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Abstract

High-resolution velocity measurements were undertaken over a series of redds
and riffles on a gravel-bed stream to quantify the hydrodynamics preferred by
spawning brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss)
for redd-site selection. On each riffle studied, over 6,000 velocity measurements
per day were acquired to quantify the velocity, depth, Reynolds number, Froude
number, bed shear, and turbulent kinetic energy per unit area of streambed in at-
tempts to relate fluid properties to redd-site selection, relative to remaining riffle
structures. Results showed that velocity, Reynolds number, and Froude number
vary widely at the redd- and riffle-scale with no apparent correlation to spawning
location preference. Turbulent kinetic energy per unit area consistently demon-
strated a strong correlation with redd locations whereby the metric maintained low
values (i.e., unidirectional flow with little turbulence) where redds and attempted
redds were observed. Habitat suitability indices were applied at the reach-, riffle-,
and redd-scale using the results of the high-resolution velocity measurements. Find-
ings demonstrated that habitat suitability indices, which are based on reach-scale
hydraulics, were adequately represented at the reach scale. However, by decreas-
ing the scale to the riffle- or redd-scale, where increasing heterogeneity in the flow
regime is revealed, habitat suitability indices failed to adequately reflect the habitat
conditions preferred by the spawning fish.
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Chapter 1

Introduction

Over the past several centuries, mankind has altered watercourses and their asso-
ciated floodplains for the purposes of flood regulation, transportation, recreation,
irrigation, sanitation, and water consumption, among other reasons. Various ef-
forts and methods to control the natural tendencies of watercourses have resulted
in the degradation of river health, stability, and diversity (Tennant, 1976; Poff et
al., 1997; Bunn and Arthrington, 2002; Champoux et al., 2003). Today, scientists
and engineers from a diverse suite of disciplines express the growing need to revert
rivers back to their meandering, self-stabilizing, and biologically diverse dynamic
equilibrium states to minimize long-term maintenance and environmental impacts
and to improve aquatic health (Newbury and Gaboury, 1993; Naiman et al., 2002;
Wheaton et al., 2004a).

As both biotic and abiotic research has progressed in the study of watercourses,
it is widely recognized that a collaborative effort amongst many scientific, engi-
neering, and social disciplines must be incorporated into lotic system research (i.e.,
the study of biophysical processes in running waters) to provide effective rehabili-
tation strategies (Maddock, 1999; Schwartz and Herricks, 2007). Imhof et al. [1996]
stress the need to evaluate lotic systems at multiple spatial and temporal scales to
characterize channel form and function. They identified that stream health is char-
acterized by the channel’s geomorphological function at large scales anywhere from
the sub-basin to the river-reach scale, which they regard as the top-down approach.
Conversely, the investigation of river function as it pertains to hydraulic processes,
channel shear, sediment transport, and biodiversity are small-scale processes and
is thus regarded as a bottom-up approach.

A top-down evaluation of river health, from a landscape, watershed, and/or
valley segment perspective, implicitly homogenizes the local-scale (e.g., reach to
site) complexity that has revealed few predictable correlations in defining physical
habitat. The investigation of the spawning habits of river-spawning salmonids pro-
vides a poignant example of the inherent difficulty in defining physical habitat from
local-scale metrics. Much of the spawning studies reviewed in this thesis have relied
on channel velocity, Reynolds Number, Froude Number, flow depth, temperature,
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bed material size, and water quality to define physical habitat. However, due to the
spatial and temporal complexity of flowing waters and technological measurement
limitations, channel forming processes and habitat complexity have been poorly
coupled.

Physical scientists have long circumvented this issue of complexity by replac-
ing fine-scale measurements by larger scale homogeneous metric representations to
describe river processes. Examples of such simplifications include the velocity-area
method (Buchanan and Somers, 1969) to quantify discharge and flow depth (cross-
sectional measurements), Manning’s equation to estimate average cross-sectional
channel velocity, Wolman’s [1954] pebble count to represent substrate distribution,
indicator species to represent aquatic diversity and health (Stratzner et al., 1988;
Champoux et al., 2003), and habitat suitability indices to evaluate instream flow
requirements at various discharge events (Raleigh at al., 1984, 1986).

Another common problem related to the physical metrics used in the study
of rivers is the disparity between the data collected when characterizing fine-scale
physical habitat and the data collected at flood flow conditions that define channel
morphology and thus the physical habitat features. Biological data are typically
collected during low flow seasons when rivers are wadable and the aquatic life is ob-
servable (Smith, 1973; Shirvel and Dungey, 1983; Witzel and MacCrimmon, 1983;
Kondolf et al., 1993). In these conditions, the hydraulic, sedimentological, and ge-
omorphological processes dictating river form, function, and hence habitat features
are nominal. Conversly, measurements related to channel form and function are
primarily measured during flood stages (i.e., bankfull discharge and larger) when
the hydraulic and sedimentological processes are actively defining the channel geo-
morphology (Leopold et al., 1964). This disparity in temporal sampling strategies
between biological and physical scientists inevitably results in disparite descriptions
of the same physical system where harmony should exist.

The tendency of river spawning fishes to construct their redds in streambed
substrate is a biophysical junction between small-scale processes and large-scale
river form and function. The site specific selection process of a spawning fish is
believed to be based upon the small scale physical and chemical conditions (Burner,
1951). However, one cannot neglect that the microhabitats that these fish select
for spawning exists within a larger morphological feature (such as a run or a riffle)
that has been formed by hydraulic and sediment transport processes during larger
and less frequent discharge events.

Recent advances in high resolution three-dimensional flow measurement technol-
ogy has provided an opportunity to study the hydrodynamic characteristics of redds
and surrounding fluvial features in unprecedented detail. The spawning habitat of
brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss) spawning
beds will be measured and evaluated to identify if hydrodynamic properties ex-
ist which parametrically define spawning site selection. Data collected will also
be used to evaluate the degree of homogeneity assumed when applying habitat
suitability models at finer-scales; an emerging trend in spawning habitat rehabil-
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itation projects that is often criticized (Lamouroux and Souchon, 2002; Souchon
and Capra, 2004).
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Chapter 2

Background

2.1 Spawning and redd construction of salmon and
trout

The spawning process of salmon and trout has been described by Burner [1951],
Briggs [1953], Jones and Ball [1954], Orcutt et al. [1968], Reiser [1976], Grost et
al. [1991], and Kondolf et al. [1993] (Figure 2.1). Spawning begins with a female fish
scanning the streambed for a suitable spawning location, a process referred to as
the the pre-spawning stage (Burner, 1951). The female may carry out exploratory
cutting (Jones and Ball, 1954; Grost et al., 1991), whereby the female, through
vigorous movements of her tail, induces a negative pressure on the streambed sur-
face (Kondolf et al., 1993), subsequently releasing sediment into the current and
transporting the sediment downstream. If the female considers the site unsuitable,
the site is abandoned and the process is repeated until a suitable spawning site is
found (Jones and Ball, 1954; Chapman, 1988; Crisp and Carline, 1989). For exam-
ple, Trush [1989] and Ortlepp and Mürle [2003] observed female fish abandoning
potential redd sites when a layer of cemented bed material was encountered after
initial cutting attempts.

Once a suitable site is chosen, the female fish cutting into the streambed leaves
behind a semi-spherical depression, referred to as the pit (Figure 2.2). The pit pro-
vides a controlled area where the ova are laid and subsequently fertilized (Kondolf
et al., 1993). After oviposition, the female proceeds to move immediately upstream,
repeating the pit excavation process. By displacing sediment into the current, the
freed coarse sediment is carried downstream covering the original excavated pit con-
taining the fertilized ova while the finer suspended sediment is carried downstream
beyond the limits of the redd (Kondolf et al., 1993). The freed loosened sediment
covering the ova is referred to as the tailspill (Figure 2.2). The sequential process
of pit excavation and tailspill development is repeated producing a finished redd
composed of multiple successive pits, each immediately upstream of the previous.
After the completion of the redd, the tailspill has an elongated or teardrop shape

4



a) b)

c) d)

e) f)

Figure 2.1: Spawning sequence of river-spawning salmon and trout. The dashed
line indicates the limit of undisturbed streambed. a) Pre-spawning stage; b) cut-
ting; c) displacement of streambed material; d) transport of fine-grained sediment
downstream; e) oviposition; f) covering of fertilized ova and subsequent upstream
pit excavation. Modified from Burner [1951].
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that is readily identified in the field (Reiser, 1976; Ottaway et al., 1981; Shirvell and
Dungey, 1983; Grost et al., 1990; Essington et al., 1998). Immediately following
fertilization, the eggs undergo a series of brief bio-physical transformations includ-
ing the doubling of volume with water adsorption (Gray, 1932; Hobbs, 1937; Zotin,
1958; Bonham, 1976). The fertilized eggs remain within the interstitial spaces un-
til they emerge as fry from the confines of the tailspill months after the spawning
process occurs. Fry emergence success rates, which is defined as fry emerged to ova
laid, range between 50-80% (Vaux, 1968; Beard and Carline, 1991), however, suc-
cess has been observed exceeding 95% (Hobbs, 1937; Jones and Ball, 1954; Phillips
et al., 1975; Tappel and Bjornn, 1983; Witzel and MacCrimmon, 1983b).

Pit Tailspill

Pit Tailspill

Flow

a)

b)

Figure 2.2: Typical layout of the redd form, constructed by both salmon and trout,
in a) plan view and b) longitudinal profile view.

In contrast to the initial streambed conditions, the fine content of the redd sub-
strate is significantly reduced during the construction process (Lotspeich & Everest,
1981; Kondolf et al., 1993). From thirteen studies reviewed, Kondolf et al. [1993]
found that the percentage of fines less than 1 mm in diameter were reduced by
approximately 63% (r2 = 0.93) of the initial streambed content prior to pit ex-
cavation. However, when comparing the substrate composition among redds or
comparing redds to initial/undisturbed substrate composition, the literature failed
to find any correlation (Orcutt et al., 1968; Reiser, 1976; Shirvell and Dungey, 1983;
Witzel and MacCrimmon, 1983b; Sowden and Power, 1985; Crisp and Carline, 1989;
Grost et al., 1990; Kondolf et al., 1993).

The relationship between the size of the spawning fish and redd sediment size
is somewhat positively correlated, the only definite restriction being that fish are
unable to construct redds in gravels with particle sizes greater than 10% of the
spawning fish’s body length (Kondolf and Wolman, 1993). However, Kondolf and
Wolman [1993] stressed that the use of fish size to determine spawning location
may be an inconsistent approach since smaller fish tend toward small tributaries
of greater slope and sediment size, whereas larger fish will remain in mainstems of

6



lesser slope and smaller particle sizes.

Substrate size preference for redd site selection has been widely evaluated among
the reviewed studies, many of which are not consistent with engineering and geo-
morphic convention (Kondolf, 2000). Visual interpretation of sediment character
has been employed by Burner [1951], Reiser [1976] and Essington et al. [1998].
Schmetterling [2000] used the Wolman Pebble count (Wolman, 1954), which, as
noted by Kondolf [2000], is intended to evaluate the channel’s surface roughness,
not to describe sediment composition. Only Witzel and MacCrimmon [1983b], Sow-
den and Power [1985], Grost et al. [1991], Crisp and Carling [1989], and Ottaway et
al. [1981] sieved dried samples through the engineering-standard phi classes (§3.2—
Friedman and Sanders, 1978). Kondolf [2000] also pointed out that many reports
have excluded larger (armouring) rock sizes deemed immovable by the spawning
fish (which typically lay at the base of the pits), in some cases without reporting
the exclusion, causing a fine-bias to the reported substrate analysis.

Displacing sediment into the water column during streambed cutting reduces
the sediment fine content since finer particles are carried the furthest downstream
(Chapman, 1988; Grost et al., 1991; Kondolf et al., 1993; Kondolf and Wolman,
1993; Kondolf, 2000; Schmetterling, 2000; Zimmermann and Lapointe, 2005). The
distance and rate of particle deposition downstream is related to turbulent mixing
and the particles’ fall velocity. The fall velocity for a spherical particle of diameter
d in clear water can be approximated by (Julien, 1998; Sturm, 2001)

us =

√√√√ 4
3

(
γs
γ
− 1
)
gd

CD
, (2.1)

where us = fall velocity [LT−1];
g = gravitational acceleration [LT−2];
d = sediment size [L];
CD = drag coefficient [−];
γ, γs = specific weight of water and sediment [ML−2T−2].

For particles d ≥ 1 mm, CD = 1.5, the fall velocity can be approximated by (Julien,
1998)

us ∼=
√

(G− 1) gd; (2.2)

G =
γs
γ

=
ρs
ρ

= 2.65, (2.3)

where G = specific gravity [−];
ρ, ρs = mass density of water and sediment [ML−3].

The presence of fines, d < 1 mm, within the tailspill is the greatest cause of fry
mortality (Hobbs, 1937; Wickett, 1954; Cooper, 1965; Vaux, 1968; Phillips et al.,
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1975; Lotspeich and Everest, 1981). Fines within the tailspill restricts the intersti-
tial flow, reducing both dissolved oxygen and nutrient supply while restricting the
removal of metabolic wastes (Stuart, 1953a,b; Wickett, 1954; Vaux, 1968; Reiser,
1976; Sowden and Power, 1985). Fine-removal efficiency during redd construc-
tion increases with increasing stream velocity; hence, brown and rainbow trout,
which tend to spawn along swifter flowing riffles (Hayes, 1987; Lisle, 1989; Trush,
1989), construct their redds with a larger reduction in fines compared to brook
trout (Salvelinus fontinalis), a species of the charr family who do not have the
same spawning strategy as salmon and trout as they spawn in slower flowing pools
and lake shores (Reiser, 1976; Witzel and MacCrimmon, 1983a,b; Blanchfield and
Ridgeway, 1997; Essington et al., 1998; Bernier-Bourgault and Magnan, 2002).

