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Abstract

Cascade Creek's flow was reduced by 99% in 1943 by the Minnewanka hydro dam.
Today. restoration of the creek is a Parks Canada objective.
The thesis goal was to examine the ecological benefits of different creek flows. Benefit
was assessed based on the Physical Habitat Simulation Model (PHABSIM) approach.

Habitat was quantified by comparing the preferences of indigenous fish with river
hydraulics.
Hydraulics were simulated using a two-dimensional finite element model which
overcame the data requirements of other models. High flow verification and channel
index measurements were not possible. Uniform bed roughness and static channel shape
were assumed.

Hydraulic model performance was challenged by the low flow and coarse channel

conditions. The average correlation between simulated and observed depth and velocity
was 0.90 and 0.60, respectively. A steady flow of 1.75 m3/swas recommended to

maximize fish habitat. The flow recommendations should be used cautiously because of
the modeling assumptions.
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CHAPTER 1:
1.1.

INTRODUCTION

Background

Banff National Park is an internationally renowned wilderness reserve and tourist
destination. The Park encompasses and protects 20,000 kilometers of ecologically
significant mountain area in the Canadian Rocky Mountains and hosts large numbers of
visitors each year. Recently, conflicts between user access, development and
environmental protection have surfaced. The Banff Bow Valley Study (BBVS,1W6a)
has stated that the Park's ecological integrity could be pushed past its recoverable limit if

measures are not taken to Limit development and restore impacted ecosystems.
It is generally agreed that impacts to the Park's ecological integrity are not the result of
any single factor. Instead, cumdative effects related to over-development and visitor use

appear to be the causes. It is also agreed that the principles that have guided Park
managers over the years have changed, evolving fiom those of tourism enhancement to
those of environmental protection. As a result, projects completed during previous eras

are now at odds with the Park administration's primary mandate of protecting ecological

integrity.
The environmental pressures throughout the Park are most evident in a corridor that
stretches eastward from Lake Louise to Canmore. This area includes the Banff townsite,
the Bow Valley, and the Cascade Valley. The intersection of the Bow and Cascade
Valleys, located immediately northeast of Banff (Figure l), has experienced significant
development over the last century, including mining of gravel and coal, construction of
major roadways, establishment of campgrounds, and development of hydropower
resources.
TransAlta Utilities' Cascade hydro plant and the Lake Minnewanka Dam were
constructed at this intersection in 1942 (Figure 2). The dam stores flow fiom the Cascade

and Ghost Rivers and routes it through a man-made canal to the Cascade hydro plant. The

diverted water rejoins the historical Cascade River channel 8.3 kilometers downstream of
the dam. While the water diversion has provided electrical benefits to the province and
the Park, it has impacted the ecosystem of the Cascade River.
A primary impact of the Minnewanka Dam was the reduction of flow in the historical

Cascade River channel by more than 99% (McCleary, 1996). The abandoned channel
now h c t i o n s as the reservoir's spillway which is used only during emergency flood

situations (Figure 2). A small watercourse. referred to h e r d e r as ;'Cascade Creek, is
maintained in the upper portion of the abandoned channel by flow through a bypass pipe
in the dam. Several studies have examined the environmental effects of the Cascade

hydro development (Dames and Moore, 1992; McCleary, 1996; and Golder Associates,
1996). Their conclusions confirm that the dam has impacted the hydrology and ecosystem
of the Cascade River channel, and that fish populations and aquatic habitat have been

negatively affected.
The Cascade hydro development is but one of several large developments effecting the

Park environment In response to the growing conflict between Park development/use and

environmental protection, the Federal Minister of Canadian Heritage established the

Banff Bow Valley Task Force in 1994. The task force analyzed existing information
concerning the Park environment, developed a vision statement that incorporated the
doctrines of sustainable development, and recommended actions that would enable the

Park to achieve this new vision (BBVS, 1996b). The task force concluded that the Park's
ecoIogical integrity could not be sustained at current rates of development and tourism,
and emphasized the importance of maintaining and improving ecological integrity

wherever possible.
Many of the task force's conclusions were incorporated in the Park's 1997 Management
Plan (Parks Canada, 1997). There is now mandated resolve by Park administration to

restore natural systems that have been impacted by historical developments and
management practices. With respect to water resources, the Banff Bow Valley Study and

Park Management Plan have recommended rehabilitating impacted aquatic ecosystems
and identifying practical measures to restore more natural flows in these systems.
Cascade Creek was one of the aquatic systems recommended for assessment and
restoration and is the focus of this thesis.

The goals of the thesis were linked with Parks Canada's aim to restore the aquatic
ecosystem of Cascade Creek. Specifically, the thesis objectives were to identify,
implement, and evaluate a methodology that quantified ecosystem benefits to Cascade
Creek at different rates of flow. The problem and objectives are expanded in the
following sections.

The thesis is divided into seven chapters. Chapter 1, this chapter, provides the research
framework for the thesis. Chapter 2 describes the study area. Chapter 3 is a literature
review that summarizes the management species utilized in the study, current instream
flow needs (IFN) methods, and hydraulic models that simulate water depth and velocity.

Chapter 4 explains the rationale for the adopted methodology and details its
implementation. Chapter 5 presents the findings of the study, including model
performance and the derived habitat versus flow results. Chapter 6 provides a discussion
of the approach and findings. Chapter 7 presents recommendations for fimre work.

This thesis was written for a broad audience with knowledge in the fields of hydrology,
hydraulics engineering, and aquatic biology. It was designed as a stand-alone document
and every reasonable attempt has been made to include the pertinent background
information required to understand the work. In addition to information contained in the
body of the thesis, background information has been provided in the appendices where

necessary. Appendix I provides a glossary of terms and acronyms used throughout the
thesis.

1.2.

Problem Definition

TransAlta's mandate is to produce reliable low-cost electricity. They have the licensed

right to operate the Cascade Hydro Development until 2032. Any amount of water
released into Cascade Creek would come from the reservoir and would result in losses in
generation at the Cascade power plant. If water were ever to be routed to Cascade Creek,
the final rate of flow would require some form of negotiation between Parks Canada and

TransAlta. Parks Canada's interest would be in maximizing ecosystem benefits to the
creek. and TransAlta's interest would be in minimizing reductions in power generation.

In order to support this negotiation process, information was required that quantified the
benefits to the creek ecosystem at different flow rates. With this relationship, both parties
could assess and negotiate the lost generation costs and creek benefits of different flow
scenarios: a process referred to as "trade-of?" analysis. Fortunately, a variety of IFN
assessment methods are available, some of which enable this cost-benefit type analysis.
The various IFN methodologies are summarized in Section 3.2.
Kondolf and Micheli (1995) indicate that for most stream restoration projects, the goal of
restoring physical habitat is more feasible than increasing fish population or biomass.
Fish populations are controlled by many variables and may not respond for many years to
increases in habitat quantity and quaIity due to lags in food sources, fishing controls, or
disease. Alternatively, habitat improvements can be measured soon after alteration of the
stream flows or stream channel (Kondolf and Micheli, 1995). As a result, many IFN
techniques have adopted a habitat-based approach (Bain et. al., 1996). Habitat based
approaches have been justified by research linking fish habitat with the success of fish
populations (Heede and R i ~ e 1989).
,
Appendix I1 provides more information on this
subject.

The Physical Habitat Simulation Model (PHABSIM) first incorporated the habitat versus
flow approach (Bovee, 1978). PHABSIM defrnes fisheries habitat using local flow

velocity, depth, substrate and cover. By predicting these variables at different stream
discharges throughout the channel and then comparing them to the habitat preferences of
specific fish species, the model provides estimates of habitat at different stream
discharges (Marcus et. al., 1990). The resulting plots of habitat versus flow typically
show maximum habitat at a specific flow.

PHABSIM was identified as the modeling tool in the original proposal for this thesis, and
is reviewed in Section 3.2.4. In the proposal, it was also stipulated that the habitat

requirements of the Park's two regional management fish species, the bull trout and the
westslope cutthroat trout, be considered in the assessment. These two species are
described in Section 3.1.

In addition to the requirement for a method that derived a habitat versus flow relationship
for the two indicator species, the adopted methodology was bounded by an important
site-specific constraint. Detailed hydraulic flow data could not be collected at discharges
above base flow ( 4 . 2 m3/s) due to spillway and channel infkstructure constraints. To
utilize the PHABSIM model, hydraulic data is required at different flow rates for
calibration and verification. An attempt was made to collect hydraulic data at a higher
discharge on October 21, 1997 (see Section 2.5), however, the test was cancelled due to
erosion and safety concerns. Unfortunately, this constraint was not discovered until well
after the thesis fieldwork had commencedOther factors also had to be taken into account. It was recognized that the adopted
methodology must be academically defensible and be manageable in terms of the time
and resources typically available to a Master of Science thesis project. Finally, significant
geomorphology and riparian vegetation changes have occurred to the creek channel since
completion of the dam. If possible, these changes should be considered in the analysis.

1.3.

Research 0bjectives

The thesis goals and constraints presented above appeared to exclude virtually all IFN

methods. Those methods that could be implemented without the required hydraulic data
did not enable trade-off analysis. Those that allowed trade-off analysis required detailed
hydraulic data at two or more discharge rates- With these constraints in mind, the
objectives of the project were expanded from those of the original proposal. The final
objectives were to:
1. Review available IFN techniques and hydraulic models and identifl a methodology

that could quantifj. habitat as a fimction of discharge without additional hydraulic
data at higher flows;

2. Implement the methodology, calibrate and verify the model with the available data,
derive habitat versus flow relationships, and make flow recommendations to the
extent possible for stream restoration; and
3. Critique the approach and results in terms of data requirements, model performance,
and limitations of the habitat versus flow predictions.
1.4.

Importance of Topic

The research can be justified from both practical and academic perspectives. The primary
goals of the project were arguably more practical in nature. However, relevant discoveries
were made regarding the benefits and limitations of two-dimensional IFN habitat-based
approaches for small mountain streams.
Those currently involved in the restoration of Cascade Creek, TransAlta and Parks
Canada, await the results of the project for practical reasons. These two institutions will
utilize the results to discuss the aquatic ecosystem benefits and financial costs that would
occur at different flow rates. From TransAlta's standpoint, the magnitude of the flows
will affect the profitability of the Cascade hydro plant due to lost generating revenue.
Increases in flow will also require costly changes to the dam infrastructure. Parks Canada

is primarily interested in the improvements in aquatic habitat that would occur with
increases in flow. However, they too will be concerned with infrastructure, since the
channel capacity has been significantly modified in areas that they administer.
The project also has merit fiom an academic standpoint. The thesis utilized a twodimensional habitat modeling approach that has only recently been developed. Although
the hydraulic modeling tools used in the approach are accepted in the field of civil

engineering, the tools have not been widely applied in the field of aquatic assessment and
restoration. The results of the thesis were able to demonstrate the benefits of this new
approach, as well as some of the limitations.

CHAPTER 2:

DESCRIPTlON OF STUDY AREA

The area of focus is a 4.9 kilometer section of Cascade Creek located immediately

dowmstrearn of the Minnewanka Dam. The study area is located several kilometers
northeast of the Town of Banff, Alberta (Photo 1 and Figure 1).
The current condition of Cascade Creek is the product of both natural and human

influences. Regional geology and climate control the core physical characteristics of the
Cascade Valley. However, the development history of the area, most notably completion

of the Cascade Hydro Development in 1942. has also had a significant affect. These
influences are discussed below, along with a description of the creek itself, the reasons
for the decline of its aquatic ecology, and a discussion of the creek's existing

infrastructure limitations.
2.1.

Cascade Hydro Development

Completed in 1942, TransAlta Utilities' Cascade hydro development is an important
component of Alberta's power network. The Cascade power plant represents 10% of the
installed generating capacity and 6% of the average annual power generated in the Bow
Basin,

The layout of the Cascade Hydro Development is shown in Figure 2. Inflows from the
Cascade River and the Ghost Diversion are stored in Lake Minnewanka. Two dams were

constructed in 1942 to raise Minnewanka's water levels: the main Mhewanka Dam and
a secondary control dam. Water is released fiom the reservoir through the control dam to
a man-made canal that leads to the Cascade power plant.

Prior to construction of the two dams in 1942, Lake Minnewanka's water levels were
approximately 30 rn lower in elevation. At that time, the Cascade River flowed directly
into the Bow River, bypassing Lake Minnewanka altogether. Lake Minnewanka' s outlet

was a tributary to the Cascade River. joining it several hundred meters downstream. The

old Cascade River channel, now submerged, is shown as a dashed line in Figure 2.

The main dam and control dam are located along the southwest perimeter of Lake

Minnewanka. The reservoir is filled fiom May to September, and drawn down from
September to May. Normally, water exits the reservoir through the control dam to Two
Jack Lake and is routed through a man-made canal to a penstock. The penstock follows
the steep shoulder o f the Bow Valley to the Cascade power plant, located adjacent to the

Trans-Canada Highway.
The Cascade plant has two generating units with a rated capacity of 17 MW each. On

average, the plant produces 53,900 MWh (megawatthours) per year. Flow fiom the plant
enters a short excavated tailrace channel, rejoins the natural Cascade Channel shortly
thereafter, and enters the Bow River 4.5 kilometers downstream.
In flood situations, surplus water may exit the Mimewanka reservoir through the

spillway structure at the northwest side of the dam. The spillway structure was designed
to prevent the lake elevation from exceeding the dam crest. Its maximum discharge

capacity is 303 m3/s. The spillway has only been used twice (1948 and 1954) to relieve
high reservoir inflows (Dames and Moore, 1992). The 1954 flow, the higher of the two,

reached an estimated peak of 24 m3/s (Hardy BBT Ltd., 1989).
Releases fiom the spillway structure flow into the abandoned section of the Cascade
River. The abandoned section extends fiom the toe of the dam to the Cascade Plant
tailrace. The total length of the abandoned section is 8.3 kilometers. At its nearest point,
the abandoned channel passes within 2.5 kilometers of the town of B d .

The upper 5.5 kilometers of the abandoned Cascade River now h c t i o n as a small creek
commonly referred to as "Cascade Creek." Flow in the creek is sustained by a bypass
pipe through the dam that supplies approximately 0.3 m3/s year round. The lower three

kilometers of the abandoned channel, located downstream of the Cascade Ponds, are dry

most of the year. The ponds fill during spring runoff and are typically empty again before
late autumn. The ponds drain naturally through the underlying coarse cobble substrate.

Elevations at various points throughout the Cascade Development are given below:
Minnewanka dam crest: 1477.7 m;

Lake Minnewanka fhll supply level: 1475 m;
Spillway structure sill: 1470.3 m;
Cascade Creek bypass flow valve outlet: 1450 rn;
Cascade fonds (when Wl): 1391 m;
Junction between abandoned Cascade River channel and Bow River: 1336 m; and
Elevation difference between spillway structure base and Bow River: 134 m.
2.2.

Physical Setting

The study area lies in the fiont ranges of the Canadian Rocky Mountains in the Bow

Valley at its intersection with the Cascade Valley. The physiography and topography of
the study region are shown in Photo 2 and Figure 3, respectively.

The Bow Valley exhibits virtually all of the characteristics common to the Canadian

Rocky Mountains. Nestled between the Palliser / Fairholme and Vermilion Mountain
Ranges, the Bow Valley trends in a south-southeasterly direction along an unconformity
thrust fault. This geologic unconformity is typical of the Central Canadian Rockies.

Higher elevation mountain ranges and peaks are formed of older more durable
carbonaceous rocks. Younger weaker rocks susceptible to faulting, fluvial and glacial
erosion are found on valley floors.
Cascade Mountain, part of the Vermilion Range on the west side of the Cascade Valley,
consists of older, durable carbonaceous stratigraphic sequences underlain by younger,
softer clastic sequences. The older formations range from 333 to 374 million years in age
and are limestone and dolomite. The lower sequences, belonging to the Fernie Group, are

97.5 to 208 million years old and consist of coal-bearing silt, shale, and sandstone

formations (Gadd, 1992).

The Cascade and Bow Valleys also exhibit another pattern related to thrust faulting:
shallow west facing slopes coincident with bed dips and steeper east facing slopes
coincident with bed fractures (Gadd, 1992). Cascade Mountain's steep cliffs form the
west side of the study area. The shallow slopes of Mount Inglisrnaldie form the east side
of the study area.
Glaciation has also played an important role in shaping the lower lying areas and valley
floors. Virtually d l of the Rocky Mountains have been subjected to several episodes of
glaciation (Gadd, 1992). Evidence indicates that six glaciations have affected the Cascade
and Bow Valleys over the last 240,000 years. Glacial features, including prominent U-

shaped valleys, glacial deposits and hanging valleys indicate that glaciers once existed in
the region.
The region's climate is affected by three air mass systems (Janzzand Storr, 1977).
Westerly winds carry warm moist air horn the Pacific Ocean over to the region for much
of the year. Most of the moisture falls before reaching the Banffarea, yet this airflow still

accounts for a large portion of the region's precipitation. In addition, arctic air masses
bring cold dry air from the north and continental air masses bring warm dry air from the
southwest United States. The net result is a generally cool climate with moderate
precipitation intempted by periods of warm or very cold temperatures.

The climate of Banff National Park is classified as "Dfc" (Gadd, 1992) under the
Koeppen system (Ahrens, 1994). This terminology indicates a "snowy-forest" or "subpolar'' climate with annual rnonthiy temperature variations fiom below -3" to above +I 0"
Celsius. Adequate precipitation is available throughout the year to prevent the occurrence
of a "dry season". The classification indicates that summers are cool and short, and fewer
than four months of the year have mean temperatures greater than +10° C. Meteorological

observations for the Banff townsite are shown in Table 1, with Calgary and Vancouver
included for reference.
Table 1 : Climate Data for Banff Townsite
Location

Banff

Elcv.
(m)

1397

Mean

Daysof

Temp
(C)

frost

2.5

221

Daily
July high

Daily
Jan Low

(C)

(C)

223

-16.4

Annual
Days rain
snow
/snow
(a)

All time
high (C)

All time
low (C)

Annual
prccip.
(mm)

34.1

-51.1

47 1

25 1

74/75

153

58/62

60

156t15

k

Calgary
Vancouver

I084

3.4

20 I

23 -3

-17.6

36.I

45.0

424

3

9.8

57

21.9

-02

333

-1 7.8

1113
:

* fiom Gadd (1 992)
Within this gened climatic tiamework, sharp local temperature and moisture gradients

occur due to orographic effects. Elevations in the area range fiom 2960 m ASL at the top
of nearby mountains to 1370 m ASL along the bottom of the Bow Valley. This 1600 m

elevation difference results in several distinct ecological zones.
Three ecological zones (ecoregions) have been identified in the area: montane, subalpine

and alpine (Strong and Leggatt, 1992). Table 2 presents summary statistics for each of the
ecoregions. Low-lying areas below 1525 m ASL, such Lake Minnewanka and Cascade
Creek, belong to the montane ecoregion. The montane ecoregion is the warmest mountain
zone, and is characterized by moderate precipitation and extensive conifer forests. The
montane ecosystem is also an important part of the drainage network in the Rockies.
Being the lowest in elevation, it collects and routes surface runoff from higher elevations

and collects groundwater seepage.

Table 2: Ecoregion Descriptions
Ecoregion

Montane
Subalpine
Alpine

Elevation
(m ASL)

Below
1525
1525 2175
Above
2175

Avg.
annual
temp (OC)

Avg.

annual
precipitati
on (mm)

Typical
Avg.
summer
summer
temp ("C) temp range

("C)

Avg.

winter
temp

Typical
winter temp
range (OC)

("C)

3 -5

210

11.9

5.1 / 18.9

-5.5

-1 1.3 1-02

I -3

263

9.4

3.8 / 14.7

-8.9

-14.5 / 2.8

n/a

2 17

8.0

3.0 / 13-0

n/a

n/a

* from Strong and Leggatt, 1992
2.3.

Historical Setting

At the end of the 19* Century, increased human activity in the Banff area began to impact

the Cascade / Lake Minnewanka ecosystem. The pivotal event that influenced the region
was the construction of the Canadian Pacific Railway

(CPR)in 1883. The CPR incised

the Bow River and lower reaches of the Cascade River (Figure 2) and signaled the

beginning of development and tourism in the area. The Town of Banff emerged soon
after its completion (Gadd, 1986).

In 1903, in response to the discovery of coal along the eastern slope of Cascade Mountain
in the Kootenay Formation, the mining hamlet of Bankhead was formed (Figure 2 )

(Environment Canada, 1 988). Mining operations at Bankhead were short-lived, however,
and the mine was closed in 1923 due to labor problems. The inhabitants and most

buildings were re-located. The historical remains of Bankhead, along with remnant
creosote soil contamination can still be seen.
Beween 1910 and I 9 12, a series of small dams were placed at lake Minnewanka's
southwest edge to raise water levels and generate power. The first dam raised water levels
by 1.2 m and the second dam raised levels an additional 4 m. With the closure of
Bankhead and its small powerhouse in 1923, the Calgary Power Company constructed a

new powerhouse several hundred meters downstream of the lake outlet (Figure 2). At that
time, Lake Minnewanka was not impounding water fiom the Cascade River.
In 1942. the Cascade Hydro Development was constructed to its current configuration.

The development was built under authority of the War Measures Act to provide power for

industry in Calgary. The new dam, which raised the level of Lake Minnewanka by 20
meters (Dames and Moore, 1992), intercepted all flow fiom the Cascade River. and
diverted some flow fiom the Ghost River. The operating head achieved using the
diversion canal (1 04.2 m) was far greater than possible with the natural channel (Dames
and Moore, 1992). As a consequence of the development, 8.3 kilometers of the Cascade

River channel was by-passed.
The fast major historical event of importance to the Cascade channel was construction the

Trans-Canada Highway (TCH) in the 1960's. The highway had two effects on the
channel: the consumption of already limited space in the lower channel area and the
mining of gravel. The TCH now occupies most of the area once occupied by the Cascade
River channel. The small flows that do escape the Cascade Ponds each year in spring are
routed through a small ditch along the south side of the highway.
In terms of aggregate for the constructing the TCH,the abandoned Cascade River chamel

provided an ideal source of coarse road-building material. Two gravel-mining
excavations were located in the former channel. The Cascade Ponds represents the
remnants of the largest of the operations, which has been reclaimed to a recreation area.
The second gravel pit, located several hundred meters upstream of the Cascade Ponds, is

still present. Several options for rehabilitation of the second pit have been proposed to

Parks Canada (Amber Consulting, 1993).
2.4.

Description of Cascade Creek

The following sections review Cascade Creek's physical composition and the effects of

water diversion on the stream's hydrology, geomorphology and fisheries.

Photo 2 shows an oblique aerial view of the study area and Cascade Creek is seen flowing
along the valley bottom fiom Lake Minnewanka towards the gravel pit. The creek is
diverted around the pit's west side through a man-made ditch, and rejoins the natural

channel downstream of the pit.
2.4.1.

Segment Descriptions

Cascade Creek extends for 5.5 kilometers fiom the bypass release valve at the toe of the
Mimewanka Dam to the upstream end of the Cascade Ponds. The length of creek studied
during the thesis was slightly shorter (4.9 kilometers), and extended fiom the toe of the
darn to the downstream end of the gravel pit diversion ditch. A detailed map of the study

area is presented in Figure 4.

Cascade Creek passes through five unique channel segments in the study area (Figure 4).
The upper and lower boundaries of each channel segment are shown using the letters "A"
to "F.' These segments, described to some extent by McCleary (1996), are distinguished

based on channel slope, bedrock control, channel confinement, human disturbance, and
geomorphology. The geomorphology and physical characteristics of each segment is
described using the Rosgen stream classification (Rosgen, 1996). Summary information
for the five segments is presented in Table 3. Channel elevation and gradient are shown in

Figure 5 .

Table 3: Cascade Creek Segment Descriptions
Segment
Slope (%)
Length (m)
Bedrock control
Channel confinement
Human disturbance
Rosgen Type
YOof study area length
-

3 -8
370
Yes

Yes

I

0.9
790

0.8
12 10

0.9
1341

Yes

Partial
Partial
No
D3

Partial
Partial
Partial

24.5 %

27.2 %

Partial
C4, BI

Yes
No
D3

7.5 %

16%

1

Severe

D3
24.7 %

* From M c C l e q ( 1996)
Segment AB extends from the dam's flow valve outlet to the abandoned powerhouse.
This reach is bedrock controlled, with steep cliff walls on both channel sides and the
steepest gradient of the entire creek. Historically, this segment was the lower portion of
Devil's Canyon, most of which is now inundated by the reservoir. In Segment AB's
upper half, the entire width of the historical channel is now densely overgrown with
riparian and terrestrial vegetation (Photo 3), and the flowing creek occupies only a small
portion of the historical canyon's eastern side. The lower portion of the reach consists of
a series of bedrock controlled cascade / plunge pools (Photo 4) that contain thick

accumulations of silt. McCleary (1996) indicates that Rosgen types C4 and B 1 describe
this segment.
Segment BC extends from the abandoned powerhouse to the Travertine Wall. The
Travertine Wall is an unique geologicd feature on the east side of the channel.
Groundwater flowing along the bedrock / vegetation interface on the hillside above the
channel seeps out at the top of the Travertine Wall. Calcareous carbonates held in
solution within the groundwater have formed an impressive travertine veneer along the
entire cliff face. Seepage input at the Travertine Wall adds only a small volume (<O. 1
rn'/s) to the creek's flow.
Segment BC is much different than Segment AB. The channel widens significantly,
although it is still confined by canyon walls. The slope decreases to 0.9%, and remains

fairly constant for the next four kilometers to the upstream end of the man-made ditch
(location "E). The morphology of this segment is strongly controlled by bedrock and by
large boulders that have fallen fiom the surrounding cliffs into the channel. Vegetation is
not as densely overgrown in this segment as Segment AB. but as with all areas of the
Cascade Creek, terrestrial vegetation has encroached into most of the historical channel
bed. Segment BC is shown in Photo 5.
The following two segments. CD and DE. are very similar. The diEerences relate to the

level of channel confinement and human disturbance. Segment CD is confined on both
sides by steep slopes. Segment DE is only confined on the east side and high flows are
fiee to flood the west overbank areas. Human disturbance is generally absent in the CD
reach, while remnants of the Lower Bankhead townsite and past mining operations are
still visible in Segment DE. Other than these differences, the two segments have similar
gradients (=1%), substrates (cobble overlain by silt), and geomorphology (Rosgen type

D3). Views of Segments CD and DE, are shown in Photo 6 and Photo 7, respectively.
The final segment, Segment EF, has been completely altered from its natural state.
Historically. the channel flowed through the area of gravel extraction described earlier.
This segment is now comprised of a man-made ditch that diverts the creek around the
gravel pit. Channel substrate in this segment is noticeably smaller (silt covered gravel),
and the average slope is 0.6%. In addition, the channel width is much narrower than
upstream segments. McCleary (1996) indicates that the width / depth ratio in Segment EF
is approximately 20:1, versus the average of 80: 1 for upstream segments, Photo 8 shows
Segment EF.
2.4.2.

Hydrologic and Channel Changes

Although construction of the Minnewanka Dam provides generation and recreational
benefits, the channel below the dam has been significantly altered. Physical impacts to
the abandoned channel can be categorized in terms of hydrology, geomorphology,

riparian vegetation, and water quality. The fisheries implications of these changes are

discussed in Section 2.4.3.
Historically, the Cascade River that ran through the study area was a fourth order stream
that drained 660 km' and carried an annual average flow of 8.0 m3/s (Environment
Canada, 1991). Following completion of the dam in 1942, flow and drainage to the

downstream channel were reduced to 0.1 m3/s and approximately 25 km', respectively.
Cascade Creek now more closely resembles a 1" order stream in more respects
(McCleary, 1996).
The small volume of water that enters the channel from the reservoir flows through a
bypass valve in the dam. Prior to 1996, bypass flows of 0.1 m3/s were maintained only

during the warm months of the year to fill Cascade Ponds. TransAlta's 1996 re-licensing
obligations stipulated that the flow rate be increased and maintained at 0.3 m5/s yearround.
Cascade Creek now belongs to a hydrological system centered around Lake Minnewanka.
Flows that contribute to the reservoir include the Cascade River above Lake
Minnewanka, the Ghost River Diversion, and locaf inflows. Table 4 summarizes flow
statistics for the Cascade / Minnewanka system. Inflow from the Cascade River accounts
for approximately 85% of the total inflow to the reservoir.

Table 4: Cascade / Minnewanka System Flow Statistics

Channel

Period
of
record

Drainage
Area
(km2)

Maximum
instantaneous
flow(m3/s)

Maximum
daily flow
(rn3/s)

Minimum
daily flow
(m3/s)

Average
annual
flow
(m3/s)

19731990
19411990
f 9421990
19 1 1 I941
1942present

454

106

77 -0

1.54 1

9.12

n/a
(diversion)

d a (diversion)

45-9

0

1.38

Wa

n/a(diversion)

45-0

0

8.43

(diversion)
664

Not recorded

73-9

0

7.99

24.4

not

0

0.1 - 0-3

( i 954)

recorded

1

Cascade River above
Minnewanka 1
Ghost River
Diversion 2
Cascade power
diversion canal 3
Cascade channel prior
to dam 3
Cascade spiIlway
channel following
dam

150

1

1 Ice conditions
2 May - October measurements, gauge station OSBD005 (Environment Canada
2 Gauge station OSBG003 (Environment Canada, 1991)
3 Gauge station 05BD004 (Environment Canada, 1991)
4 Gauge station 05BD002 (Environment Canada, 1991)

Figure 6 contrasts the pre- and post-dam hydrographs for the study area of the Cascade
Channel. The pre-dam hydrograph was derived using Water Survey Canada gauge station

05BD002,which operated in the abandoned channel fiom 1921 1 to 1942 (Environment
Canada, 1991). Unfortunately, the exact location of the gauge in the channel is unknown.

