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A B S T R A C T 

The early life history behaviour of juvenile chinook (Oncorhynchus tshawytscha) rearing 

in the Torpy River, British Columbia was investigated to assist in interpreting the significance of 

the effects of forest harvesting on juvenile chinook. Investigations of side-channels, tributaries 

and the mainstem Torpy River in 1997 and 1998 suggested that groundwater controlled, non-

natal tributaries were the highest value habitats in all seasons (spring, summer, fall/winter). 

Small, non-natal tributaries contained both the greatest abundance and largest individuals in 

terms of length and mass for all age classes. Tributaries also provided the longest growing 

season and juveniles in these habitats displayed very high residency. Side-channels consistently 

provided the lowest value habitats. Juvenile chinook over-wintered in groundwater controlled 

non-natal tributaries, or emigrated from the mainstem in August. The exodus of juvenile 

chinook from the mainstem was likely triggered by sedimentation of substrate compartments 

coincident with summer low flows, precluding successful over-wintering. 

I simulated increases in suspended sediment concentrations and stream temperatures in 

side-channels and tributaries, to mimic those induced by forest harvesting and quantified their 

biological effects on juvenile chinook salmon. Experimentally elevated suspended sediment 

concentrations in un-logged tributaries (602 mg/L) and side-channels (2797 mg/L) resulted in 

physiological and behavioural sub-lethal stress responses in juvenile chinook. Even though 

tributary sedimentation trials were stressful to juvenile chinook, these individuals endured these 

conditions rather than exhibit an avoidance response. Side-channel sediment trials invoked 

upstream avoidance in juvenile chinook. 

Small increases in stream temperatures (0.97 - 3.87 °C), representative of post-forest 

harvesting conditions, also caused sub-lethal stress responses in juvenile chinook salmon. 

Temperature increases did not exceed the preferred range for the species indicating increased 

variation in temperature typical of post forest harvesting conditions could have profound effects 
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on juvenile salmonids. Sub-lethally stressed fish in side-channel heating trials displayed 

upstream avoidance and aggregative behaviour. Avoidance was not part of the behavioural 

repetoire of tributary rearing individuals. Ecological motivation, due to the high value of 

tributaries, likely caused juvenile chinook to temporarily override adaptive avoidance responses 

and endure sub-lethally stressful conditions. The propensity for tributary rearing juvenile 

chinook to endure obviously unfavourable conditions makes them vulnerable to forest harvesting 

induced changes to water quality. The ecological relevance of sub-lethal stress and 

consequences of relatively small changes in water quality from land use activities, in the context 

of life history behaviour, are discussed. 
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CHAPTER 1: GENERAL INTRODUCTION AND THESIS OVERVIEW 

The effects of forest harvesting on fish and fish habitat has been well documented. Of 

anthropogenic activities, the. impacts of forest harvesting on fish habitats can be considered one of 

the most widespread in British Columbia (Waldichuk 1993). Physical changes to fish habitat as a 

result of forest harvesting can include increased stream temperatures, increased light transmission, 

changes to nutrient regimes, changes to primary producers, altered macro-invertebrate densities, 

hydrological changes, changes in sediment inputs, altered large woody debris recruitment and 

morphological changes to the channel (Meehan 1991). What is less well documented is the 

relationship between these physical processes and their biological repercussions, such as the 

nature of physiological and behavioural impacts to juvenile salmonids, and whether they occur 

prior to, concurrent with, or after changes in habitat quality are perceptible. Past research 

regarding the effects of forest harvesting on fish populations has been mostly restricted to rainfall 

dominated coastal watersheds (Hartman and Scrivener 1990; Hetrick et al. 1998; Hall and Lantz 

1969; Murphy et al. 1986; Beschta et al. 1987; Toews and Moore 1982a,b). Even though the 

future timber supply in the northern hemisphere is predicted to come from boreal and sub-boreal 

forests in interior regions (Bryant et al. 1997), the effects of forest harvesting on fish populations 

in snowpack dominated, interior watersheds are not well studied. 

The complexity and interconnections of forest harvesting related physical habitat changes 

and biological repercussions has challenged researchers abilities to draw causal connections. 

Many of the documented forest harvesting induced physical changes to fish habitat have 

compound effects (Hartman and Scrivener 1990), which can occur concurrently or 

asynchronously, and the resultant biological effects can operate on different time scales of years 

up to centuries (Meehan 1991). The compound effects of forest harvesting on the aquatic 

ecosystem is well illustrated by considering an aspect such as riparian removal which can alter 
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stream temperatures, light transmission and channel morphology. These multiple effects may act 

individually on aquatic biota on one or several trophic levels, either in a positive, negative, or 

neutral manner, or they may act synergistically. For example, Slaney et al. (1977) concluded that 

elevated water temperatures in clear-cut streams was the main cause of increased fish growth rates 

in those streams. However, it has been shown that increased light transmission from riparian 

removal can result in increased primary production (Hansmann 1969; Hetrick et al. 1998b; Lowe 

et al. 1986) which in turn can influence the next trophic level, resulting in enhanced macro

invertebrate densities (Bilby and Bisson 1992; Hetrick et al. 1998a; Newbold et al 1980), and can 

also improve salmonid prey capture efficiency (Wilzbach et al. 1986). Therefore, due to the 

many physical effects on aquatic ecosystems that co-vary with riparian removal (light, nutrients, 

etc.) and their multiple effects on lower trophic levels such as primary production and macro

invertebrate community structure, many of the conclusions drawn in the literature would benefit 

from experimental work. 

As a result of the many factors that co-vary with forest harvesting induced physical 

changes, and considering logistical constraints of experimental field work, many studies have 

relied upon laboratory studies or artificial streams to infer the biological effects from changes to 

components of fish habitat (Bradford and Taylor 1997; Chapman 1962; Hartman 1963; Bisson 

and Bilby 1982; Gregory 1993,1994; Redding et al. 1987; Berg and Northcote 1985; Sigler et al. 

1984; Servizi and Martens 1992,1991; Servizi and Gordon 1990; McLeay et al. 1987; Brett 1952, 

1970, Bisson and Davis 1976; Coutant 1973; Gibson 1988). Although laboratory studies and 

experiments conducted on artificial streams are valuable to provide insights to causal relationships 

between characteristics of fish habitat and effects on fish, they generally lack ecological realism 

(Adams 1990). 
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Of the studies that have had an experimental field approach, the majority have involved 

manipulations to riparian zones (Hall and Lantz 1969; Keith et al. 1998; Hetrick et al. 1998a, 

1998b; Murphy et al. 1986; Scrivener 1988; Young et al. 1999), which were all confounded to a 

certain degree when attempting to elucidate causal mechanisms, by the compound effects that 

result from this experimental treatment. Holtby and Newcombe (1982) separated the confounding 

effects on stream temperature from forest harvesting and climatic variability with an empirical 

model. Few studies have involved experimental manipulations in the field to one physical effect, 

in isolation of co-variates (Wilzbach et al. 1986; Mason 1976; Lowe et al. 1986; Keith et al. 

1998; Nislow et al. 1998; Meehan et al. 1987; Solazzi et al. 2000; Hillman et al. 1987). 

Determination of the linkages between physical changes induced by forest harvesting, and 

quantification of their biological repercussions in a natural field setting, are the primary focus of 

this study. This thesis is divided into three main chapters, each of which I hope to publish as 

separate papers. Consequently, some repetition exists among chapters with respect to site 

descriptions and methodologies. 

Experimental field manipulations to water quality characteristics were conducted on small 

tributary streams and side-channels to simulate changes induced by forest harvesting, and quantify 

their biological effects. Based on a review of the literature, the novel approach taken in my thesis 

represents the first time that experimental field manipulations to stream temperatures and 

suspended sediment concentrations have been conducted in a natural stream. The interconnected 

nature and compound effects of forest harvesting on the aquatic ecosystem, underscore the value 

in experimentally manipulating one factor in order to uncouple its effects from co-variates. In this 

thesis, conducting experimental manipulations to instream temperatures, suspended sediment 

concentrations, and turbidity levels enabled the isolation of the other variables that often covary 

with these factors due to climatic variation (discharge, cloud cover, precipitation, air temperature, 
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insolation, groundwater flows, etc.). This innovative research design also enabled the isolation of 

these variables from the other confounding effects, (including each other) often associated with 

forest harvesting activities, (i.e. increased light, altered hydrology, altered habitat diversity, etc.) 

on fish populations. 

As part of my thesis, (Chapters 3 and 4), I conducted experiments on both tributary 

streams and side-channels to the mainstem Torpy River, British Columbia to minimize 

confounding factors. Streams and side-channels were netted into experimental and control 

sections, separated by a series of weirs so that upstream and downstream movement of juvenile 

chinook could be recorded. Biological indicators of sub-lethal stress were recorded at multiple 

levels of biological organization, including physiological and ecological. Measurements included 

upstream and downstream avoidance, underwater video footage from which the following 

behaviours were extracted: feeding attempts, coughing, aggression, fleeing, and yawning, and 

finally whole body Cortisol was measured as an indicator of physiological stress. 

In order to be able to determine the impact of forest harvesting practices on juvenile 

chinook populations at both a local and landscape level of organization, I felt it was first essential 

to quantify the early life history behaviour of the chinook population in question (see Chapter 2). 

In North America, chinook salmon are the least abundant of the Pacific salmon (Healey 1991), 

yet display one of the most diverse life history patterns of all the Pacific salmon species (Miller 

and Brannon 1981). There are three general categories of early life history strategies displayed by 

chinook salmon, that collectively represent almost as much variation as that among different 

species of Pacific salmon. "Immediate-type" fry migrate directly to the estuary upon emergence, 

(e.g. the Harrison River stock) (Levy et al. 1979). "Ocean-type" fry rear in freshwater for 60 to 

150 days prior to downstream migration to the ocean in the fall of their first year, (e.g. the 
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Thompson River stock (Fraser et al. 1982; Healey 1991). "Stream-type'" fry rear in freshwater 

for one to two years until smoltification occurs (Healey 1991). 

There is tremendous plasticity among different populations of chinook salmon with 

respect to the proportion of individuals that exhibit each general category of early life history 

strategies (Healey and Jordan 1982). More specific to this thesis, there is extensive phenotypic 

plasticity within a given category of early life history strategy, with respect to the ecology and 

behaviour of a particular population. Macro and microhabitat selection, freshwater juvenile 

migration patterns and timing, as well as the mechanisms that initiate these behavioural responses 

vary considerably both among different northern interior British Columbian watersheds as well as 

when compared to coastal systems, for a given category of early life history behaviour (Bradford 

and Higgins 2001; Healey 1991; Levings and Lauzier 1991; Swales et al. 1986). The juvenile 

chinook in this study are of the "stream type" category relying on freshwater habitat for one to 
t 

two years, and accordingly would be susceptible to forest harvesting induced changes in the 

aquatic environment for the duration of this life phase. Within the "stream type" category, 

juvenile chinook have been documented to have a diverse range of macrohabitat preferences and 

to display distinct seasonal habitat preferences that change over time based on ontogeny and 

environmental conditions (Anonymous 1987; Bradford and Higgins 2001; Emmet 1989; Healey 

1991; Levings and Lauzier 1991; Murray et al. 1981; Rosberg et al. 1981; Reimers 1968; Russel 

et aL 1983; Swales et al. 1986). The majority of studies document "stream type" juvenile chinook 

to overwinter in the mainstem of large rivers (Anonymous 1987; Emmet 1989; Healey 1991; 

Levings and Lauzier 1991; Murray et al. 1981; Russell et al. 1983; Swales etal. 1986). However, 

lacustrine habitats (Healey 1991), side-channels (Bustard 1986; Sommer et al. 2001) and 

tributaries (Anonymous 1990) have also been reported as overwintering habitat. 
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Juvenile chinook early life history behaviour, seasonal habitat utilisation, and habitat 

values in the Torpy River were investigated in Chapter 2 to assist in interpreting the significance 

of the effects of forest harvesting in different macrohabitats on juvenile chinook, as simulated by 

experimental field manipulations in Chapters 3 and 4. 

STUDY LOCATION 

The Torpy River, located in the northern interior of British Columbia (Figure 1.0.), is 

approximately 100 kilometres in length. It flows into the north side of the Fraser River, just 

upstream of Dome Creek, which is approximately 75 kilometres northwest of McBride, British 

Columbia. The Torpy River has a drainage area of 128, 500 hectares (Mac Donald et al. 1996) 

and flows through the Rocky Mountain Trench/McGregor Plateau/Park Ranges physiographic 

area. This physiographic region is characterized by flat or gently rolling surfaces with poorly 

organized drainage patterns, and with mid-summer flows primarily a function of both 

groundwater seepage and rainfall (Rosberg and Aitken 1981). This watershed encompasses 

several biogeoclimatic zones, namely SubBoreal Spruce, primarily in the headwaters, and a 

mixture of Engelmann Spruce-SubAlpine Fir and Interior Western Hemlock in the lowlands. 

The lower Torpy River is a broad, U-shaped valley, with heavy glacial lacustrine deposits, 

resulting in highly erodible silts and clays. Investigations of the early life history behaviour of 

juvenile chinook and experimental manipulations to water quality were conducted in small 

tributaries and side-channels of the lower Torpy River (Figure 1.1.). The lower Torpy River 

consists of a series of tortuous meanders that flow through a broad floodplain composed of 

lacustrine deposits (Mac Donald et al. 1996). The lacustrine deposits in the valley bottom result 

in unstable streambanks, high suspended sediment levels in the mainstem and in general, low 

resiliency to environmental change (Mac Donald et al. 1996). This system is subject to low flows 

6 



3 * 3 

in the summer (11.13 m /s) and the winter (3.65 m /s) and has a mean annual discharge of 53.7 

m3/s and a mean flood discharge of 291.4 m3/s (Rood and Hamilton 1995). 

The Torpy River contains chinook salmon (Oncorhynchus tshawytscha), rainbow trout 

(Oncorhynchus mykiss), bull trout (Salvelinus confluentus), prickly sculpin (Cottus Asper), 

northern squawfish (Ptychocheilus oregonensis), burbot (Lota lota), white sucker (Catostomus 

commersoni), and rocky mountain whitefish (Prosopium williamsoni). The 1981-1992 average 

annual escapement of adult chinook salmon to the Torpy River watershed was approximately 

2,136 with a historical maximum escapement of 4000 (Mac Donald et al. 1996). Chinook salmon 

arrive in the Torpy system in late July and spawn in late August primarily throughout the lower 

Torpy, and in some of the major tributaries, such as Walker Ck, Humbug Ck, and the West Torpy 

River (Rosberg and Aitken 1981). 

Since 1956, the Torpy River watershed has been extensively logged, with operations 

peaking during the 1970's (Rosberg et al. 1981). As of 1996, approximately 15% of the entire 

watershed, and 50% of the lower Torpy had been logged (Mac Donald et al. 1996). Forest 

harvesting in the lower Torpy river has concentrated almost exclusively in the low gradient 

floodplain and riparian areas, which typically contains some of the most valuable juvenile fish 

habitat. Logging roads and stream crossing networks are extensive. 
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Figure 1.0. Location of the Torpy River Watershed in British Columbia, Canada. 
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Figure 1 . 1 . Location of the Torpy River Watershed in the Upper Fraser River drainage. 
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CHAPTER 2: JUVENILE CHINOOK EARLY LIFE HISTORY BEHAVIOUR 

INTRODUCTION 

. In North America, chinook salmon are the least abundant of the Pacific salmon (Healey 

1991), yet display one of the most diverse life history patterns of all the Pacific salmon species 

(Miller and Brannon 1981). There are three general categories of early life history strategies 

displayed by chinook salmon, that collectively represent almost as much variation as that among 

different species of Pacific salmon. "Immediate-type" fry migrate directly to the estuary upon 

emergence, (e.g. the Harrison River stock) (Levy et al. 1979). "Ocean-type" fry rear in 

freshwater for 60 to 150 days prior to downstream migration to the ocean in the fall of their first 

year (e.g. the Thompson River stock) (Fraser et al. 1982; Healey 1991). "Stream-type" fry rear 

in freshwater for one to two years until smoltification occurs (Healey 1991). There is tremendous 

plasticity among different populations of chinook salmon with respect to the proportion of 

individuals that exhibit each category. For example, both the Nanaimo River and Shuswap Lake 

chinook stocks contain individuals, living in sympatry, that display "ocean-type" behaviour in 

addition to those that exhibit "stream-type" behaviour (Healey and Jordan 1982). Some intra-

specific variation between life history categories has also been shown to be heritable (Carl and 

Healey 1984; Clarke etal. 1992, 1994; Taylor and Larkin 1986; Taylor 1988, 1990). 

Variation in life history strategies in salmonids has also been shown to be phenotypic in 

nature (Nordeng 1983; Randall et al. 1987). Salmonids can facultatively adjust anadromous 

migratory behaviour to varying levels of aquatic productivity; for example, manipulations to food 

supply resulted in variations in the proportions of resident salmonids and anadromous migrants 

(Nordeng 1983). There is extensive phenotypic plasticity within each category of chinook early 

life history strategy, with respect to the ecology and behaviour of a particular population. Macro 

and microhabitat selection, freshwater juvenile migration patterns and timing, as well as the 
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mechanisms that initiate these behavioural responses vary considerably both among different 

northern interior British Columbian watersheds as well as when compared to coastal systems, for 

a given category of early life history behaviour (Bradford and Higgins 2001; Healey 1991; 

Levings and Lauzier 1991; Swales et al. 1986). The juvenile chinook in this study are of the 

"stream-type" category relying on freshwater habitat for one to two years, and accordingly would 

be susceptible to forest harvesting induced changes in the aquatic environment for the duration of 

this life phase. 

Within the "stream-type" category, juvenile chinook have been documented to utilize a 

diverse range of macrohabitats and to display distinct seasonal habitat preferences that change 

over time based on ontogeny and environmental conditions (Anonymous 1987; Bradford and 

Higgins 2001; Emmet 1989; Healey 1991; Levings and Lauzier 1991; Murray etal. 1981; 

Rosberg et al. 1981; Reimers 1968; Russel et al. 1983; Swales et al. 1986). Seasonal habitat 

redistributions have been shown to confer benefits to those individuals that switch habitats, in 

terms of growth and survival (Bustard andNarver 1975; Tschaplinski and Hartman 1983). 

The majority of early life history studies on stream-type chinook have occurred during the 

summer period, likely due to ease of sampling and abundance of individuals (Anonymous 1987; 

Everest and Chapman 1972; Murphy et al. 1989; Lister et al. 1981; Murray et al. 1981; Reimers 

1968; Rosberg et al. 1981). Most have focussed on large river systems such as the Fraser River 

(Levings and Lauzier 1991), Taku River (Murphy et al. 1989), Sacramento River (Sommer et al. 

2001), andNechako River (Anonymous 1998, 1990, 1987; Emmet 1989; Lister etal. 1981; 

Russell et al. 1983), and have only investigated utilisation within one macrohabitat, often the natal 

mainstem (Anonymous 1998; Bradford and Higgins 2001; Everest and Chapman 1972; Levings 

and Lauzier 1991; Scrivener et al. 1994). These studies provide an incomplete picture of the early 

life history of the stream-type race, particularly considering the magnitude of variation within a 
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given life history strategy that is displayed by the species. The majority of these studies document 

that stream-type juvenile chinook overwinter in the mainstem of large rivers (Anonymous 1998, 

1987; Chapman and Bjornn 1969; Emmet 1989; Everest and Chapman 1972; Healey 1991; 

Levings and Lauzier 1991; Murray et al. 1981; Russell et al. 1983; Swales et al. 1986), yet this 

finding may be biased by the greater proportion of studies that have focussed on this macrohabitat 

type. Lacustrine habitats (Healey 1991), side-channels (Bustard 1983; Sommer et al. 2001) and 

small non-natal tributaries (Keefe et al. 1995; Anonymous 1990) have also been reported as 

overwintering habitat. 

Few studies, purporting to document life history strategies of stream-type juvenile 

chinook, have considered all the macrohabitat opportunities available to juvenile chinook from the 

early spring post-emergence phase, through summer, as well as during the winter season 

[exceptions include research on Red River, Idaho (Hillman et al. 1987); the Nechako River, 

British Columbia (Russell et al. 1983); and the Grande Ronde River, Oregon (Keefe et al. 1995)]. 

In northern climates, such as the Upper Fraser River, not only do harsh environmental conditions 

of winter impose serious challenges to juvenile chinook, but the majority of forest harvesting 

operations occur during the winter, at a time when habitats are difficult to locate and protect, and 

the biological resiliency of fish is very low (Cunjak 1988; Cunjak et al. 1987; Cunjak and Power 

1986). This chapter of my thesis focuses on documenting the early life history behaviour of 

juvenile chinook throughout the spring, summer, and fall/winter period and across multiple 

macrohabitats, to determine seasonal habitat utilisation and habitat values. The total habitat 

utilized by a species can be partitioned into preferred habitat and non-preferred areas, the latter 

affording sub-optimal conditions which translate into decreased growth, size, fitness and survival 

(Hearn 1987). I used juvenile chinook abundance (Heifetz et al. 1986; Murphy et al. 1989), 

growth and size as indicators of habitat value, due to the documented links between these 
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attributes and survival to adulthood (Beckman et al. 1998; Bilton et al. 1982; Bilton 1978, 1984; 

Cederholm and Scarlett 1981; Holtby and Hartman 1982; Swales et al. 1988). 

In general, newly emerged fry often cluster together in patchy aggregates, exhibit 

schooling behaviour, and are most abundant in shallow habitats (0.15- 0.3 m) with low velocity 

(< 0.15 m/s) and small substrate particle size, gradually shifting to deeper, faster water as they 

grow (Anonymous 1987; Chapman and Bjornn 1969; Everest and Chapman 1972; Healey 1991; 

Hillman et al. 1987; Rosberg et al. 1981; Russell et al. 1983). Dispersal of newly emerged fry is 

generally in the downstream direction (Bradford and Taylor 1997; Healey 1991; Lister et al. 

1981; Taylor 1988); however, Taylor (1988) found that negative rheotaxis behaviour of stream-

type juvenile chinook subsided after three months. Indeed, upstream migrations of age 0+ 

chinook fry shortly after emergence, presumably as a dispersal mechanism in search for suitable 

rearing habitat, has been documented in the Nechako River (Anonymous 1998; Russell et al. 

1983). 

The underlying mechanism driving dispersal of post-emergent fry is not known, but it is 

generally considered to be either passive displacement due to peaks in the hydrograph (Healey 

1991; Irvine 1986), and/or a function of social interactions whereby size governs the result of 

successful interactions (Chapman 1962; Hartman et al. 1982; Mason 1976; Reimers 1968). In 

either scenario, larger despotic individuals hold positions and smaller individuals are displaced 

downstream. Bradford and Taylor (1997) reported a contrasting finding in their experimental 

work. Emigrant chinook fry were significantly larger than resident individuals (Bradford and 

Taylor 1997). Further, emigrants were distributed in aggregates in the experimental channel 

rather than distributed evenly, as expected if downstream movement was stimulated by 

behavioural interactions (Bradford and Taylor 1997). The majority of stream-type chinook fry 

migrate at night (Healey 1991; Murray et al. 1981; Taylor et al. 1994). During downstream 
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migrations chinook fry prefer stream margins to the high velocity in the centre of the channel, and 

the water surface when river depths exceed 3m (Anonymous 1987; Healey 1991; Healey and 

Jordan 1982). The former points, coupled with the experimental findings of Bradford and Taylor 

(1997), support Healey's (1991) suggestion that post-emergent fry dispersal may involve active 

selection. 

