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INTRODUCTION

The objective of this chapter is to describe some key 
linkages between the ecology of salmonid fish and 
the hydrologic and geomorphic features of their 
spawning streams in British Columbia. Salmonid re-
fers to all species in the Salmonidae family of fishes, 
which includes Pacific salmon and trout (Oncorhyn-
chus spp.), char (Salvelinus spp.), grayling (Thym-
allus spp.), whitefish and cisco (Coregonus spp.), 
Atlantic salmon and trout (Salmo spp.), inconnu 
(Stenodus spp.), and round whitefish (Prosopium 
spp.). The focus here is on Pacific salmon, trout, and 
char because of their widespread distribution in 
the province, their extensive use of stream habitats 
for spawning, and the volume of research devoted 
to these socio-economically important species. 
Stream-spawning salmonids and their reproductive 
success are affected by the hydrologic and geomor-
phic watershed processes that define and shape their 
streams and spawning habitats. To manage fish and 
land-use practices effectively, we need to understand 
how salmonid ecology and physical stream processes 
interact and are altered by natural and human dis-
turbances in their watersheds. 

The dependence of stream organisms on the 
quantity, quality, and movement of flowing waters 
has always been part of the underlying fabric of 
stream ecology. In the 35+ years since Hynes pub-
lished his landmark book, The Ecology of Running 
Waters (Hynes 972), appreciation for these hydro-
logic–biologic linkages has advanced considerably in 

North America, driven largely by the environmental 
movement and our increasing concern over the ef-
fects of land and water uses on fish and their habitat. 
Our understanding of specific ecological–hydrologi-
cal processes and interactions in stream systems 
has progressed significantly. For example, we now 
recognize the ecological significance of hyporheic 
zones (See Chapter 3, “Stream and Riparian Ecol-
ogy”) where ground and surface waters mix below 
the streambed surface, creating important habitats 
for faunal communities (Edwards 998). We also 
now recognize many of the dynamic and hydrologi-
cally mediated biochemical exchange processes that 
determine how nutrients and organic matter “spiral” 
downstream and are transformed and moved 
through stream ecosystems (Newbold et al. 982). 
Woody debris is no longer “cleaned” from streams 
because it has been shown to be a critical physical el-
ement for stream morphology, fish and invertebrate 
habitats, and other important ecological functions 
(Bisson et al. 987). 

These advances in our knowledge have helped us 
better appreciate the importance of hydrologic and 
geomorphic processes to stream ecosystems and 
have aided in the development of more effective wa-
ter and stream management policies. Nevertheless, 
significant gaps still exist in our knowledge of stream 
and watershed processes and of human impacts on 
the hydrology, morphology, and ecology of streams 
(Young 2000; Rosenau and Angelo 2003; Moola et 
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al. 2004). For example, although small streams are 
ubiquitous throughout the province, only recently 
has the need been highlighted for better ecological 
data on their functions and roles in stream networks 
and the effects of natural and human watershed 
disturbances (Moore and Richardson 2003). 

The Salmonid Landscape of British Columbia

British Columbia is a landscape of diverse geogra-
phy, geology, vegetation, and climate that together 
define the physical and chemical characteristics 
of the streams and rivers draining the land. These 
stream characteristics in turn can define the fish spe-
cies assemblages that have colonized and adapted to 
them. Salmonids exhibit various natural adaptations 
to the range of local stream conditions that reflect 
this diverse landscape. 

The province encompasses a wide diversity of 
watersheds with markedly different geophysical 
and climatic conditions, ranging from the northern 
boreal mountains and taiga plains bordering the 
Yukon Territory to the near-desert valleys of the 
south Okanagan and the temperate coastal rainfor-
ests of the Coast and Vancouver Island. This diverse 
hydrologic and geomorphic landscape yields a 
variety of streams and rivers, ranging from the great 
Fraser, Skeena, Stikine, Columbia, and Mackenzie 
Rivers with their biologically diverse resident and 
migratory fish communities, to the ubiquitous first-
order headwater streams and tributaries that feed all 
stream networks. The latter may serve as spawning 
and rearing ecosystems for species such as bull trout 
(Salvelinus confluentus) and cutthroat trout (On-
corhynchus clarki) (Gomi et al. 2002). 

The coastal rainforests yield an abundance of 
warm-in-winter, soft-water streams that are impor-
tant habitat for anadromous salmon, trout, and char 
(Rosenfeld et al. 2000). Perennially cold, glacially 
turbid streams can be found draining the glaciers 
and snowfields of the coastal and interior moun-
tains. These streams present a challenging physical 
environment for many aquatic species (Lorenz and 
Filer 989; Richards and Moore 2003). Overlay-
ing this mosaic of stream ecosystems are the many 
streams and watersheds whose hydrologic and 
physical features have been modified by agriculture, 
forestry, urban development, mining, impoundment 
and flow regulation, diversions, dykes, and other hu-
man constructions. 

