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ABSTRACT

EVALUATING JUVENILE SALMONID PHYSICAL HABITAT USE AND CHARACTERISTICS USING A
SPATIALLY EXPLICIT BIOENERGETICS MODEL AND REMOTE UNDERWATER VIDEO SURVEYS

John Tweedie
University of Guelph, 2018

Advisor:
Dr. Jaclyn Cockburn
Committee Member:
Dr. Paul Villard

Understanding physical and biotic aspects of juvenile salmonid habitat is imperative to
conservation and restoration efforts. Empirical weighted usable area (WUA) models have been
widely adopted to assess riverine habitat suitability but suffer from over-generalized and nontransferable outputs. Directly linking biophysical conditions to metabolic responses using
bioenergetics models allows highly transferable growth rate potential predictions. A coupled
hydraulic and drift foraging bioenergetics model was applied to two Credit River reaches to assess
the influence of channel structure on salmonid habitat. Boulders in the mid-channel sections
were observed to increase flow heterogeneity and create velocity refuge and favourable feeding
gradients in their wakes. Model output comparison to fish distribution data, generated using
remote underwater video (RUV) techniques, indicated that fish using near-bed shear zones as
refuge and vertical velocity gradients for feeding was an important behaviour discounted when
utilizing depth averaged hydraulic model data.
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Chapter 1: Introduction

1.1 Introduction

The historic inland range of the Atlantic Salmon (Salmo salar) is defined by all catchments
draining into the North Atlantic Ocean (Elliott et al., 1998). Prior to its extirpation within the Great
Lakes Basin, the fish provided local settler communities with economic and ecological benefits.
Overfishing, stream dewatering, pollution and dam construction caused widespread fish
population declines and eventual extirpation from the region in the late 1800s (Ketola et al.,
2000; Murphy et al., 2017; Parrish et al., 1998). In 1987 the Ontario Ministry of Natural Resources
began an initiative to assess the suitability of tributaries as rearing habitats with the objective of
reintroducing an independent breeding population of the species to the Great Lakes Basin
(Stanfield et al., 2003). Juvenile stocking programs within these tributaries began in 2006 yet
remain generally unsuccessful in this goal (Murphy et al., 2017). This may be attributed to several
factors, ranging from historic land-use changes within the catchment creating unfavourable
physical habitat and hydrological conditions, to competition from other salmonid species (Parrish
et al., 1998). Streams within highly urbanized and altered watersheds experience irreversible
changes and cannot be fully restored to pre-disturbance conditions (Hughes et al., 2014). Thus,
it is important to develop restoration objectives that are compatible with anticipated ecosystem
dynamics and account for urbanization-induced constraints (Choi, 2007). This requires a firm,
transferable understanding of the relationship between physical habitat conditions and the
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success of the target species. This knowledge is invaluable when restoring altered and degraded
channels to improve habitat conditions.

1.2 Atlantic Salmon Habitat and Life-History Traits Impacted by Stream Morphodynamics

Atlantic Salmon begin their life as they hatch from eggs during spring, following egg
deposition and fertilization in the previous fall. The newly emerged fish, referred to as alevin or
sac-fry, reside within gravel substrate and feed off an attached yolk sac (Klemetsen et al., 2003).
Once the yolk sac is depleted, the juvenile fish enter the fry stage where they emerge from the
substrate and begin to feed on aquatic prey within the water column (Saltveit & Brabrand, 2013).
During the following year, individuals develop distinct vertical torso markings and are then
referred to as parr. Smoltification, a process involving physiological changes that create reflective
silver scale pigmentations and increased salinity tolerance, occurs 3-5 years later. Downstream
migration to the ocean commences following smoltification, where the fish will spend up to 4
years feeding and maturing into full-sized adults (Fleming, 1998; Klemetsen et al., 2003). This
maturation process may also take place in large lakes (e.g. Lake Ontario) for ‘landlocked’
populations (Crisp, 1996). Hormonal triggers cause the mature fish to return to their natal
streams and begin spawning (Fleming, 1996). By this time, they will have undergone a final set of
physiological changes, including gonadal development and hooked anterior jaws in males,
making them ready to spawn (Fleming, 1996).
The physical habitat conditions utilized by Atlantic Salmon vary as their life progresses.
Newly hatched juveniles tend to reside in areas with low velocities, which generally occur in eddy
zones, large particle wakes, and at the substrate-water interface (Heggenes et al., 1999). Higher
2