Salmon and trout seasonally returning to spawning sites continually keep the
sediments free of fines and relatively loose for ease of redd construction (Chapman,
1988); similarly, Orcutt et al. [1968] noted spawning fish attracted to artificially
loosened gravel. Redd superimposition is the act of fish, either inter- or intra-
specifically, constructing their redds over existing redds, destroying the previously
laid ova, and further indicating that streambed disturbance attracts spawning fish
(Hayes, 1987). Burner [1951], Hayes [1987], and Beard and Carline [1991] found
that population density cannot be correlated with the degree of superimposition;
Essington et al. [1998] found that one-third of their redds were superimposed, while
many seemingly suitable sites remained untouched. They contend that there may
be behavioural ties to redd-site selection associated with fish openly choosing areas
deemed suitable by other spawning fish. Thus, superimposition will assure the
spawning fish that the site selected will have reduced fines and may be re-excavated
with relative ease (Hayes, 1987). Superimposition has also been identified in the
works of Hobbs [1937], Reiser [1976], Bernier-Bourgault and Magnan [2002], and
Curry and Noakes [1995].

2.2 The selection of suitable redd sites

The physical characterization of redd site selection typically involves local velocity
and depth measurements, sediment analysis, and/or the detection of groundwater
seepage. Of the literature reviewed, none could consistently define a physical at-
tribute, or a combination of attributes, that directly linked salmon and trout to
their spawning grounds.

Dimensionless fluid ratios that describe the character of flow are used in lotic
ecology to investigate a wide range of environmental attributes, from microhabitats
to population densities and the evolved adaptations of aquatic organisms (Leopold
and Maddock, 1953; Statzner et al., 1988; Davis and Barmuta, 1989; Jowett, 1993;
Newbury and Gaboury, 1993; Vogel, 1994; Allen, 1995; Giller and Malmqvist, 1998;
Wadeson and Rowntree, 1998; Rempel et al., 2000; Lamouroux and Capra, 2002).
The Reynolds number (Re) is the ratio of inertial forces to viscous forces and is
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defined as
Re =

ul

ν
, (2.4)

where u = velocity [LT−1];
l = characteristic length [L];
ν = kinematic viscosity [L2T−1].

For shallow/wide natural channels the representative velocity is taken as the
depth-averaged velocity (u = U), and the characteristic length (l) as the flow
depth (h, i.e., l = h) (Vogel, 1994; Julien, 1998). For open channel flow, turbulent
conditions occur once Re > 2500 (Knighton, 1998), where

Re =
Uh

ν
. (2.5)

The Froude number (Fr) defines the ratio of a fluid’s inertial forces to gravita-
tional forces and is used to assess the tranquillity of flow (Leopold and Maddock,
1953) and is commonly used in defining physical habitat (Statzner et al., 1988).
Flow is characterized as sub-critical when Fr < 1 and super-critical when Fr > 1.
Expected Froude numbers among mild-slope gravel-bed riffles at low flow conditions
are Fr > 0.4 (Jowett, 1993). For steady flow conditions (Julien, 1998),

Fr =
U√
gh
. (2.6)

Figure 2.3 summarizes Reynolds and Froude numbers measured proximal to
brown trout and rainbow trout redds using the data collected and presented in
Table 2.1. The velocities reported in Table 2.1 are highly variable both within
and amongst studies. In all cases, the velocity measurements are made using one-
dimensional current meters with the exception of Zimmer and Power [2006], who
calculated their redd site velocities using Manning’s equation for uniform flow based
on the channel dimensions immediately upstream of the located redds. The Man-
ning’s equation defined as

U =
θ

n
R

2
3S

1
2
f , (2.7)

where θ = unit conversion factor (S.I. θ = 1, Imperial θ = 1.49);
n = Manning coefficient of roughness;
R = hydraulic radius, R ≈ h for wide-shallow channels [L];
Sf = friction slope [L/L].

The methods employed when measuring velocity were inconsistent. Most deter-
mined mean velocity at z = 0.4h, where z is the height above the streambed. Others
measured velocity at z = 10 cm (Orcutt et al., 1968; Smith, 1973; Witzel and Mac-
Crimmon, 1983a; Bernier-Bourgault and Magnan, 2002), or at z = 5 cm (Ottaway
et al., 1981; Sorenson et al., 1995), which is said to coincide with the depth at which
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the velocity most influences the fish’s ability to hold station, otherwise known as
the nose-level velocity (Ottaway et al., 1981). Grost et al. [1990] acknowledged that
no matter the methods used or the variability of the results, spawning salmon and
trout consistently avoid low velocity regions, where umin ≈ 20 cm/s.

The influence of groundwater discharge with the selection of spawning sites has
long been recognized, however, its presence is rarely measured (Blanchfield and
Ridgway, 1996). Groundwater upwelling is thought to supply the interstitial flow
necessary for embryonic survival (Hansen, 1975). The presence of groundwater,
however are known to be chosen only by a certain subset of salmonids, such as brook
trout (Witzel and MacCrimmon, 1983a; Blanchfield and Ridgway, 1997; Essington
et al., 1998; Bernier-Bourgault and Magnan, 2002).

Spatial distribution of groundwater seepage can vary highly within short dis-
tances; for example, depending on the local geology, Conant [2001] found that
groundwater fluxes ranged 0.03 L/m2d to at least 446 L/m2d along a single study
riffle. The presence of groundwater, however, does have an effect on the tempera-
ture present within the redd, which affects the dissolved oxygen content (Sawyer et
al., 1994). Dissolved oxygen, subsequently, relates to the time required for fry de-
velopment and subsequent emergence (Hobbs, 1937; Hansen, 1975; Kondolf, 2000).
Significant fry mortality occurs once dissolved oxygen concentrations fall below 5
mg/L (Sowden and Power, 1985).
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Figure 2.3: Reynolds and Froude numbers proximal to brown trout and rainbow
trout redds reported from fifteen studies.

Lotspeich and Everest [1981] and Witzel and MacCrimmon [1983a] surmised
that woody debris is preferred by salmon and trout when choosing their spawning
locations. Reiser [1976] and Zimmer and Power [2006] attempted to relate cover to
spawning habits by noting the presence of cover above or immediately adjacent to
a redd. Reiser [1976] found that 40% of brown trout redds were constructed within
1-10 m of cover; however, he also mentioned that this was inconclusive since the
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type of cover varied highly within his study. Zimmer and Power [2006] found that
cover was mostly associated with larger fish who choose to develop their redds at
non-preferred locations.

Attempts have also been made to correlate redd-site selection to channel bed
slope (Shirvell and Dungey, 1983; Witzel and MacCrimmon, 1983a; Hayes, 1987;
Beard and Carline, 1991; Lisle and Lewis, 1992; Schmetterling, 2000; Zimmer and
Power, 2006), yet no successful correlations were identified. In addition, Beard
and Carline [1991] studied a highly active spawning reach where the bed slope
was compared to redd density, again, no correlation was found. Other channel
features that have been examined are water surface slope by Kondolf et al. [1993]
and channel width by Schmetterling [2000]. All results show that no statistically
significant correlation between these metrics and redd site selection exists.

2.2.1 Redds in high-flow conditions

Hobbs [1937] studied naturally constructed salmon redds through a winter flood
event in the New Zealand with an approximate fifty-year return period, where
flow depths came close to 3 m above base levels. Once the flooding subsided,
he noted that fewer redds were damaged due to erosion than due to excess fine
deposition. Hobbs [1937] also observed additional redds that were constructed
during the high flow event, including some in areas on the floodplain. In contrast,
both Lisle [1989] and Trush [1989] observed significant redd damage due to high flow
events, although Lisle [1989] maintained that not all spawning sites were at risk. In
their conclusions, Lisle [1989] and Trush [1989], and later acknowledged by Bunn
and Arthington [2002] and Wheaton et al. [2004a], surmised that salmonids should,
in the long run, benefit from major storm events since heavy sediment discharge
will provide a renewed clean gravel optimal for spawning. Ortlepp and Mürle [2003]
studied the effects of a flood program designed to promote the habitat of aquatic
life downstream of two reservoirs built in Switzerland in the 1960s. Because of
the reduction in high-flow events, there had been substantial deposition of fines
kilometres downstream of the sites. Soon after the flood program was initiated, redd
development increased three-fold in three years, while fish mortalities associated
with the induced flooding never exceeded 2%. High velocities were common to
preferred spawning locations.

In the event of flows approaching effective discharge, Ottaway et al. [1981],
Crisp and Carline [1989], and DeVries [1997] surmised that scour to the redd may
not be detrimental to the ova since the deposited eggs are typically situated below
the original streambed grade. Salmonids naturally spawn during wetter seasons
(Cooper, 1965; Lisle, 1989; Lisle and Lewis, 1992; Kondolf et al., 1993), while
the ova incubate through low-flow seasons (Cooper, 1965; Kondolf et al., 1993).
Kondolf et al. [1993] acknowledged further that salmonids over the long-term have
prospered in many flow conditions, and are limited only by velocities at which the
fish can hold station.
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Station holding, defined as the ability of fish to maintain a cruising swimming
speed equivalent to local channel velocities, otherwise known as the steady sus-
tained swimming speed, is dependent on the body length of the fish (BL), water
temperature, pH, and dissolved oxygen content (Jones, 1971; Hoar and Randall,
1978; Butler et al., 1992). Fishes’ maximum swimming velocity without showing
notable fatigue is known as the swimming critical velocity (ucrit—Hoar and Ran-
dall, 1978). From fourteen sources, observing n = 217 fish, Hoar and Randall [1978]
showed that the ucrit for rainbow trout is approximately 3.6 BL/s. Rainbow trout,
on average, spawn at age-5, at which point they typically reach a body length
of 660 mm in Southern Ontario (Scott and Crossman, 1998); thus, for spawning
rainbow trout, ucrit,r ≈ 2.34 m/s. The ucrit for brown trout varies depending on
sources: ucrit = 1.6-2.3 BL/s, sustained for 30 min (Bainbridge, 1962); ucrit = 4.5
BL/s sustained for 7 days (Davidson and Golspink, 1977); ucrit = 2.7 BL/s (Hoar
and Randall, 1978); ucrit = 2.21 BL/s (Butler and Day, 1993); and, ucrit = 2.3
BL/s at 5◦C, ucrit = 2.4 BL/s at 15◦C (Day and Butler, 1996). For the purposes
of this thesis, the average value of ucrit = 2.7 BL/s is considered. The body length
of a Southern Ontario spawning brown trout is approximately 430 mm (Scott and
Crossman, 1998), yielding a brown trout critical velocity of ucrit,b = 1.17 m/s.

2.2.2 Habitat Suitability Curves

USGS [2001] defines a physical habitat as “a combination of hydraulic and/or phys-
ical variables such as, depth, velocity, substrate, and cover at a spatial scale of near
zero to a few meters.” For many indicator species used in assessing stream health,
USGS [2001] defined physical habitat based upon univariate habitat suitability
curves that relate indicator species’ environmental preference to physical hydraulic
measures. These habitat suitability curves represent relationships amongst depth,
velocity, and measured channel index (vaguely defined as substrate and cover char-
acteristics), to microhabitat preferences for target species at specific life stages
(USGS, 2001). The habitat suitability index incorporated in the Instream Flow
Incremental Methodology (IFIM—Bovee, 1982) for spawning brown trout (Raleigh
et al., 1986) and spawning rainbow trout (Raleigh et al., 1984) is based on four
input variables that are shown in Figure 2.4.

Instream flow stewardship, which has historically been based on minimum flow
targets, has since been forced to add geomorphology and hydrology to the definition
of physical habitat since minimum flow targets neglect natural flow regimes (Mad-
dock, 1999; Annear et al., 2004). As a result, the implementation of the IFIM has
been the preferred methodology worldwide (Souchon and Capra, 2004). The IFIM
was originally intended to provide artificial flow regimes downstream of dams and
reservoirs where minimum flow targets proved detrimental to lotic ecology (Mad-
dock, 1999; Annear et al., 2004). IFIM integrates the planning of water supply with
one-dimensional hydraulic models at varying flow conditions coupled with physical
habitat suitability indices for the indicator species of interest (USGS, 2001).
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As a component of the IFIM, the Physical Habitat Simulation System (PHAB-
SIM) is the one-dimensional hydraulic model that determines reach-scale habitat
preferences in relation to varying flow conditions based on the four input vari-
ables of Figure 2.4 (Raleigh et al., 1984, 1986; Waddle, 2001; Lamouroux and
Souchon, 2002). PHABSIM’s generalized physical habitat outputs are in the form
of a Weighted Usable Area (WUA—which quantifies habitat availability per reach
length) calculated at multiple discharges simulated using PHABSIM. WUA is de-
fined as (Waddle, 2001)

WUA =

n∑
i=0

Ai · Ci

reach length
(2.8)

where WUA = Weighted usable area [L2/L];
Ai = the surface area of cell i [L2];
Ci = the composite suitability for cell i [−].