Scope of the Chapter

This chapter illustrates how some of the natural hy-
drologic and geomorphic characteristics of streams 
can influence various aspects of the ecology of 
salmonids in their spawning streams. The emphasis 
is on the natural interactions between salmonids 
and their physical stream environment rather than 
the effects of human disturbances (see Chapter 7, 
“The Effects of Forest Disturbance on Hydrologic 
Processes and Watershed Response,” Chapter 9, 
“Forest Management Effects on Hillslope Processes,” 
and Chapter 5, “Riparian Management and Ef-
fects on Function”), highlighting the need to better 
understand the role watershed management plays in 
conserving the hydrologic and geomorphic features 
of salmonid spawning habitats.

This chapter focusses on the freshwater reproduc-
tion stages of salmonids, from the migration into 
spawning streams up to the emergence of fry. First, 
we look at how seasonal streamflows, determined 
by regional and seasonal variations in climate and 
hydrology, can affect spawner migrations. We next 
describe the importance of natural hydrologic and 
sedimentation processes in the creation of suitable 
stream substrates and habitats for salmonid spawn-
ing and egg incubation. We also discuss hydrologic 
effects on the survival of eggs and alevins. We then 
consider spawning salmon as geomorphic and eco-
logic disturbance agents in their own right, rework-
ing and shaping the streambed for redd construction 
and enriching spawning streams. Lastly, we look at 
the relationship between streamflow and the emer-
gence of salmonid fry from natal gravels.

The scope of this chapter is best viewed in the 
context of the small- to moderate-sized streams 
that make up the majority of the stream length in 
watersheds and where terrestrial–aquatic linkages 
are strongest (Gomi et al. 2002). These include first-
order headwater and tributary streams up to larger 
third- and fourth-order streams and rivers. For a 
comprehensive description of large Pacific Northwest 
rivers, which includes physical characteristics, ecol-
ogy, and management, the reader is referred to the 
excellent texts by Naiman and Bilby (editors, 998) 
and Benke and Cushing (editors, 2005). Wetlands 
and floodplains are also not specifically addressed 
because their ecology has a unique dependence on 
local geomorphic and hydrologic conditions that is 
beyond the scope of this chapter (Brown 2002).
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Stream research conducted in British Columbia 
has been driven largely by the need to better man-
age the effects of land disturbances such as forestry, 
agriculture, or urban development on stream ecosys-
tems. Research conducted at the University of British 
Columbia’s Malcolm Knapp Research Forest in the 
Fraser Valley (Kiffney et al. 2003), the Carnation 
Creek Watershed Study on the west coast of Vancou-
ver Island (Hartman and Scrivener 990; Tschap-
linski 2000), and the Stuart-Takla Fish-Forestry 

Interaction Project in the north Fraser River water-
shed (MacIsaac [editor] 2003) are three examples of 
large-scale, multidisciplinary projects conducted in 
British Columbia that evaluate the impacts of for-
est management on stream ecology. These studies, 
along with many others in the province and else-
where, have helped advance our knowledge of how 
hydrologic watershed processes affect the ecology of 
salmonid streams. 

STREAMFLOW AND SPAWNER MIGRATIONS

The annual hydrograph of a British Columbia stream 
depends on the size, shape, elevation, and geographic 
location of its watershed along with the local climate, 
vegetation, and geology, all of which vary widely 
across the province. Seasonal flow regimes charac-
teristic of different regions of British Columbia are 
discussed in greater detail in Chapter 4 (“Regional 
Hydrology”). Differences in seasonal flow patterns, 
along with the physical features of the channel, 
determine the types of stream organisms best able  
to utilize the habitat. Salmonid behaviour, physiol-
ogy, and life history are adapted to a specific range 
and seasonal pattern of water and flow conditions. 
For example, juvenile coho (O. kisutch), steelhead  
(O. mykiss, anadromous rainbow trout), and cut-
throat trout can co-occur in the same stream reaches 
(sympatric) but during low to moderate streamflows 
tend to segregate into microhabitats based partly on 
the hydraulic characteristics of different channel 
features (Bisson et al. 988). Seasonally low stream-
flows can contract or fragment the available habitat 
into pools, and trigger the cessation of instream 
movements and foraging by juvenile salmonids 
(Mellina et al. 2005; Huusko et al. 2007). The size 
and frequency of freshets and the availability of 
suitable high-flow refuges are known to significantly 
affect the survival of juvenile coho in coastal British 
Columbia streams (Mason 975; Brown and Hart-
man 988; Shirvell 994). 

Hydrologic conditions in streams also affect the 
migration of adult salmonids to their spawning areas 
(Everest et al. 985; Hodgson et al. 2006). Natural 
seasonal variations in streamflow, driven by local 
climate and precipitation and moderated by the 

hydrologic characteristics of the watershed, can af-
fect both the timing of salmonid migrations and the 
accessibility of spawning locations. Low water levels 
during the spawning window can limit how much 
of the stream is accessible and useable for spawning. 
Obstructions (falls, canyons, beaver dams) can delay 
migration for adult salmon and may only be pass-
able under high or low flows depending on the type 
of barrier (Sandercock 99; Cooke et al. 2004; Rand 
et al. 2006). Streamflow can be an important cue for 
adults to enter spawning streams, and many salmon 
runs are known to delay entry at the mouth of a 
stream for a month or more waiting for rain to raise 
streamflows (Eames et al. 98; Lister et al. 98; Holt-
by et al. 984). Coho with exceptionally early or late 
spawning stream entries are believed to be showing 
local adaptations to specific seasonal discharge pat-
terns in order to ensure that flows are adequate for mi-
gration past stream obstructions (Sandercock 99).