velocities are utilized as the fish ages and enters the parr stage (Heggenes, 1990). The velocities
used by juvenile salmonids reflect their station holding feeding strategy, where individuals select
low velocity focal positions adjacent to high velocity currents, which supply drifting prey at
relatively higher rates, to simultaneously minimize swimming energy expenditure and maximize
energy (prey) intake (Fausch, 1984). Water velocity preferences are relatively narrow and has
been considered the primary habitat suitability parameter for Atlantic Salmon (Degraaf & Bain,
1986; Pakkasmaa & Piironen, 2000). Similar to velocity, water depth preferences increase as
Atlantic Salmon mature (Mitchell et al., 1998). Newly emerged alevin tend to occupy depths less
than 10 cm, whereas older and larger parr occupy depths up to 70 cm (Heggenes, 1990).
Temperature regimes tolerated by Atlantic Salmon vary across the geographic range of
the species. The optimal temperature for juveniles is approximately 16˚C, with upper and lower
limits for growth at 22.5˚C and 6˚C, respectively (Elliott & Elliott, 2010; Elliott & Hurley, 1995).
The upper lethal temperature limit for juveniles is between 25-28˚C and the lower limit is 0˚C
(Crisp, 1996). Tolerance for higher temperatures increases with age and the fish may survive in
water temperatures as high as 33˚C in later juvenile life stages (Elliott & Elliott, 2010). Metabolic
processes and behavioural patterns are affected by temperature changes. Standard metabolic
rates have been shown to respond both positively and negatively to controlled diel temperature
fluctuations of 17.5–22.5˚C, depending on the origin of the population (Oligny-hébert et al.,
2015). Handeland et al., (2008) found that optimal temperatures for food conversion efficiency
tend to decrease with fish size, whereas optimal temperatures for growth rate tend to increase
with fish size. Food intake rates and conversion efficiency have been shown to significantly
decrease while acclimatizing to high temperatures (Kullgren et al., 2013).
3

Appropriate substrate conditions are important to the success of juvenile, streamdwelling Atlantic Salmon. Boulder placements within the channel increase habitat availability and
diversity, provide predatory cover, and may visually isolate individuals, subsequently reducing
territorial and density-induced stresses (Chapman, 1966; Dolinsek et al., 2007; Stradmeyer &
Thorpe, 1987). Additionally, the wakes of flow-obstructing boulders serve as velocity refuge areas
and favourable velocity gradients for feeding (Crowder & Diplas, 2000). Stable cobble and gravel
substrate compositions with interstitial flows provide favourable habitat for the benthic
invertebrate communities that the salmon feed upon (Jowett, 2003; Sarriquet et al., 2007).

1.3 Stream Habitat Management

Urban infrastructure and agricultural development within catchments have profound
effects on catchment hydrology and local stream geomorphic conditions. Impervious surface
cover (e.g., asphalt) decreases infiltration, leading to higher runoff rates and increased flows
within rivers (Hughes et al., 2014; Wang et al., 2001). Additionally, flood magnitudes and
frequencies increase, and base flow levels decrease (Wang et al., 2001). Channels subsequently
destabilize and rapidly adjust with increased streambed scour and bank erosion (Wang et al.,
2001). Channels in urban setting are also subject to direct morphological adjustments when
streams are leveed, channelized, or lined with rip-rap to accommodate infrastructure
development (Hughes et al., 2014).
The aforementioned urban impacts on streams negatively affect resident aquatic
organisms and reduce suitable habitat availability. Increased peak flows can yield velocities
beyond the tolerable range for resident fish, especially within culverts (Beechie et al., 2008; Price,
4