The composite suitability is an index between 0 and 1 describing the weighted
availability of physical habitat for a given sample area, where 0 is unusable and
1 is most optimal. The composite suitability combines mean velocity, depth, and
channel index (vaguely defined in Waddle [2001] as simply “cover and substrate”)
calculated at discreet points along the channel’s cross-section, in a similar fashion to
the velocity-area method of Buchanan and Somers [1969]. For spawning brown and
rainbow trout, Raleigh et al. [1984,1986] has replaced the channel index with tem-
perature and substrate size curves shown in Figure 2.4. The composite suitability
index can be determined by either these three methods (Waddle, 2001):

The composite suitability index (Ci) is most commonly defined as

Ci = Cu · Ch · Cd · CT . (2.9)

An alternative method of determining Ci is based upon the geometric mean method
that reduces the sensitivity of the composite suitability to individual suitability
factors, where

Ci = 4
√
Cu · Ch · Cd · CT . (2.10)

A third method is the limiting individual suitability factor, where

Ci = min (Cu, Ch, Cd, CT ) , (2.11)

where Cu = the velocity suitability factor (Figure 2.4a) [−];
Ch = the depth suitability factor (Figure 2.4b) [−];
Cd = the substrate suitability factor (Figure 2.4c) [−];
CT = the temperature suitability factor (Figure 2.4d) [−].
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The simplicity of PHABSIM’s inputs used to describe physical habitat has
gained much criticism, especially by Souchon and Capra [2004] who were able to pre-
dict PHABSIM’s WUA outputs using empirically-measured Reynolds and Froude
numbers measured at multiple discharges. Other criticism points toward the ap-
plication of habitat suitability curves, which, originally intended for reach-scale
assessments, are applied at smaller scales in conjunction with multi-dimensional
hydraulic models (Lamouroux and Souchon, 2002; Souchon and Capra, 2004). Al-
though reach-scale habitat preference can be extended regionally (Lamouroux et
al., 1999), the performance of multivariate models are regionally-dependent, a fact
that has been overlooked (Lamouroux et al., 1998; Maddock, 1999). Crowder and
Diplas [2000] add that when multi-dimensional models are used by researchers,
many have excluded natural obstructions such as boulders and large wooded debris
when simulating microhabitats, the very obstructions known to induce the pre-
ferred physical habitat for a wide range of lotic species. In addition, with regards
to two-dimensional hydraulic modelling, Crowder and Diplas [2000] note that “sub-
stantial research remains to be performed to determine the accuracy with which
one can predict the complex flow patterns that natural streams exhibit.” Other
documented criticisms of PHABSIM include: the inadequacy of point measure-
ments used in defining reach-scale characteristics (Statzner et al., 1988; Crowder
and Diplas, 2000; Souchon and Capra, 2004); the predictability of habitat suitabil-
ity using averaged reach-scale channel characteristics such as Q, h, w, n, Re, Fr
(Lamouroux and Souchon, 2002; Souchon and Capra, 2004); the fact that model
outputs do not indicate the cause of the reduced habitat suitability (Maddock,
1999); the requirement complex and expensive model-input data (Lamouroux and
Souchon, 2002); and, that the model outputs do not capture habitat patterns, only
probabilistic habitat preferences (Wheaton et. al., 2004a).

2.3 River morphology

Both brown and rainbow trout redd construction typically occur in riffles of gravel
bed streams, where the relatively high velocities and clean/coarse substrate that
characterize these morphological features occur (Knighton, 1998; Hartley, 1999—
Table 2.2). The formative processes that dictate channel morphology provide the
physical link between salmonids and their spawning grounds, a connection that is
implicitly neglected when assessing lotic habitats using local-scale metrics (Imhof
et al., 1996). Imhof et al. [1996] add that this neglect is a result of the spatial scale
many fishies biologists choose to analyze the system; in the literature reviewed,
redd-site selection has been widely investigated based on these finer-scales (Table
2.1). Trush [1989] acknowledged that “channel morphology determines the location,
abundance, quality, and availability of spawning gravels”; hence, the local-scale
conditions that provide optimal spawning grounds are dictated by both reach-scale
and sub-watershed-scale processes (Imhof et al., 1996).

The mechanisms contributing to riffle-pool particle sorting can be explained
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Figure 2.4: Suitability factors for spawning brown trout and rainbow trout, modified
form Raleigh et al. [1984,1986]. a) velocity, b) depth, c) substrate size, and d) water
temperature.
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Table 2.2: Discharge-specific physical differences between riffles and pools along a
typical riffle-pool channel (modified from Hartley, 1999).

Riffles Pools

Substrate character Coarse, reduced fines Higher composition of
mud, silt and clay

Local elevation Topographically high Topographically low
Flow type (Froude number) Supercritical or transi-

tional Fr > 0.4
Subcritical Fr < 0.18
(citing Jowett, 1993)

Local bed slope (S0) Greater than S0 Less than S0

Velocity to depth ratio High Low

in theory by “the law of least time rate of energy expenditure” (Yang, 1971) or
by velocity reversal (Keller, 1971; Lisle, 1979), where relatively little increase in
bed shear occurs with increasing discharge, in stark contrast to the situation in
pools (Knighton, 1998). Leopold et al. [1964] indentified that natural channels
maintain an average riffle-pool spacing of 5-7 bankfull widths (wbf ), and a meander
wavelength Λ ≈ 10wbf . Leopold and Maddock [1953] formulated cross-sectional
hydraulic geometry to define other dimensional relationships common to steady
uniform flow among natural channels:

Q = whU, (2.12)

where Q is total discharge [L3T−1], w is channel width [L], and

w = aQb; h = cQf ; U = kQm. (2.13)

Whereby, to preserve continuity

ack = 1; b+ f +m = 1. (2.14)

Knighton [1998] adds

Sf = gQz. (2.15)

Julien [2002] proposed an alternative form of hydraulic geometry involving total
discharge, sediment size, and bed shear as primary independent variables that define
the dependent variables w, h, U , and S0, based upon Lane’s [1955] river continuum.
Knighton [1998] shows how hydraulic geometry can help contrast riffles from pools

17



at varying discharge rates, using the exponents from Equation 2.13:

friffle > fpool; (2.16)
mriffle < mpool; (2.17)

zriffle < 0 , zpool > 0. (2.18)

2.3.1 Channel roughness

The kinetic energy of the channel’s flowing water is dissipated by means of friction
at the sediment-water interface. Water flowing along a channel can be represented
by a free body, sliding down an inclined plain with a given friction. The driving force
of the river’s flow is the tangential component of gravity parallel to the streambed,
while the resistance is a function of the shear stress acting over a given area of
streambed, otherwise referred to as bed roughness (Leopold et al., 1964). Reach-
scale bed roughness can be approximated by Manning’s Equation (Equation 2.7—
Leopold and Maddock, 1953). With respect to discharge, the Manning’s equation
can alternatively be represented by

Q =
θ

n
AR

2
3S

1
2
f , (2.19)

where A = cross-sectional flow area [L2].

The above equation demonstrates that the capacity for a channel to convey
water is a function of bed roughness. Manning’s coefficient of roughness (n), how-
ever, is difficult to quantify. Reach-scale roughness n approximations are given
in the works of Morisawa [1968], Arcement and Schneider [1989], and Newbury
and Gaboury [1993]. Julien [1998] listed three alternative in which n is related to
sediment size, taken in meters:

n = 0.064 6
√
d50; (2.20)

n = 0.046 6
√
d75; (2.21)

n = 0.038 6
√
d90. (2.22)

where d50,75,90 = the particle diameter at which 50%, 75%, 90% of the
sediment sample is finer, respectively.

Friction slope (Sf ) is defined as the loss in total energy per length of channel, x
(Julien, 2002):

Sf ∼= S0 −
∂h

∂x
− U

g

∂U

∂x
− 1

g

∂U

∂t
, (2.23)

where t = time [T ].
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For steady uniform flow, ∂U
∂x

= ∂U
∂t

= ∂h
∂x
≈ 0; therefore

Sf ≈ S0. (2.24)

Thus, all of the energy grade line (of slope Sf ), the hydraulic grade line (the slope
of the water surface, Sw), and the stream bed (of slope S0) are assumed to be
parallel, and the flow within the channel has achieved a state of minimal energy
expenditure. Water flowing over a rough stream bed results in shear stresses at the
sediment-water interface. Bed shear stress per unit area of streambed1 is given by

τ0 = γRSf , (2.25)

where τ0 = bed shear stress [ML−1T−2].

2.3.2 Sediment transport

All natural channels are dynamic systems attempting to achieve maximum sediment
transport with minimal energy expenditure (Yang and Song, 1979; Knighton, 1998).
Lane [1955] proposed the qualitative relationship

Qsd ∝ QS0, (2.26)

where Qs = total sediment discharge [MT−1];
S0 = bed slope [L/L].

The above equation states that equilibrium conditions exist between sediment
conditions on the left-hand side and hydraulic conditions on the right-hand side.
For a low-gradient, gravel bed stream, the attainment of Lane’s [1955] relationship
(2.26) results in the typical meandering and riffle-pool undulations (Knighton, 1998;
Julien, 2002) through a variety of mechanisms dictated by interrelated channel
variables: width (w), depth (h), velocity (U), bed slope (S0), sediment load (Qs),
sediment size (d), bed roughness (n) (or equivalent sand roughness (ks)–Nikuradse,
1933), and discharge (Q) (Leopold et al., 1964), amongst others. At the watershed-
scale, the hydraulic variables (w, h, U , Q) are dictated by the local hydrology, and
the sediment characteristics (Qs, d, n, and ks) are dictated by the local geology and
land use (Leopold et al., 1964). Bed slope, however, is adjusted through changes in
meander geometry/sinuosity, where an increase in sinuosity (Ω) results in a decrease
in channel slope (Leopold et al., 1964).

Ω =
channel length

valley length
. (2.27)

Further, the meanders of natural channels induce a helical secondary flow that
adds a radial shear stress (τr–[ML−1T−2]) to the sediment surface. Julien [2002]

1Bed shear in relation to redd site selection has been investigated by Cooper [1965] and Kondolf
et al. [1993], with no success.
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describes secondary flow as generated through changes in downstream channel ori-
entation, where water surface streamlines approaching a bend are deflected toward
the inner bank along the streambed, generating radial shear (τr) and directing par-
ticles toward the inner bank to form the point bar. Julien [2002] adds that the
centrifugal forces generating secondary flow are countered by the radial shear stress
abating the circular motion, further dissipating energy. The sharper the bends, the
stronger the secondary currents (Knighton, 1998; Julien, 2002). It is due to these
secondary flows that significant pooling occurs at bends rather than at the shallow
inflection points, namely riffles, along low-gradient streams (Julien, 2002).

A general measure of sediment transport is stream power (Yang, 1972). Bag-
nold [1980] defined stream power as the “mean rate of kinetic energy supply and
dissipation along a stream channel,” where

ω = γQSf , (2.28)

and ω = stream power [MLT−3].

Unit stream power per unit area of stream bed2 is defined as

ωa = Uτ0 =
γQSf
w

, (2.29)

where ωa = stream power per unit area of stream bed [MT−3],
having the S.I. units of W/m2 (Leopold et al, 1964).

An alternative form is known as stream power per unit weight, where ωw = US0.
Yang [1972] defined ωw as the “time rate of potential energy expenditure per unit
weight of water.” In all cases, stream power is postulated as being constant along the
length of a stable channel (Leopold et al., 1964) and should achieve its minimum
once a channel stabilizes (Keller, 1998). Only part of this rate of doing work is
available to transport bed load (Leopold et al., 1964), and there are many other
approaches used to assess the movement of bed load, based on the analysis of shear
stress, energy slope, discharge, velocity, and bed form (Yang, 1996).

The shape and size of an active channel is dictated by periods of high bedload
movement, and typically, this movement occurs at discharges approaching and ex-
ceeding bankfull (Emmett and Wolman, 2001; Rosgen, 2006). Bankfull discharge
(Qbf ) is defined by Leopold et al. [1964] as “the flow that fills the channel to the
top of its banks at a point where the water begins to overflow onto a floodplain.”
Bankfull discharge for a natural channel with minimal anthropological land use
typically recurs at 1.05-2.20 years (Leopold et al., 1964; Annable, 1996).

Incipient motion leading to fluvial entrainment and thus sediment transport
is dependent on a balance between hydrodynamic forces, lift and drag (FL ∼

2Unit stream power per unit area of stream bed as it relates to redd-site selection has been
investigated by Kondolf et al. [1993]. Sediment yield has been investigated by Lisle and Lewis
[1992]; both investigations were unsuccessful.
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FD ∼ τ0d
2), and gravitational forces with respect to the particle’s submerged weight

(FS = FW − FB ∼ (γs − γ) d3) as demonstrated in Figure 2.5. The ratio of hydro-
dynamic to gravitational forces is the dimensionless Shields entrainment function
(τ∗—Shields, 1936), where

τ∗ =
τ0

(γs − γ)d
. (2.30)

Flow
B

L

D
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W

F

F

F

F

F

Figure 2.5: Force diagram under steady uniform flow (modified from Julien, 1998).

The Shields diagram, which relates the Shields entrainment function against the
grain shear Reynolds number (Re∗), shows that for a critical dimensionless shear
stress (τ∗c), particles of size d will become entrained. However, for non-cohesive
sediment in turbulent flow, when Re∗ > 70, which is typical of natural gravel-bed
channels (Julien, 2002), τ∗c remains constant, ranging between 0.045 (Julien, 1998;
Knighton, 1998; Sturm, 2001) and 0.047 (Julien, 2002), or τ∗c ≈ 0.06 tanφ, when
Re∗ > 50 (Julien, 1998), where φ is the sediment angle of repose. (φ ≈ 38◦ for
medium-coarse gravel, depending on the sphericity of the particles—Julien, 2002.)
Therefore in hydraulically rough turbulent conditions, the Shields entrainment func-
tion becomes independent of particle size (Julien, 1998) and viscous effects (Vanoni,
2006). Once entrained, the conveyance of sediment depends on the energy of flow
(i.e., stream power).

Re∗ =
u∗d65

ν
; (2.31)

u∗ =

√
τ0
ρ
, (2.32)

where Re∗ = grain shear Reynolds number [−];
u∗ = shear velocity [LT−1].

With τ∗c remaining constant, Julien [1998] provides a plot that reduces Equation
2.30 to critical bed shear (τc) as a function of median grain size (measured in
meters), where

τc = Cd50, (2.33)
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and the coefficient C ≈ 790 Pa/m, yet ranges 630 < C < 1260 Pa/m. The initiation
of particle movement may be related to stream velocity, provided that the depth
of flow is small, where h < 1 m (Vanoni, 2006). Keulegan [1938] defined critical
velocity as

Uc = 5.75
√
τ∗c (G− 1) gd50 log

12.2h

ks
(2.34)

= 5.75u∗c log
12.2h

ks
. (2.35)

where Uc = critical depth-averaged velocity [LT−1];
u∗c = critical shear velocity [LT−1].