My objective in this chapter was to determine the early life history behaviour of juvenile 

chinook, specifically the habitat value of tributaries, side-channels and the mainstem. 

Macrohabitat segregation is most pronounced in the spring and summer period when population 

densities are highest (Hartman 1965). Therefore, I used differences in the attributes of juvenile 

chinook populations utilizing different macrohabitats in the Torpy River drainage during these 

periods, as well as winter, to infer habitat value. The indicators of habitat value (size, growth rate, 

condition factor, abundance, residency) were investigated among macrohabitats, annually and 

seasonally, in relation to abiotic factors such as stream temperature and suspended sediment 

concentrations, and biotic factors including density of competitors and predators of juvenile 

chinook. I predict that indices of habitat value will be greater in tributaries than the mainstem and 

side-channels both seasonally and annually. 

STUDY SITES 

I sampled fish and environmental variables in three macrohabitats (side-channels, 

tributaries and the mainstem) (Figure 2.0.) located along a 10 km section of the Lower Torpy 

River, beginning approximately 40 km upstream from the confluence with the Fraser River. The 

mainstem of the Lower Torpy River had an average channel width of 30 m and a substrate 

composition of 30% gravels and 70% fines. Large woody debris complexes, as well as large 

boulders were infrequent. The mainstem was low gradient (< 1%) and characterized by deep 
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glides, separated by riffles. Gravel in the riffle sections was highly embedded with fines. Avian 

predators, including Belted Kingfishers (Megaceryle alcyon), Great Blue Herons (Ardea 

herodias) and Common Mergansers (Mergus serratof) were observed frequently in the mainstem 

and side-channels yet never in the tributaries. The abundance and efficiency of these piscivorous 

birds led Rosberg et al. (1981) to call them the most successful chinook fry predators in the Upper 

Fraser area. 

Side-channels were braids of the mainstem, having similar water quality characteristics 

albeit at substantially reduced flows. The two side-channels in the sampling program were 

approximately 3 - 4 m in width and 50 m in length, characterized by low velocity glides and deep 

pools with a substrate composition of 100% fines. Large logjams controlled the inlets of both 

side-channels. Tributaries were all low gradient (1 - 2%), approximately 1-2.5 m in width, with a 

substrate composition of approximately 70% fines and 30% gravels. Cover was prevalent in 

tributary streams in the form of undercut banks, over-hanging vegetation, deep pools and woody 

debris. Tributary streams drained valley slopes and flowed across the Lower Torpy Valley 

floodplain to the Torpy River. 

METHODS 

Water Quality 

I recorded water temperature in each macrohabitat for three years by remote, self 

contained temperature data loggers (Onset instruments). The loggers were programmed to 

measure and record temperature every five minutes. An automated, continuous water quality 

monitoring station, which consisted of a programmable data logger (Starlogger) linked to input 

sensors, was installed on the mainstem. Inputs included a submersible pressure transducer to 

measure stage, a nephelometric turbidity probe, and an automated pump sampler. The station was 
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programmed to record stage and turbidity data hourly, and to collect daily water samples from the 

pump sampler. One litre water samples were collected weekly to determine suspended sediment 

concentrations in the other macrohabitats (tributaries and side-channels). Suspended sediment 

concentrations (mg/L) were determined in the lab by filtration. 

Fish Sampling 

Fish sampling was conducted weekly from June 6th to December 9th in 1997, and May 

6th to October 24th in 1998, using Gee type minnow traps baited with cat food. Minnow traps 

were selected as the most appropriate sampling technique due to their year-round functionality, 

low degree of disturbance, and effectiveness in providing relative estimates of juvenile salmonid 

abundance, for fish less than 130 mm in length (Bloom 1976; Bryant 2000; Swales et al. 1986). 

The fish sampling program consisted of 35 sampling sites partitioned between three 

macrohabitats. The mainstem had 14 sampling sites in varying locations including along the 

channel margin, associated with large woody debris, immediately upstream and downstream of 

tributary streams, and in the centre of the channel both on the stream substrate as well as 

suspended in the water column. There were six sites in two different side-channels, and 15 sites 

in three different tributaries, in which traps were located just upstream from the confluence with 

the Torpy River and extended approximately 1 km upstream. 

Minnow traps were set for 24 hours and captured fish were anaethesized with Alka 

Seltzer, identified, marked and enumerated. Fork length (FL) (± 1 mm) and wet weight (± 0.01 g), 

were recorded and Fulton's condition factor was calculated (weight/length3) for each fish. Al l 

fish were released after capture. Juvenile chinook were marked by a fin clip diagnostic for each 

tributary, side-channel, and the mainstem, thus enabling me to determine residency and movement 

among different macrohabitats. Data were separated into 0+ and 1+ age classes by length and 
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weight histograms. Age classes were confirmed by comparison to previously published data of 

Torpy River juvenile chinook lengths and weight at age, determined by scale analyses (Rosberg et 

al. 1981). Segregation of cohorts was necessary to eliminate the confounding influence of age-

class differences upon indicators of habitat value (e.g. growth rates, length, and mass). Absolute 

growth rates for juvenile chinook captured in each macrohabitat were calculated using the 

following formula: G = (FL 2 - FLi) /At , where G is the absolute growth rate (mm/week), FL 2 is 

the mean fork length (mm) at time 2, and FLi is the mean fork length at time 1, and At is the time 

interval (weekly). Catch per unit effort (CPUE) was calculated by dividing the total number of 

juvenile chinook captured in each macrohabitat on each sampling date by the number of minnow 

traps set in that macrohabitat. 

Passive sampling techniques, such as minnow trapping, decrease in effectiveness as water 

temperatures decline, because fish metabolism and hence foraging activity declines. Active 

sampling techniques were employed on June 11 th, July 12th , August 22 n d and October 23 rd, 1998 

in the macrohabitats to serve as a correction factor, and determine the effectiveness of passive 

techniques at representing actual population densities (i.e. cross-reference to CPUE). Tributaries 

were sampled by electroshocking (Smith Root Model 12c) a section of stream isolated by 

enclosure nets using a triple pass method (Seber and LeCren 1967). A minimum of two replicates 

(sections of tributaries) per sampling date were conducted in the tributaries. Captured fish were 

identified, enumerated, measured (fork length) and weighed (wet weight) after each sample pass. 

The area sampled was recorded to calculate densities and biomass of fish per unit area. Side-

channels and the mainstem were sampled by three pass seining with a 15 x 2 m seine (3.2 mm 

mesh) and a 25 m x 2 m seine respectively. A minimum of two replicates (seine sites) per 

sampling date were conducted in both side-channels and the mainstem. Captured fish were 
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identified, enumerated, measured (fork length) and weighed (wet weight) after each sample pass. 

The area sampled was recorded to calculate densities and biomass of fish per unit area. Active 

sampling techniques were not size selective as the minnow traps were, and therefore it was 

possible to determine relative differences in fish community structure in different macrohabitats. 

Fish, other than juvenile chinook, that were captured in each macrohabitat by active 

sampling techniques, were categorized into potential competitors and predators, based on 

ecological relationships and size relative to juvenile chinook. Bull trout, northern squawfish and 

prickly sculpins were categorized as aquatic predators of juvenile chinook (Scott and Crossman 

1973). Competitors of juvenile chinook included rainbow trout and rocky mountain whitefish 

(Scott and Crossman 1973). 

DATA ANALYSIS 

All data were visually inspected for normality and homogenous variances. A General 

Linear Model (GLM) was used to relate the response variables to the other factors in the study. I 

used one-way, univariate analyses of variance (ANOVA) to determine model significance for the 

pooled 1997 and 1998 data and two-way ANOVAs to test for interactions between macrohabitats 

and season. Least Square Difference (LSD) multiple range tests were used to determine which 

macrohabitats, or seasons within a given macrohabitat differed in fork length, mass, condition 

factor, CPUE, or growth rate. 

Data were pooled into the following temporal categories: 

a) Post-emergence (May 6, 13, 20, 27, 1998), 
b) Spring (June 6, 97 to July 25, 97 and May 6, 98 to July 18, 98), 
c) Summer (Aug 1, 97 to Sept 25, 97 and July 31, 98 to Sept 19, 98), 
d) Fall/Winter (Oct 3, 97 to Dec 9, 97 and Oct 4, 98 to Oct 24, 98), 
e) All (pooled 1997 and 1998) 
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Age 1 +juvenile chinook were never captured in side-channel habitats, therefore post-hoc 

multiple range tests were not required in analyses of these data. In the fall/winter season, 1+ 

juvenile chinook were not captured in the mainstem, and therefore in analysis of annual 

differences in mean indicators of habitat value, data from fall/winter tributary 1+ chinook were 

excluded to prevent biasing the analyses. All tests were considered to be significant to a P <0.05. 

RESULTS 

Age Class and Fish Community Structure 

In 1997 and 1998, a total of 1,893 juvenile chinook were collected during the weekly 

sampling program, of which 96.3% were 0+ and 3.7% (70) were 1+ in age. Mean density of 

predator fish species was highest in side-channels, where it was approximately 3.4 times greater 

than the density in the mainstem and 8.4 times the density in tributaries (Figure 2.1a.). Predator 

fish species in the mainstem were approximately 2.5 times greater in density than in tributaries 

(Figure 2.1a.). Aquatic predators in side-channels outnumbered juvenile chinook by 7.6:1 and in 

the mainstem were virtually at a 1:1 ratio, whereas in the tributaries, juvenile chinook 

outnumbered predators by approximately 40:1 (Figure 2.1a.). Mean density of competitor fish 

species was approximately 2.1 times greater in the tributaries compared to the mainstem (Figure 

2.1a.). Competitors were never captured in side-channels. Mean density of juvenile chinook in 

tributaries was approximately 36.5 times greater than in side-channels, and 14.1 times greater than 

in the mainstem (Figure 2.1a.). The prevalence of agonistic interactions was high in tributary 

streams, approximately 40% of the juvenile chinook captured in these habitats had severely 

tattered and torn caudal fins. This condition was not observed in fish captured in other 

macrohabitats (mainstem, side-channel) and was also not observed in rainbow trout captured in 

tributary streams, presumably due to habitat segregation. In the mainstem the density of 
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competitors and juvenile chinook decreased over 10 and 51 times respectively between July and 

August (Figure 2.1b.)- The density of predators increased over 50 times in the mainstem during 

July and August (Figure 2.1b.). 

Temperature 

Both the monthly mean and maximum stream temperatures in the mainstem were higher 

than the tributaries from June to September 1997 and 1998 (Figure 2.2.). Between July 23 to 

August 5, 1998, the mainstem temperature exceeded 20 °C each day (14 days) for 12 - 16 hours 

per day. The opposite was true during the winter with the mainstem being colder than the 

tributaries from November to March in 1997 and 1998 (Figure 2.2.). Side-channel temperatures 

were only recorded from May to October 1998 and were not plotted to prevent obscuring the 

distinct patterns between tributaries and the mainstem. In general, side-channel temperatures 

closely matched that of the mainstem. On average, side-channels were slightly warmer than the 

mainstem during the months of May and October (+3.05 and +1.19 °C, respectively), and 2.35 °C 

colder than the mainstem during June to September. 

Suspended Sediment Concentration 

In both years the mean monthly suspended sediment concentration was approximately 

equivalent in the three macrohabitats in June. However, from July to October, the mean monthly 

sediment concentration was higher in the mainstem and side-channels compared to the tributaries 

(Figure 2.3.). Moreover, the monthly variability in suspended sediment concentration was also 

higher in the mainstem and side-channels compared to the tributaries (Figure 2.3.). Maximum 

monthly suspended sediment concentrations in the mainstem averaged 254.81 mg/L and peaked 

twice at 446.25 mg/L in July and 390.25 mg/L in October. Maximum concentrations in the side-
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channels remained below 34 mg/L except in September when there was a peak of 245.75 mg/L. 

Maximum concentrations in tributaries remained below 26.5 mg/L . 

Post-Emergence Habitat Association 

Early after emergence, during the month of May, juvenile chinook were observed in both 

tributary and mainstem habitats in shallow margin habitats with little or no velocity. Juvenile 

chinook (35-40 mm FL) were observed in high density aggregates (up to 25 fish/m2 ) displaying 

schooling behaviour. From June onwards, juvenile chinook (> 40 mm FL) that were observed 

rearing in the mainstem, side-channels and tributaries no longer formed loose aggregates, but held 

territories typical of stream dwelling salmonids. Mean fork length of juvenile chinook rearing in 

the mainstem did not differ from individuals rearing in side-channels or tributaries during the 

month of May (ANOVA, F = 2.038, df = 2,37, P = 0.145). I found no difference in mean mass 

(ANOVA, F = 0.518, df = 2,37, P = 0.6), condition factor (ANOVA, F = 0.493, df = 2,37, P = 

0.615), or CPUE (ANOVA, F = 1.127, df = 2,17, P = 0.347) among juvenile chinook captured in 

different macrohabitats during May. 

Fork Length 

Age 0+ 

I found differences in mean fork length among juvenile chinook rearing in different 

macrohabitats (ANOVA, F = 43.007, df = 2,1820, P = 0.0005). Fork length differed among all 

macrohabitats (LSD, P = 0.0005, for all contrasts). Fish captured in tributaries had the largest 

fork length, mainstem fish were intermediate and side-channel individuals were the smallest 

(Figure 2.4a.). The two-way ANOVA, with season and macrohabitat as factors, revealed 

differences in fork length among macrohabitats (F = 3.234, df = 2,126, P = 0.043), and among 

seasons (F = 84.361, df = 2,126, P = 0.0005), but indicated there was no interaction between 
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season and macrohabitat (F = 0.551, df = 4,126, P = 0.699). In spring juveniles rearing in side-

channels were smaller than individuals rearing in tributaries and those rearing in the mainstem 

(LSD, P = 0.001, for both contrasts) (Figure 2.4a.). There was no difference between mainstem 

and tributary rearing fish during spring (LSD, P = 0.487). In summer, juveniles rearing in side-

channels were smaller than tributary and mainstem rearing individuals (LSD, P = 0.0005, for both 

contrasts) (Figure 2.4a.). Tributary and mainstem rearing fish did not differ in summer (LSD, P = 

0.484). During fall/winter there were no differences in fork length among juveniles rearing in the 

macrohabitats (LSD, mainstem vs. side-channels P = 0.978, mainstem vs. tributaries P = 0.824, 

tributaries vs. side-channels P = 0.800). 

In the mainstem, fork length of juveniles was greater from spring to summer (LSD, P = 

0.0005), and summer to fall/winter (LSD, P = 0.017)(Figure 2.4a.). In side-channels, fork length 

was greater from spring to summer and summer to fall/winter (LSD, P = 0.0005, for both 

contrasts)(Figure 2.4a.). In tributaries, fork length was greater from spring to summer as well as 

summer to fall/winter (LSD, P = 0.0005, for both contrasts)(Figure 2.4a.). 

Age 1+ 

Juvenile chinook rearing in tributaries had a greater fork length than those rearing in the 

mainstem (ANOVA, F = 7.396, df = 1,63, P = 0.008) (Figure 2.4b.). The two-way ANOVA, with 

season and macrohabitat as factors, revealed no differences in mean fork length among seasons (F 

.= 2.978, df = 2,37, P = 0.063), or among macrohabitats (F = 1.603, df = 1,37, P = 0.213). There 

was no interaction between season and macrohabitat (F = 0.26, df = 1,37, P = 0.613). 
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Mass 

Age 0+ 

I found differences in mean mass among macrohabitats (ANOVA, F = 35.083, df= 

2,1820, P = 0.0005). Juveniles rearing in the tributaries had the greatest mass, followed by those 

rearing in the mainstem and side-channels (LSD, P = 0.0005, for all contrasts) (Figure 2.4c). The 

two-way ANOVA, with season and macrohabitat as factors, revealed differences in mass among 

seasons (F = 68.522, df = 2,126, P = 0.0005) and among macrohabitats (F = 4.380, df = 2,126, P = 

0.014). There was no interaction between season and macrohabitat (ANOVA, F = 0.657, df = 

4,126, P = 0.623). In spring, side-channels contained juvenile chinook with a smaller mass than 

the mainstem and tributaries (LSD, P = 0.001, for both contrasts) (Figure 2.4c). Mass did not 

differ between juveniles rearing in the mainstem and tributaries during spring (LSD, P = 0.537). 

In summer, fish rearing in side-channels had a smaller mass than those rearing in either the 

mainstem or tributaries (LSD, P = 0.0005, for all contrasts) (Figure 2.4c). Mass did not differ 

between juveniles rearing in the mainstem and tributaries during summer (LSD, P = 0.602). 

There was no difference in mass among macrohabitats during the fall/winter season (LSD, 

mainstem vs. side-channels P = 0.792, mainstem vs. tributaries P = 0.563, side-channels vs. 

tributaries P = 0.230). 

In the mainstem, mass of juveniles increased from spring to summer (LSD, P = 0.0005), 

and summer to fall/winter (LSD, P = 0.037)(Figure 2.4c). In side-channels, mass increased from 

spring to summer (LSD, P = 0.001) and summer to fall/winter (LSD, P = 0.0005)(Figure 2.4c). 

In tributaries, mass increased progressively through all seasons (LSD, P = 0.0005, for all 

contrasts)(Figure 2.4c). 
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Age 1 + 

Mean mass of age 1 +juveniles rearing in tributaries was greater than those rearing in the 

mainstem (ANOVA, F = 6.299, df = 1,63, P = 0.015)(Figure 2.4d.). The two-way ANOVA, with 

season and macrohabitat as factors, revealed no differences in mass among seasons (F = 2.555, df 

= 2,37, P = 0.091), nor among macrohabitats (F = 2.039, df = 1,37, P = 0.162). There was no 

interaction between season and macrohabitat (F = 0.368, df = 1,37, P = 0.548). 

Condition Factor 

Age 0+ 

I found no differences in mean condition factor among macrohabitats (F = 0.273, df = 

2,1820, P = 0.761). The two-way ANOVA, with season and macrohabitat as factors, revealed no 

differences in condition factor among seasons (F = 0.206, df = 2,126, P = 0.814), nor among 

macrohabitats (F = 0.756, df - 2, 126, P = 0.472). There was no interaction between season and 

macrohabitat (F = 0.902, df = 4,126, P = 0.465). 

Age 1 + 

Mean condition factor of age 1+juvenile chinook did not differ among any of the 

macrohabitats (ANOVA, F = 0.006, df = 1,68, P = 0.941). The two-way ANOVA, with season 

and macrohabitat as factors, indicated there were no differences in condition factor among 

seasons (F = 0.818, df = 2,37, P = 0.449), nor among macrohabitats (F = 0.273, df = 1,37, P = 

0.604). There was no interaction between season and macrohabitat (F = 0.017, df = 1,37, P = 

0.897). 
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Catch Per Unit Effort 

Age 0+ 

I found differences in mean catch per unit effort (CPUE) of age 0+juvenile chinook 

among macrohabitats (ANOVA, F = 30.472, df = 2,165, P = 0.0005). CPUE was higher in 

tributaries compared to both the mainstem and side-channels (LSD, P = 0.0005, for all contrasts) 

(Figure 2.4e). CPUE did not differ between the mainstem and side-channels (LSD, P = 0.949). 

The two-way ANOVA, with season and macrohabitat as factors, revealed differences in CPUE 

among seasons (F = 5.484, df = 2,159, P = 0.005) and among macrohabitats (F = 40.61, df= 

2,159, P = 0.0005). The interaction between season and macrohabitat was significant (F = 5.85, 

df = 4,159, P = 0.0005) (Figure 2.4e.). In spring, CPUE was greater in the tributaries compared to 

the mainstem (LSD, P = 0.013) and side-channels (LSD, P = 0.031) (Figure 2.4e). In summer, 

CPUE was greater in the tributaries compared to both the mainstem and side-channels (LSD, P = 

0.0005, for all contrasts) (Figure 2.4e). In fall/winter, CPUE in tributaries was greater than both 

the mainstem and side-channels (LSD, P = 0.0005, for all contrasts) (Figure 2.4e). 

In the mainstem, CPUE did not differ from spring to summer (LSD, P = 0.057) or from 

spring to fall/winter (LSD, P = 0.238), yet declined from summer to fall/winter (LSD, P = 0.005) 

(Figure 2.4e). In tributaries, CPUE increased from spring to summer (LSD, P = 0.0005), and 

from spring to fall/winter (LSD, P = 0.018), and decreased from summer to fall/winter (LSD, P = 

0.002) (Figure 2.4e.). There were no differences in CPUE in side-channels between spring to 

summer (LSD, P = 0.644), spring to fall/winter (LSD, P = 0.804), or summer to fall/winter (LSD, 

P = 0.884). 

Age 1+ 

I found differences in mean CPUE of age 1+juvenile chinook among macrohabitats 

(ANOVA, F = 10.882, df = 2,165, P = 0.0005). In tributaries, CPUE was greater than the 
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mainstem (LSD, P = 0.001) and the side-channels (LSD, P = 0.0005) (Figure 2.4f.). The CPUE 

did not differ between the mainstem and the side-channels (LSD, P = 0.659). The two-way 

ANOVA, with season and macrohabitat as factors, revealed differences in CPUE among 

macrohabitats (F = 9.305, df = 2,159, P = 0.0005) and no differences among seasons (F = 1.027, 

df=2,159, P = 0.360). There was no interaction between season and macrohabitat (F = 1.462, 

df=4,159, P = 0.216) (Figure 2.4f.). In spring, CPUE was greater in tributaries compared to side-

channels (LSD, P = 0.010), but did not differ from the mainstem (LSD, P = 0.092) (Figure 2.4f). 

The CPUE did not differ between side-channels and the mainstem in spring (LSD, P = 0.440). In 

summer, CPUE was greater in tributaries compared to the mainstem (LSD, P = 0.007) and side-

channels (LSD, P = 0.007) (Figure 2.4f). The CPUE did not differ between the mainstem and 

side-channels in summer (LSD, P = 0.948). In fall/winter, CPUE did not differ between 

tributaries and the mainstem (LSD, P = 0.114) or side-channels (LSD, P = 0.149) (Figure 2.4f). 

Growth rates 

Age 0+ 

I found no differences in mean growth rates of juvenile chinook among side-channels, 

tributaries or the mainstem (ANOVA, F = 1.572, df = 2,66, P = 0.215). The two-way ANOVA, 

with season and macrohabitat as factors, revealed differences in growth rates among seasons (F = 

4.549, df = 2,60, P = 0.014), but indicated there was no differences among macrohabitats (F = 

1.415, df = 2,60, P = 0.251). There was no interaction between season and macrohabitat (F = 

0.924, df = 4,60, P = 0.456) (Figure 2.5.). There was a reduction in growth rates during the 

summer period. In tributaries, growth rates decreased from spring to summer (LSD, P = 0.026) 

and from spring to fall/winter (LSD, P = 0.023) (Figure 2.5.). In side-channels, growth rates did 

not differ between spring and summer (LSD, P = 0.205), spring and fall/winter (LSD, P = 0.926), 
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nor summer and fall/winter (LSD, P = 0.0.251). In the mainstem, growth rates differed between 

spring and fall/winter (LSD, P = 0.024), but did not differ between spring and summer (LSD, P = 

0.158), nor summer and fall/winter (LSD, P = 0.179) (Figure 2.5.). 