Quinn, & Barnard, 2010), while decreased base flows reduce available habitat and induce densityrelated population stresses (Milner et al., 2003; Wang et al., 2001). Elevated sedimentation rates
and turbidity levels compromise the visual radius and foraging efficiency of sight-feeding fish
(Pusey et al., 2003; Taylor et al., 2011; Utne-Palm, 2002). Suspended fine sediment causes
physical damage to aquatic macro-invertebrates (Jones et al., 2012). Sediment deposition can
smother and reduce available refuge habitat within the channel bed substrate for both fish and
invertebrates (Jowett, 2003; Pusey & Arthington, 2003). In addition to limiting downstream
movement of woody debris and sediment, dams, weirs and culverts directly inhibit fish passage
(Price et al., 2010).
Channel conservation initiatives seek to mitigate negative biophysical impacts and
preserve existing stream habitat, whereas channel restoration aims to re-establish stable
conditions that mimic pre-disturbance conditions. Effective conservation and restoration
requires an understanding of how critical physiological and habitat aspects are affected by
stream characteristics. This knowledge supports risk identification and stream management
decisions regarding proposed catchment developments (Hughes et al., 2014; Stanfield et al.,
2006; Tharme, 2003). Preserving and re-establishing stream processes that produce stable flow
regimes, riparian vegetation, in-stream habitat connectivity and water quality supports
functional aquatic communities (Hughes et al., 2014). While most watercourses cannot be fully
restored to pre-disturbance conditions, conditions can be improved with channel restoration
(Choi, 2007; Hughes et al., 2014). This may include stabilizing banks, restoring hydrological
connectivity, and increasing morphological habitat complexity (Hughes et al., 2014). Physical
habitat features, such as boulders, large wood structures and flow deflectors are often
5

introduced to diversify physical conditions and increase habitat availability, which is typically met
with a short-term increase in fish abundance and density (Whiteway et al., 2010).
Long-term conservation and restoration project monitoring remains challenging due to
funding and resource constraints, and is cited as a limiting factor for assessing biotic recovery
success (Nilsson et al., 2015; Whiteway et al., 2010). Monitoring fish populations is traditionally
completed using physical capture (e.g. electrofishing) or visual census (e.g. snorkel observation)
methods. Traditional observation-based techniques are prone to observer bias and the resulting
data often underrepresents cryptic and sheltering species (Ebner et al., 2014; Ebner & Morgan,
2013). Electrofishing surveys cause fish mortality and net capture methods can cause
entanglement and abrasion, which is problematic when dealing with sensitive or endangered
species (Ebner & Morgan, 2013; Ellender et al., 2012). Surveying fish communities with remote
underwater video (RUV) is increasingly adopted for fish monitoring purposes, largely due to
technological improvements and decreasing equipment costs. RUV is a relatively efficient and
non-invasive method of producing monitoring data comparable to traditional approaches,
making it particularly useful for studying sensitive or endangered species (Davis et al., 2017;
Ebner et al., 2014; King et al., 2017). Abundance, richness and population density can be
estimated from RUV footage (Ellender et al., 2012; King et al., 2017). RUV footage offers direct,
unparalleled fish behaviour and habitat interaction observations, which can be archived for
future review (Ebner et al., 2014; Wilson et al., 2014).
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1.4 Modelling Fish Habitat Within Streams