An alternative form is intended by Julien [2002] for riprap design, where

Uc = 1.2
√

2 (G− 1) gd, (2.36)

Julien [2002] warns, however, that the above critical velocity relationships are
valid only when h ≈ 5d can be satisfied. For conditions where h > 10d, the shear
stress method (Equation 2.30) is recommended (Julien, 2002; Vanoni, 2006).

2.3.3 Boundary-layer flow

Shear can also be determined through the logarithmic turbulent velocity profile,
otherwise known as boundary-layer flow the of the “Law of the Wall” (von Kármán,
1930; Prandtl, 1932). The Law of the Wall is defined as

du

dz
=

u∗
κ · z

, (2.37)

where κ = the von Kármán constant ≈ 0.4 [−].

Integrating Equation 2.37 yields

ū(z)

u∗
=

1

κ
ln

(
z

z0

)
, (2.38)

where ū(z) = is the time-averaged velocity at height z above the
stream bed [LT−1];

z0 = roughness length [L], where ū(z0) = 0.

Integrating Equation 2.38 over flow depth h and assuming h� z0, yields

U

u∗
=

1

κ
ln

(
h

ez0

)
. (2.39)
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Originally based on the work of Nikuradse [1933], roughness length has been ap-
proximated by an equivalent sand grain roughness (ks—Monin and Yaglom, 1971).
For open channel flow, Keulegan [1938], White [1940], and Einstein [1950] recom-
mend

ks ≈ 33z0. (2.40)

Substituting Equation 2.40 into 2.39 produces the Einstein-Keulegan form, as-
suming h� ks = d65 � δν . For hydraulically rough turbulent flow, where Re∗ > 70,
the correction factor xe = 1 (Einstein, 1950). The Einstein-Keulegan equation is
the origin of Equation 2.35:

U

u∗
= 5.75 log

(
12.2Rxe
ks

)
; (2.41)

δν =
11.6ν

u∗
, (2.42)

where xe = correction factor, xe = 1 when ks/δν > 5 and ks = d65

[−];
δν = viscous sublayer thickness [L].

Estimation of surface roughness ks varies among sources: ks = d50 (Strickler,
1923); ks = d65 (Einstein, 1950); ks = 3.1d90, ks = 3.5d84, ks = 5.2d65, and
ks = 6.8d50 (Bray, 1980); ks = 4.66d84 (ranging between ks = 1.5–7.0d84 (Clifford
et al., 1992); ks = 1.4d84, ks = 3.2d84, or ks = 2.4d84 (Sturm, 2001). However,
ks = 3.5d84 by Hey [1979] is most commonly used both in geomorphology (Church
et al., 1990; Sturm, 2001) and in lotic ecology (Rempel et al., 2000).

The formative processes that dictate reach-scale channel morphology depend
on many watershed-scale characteristics. As illustrated by Lane’s [1955] balance
(Equation 2.26), channel stability is dependent on a dynamic balance between wa-
ter and sediment inputs, which, in turn, are dependent on local hydrology, past
and present land use, past and present climate, hillslope characteristics, vegetation
type, size of watershed, sediment characteristics, and upstream channel processes
(Rosgen, 2006). Further, Rosgen [2006] adds that channel equilibrium can never be
truly achieved since the watershed is exposed to many dynamic processes. Channel
hydraulics depend on surface roughness (Equation 2.7), and it is apparent from
Equations 2.20 to 2.22 that a relationship exists between surface roughness and
sediment character. Accelerated sediment yield due to changes at the watershed-
scale often results in channel instability (Rosgen, 2006). Thus, watershed-scale
characteristics have as much of a significant impact on salmonid spawning grounds
as local-scale characteristics do (Imhof et al., 1996).
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Chapter 3

Methodology

Whiteman’s Creek, located near Paris, Ontario, Canada (Figure 3.1) was selected
to investigate the hydrodynamic characteristics of sites selected by spawning fish.
Research by Hartley [1999] identifies that the selected reach supports diverse en-
vironmental niches. Preliminary reconnaissance of the study reach (Figure 3.2) in
the spring of 2006 identified 19 redds along an approximate 1.9 km reach.

Whiteman’s creek is characterized as a low gradient, flood plain dominated,
gravel bed river with the following characteristics (Hartley, 1999): stream gradi-
ent (S0 = 0.27%), sinuosity (Ω = 1.6), effective catchment area (Ad = 383 km2),
bankfull discharge (Qbf = 42 m3/s), average bankfull width (wbf = 23.2 m), av-
erage bankfull depth (hbf = 1.1 m), and average grain size distributions on riffles
of d16 = 11.8 mm, d50 = 42.8 mm, d84 = 90.9 mm, and for the entire reach of
d16 = 8.1 mm, d50 = 33.4 mm, d84 = 72.8 mm.

The chosen species were the spring-spawning rainbow trout and the fall-spawning
brown trout, hereinafter referred to as simply salmonids. Both species prefer to con-
struct redds near the crests of gravel bed riffles, away from either bank (Burner,
1951; Hayes, 1987; Lisle, 1989). Redd identification was undertaken within a week
of spawning, when strong visual contrast could be identified in bed material prior to
periphytic regrowth (Witzel and MacCrimmon, 1983a,b; Grost et al., 1990; Beard
and Carline, 1991; Schmetterling, 2000; J. Imhof, pers. comm.). Riffles identified
with redds were selected for detailed hydrodynamic analysis.

3.1 Site survey

Field work commenced in April 2006 when spring freshet flows had receded (Figure
3.3). Table 3.1 provides a chronology of field activities. Field reconnaissance was
undertaken to identify the locations of established and attempted redds along the
study reach. Redd locations were identified with a Trimble Geo XT R© sub-metre
accurate GPS. Based upon the equipment used, field work was limited to safe wade-
able flow depths and velocities. Flow conditions exceeding 12 m3/s (corresponding
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Figure 3.1: Site location of Whiteman’s Creek, Southern Ontario, Canada.
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Figure 3.2: Site map of Whiteman’s Creek. R1,R2,R3—Study riffles 1,2,3 respec-
tively. WSC gauge station: Whiteman’s creek near Mount. Vernon (02GB008).
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Figure 3.3: Discharge record of Whiteman’s Creek. Fieldwork chronology as de-
scribed in Table 3.1.

Table 3.1: Chronology of Whiteman’s creek field work.

a) April 19, 2006 Rainbow trout were active; spawning season had begun. Redds
discovered were located using GPS.

b) October 13 No sign to date of brown trout activity. By October 20, ve-
locities along riffles were in excess of 1.4 m/s (equivalent to a
discharge of 10 m3/s). There was limited visibility within the
river, thus spawning could not be identified.

c) November 6-15 PCADP data were acquired over brown trout redds. Notice
that this period was a short window between two high flow
events. Q̄ = 5.55 m3/s.

d) May 1, 2007 Commencement of rainbow trout spawning was observed at
multiple locations; although only a limited number of redds
were ultimately constructed.

e) May 9-11 PCADP data were acquired over rainbow trout redds. Similar
to measurements over brown trout redds, measurements were
acquired within a short window between high flow events. Q̄ =
2.33 m3/s.

f) May 29-June 6 2.7 km longitudinal, cross-sectional and planform total station
site survey was completed.
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to near-bank velocities in excess of 1.4 m/s) were considered dangerous and were
avoided.
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Figure 3.4: Total station field survey and complementary topographic cross-sections
of the Whiteman’s creek study reach.

A series of cross-sections (Figure 3.4) and a longitudinal profile (Figure 3.5)
were surveyed along the study reach using methods consistent with Annable [1996]
using a Set 5E Sokkia R© total station, data logger and single-optic prism pole. Total
station surveys were geo-referenced to North American Datum (NAD) 1983 UTM
Zone 17N coordinates acquired with a Trimble Geo XT R© GPS unit at the starting
and ending control benchmarks of each survey. Elevations were referenced to the
Ontario Ministry of Transportation (MTO) benchmark 828082.
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Figure 3.5: Longitudinal profile of Whiteman’s creek. R1,R2,R3—High-resolution
velocity measurement study riffles 1,2,3 respectively.

Thalweg and centreline measurements were obtained along the length of the
study reach at approximately every bankfull channel width. The maximum inverts
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of pools, notable changes in channel slope, and the tops and bottoms of riffles,
and headcuts were also surveyed, consistent with the methods outlined by Annable
[1996]. The lengths of riffles and runs, and the inter-riffle/inter-pool spacing were
determined from the longitudinal profile. Slopes were determined from the av-
erage elevation of three survey points obtained at the tops and bottoms of each
morphological feature.

Cross-sections define the geometric boundary of the natural channel perpendic-
ular to flow along the channel and adjacent floodplain. Cross-sections were defined
and measured perpendicular to the channel within the upper third of each riffle and
extended out into the flood plains in sufficient detail to define cross-sections for un-
dertaking hydraulic analysis using Hydrologic Engineering Center’s River Analysis
System (HEC-RAS R© 4.0) for flood conditions. At each cross-section, characteris-
tics such as top and bottom of banks, bankfull stage, and the channel thalweg were
defined, in addition to all notable breaks in slope and terraces identified in the field.
Ideally, the extent of each cross-section was surveyed from, at minimum, the top
of the valley walls to the channel thalweg. In cases where it was not possible to
extend the cross-section to the top of the valley walls, due to line of sight limita-
tions, the extents of the cross-sections along the floodplain were extrapolated using
topographic maps at a scale of 1:10000 and Digital Elevation Models (DEMs),
once the field surveys were geo-referenced.

3.2 Sediment sampling

Sediment samples were collected using the barrel sampling technique (Bunte and
Apt, 2001). Three samples were collected around each measured redd (immedi-
ately upstream, left and right of the each redd, Figure 3.6). Other samples were
collected at the top of each study riffle, and at locations known to be occupied by
redds during previous spawning seasons. Grain size analysis was conducted in the
laboratory on each sediment sample using dry sieving methods at 0.5Φ intervals
(Friedman and Sanders, 1978) for particles smaller than 32 mm, where

Φ = − log2 d. (3.1)

Particles greater than 32 mm were measured and massed individually in the field
and segregated into 0.5Φ intervals. Both field and dry sieve data of each sample
were combined and the d5, d16, d25, d50, d75, d84, d95 percentiles were determined.

The particle distribution of fluvial sediment tend to approximate a normal dis-
tribution when expressed in Φ-intervals (Bunte and Abt, 2001). The graphic arith-
metic sorting coefficient is thus used to classify the degree of sorting (Folk and
Ward, 1957). The sorting coefficient provided by Inman (1952) is expressed as
begin

SI =

∣∣∣∣Φ84 − Φ16

2

∣∣∣∣ ; (3.2)
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Figure 3.6: Planimetric sediment sampling locations proximal to redds and at the
tops of riffles.

and Folk and Ward [1957] provided the alternative form:

SFW =
Φ84 − Φ16

4
+

Φ95 − Φ5

6.6
, (3.3)

where SI = the Inman [1952] sorting coefficient [−];
SFW = the Folk and Ward [1957] sorting coefficient [−];
Φn = the nth percentile Φ-size [Φ units].

Sediment analysis outlined by Friedman and Sanders [1978] was used to char-
acterize the bed material samples rather than the fredle index employed by many
fishery biologists (Witzel and MacCrimmon, 1983a; Sowden and Power, 1985; Beard
and Carline, 1991; Kondolf et al., 1993; Bernier-Bourgault and Magnan, 2002). The
fredle index (fi), expressed as the ratio of the substrate’s particle size to its degree
of sorting, was developed by Lotspeich and Everest [1981] to analyze the degree of
fine reduction during redd construction. Kondolf [2000] noted, however, that the
geometric mean in the fredle index should be replaced by the standard form used
in engineering and sedimentological practise, where dg = d50, since the numerator’s
role in the fredle index is to assess the central tendency of the sample’s distribution.
Kondolf [2000] also pointed out that the sorting index ignores all particles smaller
than d25; therefore, fines most detrimental to embryonic survival, i.e., d < 1 mm
(Phillips et al., 1975; Witzel and MacCrimmon 1983b; Sowden and Power, 1985;
Kondolf et al., 1993; Kondolf, 2000), may be overlooked. Further, the fredle index
does not account for the sediment’s degree of compaction or armouring. Kondolf
[2000] suggested that the conventional Inman [1952] sorting index (sg) should be
applied, where

sg =

√
d84

d16

. (3.4)

The particle gradations were employed to classify the bed material size dis-
tribution of each morphological feature, to estimate roughness parameters (n, ks)
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required for hydraulic analysis, and to calculate critical shear and critical velocity
thresholds. The sedimentological definitions of grain size moments were used to
provide consistency in comparing various hydraulic, fluid mechanics, and biological
linkages.

3.2.1 Critical particle size

With the use of a conservative constant value of 0.03 for the critical dimensionless
Shield’s entrainment function (Equation 2.30), a value said to be “the minimum
dimensionless critical shear stress determined for rough beds under fully turbulent
flow” (Lacey and Miller, 2004—quoting Yalin and Karahan, 1979), and known bed
shear, the largest particle size that will become entrained has the average diameter
of

dc = Cτ0, (3.5)

where dc = the critical particle diameter [L];
C = 0.0021 m2s2/kg.

3.3 Acoustic Doppler Profiler

A SonTek
TM

Pulse Coherent Acoustic Doppler Profiler (PCADP ) was employed to
measure three-dimensional velocities on a high resolution discretized spatial scale.
Measurements were taken over the same locations at different times of the year to
obtain results under varying discharge and flow depth conditions.