Water temperatures also play an important role 
in regulating the migratory timing and enroute 
survival of adult salmonids (Macdonald et al. 2000). 
Avoidance of high water temperatures may account 
for the early migration and extended holding of 
salmon populations in freshwater before matura-
tion and spawning (Hodgson and Quinn 2002). The 
spawn timing of salmonid populations is thought to 
reflect the need of ensuring that egg incubation and 
fry emergence match local environmental and forage 
conditions which benefit juvenile survival (Brannon 
987). These population-specific adaptations of mi-
gration and spawn timing to environmental condi-
tions are just part of the range of adaptations to local 
hydrologic conditions that salmonids exhibit.
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eter, geometric mean) and percentage of fine sedi-
ments (e.g., < 0.85 mm diameter) of the incubation 
gravels (Chapman 988; Young et al. 99).

Fine sediments reduce intergravel water flows, 
decreasing the supply of dissolved oxygen to the  
eggs and alevins and the transport of ammonia and  
other metabolites away from the egg pockets. These 
sediments also inhibit alevin movement and fry 
emergence; if the organic content of the sediment is 
high, microbial processes will compete for oxygen 
with the developing eggs. Gravel quality is sensitive 
to natural and anthropogenic sediment generation 
and to transport processes in streams and their 
watersheds, both before spawning and during 
incubation. Annual and seasonal fluctuations in 
these processes can affect spawning success and  
egg-to-fry survivals.

The coarseness of spawning gravels is also im-
portant. Size of spawners is one of the factors that 
determines the size and depth of redds and the 
largest gravel sizes suitable for spawning substrates. 
Salmonids have a limited ability to move gravels 
using water currents generated by body flexing and 
tail movements. Streambeds may be “armoured” 
by large cobbles that spawners may not be able to 
excavate effectively. The maximum median diameter 
of spawning gravels utilized by a salmonid species 
is related to the size of the fish. Salmon are large-
bodied salmonids and Kondolf (2000) found that the 
maximum median-size distribution of the gravels 
used by Pacific salmon for redd construction was a 
function of the length of fish (Figure 4.). 

Hyporheic zones are the porous streambed 
substrates in which surface water and groundwater 
mix and hydrologic, geochemical, and biological 
stream processes interact. Salmonids use hyporheic 
substrates for redd construction and egg incubation 
because of the good intergravel water flows, which 
supply oxygen and remove waste metabolites (Geist 
and Dauble 998). This intergravel flowing water is 
typically a mixture of stream surface water forced 
into the streambed by upstream hydraulic gradients 
and groundwater upwelling from the surround-
ing catchment (Malcolm et al. 2005). Increases in 
water depth relative to variations in the streambed’s 
geomorphic features and topography (e.g., pools 
and tail-outs) create localized increases in hydraulic 
pressure and surface water downwelling into porous 
streambed substrates.

REDDS AND THE EGG INCUBATION ENVIRONMENT

For salmonid reproduction, the nature of the 
streambed is one of the most important geomorphic 
features of the stream. Salmonids generally spawn 
in streams from summer through spring, although 
some populations of chinook (O. tshawytscha) and 
steelhead spawn earlier. They incubate their eggs 
in redds dug into the streambed. Stream-specific 
hydrologic and geomorphic processes, including 
ground–surface water interactions, largely deter-
mine the location and quality of spawning sites in 
a stream. The natural scouring, sorting, and de-
position of sediments by water and as affected by 
in-channel structures determine the spatial extent, 
depth, and size composition of gravel deposits 
within a stream. The dynamic hydrologic and geo-
morphic processes that create and maintain gravel 
deposits within a stream are discussed in Chapter 0 
(“Channel Geomorphology: Fluvial Forms, Process-
es, and Forest Management Effects”). The quantity 
and quality of water flowing through the gravels is 
also an important factor determining the suitability 
of a site for nest construction and egg incubation.

Different species of salmonids spawn in differ-
ent substrates with different hydrologic and physi-
cal characteristics. Some salmonids, such as fluvial 
Arctic grayling (T. arcticus) and mountain whitefish 
(P. williamsoni), do not dig nests in streambeds but 
are broadcast spawners, fertilizing and deposit-
ing their eggs among the natural sand and cobble 
substrates of the streambed rather than digging nests 
in the substrate. These eggs are more exposed to 
natural streamflow variations and bedload move-
ments during incubation; however, most salmon, 
trout, and char dig nests or redds to fertilize, protect, 
and incubate their eggs. In the gravels, eggs de-
velop into alevins, embryos with yolk sacs that are 
absorbed as they grow to the “swim-up” fry stage. 
These salmon generally choose spawning sites with 
the most favourable subsurface water flow and gravel 
conditions for the survival of the incubating eggs 
and development of the alevins. Egg-to-fry survival 
can range widely from less than a few percent to 
more than 70% (Groot and Margolis [editors] 99). 
This extreme range in survival is in part a function 
of spawning bed quality, which is affected by annual 
and seasonal fluctuations in stream and intergravel 
flow conditions, by natural sediment infiltration that 
can affect incubation conditions in the gravels, and 
by the particle size distribution (e.g., median diam-
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For egg deposition, female salmonids dig pits 
that are covered with gravels from another adja-
cent upstream pit to form a hump or tail spill. After 
digging and burying several pits and egg pockets, a 
large redd has a pool-riffle morphology that creates 
localized hydraulic gradients, enhancing down-
welling and intergravel water flows through the egg 
pockets (Figure 4.2; Geist and Dauble 998). Sur-
face water flow into and out of the redd results from 
higher water depth and hydraulic pressure on the 
upstream pool side versus the downstream riffle side. 
Salmonid redd construction can significantly change 
local hydraulics; thus, high densities of large-bod-
ied spawners can significantly modify channel bed 
morphology and intergravel flows.