The pre-dam hydrograph is typical of a mountain river: flow peaks during spring and
early summer and ebbs before spring run-off. The post-dam hydrograph shows that
current flows are only 1% of historical annual values and seasonal variation is completely
absent.
Flow throughout Cascade Creek was monitored during the spring, summer, and fall of

1995 by McCleary (1996). Discharge rates in the study area never exceeded 0.3 m3/s
throughout the entire monitoring period. A temporary gauge station located immediately
below the study's downstream boundary (location "F", Figure 4) showed some flow
variation. Tributary inflow at this location reflects local snow melt run-off fiom Cascade

Mountain. Discharge remained between 0.1 and 0.2 m3hmost of the year, however,
peaked shortly at 1.7 m3/s during spring run-off.

The frequency and magnitude of flooding in the creek has also been altered because of
the dam. The maximum recorded historical weekly spring flow was 73.9 m3/s. A flow

duration curve of historical flows shows the occurrence of natural flows in the channel
(Figure 7). The curve indicates that daily flows of 3.0 m3/swere exceeded 80% of the

time, daily flows of 10.4 m3/swere exceeded 20% of the time, and the median daily flow
rate was 5.8 m3/s.
Preliminary flood statistics were also calculated with historical flow data ffom gauge

OjBD002. Flood discharges were identified for return periods of 2.3, 10 and LOO years
using the Log Pearson's Type 111 distribution method described by Singh (1992). Leopold
(1 964) indicates that flood events with return periods of 2.3 years are the most significant

channel forming flows due to their frequency and stream power. The results of the flood
analysis. shown in Table 5, indicate that the 2.3 and 100 year maximum flows were in the
order of 33 m3/sand 94 m3/s, respectively.
Table 5 : Estimated Historical Floods through the Abandoned Cascade Channel

1

Flood Return Period

I

Max Discharge

I

(m3/s)
94.08

1

59.02
3 3 -29

I

Lower 90%
Confidence Interval
86.13
53.34
28.26

1

I

Upper 90%
Confidence Interval

I

106.08
67.13
38.32

* Calculated by author
As expected, the hydrological changes discussed above have affected the dynamics of the

abandoned Cascade channel. The most apparent change is the decrease in length of the
wetted channel. Currently, water only flows beyond the Cascade Ponds in summer after
they have filled. Consequently, the lower three kilometers experience intennittent flow,

and the last I -5 kilometers of the spillway channel upstream of the tailrace remains dry

year-round. Tiiese areas are located outside the study area
Under natural conditions, streamflow varies with annual climatic cycles, seasonal events,
such as spring run-off,and daily or hourly events. such as rainstorms. Research has
shown that this hydrologic variability maintains stream-form and generates riparian and

aquatic habitat (Kellerhals and Miles, 1996; Statzner et. al., 1988; Marcus et. al., 1990).
In addition, during spring floods, areas not normally accessible to fish provide rearing

habitat (Stanford, 1994; Beschta, and Platts, 1986).
Research on the impacts of water impoundments has shown that reservoirs act as
sediment traps, detaining sediment in their low energy environments (Milhous, 1996).
Accordingly. downstream channels may experience changes in sediment input and

sediment size distribution.
There is no evidence of channel degradation due to the reduction to sediment supply at
Cascade Creek. This can be explained by bedrock control in portions of the channel and
by the very low flow rates that have occurred since completion of the dam. Bedrock

controlled segments in the upper reaches are extremely stable, and existing bypass
releases simply do not have the energy to move the large underlying clasts in the channel.

O n the contrary,observations indicate that the channel has aggraded in places, as
evidenced by the buildup of fine sediments, mass wastage along the banks, formation of
lentic wetland communities within the channel, and the encroachment of terrestrial
vegetation (McCleary, 1996). The historical channeI bed once consisted of coarse cobble,
bouider and areas of exposed bedrock. Although the historic channel substrate is still
evident in places, reduced stream flow and velocities have resulted in the accumuiation of
silt throughout much of the channel. The thickness varies depending on the local velocity
conditions. Silt is generally absent in riffle sections, but in pools and runs, silt completely

covers the historical substrate. Large portions of the creek bed have very coarse substrate
( e - g . cobble) overlain by 5 to 20 centimeters of fine silt.

Channels downstream of dams typically experience encroachment of terrestrial or
riparian vegetation into the former channel area (Tsujimoto and Kitamura, 1996). The

extent of riparian vegetation encroachment is largely governed by the local annual
inundation frequency (Stanford, 1994; Statzner et. al., 1988). Riparian vegetation and the
health of aquatic ecosystems are closely linked. Riparian vegetation provides energy
inputs and woody debris to the stream, reduces bank erosion, moderates stream

temperature, and provides cover for fish (Wesche et. al., 1985; Marcus et. al., 1990;

Hickman and Raleigh, 1982).
Using aerial photographs fkom 1943 and 1985, McCleary (1996) quantified the floodrelated channel changes that occurred following construction of the Minnewanka Dam.
He concluded that the reduction of flow and loss of flow variability has resulted in
significant changes to the riparian plant community. The inundated channel, floodplain,
and riparian areas each decreased 85% or more in area fiom their pre-dam conditions

(Table 6). Terrestrial vegetation has encroached through the former floodplain and
channel bed to the wetted edge of the Creek.
Table 6: Structural Changes to Abandoned Cascade Channel
Variable

1943

1985

Length of active channel (km)
Floodplain area (ha)
Channel area (ha)
Riparian zone area (ha)

8.3

5.5
9.8
4.0
5.9

1

Percent
reduction
I

L

128.1
26.3
101.8

34%

92%
85%
94%

* measured for 3.6 kilometers of creek channel below dam

Research has also shown that reservoirs may sect water quality in downstream reaches.
The heat attenuation effects of reservoirs can cause time lags in water temperature to

occur downstream. The thermal cues that signal fish to begin their reproduction cycle can
be masked, and fish may spawn too early or too late, resulting in higher mortality rates

than normal (Schindler and Pacas, 1996).

Water temperatures can be altered in other ways as well. Stabilization of the floodplain
reduces the distribution and density of riparian vegetation. Consequently, the ability of
vegetation to provide overhead shade to moderate water temperature is reduced (Beschta.
and Platts. 1986). Water temperature is also directly related to discharge rate (Marcus et.

al.. 1990), since lower flows absorb heat more quickly. The effects of both of these

temperature related impacts appear to have occurred at Cascade Creek. Temperatures in
lower Cascade Creek in 1995 were recorded reaching levels considered lethal to adult
saimonids (McCleary, 1996).
2.4.3.

Cascade Creek Fishery

Fish populations in Cascade Creek downstream of the Minnewanka Dam are sparse

(Golder Associates, 1996). Indigenous fish that historically occupied the Cascade Creek
channel would have included bull trout, westslope cutthroat trout, mountain whitefish,
and possibly lake trout, longnose sucker, white sucker and longnose dace (Golder
Associates, 1996). None of these indigenous fish now exist in the creek.
Cascade Creek currently supports a small population of exotic brook trout (McCleary,
1996). In completing field work for this thesis, brook trout were observed in all segments

of Cascade Creek above the Cascade Ponds. Brook trout were also observed excavating

redds and spawning in October 1997 at the base of the Travertine Wall. The influence of

runoff,groundwater recharge and a supply of silt-he gravel make this one of the few
suitable spawning areas in the creek.
The westslope cutthroat trout and bull trout, which are indigenous to Cascade Creek, have
been identified by Parks Canada as the management species for this area. The habitat

requirements of these fish are reviewed later in Sections 3.1.1 and 3.1 -2. By comparing

the requirements of these two species with the physical characteristics of the channel
discussed above, it is evident that the decline of Cascade Creek's indigenous fish is due
to two main factors: 1) degradation of aquatic habitat within the channel, and 2)

displacement by non-native fish species.
The greatest impact is arguably that of habitat loss. Key habitat changes caused by the
Cascade hydro development that impacted the fishery are listed in Table 7. Reduced
winter flows prior to 1996, thick accumulation of silt on the channel bed, and loss of
riparian habitat are some of the important changes that would have impacted the fishery.

Table 7: Flow Related Impacts to Cascade Creek Habitat and Fishery
Habitat impact

I Reduced flows decrease inundated stream area, I
water velocity, and water depths
No winter flows prior to 1996 reduce
ovenvintering habitat
AccumuIations of silt throughout the creek
Lack of flooding reduces riparian community

I area and density

Reduced flows and narrower stream width

I increases exposure to sun and summer water
Reduced flows and shallower depths cause
increased winter ice scouring
Reduced flows prevent access to off-channel
rearing areas

Implication to westslope cutthroat trout
and bull trout
Reduced habitat availability
Increased winter mortality

I

I

Reduced cover, reduced spawning habitat, higher egg
mortality, reduced macroinvertebrate production
Reduced woody debris, overhead cover, and bank
stabilization which impacts fish cover and stream
energy inputs
Temperature related growth. spawning and mortality
impacts
Increased winter mortality
Reduced rearing habitat for young fish

Westslope cutthroat trout and bull trout are also susceptible to displacement by nonnative species. Westslope cutthroat trout are less aggressive and mature later relative to
competitors. Bull trout also mature later, and grow more slowly than competitors,
especially during early years. These factors enable newcomers to outcompete these
indigenous fish for habitat and outpace them reproductively.

2.5.

Infrastructure Limitations

The purpose of this section is to document the infhmucture components that currently

limit the flow capacity of Cascade Creek. At the outset of the thesis, the limitations that
the physical infrastructure would place on the study were not known by any of the

involved parties. However, infktructure became very relevant to the thesis due to the
limitations it placed on the magnitude of flows that could be routed through the channel.
These flow restrictions prevented the collection of hydraulic data at different discharges
and ultimately warranted the adoption of a new methodology. The various components

are discussed below, proceeding in order downstream fiom the dam.
The first and most significant infrastructure constraint is the dam itself. Currently, there is

only one way to routinely pass water to the Cascade Creek channel: via the flow bypass
pipe through the dam. Because of concerns relating to the integrity of the pipe, the

maximum bypass flow limit has been set at 0.3 m31s (personal communication, Roger
DnuyTTransAlta).
The spillway structure at the west side of the main dam can also pass water to Cascade

Creek. However, three constraints limit its use. First, the spillway structure was designed
for use during emergency spill situations only, and downstream areas are susceptible to

erosion. Secondly, availability of the spillway is limited to the period between June and
February, when reservoir elevations are above the base of the structure (elevation: 1470.5
m). Thirdly, there is no reliable method of controlling the rate of flow using the spillway

stoplogs.
The spillway incorporates a "flip-bucket" design at its downstream end intended to propel

water away from the structure and prevent erosion at the footings (Photo 9). An attempt
was made to route water through the spillway into the creek on October 21, 1997. The

goal of the flow tea was to achieve steady flow in the order of 1.0 m3/sand 3.0 m3/sfor
approximately 3 days each. Velocity and water depth measurements were to be collected

at study sites along the creek to calibrate and verifL PHABSIM's depth and velocity
due
models. Unfortunately, the test was halted after two hours (at a flow rate of 1.8 m3/s)
to erosion at:
the base of the spillway's concrete flipbucket (Photo 10);
the toe of a rip-rap protected slope immediately downgradient of the flip-bucket (seen

at left side of Photo 10);
the excavated channel that connects the spillway outflow to the natural channel

(Photo 1 1); and
a temporary bypass ditch excavated through the lower dam access road (Photo 12).
Following the cancellation of the flow test, proposals were made to conduct additional
test flows in the channel. The proposals included plans to prevent or reduce erosion at
sensitive locations and control the rate of flow through the spillway. Unfortunately,

TransAlta was unable to grant the request within the remaining time of the thesis due to
dam safety and liability concerns.
The next downstream infi.astructure constraint is the diversion ditch that circumvents the
abandoned gravel pit (Segment EF). Although the October 2 1, 1997 test flow was brief, it
enabled an assessment to be made of the ditch's flow conveyance capacity. Flow through
the ditch during the t e a was estimated at 1 .O m3h. The majority of the ditch was able to

accommodate this flow, however, downstream portions of the ditch were operating at
maximum capacity. Marginally higher flow rates would have overtopped the ditch banks
and overflowed into the gravel pit to the east.
Downstream of the gravel pit diversion, three steel culverts pass beneath Minnewanka
Loop Road. It was determined that these culverts are capable of passing flows up to 10
m3/s. assuming maximum freeboard. The capacity of these culverts would likely be
sufficient for any flow proposed for creek restoration. The major concern is that the
culverts would act as debris traps and cause backwater flooding.

Although the remaining components lie beyond the lower boundary of the study. they are
briefly discussed here. The outlet weir at the lower of the two Cascade Ponds poses the
next constraint. Although it could be easily modified, the existing weir may not have the

required capacity to pass higher flows. Initial calculations indicate that the weir capacity
is less than 5 m3/s. The performance of the weir was not assessed during the October

1997 flow test, since the Cascade Ponds successfblly attenuated the two hour event.
Based on the dimensions of the Trans-Canada Highway bridge that crosses the Cascade
channel downstream of the ponds, it appears to be capable of passing very high flows,
including any flows that might be proposed for firture stream restoration. However, a
report prepared by Hardy BBT Ltd. detailing the design of a nearby CPR culvert,
indicated that "apparently no hydraulic analysis was completed" for the Trans-Canada
bridge (pg.3, Hardy BBT Ltd., 1989). Erosion around the base and sides of the bridge
could be a concern, and should be addressed if higher flow rates are ever considered. Two

culverts further downstream that pass beneath the CPR have a combined capacity of 33.4

m3/s (Hardy BBT Ltd., 1989).

CHAPTER 3:

LITERATURE REVIEW

This chapter presents pertinent background and technical information. Section 3.1
reviews the ecology of the two indigenous salmonid species addressed in the study.

Section 3.2 summarizes the variety of IFN methods available. Section 3.3 reviews
hydraulic models that have been used to estimate habitat quantity and quality. In addition
to this information general background information on saimonid population controls and

open channel hydraulics are presented in Appendices TI and III, respectively.
3.1.

Fisheries Management Species

The Bow Basin watershed supports a diverse aquatic ecosystem. Unfortunately,

developmentt water resources projects, fishing, and stocking practices over the last
century have disturbed the balance of this system. Today, the survival of several once
ubiquitous indigenous fish species may be at risk.
A number of studies have examined the fisheries of the Bow River Basin. An

investigation sanctioned by Parks Canada indicated that two indigenous species are
currently at risk @rewin, 1994). Cutthroat trout and bull trout populations are "either
declining downwards or have already reached levels where the species are at high risk of
extirpation" @g. ii, Brewin, 1994). These two species evolved together and continue to
coexist naturally in sympatry in many locations (Reiman and Mchtyre, 1993). The two
species maximize the use of resources by selectively segregating in the use of habitat and
prey (Pratt, 1984), thereby reducing direct competition (Reiman and McIntyre, 1993).
Mayhood (pg. i, 1995) states that "the fish fauna of the Canadian Central Rockies
Ecosystem is overwhelmingly artificial, depauperate, and dominated by exotic stocks".

He concluded that the westslope cutthroat trout and bull trout have been severely depleted
and are now very rare in most of the Bow River drainage. Introduced brook and brown
trout have largely replaced bull and westslope cutthroat trout in these regions.

In 1995, the bull trout and westslope cutthroat trout were identified as key indicator
species for BanffNational Park (BBVS, 1995). These species were selected as aquatic

indicators because they are known to be sensitive to environmental change, because they
provide a measure of the health of an aquatic system, and because they are indigenous to
the region. By ensuring that the health, habitat, and populations of indicator species are

sustained, it is accepted that the basic requirements of the aquatic environment as a whole
are maintained. Because Parks Canada's goals are to protect and restore indigenous and

indicator species where possible (Canadian Heritage, 1994), these two fish species were
identified as the management species for Cascade Creek.
Berry (1997) states that critical habitat must be identified and protected to improve bull
trout populations. It follows that a clear understanding of the ecology and habitat
requirements of the two management species is required in order to manage and improve
their long-term viability. The following discussion provides a summary of the status,
habitat requirements, and reasons for the decline of the westslope cutthroat trout and bull
trout.
3.1.1.

Westslope Cutthroat Trout

Range and Status

The first recorded observation of cutthroat trout (Oncorhynchusclarki) is in the journal of
Lewis and Clark, dated June 13, 1805, in which they note catching six cutthroat trout in

Missouri (Liknes and Graham, 1988). Cutthroat trout are distinguished visually by black
spots and distinct red slash marks under the jaw. It is believed that the westslope cutthroat
trout (Oncorhynchusclarki lewiso was once the dominant trout in its range (Liknesand

Graham, 1988), which included western Montana,central and northern Idaho,

northwestern Wyoming, southwestern Saskatchewan, southern Alberta, and southeastern
British Columbia (Behnke, 1979).

Current estimates indicate that 99% of the original interior cutthroat trout populations
have been lost over the last 100 years (E3ehnke, 1972). Locally. studies indicate that the
westslope cutthroat trout has disappeared fkom 95% of its historic territory in the Bow
River Drainage (Schindler and Pacas, 1996). Currently, the species is found only in
headwaters of a few of the major tributaries and a short reach of the upper mainstem Bow
River. Only a few fragmented highly isolated populations remain within the Bow River
basin and genetically pure stocks are exceedingly rare (Mayhood, 1995).

Because of its reduced standing, the westsiope cutthroat trout has been designated special
status in some regions. It has been recognized as a species of special concern in Idaho and

Montana (Mayhood, 1995). Although it currently has no special designation in Alberta,
Mayhood ( 1995) has recommended that the westslope cutthroat trout be recognized
provincially as an endangered species.
Biolom and Habitat

Idonnation about the westslope cutthroat trout's habitat requirements, while extensive, is
incomplete in many ways. A recent review states that the temporal and spatial
distribution of this species are not well documented and that habitat preferences and

needs are suspected but not well defmed (McIntyre and Reiman, 1995). Grifith (1 988)
has stated that few studies have been conducted to date that document the habitat
preferences of westslope cutthroat trout and that experiments designed to identify optimal
habitat for cutthroat trout are required.
The shortage of information on habitat use is partly due to the behavior of cutthroat trout.
In the presence of other salmonids, cutthroat bout are easily displaced by more aggressive
fish (Cummings, 1987). Cutthroat trout shift to lower quality habitat in order to avoid

confrontation and predation. This behavior has confounded efforts to identi@ westslope
cutthroat trout habitat preferences. For instance, a study conducted by Piatts (1974) found
that westslope cutthroat trout density peaked in streams with a gradient of approximately

10%, whit h was higher than populations of bull, rainbow or brook trout. However,

because of its submissiveness, it was inconclusive whether cutthroat trout were there
because they favored those conditions. or because it was less optimal and unoccupied by
other salmonids (GriEth, 1988).
Only a single reference details the specific depth and velocity preferences of cutthroat
trout. These cutthroat trout curves embody the general habitat preferences of all species

of cutthroat trout- No specific habitat preference curves were available for the westslope
species. The preference data were obtained fiom a database formerly maintained by the

U.S. Biological Survey. Although the creator of the curves was not specified, it is likely
that the information originated in a report prepared by Bovee (1978), which details the
habitat preferences for a variety of species in the salmonidae family. The depth and
velocity preference curves for cutthroat trout are shown in Figures 8 and 9, respectively.
Despite the lack of detailed habitat information, a significant amount of information
describing general habitat use and biology is available. The reader is referred to work by
McIntyre and Reiman (1995) and Hickman and Raleigh (1982). Much of the following
summary is credited to these two reports.
Westslope cutthroat trout may adopt one of three life history forms: adfluvial, fluvial and
resident (Liknes and Graham, 1988). All three life forms may occur simultaneously in a
single basin (Mchtyre and Reiman, 1995). Waters inhabited by cutthroat trout are
generally cold and nutrient poor (Liknes and Graham, 1988). Westslope cutthroat trout
have adopted an opportunistic feeding strategy aimed primarily at invertebrates (Liknes
and Graham, 1988). Research suggests that its feeding habits are attributed in part to co-

evolving and sharing resources with the more aggressive and piscivorous bull trout
(McIntyre and Reiman, 1995; Liknes and Graham, 1988).

The size of westslope cutthroat trout has been positively correlated with habitat quality
(McIntyre and Reiman, 1995). Ideal habitat includes silt-&

rocky substrate in riffle and

run areas. a 1 :1 ratio between pools and riffles, well-vegetated stream banks, abundant

instream cover, and stable discharge, temperature and stream banks (Matkowski and
Fernet, 1987; Hickman and Raleigh, 1982). Data from Idaho and Montana streams
indicates that westslope cutthroat trout are most abundant in reaches with gradients
between 6% and 14%. Bisson et, al. (1982) observed preferential use of pools by
cutthroat trout.
All lifestages of westslope cutthroat trout show a strong preference for cover (McIntyre
and Reiman, 1995). Overhanging or submerged vegetation, overhanging banks. and

instream objects such as rubble and large woody debris may be used. Water depth and
surface turbulence also appear be important cover types for cutthroat trout (Hickrnan and
Raleigh, 1982). Matkowski and Fernet (1 987) indicate that productive trout streams
contain at least 25% cover for addt trout in summer.
Mature westslope cutthroat trout from ail life history types spawn in small tributaries and
headwater streams between March and July (Mcintyre and Reiman, 1995). Spawning
occurs during high streamflows when water reaches temperatures near 10°C (Liknes and
Graham, 1988). Spawning habitat has been characterized as gravel substrates with
particle sizes ranging f?om 2 to 75 m m diameter, mean depths ranging from 0.17 to 0.20

m,and mean velocities between 0.3 and 0.4 m/s (Liknes and Graham, 1984; Shepard et.
al., 1984). Redds are generally 0.6to 1.0 m long and half again as wide (Liknes and
Graham, 1984). Bovee (1978) indicates that cutthroat trout prefer to spawn in mean
velocities beween 0.2 and 0.6 mls and depths greater than 0.15 m.
In Alberta, westslope cutthroat trout eggs hatch by August (Matkowski and Fernet, 1987),
following the decline in the spring hydrograph (Reiman and Mctntyre, 1993). Fry, which
emerge at a length of approximately 20 mrn, have been observed dispersing immediately
downstream after emergence, or remaining in-situ within the interstitial spaces of the
substrate (McIntyre and Reiman, 1995). Fry show a preference for stream margins with
overhead cover, low velocity areas, and backwaters or side-channels (McIntyre and

Reiman, 1995). Bovee indicates that fry prefer depths greater than 0.1 m and velocities
less than approximately 0.1 m/s.

Juveniles sampled from two Idaho streams were between 94 and 170 mm long (McIntyre
and Reiman, 1995). Migratory life forms typically spend two to three years in natal

tributaries before migrating downstream during spring and early summer (McIntyre and
Reiman. 1995). Research suggests that the longer juveniles remain in natal stream, the
better the chance they have of reaching 1 1 1 maturity (Mchtyre and Re-

1995).

Juvenile westslope cutthroat trout show a preference for the low velocity channel margin
areas of pools @fcIntyre and Reiman, 1995) and runs (Liknes and Graham, 1988).

Juveniles also show a strong affiliation with cover, including instream woody debris,
overhanging banks, and small boulders (Hickman and Raleigh, 1982). In winter, young
westslope cutthroat trout are known to use the interstitial spaces within the substrate for
refuge (McIntyre and Reiman, 1995; Liknes and Graham, 1988).
The ideal overwintering substrate diameter is in the range of 200 to 400 mm (Hickman
and Raleigh, 1982). Substrate composition is believed to strongly influence survival rates
of westslope cutthroat trout (McIntyre and Reiman, 1995). It has been reported that silt-

clogged and embedded substrates prevent juveniles from overwintering in the channel
bed (McIntyre and Reiman, 1995). Hickman and Raleigh (1982) indicate that juvenile

cutthroat trout are most often observed in water depths between 0.45 and 0.75 m depth
and velocities between 0.25 to 0.50 m/s (Hickman and Raleigh, 1982). Preference indices

presented by Bovee (1 978) suggest that juveniles prefer depths greater than 0.3 m and
velocities between 0.1 and 0.37 m/s.
Westslope cutthroat trout reach sexual maturity and become adults between 3 and 5 years
of age (Liknes and Graham, 1988; McIntyre and Reiman, 1995). Adult size varies
depending on life history type, and ranges fiom 1SO mm to greater than 3SO mm total
length. Resident populations tend to be the smallest (L,ik.nes and Graham, 1988). Adult

westslope cutthroat trout show a strong affinity for slower and deeper waters associated
with pools (Mclntyre and Reiman, 1995). Population density has been positively

correlated with the proportion of pools in a stream (McIntyre and Reiman, 1995).Pools
are also an important habitat during winter months (McIntyre and Reirnan, 1995). Bovee
( 1978) indicates that adult cutthroat trout prefer substrate consisting of gravel, cobble and

boulder. depths greater than 0.6 m, and velocities between 0.15 and 0.6 1 m/s.
Reasons fir Decline

The decline of the westslope cutthroat trout has been attributed to habitat loss,
displacement, genetic introgression, biology, and overexploitation (Liknesand Graham,
1988; McIntyre and Reiman, 1995).Habitat loss is an important factor explaining the
decline in population of the westslope cutthroat trout (Liknes and Graham, 1988;
McIntyre and Reiman, 1995). Human activities, such as hydroelectric power, forestry,
and urbanization have directly impacted habitat by altering river dynamics and river

flows (Liknes and Graham, 1988).Many tributaries and headwater streams are now
blocked to migration by obstructions such as dams. Fragmentation and separation fiom
the gene pool is also believed to be an important reason for the decline o f the westslope
cutthroat trout (McIntyre and Reiman, 1995).
Westslope cutthroat trout are highly susceptible to displacement by other salmonid
species. Westslope cutthroat trout have been displaced by the brown trout (Schindler and
Pacas, 1996),rainbow trout (Mayhood, 1995;Griffith, l988),and brook trout (McIntyre
and Reiman, 1995;Cummings, 1987)throughout much of their range. Biology and

behavior place this species at greater risk to displacement than other salmonids. Cutthroat
trout mature one year later than some trout. Cutthroat tjemerge later than competitors as
well, and may not be able to gainfully compete for habitat due to their smaller size.
Finally, cutthroat trout are less aggressive than equal-sized competitors. Cutthroat trout

were observed shifting to more favorable positions after brook trout were removed &om a
Colorado stream (Cummings, 1987).
Genetic introgression has also been cited as a cause for the westslope cutthroat trout's
decline (Schindler and Pacas, 1996). Introduced stocks of rainbow trout in the Upper
Bow Basin have hybridized with native westslope cutthroat trout and the resulting
offspring is infertile. Hybridization occurs between these two species because they

evolved separately and do not have mechanisms that prevent them fiom interbreeding
when sharing habitat (Liknes and Graham, 1988).

Angling pressure has also been cited as a cause of decline. Cutthroat trout are very
vulnerable to angling and are more easily caught than other salmonids (Griffith, 1988).
Statistics show that westslope cutthroat trout are twice as easy to catch as brook trout

(Behnke, 1979).
3.1.2.

Bull Trout

Bull trout are one of four char species native to Alberta (Berry, 1997). In 1978. Cavander
identified the bull trout (Salvefinusconjluentus) as a distinctive species of char unique to
western North America. Prior to this date, the bull trout was considered to be the same
species as the Dolly Varden (Salvelinus m a h a ) . Interestingly, the bull trout is the largest
salmonid species present in Alberta, since it is the only species that can grow to a large
size in mountain streams. Bull trout wei-g

in the order of 10 kg were not uncommon

in Alberta in the early part of the century (Beny, 1997).

Range and Status

The historic range of the bull trout once extended from California to southern Alaska on
both sides of the Rocky Mountains (Nelson and Paetz, 1992). In Canada, the bull trout is
native to all major watersheds in the Central Rockies Ecosystem (Mayhood, 1995),

including the Bow River drainage. In Alberta, the bull trout once possessed the most
extensive natural range of all Alberta fish (Nelson and Paetz, 1992).
Unfortunately, l i ~ the
e co-evolutionary westslope cutthroat trout, bull trout populations
have decIined over the last century. While there were once many accounts of the bull
trout's abundance and size in Alberta (Mayhood, 1995) and the Bow River drainage

(Mayhood and Paczkowski. 1993), the species is now scarcely found (Mayhood, 1995).
Populations of bull trout are practically absent in the Bow River below Banff C M a y h d
1995). Provincially, the species is not at risk of immediate extinction, although several

populations are in danger of longer-term extirpation (Berry, 1997).
The bull trout is internationally recognized as "vulnerable throughout its range" (pg. 28,
Mayhood. 1995). The species is included in the IUCN (1993) red list of endangered
species. Many agencies and jurisdictions have designated the bull trout as a species of
speciai concern, including the US Forest Service, the American Fisheries Society, the US
Fish and Wildlife Service, and the states of Montana, Idaho, Washington, California and
Nevada (Beny, 1997). The U.S. Fish and Wildlife Senice has recently petitioned to have
the bull trout listed as an endangered species under the US Endangered Species Act (U.S.

Fish and Wildlife Service, 1997).
In Alberta, the bull trout holds no special status, although Beny (1997) suggests that
there is sufficient evidence for such a designation. Nevertheless, in light of apparent

population declines the province of Alberta has implemented a special management
recovery plan for the bdl trout (Mayhood, 1995), promoting strategies such as reduced
catch limits.
Biology and Habitat

The biology and habitat requirements of the bull trout, while similar to those of the
westslope cutthroat trout, differ in several important respects. The most obvious

difference is that bull trout spawn in the fall, although other aspects of their biology and
habitat needs also differ.
Like the westslope cutthroat trout, the bull trout adopts one of three life history types:
resident, fluvial, or adfluvial (Berry, 1997; Reiman and McIntyre, 1993). Resident types
are ofien found in headwater streams and tributaries where they spend their entire lives
(Reiman and McIntyre, 1993). Migratory forms spend the early years of their lives in
tributaries before leaving for larger rivers or lakes (Berry, 1997). Migratory forms are
usually much larger than resident forms (Reiman and McIntyre, 1993). Little is known
regarding bull trout migrations in the Bow River watershed, if they occur at all (Mayhood
and Paczkowski, 1993).

