous streams and 

populations. This thesis challenges that viewpoint by investigating how variation in life 

histories (at the levels of individuals and populations) and environmental conditions 

(experienced at the population level) scale up to influence the ecology of population 

complexes (Figure 6.1c). Although I do not explicitly model metapopulation dynamics, 

which would be an interesting next step, I show that the variation at the level of 

individuals or populations in both environmental conditions and life history can lead to 

differences in dynamics among populations. Chapter 4 highlights variation in the 

dynamics of populations within a complex and that this variation can be explained by 

habitat variables such as water depth, which is strongly correlated with maximum 

population growth rates and population variability, and by gravel size, which is related to 

the strength of density dependence. Chapter 2 also shows that populations differ in 

spawner density, which is described best by the amount of cover. Thus, this thesis 

connects individuals and their environments in explaining the dynamics of populations. 
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Figure 6.1. Conceptual diagram describing approaches used by a) Łomnicki (1988), b) 
Sutherland (1996) and c) this thesis, to better understand how variation within and among 
populations influences abundance and dynamics. Łomnicki’s approach places population 
dynamics in the context of individual variation. Sutherland further contextualized populations by 
looking at the interplay between individual variation, environmental change and population 
dynamics. This thesis draws from the previous two approaches with the added component of how 
habitats can influence individual variation. Chapter 2 connects habitat to population densities, 
Chapter 3 demonstrates how habitat can influence individuals within populations. Chapter 4 
examines the dynamics of populations in the context of habitat and life histories. 

By incorporating both environmental conditions and life history traits for populations we 

can speculate on the relative roles of these two processes in determining population 

dynamics. Many previous studies have found strong empirical relationships between life 

history traits and population dynamics (Mertz and Myers 1996, Rickman et al. 2000, 

Denney et al. 2002, Goodwin et al. 2006, Hutchings et al. 2012), whereas I did not 

(Chapter 4). I did find that life history traits such as maternal body size and egg size were 

related to juvenile life history traits but these effects did not scale up to affect population 

dynamics. Instead I found that environmental conditions were strongly related to 

population dynamics. The discrepancies between these results and previous work could 

be for a number of reasons, two of which I have discussed previously in Chapter 4, such 

as mismatch of time periods between abundance data and explanatory variables, the 
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consistency of life history traits vs. environmental variables making it difficult to detect 

the effects of life history traits on population dynamics, and the variation in life history 

traits was not sufficient to explain the variation in population dynamics. An additional 

argument, which takes a broader perspective, is that environmental conditions may drive 

life history variation. For example, water depth can select for body size through bear 

predation and stranding. In order for water depth to select for body size, mortality needs 

to be related to size (e.g. larger females have disproportionally higher mortality from bear 

predation and stranding than smaller females). Water depth captures the population 

effects of body size (reproductive output) and mortality whereas body size only captures 

the effects of reproductive output through body size. Previous studies that do not account 

for environmental conditions make it difficult to evaluate the relative importance of life 

histories and environmental conditions on population dynamics. While understanding the 

relative roles may not have been the main objective or possible for these previous studies, 

this thesis argues for accounting for both environmental conditions and life history traits 

in studies of population dynamics. Examining the interactions between environmental 

conditions and life histories on population dynamics would be an interesting next step. 

Although habitat and life history data collection should not replace the long-term 

monitoring of population demographics, measuring everything is unreasonable because 

of limited time and money, and because variables are correlated leading to diminishing 

returns on information. This problem is common to the management of all species and 

populations, warranting the development of more cost-effective monitoring programs to 

evaluate populations. Unfortunately, monitoring programs often fail to formally 

recognize or addressed such limitations. For example, Canada’s Wild Salmon Policy 

(2005) calls for the development of habitat and ecosystem indictors, but it does not 

provide a framework for evaluating the costs or effectiveness of such indictors. I 

expanded on this idea by providing a framework for managers to use when selecting cost-

effective variables for surveys (Chapter 5). This chapter provides a novel framework that 

supports the development of cost-effective survey designs, which should be a mandate 

for all future monitoring programs, and not just ones based on salmon. 
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Understanding where managers should spend money to get the “best bang for their buck” 

is of broader interest and has implications beyond monitoring programs. Recently there 

have been a number of studies discussing and empirically evaluating the costs and 

effectiveness of different conservation actions (Naidoo et al. 2006, Underwood et al. 