The water quality of intergravel flow for incu-
bating eggs (temperature, dissolved oxygen levels) 
depends on the relative contributions and qualities 
of the mixing surface and groundwater sources 
(Malcolm et al. 2005). Groundwater from the catch-
ment may come from a considerable distance and 
its oxygen content is often a function of time spent 
below ground. Thus, the relative mixing of surface 
and ground waters can determine the temperature 
and oxygen quality of the intergravel water, affect-
ing the development rates and survival of incubating 
eggs. Groundwater sources have relatively constant 
temperatures and oxygen content, whereas down-
welled surface waters reflect seasonal changes in 
stream temperatures and oxygen levels. 

The mixing of ground and surface water will 
vary seasonally with streamflow. During periods 
of high flow and deeper water, the rate of surface 
water downwelling will increase and this can dilute 
intergravel groundwater with surface water; ground-
water may dominate the intergravel water during 
low flow periods. Groundwater upwelling sites can 
also be critical thermal refuges in winter when cold 
surface water makes warmer groundwater upwell-
ings favourable habitat for egg incubation and alevin 
refuge. Variations in other ecologically important 
water quality parameters, such as ion chemistry and 
temperature, are also dependent on seasonal flows. 
Seasonal changes in the relative contributions of soil 
and groundwater sources to streamflow can manifest 
in seasonal variations in downstream water quality 
(Constantz 998; Feller 2005; Chapter 3, “Stream 
and Riparian Ecology”).

The physical and chemical cues used by salmon 
and trout to actively identify redd sites with suitable 
intergravel water flow, oxygen, and temperature con-
ditions are not entirely clear (Kondolf and Wolman 
993; Quinn et al. 2006). Salmon are capable of hom-
ing to small-scale natal habitats so natural selective 
pressures may ensure that the majority of spawners 
return to suitable gravel areas. Alternatively, salmon-
ids may be able to sense the movement and quality 
of upwelling water using olfactory and other clues. 
For example, Cope and Macdonald (998) found that 
sockeye salmon rarely dig redds in marginal habitats 

FIGURE 4.  Spawner size is related to the maximum median particle size of the spawning gravels 
utilized for redd construction. Here the average median diameter (D50 ) of spawning 
gravel utilized is plotted against the average body length (cm) of female spawners for 
five species of Pacific salmon from data compiled by Kondolf and Wolman (1993).
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of salmonid streams and create important channel 
features such as riffles, pools, and side channels. 
These processes build, clean, and sort alluvial gravel 
deposits that serve as salmonid spawning areas; 
however, if the depth of streambed scour exceeds the 
depth of egg burial, then rare high flow events may 
reduce survival of specific year-classes of salmonids 
(Kondolf et al. 993). Coastal streams are particularly 
prone to extreme winter flow events from Pacific 
Ocean storms (Chapter 4, “Regional Hydrology”). 
These events can be responsible for substantial bed-
load movements and the scour of redd egg pockets 
with losses of eggs and alevins (Tripp and Poulin 
992; Montgomery et al. 996). Theses losses may 
be a significant part of the high, natural mortalities 
salmonids experience at this life stage (Kondolf et al. 
993). 

The risk of scouring flows depends on the cli-
mate, the hydrologic characteristics of the watershed 
(e.g., upstream lakes that can buffer peak flows), the 
morphometry of the stream channel, the volume and 
type of woody debris in the channel, and the sizes 
and types of substrate (e.g., alluvial gravels). Scour 
and fill sites are very localized. The susceptibility of 
a specific spawning bed to scour depends on reach 
conditions such as streambed shear stresses, which 
are a function of local channel morphology and flow, 
and the particle entrainability of the bed material 
(e.g., substrate size and embeddedness; Rennie and 
Millar 2000). Different reaches within the same 

where intergravel oxygen levels are near or below 
3 mg/L. 