Recapture of Marked Fish 

In 1997, the recapture of marked juvenile chinook from the tributaries increased 

progressively from 27% in August, 38% in September, 54% in October, 67% in November, and 

70% in December. Fish marking was incorporated into the fish sampling program in August of 

1997, which explains the absence of re-captures prior to this date. In 1997, recapture of marked 

juvenile chinook in the mainstem was zero in August and increased to 20% in September and 

27% in October, and then dropped off to zero in November and December. In 1997, all re

captured fish were from the same macrohabitat they were originally marked in. No re-captured 

fish switched macrohabitats. Marked juvenile chinook were never re-captured from side-channels 

in 1997. In 1998, the recapture of marked juvenile chinook in the tributaries showed a similar 

pattern to 1997, increasing seasonally from 9% in June, to 7% in July, 16% in August, 40% in 

September and 39% in October. Macrohabitat switching was documented in June of 1998 

because marked fish that had originally been captured and marked in tributaries were re-captured 

in different tributaries. Approximately 2% of the juvenile chinook captured in tributaries in June 

had switched habitats from a different tributary. The recapture of marked juveniles in the 

mainstem increased from 3% in June ofT998 to 6% in July, 20% in August and then, similar to 

1997, dropped off to zero as the fall/winter season approached. Macrohabitat switching was 

documented in July of 1998 in the mainstem when approximately 4% of the juvenile chinook 

captured had been originally captured and marked in tributaries. Similar to 1997, there were no 

marked fish re-captured in side-channels in 1998. 
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Biomass and Density 

Mean biomass in tributaries (3.65 g/m ) (SE = 0.61, n = 226) was 28 times larger than the 

mainstem (0.13 g/m2) (SE = 0.05, n = 117) (ANOVA, F = 27.090, df = 2,8, P = 0.0005). 

Similarly, mean density in tributaries (1.13/m2) (SE = 0.25, n = 226) was 14 times greater than 

the mainstem (0.08/m2) (SE = 0.03, n = 117 ) (ANOVA, F = 13.821, df = 2,8, P = 0.003). 

DISCUSSION 

Habitat Value 

Small non-natal tributaries appeared to provide the highest habitat value to juvenile 

chinook. Tributaries contained both the greatest density and largest individuals in terms of length 

and mass for all age classes. Tributaries also provided the longest growing season and juveniles 

in these habitats displayed very high residency. Side-channels consistently provided the lowest 

value habitats. The tributaries provided a more stable year round thermal regime than either the 

mainstem or side-channels, which likely contributed to their high value. This trend has also been 

observed in the Stuart River, where tributaries have cooler summer temperatures compared to the 

mainstem which is frequently above optimum temperatures for growth (Lister et al. 1981). 

Groundwater and hyporheic exchange were likely the causative agents modifying stream 

temperatures of the headwater tributaries to the Torpy River. Indeed, a nearly uniform year round 

temperature, being cooler than other streams in the summer and warmer in the winter, is 

characteristic of groundwater controlled systems (Beschta et al. 1987). 

Not only did tributaries display less seasonal variation in temperature, but they also 

exhibited less daily variation in temperature than the mainstem Torpy River (Shrimpton et al. 

1999b). The daily and annual mean and maximum temperature fluctuations in the mainstem 

Torpy River, relative to the thermal stability of the tributaries, were even more pronounced 
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considering that variations in temperatures are generally dampened in large systems due to the 

relatively large volumes of water contained in these systems (Beschta et al. 1987). 

The sensitivity of salmonids to differences in temperature is particularly acute, Brown and 

MacKay (1995) observed significant differences in abundance of over-wintering trout between 

habitats with temperature differences of only 1°C. I observed active recruitment of juvenile 

chinook from the Torpy River mainstem to tributaries on several occasions, when mainstem 

temperatures exceeded 20 °C. Groundwater controlled tributaries in the Torpy watershed likely 

provide thermal refugia from the mainstem for juvenile chinook, both during periods of high 

temperatures in the summer and low temperatures in the winter. 

Mean, maximum and variability in suspended sediment concentrations in the tributaries of 

the Torpy River were consistently lower than both the mainstem and side-channels. Thus, it 

appears that tributaries may also provide opportunities for refuge from high suspended sediment 

concentrations. Juvenile chinook use of non-natal tributaries, as refuge from high sediment 

concentrations, has been documented in other Upper Fraser River tributaries (Scrivener et al. 

1994). 

Consistent with my findings, in the Grande Ronde River, Oregon, over-wintering juvenile 

chinook captured in tributaries during the fall/winter period were larger than those that emigrated 

to the mainstem (Keefe et al. 1995). However, the size advantage incurred by tributary 

overwintering individuals in the Torpy River appears to be more the exception, rather than the 

rule, for stream type chinook salmon. Juveniles rearing in tributaries of the Stuart River, British 

Columbia (Lister et al. 1981) and the Nechako River, British Columbia (Anonymous 1987,1990; 

Emmet 1989) have been reported to be smaller than their mainstem rearing cohorts due to warmer 

temperatures in the mainstem. In the Taku River, Alaska, juvenile chinook rearing in nine 

different macrohabitat types had no differences in mean fork lengths (Murphy et al. 1989). 
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Overwinter survival increases with size (Holtby and Hartman 1982; Cederholm and 

Scarlett 1981). In fact, Brett (1952) demonstrated that in Pacific salmon of the same age there is a 

size influence on cold tolerance whereby larger individuals have greater survival. In juvenile 

chinook salmon, fish that differed in length by 25 mm had mortality rates that differed by a factor 

of 2 when exposed to temperatures between 0 to 3 °C (Brett 1952). Cold tolerance, and the 

adaptive significance of large size to overwinter survival, is strikingly evident in northern, interior 

watersheds subject to long, cold winters such as the Torpy River. Large size has many positive 

implications to juvenile chinook, including increased tolerance to suspended sediment (Sigler et 

al. 1984; Servizi and Martens 1991), increased cold tolerance (Brett 1952), and enhanced 

performance in social interactions (Chapman 1962; Hearn 1987). In fact, larger juvenile chinook 

have been documented to utilize non-natal rearing habitat in the Fraser River as refugia for shorter 

durations than their smaller cohorts (Scrivener et al. 1994). Smaller individuals are less able to 

cope with inhospitable environmental conditions. The linkages between larger size and enhanced 

survival to adulthood are well established (Bilton et al 1982; Bilton 1978, 1984; Cederholm and 

Scarlett 1981; Holtby and Hartman 1982; Swales et al. 1988). Therefore, a macrohabitat that 

consistently produces a greater number of larger juveniles, such as the tributaries in the case of the 

Torpy River, has clear benefits to the population. 

In the absence of active sampling, I would be unable to conclude that the tributaries were 

the highest value habitats based on a greater CPUE, because this could be an artifact of sampling 

effectiveness of passive techniques in different macrohabitats. The differences in biomass and 

density between the mainstem and the tributaries from active sampling were large and 

unequivocal, suggesting that the tributaries do provide the highest habitat value and that passive 

techniques were effective in representing relative differences in abundance between 
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macrohabitats. Extensive, year round utilisation of non-natal tributaries by juvenile chinook has 

also been demonstrated in the Yukon River system (Bradford et al. 2001). 

The greater density and biomass of juvenile chinook rearing in tributaries to the Torpy 

River relative to the mainstem is consistent with findings in the literature (Keefe et al. 1995; 

Lister et al. 1981; Scrivener et al. 1994); however, the values for the Torpy tributaries are quite 

high in comparison (Levings and Lauzier 1991; Hillman et al. 1987; Emmett 1989; Murphy et al. 

1989). High densities of juvenile chinook rearing in the tributaries of the Stuart River have been 

attributed to more favourable temperatures and decreased competitors (Lister et al. 1981). Side-

channels contained very low fry densities and did not contribute significantly to the rearing 

population (Lister et al. 1981), which is consistent with my study. Murray et al. (1981) reported a 

contrasting finding for juvenile chinook rearing in the Bowron and Willow Rivers; CPUE was 

lower in tributaries than the mainstem. The decline in CPUE in tributaries of the Bowron and 

Willow Rivers in September caused these authors to conclude that tributaries were unimportant as 

winter habitat in these systems (Murray et al. 1981), although sampling did not extend beyond 

September 30 th so this was not supported empirically. 

Disproportionate use of tributaries may be a function of a greater amount of edge habitat 

relative to wider systems, providing enhanced habitat diversity, allochthonous input, and cover. 

Strong association with margin habitat, gradually decreasing with increasing size, has been well 

documented for juvenile chinook (Rosberg et al. 1981; Healey 1991). A greater proportion of 

edge habitat was also suggested to explain the high density of juvenile cutthroat trout rearing in 

small streams in coastal British Columbia (Rosenfeld et al. 2000). Utilisation of tributaries may 

also be due to greater shading relative to the wider mainstem, which has been shown 

experimentally to be positively correlated to juvenile chinook biomass and abundance (Meehan et 
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al. 1987). Unquestionably, stochastic environmental factors, such as extremes in suspended 

sediment and temperature, render the mainstem a rather inhospitable habitat to occupy. 

Growth rates did not differ between any of the macrohabitats and the growth rate of 

juveniles rearing in tributaries appear similar, if not slower, than those reported in other systems 

(Healey 1991; Murphy et al. 1989; Weatherley and Gill 1995; Rosberg et al. 1981). Therefore, I 

would argue that food is not the primary driver attracting juvenile chinook to tributaries in the 

Torpy River. It is more likely that tributaries are high value habitats based on their role in 

providing refugia from extreme temperatures, suspended sediment levels, predators or a 

combination thereof, and that a longer growing season is a byproduct. The fact that growth rates 

did not differ between the mainstem and tributaries in the summer, even though temperatures 

were much higher in the mainstem, suggests that other factors may be limiting growth in the 

mainstem such as food availability, predation, suspended sediment, or extreme temperatures. The 

decline in growth rate of tributary and mainstem rearing chinook from spring to summer is 

somewhat surprising since summer is the season when growth rates would be expected to be 

highest due to increased light, temperature, primary production and food availability. Growth has 

been reported to be highest during the summer for juvenile chinook rearing in the Nechako River 

(Anonymous 1998; Russell et al. 1983). Perhaps elevated temperatures and suspended sediment 

loads increased metabolic demand, thus less energy could be allocated to somatic growth. 

However, this explanation seems insufficient because a decline in water quality in the tributaries 

in summer did not parallel that of the mainstem, yet growth rates similarly declined. The CPUE 

was highest in both of these macrohabitats during the summer, suggesting that density dependent 

factors (Chapman 1962, 1966; Mason 1976; Mason and Chapman 1965) are playing a role in 

influencing growth rates. The density of juveniles rearing in the tributaries far exceeded that in 
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the mainstem, which may explain why the decline in growth rates from spring to summer was 

more pronounced in comparison to the mainstem. 

The fact that condition factor was reasonably constant in all macrohabitats, over all the 

seasons, suggests that significant feeding must occur throughout the fall/winter season, otherwise 

a decline in condition factor would be apparent. Even though growth rates in tributaries declined 

from spring to fall/winter, they were still over 2.5 times higher than mainstem rates in the 

fall/winter season. Further, the decline in growth rates from summer to fall/winter was 73% in the 

mainstem, and only 14% in tributaries. In fact, other researchers have noted the difficulty in 

ageing juvenile chinook from the Upper Fraser River tributaries because a freshwater annulus is 

not readily apparent due to sustained growth throughout the winter (Rosberg et al. 1981; Tutty 

and Yole 1978). Further, juvenile chinook not displaying an annulus are larger than those that do 

(Rosberg et al. 1981). Rosberg et al. (1981) confirmed that juvenile chinook accrue length from 

November until the following spring in four Upper Fraser River tributaries (Slim, Torpy, Morkill, 

Holmes). If winter growth is in fact sustained, it is contradictory to the majority of life history 

studies on chinook salmon that report a cessation of growth (Bradford et al. 2001; Everest and 

Chapman 1972) and portray overwintering juveniles as huddling in substrate interstices in a near 

state of torpor (Swales et al. 1986; Levings and Lauzier 1991). 

The growth rates reported for the side-channel fish should be interpreted with caution. 

The recapture rate of marked individuals was zero for this macrohabitat and the CPUE was very 

low from side-channels suggesting that the residency rate was similarly low. The individuals 

captured in the side-channels cannot be considered a discrete population. Rather, it is more 

plausible that juvenile chinook utilise side-channels transiently, moving frequently between the 

mainstem and side-channels and for this reason no emphasis was placed on the growth rates 

reported for this macrohabitat. 
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The importance of growth to anadromous salmonids is particularly acute since it is 

correlated to the annual decision to smolt or to remain in freshwater (Thorpe 1987). Growth can 

be considered a controlling factor to large size, therefore, due to the established links between size 

and survival (Bilton et al. 1982; Bilton 1978, 1984; Beckman et al. 1998; Cederholm and Scarlett 

1981; Holtby and Hartman 1982; Swales et al. 1988), any behaviour (tributary use) that sustains 

growth is likely to be favoured. 

I did not find any differences in the attributes of post-emergent juvenile chinook or from 

those captured during spring in the different macrohabitats, suggesting that distribution of post-

emergent fry was a function of random events, rather than size selective displacement or active 

selection. Therefore, the indices of habitat value were representative of environmental conditions 

for the macrohabitat in question, since a possible confound would be if the individuals in each 

macrohabitat were not equivalent in all manners at the beginning of their life phase. The larger 

size of juvenile chinook in tributaries must be due to either higher growth rates and/or a longer 

growing season and not an artifact of selection by unique individuals. 

An assumption, fundamental to using abundance, size, and growth to infer habitat value, 

was that juvenile chinook were relatively static in terms of movement between macrohabitats, 

rather than transiently switching between macrohabitats. The degree of residency indicated by the 

recapture data suggests that the indices of habitat value from the mainstem and tributaries were a 

result of individuals rearing in those macrohabitats, and not confounded by fish moving between 

macrohabitats. Since marked fish only represented a fraction of the population, but progressively 

more of that population was marked each week of the sampling program, it follows that if the 

recapture rate did not continue to increase over time as the data showed, it would indicate 

immigration of un-marked individuals into macrohabitats. Marked and un-marked fish would be 

expected to emigrate equally, therefore emigration should not affect the recapture rate. The fact 
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that recapture of marked fish from other macrohabitats was rare, adds further support that the 

populations rearing in each macrohabitat were relatively constant over time. Therefore the 

assumption, that the indicators of habitat value were a function of conditions in a particular 

macrohabitat, is a reasonable one. Bradford et al. (2001) similarly found that over 80% of 

juvenile chinook marked in August were re-captured in the same non-natal tributary to the Yukon 

River in October suggesting that movements were relatively restricted. Stream-type juvenile 

chinook have been reported to display considerable permanence of station (Edmundson et al. 

1968; Rosberg et al. 1981; Bustard 1983) which has been suggested to confer many benefits 

including familiarity with cover and food sources (Chapman and Bjornn 1969) providing obvious 

adaptive value considering the extended freshwater rearing phase of the stream type race. 

In both years, the mainstem recapture rate declined to zero as the fall/winter season 

approached, suggesting either emigration to the Fraser River, significant mortality or tributary 

recruitment. The recapture data supports the former two hypotheses based on the absence of any 

mainstem marked fish captured in the tributaries, coupled with the fact that the tributary recapture 

rate increased steadily throughout the fall/winter season, rather than declined which would be 

expected if substantial immigration of unmarked mainstem fish occurred. Further, during summer 

low flows (Aug - Sept) in the Torpy River the confluence of many tributaries with the mainstem 

was sufficiently shallow (<1 cm) that tributary recruitment at this time would be certainly 

restricted, if not impossible in many cases. 

Seasonal re-distributions of juvenile salmonids are a common avoidance response to 

unfavourable winter conditions in summer rearing areas (Swales et al 1988; Tschaplinski and 

Hartman 1983; Bustard andNarver 1975; Chapman and Bjornn 1969; Bjornn 1971; Cederholm 

and Scarlett 1981). A decline in abundance of mainstem rearing juvenile chinook as the 

fall/winter season approaches has been described for many systems (Keefe et al. 1995; Swales et 
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al. 1986; Chapman and Bjornn 1969; Hillman et al. 1987; Everest and Chapman 1972), including 

four Upper Fraser tributaries (Slim, Torpy, Morkill, Holmes) (Rosberg et al. 1981), the Bowron 

and Willow Rivers (Murray et al. 1981), the Stuart River (Lister et al. 1981) and the Nechako 

River (Russell et al. 1983). The triggers for this exodus have been speculated to include declining 

temperature (Swales et al. 1986; Chapman and Bjornn 1969), reduction in flows and 

corresponding rearing space resulting in intensified social interactions (Rosberg et al. 1981; 

Edmundson et al. 1968), and lack of suitable over-wintering substrate (Bjornn 1971). 

It is doubtful that the density dependent theory would explain the emigration from the 

mainstem Torpy River since the densities were 14 times greater in the tributaries, and an exodus 

did not occur even though increased aggression and social interactions were observed. Further, 

Hillman et al. (1987) demonstrated that the fall exodus of juvenile chinook from the Red River, 

Idaho was not size related as would be expected if governed by intensified social interactions. 

It is also not possible to discount mortality as a potential explanation for the decline in 

abundance in the mainstem. Over-winter mortality of juvenile chinook in the mainstem Grande 

Ronde River, Oregon has been reported to be as high as 75%, compared to 47% over-winter 

survival in the tributaries of that system (Keefe et al. 1995). However, the exodus of juvenile 

chinook from the mainstem Torpy River occurred in late August when mortality would 

presumably be low. 

The absence of suitable large cobble substrate for overwintering is correlated to 

downstream migration of juvenile salmonids in Idaho streams, with emigration coincident with 

declining stream temperatures (Bjornn 1971). Bjornn (1971) tested other variables including 

decreased food supply and temperature change and was unable to establish either as the causative 

agent for emigration. Declining stream temperatures trigger juvenile chinook to seek out 

substrate crevices as overwintering habitat (Hartman 1965). Therefore, in the absence of suitable 
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substrate habitat, temperature may indirectly elicit downstream migration (Bjornn 1971). Hillman 

et al. (1987) reported juvenile chinook densities to decline 73 and 84% from summer levels 

during two fall/winter seasons, in an Idaho stream heavily embedded with sediment. Juvenile 

chinook salmon were first observed emigrating in late August when temperatures dropped below 

8 °C and peaked in October when stream temperatures were 4 °C (Hillman et al. 1987). This 

large population emigration was shown experimentally to be due to a lack of suitable substrate 

interstices for over-wintering due to extensive deposits of sediment, triggered by the onset of 

colder temperatures (Hillman et al. 1987). 

In the Torpy River, the most complete year of fish marking (1998) coupled with 

observations from snorkel surveys suggest that the peak emigration of mainstem individuals 

occurred prior to September, when the mean mainstem temperature, although decreasing towards 

the end of August, was well above 15 °C. This is consistent with findings from the Nechako and 

Stuart Rivers whereby the decline in abundance of juvenile chinook in the mainstem occurred 

from June to August (Lister et al. 1981; Russell et al. 1983). Water temperatures in the tributaries 

to the Torpy River were much colder than the mainstem, and were similarly declining in 

temperature, yet an exodus of juvenile chinook was not observed. Cold temperatures induce 

lethargy in fish, which can function as an impediment for fish escaping declining temperatures 

(Beitinger et al. 2000). The causal mechanism, triggering juvenile chinook to emigrate from 

mainstem rivers before the onset of winter conditions, likely occurs prior to declines in 

temperature, for obvious adaptive reasons, for this behaviour to have evolved. 

Unlike the findings of other researchers (Hillman et al. 1987; Chapman and Bjornn 1969), 

the exodus of juvenile chinook in the Torpy River was not coincident with temperatures less than 

8 0 C. The primary trigger causing juvenile chinook to emigrate from the Torpy River mainstem 

is likely sedimentation of the gravel/cobble substrate at summer low flows, which is supported 
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experimentally (Hillman et al. 1987), and was the biophysical difference between tributaries and 

the mainstem in August that accounts for juvenile chinook residency in the tributaries. 

Such proactive emigration, due to the degradation of over-wintering habitat in the 

mainstem, in anticipation of extreme cold temperatures yet months prior to the onset of those 

temperatures, is a remarkable legacy of evolution. Proactive emigration confers additive adaptive 

value, considering from a competitive perspective the earlier the emigration, the greater the 

probability of securing available over-wintering habitat elsewhere. Also, water temperatures (15 0 

C) during this early emigration are optimal for juvenile chinook swimming ability, of benefit for 

lengthy downstream migrations to suitable over-wintering habitat. The fall/winter exodus of 

stream type juvenile chinook from mainstem rivers has not been reported in coastal systems 

(Chapman and Bjornn 1969), which may be due to differences in hydrology, geology and climate, 

that collectively eliminate the trigger (sedimentation of substrate crevices) to downstream 

emigration. In general, coastal systems are higher energy and as a result of the higher gradient, 

larger substrate size, and frequent freshets, would not be subject to as extensive sedimentation. 

Further, coastal systems generally have a milder winter than interior systems, in terms of air 

temperature, which would cause juvenile chinook to have less dependence upon substrate crevices 

as refuge from anchor and frazil ice formation. The over-wintering period has been recognized as 

a limiting factor for salmonid production in many streams (Heifetz et al. 1986; Solazzi et al. 

2000; Bustard and Narver 1975; Tschaplinski and Hartman 1983). In northern interior watersheds 

the severity of winters, in conjunction with the extended freshwater rearing phase would be 

expected to elicit greater evolutionary pressure for alternative life history strategies, such as 

emigration from mainstem rivers or selection of groundwater controlled non-natal tributaries. 
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Alternate life history strategies 

The approach of the fall/winter season highlights three distinct life history strategies for 

juvenile chinook in the Torpy River watershed; over-winter in groundwater controlled tributaries, 

emigrate from the mainstem, or over-winter in the mainstem. The latter strategy was so 

unpopular that I will focus on the first two, which I will term "non-natal" strategy and 

"emigrate" strategy respectively. 

The survival benefits for juvenile salmonids over-wintering in non-natal tributaries has 

been well documented in other systems (Keefe et al. 1995; Bustard and Narver 1975; Hartman 

and Holtby 1982). Non-natal tributaries appeared to provide the highest habitat value for juvenile 

chinook in the Torpy River. Furthermore, individuals exhibiting the "non-natal" strategy may 

have a survival advantage, since behavioural disposition for selection of these habitats has 

adaptive value during downstream migrations, demonstrable by the fact that non-natal tributaries 

to the Fraser River provide critical refuge habitat to juvenile chinook from high suspended 

sediment levels (Scrivener et al. 1994). 

However, the fitness implications for juvenile chinook that emigrate downstream from 

their natal mainstem is largely unknown. Data from the Stuart River indicate that the majority 

(87%) of the juvenile chinook in the mainstem of this system emigrate with the onset of fall 

(Lister et al. 1981). It is reasonable to assume that a large proportion of the juvenile chinook in 

the Torpy River system similarly emigrate. Individuals that emigrate to the Fraser River, over

winter along the channel margins in substrate interstices, and do not exhibit growth if rearing 

above Hope (Levings and Lauzier 1991). Yet this scenario proposes an apparent paradox: If a 

significant proportion of juvenile chinook emigrate from their natal Upper Fraser tributaries, how 

do they manage to incur sustained growth throughout the winter such that a freshwater annulus in 
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returning adults is barely discernible (Tutty and Yole 1978; Rosberg et al. 1981)? I propose three 

possible explanations. 