The PCADP is a downward looking velocity profiler capable of obtaining veloc-
ity readings at 1.6 cm vertical increments ranging between 5 cm below the PCADP
to the channel bed. Three transducers emit sound pulses, otherwise known as
beams, 15◦ from the PCADP’s principal axis (Figure 3.7). Each transducer mea-
sures the phase difference between a returning pair of beams that have been re-
flected off waterborne particles. The combination of the three beam pairs results in
a three-dimensional velocity profile which can be transformed into Cartesian coor-
dinates of ux, uy, uz. The operation of the PCADP implicitly assumes that there
is homogeneity of flow between the three beams at every given depth, where the
distance between each beam is roughly 40% depth of measurement. The relative
error associated with the PCADP is dependent on depth of measurement, velocity
of water, temperature of water and length of averaging interval. A 30 s averaging
interval over a depth of 1 m produces 104 beam pairs per sample, resulting in a
maximum error of ±0.03 cm/s.
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Figure 3.7: PCADP velocity measurements application for sampling depth and
resulting velocity profile. CS–cell size; BD-Űblanking distance.
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3.4 The PCADP Cage

Application of the PCADP requires a fixed position to accurately obtain veloc-
ity profiles. The PCADP is commonly employed in laboratory flumes or at fixed
locations in rivers and along shorelines to sample velocity changes over extended
periods of time. For the intended application, two-dimensional spatial data was of
particular interest at short sampling periods where the discharge could be assumed
to be relatively constant.

The PCADP was integrated into a table-like apparatus (referred to as the
Cage—Figure 3.8) to obtain velocity profiles on a planimetric spatial discretiza-
tion of ∆x = ∆y ≥ 20 cm. The cage was developed such that the discrete position
of each velocity profile could be obtained and geo-referenced to UTM coordinates.
At each corner of the cage, four total station prism mounts were integrated into
the design such that the cage could be picked up and moved to a different location
and geo-referenced to the same spatial coordinate system, as illustrated in Figure
3.9 (by use of a Sokkia R© Set 5E total station). Site survey and cage locations were
referenced to geo-referenced standard iron bars (SIBs) that were installed along
the banks of the stream to provide permanent survey benchmarks for subsequent
surveys.

Redd

PCADP

4.3 m

2.2 m

a)

b)

Figure 3.8: a) Oblique and b) plan-view of the cage.

Outriggers were also integrated into the cage design to minimize wake turbulence
induced by the upstream legs (Figure 3.10). Given that the longest dimension of
the cage is oriented in the direction of flow, the wake formed by the outrigger legs
will not enter the sampling area. Typically, when measuring riffle velocities, which
ranged between 0.6 m/s and 1.0 m/s, the ratio of the distance downstream to the
wake’s lateral displacement was approximately 4:1.
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Figure 3.9: Plan view of a riffle reach where multiple cage readings have been
undertaken. The shaded area represents a field identified redd.
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Figure 3.10: The wake caused by outriggers will not interfere with the measurement
area.
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3.5 Post processing and analysis

3.5.1 Boundary-layer profiles and local shear

The PCADP’s intended design was to collect velocity profiles from a stationary
location over a long duration (days to months). Consequently, post processing soft-
ware to organize PCADP measurements at multiple spatial locations over shorter
periods of time were not commercially available. Discrete field velocity profiles were
conducted using 30 second averaging intervals (AI) followed by a 5 second pause
required for the repositioning of the PCADP to each cage grid position (i.e., a 35
second profile interval–PRI). Based upon the geo-referenced cage locations, the
geo-referenced coordinates of each velocity profile and the elevation of each discrete
velocity was assigned. The magnitude of each discrete velocity was numerically
computed as a function of the natural logarithm of the height above the streambed,
consistent with the Law of the Wall (Equation 2.38). Integrating Equation 2.37,
this time without applying the boundary condition u(z0) = 0 yields

ū(z) = a+ b ln z. (3.6)

From linear regression, the shear velocity was determined by

u∗ = κb, (3.7)

and roughness length by

z0 = e−a/b. (3.8)

Linearly regressed profiles with a minimum coefficient of determination of r2 =
0.90, with respect to Equation 3.6, were considered, all others were rejected. Fur-
ther, profiles with less than five velocity measurements per profile, i.e., profiles with
less than 5 sample cells, were also eliminated. With the exception of the riffle 1
rainbow trout study (which was conducted in low-flow conditions), 92% of the re-
maining 2356 profiles measured exceeded five sample cells, at a cell size of 1.6 cm
(Figure 3.11).

For profiles with r2 < 0.90, up to three outliers were removed until the minimum
coefficient of determination (r2 = 0.90) was reached. The majority of outliers were
found amongst the bottom two cells, a distance of 3.2 cm above the sediment-water
interface, presumably due to turbulence caused by the roughness elements. Under
these criteria, 69.1% of the 2683 total profiles fit the logarithmic trend according
to Equation 3.6 and were accepted for further hydrodynamic analysis (Table 3.2).

The majority of boundary-layer profiles exhibited strong uniformity with respect
to the law of the wall. By comparing equation 2.38 to 2.39 it can be demonstrated
that U = ū(e−1h), which is known as the “0.6 depth method,” where e−1h = 0.37h,
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Figure 3.11: Frequency distribution of PCADP profile lengths per study riffle.

(that is, 37% of the depth from the stream bed). Applying this equality to equation
3.6 yields

U = a+ b
h

e
. (3.9)

Equation 3.9 provides a method of testing the accuracy of the collected data by
plotting mean velocity of every profile against mean profile velocity as a function of
profile height, slope, and intercept. Regardless of the location and time of measure-
ment, the mean velocity of 1853 profiles relates to Equation 3.9 with near-perfect
agreement, having a coefficient of determination, r2 > 0.999 (Figure 3.12a).

Alternatively, shear velocity calculated from 1853 logarithmic profile slopes
(Equation 3.7) shows similar agreement when plotted against shear velocity cal-
culated using Equation 2.39 with known mean profile velocity, profile height, and
roughness length, having an r2 = 0.998 (Figure 3.12b). In addition, recall that in
deriving Equation 2.39, the assumption z0 � h was made for simplification. On
average, roughness length at all study sites was z̄0 ≈ 2.5 mm, yet it did reach a
maximum of z0,max = 50 mm on several occasions. Thus, high roughness lengths,
which correspond to high shear, did achieve lengths where the assumption z0 � h
can no longer hold. Neglecting this assumption the complete form of the Law of
the Wall is thus given by

U

u∗
=

1

κ
· h− z0

z0 + h ln h
ez0

. (3.10)
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Table 3.2: Success of acquired profiles from each study riffle at varying minimum
acceptable coefficients of determination when fit to Equation 3.6. BR1 signifies
Brown trout, Riffle 1.

r2 BR1 BR2 RR1 RR3 Total Percent

50% 548 919 337 526 2330 86.8%
60% 516 911 329 521 2277 84.9%
75% 447 894 326 510 2177 81.1%
90% 283 794 307 469 1853 69.1%
95% 167 587 275 394 1423 53.0%
99% 19 72 154 119 364 13.6%

Total 629 943 566 545 2683 100.0%
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Figure 3.12: a) Empirically-measured mean profile velocity, U1, agrees with U2–
mean profile velocity as a function of profile height, intercept, and slope (Equation
3.6). r2 > 0.999. b) Shear velocity as a function of velocity profile slopes, where
u∗1 = κb, agrees with u∗2 calculated from Equation 3.10 with known mean profile
velocity, depth, and roughness length. r2 = 0.998. n = 1853. Units: cm/s.
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3.5.2 Local roughness

Local bed shear determined by boundary-layer profile analysis will be used to ap-
proximate local roughness. Roughness can be defined by Darcy-Weisbach friction
factor:

f =
8τ0
ρU2

, (3.11)

where f = Darcy-Weisbach friction factor [−].

Substitution of Equation 2.32 into 3.11 yields

U

u∗
=

√
8

f
, (3.12)

Which is also equivalent to the right hand side of the integrated form of the Law
of the Wall (Equation 2.39). The Darcy-Weisbach friction factor can be related to
the Manning’s roughness coefficient by

√
8g

f
=
h1/6

n
; (3.13)

Therefore, by introducing a local Manning’s roughness coefficient (nl), combining
Equations 3.12 and 3.13, and using locally-measured shear velocity, local roughness
can then be approximated by

nl =
u∗h

1/6

√
gU

, (3.14)

where nl = Local Manning’s roughness [TL−1/3].

3.5.3 Turbulent kinetic energy

Methods used to define physical habitat are mostly two-dimensional (planform)
metrics which implicitly assumes depth-wise homogeneity, in the similar sense that
hydraulic equations such as the Manning’s equation and DuBoys bed shear equa-
tion implicitly assumes planform homogeneity (i.e., uniform flow). To illustrate
any depth-wise trends, a modification of turbulent kinetic energy was developed.
An alternative to the Reynolds number as a measure of turbulence, mean turbu-
lent kinetic energy per unit mass is used to assess the consistency of time-averaged
velocity measurements (Moody and Smith, 2004; Stone et al., 2006; Smith and
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Brannon, 2007):

ē =
1

2

(
σ2
x + σ2

y + σ2
z

)
, (3.15)

where ē = turbulent kinetic energy per unit mass [L2T−2];
σ2
x, σ2

y, σ2
z = variance of velocity in the x−, y−, z−direction, re-

spectively [L2T−2].

The data collected are thirty-second time-averaged velocities. If the above form
is modified where the variance is calculated from the collection of individual three-
dimensional velocities that constitute a single velocity profile, a water column with
a reduced influence from secondary flows will be indicated by a reduced overall tur-
bulent kinetic energy along the depth of the velocity profile. Analyzing the above
equation along the profile length yields the mean turbulent kinetic energy per unit
area of streambed:

ēa =
1

2
ρh
(
σ2
x + σ2

y + σ2
z

)
, (3.16)

where ēa = turbulent kinetic energy per unit area [MT−2], having
the S.I. units of J/m2;

σ2
x, σ2

y, σ2
z = depth-averaged variance of velocities in the x−, y−,

z−direction, respectively, which constitute one complete
profile [L2T−2].
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Chapter 4

Results

Brown trout redds were located at five separate riffles within the study reach,
however, only two of these riffles were chosen for detailed hydrodynamic analysis,
namely riffle 1 (R1) and riffle 2 (R2), (Figure 4.1). The choice of these two study rif-
fles was, to some extent, based on access, however, and most importantly, they were
chosen mainly because they demonstrated high spawning activity, with multiple
redds present with further evidence of superimposition and abandoned/incomplete
redd attempts. Riffles 1 and 2 were also active with rainbow trout spawning in the
spring of that year, identified during the preliminary site selection process. Hence,
based on the observed spawning activity, these two riffles were deemed preferred
spawning grounds.

Discharge at Whiteman’s creek during the spring of 2007 was unseasonably low,
and this was reflected in the lack of rainbow trout redd production when compared
to the 2006 season. Rainbow trout redds could only be identified along two riffles
(R1 and R3–Figure 4.1), and thus were chosen for PCADP analysis.

Cage-PCADP analysis was performed in a patch-work process, gathering veloc-
ity data above and proximal to constructed redds (Figure 4.2). Vertical velocity
profile measurements were evenly distributed typically at a spacing of 60 cm, with
the exception of profiles measured above redds, where the sample density was in-
creased to a 20 cm grid spacing. The choice of spacing was to maximize the overall
sampling area within the least amount of time, in order to minimize effects caused
by changes in discharge.

4.1 Sediment analysis

Sediment analysis at Whiteman’s creek is summarized in Table 4.1. All sediment
samples were poorly sorted, based on the samples’ gradation standard deviation
(sg =

√
d84/d16), and the samples’ graphic arithmetic coefficient (Folk and Ward,

1957; Bunte and Abt, 2001). The sorting coefficients calculated using the two-
percentile Inman [1952] method (Equation 3.2), or the four-percentile Folk and
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Figure 4.1: Aerial photograph of study site outlining locations of the detailed
PCADP hydrodynamic analysis. R1 refers to Riffle 1.

40



Flow Direction Cage Locations

Flo

Figure 4.2: PCADP sample distribution at riffle 2 during the brown trout spawning
season (fall 2006). In a patch-work fashion, 20 cage were placed along the study
riffle, totalling 943 vertical velocity profiles, each consisting of 39 sample cells, for
a grand total of 36,777 point velocity measurements.

Ward [1957] method (Equation 3.3) yielded the exact results (Table 4.1). Approx-
imately 5% by mass of all samples consisted of fines less than 1 mm in diameter,
the size deemed detrimental to fry development (Kondolf et al., 1993). When com-
paring the particle distribution of near-redd samples and top-of-riffle samples, little
difference in particle distribution is apparent. Particle size distribution was also
consistent with the sediment distribution reported by Hartley [1999] for White-
man’s Creek riffle substrate.

Table 4.1: Aggregate sediment analysis of three riffle sites at Whiteman’s creek.
B–2006 brown trout survey; R–2007 rainbow trout survey. All units are mm.

d5 d16 d25 d50 d65 d75 d84 d90 d95 sg SI

Riffle 1 (B,R) 6.4 15.3 23.5 49.5 65.3 80.4 98.4 114.5 131.8 2.5 1.3
Riffle 2 (B) 1.9 10.7 19.4 45.9 64.0 77.9 92.4 102.6 111.6 2.9 1.6
Riffle 3 (R) 2.6 10.8 20.5 41.3 53.0 62.7 72.0 78.3 85.9 2.6 1.4

The three methods of approximating Manning’s n listed in Julien [1998] (Equa-
tions 2.20-2.22) were inconsistent. Equation 2.22 (n = 0.038 6

√
d90), however, best
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approximated local Manning’s roughness determined through boundary-layer anal-
ysis (nl—§3.5.2) listed in Table 4.3. Although the values of the local Manning’s
roughness coefficient are low with respect to Morisawa [1968], Newbury and Gaboury
[1993], and Julien [1998], they did match observed conditions when applied to HEC-
RAS R© analysis at low-flow conditions (§4.4).