Accessible areas with suitable gravel and hyporhe-
ic flow conditions for successful salmonid spawning 
may be a small part of the total stream area. Iden-
tifying and protecting these spawning habitats is 
an important part of conservation efforts for many 
salmon, trout, and char in British Columbia. At-
tempts to model and predict the locations of these 
spawning habitats use physical stream and watershed 
characteristics (spawning habitat suitability models; 
e.g., Shirvell 989). However, although physical 
features such as gradients, channel morphology, and 
water depth are readily measured, properties such as 
gravel quality, intergravel water flows, groundwater 
upwelling, and subsurface water quality are not as 
easily measured or predicted from physical stream 
and watershed features (e.g., Geist and Dauble 998; 
McHugh and Budy 2004). In addition, the fidelity of 
spawners to their specific natal areas can only be ac-
counted for by field surveys to determine the full use 
of a stream by resident salmonids.

Scouring Flows

Another important aspect of the geomorphology 
and flow regime of streams for salmonid egg and 
alevin survival is the frequency and magnitude of 
scouring flows during the egg incubation and alevin 
stages. Scour and fill processes are a natural part 

FIGURE 4.2  Schematic of intergravel water flow through a salmonid redd. Redd morphology 
changes the streambed topography and water depths over the redd, creating upstream 
hydraulic gradients that force surface water to downwell through the redd and upwell 
on the downstream side. Entrainment of groundwater may occur. (Adapted from Geist 
and Dauble 1998)
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stream can have different scouring rates that corres-
pond to unique flow and geomorphic characteristics.

The depth at which a salmonid species buries its 
eggs is correlated to the size of the female and the 
median substrate size (DeVries 997). Maximum 
redd depths can range from 0 cm for small kokanee 
(O. nerka) to more than 50 cm for large chinook 
(Figure 4.3). The shallower the egg pocket, the more 
susceptible it is to scour during freshets. Shallower 
redd depths result from smaller females, larger 
substrate sizes, or spawners encountering excava-
tion barriers (e.g., large rocks, hard-pack clay, or clay 
pans) at depth in their spawning streams. 

Montgomery et al. (996) suggested that gravel 
scour depths may limit the species and sizes of 
salmonids that can utilize a habitat by selecting for 
those that dig to redd depths exceeding the aver-
age scour depth in a stream. It seems reasonable to 
conclude that if a stream experiences frequent bed-
scouring events, only salmonids that can bury eggs 
at or below the maximum depths of bed scour will 
be able to sustain runs to a stream; however, it is not 
yet known whether stream scour plays a significant 

role in the zoogeography of British Columbia salmon-
ids (van den Berghe and Gross 984).

Low Flows

Periods of low flow occur naturally in streams, 
during late summer and early autumn for coastal 
streams and late summer through winter in snow-
melt-dominated watersheds typical of the interior. 
Low flows can affect salmonids at any freshwater 
stage. During these times of year, streamflow is 
primarily sustained by groundwater. The frequency, 
magnitude, and duration of low flow events in a 
stream depend on regional and annual climate 
variations, the hydrologic properties of its water-
shed, and the hydrology and geomorphology of the 
stream (Chapter 4, “Regional Hydrology,” Chapter 6, 
“Hydrologic Processes and Watershed Response,” 
and Chapter 0, “Channel Geomorphology: Fluvial 
Forms, Processes, and Forest Management Effects”). 
Dry channels and periods of low flow are com-
mon higher up in watersheds where groundwater 
discharge to streams is minimal. Although surface 

FIGURE 4.3  Egg burial depths (cm) for different salmonids measured from original streambed level to 
top of first egg pocket. The smallest spawners (kokanee) have the shallowest redd depths 
and the largest salmon (chinook) have the deepest and most variable redd depths. Egg 
burial depths are indicators of egg-pocket vulnerability to scouring flows and gravel 
disturbance. (Data from DeVries 1997)
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water may be limited during low flow periods, con-
siderable subsurface (hyporheic) water flow can still 
occur through the streambed, particularly in alluvial 
reaches with permeable substrates.

Spawning beds that had adequate water levels 
during spawning may experience lower water levels 
during egg and alevin incubation. Low flows over 
winter can strand redds, exposing the eggs and ale-
vins to desiccation or freezing, which reduces egg-to-
fry survival. Alevins can move down in the gravels 
to avoid desiccation and freezing when water levels 
drop (Dill 969). Cope and Macdonald (998) report-
ed that sockeye alevins in interior British Columbia 
streams, where freezing and ice penetration into 
the gravels can occur during winter, were capable of 
moving down in the gravels to avoid ice formed in 
the surface gravels (Figure 4.4). This behaviour may 
be a local adaptation to interior climates and stream 
conditions. The ability of alevins to move within 
the gravels and avoid ice would confer a significant 
survival advantage. However, this advantage may 
be lost if the intergravel water becomes dominated 

by groundwater lacking sufficient oxygen for alevin 
survival (Whitfield and McNaughton 986).