2008, McDonald-Madden et al. 2008, Grantham et al. 2008, Duca et al. 2009, Bolnick et 

al. 2011). However, the vast majority of conservation actions, including habitat 

restoration and the designation of protected areas, go without evaluation (Ferraro and 

Pattanayak 2006, Bolnick et al. 2011). This lack of cost-effectiveness evaluation is in 

stark contrast to the medical field, which conducts extensive cost-effectiveness studies on 

disease detection techniques and disease treatments (Pullin and Knight 2001). Pullin and 

Knight (2001) encourage applying cost-effective approaches used in the medical field to 

assess ecological management. In Chapter 5 I provide an example of how some of these 

approaches could be applied to survey data. Cost-effectiveness analyses of monitoring, 

and conservation activities could support decisions about how and where to allocate 

funds for monitoring populations (i.e. trends in abundance and extinction risk) (Porszt et 

al. 2012), habitats, and the prescription of restoration and/or protection (Ferraro and 

Pattanayak 2006). 

Conclusion 

Many species and populations are managed with little to no knowledge of their 

environments or the biology of individuals. Even for Pacific salmon, which are one of the 

best-studied groups of animals in the world, monitoring efforts are declining (Mertz and 

Myers 1996, Rickman et al. 2000, Denney et al. 2002, Goodwin et al. 2006, Price et al. 

2008, Hutchings et al. 2012). This is particularly troubling given that assessments of 

Pacific salmon populations have identified many populations as being extirpated, at risk 

of extinction (Rand et al. 2012), or in decline (Peterman and Dorner 2012). Using a well-

studied species, this thesis supports approaches that can be used to better understand the 

factors influencing population dynamics and improve methods for monitoring 

populations that are currently understudied. It is in this area of research and management 

that I hope my thesis will be most useful. 
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Appendix A.  
 
Supporting material for Chapter 2 

Table A.1. Stream characteristics and length of spawning for the 32 study streams. 

Region Juvenile 
rearing lake Stream Stream 

length (km) 
Stream 
order 

Spawning 
length (m) 

Bankfull 
width (m) 

Wetted 
width (m) 

Stuart Takla 10 Mile 5.9 2 50 4.2 3.8 

Stuart Takla 15 Mile 18.5 3 500 11.6 9.5 

Stuart Takla 25 Mile 17.6 2 500 9 7.9 

Stuart Takla Bivouac 17.5 3 1500 8.1 6 

Stuart Takla Blanchette 10.6 2 200 8.7 8.1 

Stuart Takla Crow 10.4 2 2000 9 7.3 

Stuart Takla Forsythe 25.7 4 2000 13.2 8.9 

Stuart Takla French 23.5 3 2000 9.8 6.8 

Stuart Takla Frypan 26.9 4 2000 18.1 11.6 

Stuart Takla Hooker 6.6 2 1000 3.7 3.1 

Stuart Takla Hudson Bay 18.4 3 3000 9.1 7.9 

Stuart Takla Leo 20.8 3 7000 9.2 7.7 

Stuart Takla Maclaing 22.3 3 1000 8.2 7.2 

Stuart Takla Narrows 19.7 2 8000 15.5 12.3 

Stuart Takla Point 9.7 2 1000 7.8 6.4 

Stuart Takla Sandpoint 20.1 3 3500 9.9 7.2 

Stuart Takla Shale 17.1 3 1000 9.9 9 

Stuart Takla Sinta 19.5 2 2500 11.1 7.2 

Stuart Trembleur Forfar 15.4 3 3500 7.3 6.5 

Stuart Trembleur Gluskie 18.5 3 2500 11.4 8.3 

Stuart Trembleur Kynock 11.9 4 3500 13.2 11 

Stuart Trembleur Van Decar 10.6 3 2500 8.3 7.3 

Thompson Barierre Fennell 21.5 4 5000 18 13.5 

Thompson Barierre Harper 26.2 4 500 19.9 12.1 

Thompson Momich Cayanne 42.9 4 1000 18 12.1 

Thompson Shuswap Bear 9.2 2 1100 9.6 5.3 

Thompson Shuswap Celsita 29.2 4 2000 21 13.2 

Thompson Shuswap Crazy 20.3 4 200 20.3 13.1 

Thompson Shuswap Gold 21.4 3 4000 13.5 8.8 

Thompson Shuswap Loftus 8.3 2 1000 7.9 3.9 

Thompson Shuswap McNomee 20.3 3 1500 13.1 10.2 

Thompson Shuswap Yard 21.2 3 1000 25.8 14.8 
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Figure A.2 Photographs of four study streams in the Takla region: (a) Blanchette, (b) Point, (c) 
Forfar, and (d) Kynock. 

 
 
  

(a) (b) 

(c) (d) 
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Figure A.3. Photographs of four study streams in the Thompson region: (a) Harper, (b) 
McNomee, (c) Gold, and (d) Yard. 

 
  

(a) (b) 

(c) (d) 
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Table A.4. Summary statistics for fish density and 17 abiotic variables for study streams in the 
Stuart Thompson regions. N is the number of streams with data. 