Bull trout may travel large distances (up to 200 kilometers) between spawning and
ovenuintering areas (Berry, 1997). Migratory forms typically journey to small tributary
streams in spring when discharge and temperature increase, and return to rivers or lakes
to seek suitable overwintering pools (Berry, 1997). Cunjack and Power (1987') indicate
that activity and aggression diminish during winter and that survival depends on lowering
energy expenditures.
One review of the bull trout's habitat requirements suggests that this species has more
specific habitat needs than other salmonids (Reiman and McIntyre, 1993). Bull trout
prefer cold flowing waters (Schindler and Pacas, 1996) with a high degree of channel
complexity (Reiman and Mchtyre, 1993). Bull trout also associate with complex forms
of cover (Reiman and McIntyre, 1993), with deeper pools in streams, or at the junctions
of tributaries and larger rivers (Nelson and Paetz, 1992). Bull trout in Oregon and

.

Washington streams were found in pools between 25 and 50 cm deep both day and night
(Goetz, 1997). All lifestages of bull trout are known to associate closely with cover,
including large woody debris, undercut banks, boulders and pools (Pratt, 1984, 1985, and
1992). Cover provides critical rearing, foraging, and resting habitat, as well as protection

from predators (US.Fish and Wildlife Service, 1997).

Temperature is considered to be a critical factor limiting bull trout populations in streams
(Reiman and McIntyre, 1993). Values in excess of 15" Celsius are thought to limit bull
trout success (Reirnan and McIntyre, 1993). Berry (1997) indicates that temperature cold

enough to support bull trout are only found in mountain streams.
Bull trout can feed on a variety of foods, including plankton, benthos, surface

invertebrates, other fish and even small mammals (Reiman and McIntyre, 1993; Berry,
1997; Boag, 1987). Large and medium sized bull trout may feed exclusively on other fish

(Reiman and McIntyre, 1993; Goetz, 1997).
Only two references describe the velocity and depth preferences of the bull trout. The first

match is a partial set of habitat preferences from the U S . Biological Survey's database.
Like their indices for the cutthroat trout, the information was not credited to any author.

These indices were not used in this study since more local and up to date information was
identified.
Golder Associates (Fernet and Bjornson, 1997) compiled the second set of bull trout
habitat indices identified. The preference infomation was developed for Alberta
Environmental Protection as part of a IFN study for Lower Willow Creek, Southern
Alberta. The indices were compiled using a technique known as a Delphi Analysis, which
is based on the consensus of several qualified experts (Zuboy, 1981). The curves were

verified at a later date using observations of a population of adfluvial bull trout in Smith
Domen Creek, Kananaskis Country, A1berta (Fernet and Bjornson, 1997). The resulting
preference indices of the two independent approaches showed good agreement.
It was not specified whether the Golder Associates bull trout indices pertained to
migratory or resident forms of bull trout. The focus of the Delphi Analysis appears to

have been resident bull trout, but the verification observations were taken Erom an

adfluvial population. The distinction may be helevant, however, since Boag and
Hvenegaard (1997) found that the timing of movements, spawning, and habitat selected

by resident bull trout in the West Castle River in Southern Alberta were similar to those

reported for an adfluvial population in the Flathead River Drainage. The depth and
velocity preference indices are presented in Figures 10 and 11, respectively.
Migratory bull trout begin to enter spawning tributaries during late July or August (Carl,
1985; Berry, 1997). Spawning migration appears to be triggered by increases in water

temperature and reductions in discharge that correspond with the falling limb of the

spring hydrograph (ElIe et, al.? 1994). Bull trout spawn between late August and mid-

October (Reiman and Mclntyre, 1993; Nelson and Paetz, 1992; Berry, 1997; Shepard et.
al.. 1984) depending on geographical location. Cold water temperatures between 5" and

9" Celsius trigger spawning. In the West Castle River in Southern Alberta, spawning
peaked in mid-September (Boag and Hvenegaard, 1997)- In the Flathead and Pend Oreille
basins, adfluvial spawners averaged 300-875 rnm in length and 4-9 years of age (Pratt,
1985).
Bull trout require uncompacted, silt-fiee gravels and cobble to co11struct their redds and
spawn (U .S. Fish and Wildlife Service, 1997; Berry, 1997; McPhail and Murray, 1979;
Shepard et. al., 1984; Reiser et. al., 1997, Boag and Hvenegaard, 1997). Substrate can be

neither too large nor too small. Reiser et. ai. (1997) noticed that densities of red& in the
Cedar River declined upstream as large cobbles and boulders dominated substrates.
Bull trout prefer spawning in areas influenced by groundwater recharge, probably
because it improves egg survival rates (Shepard. et. al., 1984; Pratt, 1984; Berry, 1997).
Groundwater seepage appeared to be a factor for redd selection in the West Castle River
in Southern Alberta (Boag and Hvenegaard, 1997), although groundwater inflow was not

identified at spawning grounds in the Cedar River (Reiser et. al., 1997). Berry (1997)
speculates that the influence of groundwater benefits incubating eggs and young fish by
providing stable flow, warmer temperatures through the winter, reduced impacts from

fi-azil or anchor ice, and low sediment loads. Cover does not appear to be a critical factor
related to the location of redds (Boag and Hvenegaard, 1997; Reiser et. al., 1997).
Shepard et. al., (1984) indicate that bull trout redds are observed in runs or pools with
depths between 0.2 and 0.8 m deep and velocities between 0.2 and 0.6 m/s. In the Cedar

river watershed, redds frequent water depths between 0.1 and 0.5 m depth and mean
column velocities ranging fiom 0.1 to 0.25 m/s (Reiser? et. al.. 1997). Pratt (1984)
reported bull trout spawning in depths of 0.2 to 0.8 m and velocities from 0.2 to 0.5 m/sShe also observed that spawning areas were located in runs or tail outs of pools. The
spawning preference indices prepared by Golder Associates indicate spawning depth
preference is between 0.3 and 0.63 m and velocity preference is between 0.25 and 0.5 m/s
(Fernet and Bjornson? 1997).
After spawning is complete, embryos incubate throughout the winter within the substrate
(Reiman and McIntyre, 1993). The eggs hatch during March or April, six to seven
months after spawning (McPhail and Murray, 1979; Nelson and Paetz, 1992). After

hatching, alevins stay within the gravel for an extended period to feed and grow (Reiman
and McIntyre, 1993). The young bull trout remain hidden in the substrate until they reach
approximately 25 mm in size (Shepard et. al., 1984).
Under stable conditions, roughly 40% of the eggs will survive (Allan, 1980). Egg
survival rates are largely a k c t i o n of the characteristics of the substrate. Shepard et. al.
(1 984) indicate that egg sunival rate is nil in substrates with more than 50% fines. The

optimum winter water temperature for egg survival appears to be 2" to 4" Celsius
(McPhail and Murray, 1979; Berry, 1997).
Substrate influences other life stages as well. Young bull trout are closely associated with
substrate, since it forms their primary source of cover (Reiman and McIntyre, 1993). It
appears that younger age classes (alevins, fiy and juveniles) choose habitat primarily to
avoid predation, possibly fiom older cannibalistic bull trout (Goett, 1997). Substrate also

provides overwintering cover. Young of year bull trout were observed overwintering in
interstitial substrate spaces in the West Castle River in Southern Alberta (Boag and
Hvenegaard, 1997). Jakober (1995) found that bull trout of all sizes conceal themselves in
interstices of large cobble and boulder and woody debris during the day.
Bull trout fry occupy low velocity areas (McPhail and Murray, 1979), including side
channels and channel margin areas (Goetz, 1997). Fry are most often associated with
boulders or submerged substrate where the velocity averages 0.09 m/s (Shepard eL al.,
1984). Golder Associates' indices show that fry prefer depths and mean velocities fiom

0.08 to 0.32 m and 0.0 1 to 0.1 m/s, respectively (Fernet and Bjornson, 1997).

Bull trout reportedly grow very slowly, especially in the juvenile stage (Berry, 1997).
Migratory but1 trout spend 1 to 5 years in their natal streams as juveniles before moving
downstream (Pratt, 1985; Beny, 1997j. In Idaho streams, juveniles were observed
outmigrating to mainstem rivers between May and September (Shepard et. al., 1984).
Migratory forms may spend several years continuing to grow in larger bodies of water
before returning to tributaries to spawn (Reiman and McIntyre, 1993).
Dambacher and Jones (1997) identified seven variables that predicted the abundance of
bull trout juveniles: high amounts of shade, undercut banks, cover, gravel in riffles, low

amounts of fine sediment in riffles, and bank erosion. These indicators collectively reflect
riparian health and geomorphological fimction. The predictors are also reflected in the

observations of other workers. Others indicate that juveniles utilize in-channel wood,
substrate. or undercut banks for cover (Reiman and Mcintyre, 1993), and occupy side
channeis, stream margins and other areas of low velocity (Reiman and McIntyre, 1993;
Elle et. al., 1994). Golder AssociatesTindices show that juveniles prefer depths and
velocities from 0.1 to 0.6 m and 0.0 to 0.25 mls, respectively (Fernet and Bjornson,
1997).

Adult bull trout reach spawning maturity between five and seven years of age (Goetz,
1989; NeIson and Paetz, 1992; Berry, 1997). At maturity, the size of resident fish is

typically between 150 mm and 300 mm (Goetz, 1989; Berry, 1997), while migratory fish
grow to between 400 and 700 mm,and commonly exceed 600 mrn (Goetz, 1989).
in terms of habitat preference, evidence clearly shows that bull t ~ o uprefer
t
deeper slow

moving pools with overhead cover throughout the year (Reiman and McIntyre, 1993;
Pratt. 1984; Berry, 1997). Bull trout have also been observed occupying low velocity run

habitat (Schill et. al., 1994). Resident fish show a high preference for pools as
overwintering habitat (Berry, 1997). In the West Castle River in Southern Alberta,
resident adult and juvenile bull trout were found overwintering in pools (Boag and
Hvenegaard, 1997). Adults also appear to associate closely with the substrate, using large
cobble and boulder substrates (Jakober, 1995) and areas with complex woody debris and
undercut banks (Shepard et. al., 1984; Pratt, 1985). Golder Associates' indices show that
adults prefer depths greater than 0.7 m and velocities fkom 0.05 to 0.35 m/s, respectively
(Fernet and Bjornson, 1997).
Reasons for Decline
The reasons for the decline of the bull trout are well documented. The growth, survival
and long-term persistence of bull trout are affected by introductions of non-native

species. biological effects, fishing pressure, habitat loss, habitat instability, and
temperam changes. Berry (1997) indicates that fishing pressure, habitat change, and
competition are the three most important factors affecting Alberta bull trout populations.
Activities that cause imbalances in these characteristics include timber harvesting, road
development, livestock grazing, hydroelectric dams, and urbanization.
Overfishing is the most important factor contributing to the decline of the bull trout in
Alberta, as current harvest levels appear to be exceeding the repopulation rate (Berry,
1997). Bull trout are one of the most easily caught salmonids (Schindler and Pacas,

1996)-They generally inhabit areas where food is scarce and take most baits and lures
fieeIy (Berry, 1997). Fishing also poses a secondary impact. Because bull trout mature at
a late age. many fish that are caught may not yet have had the opportunity to reproduce
(Berry, 1997).

Loss and instability of bull trout habitat is also a factor for their decline. Because of the
bull trout's specific habitat needs, they are less able to persist in unstable environments

(Reirnan and McIntyre, 1993). This is particularly true of the bull trout's early life stages
(Reiman and McIntyre, 1993)-Pratt (1984) asserts that the bull trout's strong association
with substrate is more significant than for other salmonids. Substrate changes, especially
shifts to finer substrate can be particularly damaging. Bull trout are very closely

associated with substrate in the embryo development and rearing years of their lives (U.S.
Fish and Wildlife Service, 1997), and any increase in fine sediments can reduce the
survival of eggs and rearing fish (Reiman and McIntyre, 1993). In the Flathead River,
survival during the period from incubation to fiy emergence decreased substantially when
fine sediment concentrations increased in spawning gravels (Shepard et. al., 1984).
Bull trout are also susceptible to activities that cause channel degradation and restrict the

use of migratory corridors. The buried eggs of bull trout and other fall spawners are
vulnerable to flooding and scouring during winter and early spring (Elwood and Waters,
1969; Reiman and McIntyre, 1993) and to low winter flows that enable freezing within
the substrate. Migratory comdor continuity is also important since these comdors link

overwintering, spawning, and foraging areas. Horowitz (1978) indicates that stocks that
are isolated in upstream areas due to blockages are at greater risk of extinction. Schindler
and Pacas (1996) call attention to the fact that bull trout spawn in tributary streams,

which are at higher risk to habitat disruption.

The introduction of non-native species has also been damaging to bull trout. McCart
(1997) stresses that the impacts to indigenous populations occur through various
processes, including competition, predation, inhibition of reproduction, gene pool

deterioration, transfers of parasites or disease, and hybridization (McCart. 1997). In the
Bow Valley, the greatest declines of bull trout are attributed to non-native species
belonging to the same genus (Salvelinus)(Schindler and Pacas, 1996). Schindler and
Pacas ( 1996) also stress that in the Bow Valley bull trout have largely been eliminated by

introduced populations of brook or lake trout through direct competition for food and
habitat. Elsewhere, introduced populations of brown and rainbow trout have also been
associated with the decline of bull trout (Reiman and McIntyre, 1993; Berry, 1997).
Brook trout are known to hybridize with bull trout (McCart, 1997), because both species
appear to spawn at the time and location and have similar temperature requirements for
incubation (Reiman and McIntyre, 1993; Berry, 1997). Hybrids between brook trout and
but 1 trout have been found in various locations in A1berta (Nelson and Paetz, 1992).
Hybrid offspring demonstrate lower levels of fitness (Schindler and Pacas, 1996) and are
unable to reproduce (Beny, 1997).
Finally, biological characteristics of the bull trout pIace them at a disadvantage to other

salmonids. Slow growth rate, late maturation and lower egg production render the bull
trout more susceptible to population declines (Berry, 1997).

3.2.

Instream Flow Methods

The origin of IFN methods can be traced to the 1970's when water resources projects in
the southwestern United States called for the diversion and storage of large quantities of
water from the region's rivers (Hatfield Ltd., 1983). Response to these proposals was not
always positive, and environmentalists contended that protection of the aquatic ecosystem
was equally important as power generation, irrigation, and water supply. Water resources
projects have since been required to consider the impacts of their operations on river
ecology, recreation, and aesthetics. Instream flow needs (IFN) is the usual term used to
describe stream flows that meet these requirements. Many of these IFN conflicts resulted

in lengthy court battles due to lack of agreement on the correct flow. Obviously,
scientifically credible methods to determine the appropriate flows was required.
In response, academic, environmental, and government institutions worked to develop
generally applicable yet accurate techniques to recommend river flows that could protect
aquatic ecosystems. Today, a large number of IFN methods are available. Over time, IFN
methods changed &om those that recommended single minimum flows to those that

incrementally assessed project impacts with different discharges. These techniques are
summarized in several exhaustive Canadian reviews (e-g. Courtney, 1995; Bietz et. al.,
1985; Hatfield Ltd., 1983; Stalnaker et. al., 1995).
The method adopted in any

IFN assessment depends on several factors: the complexity of

the river environment, the level and nature of negotiations required to determine

acceptable flow levels, geographic location, the number of stakeholders involved, and
funding, to name a few. Because these factors vary between projects, there is currently no
universally accepted method to calculate instream flow needs (Palau and Alcazar, 1996).
The classification scheme used here to describe the various IFN methods was developed
by combining two previous classification approaches, namely: 1) a scheme used by

Trihey and Stalnaker (1 985), who classified IFN methods by their ability to incrementally
assess habitat impacts with discharge, and 2) an approach used by Ghanem et. al. (1 9 9 9 ,
based on the number of variables used in the IFN method. The new classification contains

four IFN groups. One end of the continuum is represented by single-variable non-

incremental methods and the other is represented by multiple-variable incremental
methods.
Single-variable non-incremental methods are simple, require relatively low expenditures
of time and money, consider only a single variable, and recommend only a single flow. In

contrast, multi-variable incremental methods are complex, have relatively high costs,

examine many variables, and may be used to assess financial and environmental costs /
benefits over a range of flows. Table 8 summarizes of the four categories.
Table 8: Instream Flow Methods
Method Description

Single variable non-incremental
Single variabIe incremental
Multiple variable non-incremental
Multiple variable incremental

Example

Effort and expense

Tennant Method
Weaed perimeter Method
Habitat Quality Index Method
Instream Flow Incremental Method (IFIM)

Low
Moderate
High
High

Interestingly, each of the IFN groups utilizes a different "currency" to rate the value of a
particular flow. Single-variable non-incremental methods use no currency, and simply
examine historical flow patterns to discern the optimum flow. Single-variable incremental
methods rate flow using some hydraulic variable, such as wetted perimeter. Multiplevariable non-incremental methods o fien utilize fish biomass. which is the ultimate
reflection of project impact. Finally, multiple-variable incremental methods ofien use a
measure of habitat. The assumption is that higher habitat values will eventually result in

higher fish biomass.
Each of the four IFN groups is discussed below. The most commonly applied method is
presented as an example.

3.2. I.

Single-Variable Non-Incremental Methods

Single variable non-incremental methods are the simplest and most easily implemented of
the IFN methods. Also referred to as "discharge" or "standard-setting" techniques

(Stalnaker et. al., 1995), these methods were among the first IFN methods applied
(Stanford, 1994)-The methods are based on records of historic nahrral flow. Examples
include the Tennant Method (Tennant, 19 7 9 , the Basic Flow Method (Palau and A l c m ,
1996), and the Hoppe Method (Hoppe, 1975).

These techniques require a natural hydrologic record. ?his record can be extracted fiom
historic records or tiom a nearby surrogate stream. In some cases, the historical
streamflow record can be reconstructed using hydrological models (Riggs, 1985). These

approaches assume that the minimum discharge required to maintain the aquatic resource
is a function of some representative flow of the stream, such as mean annual flow (Bietz

et. al., 1985) or the 80% exceedance flow (Hoppe, 1975). Once a suitable streamflow
record has been obtained, it is used as the basis for determining the minimum flows
required to support aquatic habitat.
The Tennant Method (Tennant, 1975) is widely known, and numerous techniques similar

to the Ternant Method have been experimented with over the years (Courtney, 1995). It
is the most commonly used discharge-based IFN technique in North America (Reiser et.
al.. 1989; Bietz et. al., 1985; Courtney, 1995). Minimum flow levels to protect fisheries

during seasonal periods are based on percentages of the mean annual flow, as shown in

Table 9.
Table 9: Ternant Minimum Flows
Recommended flow
(% of mean annual flow)

Flow description

I

Flushing or maximum
Optimum range
Outstanding
Excellent
Good
Fair or degrading
Poor or minimum
Severe degradation

October - March
200%
60% 1W h

-

40%

30%
20?4
10%
10%
0%- 10%

I

A ~ r i l -Sevtember

I

200%

-

60% 100%
60%
50%
40%

30%
1OYO
0% 100!

-

* fiom Tennant (1975)
Ternant empiricalIy derived the above percentages during the 2 970's based on a ten year
record of Nebraska, Wyoming, and Montana streams. The work included analyses of

physical. biological, and chemical parameters, including 38 different flows and 50 crosssections affecting both cold and warm water fisheries. The results revealed that "aquatic
habitat is remarkably similar in most streams carrying the same portion of the average
flow" @g. 8, Tennant, 1975).The method has been tested and found to protect fish
habitat (Nelson, 1980).
The method is generally considered to be a "desktop" technique requiring little or no
fieldwork. First, the mean annual flow for the study stream is determined, preferably from
a record greater than ten years length. Second, minimum flows are calculated using the
fixed percentages shown in Table 9-Tennant also recommends assessing the suitability of
the flows visually, although this final step is often skipped.
While these desktop methods are attractive, they also have several limitations (Hatfield
Ltd., 1983). The greatest advantage of these approaches is that they can be quickly
implemented using available hydrological records. The methods are fast and relatively
inexpensive since extensive fieldwork is not necessary (Stalnaker et. al.. 1995). However.

the methods have been criticized on several grounds. For example, they do not include
biological information pertinent to the study stream and they are based on seemingly
arbitrary and unsubstantiated minimum flow criteria (Bietz et. al., 19855 Tennant, 1975;
Hatfield Ltd., 1983;Morhardt, 1986).
In addition, research has indicated that the Tennant method may overestimate minimum
flows required for streams with large seasonal flow variations (Bietz et. al., l985),such
as those in the Canadian Rockies. In the end, these criticisms reduce the credibility of the

Tennant method, making the resulting flow recommendations difficult to defend
(Morhardt, 1986).For these reasons, the Tennant and other hydrologic methods are most
ofien used at the scoping level or to provide minimum flow guidelines (Courtney, 1995).
Interestingly, a preliminary examination of minimum flow needs for Cascade Creek was
completed in 1996 as part of the Cascade power license renewal. The assessment,

completed using a variation of the Ternant Method, utilized available historic data to
provide minimum monthly flow recommendations (Golder Associates, 1996). The
results. shown in Table 10, specified minimum flows between 2.8 and 7.9 m3/s.
depending on the time of year.
Table 10: Previous Cascade Creek Minimum Flow Recommendations
Minimum flow
recommendation (m3/s)

Month

li

January
February

I

3.1

J

3.1

March

2.8

- .-- --

* from Goider Associates (1996). Based on modified Montana Method
3.2.2.

Single- Variable Incremental Methods

Single-variable incremental methods are intermediate in cost and complexity (Bietz et.
al.. 1985). These approaches are also referred to as hydraulic rating methods (Ghanem et,

al.. 1995; Bietz et. al., 1985).
The methods in this category evaluate habitat using some computationally derived
hydraulic variable, such as wetted perimeter. The derived variables are calculated at
different discharges, and characteristics of the resulting curve are used to extract flow
recommendations. Although they require site-specific channel data and greater analysis
time. they are considered only slightly more sophisticated than the single-variable nonincremental methods described above (Ghanem et, al., 1995). Hydraulic rating methods

can be used for trade-off assessment to some degree, depending on the specific method
used (Bietz et. al., 1985) and the acceptance of the study participants.
The unifying concept for these approaches is that the discharge required to ensure
adequate fish habitat can be related to a single hydraulic characteristic of the stream
channel, such as water surface width, wetted perimeter. flow area, average depth, or
average velocity (Bietz et. al., 1985). Typical data requirements include cross-section
elevations, discharge, and water fluface elevations at one or more locations and at one or

more discharges (Ghanem et, al., 1995). Standard hydraulic models, such as HEC-I1 ,can
be used to simulate the hydraulic variables at unmeasured flows to create or improve the
resolution of the rating curve (Ghanem et, al., 1995). The most-well known hydraulic
rating method is the Wetted Perimeter Method.
The Wetted Perimeter Method is based on work conducted by Nelson (1980) with data

from Montana streams. Using measured and/or modeled hydrauiic data from selected
cross-sections. the relationship between discharge and wetted perimeter is plotted over a
range of discharges. As discharge increases fiom zero flow, the rate of change of wetted
perimeter with respect to discharge typically reaches a maximum then decreases. The
point of maximum slope represents the discharge at which wetted perimeter gains fall off
and is used as a minimum flow recommendation (Stalnaker et. al., 1995). The flow

recommendation is believed to provide an adequate level of habitat, since the majority of
the stream bed remains submerged, protective bank cover remains available for use by

fish (Hatfield Ltd., 1983; Ghanem et, al., 1995), and impacts to macroinvertebrate
production due to dewatering of riffle areas are minimized (Courtney, 1995).
The placement of the cross-sections is critically important in this type of assessment
(Hatfield Ltd., 1983). Ideally, cross-sections should be placed in areas that are known to
limit the biological function of a stream, such as riffles (Stalnaker et. al., 1995; Bietz et.
al.. 1985; Ghanem et, al., 1995). When riffles are used in the assessment, it is assumed
that fish passage, food production and spawning are included in the assessment.

Furthermore. if the selected discharge for riffles is adequate, it is assumed that other
locations in the stream, such as pools and runs, is also adequate (Stalnaker et. al., 1995).
In general, the wetted perimeter approach has low reliability and scientific credibility, It
has been criticized on several grounds: 1) for the subjectivity involved in extracting the
break in the shape of the c w e (Lohr, 1993); 2) because water depth is not implicitly

included in the assessment, thus ignoring requirements for fish migration, spawning and
food production (Courtney, 1995), and 3) because it fails to consider the specific
requirements of individual species (Hatfield Ltd., 1983). Flow recommendations in
Australia based on the wetted perimeter approach actually resulted in degradation of the
ecological integrity of the rivers studied (Gippel, 1996). Lohr (1993) states that additional
criteria should be included in IFN assessments, other than wetted perimeter.
3.2.3.

Multiple- Viwiuble Non-lncremental Methods

As the section heading implies, multiple-variable non-incremental methods employ a

number of variables, but offer little of the way in trade-off assessment. This latter failing
is unfortunate, because these methods predict biomass rather than habitat. Stalnaker
(1 993) indicates that there is movement towards biomass based IFN methods, since the

results are easier to understand and communicate.
All of these techniques are empirical in nature and employ the use of multiple regression
equations to correlate various physico-chemical stream indicators with fish biomass,
measured in mass per area (Ghanem et, al., 1995). Several different models have been
developed and tested in the United Sates, Canada, and other countries (Courtney, 1995).
The Habitat Quality Index (HQI) method is the most widely known method.
The HQI method was developed and tested by Binns and Eisermann (1979) using data

collected from Wyoming streams. The method was subsequently re-evaluated by Conder
and Annear in 1987. The approach involved collecting data on 22 stream variables,
including measures of biomass, discharge, temperature, velocity, water quality, stream

morphology, vegetation, and food production at 36 study sites. A multiple-regression
equation was developed to explain the variation in observed fish biomass at the different
sites. The final regression equation was able to explain 97% of the variation in standing
crop at the 36 Wyoming streams. Verification studies conducted by Conder and Annear
( 1985) on different Wyoming streams resulted in similar correlation coefficients.

These two studies showed that the HQI method produced repeatable, credible and
quantitative results (Stewart, 1985; Conder and Annear, 1987), at least on a regional
basis. In addition, HQI flow recommendations were based on fish biomass. Biomass is
more easily understood than other IFN criteria, since improvements in biomass are
typical1y the end goal of most IFW projects.

The same HQI regression equation was iater tested for use in Alberta (Griffith, 198 1).
The model performed poorly, and was only able to explain 1.4% of the variation in trout
biomass for streams in the High River Basin. An assessment in Ontario trout streams also

showed poor results (Bowlby and Roff, 1986). Courtney (1 995) stated that poor
performance should have been expected since the HQI model was developed for
Wyoming streams, which have a unique regional physiographic fingerprint.
Griffith (1 98 1) revisited the problem and developed a new regression curve for streams in
Alberta's Highwood River Basin using the same principles developed by Binns and
Eiserrnann (1 979). The new regression equation was able to explain 72% of the variation
in fish biomass, even though the model used the same categories developed previously.
These results showed that the model could predict biomass, provided it was applied on
streams with similar fish communities, climatic, and physiographic characteristics
(Courtney, 1995; Ghanem et, al., 1995).
Despite the potential of this approach, there are limitations to its application. Application
of the approach requires the collection of baseline data for a large number of stream
variables from a large number of streams for calibration. Once the regression equation is

calibrated, the model must then be verified using data collected &om a different set of
streams. This data collection is time-consuming and costly. Furthermore, the resulting
regression model would only predict biomass on streams that are biophysically similar to
the sampled streams (Ghanem et, al.. 1995; Morhardt, 1986; Reirnan and McIntyre,
1993). This level of effort may be appropriate for a long-term multi-party research

project, such as government departments responsible for conducting repeated IFN studies.
However, it would not be appropriate for smaller one-time IFN assessments.
Ghanem et. al. (1995) provide another important limitation of the approach: the lack of
predictive ability for conducting trade-off analysis. Methods in this category. such as the
HQI approach, are unable to predict impacts to biomass at flows other those observed
during sampling. Although Binns and Eisennann (1979) indicate they have used the HQI

method to predict biomass impacts resulting from a water resources project, Ghanem et.
aI. (1995) criticize the authors for providing no indication of the predictive assessment
methodology. Ghanem et. al. (1995) state that in order to predict impacts using this type
of approach. each variable would have to be simulated for each alternative flow and
entered into the multiple regression model to assess impacts on fish biomass. The tools
required to predict the various regression variables, which would include hydraulics,
temperature. water q d ity,and sediment transport models, are not specified.
In summary, multi-variable non-incremental methods appear to have potential for fwther
development and fbture IFN applications. However, excessive data requirements,
geographic limitations and poor predictive ability limit their current usefidness for IFN
studies.
3.2.4.

Multiple- Variable Incremental Methods

Multiple-variable incremental methods use key stream variables to incrementally predict
the benefits of proposed flow changes on fisheries habitat. Unlike the previous category,
these methods limit the number of variables to those that either remain static with flow or

those that can be predicted using available models. This group of IFN methods is the
most popular of all the approaches used in industry and by government.