Simulating flow conditions within a channel section using hydraulic models can ensure
hydrological conditions are appropriate and meet the objectives of conservation initiatives.
These models produce velocity and depth estimates at delineated transects or across a finite
nodal mesh spanning the surveyed channel section. Typically, the Saint-Venant equations,
conserving mass and momentum, for open channel flow are used to calculate these estimates
(Brunner, 2010; Danish Hydraulic Institute, 2007; Steffler & Blackburn, 2002). Velocity estimates
are given in one, two, or three dimensions, depending on the model.
Channel habitat restoration initiatives often employ the use of habitat suitability models.
These models estimate habitat suitability for a target species based on predicted flow conditions,
often from hydraulic models, that are linked to fish preferences. Depending on the framework
dictating this condition-preference linkage, habitat suitability models generally fall under two
categories; empirical and process-based (Armstrong & Nislow, 2012). Empirical models link
physical habitat conditions, such as velocity and depth, to density-based fish habitat preference
criteria. The subsequent habitat suitability predictions are often expressed in terms of Weighted
Usable Area (WUA). Process-based models attempt to quantify the effects of key habitat
parameters on an individual’s energetic intake and expenditure rates in order to predict
favourable habitat locations within a channel. Outputs are often expressed as a net rate of energy
intake (NREI), which can be converted into a growth rate potential (GRP).
Empirically derived WUA has been widely adopted as a metric for habitat suitability and
availability since its introduction in 1977 (Hayes et al., 2016). WUA is defined as the total surface
area within a given channel section weighted by its suitability as fish habitat and is typically
7

expressed as unit area per unit length of stream (Bovee & Cochnauer, 1977). Despite its
widespread adoption and application, WUA is subject to several criticisms and inherent
limitations. Since the habitat parameter (e.g., depth, velocity) preference curves are generated
using presence/absence data within a particular channel at a certain time, applications lack
spatial and temporal transferability (Orth, 1987; Rosenfeld, 2003a). Another notable limitation
to these models is the exclusion of all biological habitat aspects under the inherent assumption
that physical habitat alone determines fish success (Hayes et al., 2016). Despite a long standing
knowledge of the importance of food and space to stream fish habitat, drifting invertebrate food
supply is discounted in WUA predictions (Orth, 1987). Because of this, WUA models cannot
accurately predict the habitat and flow requirements of drift foraging fish, such as Atlantic
Salmon (Hayes et al., 2016).
Bioenergetic drift foraging models present a process-based alternative framework where
both space and food are integrated into NREI predictions. Spatially explicit NREI (or GRP)
estimations can be interpreted as a proxy for habitat suitability and availability, and has been
used to predict effects of hydrological regimes, channel modifications, and prey availability on
salmonid habitat (Hafs et al., 2014; Nislow et al., 2004; Rosenfeld & Taylor, 2009). These models
provide a mechanistic linkage and transferable understanding of how fish are affected by habitat
conditions (Hayes et al., 2016). NREI predictions are generated under the basis of metabolic
energy costs (e.g., swimming, egestion), and feeding opportunities providing energy gains. Flow,
temperature, and fish size effects on metabolic energy costs are typically considered in models.
Food intake rates are calculated under a framework designed to simulate the station holding
feeding behaviour exhibited by drift foraging salmonids (Fausch, 1984). Energy intake rates are
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optimized when fish select low velocity stations to minimize swim costs and forage into faster
adjacent currents to maximize energy intake (Fausch, 1984). While drifting invertebrate food
supply increases linearly with flow velocity, prey detection and capture success rates will
subsequently decrease, thus making intermediate velocities optimal in terms of an energy
balance (Grossman et al., 2002). Despite accounting for food, drift foraging models typically
assume spatially uniform drifting prey concentrations, discounting feeding depletion and benthic
habitat effects (Hayes et al., 2016; Rosenfeld et al., 2014). Further output validation is necessary
yet remains challenging due to time consuming and resource intensive data collection
requirements (Rosenfeld, 2003; Rosenfeld et al., 2014).

1.5 Research Aim and Expected Contributions

The purpose of this study is to model and assess the influence of channel form and
features on juvenile salmonid habitat. Additionally, this study evaluates the capability of drift
foraging bioenergetics models to accurately predict salmonid habitat requirements and
addresses areas in need of improvement. The knowledge gained from this study will help further
understand the factors and channel characteristics that influence salmonid habitat quality in
streams, which is valuable in the context of conserving and restoring channels. Additionally, noninvasive RUV methods for monitoring and collecting fish assemblage data, useful for model
validation purposes, will be assessed. The objectives of this study are to;

1) Collect and analyze, unit-scale fish presence and absence, and determine fish length
using RUV techniques adapted from previous studies (Chapter 2).
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2) Apply a detailed, fine scale drift foraging bioenergetics model to two relatively natural
stream reaches (Chapter 3).
3) Evaluate channel characteristics that provide favourable habitat for juvenile
salmonids (Chapter 3).
4) Assess the validity of the model and target key areas for functional improvement by
comparing outputs to observed fish distributions and behaviour (Chapter 3).