Variable 
Stuart Thompson 

N Mean Range N Mean Range 
Dominant year fish density (fish•m-2) 22 0.2 0.001 - 0.560 10 0.06 0 - 0.24 

% Spawning gravel substrate (1.3-10.2 cm) 22 53 22 - 70 10 58 41 - 78 

% Cobble and boulder substrate (>10.3 cm) 22 26 0 - 73 10 19 1 - 47 

% Fine substrate (0-1.2 cm) 22 16 2 - 41 10 17 4 - 38 

Geometric mean substrate (cm) 22 38.32 6 - 117 10 30.81 9 - 76 

% Stream gradient 22 1.9 0.6 - 4.8 10 1.52 0.6 - 3.2 

Large woody debris density (pieces•m-1) 22 0.23 0 - 0.51 10 0.22 0.09 - 0.32 

% Pool area (m2) 22 15 1- 54 10 20 1 - 41 

Mean pool depth (m) 22 0.50 0.21 - 0.85 10 0.58 0.28 - 0.81 

% Undercut bank 22 27 3 - 59 10 20.50 3 - 44 

Maximum water depth (m) 22 0.48 0.31 - 0.62 10 0.46 0.24 - 0.74 

Mean water depth (m) 22 0.26 0.17 - 0.34 10 0.22 0.13 - 0.4 

Mean cross section area (m2) 22 1.89 0.48 - 3.45 10 2.19 0.39 - 4.39 

Mean minimum incubation temperature (°C) 19 0.16 -0.95 10 0.09 0 - 0.14 

Incubation accumulated thermal units 19 565 444 - 685 10 632.30 404 - 806 

Spawning accumulated thermal units 19 149 117 - 186 10 171.80 160 - 199 

Maximum mean spawning temperature (°C) 19 11.2 8.5 - 13.6 10 13.2 11.8 - 15.8 
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Appendix B.  
 
Supporting material for Chapter 3 

Appendix B.1. Selection of incubation temperature metrics 

We selected one of the three temperature metrics for each of the three juvenile traits by 

competing all combinations of explanatory variables (including wet egg mass, incubation 

temperature and interactions between egg mass and incubation temperature and 

population and temperature but only allowing models to include one of the three 

temperature metrics. Population was included as a fixed factor in all models to avoid 

pseudo-replication. From this set of models we calculated the relative variable 

importance (RVI) of each temperature metric for each juvenile trait and re-ran our 

analyses retaining only the most important temperature metric (i.e., the metric with the 

highest RVI). 

Table B.1. The relative variable importance (RVI) of incubation temperature metrics in describing 
juvenile length, dry mass, and 50% emigration date according to AICc. The bold values 
correspond to the incubation temperature metric used in the main analyses to describe juvenile 
traits. 

 RVI for juvenile traits 

Temperature metric Length Dry mass 50% emigration date 

Maximum daily mean incubation temperature 0.40 0.99 0.00 

ATUs from peak spawning to Nov 15th 0.42 0.00 0.99 
ATU from peak spawning to 50% emigration date 0.19 0.00 0.00 
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Figure B.2. Photographs of sampling for maternal traits: a) sampling set up and female sockeye, 
and b) residual eggs. 

 
  

a) 

b) 
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Table B.3. Multi-model averaged coefficients for the AICc 95% confidence set of models 
describing a) egg size, b) fecundity, c) gonad mass, and d) the ratio of egg number to egg size. 
Coefficients (Coef.), unconditional standard error (S.E.), and 95% confidence intervals are given 
in standard deviation units. Standardized coefficients allow for comparisons of the relative effect 
size parameters. RVI is the relative variable importance. 