This category is comprised of a number of techniques, including the Physical Habitat

Simulation Model (PHABSIM) (Bovee, 1996a), the Oregon Usable Width Method
(Stalnaker, 1993). the biodiversity approach (Bovee, 1996b), and the remote sensing
approach (Anderson et. al.. 1993; Panja et. al., 1993). Generally, the standard of
measurement these approaches use is aquatic habitat, rather than aquatic biomass. Some
of the newer techniques, however, are beginning to use more complex rating criteria such

as habitat diversity (Bovee, 1996b).
Many of the multi-variable incremental techniques can be termed "hydro-biological",

since they link stream characteristics with fish behavior (Lamouroux et. al., 1996). The
methods tend to focus on the most important stream microhabitat variables that influence
the locations that fish prefer to occupy. These microhabitat variables typically include
velocity, depth, cover and substrate, as discussed in Appendix 11.
The Instream Flow Incremental Methodology (IFIM) (Reiser et. al., 1989), adopts this
"hydro-biological" approach. Trihey and Stalnaker (1985) indicate that the IFIM is
properly termed a "methodology" because it consists of a conceptual f'ramework to assess
instrearn flow needs. This fiamework includes components of study design, stakeholder

consensus, data collection, scientific analysis, and negotiation (Bartsch et- al. 1996).
Descriptions of the IFIM are provided by Bovee (1996a) and Stalnaker et. al. (1995). The
IFIM is the most popular incremental multi-variable IFN method in use today. In the
USA, the IFIM has been used in over 35 states, many of which have adopted it as the

standard IFN method (Ghanem et, al., 1995).
Bovee @g. 1. 1996a) indicates that "one of the unique characteristics of the IFIM is the
simultaneous analysis of habitat variability in time and space." The concept of spatial and
temporal habitat are discussed in Appendix 11. Mathematical models are used to assess

and predict changes to river habitat at these different spatial and temporal scales.
Hydraulics, temperature, water quality. and water supply models may all be used. The
core of the IFIM fiamework is a "hydro-bioIogical" model that calculates rnicrohabitat as
a function of flow. The standard model used for these calculations is the Physical Habitat

Simulation Model (PHABSIM), developed by the U S . Biological Resources Division
(Milhous et. al., 1984).
The PHABSIM model predicts the impacts of flow changes on fish microhabitat.

Stalnaker et. al. (1995) indicate that the IFIM's habitat-based approach can be justified on
two grounds:
Most water resources projects and decisions impact fish habitat, and changes in
habitat are more easily predicted than impacts to fish populations; and
Aquatic habitat is a significant determinant of fish abundance in rivers.
In 1995, PHABSIM was reportedly used by over 700 clients worldwide (Stalnaker et. al..
1995). Courtney (1995) indicates that the IFIM is the most widely used method in North

America. In Western Canada it has been used for IFN assessments in British Columbia,

Alberta, Saskatchewan, and Manitoba (Femet, 1992). International applications have
included minimum flow negotiations downstream of power dams in France (Eon, 1996),
water resources management decisions in the United Kingdom (Maddock and Bird, 1996;
Elliott et. al., 1996), and minimum flows for fish in Japan (Tamai et. al., 1996).

PHABSIM was recently used to assess instream flow needs on the Kananaskis River,
Alberta (EnviResource, 1998).

The steps involved in the application of the PHABSIM approach are described below:
1. A representative study reach is divided into discrete habitat cells at a scale fine

enough to capture the rnicrohabitat preferences of fish (Figure 12). Channel crosssections are surveyed that intersect the habitat cells. Cross-sections are also located at
hydraulic controls for one-dimensional hydraulic modeling.

2. Substrate and cover, coIlectively known as "channel index". are measured for each

cell. Channel index is assumed to remain constant with changes in discharge.

3. Observed water depth and velocity at different discharges are used to calibrate onedimensional hydrodynamic and empirical hydraulic models. The hydraulic models are
then used to simulate depth and velocity at each cell at different discharges.
4. Microhabitat preferences are gathered for channel index, depth and velocity for each

species lifestage. Observed habitat use data are plotted as fkequency of use diagrams.
then normalized- The resulting suitability indices (Sl) provide a measure of a
population's usage and preference of specific physical niches in a stream. Suitability
indices are plotted with microhabitat on the x-axis and preference on the y-axis.
Microhabitat preference is represented by an index between 0 and 1, in which 0
represents n i I preference and I represents high preference. The SI curves used in this
study are shown in Figures 8 to 1 1 for reference.
5. For each microhabitat cell, depth, velocity and channel index are converted to habitat

suitability using the habitat SI lookup curves. For example, the depth suitability for
juvenile bull trout is calculated by comparing the water depth of a celI to the juvenile
depth SI c w e . The suitability value that corresponds with that depth is adopted as the
depth habitat value. Through this process, channel index, depth and velocity are

converted to suitability indices between 0 and 1 for each cell.
6. The combined suitability of a cell is usually calculated as the product of each
microhabitat index. For example, if channel index, depth, and velocity habitat indices
were l.0,0.6, and 0.7, respectively, the combined suitability would be 0.42 (1 -0 x 0.6
x 0.7).
7. The usable habitat area for each cell is calculated by multiplying the combined

suitability by the cell's area.
8. The weighted usable area (WUA) for the entire study site is calculated by summing

the usable habitat areas of each cell.

9. Finally. the process is repeated over a range of flows, and WUA is calculated for each

flow. Ultimately. WUA is plotted as a function of discharge. This habitat-discharge
relationship is then used as the basis for assessing project benefits or impacts on the
stream.

In 1985. the Province of Alberta commissioned a study to assess the various IFN methods
and recommend methods most suitable to Alberta (Bietz et. al., 1985). The

I F I M / P W S I M method was one of two recommended methods. The issue was revisited
again by Courtney (1995), who surveyed IFN methods with the goal of reducing the cost
of IFN studies to the Province of Alberta. Several alternatives were recommended,

however, the Province is still utilizing the IFIM/PHABSIM approach.
Despite its widespread acceptance and application, the IFWHABSIM method has
received criticism (Bourgeois et. al., 1996; Mathur et. al., 1985; Scott and Shirvell, 1987;
Gore and Nestler, 1988; Tarbet and Hardy, 1996; Bud, 1996). The approach has been
criticized on grounds ranging from its habitat-based approach to the performance of its
hydraulic models. Some of these criticisms are discussed below.
Perhaps the most focused attack on the IFIM concerns its use of habitat as a metric for
water management decisions. Various critics have expressed concerns about the lack of a
clear demonstrated relationship between weighted usable area and fish biomass (Mathur
et. al., 1985; 134; Conder and Annear, 1987; Scott and Shirvell, 1987;Bird, 1996).
Demonstrating this relationships is one of the IFIM proponents' top priorities (Stalnaker
et. al., 1995). For example, Bovee et. al. (1994) examined populations of coldwater

smallmouth and rock bass in the Huron River, Michigan in 1994. Through a series of
lifestage and community linkages, they found that bass populations were positively
influenced by the availability of physical habitat. They concluded that the IFIM was a
valid methodology for IFN investigations in coolwater streams.

Others have suggested that mechanisms other than physical habitat may control fish
populations. In these situations, food availability, competition, predation, and even
overfishing may be more important (Bird, 1 996; Moyle and Baltz 1985; Bowlby and
Roff, 1986; Orth, 1987; Stanford and Ward, 1992). These are valid concerns. However,
Bird (1996) suggests that these factors be examined and ruled out prior to initiating the

IFIM approach.
Some argue that the PHABSIM7shydraulic models are too simple to resolve to the spatial
scales of velocity utilized by fish. Tsujimoto ( 1996) argues that depth-averaged models
are inadequate, since the preference properties of fish may be related to more microscopic

velocity gradients. PHABSIM's empirical velocity calculations also come under attack as
being too simplistic and inaccurate. Two-dimensional hydrodynamic models overcome

many of the inadequacies of PHABSIM's empirical approach (Ghanem et, al., 1995).

Unfortunately, these models are relatively new and have not been widely adopted.
PHABSIM's WUA habitat calculations are also a source of debate, since they utilize
univariate habitat suitability curves. The approach does not incorporate the relative
importance of each microhabitat factor into the W A calculation. Furthermore, since
equal weight is given to channel index, depth and velocity, different combinations may

result in the same WUA value (Bird, 1996). This implies that small areas of optimal
habitat have the same productive capacity as large areas of sub-optimal habitat.
Alternative approaches are currently being tested using multivariate preference curves
(i.e. Lamouroux et. al., 1996). Until fish preferences are collected in a multi-variate

format, however, these newer approaches cannot be applied.
In closing, multi-variable incremental IFN methods are the most widely accepted IFN

techniques. They are powerfbl tools for predicting flow impacts and often use fish habitat
as the decision variable. However, as with all IFN methods, these techniques have

limitations. Many of the limitations of the IFIM method are currently the focus of
contemporary research whose goals are to validate the habitat-based approach and to

improve the predictive accuracy of the models. Bud (1996) suggests that many of the
IFIM's limitations can be addressed through proper scoping and design, and that the
IFIM be used as an "interpretational tool" in conjunction with other sound ecological
approaches for defining instream flow needs.
3.3.

Open Channel Hydraulic Models

This section reviews hydraulic models that can be used with IFN assessments. Recalling

from Section 3 -2, hydraulic models are used in IFN assessments to assess and simulate
various parameters that define fish habitat, including wetted perimeter, water depth and
water velocity. The intent here is to review the different models to identify an appropriate
tool that could overcome the data limitations at Cascade Creek. A general overview of
open channel hydraulics is given in Appendix 111. The model that was eventually adopted
for the thesis is discussed in Chapter 4.
Hydraulic models are widely used to predict flood impacts and to conduct flow
assessments for river engineering projects. A variety of models are in use today. These
models can be characterized based on: 1) their conceptual approach. 2) their applicability
to specific flow conditions, and 3) their degree of temporal and spatial simplification.

Conceptually, a model may be empirical or physically-based. Empirical models rely on
observations over a range of discharges and do not utilize physical principles for the
calculation of flow variables. Velocity, depth and WSL are predicted using regression
techniques. Physically-based models reproduce the physicat dynamics of flow to predict
the hydraulic variables of interest. Physically-based flow models are also referred to as

hydrodynamic models. Both empirical and physically-based approaches are widely used.
Empirical hydraulic models are typically implemented in three steps. Step one involves
collecting field observations for the variable in question over a range of discharges. Step
two involves fitting a mathematical equation to the observed data using least squares
regression. Step three involves using the derived regression equations to extrapolate

between observed data points and to make projections that extend beyond the observed
range of data.

Empirical methods offer a computationally simple approach. However, they become
impractical when depth and velocity distribution is required at detailed resolutions, when
sufficient data cannot be collected, and when complex flows are encountered (e-g.
transverse flow). Physically-based approaches overcome many of these problems,
however, they have greater mathematical and conceptual complexity and require detailed
physicd descriptions of the channel. At present, all hydraulic models contain some
element of empiricism and simplification because of the complexity of flow in natural
channels. For example, empirical coefficients are virtually always used to represent the
fiction effects associated with the channel boundary.
Models may also be categorized based on the flow conditions they are able to simulate.
Appendix I11 describes the different flow conditions in terms of time and space. As flow
complexity increases, the complexity of the modeling solution also increases. Questions
involving steady uniform flow, the least complex flow, may be solved using the Manning
resistance equation, which is simple and empirical. More complex flow, such as unsteady
varied flow, necessitate more complex hydrodynamic approaches.
Models may also be categorized based on their simplification of time and space. At the
present. it is impractical to include all four dimensions (three space dimensions and one

time dimension) in hydrodynamic models because of computational complexity and high
input data requirements (Ghanem et. al., 1996). However, acceptable solutions can be
achieved by simplifying the flow environment using fewer space dimensions. The time
dimension may also be simplified by assuming steady flow over the period of interest.
Many flow problems, such as flood mapping W C , 1995), are solved using one-

dimensional solutions that assume steady flow.

All of the flow, space, and time simplifications described above may be adopted to model

hydraulics. Virtually all instream habitat models used to date to predict depth and
velocity for fisheries habitat assessments, including the ubiquitous PHABSIM models
discussed earlier, simplifL the approach by assuming steady flow.The assumption is
valid because these models aim to predict habitat conditions for flows that vary slowly
fiom day to day. Accordingly, there is no need to over-complicate the solution by solving
for unsteady flow. These models also assume that the channel boundary remains fixed
with time.

Most fisheries habitat models applied to date have also adopted one-dimensional
approaches to determine WSL and flow velocity. Empirical approaches have been used to
solve local velocities across the channel. These approaches have been widely applied and

criticized, and are discussed in Sections 3-3.1 and 3 -3-2.
Stimulated by environmental quality problems, advances in computational fluid
dynamics, and ever-increasing desktop computing power (Findikakis et. al., 1994;

Ghanem, 1993, alternative approaches that solve depth-averaged velocity in two
dimensions at discrete points throughout the channel have become more widely available.
Many of the problems associated with one-dimensional approaches can be overcome with

two-dimensional modeis (Leclerc et. al., 1995). Despite their advantages, however, twodimensional approaches have not been widely accepted or applied for IFN assessments
(Leclerc et. al., 1995). The strengths and weaknesses of two-dimensional models, with
special focus on a model developed by Ghanem et. al. (1995), are discussed in Section
3-33.

The approaches for each of the hydraulic modeis discussed below vary fiom simple

empirical approaches to complex numerical solutions. Conveying this information here
would necessitate a lengthy and detailed review that is beyond the scope of this thesis.
Therefore, the discussion is generally limited to the data requirements, strengths,and

weaknesses of each approach. References are provided to the papers that detail the
mechanics of each model.
3.3.1.

Empirical Models

At least four empirical approaches are currently utilized to model flow conditions in IFN
assessments: two that model WSL/depth and two that model velocity distribution. Each
approach is available as an option in PHABSIM. Their theory and methodology are
described in Milhous et. a1.(1984), Milhous et. al. (1989), and Bovee (1997b).
Empirical velocity and depth models utilize one of two approaches: 1) regressed rating
curves to describe stage or velocity as a h c t i o n of discharge, or 2) the Manning equation
reviewed in Appendix 111. Empirical models are applied in one or two-dimensions. The
stream is treated as a series of independent cross-sections. Each cross-section is divided

into a series of cells at which depth and velocity are measured (Figure 12). Although
velocity is distributed horizontally across the channel in these approaches, Ghanem et. al.
(1 996) assert that they are not two-dimensional in the true sense, since each cell is treated

independently and without regard to the physical processes governing flow.

DeptWSlage by Linear Remession
The concept of the stage-discharge rating curve is well-known. Stage discharge curves

relate discharge to WSL measured relative to a datum located below the stream bed. In
PHAB SIM, stage-dischuge curves are transformed using the STGQS4 program, which
fits linear equations to the logs of the observed stage-discharge data for a cross-section

(Milhous et. al., 1989). By subtracting the bed elevation fiom the WSL, water depth is
determined for each cell across the section.

Velocity Distribution by Linear Regression

PHABSIM also offers a regression approach to predict mean column velocity at
individual cells across a cross-section. Measurements of discharge and velocity are

collected at individual cells across a range of flows. With this dam it is possible to
regress discharge with velocity for each cell using a log-log fit with discharge as the
independent variable (Milhous et. al., 1984). Using the derived regression curves,
velocity is calculated over a range of discharges at each cell.
Dept WStage by Manning Equation

The Manning equation is best used to calculate stage and average channel velocity in
channel sections exhibiting steady uniform flow, although it may be used to model other
flow conditions as well. Flow at cross-sections used in this approach must be unaffected
by upstream or downstream channel controls. PHABSIM utilizes the MANSQ model for

these calculations.
The calculation of WSL at a cross-section using the Manning equation is straightforward,
requiring only the shape characteristics of the channel and one or more WSL-discharges
measurement pairs. The model is initially calibrated to an observed WSL-discharge
measurement by adjusting the Manning roughness coefficient until observed and
predicted WSL correspond. Data permitting, predicted WSL is verified at an alternative
discharge. Obtaining water depth at each cell is a simple secondary calculation using the
cell's bed elevation. MANSQ also incorporates a correction factor to allow for the
variation of Manning's roughness coefficient with discharge (Bovee, 1997b).
Velocity Distribution by Manning Equation
A new option was introduced in PHABSIM version I1 to derive velocity distribution at

individual cells in a cross-section using Manning's roughness coefficient (Milhous et. al.,
1989). The method proceeds by first calibrating the Manning's roughness coefficient at

each cell using observed velocity, depth, and slope. The roughness coefficient for each

cell is calculated using cell depth rather than hydraulic radius:

where:

v = velocity ( d s )
d = local cell depth (m)
S = water surface slope (dimensionless)
n = Manning's roughness coefficient

Using derived or observed WSL-discharge pairs, cell velocity is calculated by rearranging the above equation. Water depth at each cell is first calculated by subtracting
channel elevation fiom WSL. Cell velocity is then calculated using the calibrated
roughness. water depth and slope. In essence, Manning's roughness coefficient is used as
a weighting factor to distribute velocity across the section (Ghanem et. al., 1996). The

IFG4 model also incorporates a routine to ensure that flow continuity is maintained

between cross-sections.
Summary Comments

Empirical approaches are conceptually easy to understand and computationally easy to
implement. They can produce accurate results within their range of measurement,
provided that the data used to derive the relationships is of adequate quantity and quality
and the flow conditions are not overly complex.

The developers of PHABSIM recommend that WSL and velocity measurements be
collected at three or more discharges that span at least one order of magnitude to obtain
reasonable velocity predictions (Milhous e t d.,1984). For this reason, empirical
approaches can be timely and costly to implement (Leclerc et. al., 1995). Safety or access
considerations may also prevent the collection of measurements at high flows. When
more than one set of measurements cannot be collected, it is recommended that
observations fiom a single high discharge be used to calibrate the roughness coefficients
for velocity distribution, which are then used to calculate velocity at lower flows (Bovee,

1997b). Users in Alberta (e-g. Waddle et. al., 1997a) typically calculate velocity using the
Manning equation described above in conjunction with two or more sets of velocity
observations.

The greatest limitation of PHABSIM's empirical approach is that detailed physical
measurements for veIocity and depth must be collected at each cross-section over a range
of discharges. The approach is problematic in other respects as well. Assigning velocities

and WSLs to flows above the highest measured flow presents a particular challenge and
can result in inaccuracies (Bovee, 199% Leclerc et. al., 1995; Ghanem et. al., 1996).
Waddle et. al. (1997a) calculated velocities using the PHABSIM roughness distribution
approach for lower discharges at a region of convergence below an island. The predicted
velocities deviated significantly fiom the observed values due to the absence of transverse
flow at the lower flow rate.

3.3.2.

ID Hydrodynamic Models

One-dimensional hydrodynamic models simulate the physical processes of streamflow by
treating channels as linear elements. These models are generally used to model steady
uniform or steady gradually-varying flow. The lateral and vertical components of flow are
assumed to be negligible (Ghanem et. al. 1996), and hydrostatic pressure is assumed to be
laterally uniform (Bedient and Huber, 1992). One-dimensional hydrodynamic flow
models have been widely used to predict flood stage (Kondolf and Micheli, 1996;
Mitchell et. al., 1996), as well as being applied to a variety of other flow problems.
Solution of WSL and velocity in one-dimension is usually achieved using the energy and
continuity equations (see Appendix 111). A1though pressure head, velocity head and
e1evation head vary longitudinally along the channel, total energy remains constant for
uniform steady flows. Differences in energy are the result of heat losses due to channel

friction and eddies. Using these energy head differences and the known characteristics of
the channel, it is possible to calculate WSL.
Chow (1959) indicates that three numerid methods can be used to solve the onedimensional energy equation. The standard-step method is best suited for solving the
energy equation for natural channels. The standard-step method solves water surface

profile in a stepwise solution that proceeds upstream or downstream depending whether
flow conditions are sub-critical or super-critical, respectively. A detailed review of the
standard-step approach is presented in Chow (1 959). Several popular models utilize this
approach, including HEC-I1 and HEC-RAS developed by the U.S. Army Corps of
Engineers (U.S. Army Corps of Engineers, 1995) and the WSP model contained in
PHABSIM (Milhous et. al,, 1989).

These models are calibrated by adjusting values of Manning's n until predicted and
observed WSLs match. Output is verified by comparing predicted to observed WSLs at a
different flow rate. Typically, the roughness coefficients are calibrated using a high flow
or flood event. However, for unmeasured flows, the roughness coefficients must be
estimated (Kondolf and Micheli, 1995).
Input data required to simulate flow using onedimensional models is similar to data
requirements of the reach resistance equations discussed earlier (e-g. Manning equation).
Channel topography must be described using cross-sections distributed longitudinaliy
along the channel linked to a common datum. The solution is very sensitive to the
number and position of these cross-sections, therefore, they must be carefully located
(Bourgeois et. al., 1996; Tarbet and Hardy, 1996). Other data requirements include a
description of the flow state (supercritical, subcritical, or mixed) and one or more
observed W SL-discharge pairs. A description of the channel substrate, vegetation, and
geomorphology can be h e l p l l in determining the roughness coefficient.
One-dimensional hydrodynamic models have several strengths. They may be used to
solve WSL for most natural flow conditions and provide fairly accurate descriptions of
flow depth at cross-sections. The conceptual and computational approaches are relatively
simple and easy to implement (Chaudhry, 1993), especially when aided with a computer.

Finally, they can usually be calibrated with little effort.

Despite their strengths, the number of assumptions incorporated in one-dimensional
approaches limits their application to specific flow and channel conditions. The
assumption of laterally and vertically homogeneous velocity has two important
implications for inswarn habitat studies. First, these models provide only average flow
velocity across each section, which cannot be used to defrne microhabitat niches utilized
by fish. Secondly, complex channel geometries often experience transverse flow that

cannot be adequately modeled with one-dimensional simulations (Bartsch et. d, 1996;
Tarbet and Hardy, 1996; Jia and Alonso, 1994). Unfortunately, the natural channels
preferred by many fish often have complex geometries that are beyond the prediction
capabilities of one-dimensional approaches (Crowder et. al., 1998).
3.3.3.

2 0 Hydmdynumic Models

Two-dimensional hydrodynamic models overcome many of the limitations of empirical
and one-dimensional hydrodynamic models. Two-dimensional hydraulic models used for

IFN assessments compute flow velocity in the horizontal plane, but average flow velocity
in the vertical direction. By way of comparison, three-dimensional models calculate
velocity for in three directions: longitudinal, lateral, and verticai.
The increased hydrodynamic resolution of two-dimensional models necessitates complex
conceptual and numerical solutions. Two-dimensional flow models derive estimates of
flow velocity and depth across a channel by solving the continuity and momentum

equations in two-dimensions. Appendix 111 presents the two-dimensional flow equations.
Findikakis et. al. (1 994) indicate that the greatest challenge involved in these models is
the solution of the partial differential equations that describe flow and transport

processes. They indicate that several numerical approaches are avaiiable to solve these
equations in two-dimensions, including finite difference and finite element methods. The
latter two methods are commonly applied approaches in flow modeling.

Although different in their final implementation, finite difference and finite element
methods both involve the creation of a three-dimensional mesh (e-g. Figure 13) that
describes the topography and local roughness conditions of the channel being modeled
(Leclerc et. al, 1995). The channel is modeled as a region of individual nodes and
equations are developed that describe the channel and hydraulic conditions at each node.
Findikakis et. al. (1994) e-uplain that finite difference methods are implemented by
developing and solving equations that represent or approximate the applicable
conservation laws. Finite element methods are more abstract. and involve solutions that
satisfy the conservation equations in a "global sense, rather than on an element by
element basis" @g. 485). Finite difference methods represent the physical channel by a
regularly spaced grid. Finite element solutions utilize an unstructured triangulated
irregular network (TIN) that more easily captures the contours of irregular shapes, such as
natural channels (Ghanem et, at., 1995).

Two-dimensional hydraulic models have been used for many years by civil engineers but
have only been applied recently to IFN assessments. Leclerc (1 995) presented the first
application of a two-dimensional hydraulic model for an IFN assessment. A twodimensional model developed by Ghanem et. aL(1995) has been successfully used for
two instream habitat assessments in Alberta to date. Examples of other two-dimensionai
hydraulic applications are presented by Berger and Stickstill (1993); Gee et. al. (1 990);
O'Brien (1 993); Jia and Alonso (1 994); Tarbet and Hardy (1996); Waddle et. al. (1 997a).

In terms of improvements to IFN assessments, the strengths of two-dimensional hydraulic
models can be lumped into four areas:
1. The ability to solve the hydrodynamics of complex channel and flow conditions;
2. The ability to simulate velocity and depth in two-dimensional space;

3. The ability to make two-dimensional velocity and depth predictions with limited flow

data for calibration; and

4. The ability to express the results in a spatially explicit format suitable for post-

processing using two-dimensional habitat metrics.
Any of the above improvements could justify the use of a two-dimensional approach-

However, the first two improvements are often cited as the key benefits that twodimensional models have over traditional approaches for instream habitat assessments.

By hydrodynamically modeling flow in two-dimensional space, these models can
simulate complex flow patterns such as transverse flow, flow around split islands,
recirculation, and separation flow (Ghanem et. al., 1996). Very ofien, transverse flow
becomes more prevalent at lower discharges, especially in complex and braided channels.
Overall, the results provide a more accurate depiction of the velocity and depth conditions
throughout the channel (Bovee, 1996~).
Several studies have examined the accuracy of velocity and depth predictions fiom twodimensional models. The results show that two-dimensional models provide a better
depiction of flow over one-dimensional models. Waddle et. al. (1997a) and Tarbet and
Hardy ( 1996) concluded that both approaches yield accurate results when one-

dimensional flow assumptions hold true and the shape of the channel is regular and well
defined. However, when flow exhibits a transverse component, only the two-dimensional
approach provides accurate predictions. Other authors have presented similar results (Jia
and Aionso, 1994; Ghanem et. al., 1996). An additional benefit of two-dimensional

models is that subjective judgments regarding the number and placement of crosssections required for one-dimensional simulations are avoided (Bovee, 1996~).
Some authors cite that a benefit of two-dimensional hydrodynamic models is the ability

to resolve velocity and depth without utilizing observed velocity and depth measurements
as inputs to the model (Ghanem et. al., 1996; Leclerc, 1995). They argue that since these

approaches model hydrodynamics, there is a corresponding reduced need for calibration
(Waddle et. al., 1997a). Ghanem et. al. (1996) add that, in theory, two-dimensional

velocity and depth predictions could be made with only channel topography and
downstream boundary stage-discharge conditions.
It has also been shown that two-dimensional models are less sensitive to inaccuracies in

channel roughness coefficients than their one-dimensional counterpartsarts
Ghanem et. al.
( 1 996) showed that a 100% increase in roughness resulted

in only an 8% increase in

WSL. These results indicate that bed roughness is of secondary importance to the model,
since it is not used to account for fictional losses related to bed form, channel curvature,
and channel expansion/contraction (Waddle et. al., 1997a). These non skin-fiction
energy losses are physically modeled based on the geometry of the computational mesh.
Waddle et. aL(1997a) showed that the two-dimensional model was able to accurately
predict WSL to within 5 cm of observed at high and low discharges without
modifications to the bed roughness.
The final benefit of two-dimensional models pertains to improved representation of the
stream environment for calculating two-dimensional habitat metrics. Bovee (1 996c) and
Waddle et. al. (199%) state that a major benefit of two-dimensional hydrodynamic
models is that they enable assessment of different measures of habitat suitability, such as
compositional and configurational habitat metrics. These metrics examine not only total
habit quantity, but the patterns of habitat distribution.
Despite the many strengths of two-dimensional hydraulic models, there are still several
limitations. These are:
1. The strong dependence on a computational mesh that captures the topography of the

channel bed;
2. The inability to resolve flow details smaller than the depth of flow; and

3

The conceptual and computational complexity of the approach.

Research has shown that salmonids prefer complex environments that consist of
irregularly shaped channels with complex cover. Unfortunately, these conditions tend to

be the most difficult hydraulic environments to simulate with hydrodynamic flow models.

Crowder et. al. (1998) state that a major dificuity of using two-dimensional models is
that the high complexity of small streams makes it difficult to collect channel shape data

at the scale, quality and quantity necessary to reproduce the niches utilized by fish. A 2D
modeling project completed by Waddie et- al. (1 997a) attributed much of the predicted
velocity and depth error to errors in the channel shape representation. These opinions are
echoed by other researchers (e-g. Leclerc et, al., 1995; Bovee, 1996c; Tarbet and Hardy,

1996).

The applicability and performance of two-dimensional models in small stream
environments has not been fully assessed to date. Work by Waddle et. al. (1997a) showed
that a two-dimensional model performed well in a small Alberta foothills stream with a
mean annual flow of 8.5 m3/s. The model outperformed one-dimensional and empirical
approaches when transverse flow was observed. However. Leclerc et. d.(1 995)
recommend avoiding the use of two-dimensional model for coarse bed streams with flows
less than 25 to 50 m3/s.
Even with a perfect representation of channel topography, depth-averaged twodimensional models can only accurately resolve flow patterns that are greater than the
depth of flow (Ghanem et. al., 1996). Capturing the details of small-scale flow in natural
channels is beyond the performance capability of these models. Even if the topography
representation was such that individual cobbles were included, a two-dimensional model
could not simulate the details of flow around individual objects.
A final criticism of these models relates to their high level of complexity. Leclerc et. al.
(1 995) indicate that the mathematical and conceptual complexity of two-dimensional

models is a challenge for most users that necessitates a multidisciplinary approach. The
high complexity could be a barrier for the acceptance and adoption of these models for

hture IFN assessments.

3.4.

Selection of Representative Sites

Many IFN methods, including the IFIM based methods, fimction by examining a small

section of the stream in detail and extrapolating these results over the entire study area.
Because natural streams are inherently variable, it is critical that IFN studies focus on
sites that are representative of the geomorphological and hydraulic variability of the
entire area of interest.
Bovee (1 997a) indicates that the best approach to capture this variability is to adopt a

stratified sampling approach. The approach involves selecting increasingly smaIler
representative units of the channel. Kershnety and Snider (1992) indicate that the
majority of IFN techniques use a hierarchical procedure to categorize physical stream
habitat.

In stratified approaches, the stream is initially segregated into first order macrohabitat
segments that demonstrate similar geomorphology, hydrology, water quality and aquatic
biology (Maddock and Bird, 1996).The different scales of habitat are described in
Appendix 11.
Macrohabitat segments are long and relatively homogenous sections of a stream that
exhibit similar hydrology (flow

* lo%), geomorphology, slope, geology, land use, and

other physical characteristics (Bovee, 1997a). Macrohabitat segments vary fiom several

hundred meters to many kilometers in length.
Once the stream has been divided into macrohabitat segments, the segments are further
sampled using one of three techniques: by the representative reach approach, by the
mesohabitat mapping approach; or by a hybrid approach. The resulting study site is
utilized for the detailed IFN assessment.