The findings from this work primarily contribute to our understanding of juvenile salmonid
habitat characteristics within the Credit River watershed, as well as improving relevant data
collection and analysis methods. The model applications (Chapter 3) improve our ability to
predict flow and geomorphic habitat requirements for drift foraging salmonids. Comparing
model outputs to observed unit-scale fish distributions addresses the widely cited need for
validation, and contributes to understanding the model capabilities and limitations (Hayes et al.,
2016; Rosenfeld, 2003b; Rosenfeld et al., 2014). The RUV applications used in this study further
develop and improve non-invasive fish observation techniques, which benefits sensitive and
threatened species. The information provided in this study is applicable in the broad context of
stream habitat conservation, restoration, and monitoring initiatives.
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Chapter 2: Evaluating small fish assemblage characteristics and habitat use in
natural, shallow streams using Remote Underwater Video (RUV)

2.1 Abstract

Aquatic ecosystem conversation efforts rely on understanding the interactions between
species and the surrounding biophysical environment. Remote Underwater Video (RUV) is an
emerging alternative to capture-based techniques in studying aquatic communities in streams.
In this study, field observations were made with waterproof Sony HDR-AS100V action cameras,
positioned in stream channels in order to determine species and population, during various flow
conditions across three sites within the Credit River Valley, Ontario, Canada. From the resulting
footage, six fish species were identified, and length estimates were given to individuals. Fish
lengths were estimated using an inverse square law to proportionally adjust scales to fish
positions relative to camera. Turbidity limited the success of this method, as only 18% of camera
placements in >6 NTU conditions resulted in at least one fish being captured in the frame. RUV
can provide managers with useful monitoring data regarding fish community assemblages in a
cost-effective and efficient manner. Due to their non-invasive methods, RUV techniques are
especially recommended for studying sensitive or endangered species.

11

2.2 Introduction

Effective biodiversity and ecosystem conservation requires a firm understanding of biotic
and physical conditions across various spatial and temporal scales, often obtained via monitoring
initiatives (King et al., 2015; King et al., 2017; Mallet & Pelletier, 2014). Monitoring the
composition and abundance of fish communities has traditionally relied on physical capture or
visual census methods (Ebner et al., 2014; Ebner & Morgan, 2013; Mallet & Pelletier, 2014). The
success of these techniques is limited by a multitude of factors, such as poor visibility (Broadhurst
et al., 2006; Ebner et al., 2014), strong currents, or complex channel structures (Schmid et al.,
2017). Extractive sampling methods also pose a threat to biodiversity (Mallet & Pelletier, 2014)
and the physical health of the fish, as they may suffer from net abrasion (Ebner et al., 2014), or
mortality from electrofishing (Ellender et al., 2012; Sloat et al., 2011).
The emerging application of Remote Underwater Video (RUV), as an alternative to
traditional methods, to study fish assemblages provides several advantages to both the user and
the fish themselves. RUV initiatives typically employ the use of one or more waterproof video
cameras to film fish in habitats that may otherwise be difficult to access or observe from above
water. Currently, RUV is used to estimate species richness, abundance, habitat preferences and
behavioural patterns in high-visibility marine environments (King et al., 2017; Mallet & Pelletier,
2014; Wilson et al., 2014). Apart from Davis et al. (2017), documented use within freshwater
environments and North American streams is relatively sparse. However, usage is expected to
see a significant increase in the near future, as novel applications continue to emerge, and as the
required equipment becomes increasingly robust and affordable (Ebner et al., 2014; Mallet &
Pelletier, 2014).
12