Low flows that progress to intermittent flows 
result in spatially discontinuous habitats. As the 
stream channel breaks into discrete pools, riffle habi-
tats disappear, temperature and oxygen levels in the 
intergravel water and pools are altered, and fish and 
stream biota are affected. Unless the natural hydro-
logic properties of the stream and watershed have 
recently changed or an unusually extreme climate 
event (e.g., drought) occurs, the salmonid communi-
ties utilizing the watershed will have life histories 
and behaviours adapted to an intermittent flow en-
vironment. Bradford and Heinonen (2008) reviewed 
much of the literature on the effects of low flows 
on stream biota in the context of water regulation 
and diversion. They concluded that many potential 
responses by fish and invertebrate communities to 
low flow events are possible and that many of these 
responses were stream- or reach-specific, driven by 
local hydrologic, geomorphic, and climate condi-
tions acting on different species assemblages.
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FIGURE 4.4  After hatching, sockeye salmon alevins from interior British Columbia streams can move within the gravels and  
migrate downward to avoid ice formation in the surface gravels. Fertilized eggs were placed at 20 cm in capsules 
buried in stream gravels subject to different levels of freezing and recovered in February 1994. Alevins avoided ice 
penetrations of 2, 15, and 40 cm into the surface gravels by moving down to depths greater than 50 cm in the gravel 
bed. (Data from Cope 1996)
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SALMONIDS AS GEOMORPHIC AGENTS

Salmonids that spawn at high densities in streams 
can significantly disturb the streambed during redd 
construction (Gottesfeld et al. 2004; Hassan et al. 
2008). Excavation of redds reduces the fine sediment 
content of gravels, improving conditions for inter-
gravel flows and egg incubation, and raising sus-
pended sediment concentrations in streams during 
spawning (Kondolf et al. 993; Cheong et al. 995). 
In the course of constructing their redds, salmonids 
can move volumes of coarse sediments short dis-
tances downstream. The scale of this streambed 
bioturbation depends on the species, female size, 
number and density of spawning salmon, and areal 
extent of the spawning beds in the stream. In some 
stream reaches, salmonids returning to natal gravels 
can result in major geomorphic disturbance. Hassan 
et al. (2008) estimated that mass spawning of sock-
eye salmon in four streams in the upper Fraser River 
watershed accounted for almost half of the annual 
bedload movement in the stream reaches where the 
salmon spawned. This is remarkable from a water-
shed perspective, given that the abundance of sock-
eye salmon in streams in the Fraser River watershed 
in the late 800s may have been up to two orders of 
magnitude greater than current escapements (Ricker 
987). The growth of the commercial fishing industry 
and migration blockages at Hell’s Gate significantly 
reduced escapements of sockeye and other salmon 
species to the Fraser River; the current impact of 
salmon on the geomorphic processes of spawning 
streams is likely just a shadow of the pre-European 
condition.

Mass spawning can create streambed forms that 
persist from year to year (Montgomery et al. 996). 
One of the most graphic examples of this type of 
geomorphic disturbance and reworking of stream-
beds by spawning salmonids can be seen in the 
spawning “dunes” and other patterns of streambed 
disturbance created by chinook salmon in British 
Columbia streams. Gottesfeld et al. (2008) discussed 
the bioturbation impacts of salmon in detail and 
identified 25 stream locations in British Columbia 
where the dune streambed forms of chinook salmon 
are evident. Dunes are formed when spawning 
gravels are shaped by redd digging, which creates 
submerged, dune-shaped gravel deposits in the al-
luvial gravels of some large rivers such as the upper 
Nechako, Harrison, upper Babine, and the upper 
Chilko (Gottesfeld et al. 2008). Successive redd exca-

vations and egg pocket burials combined with strong 
river currents create gravel bars perpendicular to the 
flow of the river that reach over 0.5 m high and over 
0 m long (Figure 4.5). The dunes are a persistent 
feature of the streambeds maintained by annual 
spawning and these structures may provide a partial 
refuge from the current for holding adults and active 
spawning pairs. In other chinook spawning sites 
such as the South Thompson River, redd digging can 
create a streambed form of submerged pool-riffle 
patches readily visible from the air (Figure 4.6).

Large runs of spawning salmonids can be a 
significant disturbance force for the streambed and 
its benthic and hyporheic biota which can have a 
significant impact on stream ecology. Moore et al. 
(2004) found that spawning sockeye reduced the vol-
ume and percentage of fine sediments in the stream-
bed after redd digging and reduced the periphyton 
(attached algae) biomass of the streambed by 80%. 
Moore et al. (2004) also noted a decline in most 
benthic invertebrate taxa in spawning areas. Peter-
son and Foote (2000) measured a significant increase 
in invertebrate drift during spawning, a common 
disturbance response by the invertebrate commu-
nity. They reported that the magnitude of spawner 
influence on the benthic communities depended on 
spawner density. Moore et al. (2004) also found some 
displacement of invertebrate taxa to non-spawning 
areas. 

An aerial view illustrates an example of the extent 
of streambed scouring caused by sockeye salmon 
spawning in the Lower Shuswap River (Figure 4.7). 
Much of the streambed’s dark periphyton and 
biofilm has been scoured or buried by the digging 
actions of the spawning salmon, and redd locations 
are readily visible. Periphyton and biofilms are an 
important contributor of primary organic matter 
production to stream food webs, and the disturbance 
and reduction of periphyton biomass could have a 
short-term effect on spawning stream productivity.