Represenrative Reach Approach

The representative reach approach is based on the knowledge that mesohabitat in certain
rivers is repetitive and can be captured over a finite length of the stream. Meandering and
unconfined alluvial streams are most amenable to this approach since they have a
repetitive meandering channel. Kondolf and Micheli (1995) suggested that a
representative reach 20-50 channel widths (at bankfull flow) serves well as an evaluation
reach. Bovee (1997) has suggested a representative reach length of 10 to 15 bankfirll

channel widths.
Meso habitat Approach

The mesohabitat approach involves assessing the proportion of mesohabitat in each
segment (Bovee, 1997a). Kershney and Snider (1992) stress the need for IFN studies to

accurately characterize the mesohabitat characteristics of channel sectors based on
objective and repeatable criteria. Several classification schemes have been developed and
used for this purpose (e-g. Hawkins et. al., 1993; Jowett, 1993). The number of
mesohabitat types will vary depending on the variability o f the river under study and on
the classification scheme.
One of the requirements of this technique is to be able to cover relatively long stretches of
river in a short amount of time (Maddock and Bird, 1996). Habitat mapping can be
conducted using visual techniques that require a minimum number of physical
measurements. Visual methods can provided accurate and repeatable mesohabitat results,
provided that the survey is conducted by a single knowledgeable worker (Hankin and
Reeves, 1988).
Once the mesohabitat inventory is complete, individual mesohabitat units are randomiy
sampled in proportion to their abundance throughout the stream segment. Each sample
mesohabitat is then assessed using the chosen IFN technique. This method may be

applied to all stream types; alluvial and non-alluviai streams. Bovee (1997) indicates that
this method has become popular over the last ten years.

Ffvbrid Approach
A third method, proposed and utilized by Maddock (1996), combines the attractive

features of the previous two approaches. This hybrid method selects a representative
reach at a iocation in the stream segment based on the results of a mesohabitat survey.
The first step involves surveying mesohabitat distribution of the stream segment. Next,
the proportions of the identified mesohabitat types are calculated. For example, a stream

segment may have 30% run, 45% riffle, and 25% pool habitat. The final step is to locate a
study site within the segment that has the same mesohabitat proportions as the entire

segment. The length of the study site should be ten to twenty channel widths long.
Maddock (1 996) stipulated that mesohabitat represented by less than five percent of the
segment length was considered rare, and need not be represented in the representative
reach.

The benefits of this approach are twofold. First, time and resources are not wasted by
traveling to and modeling numerous geographically separate mesohabitat study sites.
Second, the mesohabitat characteristics of the stream segment are well represented by the
chosen study site. Maddock and Bird ( 1996) have used this approach to identifl study
sites on the River Tavy, England.

CHAPTER 4:

METHODOLOGY

This chapter describes the final methodology used in the thesis. The first section (Section
4.1) presents the rational for selecting the methodology from the various approaches

described eariier. The remaining sections of the chapter discuss the implemented
methodology in a step by step fashion.
The flow chart shown in Figure 19 presents the general steps involved in the

methodology, which also represents the order of discussion below. First, representative
study sites were selected along the river channel for modeling. Second, field data required
for the habitat modeling were collected. Third, the model was configured, calibrated and
verified for each study site. Fourth, the model was used to simulate habitat for each study
site over a range of discharges. Finally, the results of the approach were examined and
used to make flow recommendations for Cascade Creek.
4.1.

Methodology Justifkation

This section represents the completion of the thesis' first objective: the identification of

the most appropriate methodology. In the following discussion, the fmal methodology is
introduced and justified. In selecting the approach, the various IFN methods and
hydraulic models introduced previously were compared with the goals of the thesis and
with the constraints identified at the study site.
4.1.1.

General Approach

At the beginning of the thesis, it was stated that the adopted methodology had to satisfy a
number of requirements and constraints. The factors that guided the selection of the final
methodology included:
quantifying fisheries habitat as a function of flow;
incorporating the habitat requirements of the bull trout and westslope cutthroat trout;
recognizing that detailed hydraulic data were available only at base flow (4.2m3/s);

adopting a technically defensible approach; and
incorporating hture channel changes in the calculation of fish habitat. if possible.
The review of IFN methods and hydrauiic models (Sections 3.2 and 3.3) showed that a
variety of IEN techniques and hydrauiic models are availabie. The IFN techniques range

from single-variable non-incremental methods based on historical discharge to
complicated multi-variable methods capable of calculating incremental habitat change
with flow for specific species using two-dimensional models- The survey showed that

habitat is often adopted as a metric to grade the suitability of streamflows for aquatic
protection. The literature review also revealed that no single method is wholly accepted
and without criticism.
Table 1 1 compares the thesis constraints with the capabilities of each IFN group of
methodologies. All of the IFN groups satisfied at least one of the five project
requirements. The IFIWHABSIM based methods were the most suitable for Cascade
Creek.

Table 1 1 : Comparison of Study Requirements with IFK Methodologies
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The two-dimensional IFIM approach resolved the issue of deficient flow data and was the
final methodology adopted for the study. The two-dimensional approach combines the
habitat theory of PHABSIM with the improved hydrodynamics of a two-dimensional
model, overcoming many of the limitations of the one-dimensional approach. While the
one-dimensional PHABSIM approach requires two or more sets of flow data as input, the
two-dimensional approach can predict depth and velocity with little or no observed
hydraulic data (Leclerc et. al, 1995). It resolves depth and depth-averaged velocity in

two-dimensions and requires minimal flow data for calibration and verification.
4.1.2.

A w e d Hydraulic Model

The two-dimensional model selected for use in the study was developed by Ghanem
(1 995). The R2DFLOW model was developed and tested at the University of Alberta for

the Pb.D. thesis of Ghanem (1995). Complementary programs were developed by

Ghanem and Steffler to prepare the required computational meshes. All software and
documentation can be downloaded fiom the following FTP site:

The model (R2DFLOW) is a two-dimensional depth-averaged hydrodynamic model that
employs a finite element mesh solution to solve the momentum and continuity equations.
The model includes automatic evaluation of subcriticdsupercritical flow conditions and
utilizes a flexible wetldry area solution technique. The model is based on the
"characteristic dissipative finite element technique, which is robust and accurate for
simulating sub and supercritical flows, disturbance propagation, and shocki' (pg 199,
Ghanem et. al, 1996).
Ghanem's model has been applied previously to assess fisheries microhabitat, including
assessments by Waddle et. al, (1997b) on the Elbow River, Alberta; EnviResource
Consuitants (1998) on the Kananaskis River, Alberta; Waddle et. al. (1997b) on the

Missouri and Yellowstone Rivers, U S A ; and Ghanem et. aL(1996) on the Waterton
River, Alberta. The latter paper summarizes the theoretical and computational details of
the model, and assesses the performance of the model at simulating velocity and depth in

a natural stream. Ghanem's model displays all the benefits and limitations of two-

dimensional models in general, which were discussed earlier in Section 3.3.3.
Waddle et. al. (1 997a) conducted an IFIM assessment using Ghanem's two-dimensional
model on the Elbow River, Alberta. The Elbow River has a mean annual flow of 8.5 m3/s
and an average slope of 0.5% in the study reach. Coincidentally, the average annual flow

in Cascade Creek prior to construction of the Mimewanka Dam was 8.0 m3/s.The

average slope in the study area of Cascade Creek varies between approximately 0.6% and
0.9%. The substrate conditions of the Elbow River and the historical substrate of lower

Cascade Creek are also similar. Furthermore, both segments are located downstream of
dams. The major difference between the two watercourses is that diversions have not

reduced the total annual volume of water passing through the Elbow River and the Elbow
River still occupies the majority of its historic channel.

Although the Elbow River IFN study was flawed in some respects (due to data collection
problems related to channel change), it demonstrated that performance of the twodimensional model equaled or exceeded performance of the one-dimensional model.
Furthermore. where flow had a transverse component, the two-dimensional model was

more effective at predicting velocity and depth. Based on their similar historical physical
characteristics. it was reasoned that Ghanem's R2DFLOW model would perform
reasonably well at Cascade Creek-

One potential criticism of the selected approach is that two-dimensional models have not
been as widely utilized for fisheries habitat assessments as other approaches. However,

the literature indicates that these models have been reliably used for many years to predict
flow in two-dimensions over a range of conditions in civil engineering problems

(Findikakis et. al., 1994; Leclerc, 1995). There is some uncertainty regarding their
performance in small or complex channels (Leclerc, 1995). Two-dimensional models
perform optimally when the channel bed has gentle changes in shape and few instream
obstructions.
4.1.3.

Channel Index Limi'rafions

The IFIMlPHABSIM approach utilizes three variables to assess fishery habitat: depth,

velocity, and channel index. Channel index refers to either cover suitability or spawning
suitability, depending on the lifestage being modeled. Cover suitability is utilized for
non-spawning lifestages and refers to combinations of instream or overhead vegetation,
substrate, channel banks, and other instream obstructions that provide shelter for fish (see
Appendix 11). Spawning suitability describes the suitability of the substrate for redd

.

construction and egg incubation.
The IFIM/PHABSIM methodology is best suited to streams that have reached
equilibrium. In other words, streams that have reached a state in which the
geomorphology ,hydrology and vegetation are in balance. Although the local physical

makeup of such streams will differ from year to year, the overall geomotphology,

hydroIogy and vegetation distribution will remain approximately the same. In equilibrium
streams. cover and substrate are measured for IFN studies with the knowledge that they
will generally remain constant over time.

Unfortunately, channel conditions are not stable at Cascade Creek (as discussed in
Section 2.4.2). The composition and extent of riparian vegetation and substrate have
adjusted to the new low flow conditions and will readjust again with higher flow releases.
Substrate is expected to react quickly to increases in the flow rate. Based on the high
observed turbidity during the October 1997 flow test. accumulated silt could possibly be
flushed out within one to two years. Riparian vegetation would readjust over the course
of many years or decades, depending on the timing and magnitude of the flow releases.
The combined effect of these geomorphological changes make the measurement of
channel index very difficult and bring into question its relevance.
One potential solution is to predict the extent of the vegetation and substrate changes that

would occur at higher flows. Three difficulties emerge with this suggestion, however.
Firstly. flow and substrate/cover are intimately linked in Cascade Creek's artificial

system since changes in one will result in changes in the other. Secondly, the current state
of the art for predicting geomorphological change is crude (Kellerhals and Miles, 1996).
Thirdly, even if predictions of substrate and cover were available, converting those values
into channel index has no precedent.
The most confounding factor in predicting channel change is the interdependence
between flow release and substrate/vegetation. The relationship is demonstrated below.

Flow release
+

Substrate / vegetation

7

f

I

Channel Index

WUA vs. discharge curve

Substrate and vegetation are a function of the established rate of flow in the channel.
Channel index is a function of substrate and vegetation. The WUA vs. discharge curve is

in turn a function of channel index. The new stream restoration flow rate would be
determined using the WUA vs. discharge curve. Once the new flow is imposed, however,
stream dynamics will be out of equilibrium and substrate and vegetation will readjust to
the new rate of flow, resulting in changes to channel index and the WUA vs. discharge

curve.
Even under more natural conditions, determining the extent of channel change at different
flows is a challenging task. While cover and substrate changes might not be entirely

unpredictable, they are certainly very difficult to predict (Bovee et. al., 1994). Statzner et.
al. (1 988) indicate that models that simulate channel bed dynamics are in their infancy.

The composition of the underlying substrate at Cascade Creek could potentially be

determined by direct sampling, however, this would difficult and timesonsuming.
Changes to riparian vegetation would also be difficult to predict at Cascade Creek. Some
predictive models have been developed that assess the relationship between riparian
vegetation composition and extent relative to the frequency and duration of inundation
events (Auble et. al., 1994). However, these models require calibration to local vegetation

types and historical hydrological conditions. Again, this would be difficult and timeconsuming, and the resulting predictions would be impossible to verify.
Quantifying substrate and cover changes and using the results to assess habitat would
substantially increase the data requirements and level of complexity of the thesis. For
these reasons, the influence of cover and substrate were not included in the habitat

assessment. The two-dimensional IFIM habitat assessment was based solely on velocity
and depth dismbution4.2.

Study Site Selection

Representative sites were identified using the hybrid sampling approach reviewed in
Section 3 -4. This approach selects a representative reach in each segment that contains
mesohabitat in proportion to the entire segment. Detailed data describing the physical
characteristics of the channel were collected at these sites for use with the twodimensional IFIM model.
The channel segments defined by McCleary (1996) provided a convenient designation of

macrohabitat segments. McCleary identified five channel segments between the toe of the

d a m and the tributary upstream of the Cascade Ponds (Segments AB to EF in Figure 4).
Recalling that Segments CD and DE were lumped together due their similarity, four
segments required the identification of a representative study reach.
Mesohabitat was mapped at base flow ( 4 . 2 m31s)throughout all segments using the
classification presented by Hawkins et. al. (1993). ?kis scheme is shown in Figure 20 and
is reviewed in Appendix 11. One advantage of this particular classification is that it is

designed to allow identification of mesohabitat using visual methods.
Mesohabitat was visually assessed based on depth, velocity, substrate and slope starting
at the downstream end of the study area (Figure 4, location "F"). Mesohabitat units were

considered to be discrete only if their length exceeded the width of the stream (- Sm),as

per work by Roper and Scarnecchia (1995). S w e y flags were numbered in ascending
order starting at the downstream end of the study area and placed at the upper boundary
of each new mesohabitat type. The length, type, and distance of each mesohabitat unit
was measured and recorded during a subsequent pass through the river.

After completing the mesohabitat survey, the proportion of each mesohabitat was
determined for each segment. A spreadsheet routine was developed that scanned each
se-pent for its similarity to the mesohabitat of the entire segment. A representative study
site was selected from each segment that demonstrated the greatest similarity to the
segment with the following two constraints: I ) a total site length between 200 and 250 m,
and 2) the placement of the lower cross-section on a hydraulic control.
4.3.

Data Collection

Data required to model the stream was collected in two phases. The first phase involved
collecting channel and flow data for use with a one-dimensional P W S I M assessment
in the Fall of 1997. The attempt to collect hydraulic data at a higher flow on October 21,
1997, was cancelled before flow measurements could be taken. After finalizing the new

methodology, channel topography data were collected for use with the two-dimensional
model. This second data collection phase was completed in the summer of 1998.
The collected data can be grouped into three groups: channel data, hydraulic data, and

habitat suitability data. Habitat suitability data for the bull trout and westslope cutthroat
trout were gathered during the literature review presented in Section 3.1 and are not
discussed fbrther here. The remaining data are discussed below.
Channel Shape and Roughness

Permanent benchmarks were established at the upper and lower boundaries of each study
site by placing a nail into the base of a tree. The upper benchmarks of each site were
assigned the designation "BM 1" and assigned an arbitrary elevation of 1000 m. All

surveyed vertical elevations were measured relative to the upper benchmark. The onedimensional elevations were surveyed using a Can-Measure CM-24 autolevel and metric
survey rod.
Cross-sections were placed laterally across the channel at each site in 1997. They were
positioned to capture either hydraulic channel control or to represent a specific
mesohabitat type. The number of cross-sections per study site varied from 8 to 12. The
lateral position at each cross-section was established relative to the lefi headpin of the
cross-section. Left and right banks were established looking in the upstream direction. as
per PHABSIM protocols. Cross-section measurements were concentrated in areas of

rapid slope change and along breakpoints. Cross-sections were numbered in order in the
upstream direction.
Channei topography data were collected for use with the 2D model in 1998 using a Leica

TC605L total station equipped with a single prism survey rod. The topography elevations
were surveyed using the 1997 benchmarks. Measurements were generally collected along
cross-sections distributed longitudinally downstreamTwith intermediate points located
between cross-sections and where necessary to define channel features.
Breaklines were used in the channel topography representation to define all linear
features, including bank edges, channel thalweg, and midchannel erosional features.
Experience by Waddle et. al. (1997a) showed that breaklines improve the channel
representation. Additional points were used where the channel demonstrated rapid
changes in gradient and shape.
Survey error was calculated for both one-dimensional and two-dimensional approaches.
Error was determined by closing the survey loop on the initial benchmark (BMI), and
calculating the difference between the initial and ending horizontal and vertical positions.
The 1997 horizontal autolevel measurements were not used in the study.

One of the input requirements for Ghanem's (1995) 2D hydraulic model is an estimate of
the "roughness height" at each bed measurement node. Leclerc et. al. (1995) employed a
visual scheme for estimating roughness height for use with a two-dimensional
hydrodynamic model based on substrate. A similar approach was adopted at Cascade
Creek in order to minimize data collection time due to the large number of measurement
nodes required to characterize the channel bed. The dominant particle size (d,,) at each

measurement node was estimated visuaIly and recorded according using the modified
Wentworth (1 922) classification (Table 12). Other elements that influence channel

roughness such as vegetation and bed form were also noted.
Tabie 12: Substrate Categories

1

Material
siltkiay
sand
small gravel
medium gravel
large gravel
small cobble
medium cobble
large cobble
small boulder
medium boulder
large boulder

I

.

- - --

-

Size range (mm)
K0.062

1

0.062-2
2-8

8-32
3 2-64
64- 128
128- 192
192-256
256-5 12

512-1024
> 1024
b

* modified from Wentworth (1922)
Where possible, channel shape and channel roughness data were collected severai channel
widths upstream and downstream of the study site's mesohabitat boundaries, as per

Tarbet and Hardy (1 996) and Ghanern et. al. (1995). This extension of the modeled
region beyond the area of focus buffers the effects of inflow/outflow boundary errors

from the habitat calculations.

ff-vdraulicData

Hydraulic data were collected and used for calibrating and validating the twodimensional hydraulic model. All hydraulic data were collected in September and
October of 1997. Two sets of hydraulic data were collected. The first set of
measurements, which included WSL, velocity, and depth, were taken at each crosssection at baseflow conditions (-0.2 m3/s). The second set of observations, which
included WSL only, was collected using implied data kern the failed flow test (October
21. 1997).

Standard hydraulic data collection procedures were adopted in this study. Water-surface
elevation was surveyed at the lefi and right water's edge of each cross-section using the
autolevel. The wetted width of each cross-section was divided into twenty or more
discrete measurement stations for discharge measurements. Depth and velocity were
measured at each station using a wading rod equipped with a Price current meter. The
number of stations was increased where flow was concentrated in the channel with the

goal of limiting the discharge in any single station to less than 10% of the total crosssection discharge. The water survey equipment was supplied by TransAlta Utilities.

The second set of measurements were taken several hours after cancellation of the flow
test on October 2 1, 1997. Unfortunately, no direct measurements were taken during the
flow test, since all fieid personnel were monitoring for bank erosion, turbidity, and debris
jams at culverts. The flow test lasted a total of two hours. Travel time from the spillway

structure to the downstream end of the study area was also observed to be two hours.

Flow did not reach steady state within this period.
Following the flow test, maximum WSL was surveyed using high water marks remnant
fiom the test flow. High water marks fiom floods are sometimes used to calibrate and
verifL hydraulic models (Kondolf and Micheli, 1995).High water marks can usually be
delineated by lines that exhibit differences in vegetation and debris. The presence of a

film of silt is also an indicator of the high water elevation. Vegetation debris and silt
accumulations were clearly apparent at the high stage at each study site at Cascade Creek.
The calculated elevation difference between surveyed left and right bank high water
marks was generally less than 2 cm, indicating reasonable accuracy.
The October 21 flow test results were useful in that they provided an approximation of
WSL. Discharge was calculated at the spillway release gates fiom TransAlta spill release

tables and at the culverts located at the downstream study boundary using highway design
nomographs (American Iron and Steel Institute, 1984). The nomographs require the
culvert diameters and headwater elevation, which were measured in situ. Discharge
through the spillway gates was calculated to be 1.8 m3/s. Discharge through the
downstream culverts was calculated at 1.0 m3/s. These discharge values demonstrate the
effects of flow attenuation and the fact that flow had not reached steady-state at the
conclusion of the two hours. An estimate of discharge for each study site was made by
linearly extrapolating discharge with distance downstream of the spillway structure.
1.1.

Model Configuration, Calibration and Verification

Configuration, calibration, and verification of the hydraulic model were arguably the
most important aspects of this project. As Bovee (1996a) states, it is very difficult to
verify the habitat predictions made by the PHABSIM model. since habitat quantity is a

fabrication of the model and cannot measured directly in the field. For this reason,
considerable attention was devoted to generating accurate hydraulic flow predictions and
assessing the accuracy of the predictions with the available data. The steps involved in
configuring, calibrating and validating the hydraulic model are shown in Figure 2 1 and
discussed below.
Configuration

Survey data fiom each representative study site formed the basis of the two-dimensional
model and habitat calculations. The model was configured in four steps: creation of a 3D

triangulated irregular network (TIN) of the surveyed channel bed, generation of a 3D
finite element mesh based on the channel TIN, generation of inflow and outflow stagedischarge boundary conditions, and finally, running the two-dimensional flow model.
Steffler (University of Alberta) has written computer programs that facilitate completion
of the first two steps ("WDBED" and "RZDMESH) for use with the actual modeling

software ("R2DFLOW'). These programs are still under development but are freely
distributed as public domain software at the FTP site presented earlier. Documentation is
also available (Stefller, 1998~;Steffler, 1998a; Steffler, 1998b).
Channel topography and roughness data were organized into the format required by
Sterner's IUDBED bed topography editor. Data is required by the IUDBED program in
an ASCII text file format that includes node ID, easting, northing, roughness height,

breakline and boundary information sorted by row. The spreadsheet was designed to
allow rapid adjustments of roughness height for input to the R2DBED program. Using
the FUDBED program, the formatted ASCII file was converted to a triangulated irregular
network (TIN). The channel topography was plotted and examined. Breaklines,
roughness height, node locations, and boundary conditions can also be manually modified
using the R2DBED program. Once the initial channel TIN was configured, the only

channel parameter that required f i r h e r adjustment was the roughness height.
The next step involved the generation of a computational mesh for use in the R2DFLOW
model. Using the RZDMESH program, a densely spaced mesh was draped over the
channel TTN. Each node of the draped mesh takes on the elevation and roughness
attributes of the underlying channel TIN. Elevation and roughness values are linearly
interpolated fiom the observed channel TIN values. The goal of this procedure is to create
a mesh that adequately captures the channel shape and channel roughness variation while
minimizing the total number of nodes. The final mesh tiom Study Site CE is shown in
Figure 13. Note that the density of the mesh nodes is greatest in the main channel area

The final input requirement of the 2D hydraulic model is a relationship describing stage
versus discharge at the upper and tower boundaries. When subcritical flows are
considered, only the lower boundary must be accurately determined. The upper boundary
relationship is used only to calculate initial WSL conditions across the computational
mesh. The initial WSL is calculated by assuming a linear planar relationship between the
upper and lower WSLs, and assigning the interpolated WSL value to each node.
Stage discharge curves were created at the i d o w and outflow boundaries using the
Manning equation option of HEC-RAS (U.S. Army Corps of Engineers, 1995). The
lower boundaries were located on riffle sections that had uniform steady flow with no
backwater effects. The Manning equation was calibrated using test flow measurements
and verified with base flow measurements. As described earlier, the test flow data
consisted of interpolated discharges and high water mark WSL data
The rationale for calibrating to the less accurate test flow data was that the Manning's
roughness coefficient general1y decreases as discharge increases (for flows contained in
the main channel), Calibrating the equation to a low flow can result in artificially high

roughness and corresponding high WSLs at high discharges. Conversely, calibrating to
high discharges may result in lower WSLs than observed at low flows. This fact was

confirmed with the available Cascade data. When calibrated to the higher test flow,
simulated WSL at base flow was underestimated. This approach was rationalized for the
final scenarios because d l hydraulic simulations were completed for discharges higher

than base flow.

After the HEC-RAS stage-discharge curves were verified, the stage-discharge boundary
curves were converted to the equation form required by the R2DFLOW model, shown
below.

p ~ * ( d " )

where:

q = discharge per unit width

K = constant
d = local depth of flow
m = constant

Calibration

Bergstrom (1 99 1 ) describes calibration as the process in which coefficients of a model are
adjusted until the simulated results match the observed conditions. Generally, it is
prudent to divide the observation data into two groups prior to modeling. The first set of
data is used for calibrating the coefficients of the model- The second set of data is used

for conducting an independent test on the quality of the cdibrated model's predictions
(Bergstrom, 1991). In the case of hydraulic modeling, this approach necessitates the

collection of hydraulic data within the study site at two or more discharges (Leclerc et. al.
1995). Generally, any discussion of the model errors should be centered on the errors

identified using the verification data set (Bergstrom, 1991).
Calibration and confurnation of the two-dimensiond model at Cascade Creek required a
compromise approach, since only one complete set of hydraulic measurements was
available Leclerc et. al. (I 995) encountered a similar dilemma, since they were only able
to collect hydraulic measurements at a single discharge. As a result, they calibrated the

model using WSL, then compared simulated velocity and depth to observed velocity and
depth at the same flow. A similar approach was adopted for the Cascade Creek study:
The 2D model was calibrated to observed WSL measurements taken at base flow

(-0.2 m3/s);
Velocity and depth predictions were confirmed using depth and velocity
measurements taken at base flow (-0.2 m3/s); and

W S L predictions were confirmed using the high water mark WSLs and interpolated
discharge from the test flow (1.0to 1.6 m3/s, depending on the site).

Calibrating the hydraulic model was a difficult task. The only calibration variable was the
roughness height (assigned in meters) at each node of the surveyed channel TIN- The
difficulty was attributed to the lack of information and precedent to assign roughness
heights based on observations fiom the field. Initial estimates of channel roughness can
be made by doubling the dominant (d,,) particle size noted in the field (personal
communication, Steffler, 1998). Steffler indicated that this generally provides a good
initial estimate of roughness height. Unfortunately, the process was complicated at
Cascade Creek by the compiex substrate and vegetation conditions.
Fortunately, Ghanem et. aI. (1996) showed that the 2D model is relatively insensitive to
inaccuracies in roughness height. This was observed at Cascade Creek, since relatively
large changes in roughness height were required to effect small increases in WSL. Afier

some trial and error, the highest observed local roughness feature was utilized at each
node. For example, silt-covered large cobble was classified as large cobble, and assigned
an initial roughness height of 0.4 (2 x d,, of 0.2 m). Afier assigning the initial roughness

heights to all nodes, the model was calibrated through a trial and error process by
uniformly increasing all roughness heights in the channel until error between observed
and simulated WSLs was minimized.

Statistical criteria are typically utilized to compare the observed and predicted results for
calibration and verification (Klurnpp and Baird, 1993). However, Bergstrom (1991) also
endorses plotting the simulated and observed results for assessment, and allowing the
reader to judge the quality of the match visually. Both statistical and visual approaches
were utilized to assess the quality of the model's predictions. Calibration was completed
by minimizing the s u m of the square of differences between observed and simulated
WSL at each cross-section at each site, as per the equation below. Simulated and

observed WSL were also plotted for visual assessment.

_

mmimi=eC (observed - srmufared W!X)'

where:

I

WSL = water surface elevation
n = number ofobservations

Verification

Verification of the model followed a more detailed approach. Each verification run was
completed at a discharge equal to the average base flow discharge calculated for each
study site. The average base flow discharges did not vary significantly between sites. The
resulting velocity and depth results were formatted and converted to a TIN surface using
ESRl's ARCINFO geographic information system. The coordinates of observed flow

measurements were calculated with trigonometry using the surveyed coordinates of the
cross-section endpoints and horizontal distance fiom the left pin. Velocity, depth and
WSL were extracted at the same coordinates fiom the simulated mesh TIN using
ARCMFO. The extracted simulation values were then compared to the observed values
in several ways:

by calculating the explained variance (R') between observed and simulated depth and
velocity at each cross-section. Variance expresses the proportion of the variance in y
values attributable to the variance in x values, and is the square of the Pearson product
moment correlation coefficient;
by comparing the means of the observed and simulated populations;

by plotting the observed velocities and depths against the simulated velocities and
depths; and

by examining the residual errors.
The assessment of residual error entailed several steps. A frequency plot of the depth and

velocity residual errors was created by lumping data tiom all three sites. Graphs were also
created that plotted residual error as a function of observed depth and velocity for the
three sites. In addition, the error range that captured loo%, 80% and 50% of the

observations was calculated.

4.5.

Habitat Sensitivity Analysis

In addition to verifjring the model's hydraulic predictions, additional analyses were

conducted to assess the impacts of model errors on habitat predictions. Conducting such
sensitivity analyses can improve confidence in the results of a model mergstrom, 1991).
One method of assessing a model's sensitivity to input errors is through the completion of
a Monte Carlo analysis. This approach varies each of the model's input variables

throughout its potential error distribution. Sensitivity is mapped by modeling a large
number scenarios, each with different starting conditions, and plotting the model results
against the starting error. In doing so, it is determined which of the input variables has the
highest impact on the model's output.
Unfortunately, a Monte Carlo type sensitivity approach was impractical for this study.
The number of variables utilized in the calculation of habitat was very large (in the
thousands) since depth and velocity suitability indices are calculated at each node. Since
the number of scenarios required to map the error distribution varies exponentially with
the number of input variables, mapping out model error would require a very large

number of runs.
Despite the difiiculties in assessing sensitivity, it was recognized that at the very least a
rudimentary assessment was required. For these reasons, a "visual" sensitivity assessment
was completed that examined the error of the hydraulic model's output and the effect

these errors may have had on habitat calculations. Three sets of figures were used to
complete the assessment:
1. Plots showing the sensitivity of SI curves to errors in velocity (+I-0.10 d s ) and

depth (+/- 0.10 m);
2. Plots showing the frequency distribution of velocity and depth at different discharges;

and
3. Plots of the velocity and depth errors at baseflow (-0.2 m3/s)

The procedure used to assess depth sensitivity is discussed here as an example. Depth SI
sensitivity plots were generated by adding and subtracting 0.10 m of depth error and
calculating the SI at those erroneous depths. SI sensitivity was assessed by calculating
and plotting the difference between the actual and erroneous SI's. Next, depth frequency
was plotted to assess the depth distribution in relation to the SI curve sensitivity. Finally,

hydraulic model error was factored in by examining depth error predictions at the most
frequently occurring depths.
4.6.