A variety of RUV methodologies exist, each with specific advantages and limitations.
Ultimately, RUV sampling regimes should consider the characteristics of the application, and aim
to balance precision and cost effectiveness by optimizing the filming time and number of camera
placements (Schmid et al., 2017). For instance, compact waterproof action cameras, such as the
GoPro® line, offer significant versatility at the cost of a shorter battery life and less data storage
(Davis et al., 2017; Ebner et al., 2014). Tethering data storage and power supply to the shore
allows for longer recording periods (Ebner et al., 2014), which is beneficial to studies that require
repeat observations at a single location or microhabitat (Wilson et al., 2014). Longer camera
deployments will, however, inevitably encounter issues of lens fouling (Mallet & Pelletier, 2014).
Depending on the application, cameras may be placed on stationary or moving mounts, either
left floating, semi-submerged, or on the bed (King et al., 2017). The use of crushed sardines, cat
food, and sweet corn as bait to attract fish is well documented, but the effects remain poorly
understood and a standardized protocol for use does not yet exist (Ebner & Morgan, 2013;
Schmid et al., 2017). Baited RUV has proven effective for detecting mobile species, but less
effective for cryptic species (Lowry et al., 2012).
RUV techniques offer unparalleled, direct observations of fish in complex vegetated
habitats (Dibble et al., 1996) with minimal disturbance that may alter fish behaviour (Ebner et al.,
2014; Wilson et al., 2014). The ability to observe fish for extended periods of time in areas that
may otherwise be inaccessible distinguishes RUV techniques from their traditional counterparts
(Ebner et al., 2014). Such methods provide notable utility in studies focusing on fish behaviour,
but have also been utilized to accurately estimate fish abundances in highly vegetated ponds
(Wilson et al., 2014) and tropical oxbow lakes (King et al., 2017).
13

RUV initiatives have noted significant outperformance over traditional methods in
studying cryptic, rare, or endangered species (Fulton, Starrs, Ruibal, & Ebner, 2012; King et al.,
2017; Lowry et al., 2012). Additionally, RUV is less likely to disturb or cause any adverse effects
on these sensitive species (Ebner et al., 2014; King et al., 2017). Implementation of RUV
monitoring programs generates long-term, records of fish population and assemblage changes
over space and time that are imperative to effective biodiversity conservation efforts (King et al.,
2017; Mathewson et al., 2012; Wilson et al., 2014). Additionally, video archives are available for
external independent analysis and cross-validation, encouraging open discussion and traceable
datasets (Mallet & Pelletier, 2014).
Complications in RUV techniques generally arise due to unfavorable conditions.
Performance in low-light conditions is poor, thus limiting RUV to daylight hours unless infrared,
white light, or monochrome cameras are used (Ebner et al., 2014; King et al., 2017). High turbidity
conditions limit the ability to obtain useful measurements, such as MaxN or species richness,
from the RUV footage (Broadhurst et al., 2006; Ebner et al., 2014; Ebner & Morgan, 2013; King
et al., 2017).
The ability to capture and derive physical characteristic measurements, such as fork
length, is limited with RUV techniques. Extractive techniques hold an advantage in this regard, as
the individuals are inherently available for direct measurements. Stereo-video surveying to
accurately measure fish length is well documented and outperforms estimations from divers in
marine environments (Harvey et al., 2002; Shortis et al., 2013). This technique requires additional
post-processing time and an extra camera per site, leading to reduced cost effectiveness (Shortis
et al., 2013). Fish length estimates are possible from single camera video footage (Cappo et al.,
14