Reproductive trait Parameter Coef. Adj. S.E. 95% lower CI 95% upper CI RVI 

a) Egg size Int 83.44 3.09 77.39 89.48 - 

 Age -0.01 0.07 -0.15 0.12 0.3 

 Gluskie 1.20 0.67 -0.11 2.52 - 

 Kynock -0.68 0.70 -2.05 0.69 - 

 Discharge -4.58 1.42 -7.36 -1.79 1.0 

 Body length 8.99 0.71 7.60 10.38 1.0 

b) Fecundity Int 3747.49 227.38 3301.84 4193.15 - 

 Age -3.29 5.16 -13.40 6.82 0.4 

 Gluskie -5.40 29.98 -64.16 53.36 - 

 Kynock -21.19 31.19 -82.32 39.95 - 

 Discharge 9.82 32.11 -53.11 72.75 0.2 

 Body length 782.78 36.50 711.24 854.32 1.0 

c) Gonad Int 301.65 13.20 275.77 327.52 - 

 Age -0.05 0.29 -0.61 0.52 0.2 

 Gluskie 4.02 3.15 -2.15 10.19 - 

 Kynock -4.43 3.29 -10.88 2.01 - 

 Discharge -12.46 8.52 -29.16 4.25 0.8 

 Body length 96.24 3.29 89.79 102.70 1.0 

d) Number:size Int 45.84 3.49 38.99 52.69 - 

 Age -0.04 0.08 -0.19 0.12 0.4 

 Gluskie -0.78 0.57 -1.90 0.34 - 

 Kynock 0.02 0.60 -1.14 1.19 - 

 Discharge 2.50 1.47 -0.38 5.38 0.9 

  Body length 4.89 0.65 3.62 6.17 1.0 
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Table B.4. Multi-model averaged coefficients for the AICc 95% confidence set of models 
describing a) juvenile length, b) juvenile mass, and c) the 50% emigration date. Coefficients 
(Coef.), unconditional standard error (S.E.), and 95% confidence intervals are given in standard 
deviation units. Standardized coefficients allow for comparisons of the relative effect size 
parameters. RVI is the relative variable importance. 

Juvenile trait Parameter Coef. 
Adj. 
S.E. 

95% lower CI 95% upper CI RVI 

a) Length Int 26.54 0.14 26.26 26.82 - 

 Gluskie -0.15 0.19 -0.51 0.22 - 

 Kynock 0.01 0.25 -0.47 0.49 - 

 Fall ATU 0.19 0.20 -0.20 0.58 0.6 

 Egg mass 0.66 0.23 0.20 1.12 1.0 

 Fall ATU*Egg mass 0.00 0.13 -0.25 0.24 0.1 

b) Dry mass Int 19.22 0.40 18.43 20.01 - 

 Gluskie -0.69 0.51 -1.68 0.31 - 

 Kynock -1.18 0.67 -2.48 0.12 - 

 Max temp -2.06 0.54 -3.12 -1.00 1.0 

 Egg mass 1.09 0.76 -0.40 2.58 0.8 

 Max temp*Egg mass -0.12 0.65 -1.40 1.16 0.1 

c) Emigration Int 503.25 1.60 500.13 506.40 - 

 Gluskie -3.22 2.15 -7.43 0.99 - 

 Kynock -4.74 2.36 -9.36 -0.11 - 

 Fall ATU -9.20 4.36 -17.75 -0.66 1.0 

 Egg mass 0.11 0.87 -1.60 1.82 0.2 

 Fall ATU*Gluskie 1.35 3.85 -6.19 8.89 0.3 

 Fall ATU*Forfar 2.76 5.38 -7.78 13.30 0.3 
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Table B.5. Multi-model averaged coefficients for the AICc 95% confidence set of models 
describing egg size among populations. Coefficients (Coef.), unconditional standard error (S.E.), 
and 95% confidence intervals are given in standard deviation units. Standardized coefficients 
allow for comparisons of the relative effect size parameters. RVI is the relative variable 
importance. 

Parameter Coef. Adj. S.E. 95% lower CI 95% upper CI RVI 

Int 30.13 0.26 29.62 30.64 - 

Max temp 1.38 0.56 0.28 2.48 1.0 

Length 3.61 0.42 2.78 4.44 1.0 

Max temp*Length -0.71 1.03 -2.73 1.30 0.5 
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Appendix C.  
 
Supporting material for Chapter 4 

Table C.1. Mean and range for a) fish, b) environmental conditions, and c) population dynamics 
variables in 15 sockeye salmon spawning streams. 

  Variable Mean Range 

a) Fish Body length (mm) 492.5 484.8 – 501.8 

 Snout length (mm) 48.8 45.6 – 50.7 

 Caudal peduncle depth (mm) 39.4 37.8 – 40.9 

 Hump height (mm) 54.6 51.1 – 59.6 

 Standard length (mm) 541.3 530.3 – 552.1 

 Dry egg mass (mg) 30.1 26.3 – 32.2 

b) Environment Geometric mean gravel size (mm) 28.6 6.2 – 78.2 

 Maximum daily mean incubation 
temperature °C 11.3 9.0 – 14.1 

 Mean water depth (cm) 26 17 – 34 

c) Population 
dynamics 

Years of data 43 17 – 52 

Maximum population growth rate  1.28 0.79 – 1.78 

Density dependence  -0.00011 -0.00016 – -0.000055 

Population variability (CV of 
loge[recruits/spawner]) 76 43 – 133 
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Figure C.2. Bivariate plots of recruits and spawner abundance for 15 streams. 
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Figure C.3. Mean percentage of 5 year-old female spawners from 1969-2010. Females in the 
Early Stuart population complex return as either 4 or 5 year-olds, no other ages have been 
sampled. Error bars are the standard deviations and the number of populations used to 
calculated means and standard deviations are in parentheses. All populations had ≥ 25 samples. 
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Figure C.4. Mean estimates and standard errors of a) maximum population growth rates and b) 
density dependence from population-specific Ricker models (separate model for each population) 
for 15 populations. 
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