Hydraulic and Habitat Simulation

Once the R2DFLOW model was calibrated and its output confirmed, velocity and depth
at each study site was simulated for flows ranging fiom current baseflow (-0.2 m3/s) to
the historic average flow (8 m3/s). The number of discharge scenarios modeled at each

site varied fiom 12 to 14. A greater number of scenarios were modeled at lower flows in
order to capture slope changes in the shape of the habitat-discharge curve.
Each site was modeled at steady flow. The ending simulation time for each model was

calculated using the observed base flow water velocities. Ending simulation time was
calculated by multiplying the average travel time of base flow by three. This ensured that
the model would simulate the flow of two to three control volumes traveling fiom a site's

upper to lower boundaries. Steady-state conditions were verified by ensuring that
discharge at the upper and lower boundaries were within 10% at the completion of each
run.
The hydraulic model simulations differed fiom the calibration and verification runs in
two important ways. First, the effects of the substrate and vegetation channel change that
had occurred following construction of the dam were negated by modeling the channel in
its pre-disturbance state. It was assumed that, historically, the main channel flow area was

silt and vegetation free. Uniform roughness heights of a representative substrate were
assigned to the entire modeled channel for each site. It is noted here that the WSL of the

maximum simulated discharge (9 m3/s)did not overflow the channel banks into the
historically vegetated overbank areas.
The second difference between the calibratiodverification runs and the fmal simulation

runs applied only to Site EF, the diversion ditch segment. This site had very limited flow
conveyance capacity due to the narrow channel width. Modeled flows greater than 1.25
m'ls overtopped the channel banks in the lower portion of the channel. In reality, flows
ereater than L -25 m3/s would cause flooding in the gravel pit immediately east of the

C

channel. In order to evaluate the habitat potential of this segment at higher flows, a one
meter high berm was added to the east bank of the ditch in the modeled simulations. This
allowed the simulation of hydraulics and habitat to a maximum flow of 7.0 m3/s before
overtopping occurred.
A software program developed by Steffler (IUDHAB) was used to calculate habitat using

output from the two-dimensional model and the habitat suitability curves extracted fiom
the literature. The bull trout and westslope cutthroat trout habitat suitability curves were

described previously in Section 3.1. Despite the higher spatial resolution this approach
has over the one-dimensional PHABSIM approach, habitat is calculated in a similar
manner:
Velocity suitability (v,) and depth suitability (4)indices are calculated at each node
in the mesh using the simulated velocity/depth and the habitat suitability curves for
each lifestage;
Combined suitability is calculated for each mesh node by multiplying the two
suitability indices (vix 4);
Usable habitat area is calculated at each node by multiplying the combined
suitability of each node by its area. Node area is calculated using a Theissen polygon
approach.

4. Finally, weighted usable area (WUA) for the entire model region is determined by

summing each node's usable habitat a r w as shown below.

c

where:

n

WUA =

I

(vi*di)

n = number of mesh nodes
vi = velocity index
di = depth index

The sequence shown in Figures 14 to 18 demonstrate the process involved in calculating
weighted usable area. The upstream portion of Site CE is used as an example, and the

preferences of the adult cutthroat trout are used to caicdate habitat. In sequence, the
figures show simulated depth and simulated velocity, which are in turn used to calculate
depth suitability index and velocity suitability index, which are in turn used to calculate

combined habitat suitability. The results for the channel area shown indicate that suitable
habitat for the adult cutthroat trout exists in the center of a large mid-channel pool. In

Figure 18. the blackened areas in the upper portion of the channel lie outside the habitat
boundary and were assigned zero habitat suitability.

CHAPTER 5:

RESULTS

This chapter reviews the results of the research. It describes the sites selected to model
fisheries habitat, as well as configuration, calibration and confirmation of the hydraulic
model. The results of the sensitivity analysis are presented along with the habitat versus
discharge curves generate for each species lifestage.
Two approaches used to reduce the volume of material presented. First, the study site
representing Segment CE is utilized as an example when an example is called for. The
use of Segment CE is appropriate because it represents the greatest length of the Creek
and has an interesting split channel feature. Secondly, the verification and sensitivity

sections lump the results for all three modeled sites, rather than focusing on individual
sites.
5.1.

Selected Study Sites

-4 total of 130 mesohabitats were identified over the 4.9 kilometer length of study area.

The mesohabitat survey revealed that, at base flow (-0.2 m3/s),Cascade Creek is
dominated by riffle and run habitat. Fast flowing shallow riffle habitat comprises 61% of
the total mesohabitat by length, and slower moving deeper run habitat comprises 24% of
the total habitat by length. The remaining 15% includes scow pools and backwater areas

in all segments, as well as fast flowing cascades and chutes in Segment AB. It should be
noted that these proportions probably hold true only at base flow. At higher flows, the
mesohabitat composition would shift to reflect the deeper water and faster velocities.
The results of the mesohabitat survey for Segments BC, CE and EF are presented in

Table 13. along with the mesohabitat proportions for the selected modeling sites. The
results from Segment CE are plotted in Figure 22. Note that the names of the study sites
correspond to the names of the segments they represent. The locations of the three study
sites are shown in Figure 4.

Segment AB, the uppermost segment. was eventually excluded fiom the study due to its
irregular bedrock controlled channel topography, extensive riparian vegetation
overgrowth. and thick silt accumulations. The channel conditions of Segment AB were
beyond the simulation capabilities of the two-dimensional hydraulic model.
Table 13: Mesohabitat Survey Results

)

-

I

1

Mesohabitat
Study site BC
Segment CE
Studv site CE
Segment EF
Study site EF

Scour pool

I

Riffle

O,O%

1

56.8%
60.8%
63 -2%
64.8%

I

I

6.2%
10.1%
29%
0.0%

L

60.1 %

I

Run

I

Backwater

I

43 -2%

I

0.0%

3 1.4%
I

26.7%
29.1%
33.7%

I

1.5%
0.0%

3 -3%
6.3%
-- - -- --

The layout of the three study sites is shown in Figures 23 to 25. Each figure displays the

modeled boundaries, channel topography, water's edge, and the location of all survey
points. cross-sections, benchmarks and survey stations utilized in the collection of the
channel and hydrauiic data- Since each site strongly reflects its segment's characteristics,
which were reviewed previously, the reader is referred to Section 2.4.1 for general site
characteristics.
The two-dimensional model boundaries and the upper and lower habitat boundaries of
each study site are marked on the site layout drawings. As mentioned earlier, the study
model boundaries of each site were extended upstream and downstream where possible to

reduce the effects of boundary errors. Areas upstream and downstream of the habitat
boundaries were modeled for hydraulics, but were excluded fiom the habitat calculations.
Site EF was extended in both the upstream and downstream directions. Unfortunately, the
modeled region of Sites CE and BC could only be extended in the upstream direction.
Suitable downstream boundaries for the two-dimensional model could not be located
within 75 m of their lower habitat boundary. Areas located downstream exhibited

backwater effects or channel bifurcation that did not satis@ requirements for application
of the Manning equation.
5.2.

Model Coafiguration

Channel Topopaphy and Mesh
The channel topography of each study site is shown in Figures 23 to 25. With the

exception of one marginally high horizontal survey error, both the one-dimensional
(cross-sections) and two-dimensional channel topography surveys were completed with
acceptable error. The two-dimensional survey error is summarized in Table 14.
Table 14: 2D Survey Measurement Error

I

Site

1

Easting (cm)

I

Northing (cm)

I Elevation (cm) I

The one-dimensional cross-section surveys, completed with the auto-level in 1997, had

vertical closure within 1 cm. The two-dimensional surveys, completed using the total
station in 1998, had slightly higher errors. The greatest vertical error was -4.6 cm at Site

EF. The greatest horizontal error was +16.7 cm in the northing direction, which also
occurred at Site EF. The average absolute horizontal error for all three sites was 5.6 cm.
A large number of two-dimensional survey measurements were taken at each site to

accurately define the channel topography. The number of measurement points and the
calculated node density is shown in Table 15. Node density was calculated by dividing
the area of the each modeled region by the number of survey points.

Table 15 : 2D Survey and Mesh Information
Modeled area

I

Suwey Density

I

I

Average node density
(m2/node)

1

I

I

Computational Mesh Density
7
Average node density
(m2/node)

The resulting survey node density was high, with an average density of one node per 4.7
m2. The node density in the wetted channel area is even higher than the average indicates,

since relatively few survey points were placed in the overbank areas. In comparison,
Waddle et. al., (1997a) utilized an average density of 6 m2/nodeand Leclerc et. al. (1 995)
used a density between 50 and 400 m2/nodefor two-dimensional habitat modeling.
Details regarding the finite element computational mesh developed for each site are also
presented in Table 15. The average finite element mesh density was 0.62 m2/node. In the
main channel area and in areas of channel heterogeneity the node density was also greater
than indicated by the average. The maximum elevation difference between the surveyed

topography and the finite element mesh surfaces was 10 cm. The average difference
between the two surfaces is not easily calculated, however, it is estimated between 3 and

5 cm. As an example, the final finite element mesh utilized for Site CE is shown in Figure
13.

Boundary Conditions

Stage-discharge relationships for the lower boundary of each site were developed using
a1I available hydraulic and channel data. Accurate lower boundary stage-discharge
conditions were most critical at Sites BC and CE, because the modeled region was not
extended downstream at these sites. The lower boundary of Site EF was extended far
enough downstream (-35 m) to prevent boundary errors and backwater effects fiorn

impacting the habitat calculations.

I

I

Table 16 presents information regarding the stage-discharge curves developed for the
lower boundary of each site for use within the 2D model. Recalling fiom Section 4.4,
Manning's roughness coefficient was calibrated to the test flow WSL and verified against
the base flow WSL. The derived Manning coefficients displayed realistic values for the

conditions observed in the creek in comparison to published values for similar channel
conditions (Barnes, 1967).
The simulated base flow WSLs showed fairly good agreement to the observed base flow
WSLs: errors were -9.2 cm or less. The negative indicates that simulated values were
Iower than those observed. which was expected as per the earlier discussion in Section
4.4. The final regression equation utilized with the 2D model demonstrated excellent

agreement with the stage-discharge estimates provided by the Manning equation. The R'
value for the three regressions were 0.999 or greater. The final downstream stagedischarge curve for Site CE is shown in Figure 26.

Table 16: 2D Model Lower Boundary Stage-Discharge Curve Information
Site
Base flow (m3/s)

I

Interpolated test flow
(rn3/s)

2D boundary coincides
with habitat boundary
Manning's n
Calibration W S L error
tcm)
Verification W S L error

(cm

2D model - K
2D model - m
2D model - R'

5.3.

I

I

BC

EF

CE

0.14

0.19

0.17

1 -0

1 -2

1.6

NO

(

Yes

I

Yes

0.06
i2

0-085
0.0

n/a

-6.0

-9.2

2.26
1.68
0.9998

1 -24

1-03
1.78
0.9997

0.053
0.2

3

I
I

1.68
0.9986

. -

Model Calibration

A total of 29 scenarios were completed to calibrate the 2D model at the three sites; nine at

Site EF, fifteen at Site CE, and five at Site BC. The find roughness height values used to
calibrate Site CE are presented in Table 17. The final roughness height values for Sites
BC and EF were simiIar.

Table 17: Site CE - Calibrated Node Roughness Heights

I
Field description of survey node

grass / sparse forest

grass over large boulders
grass over large cobbIe
grass / dryas
Iarge cobble
large cobble with instream brush
medium gravel
Moss
Outcrop
Sand
Silt
silt over large cobble
small boulder
thick forest

-

Wentworth
classification

(mm)

Roughnes!
height
(m)

-

1.920
0.768
0.768
0.144

192-256

0.950
1-440

8-32

0.144
0.144
0.480

0.062-2
c0.062

0.144
0.144
0.500

256-5 12

1.100
2.400

-

-

-

-

Table 18 presents the WSL calibration and verification results for each site. Using Site
CE as an example, the results show that the average simulated minus observed WSL was
+I- 1.4 cm. The maximum departure from the observed WSL occurred at cross-section

T4, which underestimated the depth by 4.4 cm. Site CE's WSL calibration and
verification results are also plotted in Figure 27. The figure shows good agreement
between simulated and observed WSLs at the calibration base flow.

Tabie 18 : WSL Calibratioflerification Results

-

Site

Crosssection

Site EF

TO

Calibration (-02m3/s)
Verification ( 1 1 -6 m3/s)
Observed Simulated Difference Observed Simulated Difference
WSL(m) WSL (m)
(cm) WSL(m) WSL(m)
(crn)

TI

T2
T3

T4

TS
T6
Tlb
T7a
T8
Site CE

TO

997.383

+/- Average

3.1

997.383

0

+/- Average

1 -4

996.982

0.0

+/- Average

1.4

+/- Average

5 -5

+/- Average
997.178

2.4
0.05

+/- Average

2-2

T1
T2
T3
T4

T5
T6

TI
T8
T9
T10
TI I

Site BC

TO

996.982

997.178

TI
T2
T3
T4
T5
T6

TI

Site BC posted an average difference from observed WSLs of +/- 1.4 cm.Site EF was
more difficult to calibrate and higher WSL errors occurred at its downstream cross-

sections. The average WSL difference for Site EF was +/- 3.1 cm. The reason for the
error at the lower cross-sections is due to the presence of a downed tree in the channel at
cross-section TO. The position of the tree could not be adequately portrayed in the
surveyed channel topography TIN and these errors affected the simulated WSLs.
5.4.

Model Verification

The WSL verification results for the test flow at each site are shown in Table 18, above.

On average, the simulated WSLs for Sites CE and BC were within 2.4 cm of the observed

values, indicating acceptable performance. The verification WSL values for Site CE are
also plotted with the observed values in Figure 27.
Although most WSLs at Site EF were within 4.6 cm of observed values, the WSLs at the
downstream three cross-sections were 17.2 cm, 11.9 cm, and 7.7 cm lower than the
observed values. When these three-cross-sections are excluded fiom the calcdation. the
average WSL difference is 2.6 cm. Again, the probable reason for the emor here is due to
the presence of a downed tree in the channel at cross-section TO. The local roughness

values in the area of the tree were not adjusted upwards to accommodate the tree since
they proved adequate in areas with no downstream disturbances. The impact of the tree is

not believed to be a major concern, because the tree would likely be moved fiom its
current position at higher flows anyway.

The calculated R' values between simulated and observed values of depth and velocity
across each cross-section are shown in Table 19. The results show that R2 varies
substantially between cross-sections and between sites. The overall results for site EF
were acceptable, with average R2values for velocity and depth at 0.668 and 0.652,
respectively. Site CE's results were slightly lower, with average R' values for velocity
and depth at 0.479 and 0.6 10, respectively. Unfortunately, the results for Site BC were

poor, where average R2 values were 0.273 and 0.217 for velocity and depth, respectively.

rable 19: DepWelocity Verification Results by Cross-Section ( 4 . 2 m3/s)
Site

Crosssection

Observed
discharge
(m3/s)

Observed
avg-

velocity

Velocity R'
Observed
hydraulic depth
(m)

Depth R2

Ws)

TO
TI

T2

n
T4
T5

T6
T7
T8
Average

TO
TI

T2
T3
T4
T5
T6

T7
T8 *
TI0
T11
Average

TI

T2
T3

T4
T5
T6

TI
Average

0.15
0.15
0.14
0.14
0.14
0.14
0.14
0.13
0.15
0.14
0.19
0.14
020
0.2 1
0.18
0.17
0.20
0.19
0.17
0.17
0.30
0.193
0.17
0.14
0.19
0.14
0.17
0.18
0.19
0. 169
0.17

0.19
0.25
0.37
0.10
0.17
0.28
0.30
0.1 1
0.29
0.23
0.19
0.1 1
0.27
0.27
0.19
0.09
0.4 1
0.26
0.04
0.29
0.38
0.227
0.05
0. 16
0.05
0.15
0.06
0.03
0.03
0.076
0.19

0.13
0.14
0.1 1
0.18
0.12
0.10
0.12
0.14
0.1 1
0.13
0.14
0.17
0.1 1
0.09
0.1 1
0.20
0.13
0.08
0.49
0.08
0.10
0.155
0.1 1
0.30
0.10
0.24
0.15
0.10
0.08
0.154
0.15

The depth and velocity results from Site CE cross-sections T6, T7, and T8 are plotted in
Figures 28 to 30 for visualization. These three cross-sections represent the median,
minimum, and maximum R2 results, respectively, obtained for depth and velocity at Site

CE. The three plots demonstrate that depth and velocity predictions range fiom poor to
satisfactory. At cross-section T7, simulated depths and velocities show significant
departure fiom the observed measurements. Even at cross-section T8,which had the
highest R' values, the simulated velocity departs from some observed values by +/- 30%.
Figures 3 1 and 32 plot observed versus simulated values for depth and velocity using data
fiom all three sites. The number of observations at each site is summarized in Table 20.

In a perfect simulation, simulated values equal observed values, all values fall on the h e
"y = x". and a perfect correlation of 1-0 occurs. The depth scatter plot (Figure 3 1)

indicates good overall agreement between observed and simulated depth and a correlation
coefficient of 0.90. Depth scatter occurs at the intermediate velocities. The averages of
the observed and simulated depths were 0.16 1 m and 0.1 85 m, respectively. The velocity

scatter plot (Figure 32) shows a poorer correlation between observed and simulated
values and a correlation coefficient of 0.60. Significant scatter is seen across the entire
range of velocities. The averages of the observed and simulated velocities were 0.224 m
and 0. I70 m. respectively.

Table 20: Number of Calculated Residuals

I

No. ~esiduals

Site

Depth

EF
CE

148

Velocity
1 16

21 1

161

138

133
4 I0

BC
Total

497

1
I

Figure 33 plots simulated depth and velocity error as a function of observed depth and
velocity, respectively. On average, depth error is 0.024 m and velocity error is 4 . 0 5 4
d s . These values indicate that, on the whole, depth is being overestimated and velocity is

being underestimated, which is logical fiom a mass balance standpoint. If simulated
depth is higher than observed, simulated velocity must be reduced to maintain flow

continuity. The plot also indicates that depth error becomes more positive as observed
depth increases, and velocity error becomes more negative as observed velocity increases.

The distribution of depth and velocity residual errors for all sites at baseflow (-0.2 mS/s)

are plotted in Figure 34. Both depth and velocity error appear to scatter according to a
normal distribution, although velocity is skewed somewhat negatively. The results show
that almost 40% of the observed depth errors occur between -0.025 rn and W.025 m.

Approximately 23% of the observed velocity errors occur between -0.025 m/s and
+0.025 m/s. The frequency histogram shows that velocity errors are distributed over a

wider range than depth errors, whose distribution is more concentrated.

Table 21 and Table 22 present the results in a slightly different manner. The results show
the depth and velocity values that capture loo%, 80%, and 50% of the observations. At

Site CE, for example, the results indicate that 80% of the depth residuals occur between
+0.05 and -0.06 m and 80% of the velocity residuals occur between +O. 10 and -0.1 3 d s .

Table 2 1: Range of Velocity Errors (at baseflow 4 . 2 m3/s)

I
1

Site EF

From
To

1

Sire CE

From

Site BC

Range
From
Range

All sites

From

* values in m/s

- - - -

-

Percent of Residuals in range

I

Table 22: Range of Depth Errors (at baseflow -0.2 m3/s)
Percent of Observations *
100%

Site EF

from

Site CE

range
from

Site BC

range
fiorn

Ail sites

range
from

80%

504/0

* values in meters
5.5.

Habitat Sensitivity Analysis

The sensitivity of habitat preference c w e s for bull trout and cutthroat trout to depth and
velocity error is shown in Figures 35 to 38. The sensitivity of each lifestage is a function
of the slope of the SI curve. Steeper SI slopes result in higher error sensitivity.

The four figures show that large errors in habitat suitability index for some lifestages can
be caused by moderate errors in depth or velocity over specific flow ranges. Virtually
every lifestage examined can incur SI errors of 40% or more (0.4 out of 1.O) for depth and
velocity errors of 0.0 1 m and 0.0 1 m/s, respectively. Fortunately, these errors occur only
within certain depth and velocity ranges. Conversely, at other flow ranges, depth and

vetocity errors have little or no effect on calculated habitat. For reference, 74% of the
observed velocity errors calculated at Cascade Creek at all three sites were between +/0. 10 mk. 90% of the observed depth errors were between +/- 0.10 m.

Calculated habitat for some lifestages appears to be more sensitive to hydraulic model
error than others. For example, cutthroat fry, spawning and juvenile velocity preference
curves display errors between +0.9 and - 1.0 at low velocities with errors of +/- 0.1 m/s.

Fortunately, the sensitivity of most of the preference curves tends to decrease with
increasing discharge. At higher discharges SI error is less than 0.5 for all lifestages, and
less than 0.3 for many (for depth errors of +/- 0.1 m and velocity errors of +/- 0.1 m).
Based on these findings, it appears that SI values (and the derivative W A ) calculated at
lower discharges have greater potential for error, while SI values at higher discharges
display a lower potential for error.
Figures 39 to 42 demonstrate the modeled changes in depth and velocity distribution that
occur with discharge. The figures display depth and velocity distribution for all

calculation nodes for all three sites at 0.2 m3/s and 4 m3/s,respectively. Using these
distributions in concert with SI curve sensitivity, it is possible to judge the error potential
in calculated habitat.
At 0.2 m3/s, the bulk of the depth values are between 0.08 m and 0.2 m, a range that lies

within the high sensitivity zones of the both trout species SI c w e s . At 4.0 m3/s, depth

distribution is more widely distributed around a median of approximately 0.4 m, and S I
sensitivity to depth enors is lower, particularly for the cutthroat trout.
A similar pattern occurs with velocity distribution. At 0.2 m3/s, the

bulk of the velocity

values are between 0 m.s and 0.2 m, a range that lies within the high sensitivity zones of
the cutthroat trout and, to a lesser degree, the bull trout. At 4.0 m3/s, depth distribution is

more widely distributed around a median of approximately 0.6 m/s, where SI sensitivity
to velocity error is significantly lower for both species.

The SI sensitivity and depthhelocity distributions suggest that the habitat results are

susceptible to hydraulic model error, particularly at the lower discharges.
5.6.

Habitat Simulation

The final channel roughness values utilized for the habitat simulations were 0.338,0.975,
and 1.321, for Site EF, CE, and BC, respectively. Site EF's channel substrate was

modeled as uniform small cobble. The channel substrate of Site CE and BC was modeled
as uniform large cobble. Each of these roughness values were taken directly !?om the
results of the final calibration scenario for that site.
The final results of the WUA habitat calculations are shown in Tables 23 to 25, and are

plotted in Figures 43 to 45. The results show that WUA patterns for both undisturbed
segments (Sites CE and BC) are similar. WUA for adult, juvenile. and spawning
1i festages of both salmonid species increases with discharge to some maximum then
decreases. Fry lifestages showed the only exception to this pattern. WUA for these

lifestages decreased with all flow rates greater than baseflow.

In order to demonstrate the spatial changes that occur in habitat with increasing
discharge, the combined habitat suitability for the cutthroat trout adult is shown at 0.2,2,
and 6 m3/s at Site CE (Figures 46 to 48, respectively). At a flow of 0.2 m3/s, only small
amounts of suitable habitat are present. As flow increases to 2 m3/s, mid-channel pools

and runs provide the correct combination of depth and velocity and habitat increases.
However, as discharge increases to a rate of 6 m3h, total habitat decreases again due to
increases in mid-channel velocity. The only suitable habitat areas at this higher flow are
located along the perimeter of the stream.

TabIe 23: Site EF Weighted Usable Area
Cutthroat Trout WUA (m')
Flow
(m3/s)
0.19
0.50
0.75
1-00
1 -25
1 -50
1.75
2.00
3 -00
4.00
5.OO
6.00
7.00

Bull Trout WUA (m2)

4dult Juvenile

Fry

Spawn

Adult

Juvenile

Fry

Spawn

49
268
359
418
457
510
535

730
662
628
620
633
602
593
605
658
62I
576
604
629

226
742
789
779
757
744
730
697
582
570
582
550
489

0
0
1
6
20

784
737
674
647
645
633
626
627
685
664
59 1
588
605

504
416
365
36 1
378
370
378
388
464

164
528
577
572
546
55 1
529
504
3 82
369
407
386
332

Total

(m')

551
570
583
577
565
540

371
570
557
538
529
533
508
493
496
534
522
486
474

53
77
98
125
1 09
108
123
143

414

347
366
393

2827
3923
3949
3942
3964
3994
3975
3962
3961
3864
3709
3668
3605

Table 24: Site CE Weighted Usable Area
Bull Trout WUA (m')

Cutthroat Trout WUA (m')
Flow
(m3/s)

\dult Juvenile

Fry

Spawn

Adult

Juvenile

Fry

Spawn

Total

(m')

4385
5689
6024
6057
5866
5506
4928
4580
4344
4246
4210
4162

Table 25: Site BC Weighted Usable Area
Cutthroat Trout WUA (m')
Flow
(m3/s)

Adult Juvenile

Fry

Spawn

156
426
563
658
727
807
860
906
1032
1065
1007
895
794
659

It13
1254
1200
1168
1130
1078
1020
95 1
705
608
58 1
550
532
515

136
683
1009
1200
1281
1333
1353
1358
1345
1287
1189
1065
958
828

517
1029
1142
1187
1206
1206
1188
1154
891
653
535
467
427
400

Adult

Juvenile

Fry

Spawn

Total
(m')
4472
6387
7054
7380
7463
7433
7322
7167
6335
557 1
5006
449 1
4 148
3757

-

CHAPTER 6:

DISCUSSION

In this chapter, the strengths and weaknesses of the thesis methodology and results are
discussed. Performance is reviewed under three headings: overall modeling approach,
hydraulic model, and habitat predictions.

6.1.

Overall Approach

From the outset, the overriding goal of the thesis was to derive habitat versus flow
relationships for Cascade Creek using the habitat preferences of the bull trout and
westslope cutthroat trout. This goal was achieved despite the flow limitations imposed by
the dam infrastructure and channel constraints. The resulting WUA-discharge curves can
be used, albeit with caution, to assess the benefits of different flows for habitat

restoration. Flow recommendations for Cascade Creek are discussed in Section 7.1.
The habitat predictions should be used with prudence. The WUA estimates should be
considered to be first approximations since several omissions and assumptions were
necessary in their calculation. These were introduced and described throughout the thesis
and are summarized in Table 26. Arguments against the assumptions along with the
potential implications if the assumptions are wrong are also given in the table.

Table 26: Model Assumptions and Impiications
-

Omission or assumption
Omission of channel index (cover
and substrate suitability) in the

calculation of habitatAssumption that the channel shape
will remain stable through time.

Assumption that the SI curves of
the bull trout and westslope
cutthroat trout. which were
developed elsewhere, are
applicable at Cascade Creek.
Assumption that the historical
creek hydraulics can be adequately
modeled using uniform roughness
height values for cobble substrate.
Assumption that the 2D hydraulic
model performs satisfactory at
higher discharges.

Counterpoint
Channel index is an
important component of fish
habitat,
Channel shape will
undoubtedly change due to
the immediate removal of
silt and longer-term
geornorphofogical effects.
SI curves for these species
may be different in the
specific conditions at
Cascade Creek.