2004; Harvey et al., 2002). Using this technique, Harvey et al. (2002), reported reasonably
accurate length estimates (standard error = 13.62mm) at 1-5 m ranges from the camera in a
controlled, laboratory environment using a fish silhouette. However, these estimates were
obtained only when the silhouette was directly adjacent and perpendicular to the scale bar.
Deviations from the perpendicular angle and position relative to the scale bar resulted in
significant accuracy reductions. Cappo et al. (2004) noted similar constraints when applying this
technique in a natural, marine environment.
Various metrics regarding fish behavior and assemblage structure are extractable from
RUV footage. Species richness values and accumulation curves have been effectively generated
using RUV techniques (Cappo et al., 2004). To avoid recounting and overestimating fish
population sizes, researchers often use the MaxN metric, which is the maximum number of
individuals observed in one frame at one time, across the whole video clip (Cappo et al., 2004).
Several variations of this metric exist, such as Mean-count (MaxN values taken at defined time
intervals across a clip are averaged), or MaxN at the time of first sighting.
The objective of this study was to highlight the advantages and shortcomings of RUV for
observing fish community within Ontario freshwater streams during summer. The techniques
were evaluated on their ability to produce precise fish length, location, and assemblage data. A
novel method for estimating fish length using the inverse-square law from single camera RUV
footage is also described.

15

2.3 Methods

2.3.1 Study Sites
Three small-scale (30-60 m long, 5-20 m wide, <1.2 m deep) reaches within the Credit
River watershed in southern Ontario, Canada, were identified for RUV observations and water
quality monitoring (Figure 2.1). An additional water quality monitoring site was situated on the
main branch above the confluence and was named the Upper Credit. Each study reach is located
within protected areas and remained generally undisturbed throughout the study period. Sites
were selected based on accessibility, as well as the presence of multiple hydro-geomorphic units
to ensure that a diverse set of conditions occupied by fish are represented within the data.

16

Figure 2.1 Map of study reach and monitoring station locations throughout the Credit River
Watershed.

Silver Creek
Silver Creek is a low-order, headwater stream draining into the Credit River. The study
reach resides within Silver Creek conservation area; a highly vegetated, forested valley. The reach
is characterized by a series of sand-dominated step pools (Figure 2.2a), intersected by a low
grade, open riffle section dominated by cobble and gravel substrate (Figure 2.2b, c). Multiple
large wood (LW) structures, large boulders, and aquatic vegetation patches are also present
(Figure 2.2b, c). A LW structure constricted flows and created a scour pool above the crest of the
riffle section (Figure 2.2e).
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Figure 2.2: Silver Creek site photos showing step pools (a), riffle section with boulders and aquatic
vegetation (b, c), and flow-impeding LW structures (d).

West Credit
The second site resided on the West Credit River (Figure 2.3a), approximately 200 m
upstream of the main branch confluence in the southernmost portion of Forks of the Credit
provincial park. The study reach was approximately 30 m in length and 10 m wide with no
significant meandering. Two deep, and moderately fast flowing pools in the upstream section
(Figure 2.3b), followed by a shallow riffle section and a distinct mid-channel thalweg characterize
the reach. Flow-impeding LW structures and boulders are present, as well as multiple vegetated
areas adjacent to the right bank (Figure 2.3c). Riparian vegetation and canopy cover is notably
prevalent in the reach. A large stump protruding from a severely undercut bank hangs over the
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upstream pool on the left bank, providing potential riparian predatory cover (Figure 2.3d). Gravel
and cobble substrate was the dominant type throughout the reach.

a

b

c

d

Figure 2.3: Photographs of the West Credit study reach showing the entire reach (looking
downstream) (a), an upstream pool (b), vegetation patches and boulders near the right bank (c),
and a right bank LW structure (d).

Lower Credit
The Lower Credit site is situated on the main branch of the Credit River, approximately
300 m below the confluence with the West branch. Spanning 60 m in length, and 20 m wide, this
was the largest of the sampled reaches. The morphology is dominated by riffle and glide type
flows, with a distinct thalweg present near the left bank. Several LW structures protruding from
an undercut left bank impede flow. Riparian vegetation covers roughly 80% of the banks in the
reach, with trees and canopy cover dominating the left bank, and shrubs and grasses dominating
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the right bank. Two patches of grasses and several large boulders are also present in the mid
sections of the channel.