Firstly, it is possible juveniles in the "emigrate" life history strategy sustain very high 

mortality, such that even though fewer select the "non-natal" life history strategy, these 

individuals disproportionately comprise the majority of returning adults that, upon scale analysis, 

indicate sustained growth occurred throughout the winter (Tutty and Yole 1978; Rosberg et al. 

1981). 

Alternatively, perhaps juveniles that emigrate incur sustained growth throughout the 

winter through selection of ground water controlled, non-natal tributaries of the Fraser River that 

confer the same benefits as their non-natal rearing cohorts enjoy in the Torpy River tributaries. 

Thus, in the Upper Fraser River, juveniles in the "emigrate" life history category may simply 

represent those individuals unable to secure stable groundwater controlled overwintering habitat 

in their natal stream and consequently emigrate downstream in search of groundwater controlled 

non-natal over-wintering opportunities. Considering that of the Pacific salmon, juvenile chinook 

are the least tolerant of cold temperatures (Brett 1952), and the positive correlation between 

greater size and cold tolerance (Brett 1952), sustained winter growth via selection of groundwater 

controlled tributaries has obvious adaptive value to the stream type race in northern interior 

systems subjected to long cold winters. Indeed, utilisation of non-natal tributaries of the Fraser 

River by juvenile chinook for refuge habitat has been documented (Scrivener et al. 1994; Murray 

and Rosenau 1989) and this strategy may be significantly more prevalent and critical to survival 

of the stream type race than previously thought. 

A third possibility is that juvenile chinook emigrating from Upper Fraser River tributaries 

incur sustained over-winter growth by extensive fall/winter migrations to the lower Fraser River, 

below Hope, where over-winter growth has been documented (Levings and Lauzier 1991). 
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However, this theory seems insufficient to account for the substantial numbers emigrating from 

the Upper Fraser River, considering that during winter, juvenile chinook density in the Fraser 

River increases progressively with distance upstream (Levings and Lauzier 1991). 

Levings and Lauzier (1991) theorized that the reason juvenile chinook density increases 

with distance upstream in the Fraser River during winter, was due to either improved rearing 

conditions or closer proximity to the spawning grounds. I suggest these authors latter theory is 

more applicable, yet for reasons contradictory to the former. As distance along the Fraser River 

increases, primarily in the northward direction, the moderating oceanic influence on climate 

decreases (Swales et al, 1986), elevation increases, and winter temperatures become colder, with 

greater frazil and anchor ice formation; conditions which appear worse for over-winter survival 

rather than improved. As distance increases along the Fraser River, natal streams are exposed to 

increasingly harsh winters, and become less hospitable to over-wintering juvenile chinook. 

Emigration from natal systems likely evolved in direct response to severity of winter conditions, 

which results in greater densities of juvenile chinook in the Fraser mainstem as distance increases 

upstream. Corroborating evidence is provided in the fact that the "emigration" over-wintering 

strategy is only described in northern, interior systems subject to long, cold winters and not 

coastal watersheds (Bjornn 1971; Everest and Chapman 1972; Chapman and Bjornn 1969; 

Hillman et al. 1987; Rosberg etal. 1981; Swales et al. 1986; Murray etal. 1981; Lister et al. 

1981; Russell et al. 1983). Chinook display one of the most diverse life history patterns of all the 

Pacific salmon species (Miller and Brannon 1981). The "non-natal" over-wintering strategy may 

represent yet another layer of variation exhibited by the stream type race. 

Forest Harvesting Implications 

Non-natal tributaries to the Torpy River are among the smallest of streams that have been 

assessed for juvenile chinook habitat utilisation (Bradford et al. 2001). Small streams have the 
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least resiliency to human impacts and are also afforded the least protection from forestry activities 

(FPC 1995). The fact that these same small streams provide the highest habitat value to juvenile 

chinook underscores the importance for natural resource managers to significantly elevate habitat 

protection of these systems. 

Other researchers have documented that long term physiological indices of growth were 

highest in juvenile chinook rearing in unlogged tributaries than those captured from the mainstem 

or from logged tributaries in the Torpy River, even though logged tributaries were warmer 

(Shrimpton et al. 1999b). This provides additional evidence that un-logged tributaries are the 

highest value habitats. In contrast, rainbow trout in logged tributaries in northern, interior British 

Columbia displayed greater growth than those in un-logged tributaries (Mellina 2002). Rainbow 

trout have a wider thermal tolerance than juvenile chinook (Reiser and Bjornn 1979; Lee and 

Rinne 1980), which may explain this difference. 

Removal of riparian vegetation on streams in areas with average winter air temperatures < 

0° C can result in a depression of winter stream temperatures (Mitchell 1999; Brownlee et al. 

1988; Beschta et al. 1987; Anderson et al. 1997; Rishel et al. 1982), although exceptions have 

been documented (Macdonald et al. 2003). Post-forest harvesting stream temperatures declined 

up to 2° C in Slim Creek, northern interior British Columbia (Brownlee et al. 1988). In fact, 

experimental manipulations to riparian zones in the Torpy River watershed demonstrated that 

forest harvesting resulted in decreased mean stream temperatures relative to un-logged streams 

(Shrimpton et al. 1999a&b). This is of particular concern in the Torpy River, since one of the 

reasons tributaries offer the highest habitat value is because they are cooler in the summer and 

warmer in the winter than the mainstem. Alterations to this thermal regime by even a couple of 

degrees could eliminate one of the advantages of rearing in non-natal tributaries, compromise the 
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survival of populations selecting this "non-natal" over-wintering strategy, and perhaps jeopardize 

the persistence of this life history trait. 
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Torpy River * 

tributary 

sidechannel 

Figure 2.0. Diagram representing the three macrohabitats (mainstem, tributaries, side-channels) 
in the fish sampling program. 
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Figure 2 . 1 . Mean density of predators and competitors of juvenile chinook in each 
macrohabitat (A) in 1998 and in the mainstem (B) from June 12 to October 23, 1998 (n =4). Error 
bars represent ± 1 SE. The SE for the density of chinook in tributaries that extends off the chart is 
±0.19. 
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Figure 2.2. Mean (daily) and maximum water temperatures in the mainstem and mean 
temperature of tributaries of the Torpy River, July 1996 - October 1998. 
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June July August September October November 

Figure 2.3. Mean monthly suspended sediment concentration in each macrohabitat pooled for 
1997 and 1998. Error bars represent ± 1SE. The SE for side-channels in September that extends 
off the graph is ± 153.3. Means are based on daily means in the mainstem and weekly means in 
tributaries and side-channels. 
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Figure 2.4. Mean fork length of age 0+ (A) and 1+ (B), mean mass of age 0+ (C) and 1+ (D), and 
mean CPUE of age 0+ (E) and 1+ (F) juvenile chinook captured in 1997 and 1998, pooled 
seasonally and annually. Error bars represent ± 1 SE. Bars with similar letters did not differ. 
Note that "all dates" and "seasons" were analysed seperately and thus cannot be contrasted. 
Missing side-channel bars in the 1+ graphs are because this age class was never captured. Al l 
other missing bars indicate a zero value. Means are based on weekly values. 
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Figure 2.5. Mean growth rates of age 0+juvenile chinook for 1997 and 1998, pooled annually 
and seasonally for different macrohabitats. Error bars represent ± 1 SE. The SE for the side-
channel in fall/winter that extends off the graph is ± 2.2. Bars with similar letters did not differ 
(see figure 2.4. for details). 
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CHAPTER 3: EXPERIMENTAL FIELD MANIPULATIONS OF SUSPENDED 
SEDIMENT CONCENTRATIONS IN TRIBUTARIES AND SIDE-CHANNELS 

INTRODUCTION 

Suspended sediment in streams has been identified as the "greatest single water pollutant" 

by the U.S. Environmental Protection Agency (Downing 1980). Elevated concentrations can 

cause serious impacts to all trophic levels in aquatic ecosystems. The United Nation's European 

Inland Fisheries Advisory Commission (EIFAC 1964) concluded fish production would be 

diminished in waters containing 25 - 80 mg/L of suspended sediment and waters in excess of 80 

mg/L were unlikely to support good fisheries. Suspended sediment is a broad spectrum pollutant 

(Langer 1980) that can directly affect juvenile salmonids, either behaviourally or physiologically, 

or indirectly through alterations of habitat. 

Suspended sediment can affect fish habitat through decreased light attenuation (Lloyd et 

al. 1987), and smothering or scouring of periphyton (Langer 1980), both of which result in 

reduced photosynthesis causing a decrease in primary production (Anderson et al. 1996). As a 

result, less food may be available for primary consumers such as macro-invertebrates. Macro-

invertebrate abundance can also be reduced as a direct result of suspended sediment, through 

scouring, or smothering food availability for salmonids (Cordone and Kelly 1961; Langer 1980; 

Lloyd 1987; Lloyd et al. 1987). Invertebrate drift patterns may also be altered which can affect 

their survival as well (Cordone and Kelly 1961; Langer 1980). Fish can be directly affected by 

suspended sediment as substrate interstices get filled eliminating substrate cover habitat (Langer 

1980). Juvenile chinook survive harsh winter conditions by entering substrate crevices (Bjornn 

1971; Edmundson et al. 1968). Bjornn (1971) reported that the absence of cobble substrate 

resulted in emigration of juvenile salmonids whereas they over-wintered when cobble substrate 

was available. The effect of substrate embeddedness on densities of juvenile chinook has been 
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examined experimentally during winter (Hillman et al. 1987). Additions of clean substrate to an 

Idaho stream heavily embedded with sediment, resulted in a nine-fold increase in densities of 

juvenile chinook. Hillman et al. (1987) concluded that juvenile chinook were forced to either 

emigrate or utilize over-wintering habitat that was prone to ice-scouring, as fine sediments had 

filled the interstitial spaces of the substrate. In a more general sense, suspended sediment can 

cause a reduction in rearing habitat availability by gradually filling in pools and reducing the area 

for feeding and refuging (Langer 1980). Lastly, substrate embeddedment can also negatively 

impact eggs and alevins by trapping emerging fry and/or impairing gas exchange (Langer 1980). 

Avoidance is one of the first behavioural responses exhibited by salmonids to suspended 

sediment (Servizi and Martens 1992; Bisson and Bilby 1982; McLeay et al. 1987; Birtwell 1999). 

Avoidance of unfavourable conditions has obvious adaptive value; however, if it leads to 

displacement to sub-optimal habitats it can result in fitness consequences for juvenile salmonids 

such as decreased growth or increased predation. 

Suspended sediment can be a major contributor to turbidity resulting in a loss of light 

transmission due to absorption or scattering (Waters 1995). Salmonids are visual predators, thus 

changes in turbidity can affect salmonid feeding ability (McLeay et al. 1987; Noggle 1978; Berg 

and Northcote 1985). Feeding is a fundamental requirement for energy acquisition and growth for 

fish, therefore impaired feeding has direct fitness implications. 

Pulses of suspended sediment have been documented to disrupt dominance hierarchies in 

juvenile coho salmon (Berg and Northcote 1985). Linkages between territoriality, densities and 

size of stream dwelling salmonids are well established (Chapman and Bjorrn 1969; Kalleberg 

1958; Allen 1969; Chapman 1962; Hartman 1965; Dill 1978; Puckett and Dill 1985) therefore 

chronic disruptions to social hierarchies may have consequences to fish abundance, distributions 

and fitness (Berg and Northcote 1985). 
51 



Exposure to suspended sediment can elicit sub-lethal stress responses in fish, manifested 

in multiple physiological effects including impaired growth, histological changes to gill tissue, 

alterations in blood chemistry and an overall decrease in resistance to disease and additional 

stressors (Anderson et al. 1996; Redding et al. 1987; Servizi and Martens 1987). Suspended 

sediment can cause abrasions to sensitive gill tissue triggering fish to respond with increased 

mucus secretion (Langer 1980). At high suspended sediment concentrations, particles can stick to 

the mucus in sufficient quantity causing respiratory distress and even suffocation (Langer 1980), 

and this gill irritation induces a coughing response (Noggle 1978). 

Sub-lethal effects of suspended sediment on juvenile salmonids have never been examined 

in field experiments. Extensive field research has been conducted investigating the impacts of 

sediment on egg and fry survivorship (Hartman and Scrivener 1990; Cederholm et al. 1981; 

Meehan 1991; Everest et al. 1987; Chapman 1988). Research focusing on the sublethal effects of 

suspended sediment and turbidity on fish behaviour and physiology has primarily concentrated on 

laboratory experiments and artificial streams (Bisson and Bilby 1982; Gregory 1993,1994; Waters 

1995; Redding et al. 1987; Berg and Northcote 1985; Ginetz and Larkin 1976; Sigler et al. 1984; 

Noggle 1978; Servizi and Martens 1992,1991; Servizi and Gordon 1990; McLeay etal. 1987). 

Although valuable for providing insights to causal relationships between characteristics of fish 

habitat and effects on fish, they generally lack ecological realism (Adams 1990). 

In this chapter, I conducted experimental field manipulations to suspended sediment 

concentrations on small tributary streams and side-channels of the Torpy River, a snowpack 

dominated interior system in northern British Columbia (see Chapter 1 for study site description). 

Forest harvesting activities are prevalent in the Torpy River. Forest harvesting can cause changes 

to suspended sediment inputs (Meehan 1991). I simulated increases in suspended sediment 

concentrations, to mimic those induced by forest harvesting activities and quantified their 
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biological effects on juvenile chinook salmon. These experiments enabled the isolation of other 

variables associated with forest harvesting which often generate confounding effects (i.e. 

increased light, altered hydrology, altered habitat diversity, etc.) on fish populations. 

I predict that sediment additions will cause increases in stress levels in juvenile chinook as 

assessed by whole body tissue Cortisol concentrations, and that these responses will be most 

pronounced in tributary rearing individuals, since acclimation to elevated suspended sediment 

levels is likely greater in side-channel fish because of naturally higher levels of suspended 

sediments. I further expect that sediment additions will result in increased movement indicating 

an avoidance response by juvenile chinook. Because side-channels are the lowest value habitats 

(see Chapter 2), avoidance may be most pronounced in side-channels. I also predict that sediment 

additions will result in decreased foraging in tributaries but increased foraging in side-channels. 

Predators are considerably more prevalent in side-channels compared to tributaries (see Chapter 

2). Therefore, I postulate that under the cover of turbidity, anti-predator behaviours would 

subside, and side-channel fish would forage more (Gregory and Northcote 1993; Gregory and 

Levings 1998; Gregory 1993,1994). Sediment additions may result in disruptions to social 

systems (assessed by levels of aggression, fleeing and yawning) and I expect the greatest effects 

to be seen in tributaries due to the higher density of juvenile chinook rearing there (Chapter 2). 
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METHODS 

I used three tributaries and one side-channel as sites for the experiments. The tributary 

experiment consisted of four trials which were conducted in 1997 and 1998; the side-channel 

experiment consisted of two trials which were conducted in 1998 (see Figure 3.0a for an example 

of a side-channel and tributary). Sediment additions were pulsed to simulate the type of exposure 

that fish in watersheds subjected to forest harvesting are most likely to encounter (Berg and 

Northcote 1985; Scrivener 1988; Scrivener and Brownlee 1989; Waldichuk 1993). The duration 

of each experiment was approximately three hours and 30 minutes, divided into a pre-sediment 

phase (1 hr.), a sediment phase (1.5 hrs.) and a post-sediment phase (1 hr.). Discharge was 

measured by flow meter and measuring tape according to standard methodology (RIC 1997; 

Schuett-Hames et al. 1994) prior to each trial. 

Channel widths of the tributaries ranged from 1 to 2.5m and share similar habitat 

characteristics. Tributaries flowed in a southerly direction, had a low gradient (1-2%), had a 

substrate composition of 70% fines and 30% gravels, and abundant cover in the form of undercut 

banks, over-hanging vegetation, deep pools and woody debris. Channel width of the side-channel 

was approximately 3.5 m. It connected to the mainstem and flowed freely at the time of both 

experiments. The side-channel was characterized by low velocity glides and deep pools with a 

substrate composition of 100% fines. Cover was limited to overhanging vegetation, deep pools 

and the occasional piece of woody debris. The tributary and side-channel riparian had never been 

logged. 

Homogeneous sections of tributaries and side-channels, approximately 100 metres in 

length, were selected each containing a minimum of two sets of pools, riffles, and glides. 

Enclosure nets (1 mm mesh) were installed at the downstream and upstream end of each section 

as well as one in the centre, resulting in two, 50 m, isolated sections. The upstream section was 
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identified as the control and the downstream section was the treatment (Figure 3.0b). The fact 

that control sections were located immediately upstream from experimental sections ensured 

similar physical stream reach characteristics and fish population characteristics (species 

abundance, distribution, etc.). A series of three weirs that extended approximately 90% across the 

wetted channel on a downstream angle of 30 degrees were installed at each end of the control and 

treatment sections (Figure 3.0b). Two-way weirs trapped fish that moved into these areas 

enabling the assessment of upstream and downstream movement direction. 

Twelve temperature data loggers (Onset instruments) were deployed at 10 m intervals in 

the side-channel and tributary sites. Loggers recorded temperature every five minutes. Four 

video cameras (Citizen model JSS 1012C) housed in dark green, waterproof, aluminum housings 

(approx. dimensions: 50mm x 105mm) with Lexan lids for optical clarity were used to observe 

fish behaviour. In both the treatment and control sections one camera was positioned at mid-

channel and aimed downstream and another was positioned at the stream margin, aimed towards 

mid-channel, perpendicular to flow (Figure 3.0b). Sections of 1 cm diametre PVC pipe, marked 

at 5 cm intervals, were installed upright in the substrate in the field of view of the underwater 

cameras. The pipes functioned as reference points to ensure that the field of view was the same 

area (generally lm x lm), in both side-view and frontal view cameras, as well as between 

treatment and control sections. Two, 25.4 cm, black and white monitors (Citizen model JSS 

1012M) contained in rainproof Lexan housings, tinted to eliminate sun glare, were used to display 

images which were recorded by two VHS video recorders (Sanyo model VHR-H607), also in 

Lexan housings. The underwater video cameras and recording system were powered by a Honda 

variable speed generator. 
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Experimental Procedures 

One litre water samples were taken every 15 minutes in both the control and treatment 

sections during each phase of the experiment and analysed in the lab for suspended sediment 

concentration by filtration (mg/L). Turbidity was measured in the treatment section during all 

phases of the experiments by a nephelometric turbidity probe (Analite NEP 190) set to take 

readings at five second intervals and averages every five minutes. Turbidity data were recorded 

in units of NTU by a Starlogger data logger (Model 3.08). The relationship in natural streams 

between the concentration of suspended sediment (mg/L) to turbidity (NTU) varies depending on 

the nature of the material in suspension, but is generally considered to be approximately 3:1 

(Birtwell 1999). However, caution must be exercised in converting NTU to mg/L, since this ratio 

has been shown to vary as widely as 1:1 to 5:1 (Lloyd 1987; Lloyd et al. 1987), I present my 

results in mg/L; however, the conversion ratio serves comparative value when discussing my 

results with those in the literature that have used NTU. 

Fish numbers (as an indicator of movement) were recorded at each of the four weirs 

(upstream and downstream treatment, upstream and downstream control) every 15 minutes during 

each of the pre-sediment, sediment, and post-sediment phases. The number of fish moving both 

upstream and downstream in each section (treatment and control) were pooled within each 

experimental phase and termed "total number moving". Simultaneous underwater video 

recordings of fish behaviour in the treatment and control sections were taken continuously during 

all phases of the experiments. Samples of juvenile chinook (n=6-10 from each site) were taken by 

electroshocking, during the pre-sediment phase in the control section (netted), and upstream of the 

control section (un-netted) to determine the influence of the net on acute stress. Fish were snap 

frozen on dry ice (< 60 sec.) for laboratory whole body Cortisol analyses. 
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The pre-sediment phase lasted approximately one hour. Sediment additions were made in 

a pulsed fashion (5 min on, 5 min off) by disturbing the substrate with a length of rebar at a 

constant rate (see Figure 3.0b for the location of sediment additions). By pulsing sediment, I was 

able to observe behaviour during the clear water phase between the pulses. Additions of sediment 

were made in the middle of the treatment section so that upstream and downstream movements 

would be perceptible. The sediment phase lasted approximately 1.5 hours, at which time lethal 

sampling of juvenile chinook (n=6-10/site) occurred in the control and treatment. During the one 

hour post-sediment phase, suspended sediment, turbidity, fish movement and behaviour data were 

collected. 

In the 98/08/02 side-channel trial, blood plasma (ng/ml) was extracted from caudal arteries 

in microhematocrit tubes and centrifuged (5 min) in the field as an alternative means of assessing 

Cortisol levels due to a shortage of dry ice. Because of the different techniques and experimental 

units, acute levels of juvenile chinook Cortisol concentrations could not be statistically compared 

between side-channel experiments. 

Data Extraction 

To save time during field experiments, I froze fish whole rather than extract blood plasma 

for analyses of Cortisol levels. Whole body Cortisol levels from lethally sampled juvenile chinook 

were assessed in the laboratory. After capture, fish (ranged in mass from 0.41 to 6.36 g) were 

transferred from dry ice to a -80 °C freezer. Frozen fish were ground into powder using a mortar 

and pestle in a slurry with liquid nitrogen which was then evaporated off. Distilled water, 300 ul, 

was added to each sample which was then disrupted by ultrasonication for one minute (B. Braun 

Biotech, Braun-Sonic L, Allentown, PA, 18103). Five millilitres of diethyl ether was added to 

samples which were mixed then centrifuged at 1000 g for 5 min. The water component was 
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frozen in liquid nitrogen and the ether decanted. Samples were then re-extracted and the ether 

fractions combined. Ether was evaporated under a stream of nitrogen gas. Following complete 

evaporation of ether, 2 ml of phosphate buffered saline (1.5 mM KH2PO4, 2.7 mM Na2HPO"4, 150 

mM NaCl, pH 7.4) containing 2% bSA (bovine serum albumin) was added to samples which were 

kept at 4 °C and vortexed frequently for 2 h. Cortisol concentrations were determined by 

radioimmunoassay using 1 2 5I (Diasorin, Stillwater Minnesota, 55082-0285). Efficiency of 

extraction was determined from spiking paired samples with Cortisol and was found to be 92 to 

95%. Whole body Cortisol is expressed as ng/g tissue. 

Information on the following behaviours were transcribed from the video tapes: feeding 

attempts, coughing, aggression, yawning, fleeing, fish numbers, and fish minutes. These 

behaviours, which are described in detail below, were selected because they were quantifiable, 

repeated across treatments, were readily identifiable, and were biologically relevant for sediment 

exposure studies. In all cases, frequencies of behavioural activities were recorded. Time 

constraints limited the ability to extract duration, intensity or pattern of behavioural activities. 

Feeding attempts were defined as the number of foraging attempts per minute. The high 

resolution of the cameras enabled the observation of individual prey items. Feeding attempts 

consisted of a rapid opening and closing of the mouth for a potential prey item and often 

coincided with a change in orientation in the water column, or small movement to capture a prey 

item. Foraging success was not quantified. 

Coughing was defined as the backward propulsion of water across the gills to displace 

obstructions (e.g. sediment), and was readily identified by excessive flaring of the operculum, 

gaping mouth and rapid spasm of the buccal cavity. Displaced items were often observed during 

this activity, as was a small forward movement of the fish (Berg and Northcote 1985). 
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Aggression was defined as any agonistic behaviour directed toward another fish, which 

included chasing, nipping, and charging (Hartman 1965; Chapman 1962). Yawning was defined 

as the protracted and excessive gaping of the mouth, and was easily distinguishable from feeding 

due to an absence of a potential prey item, a lack of any change in position or orientation in the 

water column, and a very protracted and excessive gaping of the mouth. Fleeing was defined as 

evasive behaviour, most often displayed in response to another aggressive individual. Fleeing fish 

were displaced from their territory or previously occupied position either temporarily or 

permanently. 