Potential implications if assumption
incorrect
- - -- -changes in quaiity, quantity, and
distribution habitat would occur
and WUA vs. discharge curves
would change
Differences in velocity and depth
distribution would occur, and WUA
vs. discharge curves would change

of

Changes in quality, quantity, and
distribution of habitat would occur
and WUA vs. discharge curves
would change
~~~~~

Historical roughness heights
were arguably variable across
the channel.

Differences in velocity and depth
distribution would occur, and WUA
vs. discharge curves would change

Velocity and depth are
simply unverified at higher
flows.

Differences in velocity and depth
distribution would occur, and WUA
vs. discharge curves would change

In reference to the assumption that the model performs adequately at higher flows, it is

dear that hydraulic data at higher flows would have been kneficid for verification
purposes. This additional data would lend credence to the higher flow habitat predictions.
However, it is possible that the costs and risks in collecting this data may outweigh the
value of the data itself. Conducting the dam and channel modifications to support flows
up 8 m3/s represents a significant challenge in its own right.

Although each of the above assumptions can be contested, they represent the real-world
compromises that were necessary to predict fisheries habitat at Cascade Creek. It is
important that the assumptions are correctly acknowledged in any restoration strategy
developed for Cascade Creek.

6.2.

Hydraulic Model Performance

In Section 3.3 - 3 , concerns by Leclerc et. al. (1 995) were stated regarding the use of two-

dimensional hydraulic models in small streams. It was countered that two-dimensional
habitat modeling had been applied with success in the Elbow River, Alberta (Waddle et.
al., 1996), which has similar flow and geomorphology characteristics as the historical

conditions of Cascade Creek.
Unfortunately, the concerns of Leclerc et. al. (1995) may have been we1I-founded. The
simdation results of Ghanem's (1995) WDFLOW model were poorer than expected at
Cascade Creek. This is not necessarily a reflection on the mode1 itself, but rather of the
complex channel and low flow conditions at Cascade Creek. The model's predictions of
velocity and depth varied fiom good to poor. and on average could be described as fair.
A rough correlation can be drawn between model performance and channel

characteristics. The correlation between observed and simulated depth and velocity
appears to decrease with increasing channel complexity. Site EF had the highest average
velocity and depth correlations (0.668 and 0.652, respectively) and displayed the least
complex channel morphology. The channel here was generally uniform in shape, had no
large boulders or rocks protruding through the water surface, and was absent of bedrock
outcrops. In contrast, Site BC, which displayed the most complex channel geometry,
resulted in the lowest depth and velocity correlations (0.273 and 0.2 17, respectively).

The lower than expected performance of the model at Cascade Creek may be also be a
result of the various sources of introduced error. These errors are grouped here into input
errors, model errors, and verification errors, and are summarized in Table 27. Input error
describes errors in the data used as input to the model. Modei errors refer to those that
may have been generated in the modeling process. Verification errors refer to errors in the

observation data used to check the predictions of the hydraulic model.

Table 27: Potential Errors
--

Max input errors

Surveying measurement enor
horizontal: +/- 16 cm
vertical: +/- 5 cm

Model errors
Mesh representation error
vertical error (+/- 5 cm)
substrate effects
numerical solution of partial
differentials

Bed elevation model error:
coarse substrate: +/- 10 cm
bedrock outcrops : (+f- 20
cm)
Base flow error
+/- 3 cm WSL error
+/- 10% discharge error

In flow/outflow boundary errors
inadequate buffer distance
function fitted to stagedischarge curve
Roughness height error
unstable substrate
unstable vegetation

--

Verification errors
Flow measurement error
discharge (+I- 15%)
velocity (+/- 15%)
depth (+I-3 cm)
High water mark WSL (+/3 cm)
Differences in depth and velocity
due to channel changes in 1997
flow test
Horizontal interpolation error
tape=g

tape measurement error

The cumulative effects of all of these errors may have been responsible for the

discrepancy between observed and simulated depth and velocity. However, it is reasoned
here that a large portion of the hydraulic model error is explained by four factors:
The diffkulty in representing the complexity of Cascade Creek's channel topography;
The significant effect that locaI channel and substrate components (such as cobbles
and boulders) have at low flow. It is impossible for the model to accurately simulate

depth and velocity for these low flow / large substrate conditions;
Changes to the channel that occurred between the collection of the one-dimensional
flow data (1 997) and collection of the two-dimensional topography data (1 998).

These changes would result in a situation in which the modeled conditions were
slightly different from the observed conditions; and
Errors associated with the measurement of actuai flow velocity, especially at such
shallow flow depths.

In addition, the adopted calibration roughness heights at Cascade Creek are higher than
those derived for other applications of the R2DFLOW model (personal communication,

P. Steffler, 1999). It may be that the modeled channel topography was slightly lower in
elevation than the actual channel topography measured at the time of the hydraulic

measurements were completed. In order to calibrate the model to 1997 WSLs using the
1998 measured channel topography, higher roughness heights were required to raise

water surface levels.
Two explanations are available to explain the differences in measured bed elevation.
Firstly, the channel may have degraded during the 1997 flow test. The channel did appear
to have changed a small amount based on casual observation. Secondly, systematic error
may have been occurring during surveying of the channel bed. Generally, the survey rod

sank several centimeters in the fine sediment, or was placed in the interstitial spaces
between substrate elements (e.g. cobbles). As a result, the measured channel topography

may have been several centimeters lower than the actual channel topography.
It is speculated that model errors will decrease as modeled discharge increases. As water

depth increases, boundary shear resistance and local substrate components will have a

reduced impact on velocity distribution and depth. Unfortunately, these assumptions can

not be tested without the collection of additional hydraulic data at a higher flow.
6.3.

Habitat Predictions

The habitat predictions were based on output from the hydraulic model and were also

subject to error. Unfortunately, it was not possible to accurately quantify this error due to
the large number of hydraulic mesh nodes. However, the results of the habitat sensitivity
analysis showed that small errors in depth and velocity can result in moderate to large
errors in calculated SI. These findings are in contrast to the work completed by Bourgeois
et. d.(1996) and Morhardt (1986).They concluded that modeled WUA is not sensitive to
random errors in simulated water depth or velocity for the standard 1D and empirical
approaches.
The sensitivity results showed that SI sensitivity is dependent on the slope of the SI
curves. SI curves with steeper slopes have higher potential errors. It was found that error
sensitivity was greatest for the following lifestages, especially at lower flows:

Depth - cutthroat spawning and fky; and bull trout fiy and juvenile; and
Velocity - cutthroat spawning and juvenile; bull trout spawning and adult.
Another concern is raised regarding the estimation of juvenile and fry habitat. Rose and
H a m (1989) state that WUA predictions for f'ry should be examined with caution. In

some cases. young of year WUA predictions may be underestimated due to hydraulic
averaging. They cite an example from the Upper Colorado basin where fry WUA showed
a m;tuimum at very low flows that were exceeded by natural flows most of the time- They

criticize that WUA did not reflect the importance of backwaters and local eddies that
occur at high flows, which are difficult to simulate with depth-averaged hydraulic
models.
An additional effect may have occurred at Cascade Creek that underestimates habitat.

Several side channels are present throughout the study area that could not modeled for
practical reasons. At higher flows, some of these side channels, which are currently dry or
pass very low flows, may be activated. They would provide suitable nursery and rearing

areas for fiy and juvenile bull and cutthroat trout. Stanford (1 994) described similar
findings for a study on the Colorado River.

CHAPTER 7:

RECOMMENDATIONS

This chapter presents recommendations based on the findings of the thesis. The first
section discusses and recommends flow releases for Cascade Creek to improve fishery
habitat. The second section presents recommendations that could potentially improve the
methodology and results of the hydraulic model. The third section makes suggestions that
could potentially improve the results of the habitat assessment.
7.1.

Flow Recommendations for Cascade Creek

Kondolf and Micheli (1996) indicate three major components that should be considered
when in stream restoration projects: hydrology, geomorphology, and habitat.
Furthermore, it is the interaction of flow, channel and floodplain that provide the
fiamework for aquatic habitat.

In terms of improving the long term viability of bull trout and cutthroat trout populations
in Cascade Creek physical habitat is one of many factors that requires consideration.
Other factors may include temperature, water chemistry, competition, food supply, and
migration continuity (see Appendix 11). Kondolf and Micheli (1 995) recommend
conducting a limiting factor analysis as part of a stream restoration assessment to
establish the relative importance of each factor on the fish population of interest. It is
recommended that a limiting factor analysis be conducted for the two indicator species at
Cascade Creek.
The Cascade Creek flow recommendations presented here were derived using the WUA
versus discharge results presented in Section 5.6. It was discussed earlier, and is stressed

again here, that several key assumptions were required to calculate physical habitat at
Cascade Creek. These assumptions were summarized in Table 26. The WUA versus
discharge predictions should be considered as first order approximations and should be
applied with caution.

The WUA versus discharge predictions for each site are plotted in Figures 43 to 45.
Deriving appropriate flows for stream restoration and fisheries protection fiom WUAdischarge curves can be conducted in a number of ways. Some studies have used the
WA-discharge curves to generate habitat time-series using historical natural flow
records. Habitat duration curves and other habitat summaries are then used to negotiate
for minimum flows. Another approach involves the grouping of lifestages into

"biologically significant periods" (BSP's) in which the WUA-discharge curves of
Lifestages that occupy similar seasons are grouped together and assessed to make flow

recommendations.
The flow recommendations presented here are based on an assessment of total WUA and
the individual lifestage WUA-discharge curves. Total WUA was calculated by summing
WUA at each discharge for all lifestages of both species at each site. More detailed

Iifestage-specific assessments may be conducted by other parties at a later date if desired
or warranted.
Figure 49 plots total WUA-discharge curve for each study. The plot indicates that total
physical habitat can be significantly improved with relatively small increases in
discharge. Increasing the creek discharge fiom 0.2 m3/s(current baseflow) to 0.5 m3/s
results in total W A increases of 39%, 30%, and 43%, for Sites EF, CE and BC,
respectively. Implementing flow increases of this magnitude would require modifications
to the d a m outlet, but few changes to the channel.

Significant habitat improvements could be further achieved by increasing discharge to
between 1.0 and 1.25 m3/s. Total WUA begins to decrease after discharge passes 1-25
m3/s.The maximum total WUA is reached at 1-5 m3/s, 1.0 m3/s, and 1.25 m3/s, for Sites

EF, CE, and BC, respectively. Based on all three sites, the average maximum W A
occurs at a discharge of 1.25 m3/s.

The concern with examining total WUA alone is that decreases in WUA for specific
lifestages may be masked by increases in WUA in other lifestages. Referring to the
individual WUA curves in Figures 43 to 45, a flow of 1.25 m3/sgenerally provides a
good balance of habitat for all lifestages, except for adult bull trout habitat. A flow of 2.0
m3/smaximizes habitat for the adult bull trout.
Based on these facts. the recommended steady flow rate for Cascade Creek is 1.75 m31s.
This rate of flow provides near-maximum habitat for the bull trout and provides good
habitat for the other lifestages of both species. The only lifestage that appears to
experience reduced habitat at 1.75 m5/sis bull trout fry. However, as discussed earlier,
nursery and rearing habitat may be underestimated by the model for the younger
lifestages.
Consideration should also be given to establishing an annual "flushing-flow" to remove
accumulated siit and organic detritus and to activate the growth of riparian vegetation

dong the channel margin. Accumulations of fine materials are particularly damaging to
the bull trout and cutthroat trout. Silt accumulations impact reproductive cycles, reduce

the availability of substrate cover for younger lifestages, and effect the aquatic food web.

The negative effects of silt on salmonids were discussed in Section 3.1.
The magnitude of the "flushing-flow" should be several times the imposed flow rate

established for the creek. The suggested flushing flow for Cascade Creek is 3.5 m'/s to 5
m3/s, in consideration of the recommended steady flow and the channel infrastructure

limitations. Work completed by Milhous (1 990) may be helpfid in fine-tuning the rate
and duration of the flush.

Establishing the steady flow and annual flushing flows described above will require
modifications to the dam, erosion protection in the spillway ditch below the dam, and
improvements in the flow capacity of the ditch circumventing the gravel pit.
Modifications to the dam and areas immediate downstream will require potentially costly

civil and geotechnical engineering. Based on the hydraulic modeling results, construction
of a one meter high armoured bem dong the east perimeter of the ditch should be
suficient to convey the recommended flows.
In addition to the above idhtructure modifications, it is recommended that all flow
increases be implemented in a step-wise fashion. Flows increases should be limited to 1.0
m'ls increments and monitored for several months prior to further increasing flow.
Attention should be paid to erosion, flooding, turbidity, and changes in aquatic habitat

during these monitoring periods. The dry channel between the ponds and tailrace is of
special concern. since it has not experienced flow for many decades. Channel erosion and

transportation of silt to the Bow River should be closely watched in this section.
7.2.

Methodology and Model Improvements

The RZDFLOW model and the accompanying software routines proved to be powerful
tools for simulating stream hydraulics. However, future users of this and other twodimensional hydraulic models should heed the warnings of Leclerc et. al. (1995). They
stated that two-dimensional hydraulic models are not well-suited to complex channel
conditions. The Cascade Creek velocity and depth simulation resuits were below the level
of accuracy expected, despite the fact that the channel topography was surveyed with
node spacing densities greater than other 2D hydraulic simulations that demonstrated
good performance.
Another group of comments relates to the difficulty in configuring and calibrating the
model. These tasks could potentidly hinder acceptance and use of the R2DFLOW model
by the IFN modeling community. It is recommended that:

the hydraulic depth versus discharge curves that represent the downstream boundary
of the model be changed to a more standard stage-discharge curve. This would
simplifL the incorporation of boundary conditions in the model;

typical roughness height vdues for the R2DFLOW mode1 be assessed and published.
Currently, there is very little information detailing the selection of roughness heights
for calibrating the model. Ideaily, an approach based on grain size distribution or
other field observations would be developed. Work by Barnes (1967) that
documented Manning's roughness coefficients for different rivers could be used as a
blueprint for the work; and
guidelines be developed for adjusting roughness heights throughout the modeled
region. The approach used in the thesis was to scale roughness height uniformly. This
approach may have impaired the accuracy of the final results.
7.3.

Improvements to Habitat Predictions

Several tasks could be completed that would increase confidence in the habitat

predictions made by the model. These are outiined below:
The bull trout and cutthroat trout SI curves utilized in the thesis were the only
published curves available at the time of the study. It was assumed that these
preference curves adequately represented the two fish species requirements. In
addition. it was assumed that habitat preferences of the westslope cutthroat trout were
adequately represented by the more general cutthroat trout SI curves. If new SI curves
are developed or the existing curves are improved, they should be adopted and used to
recalculate WUA.
Although physically modeling the effects of substrate and vegetation change on
channel index and W A is impractical, it would be interesting to speculate on these
changes. Different channel index scenarios could be developed with the aid of

.

experienced aquatics biologists and geomorphologists. The channel index values for
each scenario could be included in the WUA calculations and the effects on the
WUA-discharge plots could be determined. In this manner, the sensitivity of WUA to
channel index could be assessed,

I t is also recommended that the sensitivity of SI cdculations to errors in simulated

velocity and depth be revisited. Although previous research has indicated that SI and
WUA are not sensitive to hydraulic model errors. the findings here indicate otherwise.
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APPENDIX I: GLOSSARY OF TERMS

Two-dimensional
Occupies lakes the majority of time, but spawns in rivers.
-

-

-

Young salmonids between the egg and fry stage. AIevin
have not yet absorbed the yolk sac or emerged fiom the
spawning gravels.
Occurring in separate, non-overlapping geographic areas.
Often used of populations of related organisms unable to
crossbreed because of geographic separation.
Occupies salt water the majority of the time, but spawn and
hatch in fieshwater.
Substrate, vegetation, channel or bank features that shelter to

fish from stream elements or provide refbge tiom enemies.
Cover features vary with species and lifestage, and can
include substrate, overhanging vegetation, submerged roots.
log jams, and deep pools.
An intersection of the stream channel at right angle to the

direction of flow. Cross-sections are defined by lefi and
right pins, and are the basis of velocity and depth
measurements.
Canadian Pacific Railway.

- -

p
p
p
p

The presence and downstream movement of
macroinvertebrates through the water column.
Fluvial

Pertaining to moving water (e-g. river).
-

Froude Number

-

Ratio of gravity forces to inertial forces that describes the
type of flow. If >1, inertia controlled, if -4= gravity

controlled.
Salmonid lifestage between zero andapproximately one year

of age.
.

- --

-

-

Geographic Information System.
Habitat Quality Index.
Refers to IFN approaches that link hydraulic models with

the habitat preferences of aquatic species.
Instream flow incremental methodology. A specific IFN
methodology developed by the U.S. Biological Survey that
uses physical habitat.

IFM

Instream flow method- A technique used to assess and
recommend flows for the protection of an aquatic
ecosystem.

IFN

Instream flow need. The timing and volume of discharge
required to protect or consene all or components of the
aquatic ecosystem.

I Juvenile

Fish fiom one year of age until sexual maturity.

Lake based life form or process.
Large organic debris. Woody material greater than 2.5 cm in
diameter that includes logs and rootwads.
Still water.
Flowing water.
Physical habitat at the scale of 100's of meters or greater.
Determined using similarities in characteristics such as
geomorphology and hydrology.
Macroinvertebrate

Aquatic organisms that can be seen with the naked eye that
act as an important food source for trout (e.g. mayfly,
stonefly and caddisfly).

Mesohabitat

Physical habitat at the scale of the stream width. Examples
include riffles, runs and pools.
-

Microhabitat

- - - --

Physical habitat at the scale used by individual fish (square
meters or less). Generally distinguished using local stream
characteristics such as cover, depth, and velocity.

PHABSIM

Physical Habitat Simulation Model. A specific habitat
model developed for use with the IFIM.

Pool

Deeper and slower moving portions of rivers.

I
Recruitment

This term refers to the number of fish fiom a year class

reaching a certain age. For example, all fish reaching their
second year would be age 2 recruits.

-

-- -

--

-- - --- - - -

-

Calculated difference between simulated and observed
values
Steeper gradient high velocity areas between pooh that
typically have coarse substrate and non-laminar flow.
Non-aquatic area that directly influences the stream and is
subjected to periodic disturbance by flooding.
Shallow troughs in natural streams that have low to
intermediate gradients and laminar flow with a smooth
surface.
Suitability index. Rates the preference of a lifestage for a
specific parameter (such as velocity) out of 1. Unitless.
Water surface level (same as WSL)
Horizontal location fiom the left pin (looking upstream)
along a cross-section. Units in m.
Occupying the same or overlapping geographic areas
without interbreeding. Used of populations of closely related
species.
Trans-Canada Highway.

I
Temperature unit

T'he sum of the mean daily temperatures above O0 C.
rriangulated Irregular Network

I
Trade-off analysis

A process that enables stakeholders to evaluate the costs and

benefits of different scenarios during negotiations.

Water Survey Canada.
Water surface level (same as stage). Units in m.
Weighted usable area A measure f the total physical habitat
for a study reach. Units in m'.

APPENDIX U:

FACTORS CONTROLLING SALMONID POPULATIONS

This appendix reviews the factors that control salmonid populations in fluvial systems.
Although a detailed discussion of the biotic and abiotic factors that affect salmonid
populations is beyond the scope of this review, a basic level of understanding is required
to understand the IFN methods presented in Section 3.2, and to discuss the strengths and

weaknesses of the habitat-based approach adopted in this study. The discussion presents
the general controis that affect population success and a more detailed review of the

concepts of physical habitat.
11. 1 General Salmonid Information
The name "trout" is used to describe species of the salmonid family that spawn in the
spring. Fall spawners are known as "char". The salmonid family contains three

subfamilies: Coregoninae, Thymdlinae, and Salmoninae (Nelson and Paetz, 1992), each
of which contain species that inhabit Alberta waters. The latter subfamily, salmoninae,

contains three genera: oncorhynchus, sulmo. and salvelinius. The two species addressed
in this study, the bull trout and westslope cutthroat trout, belong to the salvelinius and
oncorhynchus genera, respectively.
All members of the salrnonid family are native to the cold waters of the Northern
Hemisphere (Nelson and Paetz, 1992). Most salmonid species occur only in freshwater,
although some occupy both freshwater and saltwater. Four life history types are reported
in the literature: anadromonous, adfluvial, fluvial and resident. Anadromonous fish
migrate seasonally between seawater and freshwater. Adfluvial fish migrate seasonally
between lakes and tributaries. Fluvial types migrate between larger mainstem riven and

tributaries. Resident fish reside their entire lives in smaller tributary and headwater
streams. All life types spawn in fieshwater. Generally, migratory fish spawn and rear in

lower order mbutaries, then relocate downswam to feed and overwinter in larger more
productive bodies of water (McCart. 1997).
Members of the salmoninae family progress through several stages of development
before reaching maturity. The five stages commonly sited in the literature are: incubation.
alevin, fry, juvenile and adult. Depending on the species, mature adults spawn in either
spring or fall. The timing is believed to be guided by water temperature and length of day
(Nelson and Paetz 1992). Salmonids typically spawn in gravel and cobble bars and riffle
areas by digging a shallow excavation called a "redd, depositing their eggs, and covering

them with gravel (Chapman, 1988). Females deposit several thousand eggs in a redd

which are subsequently fertilize by males. Once fertilized, the eggs are covered with the
excavated substrate and left to incubate.
After incubation, individual fish emerge as alevins during the spring or early summer. To
avoid predation, alevins typically remain hidden in the substrate for several weeks,
surviving off their attached yolk sacs. After the yolk sac has been consumed, individuals

are reclassified as "fry" and either stay within the substrate matrix for several more weeks
or relocate to lower velocity rearing areas where they feed, rest and continue to mature.
Fry become juveniles after one year. Depending on an individual's life cycle, juveniles

may eventually emigrate downstream to a sea, lake or larger river, or remain as residents
of the tributary. The timing of migration movements varies between species and
individual populations. Salmonid are considered adults on reaching sexual maturity, and
typically live to eight years of age.

11.2

Salmonid Population Controls

In riverine systems, fish are influenced by biotic, abiotic, stochastic and anthropogenic
factors. The interplay of each of these factors affects the carrying capacity of the stream
environment and the biomass of fish populations. These determinants are summarized

below. Emphasis is placed on the role of habitat in fluvial systems. since it is the habitat
type of importance to this study.

A variety of factors control the populations of salmonids. Determinants vary fiom human

influences, such as overfishing, to more subtle factors, such as reductions in food supply
resulting from siitation. The following discussion summarizes the major factors that
control salmonid poputations.
Food A vailability

The abundance of fish in a stream is partially governed by the quality and quantity of
available food. Feeding habits of salmonids vary considerably, and may include plankton,
fish, benthic invertebrates, and terrestrial invertebrates (Nelson and Paetz, 1992; Hickman

and Raleigh, 1982). Research has shown the importance of benthic (bottom) dwelling

macroinvertebrates to the salmonid's food supply (Marcus et. al., 1990).
Macroinvertebrate insects, defined as fauna greater than 500 pm in size, are viewed as the
fimdarnental link between organic inputs to the stream. such as riparian vegetation and

algae. and fish (Hauer and Resh, 1996). Macroinvertebrate biomass is a function of
stream productivity, which in turn is controlled by factors such as turbidity, water
temperature, vegetation input, and water chemistry (Cupli, 1986).
Researchers have also identified a strong link between stream productivity and
geomorpho1ogical attributes of rivers (Pitiick. 1994). Disturbances that impact channel
stability can directly impact the food web and fish populations. The coarse well-aerated
substrate of stream riffles appears to be the most productive portion of the channel for
generating macroinvertebrates (Waters, 1969; Hickman and Raleigh, 1982; Chapman,
1988). Because macroinvertebrate fauna are more abundant and diverse in riffles than in

pools. invertebrate numbers are particularly sensitive to geomorphological changes at
riffle sections. Increases in fine sediment in riffles reduce the production of invertebrate

fauna (Hickman and Raleigh, 1982). In Colorado's Gunnison Gorge, the food web was

impaired because the presence of fine sediment within and above the substrate reduced
habitat for zoobenthos (Stanford, 1994).
Reproduction

Salmonid population are governed to a large degree by their reproductive success.
Spawning sites are selected to maximize protection, incubation and hatching success
(Stalnaker et. al., 1995). Research has shown that the effects of water temperature,
dissolved oxygen, water velocity, and gravel permeability are important for successfid
incubation (Hickman and Raleigh, 1982). Coarse substrates (e.g. gravel and cobble) are
selected for spawning sites because they are well-aerated, allow the movement of
oxygenated water through interstitial spaces (Chapman, 1988), and provide protected
interstitial spaces for emerging fky to dwell. Typically, salmonid redds are located in
areas with silt-free gravel with sufficient velocity to prevent sediment from depositing on

the redd. The optimal column velocity for embryo development is cited between 0.30 and
0.60 m/s (Hickman and Raleigh, 1982).

Recruitment

Recruitment describes the rate at which individuals are added to successively older age
categories. Successful populations have high levels of recruitment. Recruitment success
between lifestage categories is governed by mortality, which in turn is determined by
factors such as predation, competition, habitat availability, and disease. Recruitment must
be successfid between all lifestages to develop a diverse and healthy population.
Inter-species Interactions

Two of the major types of inter-species interactions that affect sairnonids are competition
and genetic introgression. The effect of inter-species competition can vary from limiting a
species' overall abundance to influencing the locations that individuals occupy in a

stream (Nelson and Paetz, 1992). The abundance of an individual species is typically
highest when competition is absent (Stanford, 1994).
When the demand for physical habitat exceeds its availability, individuals of a weaker or
less aggressive species may adjust their use of the stream's physical habitat and undergo a
niche shift (Marcus et. al., 1990). In some cases, a species may completely vacate an area
because of its inability to successfilly compete. For example, brown trout can
successfirlly exclude brook trout fiom specific microhabitats (Fausch and White, 1981).
Habitat degradation may also increase the advantage of certain species over others.
Waters (1 983) observed that afier habitat degradation, brown trout monopolized the
degraded habitat, and rainbow trout were displaced to less favorable locations with higher
water velocities, less shade, and greater distances to suitable cover.
Genetic introgression is another interaction that can impact a population. When forced to
share environments, some species may inadvertently interbreed due to similar spawning
timing and spawning habitat use. Sometimes when species that evolved separately are
brought together, they have no biological mechanisms that allow them to live
harmoniously without interbreeding. Hybridization with non-native salmonids is believed
to be a major cause for the decline of the westslope cutthroat trout (Liknes and Graham,
1988).
Water Temperature

Water temperature is a determinant of the environment that fish inhabit. Most biological

and chemical processes in aquatic environments are ultimately regulated by water
temperature (Marcus et. al., 1990). Dissolved oxygen requirements are high for
salmonids. As water temperature increases, water's dissolved oxygen saturation level
decreases and the oxygen requirements of fish increase (Hickman and Raleigh, 1982). As
a result, temperature increases can be lethal to fish (Hickman and Raleigh, 1982). Each

fish species tends to prefer a specific temperature range (Nelson and Paetz, 1992; Cupli,
1 986). Salmonid mortality begins to occur at approximately 25O C (Jobbing, 1981).
Stream temperature is affected by several factors. Heat input is directly proportional to

exposed stream surface and inversely proportional to stream discharge (Men et. al.,
1977). The cooling effects of riparian vegetation shade have also been documented.
Activities that reduce the riparian canopy or widen stream channels can increase sunlight
penetration and surface water warming (US. Fish and Wildlife Service, 1997). Lynch et.

al. ( 1984) noted that water temperatures increased above historical levels in summer after
riparian vegetation was removed in a Pennsylvania stream.
Stream temperature may also be affected by water retention structures. Rivers regulated
by hypolirnniurn (bottom) release dams are cooler in summer and warmer in winter for

many miles downstream (Stanford, 1994). These changes can alter h e temperature cues

that trigger spawning in satmonids.
Stochastic Eflects

There is currently some debate as to which factors ultimately control population size and
biomass in the long-term. Some argue that stochastic factors control salmonid
populations. Environmental stochasticity refers to the occurrence of random variations in
the natural environment such as droughts, floods, and extreme climatic events. Stochastic

proponents believe that these extreme high-mortality events ultimately limit population
size. This view stresses that the carrying capacity of an aquatic system is never reached
and that competition is not an overt factor limiting population size (Hearn, 1987).

Others argue an alternative "ecological crunch theory (Wiens and Rotenberry, 198 I), in
which population size is limited due to competition for habitat with other species. Based

on their work with trout streams, Platts and Nelson (1988) found that stochastic processes
can be more important for some salmonid species-

Human Irrfluences

Human actions can also impact salmonid popuiations. Some activities cited in the
literature include overfishing. fish stocking, and water resources projects. Certain species,
such as the bull trout and cutthroat trout are highly susceptible to angling, since they are
piscivorous and easily caught using bait. Bjornn et. al. (1977b)stated that. in some
streams, cutthroat trout populations could be fished to extinction if catch limits were not
imposed. The introduction of non-natives into watersheds may also have disastrous
effects on local species, since non-natives often outcompete and hybridize with local
populations.
Activities, such as hydro-power and forestry impact aquatic environments in different
ways. The possible effects, which are too numerous to fidly describe here, may include
a1tering daily, seasonal or annual hydrographs, blocking access to spawning tributaries,

altering temperature conditions, or causing changes to the natural sediment load resulting
in channel aggradation or degradation.
Phvsical Habitat

Habitat. or "livable space", is defined by features that provide a suitable environment for
instream biota (Maddock and Bird, 1996). More specifically, habitat is defined by the
physical-chemical qualities of a stream that support the requirements for maintenance and
propagation of a species or community (Maddock and Bird, 1996). Evidence suggests
that both the quality, quantity and diversity of available habitat effect the structure and
composition of resident communities (Meffe and Sheldon, 1988;Ward and Stanford,
1979; Bovee et. al., 1994;Maddock and Bird, 1996;Cupli, 1986).

Diverse physical habitat is required to maintain the essential food, cover, spawning, and
rearing requirements for salmonids (Cupli, 1 986). The provision of suitable habitat for
each lifestage improves recruitment, and ultimately results in a higher standing crop. The
habitat needs of fish vary with species and lifestage. For example, younger trout are

known to live in shallow water and stay close to escape cover. Fry are generally not

found more than one meter away fiom cover (Hickman and Raleigh, 1982). McCrimmon
(1 954) observed that habitat requirements of fish change as they grow. with a general
movement to deeper and faster water.
Physical habitat forms the basis of many IFN methodologies. As a result the following
section provides a more detailed review of the subject. For brevity, the discussion focuses

on physical habitat alone and ignores temperature and water quality issues.

11.3

Salmonid Physical Habitat

A quote by Rosgen (pg. 9 1, 1985) regarding the study of fluvial systems provides an

appropriate forward to this section. He states that "what initially appears complex is even
more so under fiuther investigation". Statzner et. al. (1 988) corroborate, declaring that
alluvial rivers are among the most complex natural systems currently studied. These
statements are aptly transferred to a description of fluvial fish habitat. The concept of fish
habitat becomes increasingly complex as one discovers the numerous factors and