Equivalent sand roughness height (ks)—back-calculated from the mean mea-
sured roughness length, where ks = 33z0, was inconsistent with the conventional
Hey [1979] or Bray [1980] approximations. Bray [1980] introduced the coefficient

Cn =
ks
dn
, (4.1)

where dn = grain size at which n% of the sample is finer [L];
Cn = Bray coefficient [−].

In fact, ks most resembled Einstein’s [1950] original approximation of ks =
d65, yet more closely resembled ks = d84 (Table 4.2). Both Hey [1979] and Bray
[1980] defined the relationship between ks and dn based on the Einstein-Keulegan
equation, where the DuBoys bed shear equation was used to estimate shear velocity,
where u∗ =

√
gRS. Hey [1979] and Bray [1980] empirical data was collected from

UK gravel-bed streams and Alberta gravel-bed streams, respectively; hence, since
their approximation agreed with one-another, ks = 3.5d84 was made convention.
Based on the data collected for this study, the use of any of Bray’s [1980] coefficients
would have greatly overestimated bed shear; hence these relationships may be region
specific and are to be used in channels of similar dimension within basins of similar
hydrologic characteristics.

Table 4.2: Bray coefficients calculated by Equation 4.1 using six pavement samples
and 143 velocity profiles measured within a 1 m buffer surrounding two rainbow
trout redds, based on Equation 4.1. Standard deviations are given between paren-
theses.

z0 (mm) C50 C65 C75 C84 C90

2.0 (3.0) 2.0 1.5 1.2 1.0 0.9

4.2 Riffle-scale hydrodynamics

Table 4.3 summarizes the average redd characteristics of 1853 vertical profiles mea-
sured during four sampling periods over three riffles (two for brown trout, and two
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for rainbow trout). Temperatures listed in Table 4.3, measured by the PCADP,
increased throughout the day between the ranges specified. Because the PCADP
sensors had to submerged, and a 5 cm buffer cell is required to minimize PCADP
wake disturbance (Figure 3.7), actual depth-averaged velocity (U) had to be in-
terpolated using the Law of the Wall and known flow depth, shear velocity, and
roughness length, assuming that the logarithmic profile extends to the water sur-
face. Mean profile velocity (Up) represents the average of measured velocity cells
that constitute one single profile, measured within the profile length (hp).

Table 4.3: Mean measured data collected from the four study riffles. Flow is esti-
mated from stage-discharge rating curves. †–Bed shear calculated using Equation
2.41 and ‡–Equation 2.25. Standard deviations are given between parentheses.

Brown trout Rainbow trout
Riffle 1 Riffle 2 Riffle 1 Riffle 3

Q (m/s3) 5.55 5.55 2.33 2.33
T (◦C) 6.5-9.0 6.5-9.0 15-19 15-19
n 283 794 307 469
h (cm) 31.1 (7.1) 39.3 (10.3) 22.1 (8.4) 27.7 (6.7)
hp (cm) 22.7 (7.2) 31.3 (10.3) 14.1 (8.0) 20.8 (6.7)
U (cm/s) 107.6 (11.4) 99.8 (14.0) 76.8 (18.1) 60.7 (11.8)
Up (cm/s) 102.9 (12.6) 95.1 (13.2) 67.8 (16.5) 57.6 (11.7)
Fr (-) 0.63 (0.11) 0.53 (0.13) 0.54 (0.16) 0.37 (0.07)
Re (-) 105.4 (104.7) 105.4 (104.7) 105.2 (104.8) 105.2 (104.8)
Re∗ (-) 103.4 (103.1) 103.2 (102.8) 103.5 (103.2) 103.1 (102.8)
τ0 (N/m2) 7.7 (7.1) 7.6 (6.0) 8.0 (7.2) 2.9 (3.7)
τ0 (N/m2)† 11.25 8.57 6.83 3.42
τ0 (N/m2)‡ 10.06 11.56 6.72 1.36
Sf (-) 0.0028 0.0027 0.0028 0.0004
S0 (-) 0.0061 0.0007 0.0061 0.0075
nl (m1/3/s) 0.020 (0.011) 0.022 (0.008) 0.026 (0.012) 0.021 (0.010)
dc (mm) 16.2 (14.9) 16.0 (6.0) 16.9 (15.1) 6.1 (7.9)
z0 (mm) 1.8 (3.3) 1.8 (2.1) 2.8 (3.3) 1.7 (3.2)
δν (mm) 0.26 (0.18) 0.24 (0.12) 0.20 (0.12) 0.34 (0.25)

The Froude number measured at all riffles is within the range expected by
Jowett [1993]. On average, Froude numbers were greater than the values collected
from other redd-related studies (Figure 4.3). Although demonstrating little change
among study riffles, the Reynolds number showed high variation (where the stan-
dard deviation is found to be one order of magnitude less than the mean), and
appears to be most dependent on discharge. In all cases, Re � 2500, hence flow
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is turbulent. The grain shear Reynolds number (Re∗) was consistent at all study
reaches yet experiences an even greater variation than Re. In all cases, Re∗ � 70,
hence hydraulically-rough flow is present.

Three methods of calculating bed shear are compared in Table 4.3. First, ac-
tual local bed shear, related to the velocity profile slope, experienced the greatest
variation, where its standard deviations is close to their mean values, i.e., having
a relative error close to unity (Bevington and Robinson, 1992). The distribution
of the measured bed shear was positively skewed at all riffles. Second, marked †,
bed shear is calculated based on the Einstein-Kuelegan equation (2.41) with known
mean velocity, depth, and allowing ks = d65 (Einstein, 1950). Third, marked ‡,
bed shear is calculated based on the DuBoys bed shear equation (2.25) with known
depth and friction slope calculated from HEC-RAS R© simulations (§4.4). Overall,
the two methods of estimating bed shear using Equations 2.25 and 2.41 faired
quite well in estimating mean measured shear. Also shown in Table 4.3, with the
exception of RR1, actual bed shear was slightly overestimated by Equations 2.25
and 2.41, which is reasonable considering the positively skewed bed shear distribu-
tion. Within Table 4.3 Duboys bed shear (τ0‡) for RR3 must be disregarded since
the HEC-RAS R© simulation of RR3 produced unreasonable values at the low flow
conditions experience during PCADP data collection. Once discharge approached
bankfull, the HEC-RAS R© simulation of RR3 predict reasonable values of shear.

Manning’s n calculated using the local Manning roughness coefficient (nl–§3.5.2)
yielded values far less than Arcement and Schneider’s [1989] prediction of Man-
ning’s n for Whiteman’s creek, which was similar to approximations listed in both
Morisawa [1968] and Newbury and Gaboury [1993], where n ≈ 0.050. Equations
2.20-2.22 was closer to the local values, yet was still an overestimation. When
applying the mean local roughness coefficient to the HEC-RAS R© simulation, the
model produced hydraulic values that best resembled observed conditions and best
fit the 02GB008 rating curve.

Critical particle sizes calculated during the time of sampling roughly averaged 16
mm; therefore, in general, d > d16 were not at risk of entrainment at flow conditions
during data collection. Table 4.4 outlines other critical conditions based on the
sediment character present at each study riffle, as described in §2.3.2. Contrasting
the critical velocities and critical shear of Table 4.4 to HEC-RAS R© analysis (§4.4)
shows that critical conditions roughly coincide with bankfull conditions, consistent
with Emmett and Wolman [2001]. In all cases, dc > 1 mm, the particle size deemed
detrimental to redd success.

Table 4.3 reveals that hydraulically rough turbulent flow was present at all
study riffles, where Re∗ � 70 and δν � d (see §4.1). In addition, z0 � h verifies
that, on average, the assumption holds when integrating Equation 2.38 and the
most-familiar Einstein-Keulegan forms (2.35 and 2.41).

In addition to the results of Hartley [1999] (§3), the meander geometry of
Whiteman’s creek and Log Pearson type III analysis (IACWD, 1982) revealed the
following characteristics: Qbf = 39.8 m3/s (based on WSC-02GB008 flow data,

44



Table 4.4: Summary of critical shear velocity (m/s), critical velocity (m/s) and
critical shear (N/m2).

u∗c Uc Uc
τc τc
ρu2

∗c 790d50 1260d50 630d50

Equation: 2.35 2.36 2.32 2.33

BR1 0.16 1.60 1.28 24.0 39.1 62.4 31.2
BR2 0.15 1.58 1.28 22.3 36.3 57.8 28.9
RR1 0.16 2.36 1.13 24.0 39.1 62.4 31.2
RR3 0.14 1.47 1.17 20.1 32.6 52.0 26.0

1961-2005, where Qbf = Q1.5—Bedient and Huber, 2002), Q100 = 98.4 m3/s,
S0 = 0.257%, valley length surveyed = 1960.6 m, length of thalweg surveyed =
2988.4 m, Ω = 1.52, radius of curvature rc = 35.3 m, and meander belt width =
184.8 m.

4.3 On the physical habitat of spawning brown and
rainbow trout

Figure 4.3 contrasts a collection of depths and depth-averaged velocities proximal
to redds from the current and previous studies. Figure 4.3 also includes Reynolds
and Froude numbers which are similar to Figure 2.3 but now include the summary
of investigation included in this research. Whether comparing depth or velocity,
the reviewed literature shows results that vary widely and is ultimately dependent
on the discharges present during the time of sampling. It must be noted that the
measured values presented in Figure 4.3 are all within channels that can be waded,
limiting the upper limits of investigation.

4.3.1 Local-scale spawning assessment

To quantify inter-riffle spawning preference, the profiles gathered were divided into
five classes: profiles measured over the pit (Pit), over the tailspill (TS), within a
1 m buffer proximal to each redd (Buf.), in areas where redd construction was at-
tempted yet abandoned (Att.), and all other remaining profiles (Other)—as shown
in Figures 4.4–4.6. In all cases, the measured three-dimensional velocity field ex-
hibited a high degree of spatial variability. Mean profile velocities (Figure 4.4a)
measured within the areas selected for spawning are indistinguishable from the re-
maining profiles, with the exception of profiles measured over redd pits, where mean
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Figure 4.3: Hydraulic data collected proximal to redds from various works listed
in Table 4.5. a) Average velocity, b) depth, c) Reynolds Number, and d) Froude
Number. Bars indicate ±standard deviation.
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Table 4.5: List of sources as labelled in Figure 4.3.

a. Bernier-Bourgault and Magnan, 2001, (brook trout), n=16
b. Briggs, 1953, (steelhead trout), n=12
c. Essington et al. 1998, (brown trout), n=No Data
d. Grost et al., 1990, (brown trout), n=80
e. Heggberget, 1991, (brown trout), n=125
f. Kondolf et al., 1993, (brown & rainbow trout), n=25
g. Ottaway et al., 1981, (brown trout), n=264
h. Sams and Pearson, 1963, (steelhead trout), n=49
i. Schmetterling, 2000, (cutthroat trout), n=32
j. Shirvell and Dungey, 1983, (brown trout), n=118
k. Smith, 1973, (brown trout), n=115
l. Smith, 1973, (rainbow trout), n=51
m. Sorenson et al., 1995, (brown trout), n=12
n. Witzel and MacCrimmon, 1983, (brown trout), n=110
o. Zimmer and Power, 2005, (brown trout), n=159
p. This study, (brown & rainbow trout), n=1001

profile velocities decreased due to the sudden drop in bed elevation (Figure 4.4b).
The Reynolds number (Figure 4.4c) again exhibits little correlation with redd posi-
tioning, with the exception of BR1, which is most likely due to measurement error,
since measurements were taken over a two-day period. The Froude number (Fig-
ure 4.4d) shows less inter-riffle variation, yet again, shows little correlation to redd
positioning. The Froude numbers ranged within values expected for gravel bed
riffles studied during wadable flow conditions except for RR1, where supercritical
flow was present above the tailspill and within the 1 m redd-buffer, possibly due to
the shallow low-flow conditions present at the time of sampling, where measurable
velocity profile points were limited.

Shear-related variables (τ0, u∗, Re∗, dc) demonstrate a minor, yet distinguishable
decrease in areas chosen by spawning fish (TS, Buf., and Att. of Figure 4.5), and
appears to show some dependence on the Froude numbers present (e.g., contrast the
reduction in Fr–Figure 4.4d–of RR3 with measured shear–Figure 4.5). All shear-
related variables, however, demonstrate the greatest variation, having relatively
high standard deviations, especially when water depths are shallow. Particle sizes
at risk of being entrained at low flow conditions are, in all cases, below the 25th

percentile by mass of the pavement sampled (Figure 4.5d). In addition, all critical
particle sizes were above 1 mm, the particle size hazardous to fry development;
therefore, fines hazardous to fry development should not have been able to settle,
even at the low flow conditions present during sampling. The grain shear Reynolds
number (Re∗) does not demonstrate any positive correlation with redd site selection

47



BR1 BR2 RR1 RR3

0

40

80

120

160

u 1
.6
 (c

m
/s

)

Pit TS Att.Buf. Other

BR1 BR2 RR1 RR3Legend:

0

40

80

120

160

U
 (c

m
/s

)

Pit TS Att.Buf. Other

a)

BR1 BR2 RR1 RR3Legend:

0

20

40

60

h 
(c

m
)

Pit TS Att.Buf. Other

b)

BR1 BR2 RR1 RR3Legend:

104

105

106

R
e

Pit TS Att.Buf. Other

c)

BR1 BR2 RR1 RR3Legend:

0.0

0.4

0.8

1.2

1.6

2.0

F r

Pit TS Att.Buf. Other

d)

Figure 4.4: Averages of a) mean profile velocity, b) water depth, c) Reynolds num-
ber, and d) Froude number stratified by riffle location. Whiskers indicate±standard
deviation. BR1 signifies Brown trout Riffle 1, RR1 signifies Rainbow trout Riffle
1.
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Figure 4.5: Averages of a) bed shear, b) shear velocity, c) grain shear Reynolds
number, and d) critical particle size stratified by riffle location. Whiskers indicate
±standard deviation.