The number of fish observed per sampling period was recorded. Fish moving in and out 

of the field of view were not considered to be different fish; however, this variable provides an 

indication of activity level. Fish were not marked due to their small size for many of the 

experiments (<5.0 cm), and to prevent artificially altering behaviour as a result of marking. 

The frequencies of extracted behaviours were divided by the time observed to provide a 

frequency of behaviour per minute that could be compared between different sections and phases 

of experiments. The total time that each fish was in the field of view in each section (treatment, 

control) was summed for each phase of the experiment (pre-sediment, sediment, post-sediment) to 

provide an accumulated time. This was divided by the sample period time to provide an estimate 

of equivalent number of fish viewed per minute, termed "fishmin". 

A systematic random approach was used to extract behavioural data from the underwater 

video recordings. Each phase of every experiment was divided into ten equal time intervals for a 

total of 30 intervals in the control recording(s) per experiment and 30 intervals in the treatment 

recording(s) per experiment (Figure 3.1.). Considerable deliberation and effort was taken to 

determine the appropriate sampling approach to extract data from each interval. A test was 

completed whereby, behavioural data were extracted continuously from a 16.3 minute segment of 
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video footage, and the frequencies of behaviour were calculated and treated as true frequencies. I 

extracted replicate samples from this segment of different fixed times (1 min 38 seconds, 2 min 30 

seconds, and 4 min 8 seconds) starting from randomly generated times within the segment. The 

percentage deviation of the behavioural means extracted from each different fixed sampling time 

was compared to the true values. All of the means were well within 1 SD of the true values, and 

since the 1 min 38 second fixed sample time was >97% of the true values it was decided to 

proceed with that sample time which would allow more replicates. Due to the time consuming 

nature of data extraction it was estimated that the number of intervals would have to be reduced 

from 10 per phase, to 5 per phase, if a longer sample time was chosen. Indeed, Zinner et al. 

(1997) similarly documented that many short sampling periods are better than a few long ones, to 

ensure data accuracy in behavioural sampling. 

Fish behaviours were only recorded if they were completely contained within the sample 

period. Behaviours that began prior to, or ended after a particular sample period, were not 

recorded. Data extraction during the sediment phase required many randomly generated times to 

result in a sample that occurred between sediment pulses. Sample periods that occurred during a 

pulse were not recorded and another random time was generated, unless the PVC rulers defining 

the field of view were visible. 

DATA ANALYSIS 

All data were visually inspected for normality and homogeneous variances. Cortisol and 

behavioural data were natural log transformed to minimize the effects of heterogenous variances. 

Trials were treated as replicates thus data were consolidated within each of the experiments to 

provide single response variables. For each trial that stress was measured I calculated a contrast 

estimate (CE) from the log transformed mean Cortisol concentrations as follows: CE = (Control -
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Treatment). The contrast estimate was regressed against the suspended sediment concentration. I 

used univariate ANOVAs to analyse Cortisol data and two-way, repeated measures ANOVAs for 

movement data. The factors in the models included the effect of time (pre-sediment, sediment, 

post-sediment), location (control, treatment), a statistical block for the effect of individual 

streams, and the effect of the day on the response variable; The effect of the day of the 

experiment is used to control for many different effects that vary over different experiment dates 

and cannot be considered constant over all dates, such as ambient water temperature, ambient air 

temperature, UV radiation, etc. Bonferroni multiple range tests were used to determine which 

response variable means differed (i.e. pre-sediment, sediment, post-sediment). Least square 

means (LS Means) were used to calculate means for a posterior contrasts. To determine the 

directionality of movement (upstream or downstream), Chi-Square tests were used to test the 

independence of the upstream and downstream variables in the control and treatment sections. 

Behavioural data were analysed using a Poisson process to compare response variables among 

experiments because these data were not normally distributed due to the large number of zeros in 

the variables. Al l tests were considered to be significant to a P < .05. Descriptive statistics 

(mean, +/- 1 SE) were used to describe the side-channel Cortisol results due to lack of replicates. 

RESULTS 

Suspended Sediment additions 

Suspended sediment additions differed on each experimental date. In tributaries, sediment 

addition concentrations ranged from 209.97 mg/L to 1335.96 mg/L and averaged 601.75 mg/L 

(SE = 252.76), 531.55 mg/L (SE = 207.99) and 611.95 mg/L (SE = 247.64) for stress, movement 

and behaviour variables respectively. Mean suspended sediment concentrations varied for each 

response variable since not all variables were measured in each experiment. The mean 
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background suspended sediment concentration for all tributary experiments was 4.12 mg/L (SE = 

0.59) in the control sections. Side-channel sediment additions resulted in a mean concentration 

of 2797.72 mg/L (SE = 676.37) compared to a mean background suspended sediment 

concentration of 11.5 mg/L (SE = 2.69) in the controls. The mean discharge during tributary 

experiments was 0.0512 m3/s (SE = 0.0166) and 0.0077 m3/s (SE = 0.0007) in side-channel 

experiments. 

Stress 

In the tributary sediment experiments I found no differences in mean Cortisol 

concentrations between netted and un-netted sections (ANOVA, F = 0.07; df = 1,1.92; P = 

0.8131) or between control and treatment phases (F = 1.53; df = 1,3; P = 0.3045). The variation 

attributed to the date factor (0.4529) was very high compared to the residual (0.1719) in the 

control versus treatment analysis. Date is inextricably confounded with suspended sediment 

concentration and therefore I could not incorporate sediment concentration as a covariate. The 

considerable variation attributed to date suggests that strength of the sediment addition may be 

influencing the response variables. Indeed, the trial with the highest suspended sediment 

concentration resulted in the largest relative increase in Cortisol concentration from control to 

treatment (Figure 3.2.). Trials with the second and third highest suspended sediment 

concentrations had the second and third largest Cortisol responses respectively (Figure 3.2.). I 

regressed the contrast estimate against the sediment concentration and found a positive linear 

relationship (Figure 3.3.) that explained 92% of the variation (ANOVA; df = 1,2; F = 22.84; P = 

0.0411). Increasing sediment concentrations reveals a decline in the contrast estimate, or simply 

stated larger sediment additions resulted in larger stress responses. 
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The 98/08/02 side-channel trial had a mean suspended sediment concentration of 1544.67 

mg/1 (SE = 179.13) during the sediment phase, compared to 5.00 mg/1 (SE = 0.83) in the control 

section. Ambient water temperature was 23 °C during this trial. Lethal samples were not taken 

from the netted control section prior to the experiment because of a shortage of capillary tubes 

and cryotite in the field (Figure 3.4a.). The 98/08/16 side-channel trial had a mean suspended 

sediment concentration of 4050.78 mg/L (SE = 827.75) in the treatment section; the control 

section had a mean suspended sediment concentration of 15.21 mg/L (SE = 3.52). Ambient water 

temperature was 17 °C. Lethal sampling of juvenile chinook in the 98/08/16 side-channel trial 

indicated elevated mean concentrations of whole body Cortisol in the treatment section (Figure 

3.4b.). 

Behaviour 

Movement 

In tributary trials I found no differences in total number moving among time periods 

(Repeated Measures ANOVA, F = 0.45, df = 2, 10, P = 0.6513), or between locations (F = 4.76, 

df = 1,10, P = 0.0541). There was no interaction between time and location (F = 0.54, df = 2,10; 

P = 0.5985) (Figure 3.5a.). Total number moving in side-channel trials differed among time 

periods (Repeated Measures ANOVA, F = 102.92, df = 2,2.01, P = 0.0095) and between locations 

(F = 325.04, df = 1, 2.09, P = 0.0025). The interaction between time and location was significant 

(F = 115.91, df = 2,2.03; P = 0.0082). Compared to pre-sediment movement, total number 

moving was elevated over five times in the sediment phase (Bonferroni, P = 0.0045) and over 

eight times in the post-sediment phase in the treatment sections (Bonferroni, P = 0.0013) (Figure 

3.5b.). Total number moving also differed between the sediment phase and post-sediment phase 

in treatment sections (Bonferroni, P = 0.0175). In control sections, total number moving did not 
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differ among any of the experimental phases (Bonferroni, pre-sediment vs. sediment P = 0.6734; 

pre-sediment vs. post-sediment P = 0.9476) (Figure 3.5b.). In terms of directionality, in side-

channel trials approximately 72% of the juvenile chinook (n = 74) in the treatment sections moved 

in the upstream direction and 28% moved downstream whereas 50% (n = 32) in the control 

sections moved upstream and 50% moved downstream (%2 = 4.596, df = 1, P = 0.032). 

Coughing 

In tributary trials, the mean frequency of coughing per minute differed between locations 

(Poisson, x 2 = 18.99, df = 1, P < 0.0001) and among time periods ( x 2 = 11.06, df = 2, P = 0.004). 

There was no interaction between location and time ( x 2 = 0.04, df = 2, P = 0.9783). Coughing 

was greater in treatment sections compared to control sections ( x 2 = 14.80, df = 1, P = 0.0001) 

(Figure 3.6.). Coughing increased over four times between pre-sediment and sediment phases ( x 2 

= 6.75, df = 1, P = 0.0094), but did not differ between pre-sediment and post-sediment phases ( x 2 

= 0.47, df = 1, P = 0.4946), nor between sediment and post-sediment phases ( x 2 =2.17, df = 1, P 

= 0.1406) (Figure 3.6.). The variation attributed to date was several times larger than the residual 

variation. This suggests that the coughing response varied depending on the suspended sediment 

concentration which ranged widely on the different experimental dates. 

Feeding 

In tributary trials, mean feeding attempts per minute differed between locations (Poisson, 

X 2 = 7.35, df = 1, P = 0.0067) but did not differ among time periods ( x 2 = 4.43, df = 2, P = 

0.1091). The interaction between location and time was significant ( x 2 = 20.20, df = 2, P < 

0.0001) (Figure 3.7.). In control sections, feeding did not differ between pre-sediment and 
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sediment phases ( x = 2.35, df = 1, P = 0.1255), sediment and post-sediment phases ( x = 0.27, 
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df = 1, P = 0.6041), or pre-sediment and post-sediment phases (%2 = 0.47, df = 1, P = 0.4927). In 

treatment sections, feeding increased nearly two times between pre-sediment and sediment phases 

( X = 15.77, df = 1, P < 0.0001) and two times between pre-sediment and post-sediment phases 
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( X = 8.58, df = 1, P = 0.0034), but did not differ between sediment and post-sediment phases ( x 

= 0.07, df = 1, P = 0.79) (Figure 3.7.). 

Yawning 

In tributary trials, mean yawning per minute did not differ between locations (Poisson, %2 

= 0.00, df = 1, P = 1.00) but did differ among time periods ( x 2 = 7.12, df = 1, P = 0.0285). There 

was no interaction between time and location ( j 2 - 4.03, df = 1, P = 0.1335). Yawning differed 

between pre-sediment (0.036/minute) (SE = 0.032) and sediment phases (0/minute) (SE = 0) ( x 2 

=131.01, df = 1, P O.0001), but did not differ between sediment to post-sediment phases 

(0/minute) (SE = 0.022) ( x = 0, df = 1, P = 1.000), or between pre-sediment and post-sediment 

phases ( x 2 = 0, df = 1, P = 0.9999). 

Aggression and Fleeing 

In tributary trials, I found no differences in aggression per minute between locations 

(Poisson, x 2 = 0.01, df = 1, P = 0.9298), or among time periods ( x 2 =4.17, df = 2, P = 0.1244). 

There was no interaction between time and location ( x = 2.25, df = 2, P = 0.3252). Similarly, 

fleeing per minute did not differ between locations ( x 2 = 0.08, df = 1, P = 0.7816), or among time 
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periods ( x = 3.21, df = 2, P = 0.2008). There was no interaction between location and time ( x -

2.17, df= 2, P = 0.3372). 
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Fishmin and Total fish 

In tributary trials, I found no differences in fishmin between locations (ANOVA, F = 1.87, 

df = 1,14.1, P = 0.1934), or among time periods (F = 0.34, df = 2,14.1, P = 0.7191). There was no 

interaction between time and location (F = 0.31, df = 2,14.1, P = 0.7395). Total fish observed in 

tributary trials did not differ between locations (F = 2.01, df = 1,14.3, P = 0.1775) or among time 

periods (F = 1.18, df = 2,14.3, P = 0.3362). There was no interaction between location and time 

(F = 0.03, df = 2,14.3, P = 0.9713). Analyses of behavioural data were not completed for side-

channel trials because the high suspended sediment concentrations precluded adequate data 

extraction from the sediment and post-sediment phases. 

DISCUSSION 

Stress 

The stress response in the tributary sediment experiment was consistent with my 

prediction and other studies. Suspended sediment concentrations ranging between 500 to 1500 

mg/L have caused alterations in blood chemistry of salmonids, indicative of sub-lethal stress 

(Servizi and Martens 1992, 1987; Redding et al. 1987). Sub-lethal acute stress responses in fish 

can also occur at very low concentrations of suspended sediment. Arctic Grayling exposed to 50 

mg/L of suspended sediment for 1 - 4 days exhibit a stress response (McLeay et al. 1987). My 

study suggests that short exposures of suspended sediment can also induce stress responses. 

Fish in the first side-channel trial were very stressed. The treatment plasma Cortisol 

concentration was several times higher than juvenile coho subjected to severe, prolonged handling 

stress (Sumpter et al. 1986; Olla et al. 1992). However, it is impossible to say how much was 

attributable to the sediment manipulation versus the net design. In addition, stress levels were 

high prior to any influence of the experiment (net or sediment), since the un-netted control plasma 
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concentration was over eight times greater than typical basal rates reported for juvenile salmonids 

(Sumpter et al. 1986; Fagerlund et al. 1995). High water temperature likely contributed to this 

stress response, clouding the influence of the sediment additions. Indeed, in the Fraser River 

system, sediment sensitivity in salmonids has been reported to be temperature dependent (Servizi 

and Martens 1991). The second side-channel trial had a lower ambient water temperature which 

likely did not similarly confound this experiment. The sediment concentration was greater in this 

trial, and resulted in approximately a doubling of the tissue Cortisol concentration compared to 

control values. 

Stress has been defined as "the sum of all the physiological responses by which an animal 

tries to maintain or re-establish a normal metabolism in the face of a physical or chemical force" 

(Selye 1950). When a biotic or abiotic challenge extends the homeostatic process of fish beyond 

the point of coping, stress occurs (Anderson et al. 1996). Elevated Cortisol, indicative of stress, is 

an endocrine response invoked by trauma (Barton and Toth 1980), that in turn evokes secondary 

effects on metabolic processes. Elevated Cortisol is beneficial to fish during times of trauma, 

since it facilitates increased swimming ability and other behavioural processes (Olla et al. 1992). 

However, chronic exposure to sub-lethal stress can result in substantial metabolic costs, among 

other consequences. 

The sediment experiments simulated a one time sedimentation event typical of forest 

harvesting activities (Berg and Northcote 1985; Scrivener 1988; Scrivener and Brownlee 1989; 

Waldichuk 1993). Many of the acute stress responses I measured could become chronic because 

increases in suspended sediment concentrations from forest harvesting are generally not a one 

time event (Brownlee et al. 1988). Prior exposure to a stressor can result in increased tolerance, 

but it does not ensure that this tolerance will be sustained (Fagerlund et al. 1995). Natural and 

forest harvesting induced occurrences of suspended sediment are by nature, episodic, which may 
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limit the development of tolerance. Further, the physiological effects of chronic sub-lethal 

stresses, such as multiple sedimentation episodes, are cumulative and can result in a stepwise 

pattern of increased plasma Cortisol (Barton et al. 1986). However, fish populations rearing in 

northern interior systems with highly erodible, glaciolacustrine soils such as the Torpy watershed 

may have evolved some genetic resistance to high suspended sediment concentrations providing 

increased tolerance to natural and forest harvesting-induced elevations of suspended sediment. 

Short exposures to relatively low concentrations of suspended sediment, particularly 

multiple episodes, and the coincident increased levels of Cortisol, could have negative 

consequences for juvenile chinook rearing in northern, interior systems. For example, multiple 

exposure to sub-lethal stress during the summer and fall can cause lipid depletion (Lemly 1996), 

which would compromise over-winter survival. Elevated plasma Cortisol can affect social 

behaviour, sensory abilities, and the ability to learn behaviours (Olla et al. 1992). The ecological 

implications of cumulative sub-lethal effects are increased susceptibility to predation (Olla and 

Davis 1989; Kruzynski and Birtwell 1993; Korstrom et al. 1998), decreased fitness, increased 

susceptibility to disease and other stressors (Fagerlund et al. 1995; McLeay et al. 1987; Herbert 

and Merkens 1961; Redding et al. 1987; Servizi and Martens 1991) as well as decreased ability to 

compete for food and space. 

Movement and Behaviour 

Contrary to my prediction, tributary chinook were reluctant to leave their territories during 

sediment additions, displaying lateral avoidance or holding position instead. Even though 

tributary trials were stressful to juvenile chinook (based on the Cortisol results), these individuals 

endured these conditions rather than exhibit a strong avoidance response. This reluctance to avoid 

unfavourable conditions may be because tributaries are preferred habitat. Other researchers have 

68 



also shown that ecological motivation can cause juvenile salmonids to temporarily override 

adaptive avoidance responses and endure sub-lethally stressful environmental conditions (Birtwell 

et al. 1999). Indeed, stream-type juvenile chinook have been reported to display considerable 

permanence of station (Edmundson et al. 1968; Rosberg et al. 1981; Bustard 1983), which has 

been suggested to confer many benefits including familiarity with cover and food sources 

(Chapman and Bjornn, 1969), providing clear adaptive benefits considering the relative value of 

tributary habitats compared to side-channel habitats (Chapter 2). 

Suspended sediment is known to trigger lateral or vertical avoidance behaviour in 

salmonids (Bisson and Bilby 1982; Berg and Northcote 1985; Servizi and Martens 1992). In their 

laboratory study, Servizi and Martens (1992) found that juvenile coho were more prone to exhibit 

lateral rather than vertical avoidance. In my research, juvenile chinook that moved laterally in the 

water column were able to avoid the majority of the sediment plumes because the stream margins 

generally remained clear. Lateral avoidance in response to elevated turbidity would also permit 

juvenile chinook to retain visual and tactile contact within their physical environment, because 

fish use visual contact with the stream bank and substrate to maintain position in flowing water 

(Berg and Northcote 1985). The ability of juvenile chinook to cope with elevated suspended 

sediment via lateral avoidance is greater in tributaries likely because of the greater relative 

proportion of stream margin habitat available. Indeed, highest densities of cutthroat trout and 

coho salmon in small streams has been suggested to be attributable to the greater relative 

proportion of edge habitat in smaller streams (Rosenfeld et al. 2000). Lateral avoidance was not 

observed in side-channel trials. 

As predicted, sediment additions in side-channel experiments triggered a strong avoidance 

response in juvenile chinook. Turbidity (hence suspended sediments) has been shown to reduce 

the perceived risk of predation in juvenile chinook (Gregory 1993; Gregory and Northcote 1993) 
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resulting in elevated activity (Gregory 1993; Gradall and Swenson 1982). Because predators are 

considerably more prevalent in side-channels compared to tributaries (Chapter 2), a reduction in 

perceived risk of predation may contribute to increased movement in side-channel trials. 

However, juvenile chinook moved in aggregations during side-channel trials, huddling together 

and moving in rapid, erratic darting movements, characteristic of stressed fish (Mason and 

Chapman 1965). Avoidance of stressful conditions is more likely the causal agent, rather than 

elevated activity due to the cover of turbidity. 

Suspended sediment concentrations were higher during side-channel experiments 

compared to tributaries. However, since juvenile chinook rearing in side-channels would be more 

acclimatised to high suspended sediment concentrations (Chapter 2), this difference alone seems 

insufficient to explain the different movement responses. Results from other components of my 

research, (Chapter 2), have shown that side-channels are the lowest value habitats and that 

tributaries are the highest value habitats for juvenile chinook rearing in the Torpy River 

watershed. Considering the disparity in value of these two different macrohabitats, to juvenile 

chinook, the pronounced avoidance response in side-channels and reluctance of juvenile chinook 

to evacuate tributaries, is not surprising. The mass exodus of mainstem and side-channel rearing 

juvenile chinook in the Torpy River occurs during late summer, most likely triggered by low 

flows and the coincident extensive sedimentation (Chapter 2) that precludes over-winter survival. 

In fact, additions of sediment have been demonstrated to be negatively correlated to abundance of 

over-wintering juvenile chinook (Hillman et al. 1987; Bjornn et al. 1977). Elevated suspended 

sediment during side-channel experiments may have elicited a similar innate migration response, 

which may not have evolved as part of the behavioural repertoire of tributary individuals, due to 

the presence of warm groundwater flows providing over-wintering opportunities. 
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In laboratory and artificial stream experiments, avoidance responses to suspended 

sediment seems to vary among fish species, fish size, water temperature, previous exposure to 

suspended sediment and other stressors, and sediment particle size (Birtwell 1999; McLeay et al. 

1987; Servizi and Martens 1992 ). The reluctance of tributary rearing juveniles to avoid pulses of 

suspended sediments in my study may be partly due to the more realistic and natural conditions of 

my experiments. Indeed, fish are generally able to tolerate a much higher degree of pollution in 

nature because of motivation (Sprague 1971) and ecological realism (Adams 1990), both of which 

are often lacking in laboratory studies. 

Avoidance of unfavourable conditions has obvious adaptive value; however, if it leads to 

displacement to sub-optimal habitats it can result in fitness consequences for juvenile salmonids. 

McLeay et al. (1987) reported downstream displacement of Arctic grayling exposed for one hour 

to suspended sediment concentrations of 300 mg/L. Downstream displacement has also been 

reported for juvenile coho salmon exposed to 25 NTU (Sigler et al. 1984). Downstream 

displacement can be quite harmful to juvenile chinook considering the high habitat value of 

tributaries. Displacement from preferred habitat would likely result in reduced growth and 

survival, as well as increased susceptibility to predation in other sub-optimal habitats (mainstem 

and side-channels). 

The frequency of coughing increased in response to sediment additions. This is consistent 

with findings in the literature (Berg and Northcote 1985; Noggle 1978; Servizi and Martens 

1992). Elevated coughing indicates a difficulty with respiration and impaired oxygen exchange. 

In order to keep the gills clear of sediment for oxygen exchange, fish must exert energy to 

perform the cough reflex (Servizi and Martens 1991), which in turn increases metabolic oxygen 

demand. In tests of lethal concentrations of suspended sediment on juvenile salmonids, Servizi 

and Gordon (1990) reported buccal cavities of dead fish to be filled with sediment because fish 
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became too exhausted to continue clearing sediment via the cough reflex. Thus, the implications 

of elevated coughing are that fish may have less energy to allocate to feeding, growth and 

survival. 

The rates of coughing reported in my research are substantially lower than those observed 

in other studies (e.g. Servizi and Martens 1992). This could be due to their use of hatchery 

specimens, longer exposures (96 hr), but may largely be an artifact of most previous experiments 

not being conducted in situ. Because chinook were able to express lateral avoidance and use 

margin habitat, this may have mitigated the effects of sediment on the gill surface to a certain 

degree. Servizi and Martens (1992) confined coho to small cages (15x3x4 cm) which were 

submerged at a fixed depth, thus limiting behavioural responses. 