processes that control it.
Fluvial habitat is explicitly linked to the same processes that control fluvial systems
(Kellerhals and Miles, 1996). As a result, fluvial habitat is in a constant state of
adjustment in space and time. The dynamic nature of fluvial systems is a k c t i o n of the
concurrent interactions between hydraulics, sediment transport, erosion and deposition
processes. These processes are, in turn, controlled by the geological, climate, hydrology,
Iand use, and vegetation characteristics of a watershed. The various processes function at

timescales ranging from long-term to short-term.
Despite this complexity, a conceptual framework that describes the nature of channels, as
well as the biological significance and function of channel features, is fundamental for
developing sound aquatic management strategies (Beschta and Platts, 1986). The goal of

this section is to provide this framework. The discussion presents the concepts involved

in fluvial habitat at three spatiai scales.

Hawkins et- al. (1 993) indicate that important environmental variation exists within
aquatic systems at all levels of spatial resolution. Three spatial classes of salmonid habitat
are generally cited in the literature: macrohabitat, mesohabitat, and microhabitat.

Macrohabitat refers to the broadest scale of habitat, namely the river segment.
Mesohabitat describes habitat at the channel unit length, typically several orders greater
than the width of the channel. Finally, microhabitat describes Iocalized areas with

uniform characteristics that are utilized by individual aquatic organisms.
.bfacrohabitat

Macrohabitat, the highest spatial order of aquatic habitat, represents uniform geographical
areas at the drainage basin or river sector level. These units typically represent drainage

areas ten to several hundred kmz in size, and channel lengths spanning many kilometers.

Macrohabitat is governed by the physiographic features of the region*including
topography, geology and land-use (Maddock and Bird, 1996). Climate and hydrology are
also consistent at this scale. An example of the relationship between macrohabitat and

biology is the longitudinal distribution of species along a river (Maddock and Bird,
1 996). Moving downstream fiom headwater areas, specific aquatic cornrnunities are

associated with specific macrohabitat types.
The processes that control macrohabitat act over different time scales. Mountain building
processes that control regional topography and geology act over millions of years.
Erosional processes that govern the longitudinal profiles of rivers act over hundreds or
thousands of years. Hydrological processes occur over a range of time scales, fiom hourly
run-off events to multi-year trends in water supply. Macrohabitat can also quickly be

affected by man-made projects. Land-use changes and water management projects, such
as logging or dams, can influence aquatic habitat through channel excavations,

streamflows diversions, water quality impacts, and alteration of riparian vegetation
(Klingeman and MacArthur, 1990).
Hydrology has a direct influence on physical channel characteristics, and hence, on
aquatic habitat. According to Palau and Alcazar (1996), hydrological variables such as
stream discharge (mean, maximum, minimum and timing) are important components that
determine the organization of a river system. Research has shown that the natural
variation in flow, including periodic overbank flooding, is essential to maintain a river's
form (USDA Forest Service, 1984; BBVS, 1996; Statzner et. al., 1988). The combined

effects of a watershed's hydrology and geology arguably have the greatest impact on a
river's physical characteristics (Stanford, 1994). These factors directly influence the
geomorphological, hydraulic, sediment, and riparian processes that shape the channel
environment. Ultimately, these macrohabitat processes influence the type of aquatic
community and species that can live within that environment.

Meso habitat
Mesohabitat is similar in scale to "channel units" and "channel geomorphic units" used in
geomorphology circles. The definition of mesohabitat varies somewhat between
researchers. Hawkins et, al- (1 993) suggest that mesohabitat units represent "quasidiscrete areas of relatively homogeneous depth and flow" (pg. 6). Others include
variables such as bankside cover (Kershnety and Snider, 1992), slope and Froude number
(Jowett, 1993), and substrate size in their definitions. Mesohabitat lengths are usually

within several orders of magnitude of a stream's width, although they can extend for
longer distances.
Mesohabitat classification schemes differ in one important way fkom geomorphological
channel units descriptions. Mesohabitat units capture not only the homogeneous medium
scale physical characteristics of streams, but also organize these distinct physical
territories in an ecologically meaningfid way by incorporating observed biotic-habitat

relationships (Hawkins et. al., 1993). For many biota, important differences in habitat use
occur at more discrete scales than those recognized by geomorphologists (Hawkins et. d.,
1993).

The classification scheme prepared by Hawkins et. al. (1993), shown in Figure 20, is an

accepted mesohabitat system. Mesohabitat types are segregated using a three level
hierarchy. At the coarsest level. habitat is assigned a status of fast or slow-moving water.
At the second level, fast water is divided on the basis of whether flow is turbulent or non-

turbulent. Slow water areas (pools) are W e r subdivided based on the cause of the pool:
scouring or damming. At the third level, habitat is assigned to one of 18 meso types,
including riffle, run, scour pool, and debris pool.
Pools and riffles are generally the most common kind of mesohabitat (Klingeman and
MacArthur, 1990). Pools occur where the local stream gradient is low and downstream

channel controls cause backwater effects. Pools are generally characterized by deep slow
moving water, sub-critical flow, and finer substrate. Riffles occur in areas where stream
gradient is high (Jowett, 1993) and are typified by shallow fast moving water,
occasionally super-critical flow, and coarser substrate (Hawkins et. d., 1993). The third
most common mesohabitat type is the nm, which is intermediate in nature.

Biotic abundance and distribution correlate with mesohabitat type (Everest and Chapman,
1972; Bisson et. al., 1982; Hankin and Reeves, 1988; Modde et. al., 1991). These
associations have been observed for different species and different lifestages. Salmonids
show preferential use of various mesohabitat types for feeding, resting, overwintering,
predator avoidance, and spawning/incubation. Other processes have also been correlated
with mesohabitat type, including nutrient uptake, algal abundance, and invertebrate

production (Hawkins et. al., 1993).
Modde et. al. (1 991) found that the biomass of brown trout varies with mesohabitat and
that brown trout use was bighest in plunge pools. Bisson et. al. (1982) also observed the

preferential use of pools by cutthroat trout. In general, pools are important stream habitat
for fish. Pools can provide important rearing habitat during summer, when much of a
stream's water volume may reside at those locations (Beschta and Platts, 1986).

Salmonids also use riffle habitats. The rapid flow and coarse substrate conditions within
riffles are utilized for spawning, incubation and by rearing f j (Beschta and Ptatts, 1986).
The fast water velocities within riffle habitat reduce the accumulation of silt and maintain

shallow subsurface permeability. Substrate permeability is important, since it enables the

flow of oxygen-rich water for egg incubation, and facilitates the removal of embryo and
alevin wastes (Hickman and Raleigh, 1982).

Salmonids occupy different mesohabitat types in winter (Hartman, 1965). Many
salmonids utilize pools with slow moving water to sumive the winter (Hickman and
Raleigh, 1982). Trout are also known to bury themselves in the substrate or seek shelter
under instream objects during winter, possibly for protection fiom ice scouring (Hickman
and Raleigh, 1982). Hickman and Raleigh (1 982) indicate that in some streams the
amount of adequate overwintering habitat may limit population size.
The importance of habitat diversity becomes apparent at the mesohabitat scale. Different

salmonid lifestages rely on different mesohabitat types in a stream for feeding, resting,
reproduction, and overwintering. Shirvell and Dungey (1 983) showed that brown trout
populations may be iimited by low amounts of habitat for a specific lifestage. Hickman
and Raleigh (1 982) suggest that a ratio of 1:1 of pool to riffle areas provides the optima1

mix of reproduction and rearing areas.
Mesohabitat diversity affects salmonids indirectly as well, through the control of
macroinvertebrate food sources for example. Bovee et. al. (1994) have suggested that
mesohabitat that is not directly utilized by a species may be equally as important as
habitat used directly by that species. For this reason, he suggests that a diversity of

mesohabitat types is necessary to satisfj. the minimum needs of all life-sustaining
processes within a stream.
Micro hab itar

Bovee (1982) describes microhabitat as the hydraulic and structurai features that combine
to create the actual living space of an aquatic organism. An important distinction in this
definition is that microhabitat occurs at a scale that that influences site selection o f
individual fish. Microhabitat is typically classified at spatial scales from one to several
square meters.
Fisheries biologists have long observed that fish tend to occupy specific locations in a
stream (Nelson and Paetz, 1992). As early as 1930, Thompson and Hunt (1930) observed
that fish segregated laterally and longitudinally throughout streams by differences in

velocity, depth, cover and substrate. Hubbs (1 94 1) hypothesized that the microhabitat
niches preferred by fish were a function of body morphology and community behavior.
Subsequent studies have refined these ideas and have revealed that energetic advantage,
reproductive success and biologic interactions dictate the position of fish in rivers
(Stalnaker et. al., 1995). For example, fish may select and compete for microhabitats to
optimize their foraging energetics, or minimize their risk of being preyed upon (Stalnaker
et. al., 1995).

In 1969, Lewis (1969) was able to predict the position of trout in streams 75% of the time
using a simple model based on velocity and instream cover. Later, Shirvell and Dungey
(1 983) demonstrated that brown trout occupied specific physical niches by choice, and

that these niches are similar for different rivers. Their work showed that velocity was the
most important variable determining the position of brown trout. The exact position
chosen by resident salmonids appears to be related to a combination of small scale
physical characteristics, which include velocity, depth, cover and substrate (Stalnaker and
Arnette, 1976; Shirvell and Dungey, 1983 ; Lewis, 1969).

Flow velocity is arguably the most significant factor effecting the energetics of stream
communities (Sprules, 1947). The morphology of aquatic organisms enables them to live

in and exploit a specific range of water velocities. Shirvell and Dungey (1983) found that
brown trout prefer distinct velocities. depending whether they were feeding or spawning,
and chose similar microhabitats regardless of the available habitat in different rivers.

Depth is also considered to be an important variable that distinguishes microhabitat

niches. Certainly, salmonids can survive over a wide range of water depths, provided that
other factors are acceptable. However, individual lifestages generally prefer certain depth

ranges. One explanation is that depth provides an element of cover for fish (Giger, 1973;
Wesche et. al.. 1985; 108). Brook trout were shown to prefer shaded areas in shallow
water, but showed no preference for cover in water greater than 0.25 m depth (Marcus et.
al.. 1990).

Laboratory and field evidence suggest that salmonid habitat quality and standing crop are
also related to the amount of cover in a stream (Hickman and Raleigh, 1982; 108). Cover
is difficult to define in purely physical tenns and its use by salmonids is not entirely

understood (Marcus et. al., 1990). However, cover is recognized as one of the essential
components of quality salmonid meams (Hickman and Raleigh, 1982).

Peviani et. al. (1996) define cover as a hiding place for fish, providing refuge fiom
predators and adverse conditions, such as high stream velocity. Wesche et. al. (1985)
indicate that cover consists of three physical components: 1) instream substrate having a
particle diameter 7.6 cm or greater with water depth at least 0.15 m; 2) overhead bank

cover. including undercut banks, overhanging vegetation, logs and debris jams having
effective lengths greater than 0.09 m and water depth greater than 0.15 m; and 3) deep
pools having water depths at least 0.45 m.
Cover also appears to provide relief fiom severe flow conditions (Peviani et. al., 1996).
The location of energetically profitable positions is an important environmental variable

for salmonids (Pitlick, 1994). For example, mountain rivers tend to have high average
velocity. but are also characterized by large channel irregularities, such as boulders. that
create diverse velocity conditions within the channel. Low velocity eddies created
downstream of these channel irregularities are exploited by salmonids as resting and
feeding stations. Salmonids are well adapted to resting in slow water areas and making
forays into rapid water to feed on drifting invertebrates. Peviani et. d.(1996) suggest that
the quantity of cover increases with the granularity of the substrate.

Baldes and Vincent (1 969) showed that salmonid's use of cover may be related photonegative response. They observed that brown trout have a strong preference for shaded

areas in a laboratory flume. Similarly, a regression model developed by Wesche et. al.
( 1 987) showed that brown trout standing crop was directly proportional to the amount of

overhanging bank cover.
Substrate has also been cited as a primary factor influencing habitat quality and salmonid
standing crop. Substrate serves two purposes for salmonids. Firstly, substrate provides
cover, most notably for the younger lifestages that can utilize its interstitial spaces.
Secondly. substrate is used to house, protect and incubate eggs. Salmonids prefer to use
gravel to small cobble sized substrate for spawning (Chapman, 1988).

APPENDIX III: OPEN CHANNEL FLOW
This appendix provides an overview of the fundamentals of flow in natural channels. The
first part of the discussion reviews the classifications used to describe flow. The second
part reviews the forces in play in open channel flows. The third section presents a

summary of the various hydraulic equations that are used to model open channel flow.
The following review provides only a cursory overview of open channel flow. For more

comprehensive reviews of the subject, the reader is referred to Chow ( 1959). Chaudry
(1 993,and Dingman (1 984).

111.1

Classification of Open Channel Flows

Open channel flow refers to the flow of water in a channel whose upper surface is

exposed to the atmosphere. The elevation of the free surface may fluctuate with changes
in discharge or changes in the shape of the channel (Chaudry, 1993).
The physical characteristics of open channel flow in natural streams may vary. Open
channel flow is generally classified by four criteria: 1) the Reynolds number, which

describes the relative proportion of viscous to turbulent forces, 2) the Froude number,

which describes the relative proportion of turbulent to gravitational forces, 3) whether
flow is steady or unsteady, as determined by the rate of change of velocity or depth at a
point in space over time, and 4) whether flow is uniform or varied, as determined by the
rate of change of velocity or depth in the downstream direction at a point in time. Since

velocity and depth are co-dependent, they can be used interchangeably in the
classification of the last two items (Dingman, 1984).
In 1883, Osborne Reynolds recognized that flow occurs in one of two regimes: laminar or
turbulent. Laminar flow refers to flows in which adjacent molecular fluid layers move
smoothly past one another and fluid viscous forces dominate. In turbulent flow, inertial
forces dominate and water molecules move along complex and irregular paths. In natural

strearnflows, varied substrates and irregularly shaped channel boundaries cause abrupt
changes in velocity that cause turbulent flow. Reynolds developed a ratio comparing
viscous and turbulent forces to distinguish between the two states (Chaudry, 1993):
VR

R, =-

where:

v

R, = Reynolds f:
V = velocity

R = hydraulic radius
v = kinematic viscosity of the fluid

The transition fiom laminar to partially turbulent flow occurs when the Reynolds number
is approximateiy 500. Below 500, viscous forces dominate and flow is laminar. Between
500 and 2000, flow is considered to be transitional. Flows with Reynolds numbers greater

than 2000 are classified as fully turbulent. Turbulent flow is the most common type of
flow observed in nature (Leopold, 1964; Chaudry, 1993; Dingman, 1984).

The second categorization of flow is based on proportion of turbulent to gravitational
forces ( D i n p a n , 1984). The ratio was developed by William Froude, an English
hydraulics engineer.
where:

F = Froude f!
V = velocity
g = gravitational force
Y = mean channel depth

The Froude number distinguishes between subcriticai and supercritical flow states. When

F = 1. flow is said to be critical, and the flow velocity is equal to the wave celerity of a
small gravity wave traveling upstream (Chaudry, 1993). When F < 1, flow is said to be

subcritical, and a gravity wave is able to propagate upstream. When, F > 1, flow velocity
is of sufficient velocity to prevent the upstream propagation of a gravity wave, and flow

is said to be supercritical. Subcritical flows are also be referred to as "tranquil".
Supercritical flows are referred to as "rapid" or "shooting". Natural flow may occur in
either of the three states, however. subcritical flow occurs most commonly in natural
streams (Bovee, 199%)-

Dingman ( 1984) states that the basic characteristics of natural flow (i-e. velocity, depth
width) change in time and space. Accordingly, flow may also characterized based on

changes in depth or velocity relative to temporal and spatial references. These time and

space classes are used to distinguish the types of flow: steadyiunsteady and
uni fodvaried.

Flows are categorized as either steady or unsteady depending whether the velocity or
depth of flow at a point in a channel remains constant during a specified period of time. If
depth remains constant at a point over time, flow is steady and local acceleration remains

constant over the observation period (Chaudry, 1993). If depth changes at a point over
time, for example when a flood wave propagates downsneam. flow is unsteady, and local
acceleration changes within the time period.
Natural streamflows cycle through periods of steady flow and periods of unsteady flow.

For example, during spring runoff, river inflows may be i n a state of flux due to
meltwater runoff, diurnal temperature changes, and precipitation events. During this
period, the discharge rate, flow depth and flow velocity d o not remain constant over any
period greater than a few minutes and flow is unsteady. Conversely, natural flows may be

steady for long periods during dry summer periods after runoff has ceased and inflows
have stabilized.
Changes in velocity or depth longitudinally along the channel profile are used to
determine whether flow is uniform or varied. If flow velocity or water depth does not
change within a given length along the channel profile at an instant in time, flow is said
to be uniform (Chaudry, 1993). Flow acceleration in uniform flow is zero. Conversely, if

velocity or depth changes along a stream's profile, flow is said to be varied, and flow
acceleration is positive or negative along the channel profile. Varied flow may be further
classified based on whether it varies gradually or rapidly (Chaudry, 1993).

Whether flow is uniform or varied is largely a h c t i o n of the form of a channel.
Channels of uniform shape and slope tend to produce unifonn flows. Stream riffles are
commonly classified as having uniform flow, although true uniform flow is rare in
naturally occurring channels.
By combining the spatial and temporal classifications, all natwally occurring flows can

be described (Figure 50). Natural flows occur in only three of the four possible states:
steady-uniform, steadyvaried, and unsteady-varied. Unsteady uniform flow is considered

to be very rare since it is nearly impossible for the depth to change with time while the
same water surface slope is maintained (Dingman, 1984; Bovee, 1997b).

Forces in Open Channel Flow

111.2

Open channel hydraulics can be explained using the basic principles of physics (Leopold
et. al. 1964). The forces in play in open channel flow fall into three groups: those that act

in the direction of flow (propelling forces), those that act opposite the direction of flow

(resisting forces), and those that act at oblique angles to the direction of flow (oblique
forces) (Dingman, 1984). These forces are summarized in Table 28.
Table 28: Forces in Open Channel Flow

I

II

Propelling forces
Gravitational force
Pressure gradient force
p
p

--

Resisting forces
Frictional force due to fluid viscosity
Frictional force due to turbulence
( Pressure gradient force
-

-

-

-

1

Oblique forces
Surface tension force
Centrifugal force
~ o r i o l i force
s-

The forward motion of open channel flow is induced and supported by two forces: a

gravitational force and a hydrostatic pressure gradient force. Gravity is the only force that
induces flow and is the primary force that maintains forward motion. For a given volume
of water, the gravitational force (FJ in the downslope direction can be calculated using
the weight density of water (y), the volume of the parcel (AeB*C), and the slope of the

channel bed (8).

I

1I

Fg = yABC sin 0
Hydrostatic pressure is caused by the weight of the atmosphere and the weight of the
volume of water overlying all submerged points in a channel. Differences in flow depth at
points along a stream result in a hydrostatic pressure gradient. Atmospheric pressure can
generally be ignored in pressure gradient calculations because it remains constant across
the scale of most hydraulic studies. If the hydrostatic pressure varies between two

hydraulically connected points in a channel. the pressure gradient will induce water to
flow from the region of high pressure to the region of lower pressure, until hydrostzttic

equilibrium is reached. Hydrostatic pressure gradient forces may support flow in either
upstream or downstream directions.
The channel boundary is the cause of the most significant forces that resist flow

(Dinpan, 1984). In a flowing channel, the water layer in contact with tbe channel
boundary is stationary. This phenomena is referred to as the "no-slip property of water7'
(Dingman. 1984), and results in a strong shear stress at the channel boundary that opposes
the downslope flow of water. As the depth of flow increases, shear stress decreases
upward and velocity increases to its maximum at the fiee water surface.
The upward vertical velocity gradient is a function of several factors, including the

roughness and shape of the channel boundary, the discharge rate, and the temperature of
the water, to name a few. It has been shown through the physics of momentum transfer
that the velocity gradient in an open channel decreases logarithmically. This logarithmic
relationship holds true for many rivers (Leopold et. al, 1964).
Two types of resisting forces transmit the boundary shear stress upwards through the

water column: viscous forces and turbulent forces. Both forces have a suppressing effect
on water velocity, but they are mechanistically different. Viscous forces transmit
boundary shear stress via the viscosity of the fluid medium. Turbulent forces transmit
boundary shear stress via eddies in the water column.

Viscosity is caused by weak molecular attractions within a fluid that dampen its mobility.
Viscous forces are prevalent when flow is laminar, and water moves through the channel
along smooth flow paths. Shear stress is transmitted via viscosity in laminar flow by the
following relationship:
where:

t = Shear stress

p = Dynamic viscosity of the fluid

dv = Change in velocity
dy = Change in distance fiom bounda~

Turbulent forces transmit the boundary shear stress upwards from the boundary when
flow is in a turbulent state. Under turbulent conditions, water flows along irregular paths
and friction is transferred upward from layer to layer by turbulent eddy disturbances. The

average direction component of velocity is the same as laminar flow, however,

instantaneous velocity and direction will deviate from the average conditions.
Turbulent forces are described using an equation similar to that used for laminar
conditions. however, dynamic viscosity is replaced with eddy viscosity. Eddy viscosity is
a function of both fluid medium and flow characteristics. including flow depth and flow
velocity.
where:

t = Shear stress
E = Eddy viscosity of the fluid
dv = Change in velocity
dy = Change in distance from boundary

In addition to skin fiction of the channel, other forces also oppose the downslope flow of
water. Leopold (1 964) discusses three categories of resisting forces: skin friction forces,
internal distortion forces, and spill resistance forces. Internal distortion forces are caused
by medi urn and large scale morphological features of the channel, including channel

shape, bends, boulders, bed forms, vegetation, and bank protuberances. These features

form lateral and vertical eddies that rob the stream of energy.
Internal distortion forces are proportional to the square of the flow velocity, thus are more
significant at higher discharges. Leopold (1 965) states that in some cases internal

distortion forces may be as significant as skin friction forces. Bergeron, (1994) showed
that velocity profiles correspond to different scales of bed roughness: bottom velocity is
controlled by substrate particles, and upper velocity is influenced by channel bedform and
internal distortions.
Spill resistance forces result from sudden local reductions in velocity and depth, such as
cascades, chutes and hydraulic jumps. Stream energy is dissipated by waves and local
turbulence at these locations. Finally, the transportation of sediment and debris requires
stream energy and has a net negative effect on flow velocity (Trieste, 1994).
The remaining forces that effect flow in natural channels include surface tension forces,
centrifugal forces, and the Coriolis force. In most natural river flows, these forces play
only a minor role a can be safely ignored in hydraulic computations (Dingman, 1984).
111.3

Governing Equations

This section introduces the governing laws and equations of flow, many of which form
the basis of open channel flow models.

All physically-based hydraulic models are founded on three fundamental laws of nature:
the Law of Conservation of Mass, the Law of Conservation of Energy ,and the Law of

Conservation of Momentum (Chaudry, 1993; Dingman, 1984; Findikakis et. al., 1994).
These conservation laws state that the total mass, energy and momentum in a contained
system remains constant over time.
Conservation laws have the following general form:

where I is the value of mass, energy, or momentum entering the contained system, Q is
the value of mass, energy, or momentum leaving the system, and S, and S, are the

quantities of mass, energy or momentum stored in the system at the beginning and end of

the time period (Dingman, 1984). The Conservation laws may be written in an alternative
form by taking the derivative with respect to time:

This derivative form states that the rate of change of storage is equal to the difference
between the rate of inflow minus the rate of outflow (Dingman, 1984)Conservation equations are applied to specific regions of space and time. In open channel
hydraulics, a section of river channel is isolated into a control volume in which there is no
net change in total mass, energy, or momentum (Findikakis et. al., 1994). Under these
circumstances, S, equals S2 and dS,/dt equals dSJdt.

The conservation Iaws are the starting point for the creation of hydraulic models

(Dingman, 1984). Once the flow problem has been bounded in time and space, the
conservation equations terms are replaced by alternative expressions specific to the
problem at hand. Empirical relationships obtained fiom laboratory experiments or field
observations often supplement these three laws.
Two general approaches are typically used to solve hydraulic flow problems using

hydrodynamics: those based on energy principles and those based on momentum
principles. The Law of Conservation of Energy is generally used as the basis for solutions
to one-dimensional steady uniform and gradually varied flow problems (Chaudry, 1993;
Dingman, 1984). The Law of Conservation of Momentum is used to solve more complex
flow problems, including rapidly varied flow, unsteady flow, and problems requiring two

or three dimensions. The Conservation of Mass, or "Continuity Equation", is universally
applied in all approaches.

Conrinuitv Equation

In hydrology and hydraulics, the conservation of mass is expressed as the continuity

equation. The continuity equation states that total discharge in a contained system
remains constant. For steady one-dimensional flow, the continuity equation is commonly

written as follows:
:1 A, = 4 4

where:

V, = average velocity at cross-section 1
A, = flow area of cross-section I
V, = average velocity at cross-section 2
A, = flow area at cross-section 2

For steady or unsteady two-dimensional flow, the Continuity Equation may be written as
a partial differential relative to time and to the two Cartesian dimensions of space

(Ghanem et, al., 1995):
8~ 34,
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where:

H = depth of flow

a = vertically averaged vel in x direction
q,

= vertically averaged vel

in y direction

Enerw Equation
The energy equation describes the changes in total mechanical energy moving

downstream in a stream. It is based on the First and Second Laws of Thermodynamics
and is often applied in one-dimensional form. The first law, the Conservation of Energy,

states that no net loss in energy occurs in an isolated system. The second law states that

any conversion of energy tiom one form to another results in the irreversible loss of some
energy in the form of heat (Dingman, 1984).

The total mechanical energy at any point in a stream is determined by summing the

potential and kinetic energy. Potential energy has two components: pressure potential
energy (E,)

and gravitational potential energy (Em).Hydrostatic pressure potential is

defined as the pressure resulting from the weight of water and atmosphere overlying a
submerged point in a meam. The gravitational potential energy of a water parcel is based
on the elevation of the parcel above a datum (Dingman, 1984). The actual location of the

datum used to calculate the elevation is irrelevant, as long as it remains constant for all
measurements. By dividing by the weight of the water parcel, potential energy can be
expressed as potential head as a function of depth (y) and elevation (z) (Dingman, 1984).

H, = y + z

H, = potential head
y = flow depth
z = bed elevation

where:

The second component of mechanical energy is kinetic energy. Kinetic energy refers to

the enera expended by the movement of water in the channel. Kinetic energy is
calculated using the following formula:
where:

1

v-

H,. = 2g

H, = velocity head
v = velocity
g = gravitational force

By combining the expressions for potential and kinetic energy, the total mechanical
energy (HJ at a location in the stream can be calculated. This equation is known as the
Bernoulli equation. The Bernoulli equation is of central importance to hydraulics
(Dingman, 1984).

The energy equation is applied by construing an isolated system formed by upper and
lower channel cross-sections (Figure 5 1). Energy is calculated at the inflow and outflow
sections, and an energy grade line is drawn. As water flows downstream, potential energy
is converted to kinetic energy and a net energy loss (hA)results. The energy loss is

attributed to frictional heat losses due to the movement of the water and sediment
(Dingman, 1984). The energy equation is given below.

v,'
2, + Y , + - = Z ,
2g

v,'
+Y, +-+h,
2g

where

Z = bed elevation

Y = flow depth
v = velocity
g = gravitational force
subscripts refer to upstream and downstream sections

Because of assumptions in its derivation, the energy equation applies only to steady
uniform or gradually varied flow. However, it can be used for laminar or turbulent flow.
and subcriticd or critical flow problems (Chaudry, 1993). Advantages of using

approaches based on energy principles include computational ease and conceptual
simplicity (Chaudry, 1993)Momentum Equation

More complex problems involving unsteady flow or rapidly varied flow, or problems
requiring a higher level of resolution are solved using the conservation of momentum.
Linear momentum is the product of mass and vetocity and is assigned a directional

component. Chaudry (1993) indicates that because momentum based approaches involve
vector quantities, the analysis is more complicated than the energy based approaches.

The one-dimensional momentum equation, shown below, is similar to the energy
equation in that it examines the balance of momentum in a control volume within a
channel. The general form of the momentum equation given in Chaudry (1 993) is:

where:

subscripts 1 and 2 designate quantities for sections 1 and 2 respectively
p = mass density o f water
p = momentum coeficient
Q = volumemc flow rate
V = mean velocity
g = gravitational force
A = flow area
z = depth of centroid of flow area A
W = weight o f volume of water between sections 1 and 2
Fe = External shearing force acting on the liquid

In some cases, the assumption of one-dimensional flow is not valid due to complex

channel flow (Chaudry, 1993; Ghanem, 1995). A two-dimensional assessment provides
reasonable accuracy for many problems and avoids the onerous task of modeling in three
dimensions. Ghanem et. al. (1 996) indicate that modeling three dimensional natural flow

is very difficult due to problems associated with solving non-linear partial differential
equations.
The equations governing two-dimensional flow are derived by vertically integrating the

Navier-Stokes or Reynolds equations for an incompressible fluid over the flow depth.
Their derivation involves high b e 1 partial differential calculus and numerical methods,
thus a detailed explanation is beyond the scope of this thesis. The derivations are
presented in Chaudry @g. 346-354) and Ghanem e t al. (1996). The conservation of
momentum equations utilized in Ghanem's (1 995) two-dimensional hydraulic model are
presented below.
Conservation of x-direction momentum

Conservation of y-direction momentum

Time (secs)
Depth of flow (rn)
X and y components of discharge per unit width (m2/s)
Depth-averaged velocity components related to q, and q, respectively (Ws)
Friction dope components (dimensionless)
Bed slope components (dimensionless)
Depth-averaged shear stress caused by turbulence
Density of water (kglm3)
Density of air (kg/m3)
Gravitational acceleration (m/s2)
Shear stresses by the wind on the h e surface (assumed negligible)
Coriolis forces due to the rotation of the earth (assumed negligible)

Reach Resistance Equations

In addition the above hydrodynamic principles, a third class of equations is commonly
used to model open channel hydraulics. These equations, referred to by Dingman (1984)
as "reach resistance equations" (pg. 139), are more specifically referred to as the Chezy

and Manning equations.
The Chezy equation has a "quasi-theoretical basis" (pg. 113, Dingman, 1984), and was

derived on the assumption that shear stress that resists flow is proportional to the square
of the mean flow velocity. The Manning equation is purely empirical (Dingman 1984),
and was derived fiom experimental observations. The Manning equation is more
commonly used than the Chezy equation in North America (Chaudry, 1993) and is
presented below.
=

(k)R-s:/2

where:

V = velocity ( d s )
R = hydraulic radius (m)
S = water surface slope (dimensionless)
n = Manning's coefficientof roughness

The reach resistance equations utilize an empirically derived coefficient that represents
the resistance to flow exerted by the channel. Manning's roughness coefficient (n)
represents all resisting forces, including the skin friction, internal distortion, and spill
resistance forces described previously. The higher the coefficient, the greater the
combined resistance.

One limitation of using the Manning equation is that the roughness coefficient (n) is
known to vary with discharge (Wahl, 1994; Dingman, 1984; Bovee, 1997b). Dingman
( 1 984) gives three reasons for this phenomenon. First, shear forces related to skin friction

become proportionally smaller relative to the energy and momentum of larger flows.

Second, the formation bed forms with increasing flow (e.g. dunes and ripples) strongly
influences resistance. Thirdly, the resistance of flow within the floodplain is higher than
that of the channel due to vegetation and other obstructions.