(Figure 4.5c). Most importantly, Re∗ was consistently well above the threshold of
70, which characterizes hydraulically rough turbulent flow conditions (Shields, 1936)
at all study sites.

Turbulent kinetic energy per unit area of streambed (Equation 3.16) proves to
be the most revealing hydrodynamic characteristic that differentiates chosen redd
locations from the surrounding riffle. Figure 4.6 illustrates that there is a consider-
able decrease in secondary flow above and surrounding the tailspill. Locations sur-
rounding attempted, yet uncompleted, redd construction also show the same trend,
suggesting a pre-spawning criterion of consistently linear flow. The high variation
of the profiles categorized as “other” in Figure 4.6 illustrate two important char-
acteristics of the measured flow regimes: First, it shows that assuming depth-wise
homogeneity (e.g., when employing the use of two-dimensional planform hydraulic
models) is a major simplification. Second, the degree of depth-wise heterogeneity is,
again, highly variable spatially in the planform perspective. Together, as expected,
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the flow fields, measured in wadeable/low-flow conditions, exhibit high spatial vari-
ability in all three spatial dimensions. Turbulent kinetic energy per unit area of
streambed was lowest above redd tailspills, perhaps adding further protection to
the redd form throughout its existence. Locations where spawning brown trout
performed initial cutting yet later abandoned their site consistently shows similar
hydrodynamic characteristics to areas surrounding completed redds; further con-
firming that some aspect of local physical habitat dictates redd site selection.
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Figure 4.6: Mean turbulent kinetic energy per unit area of streambed stratified by
riffle location. Whiskers indicate ±standard deviation.

Critical swimming velocities (ucrit), discussed in §2.2.1, are calculated using
HEC-RAS R© one-dimensional average hydraulic metrics of U , h, and τ0 at dis-
charges occurring at the time of spawning. Depth-averaged velocities, however,
are not the velocities that spawning fish are actually exposed to and thus cannot
be compared directly with ucrit. The velocities fish are exposed to are nearest to
the sediment-water interface, where, due to bed shear, the velocities are notably
reduced; this reduction in velocity is commonly described in biology as the focal- or
nose-level velocity (Stratzner et al., 1988). This nose-level velocity (uf—[L/T ]) is
here assumed to occur at 7.5 cm above the streambed, a median value between the
5 cm assumed by Ottaway et al. [1981] and Sorenson et al. [1995] and the 10 cm
assumed by Orcutt et al. [1968], Smith [1973], Witzel and MacCrimmon [1983a],
and Bernier-Bourgault and Magnan [2002]. Therefore, nose-level velocities defined
as uf = ū(z = 7.5 cm), are calculated from the Law of the Wall (§2.3.3), where
roughness length is determined by

z0 = he−(Uκu∗ +1), (4.2)

and is illustrated in Figure 4.7.

In this study, the 2006 brown trout spawning season coincided with flows greater
than baseflow, (Q > 12 m3/s), which reoccurs at this reach roughly once a year.
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Figure 4.7: HEC-RAS R© predicted nose-level velocities, where uf = ū(0.075), at
study sites a) BR1, b) RR1, c) BR2, and d) RR3, superimposed by critical swim-
ming speeds of brown trout–ucrit,b and rainbow trout–ucrit,r. Arrows indicate likely
time of spawning, based on field survey.
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Figure 4.8: Average velocity from 1.6 cm above the streambed (u1.6), stratified by
riffle location. Whiskers indicate ±standard deviation.

Near-bank velocities of riffle 1 were in excess of 1.4 m/s and all study riffles were
unwadeable. Turbidity in Whiteman’s creek at the time of spawning prevented
any off-shore redd identification. From Figure 4.7, it is evident that at the time of
spawning, neither species were restricted due to channel nose-level velocities.

Reiser [1976] and Schmetterling [2000] observed that velocities significantly in-
creased over the tailspill and decreased within the pit, relative to the approach
velocities, an observation consistent with Figure 4.4a. Jones and Ball [1954], Grost
et al. [1990], and Beard and Carline [1991] noted pooling, a significant reduction
of velocity, within the pit below the original undisturbed streambed grade. Pit
pooling is important in the fish attaining high fertilization success as it enables the
female’s ova and the male’s milt to settle to the bottom of the pit without being
swept away by the currents. Orcutt et al. [1968], Reiser [1976], and Ottaway [1981]
observed that pit velocities ranged between 0.3–1.0 m/s, and were also observed to
be notably slower than the surrounding riffle velocities. Schmetterling [2000] fur-
ther added that the presence of low-velocity pits provided the female with a place
to rest while remaining in close proximity to the redd, despite the higher surround-
ing velocities. Skin-velocities measured 1.6 cm above the streambed (u1.6), showed
a significant difference between pit and tailspill (Figure 4.8), consistent with the
documented observations mentioned.

Hobbs [1937], Burner [1951], and Stuart [1953a] observed fertilized eggs entering
the interstitial spaces of the tailspill, which led them to subject redds to dye tracing
experiments to examine pathway connections within the tailspill. Stuart [1953a]
observed dye entering the redd at the upstream end of the tailspill and exiting
downstream of the redd’s crest, flowing through regions occupied by fertilized eggs.
Wu [2000] realized that the works of Thibeaux and Boyle [1987] and Jobson and
Carey [1989], regarding the hyporheic exchange among bedforms analogous in shape
to the tailspill, found substantial interstitial flow within the bedform, as illustrated
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in Figure 4.9. Interstitial flow within the bedform is attributed to flux variations
at the sediment-water interface, consistent with Bernoulli’s principle.

Flow

Figure 4.9: Interflow and hyporheic exchange within the longitudinal form of the
tailspill. Modified from Cooper [1965], Vaux [1968], Thibeaux and Boyle [1987],
Elliott and Brooks [1997a,b], Packman et al. [1997], and Wörman et al. [2002].

Although pressure gradients were never measured, velocity gradients were con-
sistent with the aforementioned bedform studies. This differential velocity may
create the pressure differential required to provide a mechanism for driving the in-
terstitial flow necessary for embryonic success, similar to interflow and hyporheic
exchange among bedforms. This observation, however, requires further investiga-
tion.

Hobbs [1937] and Burner [1951] also found a reduction in velocities within the
pit, but maintained that the pit flows were circulating (Figure 4.10). These obser-
vations were based upon ova moving toward and settling closest to the upstream
end of the pit, against the direction of the approaching flow. Upon further in-
spection with potassium permanganate crystals, Hobbs [1937] and Burner [1951]
observed that the water within the pit quickly mixed with the dye, an observation
they attributed to circular currents; however, neither study physically measured
the presence of circular currents.

Flow

Figure 4.10: Illustration of circular flow within the pit as proposed by Hobbs [1937],
Burner [1951] and Reiser [1976].

From the profile data collected, z-direction (vertical) velocities were analyzed
to identify the presence of circular flow within the pit. For each profile, the average
of the collected z-direction velocity standard deviations (σz) is presented in Figure
4.11. If circular flow is present, there should be a notable increase in σz for profiles
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Figure 4.11: Averages of profile vertical velocity standard deviation stratified by
riffle location. Whiskers indicate ±standard deviation.

measured at pit locations, since circular flow illustrated in Figure 4.10 implies that
an increase change in z-direction velocities (uz) within the pit below the original
streambed grade. According to this described method of analysis, circular flow was
not present within any of the pits measured for the current study.

4.4 One-dimensional hydraulic reach-scale analysis

The collected data presents an opportunity to compare local-scale hydrodynamics
to the predictive capabilities of reach-scale hydraulic metrics employed by one-
dimensional models such as HEC-RAS R© (commonly used by river engineers for
flood flow analysis and used in this study), and PHABSIM R© (employed by lotic
ecologists for habitat suitability analysis, a module of the instream flow incremental
methodology–IFIM—Bovee, 1982; Stalkner et al., 1995). Through HEC-RAS R©

analysis, hydraulic conditions at high discharge events that would normally be
unsuitable for wadeable field measurements can be simulated and analyzed at each
spawning riffle. Figures 4.12 through 4.14 provide an illustrative method of viewing
HEC-RAS R© results. For 100 simulations the discharge ranging from 0 < Q ≤
Q100 at equally distributed intervals, HEC-RAS R© results of each cross-section are
represented by a box-and-whisker plot.

Figure 4.12 illustrates unit stream power, total bed shear, and total velocity pre-
dicted along the Whiteman’s creek study reach. Essentially, if bankfull conditions
coincide with the maximum values of the reported variables in Figure 4.12, bankfull
discharge would be considered the effective discharge, and floodplain connectivity
can be assessed. Figure 4.13 illustrates channel bed shear and channel Froude num-
bers along with the study reach longitudinal profile. HEC-RAS R©-simulated channel
metrics are the conditions expected to occur directly on spawning riffles, which can
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be analyzed at various discharge events. Three road crossings are present within
the modeled reach and are located on Figure 4.13c.

Unit stream power (Equation 2.28), on average, remained fairly constant through-
out the reach, except in cases where road crossings are located. For most cross-
sections, with the exception of road crossings, ωmax ≈ ωbf , revealed that maximum
sediment transport coincides with bankfull discharge. The distribution of total bed
shear was slightly more-varied; however, all three spawning sites in addition to two
other sites known to host spawning (located at a longitudinal distance of 900 m
and 1200 m) had their maximum shear occur at bankfull flow. Hence, redd site
selection at Whiteman’s creek appears to coincide with locations with adequate
floodplain access.

HEC-RAS R© analysis also reveals that for 100 different discharge simulations
ranging between 0 < Q ≤ Q100, τ0,max for study riffles 1, 2, and 3 are 34.3 N/m2,
29.8 N/m2, and 31.8 N/m2, resulting in a critical particle size dc,max of 72.0 mm,
62.6 mm, and 66.8 mm, respectively. Thus, up to a 100-year flood, riffles 1 and 2
are at risk of having particles of the smallest 65th percentile becoming entrained,
while riffle 3 is at risk of have 95% of the sediment becoming entrained. It must be
noted, however, that since the redds’ substrate could not be directly measured, it
is likely that, through redd construction, a process that reduces the substrate fine
content, dc will be overestimated. Table 4.6 summarizes bed shear τ0 and critical
particle size (dc), calculated using Equation 3.5, at simulated discharges Qbf and
Q100, and at Q = 46.1 m3/s–the highest discharge that occurred at Whiteman’s
Creek throughout the entire study period.

Table 4.6: Bed shear (N/m2) and critical particle size (mm) simulated using HEC-
RAS R© at Qbf , Q100, and at the maximum discharge at Whiteman’s creek through-
out the time of sampling (Qmax = 46.1 m3/s).

Qmax Qbf Q100

τ0,max dc,max τ0,bf dc,bf τ0,100 dc,100

Riffle 1 25.3 53.1 27.0 56.7 40.9 85.9
Riffle 2 16.7 35.1 22.1 46.4 42.5 89.3
Riffle 3 24.9 52.3 35.4 74.3 48.2 101.2

Average total velocities remained fairly constant along the surveyed reach near
the study riffles (again, with the exception of road crossings), which is expected
since the reach has a consistent longitudinal slope and flood plain access. At all
known spawning sites, channel velocity exceeded rainbow trout critical swimming
velocity (ucrit,r) generally at Q ≥ Qbf . It appears, however, that brown trout are
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Figure 4.12: Longitudinal trend for Whiteman’s creek as predicted by HEC-RAS R©.
Total velocity, total shear, and unit stream power per unit area were modeled from
0 ≤ Q ≤ Q100 at 100 equal event discharges. Box limits are ±standard deviation;
whisker limits are minimum and maximum values. Locations of study sites are
indicated.
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a) Channel velocity was modeled from 0 ≤ Q ≤ Q100 at 100 equal event discharges.
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limited by the flow conditions present, where a ucrit,b ≈ 1.2 m/s would be overcome
during most of the simulated flow conditions.

Composite habitat indices (Ci), based in the geometric mean method–Equation
2.10–and using the HEC-RAS R© predicted channel velocities and depths, were cal-
culated for each cross-section at discharges Q = Qbf , Q = 5.55 m3/s, and Q = 2.33
m3/s (Figure 4.14c)). These indices appeared to switch drastically at each suc-
cessive morphological feature, where it appears that, at Whiteman’s Creek, every
other riffle is suitable for spawning at low flow conditions. The indices also tended
to decrease with increasing discharge; whereas for during bankfull discharge events
(Q = Qbf ), with the exception of three locations, Ci was nil for the entire reach.
Weighted Usable Area (WUA) for spawning rainbow and brown trout, calculated
using Equation 2.8 and the composite habitat indices presented in Figure 4.14c,
is presented for the entire surveyed reach, following the methods of Waddle [2001]
(Figure 4.15). Results from the WUA analysis demonstrate that suitable habi-
tat should exist at discharges well above bankfull. The only discrepancy between
this method (incorporating HEC-RAS R©), and the WUA normally calculated us-
ing PHABSIM R©, is that the depths and velocities are taken as the cross-sectional
averages; therefore, slower and shallower sections of the channel, which may exist
near the banks, are ignored. If the near bank velocities and depths were to be in-
corporated (following the methods of Waddle [2001], the WUA values should only
increase. Thus, the method used in this thesis should be considered a conservative
estimate.
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Figure 4.15: Brown and rainbow trout Weighted Usable Area at Whiteman’s Creek.
Qmax is the discharge related to the maximum wadeable velocity.