Pulses of suspended sediment (30 - 60 NTU) have been documented to disrupt dominance 

hierarchies in juvenile coho salmon (Berg and Northcote 1985) and reduce the ability of juvenile 

coho to hold territories (Hartman and Holtby 1982). The mechanisms involved in this breakdown 

in social behaviour have been suggested to include increased food (Mason 1976) and reduced 

visual ability at elevated turbidities, since visual isolation results in declines in territorial 

interactions (Kalleberg 1958; Chapman 1966; Berg and Northcote 1985; Harvey et al. 1999). 

Since the presence of reference objects induces territorial behaviour in juvenile salmonids 

(Hartman 1963), it follows that the inverse should hold true as well. Contrary to my prediction, 

aggression and fleeing did not decline during tributary experiments. 

Reductions in feeding have been reported for juvenile chinook exposed to 100 mg/L 

(Birtwell 1999), Arctic grayling exposed to 100 mg/L (McLeay et al. 1987), for coho salmon 

exposed to 100 mg/L (Noggle 1978), 2000-3000 mg/L (Redding et al. 1987), and 11 - 55 mg/L 

(11 NTU converted from Berg and Northcote, 1985), and a cessation of feeding at 300 mg/L 

(Noggle, 1978). Suspended sediment can be a major contributor to turbidity (Waters 1995). 
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Salmonids are visual predators, thus I predicted changes in turbidity to decrease the rate of 

feeding; however, the inverse was observed. During tributary experiments, mean foraging rate 

increased in response to sediment additions which is consistent with findings from others (Mason 

1976; Gregory and Northcote 1993; Gregory 1993, 1994). Increased food, in the form of drift, is 

available during sediment pulses (Gammon 1970; Culp et al. 1986; Anderson et al. 1996; Birtwell 

1999; Shaw and Richardson 2001; Rosenberg and Wiens 1978). Although I did not quantify 

foraging success, juvenile chinook were observed to increase foraging attempts at non-prey items 

such as bits of detritus, sticks and leaves during sediment additions. Thus, although the rate of 

feeding increased in response to sediment additions, I suspect that the quality of foraging 

declined. Under turbid conditions fish may take in less energy due to the ingestion of non-prey 

items. Indeed foraging efficiency has been demonstrated experimentally to decline with 

decreasing light (Wilzbach et al. 1986). In laboratory and artificial stream experiments, prey 

reaction distance and prey capture efficiency in juvenile salmonids has been found to decline in 

response to pulses of sediment (Berg and Northcote 1985; Hartman and Holtby 1982; Gregory 

and Northcote 1993). 

Others have noted positive effects of suspended sediment on juvenile chinook (57-69 

mm FL), including increased feeding at intermediate turbidity levels likely caused by enhanced 

cover from predation (18-150 NTU, Gregory and Northcote 1993; Gregory 1993,1994; Gregory 

and Levings 1998). However, for smaller individuals (49 - 55 mm FL), chinook feeding rates are 

reported to decline with increasing turbidity (Gregory 1994). The mean lengths of juvenile 

chinook in tributary trials were less than 57 mm, yet feeding rates increased during sediment 

pulses. Since avian and aquatic predators are rare in tributaries compared to other macrohabitats 

(see Chapter 2), cover from predators did not likely cause the observed increase in feeding. 

Rather, I suspect the elevated availability of potential food items was responsible. 
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Forest Harvesting Implications 

Elevated suspended sediment and subsequent deposition in aquatic habitats is one of the 

most pervasive problems facing habitat managers (Newcombe and MacDonald 1991). My 

research suggests that experimental additions of suspended sediment at relatively low 

concentrations and short exposures cause sub-lethal stress in juvenile chinook. Of the Pacific 

salmon species, juvenile chinook are the most tolerant to suspended sediment concentrations 

(Servizi and Gordon 1990; Servizi and Martens 1991). Thus, other salmonid species may be even 

more vulnerable to suspended sediment caused by forest harvesting activities. 

Although the future timber supply in the northern hemisphere will come from boreal and 

subboreal forests (Bryant et al. 1997), the effects of forest harvesting on fish populations in 

snowpack dominated, interior watersheds is not well studied (Mellina 2002). Past research 

regarding the effects of forest harvesting on fish populations has been mostly restricted to rainfall 

dominated coastal watersheds (Hartman and Scrivener 1990; Hetrick et al. 1998a&b; Hall and 

Lantz 1969; Murphy et al. 1986; Keith et al. 1998; Beschta et al. 1987; Toews and Moore 

1982a&b). Furthermore, field experiments that manipulate one effect of forest harvesting in 

natural streams have not been conducted in any region. The highly erodible, glaciolacustrine soils 

in the Torpy watershed result in unstable streambanks and high suspended sediment loads 

indicative of northern interior systems (MacDonald et al. 1996). Thus, my study results have 

application to other boreal and subboreal watersheds. The timing of peak suspended sediment 

events in the Torpy River mainstem are associated with June snowmelt periods and rainfall events 

in October, which is consistent with findings from other researchers in the Upper Fraser River 

(Brownlee et al. 1988). The majority of sediment is mobilized into suspension during the rising 

limb of the hydrograph (Everest et al. 1987), which for the Torpy River would occur in early June 
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and October. Smaller juvenile salmonids are less able to tolerate elevated suspended sediment 

than their larger cohorts (Sigler et al. 1984). Indeed, Servizi and Martens (1991) reported that 

small juvenile coho salmon (<40 mm) have only 35% of the tolerance of suspended sediment 

compared to larger (>46 mm) individuals, possibly due to a limited ability to clear their gills and 

buccal cavities via the coughing reflex (Servizi and Martens, 1991). Considering the size 

dependent nature of juvenile salmonid tolerance to suspended sediment, the timing of the early 

June peaks of suspended sediment in the Torpy River is of particular concern since they coincide 

with an early period of juvenile chinook ontogeny, underscoring the importance of refuge habitats 

at this time. 
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Study Sites Experimental Design 

Torpy River 

I tributary 

sidechannel 

downstream camera 

Flow 
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JJ downstream camera 

PS sideview camera 

A B 

Figure 3.0. Diagram (A) representing the macrohabitats (tributaries, side-channels) in which 
experiments were conducted. Schematic (B) of general experimental design (not to scale). The 
location of sediment manipulations is indicated by the asterik. 
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Pre-Sediment phase Sed iment phase Post-Sediment phase 

1 1 I . 1 1 1 1 1 1 

J 
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Figure 3.1. Temporal methods of behavioural data extraction from underwater video recordings. 
Each phase of the experiment was divided into 10 equally spaced intervals (e.g. 6 min. intervals in 
Pre-Sediment, 9 min. intervals in Sediment, 6 min. intervals in Post-Sediment) and random 
samples were extracted from each interval. The magnification of the Sediment phase illustrates 
the systematic random approach. Black bars are randomly selected intervals for data extraction. 
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Figure 3.2. Mean Cortisol concentrations during tributary trials with the addition of differing 
suspended sediment concentrations (indicated in parentheses). Means are based on the number of 
fish collected (n = 8 for each). 
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Figure 3.3. The contrast estimates calculated from mean Cortisol concentrations plotted against 
suspended sediment concentration of each experiment. The regression model and coefficient of 
determination are presented. 
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Figure 3.4. Mean Cortisol concentration concentrations (± 1 SE) for the 98/08/02 side-channel 
trial (A) and the 98/08/16 side-channel trial (B). Means are based on number offish collected (n 
= 8 for each). 
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Figure 3.5. Mean total number of fish moving during tributary (A) and side-channel (B) 
sediment trials. Bars with similar letters did not differ. Error bars represent ± 1 SE. Means 
based on the number of trials (n = 4 and n = 2 respectively). 
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Figure 3.6. Mean frequency of juvenile chinook coughing per minute during tributary 
sediment experiments. Error bars represent ± 1 SE. Bars with similar letters did not differ. 
Means are based on the number of trials (n = 4). 
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Figure 3.7. Mean feeding attempts/minute for tributary sediment experiments. Error bars 
represent ± 1 SE. Bars with similar letters did not differ. Means are based on the number of trials 
(n = 4). 
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CHAPTER 4: EXPERIMENTAL FIELD MANIPULATIONS OF TRIBUTARY AND 

SIDE-CHANNEL TEMPERATURES 

INTRODUCTION 

Stream temperature plays a central role in aquatic ecosystems because it influences 

metabolic rates, growth, behaviour, and survival of fish. Of all abiotic factors contended with, 

temperature has been referred to as the "master ecological factor" for juvenile fish (Brett 1971). 

As water temperature increases, the solubility of dissolved oxygen decreases, diminishing its 

availability to aquatic organisms. This creates a double jeopardy scenario for poikilotherms, since 

during periods of intensified metabolic and respiratory demands, less oxygen is available. High 

temperatures can be lethal to fish as a result and act as stressors at sublethal levels. Oxygen 

demand approximately doubles for fish when temperatures rise by ten degrees Celsius (Theurer et 

al. 1985), thus at high temperatures oxygen demand could exceed supply. 

Temperature influences fish distributions (Brett 1971; Levy 1992; Glova and Mason 1977) 

and fish behaviour (Beschta et al. 1987; Glova and Mason 1977; Hartman 1963). For 

poikilotherms, the primary mechanism for body temperature regulation is through behaviour 

(Levy 1992). Indeed, salmonids display considerable behavioural plasticity when faced with 

stream temperatures that deviate from their preferred range and have been documented to avoid 

and/or select habitats based on thermal regimes (Beschta et al. 1987) and to compete for 

favourable temperatures (Beitinger et al. 2000). 

The harvest of riparian vegetation can result in elevated summer stream temperatures due 

to increased solar radiation (Hartman and Scrivener 1990; Ringler and Hall 1975; Beschta et al. 

1987; Holtby 1988; Brown and Krygier 1970; Brownlee et al. 1988; Hetrick et al. 1998; Rishel et 

al. 1982; Hall and Lantz 1969; Shrimpton et al. 1999a&b). For example, Holtby and Newcombe 

(1982) found a 7° C increase in the mean temperature of Carnation Creek, British Columbia 
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between May and October after 39% of the watershed had been clearcut. Small tributary streams 

are highly susceptible to changes in water temperature due to their inherent large surface area to 

volume ratio. 

Riparian forest harvesting also results in increased maximum and minimum stream 

temperatures, as well as an increase in diurnal temperature fluctuations (Hartman and Scrivener 

1990; Rishel et al. 1982; Brownlee et al. 1988; Hall and Lantz 1969). This may have a more 

profound influence on fish than increases in mean temperatures. Mean stream temperature in 

three northern interior British Columbian streams increased 1 to 3° C after forest harvesting, yet 

maximum temperatures were up to 9° C greater (Brownlee et al. 1988). These authors also found 

that diurnal temperature fluctuations more than doubled in downstream logged reaches in 

comparison to upstream control sections (Brownlee et al. 1988). In fact, this was demonstrated 

experimentally in the Torpy River watershed; manipulations to riparian zones resulted in greater 

diel fluctuations in temperature in sections of groundwater controlled streams that were logged 

than in un-logged reaches (Shrimpton et al. 1999a,b). Because the stream's canopy can insulate 

the stream, riparian forest harvesting can result in colder winter stream temperatures. Minimum 

stream temperatures declined by 3.9° C after forest harvesting during fall and winter in a 

northeastern United States stream (Rishel et al. 1982), and by 2° C in northern interior British 

Columbia (Brownlee etal. 1988). 

Past research regarding the effects of forest harvesting on fish populations has been mostly 

restricted to rainfall dominated coastal watersheds (Hartman and Scrivener 1990; Hetrick et al. 

1998a&b; Hall and Lantz 1969; Murphy et al. 1986; Keith et al. 1998; Beschta et al. 1987; Toews 

and Moore 1982a&b). The effects of forest harvesting on fish populations in snowpack 

dominated, interior watersheds are less published (Mellina 2002). However, the future timber 
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supply for the northern hemishpere is expected to come from boreal and sub-boreal forests in 

temperate interior regions (Bryant et al. 1997) such as those in northern, interior British 

Columbia. 

Research focusing on the lethal and sublethal effects of elevated temperatures on fish 

behaviour and physiology has primarily concentrated on laboratory experiments and artificial 

streams (Brett 1952, 1970; Bisson and Davis 1976; Coutant 1973; Linton et al. 1998a&b, 1997, 

1999; Sylvester 1972; Glova and Mason 1976; Reid et al. 1995; Birtwell et al. 1999; Gibson 

1988), or has been synoptic and comparative in design (Filbert and Hawkins 1995; Kaeding 1996; 

Brown and McMahon 1988; Welsh etal. 2001; Brown 1999; Brown and MacKay 1995). 

Synoptic studies suffer from the difficulty in isolating causal factors. For instance, Brown and 

McMahon (1988) observed higher growth of coho juveniles rearing in off-channel habitats 

compared to the mainstem Carnation Creek, but were unable to determine whether this difference 

was due to temperature, food availability, or differential energy expenditure from dissimilar water 

velocities. Although laboratory studies and experiments conducted on artificial streams are 

valuable to provide insights to causal relationships between characteristics of fish habitat and 

effects on fish, they generally lack ecological realism (Adams 1990; Waldichuk 1993). Indeed, 

fish are generally able to tolerate a much higher degree of pollution in nature because of 

motivation (Sprague 1971), which is often lacking in laboratory studies. Furthermore, fish are 

generally held at static temperatures in laboratory experiments, whereas diurnal fluctuations 

predominate in natural conditions (Beschta et al. 1987). Conclusions drawn from laboratory 

experiments may not apply to the spatial and temporal complexities of thermal regimes in natural 

systems. The homogeneous laboratory environment is relatively sensory deprived; intuitively the 

response of salmonids to manipulated temperatures, including aspects such as microhabitat 

selection and avoidance, would be most natural in a field setting. 
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In this chapter, I report the response of chinook salmon to experimental field 

manipulations of temperatures in small tributary streams and side-channels of the Torpy River, a 

snowpack dominated interior system in northern British Columbia (see Chapter 1 for study site 

description). Forest harvesting activities are prevalent in the Torpy River. I simulated increases 

in water temperatures, to mimic those induced by forest harvesting and quantified their biological 

effects on juvenile chinook salmon. These experiments enabled the isolation of other variables 

associated with forest harvesting which often generate confounding effects (i.e. increased light, 

altered hydrology, altered habitat diversity, etc.) on fish populations. 

Elevated temperatures can be beneficial to fish. Increased metabolic rates and growth can 

occur in response to warmer temperatures. Extremely high temperatures can cause physiological 

stress. Therefore, I expect to find elevated levels of whole body tissue Cortisol, indicative of sub

lethal stress, when temperatures exceed 15° C - a level which starts to exceed Chinook's preferred 

range (Brett 1952). I also expect that temperature increases will result in elevated movement, 

indicative of avoidance, if manipulated temperatures exceed 15° C. Because side-channels 

provide the lowest habitat value for juvenile chinook, and have higher ambient temperatures 

(Chapter 2), I expect that avoidance responses will be more pronounced in side-channels. 

Avoidance of unfavourable conditions has obvious adaptive value, but if it leads to displacement 

to sub-optimal habitats it could have fitness consequences for juvenile salmonids such as 

decreased growth, increased predation or increased susceptibility to disease. Because increasing 

temperature causes increases to fish metabolism (Brett 1995), I lastly expect that temperature 

increases will result in elevated frequencies of feeding, as well as increased levels of social 

interactions among individuals (leading to higher levels of aggression, fleeing, and yawning). 

METHODS 
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I used three tributaries and one side-channel as sites for the experiments. The tributary 

experiment consisted of five trials which were conducted in 1997 and 1998; the side-channel 

experiment consisted of two trials which were conducted in 1998 (see Figure 4.0a for an example 

of a side-channel and tributary). The duration of each experiment was approximately three hours 

and 30 minutes, divided into a pre-heating phase (1 hr.), a heating phase (1.5 hrs.) and a post-

heating phase (1 hr.). Each heating experiment was initiated at 11:00 am. Discharge was 

measured by flow meter and measuring tape according to standard methodology (RIC 1997; 

Schuett-Hames et al. 1994) prior to each trial. 

Channel widths of the tributaries ranged from 1 to 2.5 m and share similar habitat 

characteristics. Tributaries flowed in a southerly direction, had a low gradient (1-2%), had a 

substrate composition of 70% fines and 30% gravels, and abundant cover in the form of undercut 

banks, over-hanging vegetation, deep pools and woody debris. Channel width of the side-channel 

was approximately 3.5 m. It connected to the mainstem and flowed freely at the time of both 

experiments. The side-channel was characterized by low velocity glides and deep pools with a 

substrate composition of 100% fines. Cover was limited to overhanging vegetation, deep pools 

and the occasional piece of woody debris. The tributary and side-channel riparian had never been 

logged. 

Homogeneous sections of tributaries and side-channels, approximately 100 metres in 

length, were selected each containing a minimum of two sets of pools, riffles, and glides. 

Enclosure nets (1 mm mesh) were installed at the downstream and upstream end of each section 

as well as one in the centre, resulting in two, 50 m, isolated sections. The upstream section was 

identified as the control and the downstream section was the treatment (Figure 4.0b). The fact 

that control sections were located immediately upstream from experimental sections ensured 

similar physical stream reach characteristics and fish population characteristics (species 
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abundance, distribution, etc.). A series of three weirs that extended approximately 90% across the 

wetted channel on a downstream angle of 30 degrees were installed at each end of the treatment 

and control sections (Figure 4.0b). Two-way weirs trapped fish that moved into these areas 

enabling the assessment of upstream and downstream movement direction. Movement data was 

only collected in 1998. 

Streams were heated by pumping water from the stream to a series of heaters, using a 

variable speed Honda portable pump (50 gpm) (Model WB15) connected to a non-collapsible 

hose. The intake consisted of a filter basket covered by fine netting to prevent damage to the 

pump by sediment. Water was pumped at a rate of approximately 16 L/min through a series of 

four propane powered instantaneous hot water heaters (Bosch Booster Pressure Wash Model 

W400K5, 117 000 btu), and reintroduced into the stream 25°C above ambient stream temperature 

through a diffuser system to ensure mixing. Each diffuser unit was constructed from five 

household showerheads in a manifold type configuration. The water intake was located 

downstream of the diffuser unit to ensure maximum heating of the stream or side-channel water 

temperature. The heaters were powered by two, 100 lb propane tanks which provided 

approximately 12 hours of use. The propane powered, instantaneous water heaters were only 

ignited during the heating phase of the experiment, yet the pump was operated during all phases to 

ensure that responses exhibited by juvenile chinook were a result of the elevated temperature, and 

not due to a subtle flow alteration. 

Twelve temperature data loggers (Onset instruments) were deployed at 10 m intervals in 

the side-channel and tributary sites. Two loggers were placed immediately upstream from the 

heating apparatus and the rest were placed downstream. Loggers recorded temperature every five 

minutes during experiments and for several days before and after experiments. Upstream loggers 

were used for the reference data. 
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Four video cameras (Citizen model JSS 1012C) housed in dark green, waterproof, 

aluminum housings (approx. dimensions: 50 mm x 105mm) with Lexan lids for optical clarity 

were used to observe fish behaviour. In both the treatment and control sections one camera was 

positioned at mid-channel and aimed downstream and one other was positioned at the stream 

margin aimed towards mid-channel, perpendicular to flow, (Figure 4.0b.). Sections of 1 cm 

diametre PVC pipe, marked at 5 cm intervals, were installed upright in the substrate in the field of 

view of the underwater cameras. The pipes functioned as reference points to ensure that the field 

of view was the same area (generally lmxlm), in both side-view and frontal view cameras, as 

well as between treatment and control sections. Two, 25.4 cm, black and white monitors (Citizen 

model JSS 1012M) contained in rainproof Lexan housings, tinted to eliminate sun glare, were 

used to display images which were recorded by two VHS video recorders (Sanyo model VHR-

H607), also in Lexan housings. The underwater video cameras and recording system were 

powered by a Honda variable speed generator. 

Experimental Procedures 

One litre water samples were taken every 15 minutes in both the control and treatment 

sections during each phase of the experiment and analysed in the lab for suspended sediment 

concentration by filtration (mg/L). Turbidity was measured in the treatment section during all 

phases of the experiments by a nephelometric turbidity probe (Analite NEP 190) set to take 

readings at five second intervals and averages every five minutes. Turbidity data were recorded 

in units of NTU by a Starlogger data logger (Model 3.08). Temperature data was recorded every 

five minutes. 

Fish numbers (as an indicator of movement) were recorded at each of the four weirs 

(upstream and downstream treatment, upstream and downstream control) every 15 minutes during 
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each of the pre-heating, heating, and post-heating phases. The number of fish moving both 

upstream and downstream in each section (treatment and control) were pooled within each 

experimental phase and termed "total number moving". Simultaneous underwater video 

recordings offish behaviour in the treatment and control sections were taken continuously during 

all phases of the experiments. Samples of juvenile chinook (n=6-10 from each site) were taken by 

electroshocking, during the pre-heating phase in the control section (netted), and upstream of the 

control section (un-netted) to determine the influence of the net on acute stress. Simultaneous 

underwater video recordings of fish behaviour in the treatment and control sections were taken 

continuously during all phases of the experiments. Fish were snap frozen on dry ice (< 60 sec) for 

laboratory whole body Cortisol analyses. 

The pre-heating phase lasted approximately one hour at which time water heaters were 

ignited and heating manipulations initiated. Heated water was added in the middle of the 

treatment section. The heating phase lasted approximately 1.5 hours, at which time lethal 

sampling of juvenile chinook (n=6-10/site) occurred in both the control and treatment sections. 

During the one hour post-heating phase, suspended sediment, turbidity, fish movement, and 

behaviour were collected. 

In the 98/08/01 side-channel trial, blood plasma (ng/ml) was extracted and centrifuged in 

the field as an alternative means of assessing Cortisol stress due to a shortage of dry ice. Because 

of the different techniques and experimental units, acute levels of juvenile chinook Cortisol 

concentrations could not be statistically compared between side-channel trials. 

Data Extraction 

To save time during field experiments, I froze fish whole rather than extract blood plasma 

for analyses of Cortisol levels. Whole body Cortisol levels from lethally sampled juvenile chinook 

were assessed in the laboratory. After capture, fish (ranged in mass from 0.41 to 6.36 g) were 
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transferred from dry ice to a -80 °C freezer. Frozen fish were ground into powder using a mortar 

and pestle in a slurry with liquid nitrogen which was then evaporated off. Distilled water, 300 ul, 

was added to each sample which was then disrupted by ultrasonication for one minute (B. Braun 

Biotech, Braun-Sonic L, Allentown, PA, 18103). Five millilitres of diethyl ether was added to 

samples which were mixed then centrifuged at 1000 g for 5 min. The water component was 

frozen in liquid nitrogen and the ether decanted. Samples were then re-extracted and the ether 

fractions combined. Ether was evaporated under a stream of nitrogen gas. Following complete 

evaporation of ether, 2 ml of phosphate buffered saline (1.5 mM KH2PO4, 2.7 mM Na2HPC>4, 150 

mM NaCl, pH 7.4) containing 2% bSA (bovine serum albumin) was added to samples which were 

kept at 4 °C and vortexed frequently for 2 h. Cortisol concentrations were determined by 

125 

radioimmunoassay using I (Diasorin, Stillwater Minnesota, 55082-0285). Efficiency of 

extraction was determined from spiking paired samples with Cortisol and was found to be 92 to 

95%. Whole body Cortisol is expressed as ng/g tissue. 