Although salmonids may negatively and tem-
porarily affect the biomass of benthic flora and 
fauna by physical disturbance during spawning, the 
environment is also subsequently enriched during 
spawning and after death. Anadromous salmon, 
as major vectors of marine-derived nutrients and 
organic matter, may be important in maintaining the 
productivity and biodiversity of spawning streams 
for their progeny and other aquatic and terrestrial 
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FIGURE 4.6  Mosaic of submerged pool-riffle patches created by chinook redd construction in the 
South Thompson River (2006). (Photo: R. Bailey) 

FIGURE 4.5  Chinook salmon spawning “dunes” in the Harrison River (2004), illustrating the effect 
chinook spawners can have on streambed form. (Photo: A. Gottesfeld)



47

biota (Gende et al. 2002; Schindler et al. 2003; Chap-
ter 3, “Stream and Riparian Ecology”). Organic 
matter and nutrients released as excreta and gametes 
during spawning and the decomposition of carcasses 
can enhance periphyton and biofilm production 
and some benthic invertebrates (Peterson and Foote 
2000; Johnston et al. 2004). Periphyton, bacterial 
biofilms, and benthic invertebrate densities have all 
been shown to increase in streams supplemented 
with salmon carcasses (Wipfli et al. 998; Fisher 

Wold and Hershey 999). Bilby et al. (998) found 
that the addition of salmon carcasses to a stream 
benefitted the growth of juvenile salmonids that 
directly utilized the eggs and carcasses of spawners. 
Currently, this nutrient and energy subsidy, similar 
to the bioturbation of stream geomorphology, is 
likely also just a shadow of the subsidy provided by 
pre-European salmon populations to British Colum-
bia salmonid spawning streams.

FIGURE 4.7  Sockeye salmon spawning area in the Lower Shuswap River (2006), illustrating the 
scouring of periphyton from the surface gravels and the amount of streambed  
disturbance caused by redd digging. (Photo: R. Bailey)

ALEVINS AND FRY EMERGENCE

The rate and timing of egg development to the fry 
stage strongly depends on water temperature. Many 
useful predictive models for adult spawn timing, egg 
hatch, and fry emigration are based in part on the 
accumulation of thermal units by developing eggs 
and embryos (e.g., Beer and Anderson 997). After 
yolk absorption is complete, the fry must emerge 
from the gravels and begin free-feeding or move to 
rearing habitats to feed (Brannon 987). Emergence 

before complete yolk absorption is not uncommon, 
but these fry may be more susceptible to predation 
and displacement by currents because of limited 
swimming ability. The early movements and mi-
grations by emergent fry are important adaptive 
behaviours, allowing juvenile fish to exploit differ-
ent habitats to increase their growth and survival 
(Kahler et al. 200); however, the patterns and 
timings of emergence and early movement for fry 
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vary greatly among different salmonid species and 
populations.

Sockeye salmon fry emerge in spawning streams 
during the spring and most move downstream or 
upstream (e.g., Chilko Lake) to lake-rearing habitats 
(Raleigh 97). “Taxis” refers to the directional move-
ment exhibited by animals toward or away from an 
external stimulus. Fry from populations migrat-
ing downstream usually exhibit marked negative 
phototaxis (light) and negative rheotaxis (current) 
during the migration, moving after dark and with 
the current, often aggregating and holding during 
daylight hours along the margins of the streams 
where currents are weakest (Brannon 972). Fry that 
migrate downstream can use currents to assist with 
dispersal; populations migrating upstream use the 
circulating eddy currents along the streambank to 
assist with movement. This relationship between 
current direction and velocity and fry movement is 
an innate heritable behaviour for salmonids (Raleigh 
97).

Brannon (972) demonstrated the roles that spawn 
timing, incubation temperature, and genetic adapta-
tion play in synchronizing sockeye fry emergence 
with environmental conditions, such as stream 
discharge and the availability of invertebrate food in 
a downstream lake. Fry emergence and downstream 
migration coinciding with high stream discharges 
may be a behavioural strategy that offers both 
energetic and predator avoidance benefits (Ginetz 
and Larkin 976; Beauchamp 995; Brännäs 995), 
although movement during very high discharges 
might increase the risks of mortality from displace-
ment into unsuitable habitats or from physical shock. 
McDonald (960) and Tabor et al. (2004) suggested 
that spatial separation could occur between preda-
tors and prey when sockeye occupy and migrate in 
faster water and predators such as cottids (sculpins) 
stay in slower water close to the substrate. Stream 
discharge of Gluskie Creek in the upper Fraser River 
watershed, like most interior streams, is dominated 
by spring snowmelt. Significant annual variations 
are evident in the shape of its hydrograph and the 
timing of high flow events (Figure 4.8). Sockeye fry 
emigration from the creek commences when stream-
flows and temperatures begin to rise during spring 
melt, but the peak of migration does not always 
coincide with peak flows. Fry generally migrate from 
the creek during high water but before the peak in 
flow. Although rising stream discharge will increase 
hydraulic pressures in the gravels, it is not known 
whether salmonid fry can use pressure-sensitive cues 

to adapt emergence behaviour and timing to flow 
conditions.