Overall, the HEC-RAS R© predictions of hydraulic conditions did a fair job of
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Figure 4.16: Comparison of HEC-RAS R© predictions to a) mean measured veloc-
ity, b) mean measured bed shear, c) Reynolds number, and d) Froude number,
at each study riffle at experienced discharge (BR1, BR2–Q = 5.55 m3/s; RR1,
RR3–Q = 2.33 m3/s). Box indicates ±standard deviation. Whiskers indicate min-
imum/maximum measured values.
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predicting measured shear, velocity, and depth at flow conditions present during
the time of sampling (Figure 4.16). Channel velocity predicted by HEC-RAS R©,
at the flow conditions present while sampling, was underestimated by more than
a standard deviation of the empirical measurements. (Results at RR3 must be
disregarded at the low flow conditions (Q < 10 m3/s) due to unrealistic HEC-
RAS R© outputs.) Shear, on the other hand, was predicted quite well, considering
the high variation of the empirical data.

4.5 Riffle-scale spawning assessment

Hydrodynamic characterization up to this point has revealed high variation of mea-
sured data. Two-dimensional planform analysis was performed to investigate the
spatial distribution of the hydrodynamic properties typically used in physical habi-
tat assessment. All of the study riffles revealed a high degree of spatial hetero-
geneity, as expected according to Giller and Malmqvist’s [1998] definition of lotic
systems. What is most revealing is that the field measurements can vary within
short distances, and that during the time of sampling this heterogeneity was indis-
tinguishable through visual observation. It must be added that these field measure-
ments, and similar to the methods of the literature reviewed, were taken in safe,
calm, and wadeable conditions and will not provide insight to the hydrodynamics
during high flow events.

As an example of riffle heterogeneity, Figures 4.17 and 4.18 illustrate the spatial
distribution of depth-averaged velocities, where an increase of roughly 40 cm/s can
occur within a few meters, regardless of redd construction activity. The velocities
measured at redd locations and at areas of attempted redd construction are not
specific to the location selected by the brown and rainbow trout; thus, the use
point-velocities would have been inconclusive. Similar conclusions can be made
with respect to Froude number (Figures 4.19 and 4.20). Profile velocity and Froude
number, however, consistently increased above the tailspill and decreased within
the pit, with respect to the surrounding velocity profiles. The hydraulics atop
areas where redd construction was attempted were similar to that found atop redd
tailspills. Froude number distribution is quite similar to the velocity distribution.
Pits can be characterized as having Froude numbers range from 0.30-0.45, whereas
tailspills typically exhibits Froude numbers approaching unity. Rainbow trout redds
at RR3, being the exception, is characterized by a consistently low Fr, perhaps as a
result of the relatively low local bed slope, low velocity, and high depth. The extent
of the variation of both mean velocity, Froude number, and depth were within
expected ranges, however, from Figures 4.17 and 4.18 the planform distribution of
this variation appears to be quite random. Therefore, it cannot be said the variation
is dependent of channel form, where increased velocities expected near the thalweg
and away for the banks would be the cause this variation.

The Reynolds number begins to show a trend toward relatively low-turbulent
regimes surrounding redd locations (Figures 4.21 and 4.22). At any point, flows
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along each riffle were turbulent, where Re � 2500. It is not clear how Reynolds
number affected redd-site selection. At every study riffle, redds and redd-attempts
were located away from the regions of relatively high Re–this is most apparent
with rainbow trout (Figure 4.22). Brown trout (Figure 4.21), on the other hand,
were less discriminate to high Re conditions. Riffle BR1 (Figure 4.21a) showed a
significant decrease in Re occurring above the constructed redd. What is interesting
is that this change in Reynolds conditions above the BR1 redd is unobservable
from a velocity (Figure 4.17a) or a Froude number (Figure 4.19a) perspective. One
explanation is that the BR1 measurements occurred on two separate days where
profiles measured over the complete redd and above the attempted redd directly
to the west were measured a day before the remaining profiles. Whiteman’s Creek
discharge decreased between the dates November 6 and November 5, 2006 from
6.4 m3/s to 5.3 m3/s. Another possibility is that the redd form itself caused the
reduction in Re. BR2 shows that the two (relatively large) redds are situated with
pockets of low Re. Whereas, RR1 and RR3 redd placement seemingly avoided areas
of high Re altogether.

Mean turbulent kinetic energy per unit area of streambed is the most revealing
hydraulic metric to characterize areas surrounding chosen redd sites (Figures 4.23
and 4.24). It is clear that the brown and rainbow trout sought areas with reduced
turbulence, not only in areas surrounding their redds, but in areas that appeared
to be abandoned after initial cutting attempts, where redd abandonment is then
presumed to be caused by unsuitable sediment conditions, species behaviour, etc.
As expected, areas of high turbulent kinetic energy coincided with areas with large
objects or bank restrictions disturbing the channels flow. For example, BR1 and
RR1 demonstrated high turbulence associated with the form of the left bank, and
BR2 and RR3 exhibited locally high turbulent kinetic energy from the presence of
large objects obstructing the flow: e.g., a leaning tree rooted into a failing bank
(BR2–Figure 4.23b); and a large boulder situated mid-riffle (RR3–Figure 4.24b).

Like Froude number to velocity, the distribution of bed shear is similar to that
of turbulent kinetic energy, presumably because there is a reduction in radial shear
stress (τr) that exists in the presence of secondary flow. Thus, similar to turbulent
kinetic energy, redds were constructed (and attempted) in areas of reduced bed
shear. With the exception of RR1, bed shear tended to reduce in the presence of
the tailspill, which, hypothetically, is beneficial to preserving the redd form. The
values of bed shear collected in this study are a direct measurement of boundary-
layer flow.

Flow, even at the local scale, exhibits notable heterogeneity between individual
measurements, consistent with Emery et al. [2003]. High degrees of heterogeneity
must be acknowledged and accepted when assessing physical habitat using local
metrics. To illustrate this further, composite habitat suitability indices were cal-
culated using the geometric mean method (Equation 2.10). For spawning brown
and rainbow trout, suitability factors were determined according to Figure 2.4 for
velocity, depth, and temperature for each vertical velocity profile, and the mean
particle size determined at each study riffle. The four suitability factors calculated
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for every vertical profile were then combined into a composite suitability index and
is illustrated in Figures 4.27 and 4.28.

Figures 4.27 and 4.28 illustrates the composite suitability index determined from
the collected data applied in a planform fashion. Notice the same degree of variation
these reach-scale indices demonstrate when applied to local-scale measurements.
These figures reveal that during a given day of local physical habitat sampling,
the use of habitat suitability curves applied using local-scale metrics could vary
widely over small spatial distances. There also appeared to be no correlation with
local-scale composite suitability indices and redd-site selection; whereas, from the
HEC-RAS R© analysis, a larger reach-scale perspective, high composite suitability
values did, in fact, coincide with most spawning locations.

It must be stressed that these habitat suitability curves developed for the In-
stream Flow Incremental Methodology (IFIM–Bovee, 1982; Stalnaker et al., 1995)
were intended for reach-scale habitat suitability assessment; therefore this author,
in agreement with Lamouroux and Souchon [2002] and Souchon and Capra [2004],
questions the applicability of HSI coupled with multi-dimensional hydraulic models.
Of all the metrics tested, HSI/WUA (i.e., habitat suitability models) showed the
least correlation to redd-site preference at the local-scale, even though the mod-
els did predict spawning locations at the reach-scale. In addition, and of concern,
high composite suitability values at times occurred where turbulent kinetic energy
and bed shear were at their highest. Perhaps, at the time of spawning, when
flow conditions were undoubtedly different, these composite suitability plots would
have appeared quite differently. Presumably then, if averaged across each study
riffle, composite suitability values would yield important information with regards
to spawning behaviour; nevertheless, this implies that HSI must be restricted to
reach-scale assessments, as originally intended.
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Figure 4.18: Mean profile velocity surrounding rainbow trout redds at Q ≈
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Figure 4.19: Froude number surrounding brown trout redds at Q ≈ 5.55 m3/s.
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Figure 4.20: Froude number surrounding rainbow trout redds at Q ≈ 2.33 m3/s.
a) Riffle 1 and b) Riffle 3. Ellipse—redd (pit and tailspill) location.
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Figure 4.21: Reynolds number surrounding brown trout redds at Q ≈ 5.55 m3/s.
a) Riffle 1 and b) Riffle 2. Ellipse(s)—redd (pit and tailspill) location(s); Dashed
lines—Abandoned redd construction.
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Figure 4.22: Reynolds number surrounding rainbow trout redds at Q ≈ 2.33 m3/s.
a) Riffle 1 and b) Riffle 3. Ellipse—redd (pit and tailspill) location.
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Figure 4.23: Turbulent kinetic energy per unit area surrounding brown trout redds
at Q ≈ 5.55 m3/s. a) Riffle 1 and b) Riffle 2. Ellipse(s)—redd (pit and tailspill)
location(s); Dashed lines—Abandoned redd construction.

70



TKE

4775625

4775630

28

ec
tio

n

a)

4775620

ng
 (m

)

16

20

24
Fl

ow
 D

ire

4775615N
or

th
in

8

12

16

4775610

0

4

55
07

85

55
07

90

55
07

95

55
08

00

55
08

05

55
08

10

Easting (m)

4775605

g ( )

Legend:
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Figure 4.24: Turbulent kinetic energy per unit area surrounding rainbow trout
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Figure 4.25: Bed shear surrounding brown trout redds at Q ≈ 5.55 m3/s. a) Riffle
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Figure 4.26: Bed shear surrounding rainbow trout redds at Q ≈ 2.33 m3/s. a)
Riffle 1 and b) Riffle 3. Ellipse—redd (pit and tailspill) location.
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Figure 4.27: Composite suitability index surrounding brown trout redds at Q ≈
5.55 m3/s. a) Riffle 1 and b) Riffle 2. Ellipse(s)—redd (pit and tailspill) location(s);
Dashed lines—Abandoned redd construction.
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Figure 4.28: Composite suitability index surrounding rainbow trout redds at Q ≈
2.33 m3/s. a) Riffle 1 and b) Riffle 3. Ellipse—redd (pit and tailspill) location.
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Chapter 5

Conclusions

A high-resolution investigation studying the hydrodynamic characteristics of redds
and surrounding habitat has been undertaken in attempts to identify physical met-
rics, at varying scales, that relate physical habitat to redd-site selection. Metrics
of velocity, Reynolds number, Froude number, bed shear, turbulent kinetic energy,
and depth were used to quantify the hydraulic characteristics at the various scales.
Results show that there is tremendous spatial variability in all metrics and that the
only parameter that consistently demonstrated any spatial correlation with the lo-
cation of redds was turbulent kinetic energy per unit area of stream bed. Turbulent
kinetic energy per unit area never exceeded 15 J/m2 in close proximity to redds
whereas values typically ranged between 1 J/m2 < ēa < 50 J/m2 elsewhere on the
riffles. The low turbulent kinetic energy per unit area is related to flow regimes
where little turbulence is present and flow is essentially unidirectional.

At the redd-scale, the lowest turbulent kinetic energy per unit area existed atop
the tailspills, where the flow passing over the elongated teardrop form showed an
increase in the linearity of flow. From a fluid dynamics perspective, the teardrop
form is known to produce the lowest amount of drag per unit volume, as long as
the fluid flow is moving along the teardrop’s principal axis (Vogel, 1994). Low
turbulent kinetic energy per unit area also existed in areas of close proximity to
the identified redds and at locations where redd-construction commenced, yet, for
reasons unknown, was later abandoned.

At the riffle-scale, the metrics used to quantify the fluid properties varied widely,
often with a relative error close to unity. At low-flow wading conditions, the hetero-
geneity of riffle hydraulics is evident, and its spatial distribution varies over short
distances (<1 m). For example, the riffles measured frequently observed up to 40
cm/s variations in velocity within a 1 m planometric discretization. This variability,
however, was not specific to any particular channel feature (e.g., increased velocity
did not necessarily coincide with the location of the thalweg); instead, the variabil-
ity appeared to be randomly distributed, both laterally and longitudinally across
each study riffle.

A preliminary weighted usable area assessment for the entire 3 km study reach
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was performed to quantify the overall habitat quality for spawning rainbow trout
and brown trout. Discharges deemed optimal for the spawning fishes coincided
quite well with the discharges that occurred when redd construction was initiated.
However, there is question as to whether the weighted useable area results actually
reflect the safe/wading conditions present during the collection of data used to
create the habitat suitability indices, perhaps generating a spurious result. Habitat
suitability indices used in developing the reach-scale weighted usable area analysis
were applied at riffle-scale resolution similar to two-dimensional hydraulic models.
Habitat suitability indices at this scale showed the same degree of spatial variation
and did not indicate likely redd locations. It should be noted that habitat suitability
indices were initially intended to be used as a reach-scale metric (USGS, 2001) and
the results of this thesis suggest that they should remain so.

Two notable limitations existed in this study which merit future research. The
first relates to the flow conditions within which measurements were taken. All
measurements were acquired in flows that were limited by safe wading conditions.
Based upon the one-dimensional modelling that was conducted, velocities, bed
shear, and the other hydraulic metrics will continue to increase with increasing
discharge. As the discharge increases to thresholds that begin to impact channel
form, the changes in flow regime should also impact the redds. High resolution
measurements under these flow regimes would significantly contribute to furthering
the fluid mechanics linkages between the aquatic habitat conditions and channel
form over a wide range in flow regimes.

The second notable limitation in this work was in the a priori measurement
of redds assuming that there is a direct correlation between fluid characteristics
and redd-site selection preferences. The locations where redds were constructed
and measured were not measured prior to redd selection and construction. Only
locations with evidence of abandoned redd construction which were measured were
the closest to the pre-construction conditions. To further develop linkages between
redd-site selection and any relevant hydraulic parameters, studies should be con-
ducted which measure the hydrodynamic properties of the channel pre- and post-
redd construction. Such studies may then identify any relevant properties which can
further link the hydrodynamic properties of running waters to redd-site selection.
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