Information on the following behaviours were transcribed from the video tapes: feeding 

attempts, coughing, aggression, yawning, fleeing, fish numbers, and fish minutes. These 

behaviours, which are described in detail below, were selected because they were quantifiable, 

repeated across treatments, were readily identifiable, and were biologically relevant for 

temperature manipulation studies. In all cases, frequencies of behavioural activities were 

recorded. Time constraints limited the ability to extract duration, intensity or pattern of 

behavioural activities. 

Feeding attempts were defined as the number of foraging attempts per minute. The high 

resolution of the cameras enabled the observation of individual prey items. Feeding attempts 

consisted of a rapid opening and closing of the mouth for a potential prey item and often 

92 



coincided with a change in orientation in the water column, or small movement to capture a prey 

item. Foraging success was not quantified. 

Coughing was defined as the backward propulsion of water across the gills to displace 

obstructions (e.g. sediment), and was readily identified by excessive flaring of the operculum, 

gaping mouth and rapid spasm of the buccal cavity. Displaced items were often observed during 

this activity, as was a small forward movement of the fish (Berg and Northcote 1985). 

Aggression was defined as any agonistic behaviour directed toward another fish, which 

included chasing, nipping, and charging (Hartman 1965; Chapman 1962). Yawning was defined 

as the protracted and excessive gaping of the mouth, and was easily distinguishable from feeding 

due to an absence of a potential prey item, a lack of any change in position or orientation in the 

water column, and a very protracted and excessive gaping of the mouth. Fleeing was defined as 

evasive behaviour, most often displayed in response to another aggressive individual. Fleeing fish 

were displaced from their territory or previously occupied position either temporarily or 

permanently. 

The number of fish observed per sampling period was recorded. Fish moving in and out 

of the field of view were not considered to be different fish; however, this variable provides an 

indication of activity level. Fish were not marked due to their small size for many of the 

experiments (<5.0 cm), and to prevent artificially altering behaviour as a result of marking. 

The frequencies of extracted behaviours were divided by the time observed to provide a 

frequency of behaviour per minute that could be compared between different sections and phases 

of experiments. The total time that each fish was in the field of view in each section (treatment, 

control) was summed for each phase of the experiment (pre-heating, heating, post-heating) to 

provide an accumulated time. This was divided by the sample period time to provide an estimate 

of equivalent number of fish viewed per minute, termed "fishmin". 
93 



A systematic random approach was used to extract behavioural data from the underwater 

video recordings. Each phase of every experiment was divided into ten equal time intervals for a 

total of 30 intervals in the control recordings per experiment and 30 intervals in the treatment 

recordings per experiment (Figure 4.1.). Considerable deliberation and effort was taken to 

determine the appropriate sampling approach to extract data from each interval. A test was 

completed whereby, behavioural data were extracted continuously from a 16.3 minute segment of 

video footage, and the frequencies of behaviour were calculated and treated as true frequencies. I 

extracted replicate samples from this segment of different fixed times (1 min 38 seconds, 2 min 30 

seconds, and 4 min 8 seconds) starting from randomly generated times within the segment. The 

percentage deviation of the behavioural means extracted from each different fixed sampling time 

was compared to the true values. All of the means were well within 1 SD of the true values and 

since the 1 min 38 second fixed sample time was >97% of the true values, it was decided to 

proceed with that sample time which would allow more replicates. Due to the time consuming 

nature of data extraction it was estimated that the number of intervals would have to be reduced 

from 10 per phase, to 5 per phase, if a longer sample time was chosen. Indeed, Zinner et al. 

(1997) similarly documented that many short sampling periods are better than a few long ones, to 

ensure data accuracy in behavioural sampling. 

Fish behaviours were only recorded that were completely contained within the sample 

period. Behaviours that began prior to or ended after a particular sample period were not 

recorded. 

DATA ANALYSIS 

All data were visually inspected for normality and homogeneous variances. Cortisol and 

behavioural data were log transformed to minimize the effects of heterogenous variances. Trials 
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were treated as replicates thus data were consolidated within each of the experiments to provide 

single response variables. I used univariate ANOVAs to analyse Cortisol data and two-way, 

repeated measures ANOVAs for movement data. The factors in the models included the effect of 

time (Pre-Heat, Heat, Post-Heat), location (control, treatment), a statistical block for the effect of 

individual streams, and the effect of the day on the response variable. The effect of the day of the 

experiment is used to control for many different effects that vary over different experiment dates 

and cannot be considered constant over all dates, such as ambient water temperature, ambient air 

temperature, UV radiation, etc. Behavioural data were analysed using a Poisson process to 

compare response variables among experiments because these data were not normally distributed 

due to the large number of zeros in the variables. Bonferroni multiple range tests were used to 

determine which response variable means differed (i.e. Pre-Heat, Heat, Post-Heat). Least square 

means (LS Means) were used to calculate means for a posteriori tests. To determine the 

directionality of movement (upstream or downstream), Chi-Square tests were used to test the 

independence of the upstream and downstream variables in the control and treatment sections. Al l 

tests were considered to be significant to a P < 0.05. Descriptive statistics (mean, ± 1 SE) were 

used to describe the temperature data and the side-channel Cortisol results due to lack of 

replicates. 

Temperature data from the two upstream reference data loggers (control) and the 

downstream data loggers (treatment) were pooled for the pre-heating phase, and categorized into 

upstream ( t\ ) and downstream ( /2 )• Temperature means calculated from the pre-heating phase 

from the upstream reference means were subtracted from the downstream sites. This served as a 

correction factor to ensure that any variation in temperature recorded during the heating phase 

was a function of the heating apparatus, and not due to differences in calibration. The mean 

95 



temperature from the upstream loggers during the heating phase ( t\ Heating) was subtracted from 

the mean temperature from the downstream loggers during the heating phase ( ^ Heating)- The 

correction factor calculated from the pre-heating data was subtracted from this value to determine 

the mean temperature increase during the heating phase: 

A H = ( ^ H e a t i n g - H e a t i n g ) - ( h Pre-Heating - t\ Pre-Heating ) 

RESULTS 

Temperature manipulations 

The tributary experiment resulted in a mean stream temperature increase (A H) of 1.12 °C 

(SE = 0.53). The corresponding mean ambient stream-temperature for the tributary trials was 

10.73 °C (SE = 1.77). Mean stream temperature increase in tributary trials in 1998 was 1.67 °C 

(SE = 0.75). The corresponding mean ambient temperature was 12.72 °C (SE = 2.35). Mean 

temperature increase in side-channel trials was 3.09 °C (SE = 0.79). The corresponding mean 

ambient water temperature was 21.48 °C (SE = 2.25). The mean discharge during tributary trials 

was 0.0512 m3/s (SE = 0.0166), and 0.0077 m3/s (SE = 0.0007) in side-channel trials. Dissolved 

oxygen concentrations ranged from 8.3 mg/L to 10.4 mg/L in both experiments. 

Stress 

In the pooled 1997 and 1998 tributary heating trials I found no differences in mean Cortisol 

concentrations between un-netted (1.77 ± 0.26 ng/g) and netted (3.08 ± 0.45 ng/g) sections 

(ANOVA, F = 4.74, df = 1, 8; P = 0.0612). Cortisol concentrations differed between control (2.29 

± 0.33 ng/g) and treatment (4.07 ± 0.59 ng/g) sections (F = 16.84; df = 1,8; P = 0.0034). In the 

1998 tributary heating trials I found no differences in mean Cortisol concentrations between un-
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netted and netted sections (F = 2.75, df = 1,2; P = 0.2390) or between control and treatment 

sections (F = 7.01; df = 1,4; P - 0.0571). 

The 98/08/01 side-channel trial resulted in a mean increase (AH) during the heating phase 

of 3.87 °C (SE = 0.09), to a mean ambient water temperature of 23.73 °C (SE = 0.04). The un-

netted mean plasma Cortisol concentration was 54.08 ng/ml (SE =8.78). The netted, control and 

treatment mean plasma Cortisol concentrations were 314.35 ng/ml (SE = 54.28), 175.20 ng/ml (SE 

= 55.08), and 167.80 ng/ml (SE = 46.54), respectively. Some mortality of juvenile chinook 

occurred in the treatment section during heating. No mortality occurred in the control section. 

Absolute numbers of fish rearing in the treatment sections were not quantified, but a conservative 

estimate of observed dead fish is approximately 10%, which does not include latent stress induced 

mortality or other causes (e.g. predation or disease). The 98/08/15 side-channel trial had a mean 

increase in water temperature of 2.30 °C (SE = 0.07). The mean ambient water temperature was 

19.23 °C (SE = 0.09). Pre-Control data were not collected due to a shortage of dry ice. Lethal 

sampling of juvenile chinook yielded the following mean concentrations of whole body Cortisol: 

netted 10.00 ng/g (SE = 1.67), control 18.34 ng/g (SE = 2.09), and treatment 12.43 ng/g (SE = 

1.83). 

Behaviour 

Movement 

In tributary trials I found no differences in total number moving among time periods 

(Repeated Measures ANOVA, F = 1.46, df = 1,6; P = 0.2728). Total number moving differed 

between locations (F = 8.65, df = 1,6; P = 0.0259). There was no interaction between location 

and time (F = 0.56, df = 1,6; P = 0.4837). Total number moving in treatment sections (3.87 ± 

1.46) was greater than control sections (2.38 ± 1.46) (Bonferroni, P = 0.0259) (Figure 4.2a). 
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In side-channel trials I found no differences in total number moving among times 

(Repeated Measures ANOVA, F = 6.16, df = 1,4; P = 0.0681) or between locations (F = 1.67, df-

1,4; P = 0.2659). The interaction between location and time was significant (F = 9.41, df = 1,4; P 

= 0.0374). Total number moving increased over 64 times in the treatment sections, during the 

heating phases compared to the pre-heating phases (Bonferroni, P = 0.0172) (Figure 4.2b.). There 

was no difference in total number moving in the control sections (Bonferroni, P = 0.6998). 

In the treatment sections, direction of fish movements during the heating phases of side-

channel trials was primarily upstream, compared to a tendency for downstream movement in the 

control sections. Approximately 68% of the juvenile chinook in the treatment sections (n = 140) 

moved upstream and 32% moved downstream as a result of the temperature manipulations, 

compared to 28% in the control sections (n = 64) moving upstream and 71.9% moving 

downstream ( x 2 = 28.061, df = 1, P = 0.001). 

Feeding 

In tributary trials I found differences in the mean frequency of feeding attempts per minute 

between locations (Poisson, x 2 = 15.45, df = 1, P < 0.0001) and among time periods (Poisson, x 2 

= 9.95, df = 2, P = 0.0069). The interaction between location and time was significant (Poisson, 

X = 26.25, df = 2, P < 0.0001) (Figure 4.3a.). In control sections, feeding decreased 

significantly from pre-heating to heating phases ( x 2 = 12.05, df = 1, P = 0.0005), but did not 

differ between heating and post-heating phases ( x 2 = 1.06, df = 1, P = 0.3023), or pre-heating and 

post-heating phases ( x 2 = 3.09, df = 1, P = 0.0786). In treatment sections, feeding did not differ 

between pre-heating and heating phases ( x 2 = 0.16, df = 1, P = 0.6896), but increased two times 

from heating to post-heating phases ( x 2 = 14.93, df = 1, P = 0.0001), and also increased between 

pre-heating and post-heating phases ( x 2 = 13.84, df = 1, P = 0.0002) (Figure 4.3a.). 
98 



In side-channel trials I found no differences in mean feeding attempts per minute between 

locations (Poisson, % = 0.28, df = 1, P = 0.5992), but found differences among time periods 

(Poisson, x = 9.51, df = 2, P = 0.0086). The interaction between location and time was 

significant (Poisson, %2 = 13.36, df = 2, P = 0.0013). In control sections, similar to the tributary 

experiment, feeding decreased significantly from pre-heating to heating phases (%2 = 5.25, df = 1, 

P = 0.0219), and from pre-heating to post-heating phases ( x 2 = 4.56, df = 1, P = 0.0328). Feeding 

did not differ between heating and post-heating phases in control sections ( x 2 - 0.06, df = 1, P = 

0.8122). In treatment sections, feeding did not differ between pre-heating and heating phases ( x 2 

= 0.02, df = 1, P = 0.8943), but increased 56 times from the heating to post-heating phases ( x 2 = 

10.34, df = 1, P = 0.0013). Feeding also increased between pre-heating and post-heating phases 

( X 2 = 26.17, df = 1, P < 0.0001) (Figure 4.3b.). It is interesting to note that in all trials, the 

increase in the frequency of feeding did not occur simultaneously with increased temperature, but 

rather lagged behind temperature manipulations, occurring instead during the post-heating phase. 

Yawning 

In tributary trials I found differences in mean yawning per minute between locations 

* 2 2 

(Poisson, x = 8.55, df = 1, P - 0.0035), but no differences among time periods (Poisson, x = 

0.61, df = 2, P = 0.7368). There was no interaction between location and time (Poisson, x 2 = 

0.26, df = 2, P = 0.8762). Yawning was significantly greater in control sections (0.061/minute +/-

0.023) than treatment sections (0.014/minute +/- 0.008) ( x 2 = 6.52, df = 1, P = 0.0107). 

Aggression and Fleeing 

In tributary trials I found differences in mean aggression per minute between locations 

2 y (Poisson, x = 12.05, df = 1, P = 0.0005), but no differences among time periods (Poisson, x = 
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2 1.73, df = 2, P = 0.4209). The interaction between location and time was significant (Poisson, x 

= 11.78, df = 2, P = 0.0028). In control sections, aggression decreased from pre-heating to 

heating phases ( x 2 = 8.33, df = 1, P = 0.0039), and increased from heating to post-heating phases 

(X2 = 11-61, df = 1, P = 0.0007), but did not differ between pre-heating and post-heating phases 

(X2 = 0.62, df = 1, P = 0.4323) (Figure 4.3c). In treatment sections, aggresion did not differ 

between pre-heating and heating phases ( x 2 = 0.54, df = 1, P = 0.4642), heating and post-heating 

phases ( x 2 = 2.30, df = 1, P = 0.1293), or pre-heating and post-heating phases ( x 2 = 0.85, df = 1, 

P = 0.3556). Aggression was greater in control sections during pre-heating phases ( x 2 = 8.28, df 

= 1, P = 0.0040), as well as during post-heating phases compared to treatment sections ( x -

12.34, df = 1, P = 0.0004). Aggression did not differ between control and treatment sections 

during heating phases ( x 2 = 0.48, df = 1, P = 0.4872) (Figure 4.3c). 

In tributary trials, I found differences in mean fleeing per minute between locations 

(Poisson, x 2 = 12.98, df = 1, P = 0.0003), but there were no differences among time periods 

(Poisson, x 2 = 2.20, df = 2, P = 0.3337). The interaction between location and time was 

significant (Poisson, x 2 = 9.82, df = 2, P = 0.0074). In control sections, fleeing decreased from 

pre-heating to heating phases ( x 2 =10.57, df = 1, P = 0.0012), and increased from heating to post-

heating phases ( x 2 =11.02, df = 1, P = 0.0009), but did not differ between pre-heating and post-

heating ( x 2 = 0.06, df = 1, P = 0.8145) (Figure 4.3d.). In treatment sections, fleeing did not differ 

between pre-heating and heating phases ( x 2 = 0.52, df = 1, P = 0.4712), heating and post-heating 

phases ( x = 1.27, df = 1, P = 0.2598), or pre-heating and post-heating phases ( x = 0.25, df = 1, 

P = 0.6174). Fleeing was greater in control sections during pre-heating phases ( x 2 = 10.92, df= 
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1, P = 0.0010), and post-heating phases compared to treatment sections ( x 2 = 10.87, df = 1, P = 

0.0010), but did not differ during heating phases ( x 2 = 0.26, df = 1, P = 0.6114) (Figure 4.3d.) 

Statistical analyses were not possible in side-channel trials because the models did not 

converge (one factor in the model had a variance of zero). In the treatment sections, mean 

aggression and fleeing per minute declined to zero during the heating and post-heating phases. In 

contrast, mean aggression and fleeing per minute had a natural tendency to increase during 

heating and post-heating phases in control sections. 

Fishmin and Total fish 

In tributary heating trials I found no differences in mean fishmin between locations 

(ANOVA, F = 0.24, df = 1,10, P = 0.6336), or among time periods (F = 0.23, df = 2,10, P = 

0.7980). There was no interaction between location and time (F = 0.13, df = 2,10, P = 0.8815). I 

found no differences in total fish observed between locations (F = 3.22, df = 1,10, P = 0.1031), or 

among time periods (F = 0.71, df = 2,10, P = 0.5159). There was no interaction between location 

and time (F = 0.04, df = 2,10, P = 0.9590). 

In side-channel trials I found differences in mean fishmin between locations (ANOVA, F 

= 16.58, df = 1,5, P = 0.0096) and among time periods (F = 12.64, df = 2,5, P = 0.0111). The 

interaction between time and location was significant (F = 11.08, df = 2,5, P = 0.0146). In control 

sections, fishmin did not differ among any of the phases (Bonferonni, P = 1.00, for all contrasts). 

In treatment sections, fishmin did not differ between pre-heating and heating phases (Bonferonni, 

P = 0.0521), or heating and post-heating phases (Bonferonni, P = 1.00). Fishmin was greater 

during pre-heating compared to post-heating phases (Bonferonni, P = 0.0205) (Figure 4.3e.). 

Analyses of total fish observed in side-channel trials revealed no differences between locations (F 
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= 0.17, df = 1,5, P = 0.6963), or among time periods (F = 4.15, df = 2,5, P = 0.0865). There was 

no interaction between location and time (F = 4.59, df = 2,5, P = 0.0738). 

DISCUSSION 

Experimental field manipulations to tributary and side-channel temperatures resulted in a 

range of increased temperatures (0.97 - 3.87 °C) that are representative of post-forest harvesting 

temperature increases reported in the literature for Pacific Northwest streams. For example, water 

temperatures increased an average of 3 - 4 °C in response to riparian forest harvesting in 

southeast Alaska (Keith et al. 1998). In Carnation Creek, forest harvesting related temperature 

increases ranged from 0.7 - 3.25°C (Hartman et al. 1987), and in the northern interior of British 

Columbia, forest harvesting related temperature mean increases ranged from 1 - 3°C (Brownlee et 

al. 1988). Natural fluctuations in stream temperatures can also be quite rapid in this region. 

Daily temperature increases of 2°C per hour having been reported for the Thompson River, 

British Columbia (Walthers and Nener 1997). Therefore, the relatively abrupt elevation in stream 

temperatures during experimental manipulations in this thesis is also reasonably representative of 

conditions in nature. 

Stress 

Juvenile chinook rearing in tributaries with a mean ambient temperature of 

10.73 °C, exhibited significant stress responses to experimental elevations in temperature of about 

1 °C. The enclosure nets also appeared to elicit a stress response in juvenile chinook. However, 

in each experiment stress levels declined over time in the enclosure nets suggesting partial 

recovery. 
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This Cortisol response suggests that even small changes (1 °C) in stream temperatures are 

stressful to juvenile chinook, even if they do not exceed the preferred temperature range for the 

species. In fact, contrary to my prediction, increases in temperature to the preferred range were 

stressful. Subtle changes in stream temperature are not stressful to rainbow trout (Mellina 2002). 

Rainbow trout can tolerate a wider range of temperatures (Reiser and Bjornn 1979; Lee and Rinne 

1980) which may explain this contradictory finding. The streams studied by Mellina et al. (2002) 

were lake-headed which likely moderated forest harvesting induced temperature changes and 

corresponding physiological responses by fish. Furthermore, these workers' (Mellina et al. 2002) 

comparative study design would not have excluded other factors that co-vary with streamside 

forest harvesting treatments (e.g. increased light) possibly mitigating stress responses. 

Ambient temperatures during side-channel trials were high and likely confounded the 

stress results. In the 98/08/15 side-channel trial, the netted Cortisol concentration was 

approximately 2.5 times greater than the treatment concentration from the pooled tributary trials, 

suggesting that the ambient temperature of 19 °C was stressful to juvenile chinook prior to 

initiation of this trial. 

The 98/08/01 side-channel trial was conducted during a mean ambient water temperature 

of 24 °C. Similar to the other side-channel trial, juvenile chinook captured upstream from the 

enclosure nets exhibited a stress response in the un-netted section, five times greater than typical 

basal rates reported for juvenile salmonids (Sumpter et al. 1986; Fagerlund et al. 1995), prior to 

the initiation of the trial. The netted fish exhibited even higher plasma Cortisol levels, elevated 

approximately six times from the un-netted phase, undoubtedly due to the combined stress 

invoked from high ambient temperatures and enclosure in the net sections. This fact confounded 

interpretation of all subsequent stress values. However, heating the water by an additional 3.87 

103 



°C, created further stress to juvenile chinook because mortality occurred to approximately 10% of 

the treatment population compared with no mortality in the control sections. 

The fact that small changes in temperature are stressful to juvenile chinook is 

disconcerting not only because forest harvesting can cause an increase in summer stream 

temperatures (Hartman and Scrivener 1990; Ringler and Hall 1975; Beschta et al. 1987; Holtby 

1988; Brownlee et al. 1988; Hetrick et al. 1998; Rishel et al. 1982; Hall and Lantz 1969), but also 

because the increase in diurnal fluctuations associated with forest harvesting (Hartman and 

Scrivener 1990; Rishel et al. 1982; Ringler and Hall 1975; Beschta et al. 1987; Hetrick et al. 

1998; Brownlee et al. 1988; Hall and Lantz 1969) may be additionally stressful. 

Considering that streamside forest harvesting can cause increases in diurnal temperature 

fluctuation, following forest harvesting salmonids could be subjected to amplified fluctuations in 

temperature, which my results suggest may cause chronic physiological stress. Indeed, 

fluctuations in diurnal temperatures have been documented to be stressful to juvenile coho, and 

negatively impact energy reserves (Thomas et al. 1986). A strong correlation between diel 

temperature fluctuation and summer mortality of juvenile coho has been shown in field studies 

(Martin etal. 1986). 

A suite of tertiary effects are induced in response to chronic elevations of Cortisol, 

including reductions in disease resistance, growth, reproduction, and tolerance of additional 

stressors (McLeay et al. 1987; Thomas 1990; Fagerlund et al. 1995). Chronic stress due to 

increased diurnal fluctuations in temperature can depress growth in salmonids (Beschta et al. 

1987). Further, the physiological effects of chronic sub-lethal stresses, such as increased diurnal 

temperature fluctuations, are cumulative and result in a stepwise pattern of increased plasma 

Cortisol (Barton et al. 1986). Chronic sub-lethal stress can impact juvenile chinook at future life 
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history stages. For example, increased diurnal temperature fluctuations during the summer and 

fall can cause lipid depletion (Lemly 1996), which could compromise over-winter survival. 

Sub-lethal stress can impair the ability of juvenile salmonids to avoid predators (Sylvester 

1972; Olla et al. 1992; 011a and Davis 1989) and it is well established that predators capture 

substandard prey disproportionately from prey populations (Mesa et al. 1994; Temple 1987). The 

mechanisms causing these phenomena may include decreased learning and sensory abilities 

resulting in lapses in decision-making (Olla et al. 1992) or decreased swimming performance 

(Mesa et al. 1994). Coutant (1973) described an abnormal posture exhibited by thermally 

shocked salmonids and suggested that this behaviour was responsible for elevated levels of 

predation on these fish because it increased the conspicuousness of them. Interestingly, I also 

observed this posture with fish oriented on an angle of 30° towards the surface in my side-channel 

trials. Thus, elevated temperatures, particularly diurnal fluctuations, and the coincident increased 

levels of Cortisol, can have serious consequences (e.g. potentially higher predation rates) for 

juvenile chinook even with only modest temperatures increases such as the ones examined in the 

present study. 