The emerging fry of other salmonid species may 
disperse short distances to neighbouring rearing 
habitats within the stream or exhibit extensive up-
stream and downstream migrations. Coho salmon, 
cutthroat trout, rainbow and steelhead trout, and 
bull trout fry can all exhibit upstream migrations 
into smaller stream-rearing habitats. For these fry, 
emergence and movement during a time of high 
stream discharge could be a disadvantage that risks 
downstream displacement to less suitable habitats. 
The fry of salmonids that spawn in late spring, such 
as rainbow and bull trout, have less risk of encoun-
tering seasonably high discharges during summer 
emergence, whereas the fry of coastal fall and winter 
spawners, such as coho and steelhead, may be the 
most likely to encounter higher flow conditions dur-
ing spring emergence.

Salmonid fry that emerge and remain among the 
gravel and cobble substrate to feed or that migrate 
upstream to new habitats must contend with stream 
currents. Fry taking refuge among the gravels must 
rise up in the current to feed. The swimming speed 
of juvenile salmonids is directly related to body 
length, increasing as the fish grow (Glova and McIn-
erney 977). As fry grow, their maximum sustained 
and critical swimming speeds increase, making the 
newly emergent fry the life stage most vulnerable 
to displacement caused by exposure to high stream 
discharges. Swimming speeds also depend on tem-
perature, increasing with higher water temperatures, 
so both discharge and water temperatures interact 
(Glova and McInerney 977).

Small, newly emerged salmonid fry cannot 
maintain position in a stream channel above critical 
water velocities and are susceptible to downstream 
displacement (Irvine 986; Heggenes and Traaen 
988). Sustained swim speeds are those that fish can 
maintain against a current without fatigue. Critical 
swimming speeds are the maximum that can be sus-
tained for a specific period of time, and can approxi-
mate the maximum sustained swimming speeds for 
salmonids (Beamish 978). However, few measure-
ments have been taken of critical speeds for newly 
emergent salmonid fry, particularly for many sal-
monid species common to British Columbia. Irvine 
(986) found that downstream emigration of chinook 
salmon fry increased when peak water velocity 
exceeded 0.25 m/s. Ottaway and Clarke (98) simi-
larly found that water velocities exceeding 0.27 m/s 
affected the downstream movement of brown trout 
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fry. Heggenes and Traaen (988) found that critical 
velocities above 0. m/s could displace the “swim up” 
fry stages of Atlantic salmon, brook trout, brown 
trout, and lake trout from experimental troughs. The 
much lower critical velocities measured by Heggenes 
and Traaen (988) were in smooth-bottomed troughs 

with velocities measured near the bottom; the other 
studies used gravel-bottomed troughs with velocities 
measured higher in the water column. As with natu-
ral streams, rough gravel and cobble substrates slow 
near-bed currents and provide interstitial velocity 
refuges for fry (Statzner et al. 988).

FIGURE 4.8  Sockeye salmon fry emigration from Gluskie Creek always coincided with increasing spring discharges and water  
temperatures, but not always with the timing of peak flow events. Graphs show fry emigration (bars, #), water  
temperature (red line, °C), and discharge (blue line, m3/s) in spring for Gluskie Creek during four different freshet 
regimes over 4 years. Adult sockeye escapements ranged from 22 116 to 9293 spawners.
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SUMMARY

From the migration of adult spawners to fry emer-
gence, salmonids illustrate many linkages between 
their ecology and the watershed-dependent hy-
drologic and geomorphic features of their spawn-
ing streams. Resident and anadromous salmonids 
exhibit local adaptations, allowing them to exploit 
particular spawning stream environments and 
successfully reproduce. Salmonid survival requires 
life histories and behaviours that correspond to 
specific features of the annual hydrograph and local 
instream hydrologic and streambed characteristics 
that benefit juvenile survival and egg incubation 
success. Salmonids can also alter their spawning and 
incubating environment and when spawning in large 
numbers are a formidable geomorphic agent.

Although alteration of natural hydrologic and 
geomorphic processes in watersheds by human land 
use, climate change, or natural disturbance and the 
ensuing impacts on stream and salmonid ecology are 
not the subject of this chapter, some of the potential 
implications can be inferred from the topics dis-
cussed. For example, clearcut logging, urbanization, 
forest fires, and widespread insect infestation can 
each alter features of a stream’s annual hydrograph 
such as the magnitude, duration, and timing of peak 
flows and low flows (Chapter 7, “The Effects of Forest 
Disturbance on Hydrologic Processes and Watershed 
Response”). Changes to the hydraulic environment 
of the stream in turn will affect salmonid survival, 
including:
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• adult migration timing and access to spawning 
habitat; 

• surface-water downwelling and intergravel flows 
through redds;

• the risk of downstream fry displacement at emer-
gence;

• fry survival during downstream dispersal; and
• the risk of redd scouring and siltation affecting 

egg and alevin survival.

The directions and magnitudes of these effects 
will depend on the unique hydrologic responses  

of the watershed to disturbance and the weather.
Healthy salmon, trout, and char populations have 

become synonymous with healthy aquatic ecosys-
tems. Watershed processes influence the hydraulic 
and sediment properties of streams, which in turn 
affect the quality of the habitat for fish; however, 
these linkages can be complex and difficult to incor-
porate into management. Providing effective man-
agement direction for a given watershed requires a 
level of detail about watershed processes that is not 
trivial, but this may be required to successfully con-
serve the aquatic values of the watershed’s streams.
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