Movement and Behaviour 

Although the Cortisol results suggest that fish were stressed, contrary to my prediction 

tributary rearing juvenile chinook did not display an avoidance response to elevated temperatures, 

even when they exceeded 16°C. Therefore, although temperatures in some trials did exceed the 

preferred range for juvenile chinook (12 - 14°C; Brett 1952), these individuals tolerated this 

elevated temperature, much like the reluctance of juvenile chinook to evacuate tributaries during 

sediment pulses (Chapter 3). The fact that tributary rearing juvenile chinook found increased 

temperatures stressful, yet endured rather than emigrate when temperatures increased, underscores 
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my previous discussions regarding the preferred nature of tributary habitat (Chapter 2). Other 

researchers have also shown that ecological motivation can cause juvenile salmonids to 

temporarily override adaptive avoidance responses and endure sub-lethally stressful 

environmental conditions (Birtwell et al. 1999). 

Indeed, stream-type juvenile chinook have been reported to display considerable 

permanence of station (Edmundson et al. 1968; Rosberg et al. 1981; Bustard 1983), which has 

been suggested to confer many benefits including familiarity with cover and food sources 

(Chapman and Bjornn 1969), providing obvious adaptive benefits considering the relative value 

of tributary habitats compared to side-channel habitats (Chapter 2). Brett (1952) noted juvenile 

chinook avoided water that exceeded 15 °C, but his study was conducted in the laboratory, which 

would not capture the ecological reality and disparity in habitat value encountered by juvenile 

chinook rearing in side-channels and tributaries of the Torpy River. Tributaries to the Torpy 

River are the highest value habitat (Chapter 2); thus, motivation to remain may override the 

impulse to flee from acute temperature fluctuations. 

In side-channel trials, however, juvenile chinook exhibited a pronounced avoidance 

response to elevated stream temperatures, as predicted. This avoidance response was primarily in 

the upstream direction indicating active selection of upstream habitats approximately three 

degrees Celcius cooler than the heating manipulations. This is contrary to the literature that 

suggests fish have a natural tendency to move downstream when exposed to danger (Brown 

1999). In fact, Keenleyside and Hoar (1954) reported increased rates of downstream migration 

for both juvenile chum and coho salmon as water temperature increased. The direction of 

juvenile chinook avoidance, in my research, is even more striking considering that the natural 

tendency of juvenile chinook in the control sections of side-channel trials was to move in the 

downstream direction. Upstream movements in search of favourable temperatures have been 
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reported in cutthroat trout (Brown and MacKay 1995) and for juvenile chinook in the Nechako 

River (Anonymous 1998; Russell et al. 1983). The experiments were conducted at the mid-point 

of the Lower Torpy River and upstream habitat opportunities for side-channel rearing individuals 

are ample. As temperatures are cooler upstream, movements in that direction would presumably 

have adaptive value. 

Other differences in movement behaviour were noted between side-channel and tributary 

individuals during the heating phases. Juvenile chinook behaved territorially in tributary trials, 

whereas in side-channels movement was in aggregations in treatment sections, huddling together 

in groups of 10 - 20, and moving in erratic, rapid darting movements, characteristic of stressed 

fish (Mason and Chapman 1965). 

Temperature-invoked changes in social behaviour have been noted in other salmonid 

species. Atlantic salmon abandon territories and form aggregations in response to high stream 

temperatures (>22 °C; Gibson 1988; Gibson and Cunjak 1986). Aggregative behaviour occurs in 

response to extremes in temperature as a mechanism to escape unfavourable stress (Brett 1970), 

and has been commonly reported in response to cold winter temperatures in salmonids (Brown 

1999; Cunjak and Power 1986; Brown and MacKay 1995; Hartman 1965). The transition to 

gregarious behaviour in response to harsh winter conditions is gradual with declining 

temperatures (Brown 1999). However, metabolic rate likely plays a pivotal role in the rate of 

change to aggregative behaviour, because cold temperatures induce lethargy and high 

temperatures invoke frantic activity (Beitinger et al. 2000). In the side-channels, juvenile chinook 

formed aggregates and shifted to gregarious behaviour almost instantaneously with application of 

heating manipulations. 

During the heating phase of side-channel trials, juvenile chinook aggregations were 

always in association with some form of structure such as large woody debris. In control sections 
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aggregations and association with large woody debris did not occur. Higher temperatures are 

favourable to warmwater piscivores, and these predators will be more likely to be hungry, rather 

than satiated, because of the profound influence of higher temperatures on metabolism. Large 

woody debris may provide cover from predators for individuals that are stressed and potentially 

more vulnerable to predation. 

Predators are considerably more prevalent in side-channels compared to tributaries 

(Chapter 2) so aggregative behaviours may be good predator avoidance tactics providing safety in 

numbers, rapid transfer of information and confuse predators and/or reduce capture efficiency 

(Brown 1999). However, this explanation alone seems insufficient since aggregations were also 

observed in side-channel sediment trials (Chapter 3), when the perceived risk of predation would 

be reduced due to the cover provided by turbidity (Gregory 1993; Gregory and Northcote 1993). 

Thus, it seems plausible that aggregative behaviour is a response to stressful conditions, and 

during side-channel heating trials aggregations of fish selected microhabitats that provided the 

additional predator avoidance benefit of cover. 

Foraging appeared to increase in treatment sections in response to heating which was 

consistent with my prediction yet, in direct contrast to a tendency for foraging behaviour to 

decline in control sections of both experiments. Increased feeding in response to elevated 

temperatures has been reported by other researchers (Glova and Mason 1977). The strength of the 

signal was more pronounced in side-channel trials; the rate of feeding increased over 56 times 

during the post-heating phase compared to a doubling of the feeding rate in tributary trials. This 

difference is probably because of the greater increase in temperature during these trials, compared 

to tributaries and the higher ambient temperatures. Metabolic demand and ability for activity 

(such as feeding) increases almost exponentially with temperature (Brett 1995). In this thesis, 

juvenile chinook may have facultatively adjusted their foraging rate in an attempt to meet 
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heightened metabolic demands from elevated temperatures. Salmonids are opportunistic foragers, 

quite adept at adjusting behaviour to meet energy demands (Nislow et al. 1998). Undoubtedly 

juvenile chinook subjected to the high temperatures during side-channel heating trials would be 

allocating the majority of their energy to intense metabolic demands rather than somatic growth, 

since the preferred temperature range (12-14 °C, Brett 1952), where metabolic processes are 

optimized (Brett 1971), was far exceeded. 

Temperature increases of 4 °C have been shown to decrease production of juvenile 

chinook mass due to elevated metabolic requirements (Bisson and Davis 1976) and decreased 

food conversion efficiency (Reid et al. 1995). In the side-channel trials, temperatures were 

elevated well above the optimal range, thus even though feeding rates increased, juvenile chinook 

may lose weight in the long term and this could have negative consequences for fitness. The 

deposition of energy into lipid is considered one of the most important components to fish 

survival (Adams and Breck 1990). Thus, elevated temperatures and associated lipid depletion 

may have negative consequences to juvenile chinook over-winter survival. 

Increased activity in response to higher temperatures is a common response of salmonids 

(Gibson 1988; Beschta et al. 1987). The fishmin variable represents the mean equivalent number 

of fish viewed per minute. By definition, for this variable to decline as it did during side-channel 

trials, either less fish were observed, which would be indicated by a decline in frequency, and/or 

fish were observed for a shorter period of time, which would be indicated by an increase in 

movement. In side-channels high temperatures amplified total movement and caused territorial 

behaviour to cease altogether. Accordingly less fish were seen in the field of view as the trials 

progressed because they were moving upstream in aggregates to avoid the thermal stress, rather 

than remaining stationary, resulting in a decline in the fishmin variable. 
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Contrary to my predictions, the frequency of aggression, fleeing, and yawning did not 

increase in response to elevated temperatures in tributary or side-channel trials. In fact, in side-

channel trials temperatures elevated up to 24.57 °C were so stressful to juvenile chinook that there 

was a breakdown in territorial behaviour altogether. A similar breakdown in social interactions 

has been documented for juvenile salmonids in response to pulses of suspended sediment (Berg 

and Northcote 1985), and crowding stress (Chapman and Bjorrn 1969). The rapid transition from 

territorial to gregarious behaviour occurred concurrently with application of the heating 

manipulation and was not observed in control sections. Aggregate behaviour is a response to 

extremely stressful conditions (Brett 1970), and has been described for low temperatures (Brown 

1999; Cunjak and Power 1986; Brown and MacKay 1995; Hartman 1965), as well as for high 

temperatures (Gibson 1988; Coutant 1973; Gibson and Cunjak 1986). 

Environmental conditions influence the degree of social aggression in animals 

(Huntingford 1976), which for elevated temperature, was apparent in this research and others 

(Gibson 1988; Gibson and Cunjak 1986). When salmonid populations are limited by abiotic 

conditions, competition is minimal or non-existent (Hearn 1987). Indisputably, territory defense 

and avoidance in aggregations, are two behaviours that cannot co-occur. Typically, behavioural 

interactions, including aggression increase with higher temperatures (Glova and Mason 1977; 

Gibson 1988), therefore the cessation of social behaviour observed during side-channel trials adds 

further evidence that these juvenile chinook were under stress. The cessation of territorial 

behaviour (aggression and fleeing) in side-channel trials supports my earlier suggestion that 

increased movement during heating and post-heating phases is an avoidance response, and does 

not reflect the displacement of fish arising from unsuccessful social interactions (Chapman 1962). 

If the increase in movement during side-channel heating trials was a result of increased social 
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interactions and subsequent displacement through competitive exclusion, the rate of aggression 

would be expected to increase rather than cease. 

Forest Harvesting Implications 

Recent research in northern, interior British Columbia has indicated that thermal effects of 

forest harvesting on lake-headed streams with groundwater influence are largely benign (Mellina 

et al. 2002). In that study, streamside forest harvesting did not appear to cause acute or chronic 

stress in rainbow trout, possibly due to the combined moderating influence of groundwater and 

lakes (Mellina 2002). These findings suggest that the effects of forest harvesting are relatively 

subtle and potentially less severe in northern, interior British Columbia compared to coastal 

systems (Mellina 2002). However, rainbow trout have a much wider tolerance for temperature 

changes than juvenile chinook (Reiser and Bjornn 1979; Lee and Rinne 1980) so it is possible that 

some species like chinook salmon would be more affected. In the Torpy River, streamside forest 

harvesting of groundwater-controlled tributaries resulted in depressed winter temperatures and 

elevations of both mean and variance in summer temperatures, as well as decreases in growth of 

juvenile chinook (Shrimpton et al. 1999a,b). It appears that the presence of groundwater alone 

may be insufficient to mitigate changes to the thermal regime of small streams and prevent stress 

to fish in northern, interior British Columbia. This also suggests that the influence of lakes (sensu 

Mellina 2002) is paramount for moderating potential stressful impacts to salmonids caused by 

forest harvesting. 

Small changes in stream temperature (0.97 - 3.87 °C), well within the realm of those 

associated with streamside forest harvesting (Brownlee et al. 1988; Keith et al. 1998; Hartman et 

al. 1987), caused behavioural and physiological responses in juvenile chinook indicative of sub

lethal stress. Long term display of these responses could lead to decreased fitness and survival. 
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Juvenile chinook are the most tolerant of the Pacific salmon species to elevated temperatures 

(Brett 1952); thus other salmonid species may be even more susceptible to warming caused by 

streamside forest harvesting. Natural resource managers should afford the highest protection 

possible to the riparian zones of small streams to prevent the deleterious impacts resulting from 

subtle changes in thermal regimes. 

Elevated temperatures can have positive effects on juvenile salmonids such as increased 

growth (Hartman and Scrivener 1990; Slaney et al. 1977b; Brownlee et al. 1988). However, 

positive effects at one life stage have been shown to have negative and indirect latent 

consequences to fish production due to alteration in the timing of life history events (Hartman and 

Scrivener 1990; Thedinga and Koski 1984). Northern, interior chinook populations may be 

vulnerable to this type of affect, warranting further research in this area. 
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Study Sites Experimental Design 

Torpy River 

tributary 

sidechannel 

downstream camera 

Flow 
•*- Q - sideview camera 

stop net 

experimental 
manipulation 

jHJ downstream camera 

•JTIi sideview camera 

A B 

Figure 4.0. Diagram (A) representing an example of the macrohabitats (tributaries, side-
channels) in which experiments were conducted. Schematic (B) of general experimental design 
(not to scale). The location of temperature manipulations is indicated by the asterik. 
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Figure 4.1. Temporal methods of behavioural data extraction from underwater video recordings. 
Each phase of the experiment was divided into 10 equally spaced intervals (e.g. 6 min. intervals in 
Pre-Heat, 9 min. intervals in Heating, 6 min. intervals in Post-Heat) and random samples were 
extracted from each interval. The magnification of the Heating phase illustrates the systematic 
random approach. Black bars are randomly selected intervals for data extraction 
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B 

Contro l Treatment 

• Pre-heat • Heat 

Figure 4.2. Mean total movement of juvenile chinook during tributary (A) and side-channel (B) 
heating trials. Error bars represent ± 1 SE. Bars with similar letters did not differ. Means are 
based on three and two trials respectively. 
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Pre-Heating Heating Post-Heating 

[•Control • Treatment| 

Figure 4.3. Mean feeding attempts per minute during tributary trials (A), side-channel trials (B), 
mean aggression per minute during tributary trials (C), mean fleeing per minute during tributary' 
trials (D), and mean fishmin during side-channel trials (E). Error bars represent ± 1 SE. Bars 
with similar letters did not differ. Means are based on number of trials (sidechannels: n = 2; 
tributaries: n = 5). 
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CHAPTER 5: THESIS SUMMARY 

Juvenile chinook early life history studies that focus on only one season and/or one 

macrohabitat provide an incomplete picture as to the early life history of the stream-type race, 

particularly considering the magnitude of variation within a given life history strategy that is 

displayed by the species. In this thesis, the seasonal habitat preferences of juvenile chinook were 

investigated in three macrohabitats, and it was determined that non-natal tributaries were the 

highest value habitats in all seasons (spring, summer, fall/winter). Tributaries proffer thermal 

stability both during the summer and winter, and provide refuge from suspended sediment, 

high/low temperatures, and predators in the mainstem. 

Furthermore, individuals rearing in non-natal tributaries may have a survival advantage. 

Behavioural disposition for selection of these habitats has adaptive value during downstream 

migrations, demonstrable by the fact that non-natal tributaries to the Fraser River provide critical 

refuge habitat to juvenile chinook from high temperatures and suspended sediment levels 

(Scrivener et al. 1994). 

The high utilisation of tributaries in the Torpy River watershed is of concern from a 

habitat protection perspective because the majority of forest harvesting has concentrated almost 

exclusively in the low gradient floodplain area of the lower valley, which contains some of the 

most valuable juvenile fish habitat. The winter period is a particular sensitive time for juvenile 

chinook, which unfortunately is the season when the majority of forest harvesting takes place in 

the Upper Fraser River. 

The unique over-wintering behaviour documented in this thesis is contrary to the majority 

of studies in the literature that document "stream type" juvenile chinook to over-winter in the 

mainstem of large rivers (Anonymous 1987; Emmet 1989; Healey 1991; Levings and Lauzier 

1991; Murray etal. 1981; Russell et al. 1983; Swales et al. 1986). In the Torpy River, juvenile 
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chinook either over-winter in groundwater controlled non-natal tributaries, actively feeding and 

exhibiting positive growth throughout the winter, or they emigrate from the mainstem in August. 

Juvenile chinook have been reported by others to display a similar exodus from the mainstem of 

large rivers in northern interior systems with the onset of the fall/winter season (Bjornn 1971; 

Everest and Chapman 1972; Chapman and Bjornn 1969; Hillman et al. 1987; Rosberg et al. 1981; 

Swales et al. 1986; Murray et al. 1981; Lister et al. 1981; Russell et al. 1983); however, extensive 

tributary over-wintering has not been documented before. Unlike the findings of other 

researchers (Hillman et al. 1987; Chapman and Bjornn 1969 ), the environmental cues for this 

seasonal habitat re-distribution of juvenile chinook in the Torpy River was not coincident with 

declining, cold temperatures. Temperatures during peak emigration in the Torpy River were > 15° 

C, well above the 4-8° C threshold reported by Hillman et al. (1987), as they are during summer 

in other Upper Fraser systems exhibiting an exodus of juvenile chinook (Lister et al. 1981, 

Russell et al. 1983). In the Torpy River, the primary trigger causing juvenile chinook to emigrate 

from the Torpy River mainstem is likely sedimentation of the gravel/cobble substrate, which is 

coincident with late summer low flows. 

Such proactive emigration, due to the degradation of over-wintering habitat in the 

mainstem, in anticipation of extreme cold temperatures yet months prior to the onset of those 

temperatures, is a remarkable product of evolution. Proactive emigration confers additive 

adaptive value, considering from a competitive perspective the earlier the emigration, the greater 

the probability of securing available over-wintering habitat elsewhere. Also, water temperatures 

(15 0 C) during this early emigration are optimal for juvenile chinook swimming ability, of 

obvious benefit for lengthy downstream migrations to suitable over-wintering habitat. 

It also appears that juvenile chinook that emigrate incur sustained growth throughout the 

winter through selection of ground water controlled, non-natal tributaries of the Fraser River, that 
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confer the same benefits as their non-natal rearing cohorts enjoy in the Torpy River tributaries. 

Thus, in the Upper Fraser River, juvenile chinook in the "emigrate" life history category may 

simply represent those individuals unable to secure stable groundwater controlled over-wintering 

habitat in their natal stream and consequently emigrate downstream in search of groundwater 

controlled non-natal over-wintering opportunities. Considering that juvenile chinook salmon are 

the least tolerant of cold temperatures (Brett 1952), and the positive correlation between greater 

size and cold tolerance, sustained winter growth via selection of groundwater controlled 

tributaries has clear adaptive value to the stream type race in northern interior systems subjected 

to harsh, cold winters. Indeed, utilisation of non-natal tributaries of the Fraser River by juvenile 

chinook for refuge habitat has been documented (Scrivener et al. 1994; Murray and Rosenau 

1989) and this strategy may be significantly more prevalent and critical to survival of the stream 

type race than previously thought. 

The interconnected nature and compound effects of forest harvesting on the aquatic 

ecosystem, underscore the value in experimentally manipulating one factor in order to uncouple 

its effects from co-variates. In this thesis, conducting experimental manipulations to stream 

temperatures and suspended sediment concentrations in a natural un-logged stream, enabled the 

isolation of the other variables that often covary with these factors due to forest harvesting and/or 

climatic variation. 

Of all the Pacific salmon, chinook, are the most tolerant of high temperatures (Brett 1952) 

and suspended sediment concentrations (Servizi and Gordon 1990; Servizi and Martens 1991). In 

this thesis, relatively small changes in these variables, representative of post-forest harvesting 

conditions, caused sub-lethal stress responses; thus other salmonid species may be even more 

susceptible to warming and sedimentation caused by streamside forest harvesting. 
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The magnitude and type of response exhibited by juvenile chinook depended not only on 

ambient conditions, but also on the value of the habitat occupied. Avoidance was not a prominent 

part of the behavioural repertoire of tributary fish even though they appeared stressed in terms of 

elevated Cortisol concentrations, to experimental manipulations to temperatures and suspended 

sediment concentrations. Tributary rearing individuals suffered through obviously unfavourable 

conditions, choosing to endure rather than avoid, because of the gross disparity in value of 

tributaries relative to other habitat opportunities. Indeed, fish are generally able to tolerate a much 

higher degree of pollution in nature because of motivation (Sprague 1971) and ecological realism 

(Adams 1990), which are often lacking in laboratory studies. Other researchers have also shown 

that ecological motivation can cause juvenile salmonids to temporarily override adaptive 

avoidance responses and endure sub-lethally stressful environmental conditions (Birtwell et al. 

1999). 

The potential for exposure to chronic sub-lethal stress is high for tributary rearing juvenile 

chinook because of their reluctance to evacuate preferred habitat. Multiple acute stressors have 

cumulative impacts on juvenile chinook salmon, resulting in a stepwise pattern of increased 

plasma Cortisol (Barton et al. 1986), causing additive performance deficits. Land use activities, 

such as forest harvesting, that result in multiple episodes of increased suspended sediment 

concentrations and temperatures, can be exceptionally damaging to tributary rearing juvenile 

chinook. Chronic stress can evoke many effects on juvenile salmonids including decreased 

growth and survival, and increased susceptibility to predation and disease, among others. 

Altered suspended sediment and thermal regimes can have latent, and potentially indirect, 

negative consequences to juvenile chinook through effects on life history behaviour. Life 

histories, particularly their timing and uniqueness, are a function of adaptation to local conditions. 

Therefore, any changes to these local conditions, induced by land use activities or otherwise can 
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reduce the future fitness of affected populations. For example, the annual decision to emigrate or 

over-winter in the Torpy River, including the timing thereof, is likely triggered by elevated 

sediment loads. Thus, sedimentation of clear, groundwater-controlled tributaries could place the 

perpetuation of the "non-natal" over-wintering strategy in peril. The Torpy River mainstem is an 

inhospitable habitat during the winter, so much so, that an exodus of mainstem rearing chinook 

occurs in the late summer. Displacement of tributary rearing chinook in the winter could have 

negative consequences, considering that the Pacific salmon species with the lowest cold tolerance 

(Brett 1952), is being displaced to a colder habitat. 

The temperature differential between groundwater controlled tributaries and the mainstem 

in the winter was approximately 1.5 °C. This delicate difference in thermal regimes, which 

provides refuge from harsh temperatures in the mainstem, and has likely fostered the evolution of 

the "non-natal" over-wintering strategy, may be susceptible to disruption from forest harvesting. 

A reduction in post-forest harvesting winter stream temperatures (Beschta et al. 1987; Anderson 

et al. 1997; Rishel et al. 1982; Brownlee et al. 1988), could render the "non-natal" over-wintering 

strategy non-adaptive, compromise the survival of populations selecting this strategy, and perhaps 

jeopardize the persistence of this life history trait. 

There is unequivocal evidence for global warming (Levy 1992; Linton et al. 1997, 1998; 

Schindler 1997, 2001) and this phenomenon may have far reaching implications to stream type 

juvenile chinook, such as the Torpy River population. Temperatures in the mainstem Torpy River 

already exceed 20° C, the point at which sub-lethal effects to juvenile chinook can occur, 

(Walthers and Nener 2000) and come precipitously close to the lethal limits in summer. In a 

global warming scenario of even a few degrees Celsius, the critical nature of non-natal 

groundwater controlled tributaries is even more crucial. Groundwater sources are predicted to 
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decline in response to global climate change (Schindler 1997), so rarity of preferred habitat in the 

Torpy watershed will likely become more pronounced. 

Phenotypic diversity, as illustrated by the juvenile chinook rearing in the Torpy River, is 

the outcome of the interaction between an individual's genetic underpinning with its unique 

environment (Healey and Prince 1995). Therefore, protection of these unique, and likely 

increasingly rare, groundwater controlled tributaries is critical to conservation. 
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