a

b

c

d

e

Figure 2.4: Photographs of the Lower Credit study reach showing the entire reach from the
downstream boundary (a), large wood structures on the left bank (b), left bank riparian
conditions (c), right bank riparian conditions (d), and an in-stream vegetation patch (e).
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2.3.2 Fish Observation Methods
Fish observations, following RUV methods (Davis et al., 2017; Ebner et al., 2014), at each
site were used as a means to determine community composition and individual characteristics.
Biweekly sampling at each site beginning in June until the end of August was completed using
Sony HDR-as100v waterproof action cameras. Cameras were fitted with flat lens casings to avoid
visual distortion and blurriness caused by using convex lens casings underwater. Videos were
filmed in 1080p resolution at 60fps with a 120˚ field of view. Cameras were mounted to either
weighted metal plates or a flexible JOBY® GorillaPod tripod, which could grab and hold itself to
cobbles on the channel bed. The cameras were positioned throughout each channel with a
measuring rod hammered upright into the bed, visible in each frame for size referencing. Ideally,
the measuring rods were placed 1 m from the camera in the center of the frame. However, this
was ultimately constrained by the availability of penetrable substrate. Once the cameras were
placed, they were left filming for 20-25 minutes in order to allow the fish to acclimatize to its
presence. A 20-minute filming time was used here to maximize the number of camera
placements each day, in the attempt to collect more data regarding the specific locations of
station-holding fish throughout the reach. Up to 12 deployments were administered during each
sampling day. The maximum amount of deployments during a sampling day was limited by
battery performance. Video review occurred the following day to ensure proper functioning of
each camera, lens fitting, resolution/frame rate settings, and mounts. Consistent review of the
videos also allowed for continual refinement and optimization of the process. Turbidity levels
were recorded during each site visit using a YSI 600 OMS V2 Multiparameter Water Quality
Sonde, sampling NTU levels (±0.3 NTU) once every minute for up to 45 minutes. Stage was
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continually recorded through the summer field season with HOBO water level loggers within
stilling wells at each monitoring site.
Further review of the video footage was completed to determine the species present in
each clip. MaxN, defined by the maximum number of individuals present in a single frame, was
determined for each video clip in order to avoid recounting fish and overestimating population
numbers. The geomorphic habitat (Newson & Newson, 2000) unit and refuge feature (LW,
boulders, vegetation) utilized by each individual and school was recorded. Fish fork-length
estimates were produced with a novel, iterative two-step process using the reference measuring
rod and the inverse square law. The inverse square law states that a physical quantity, in this case
length perpendicular to the camera (x plane), is inversely proportional to the square of the
distance from the source (RUV camera). A step-by-step overview and graphical representation of
the procedure is provided (Figure 2.5).
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Figure 2.5: Graphical representation and stepwise procedure used to estimate fish length from
RUV footage.
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To reduce the proportional distance estimate bias, at least three size estimates per fish
were measured, preferably at different distances, and then averaged to produce a final forklength estimate (±0.69 cm). To investigate the precision of this method, as well as tendencies to
either over or underestimate lengths at certain distance, multiple length estimates were given to
objects with known lengths at several distances. The magnitudes of each residual value were
averaged to produce an overall accuracy estimate.

2.4 Results

Over the course of the sampling period, 94 video clips were recorded, collectively yielding
over 24 hours of footage. The channel conditions during each sampling day are summarized
(Appendix A). Of the 94 clips, 37 successfully captured at least one fish in the frame, yielding a
39% overall capture success rate. A total of 106 individuals were recorded in the footage across
all sites (Table 1). 50% of all fish at each site appeared in videos within the first 4 minutes of
filming time, and over 90% were seen within the first 13 minutes (Figure 2.6). Six fish species,
consisting of minnows (Rhinichthys atratulus, Semotilus atromaculatus), salmonids (Salmo salar,
Salvelinus fontinalis, Oncorhynchus mykiss), and suckers (Hypentelium nigricans) were identified,
with five unidentifiable individuals. Although these individuals were unable to be classified at a
species level, they were conclusively identified as juvenile salmonids. Discounting observed
macroinvertebrate fauna, species richness was highest in the Lower Credit site, as all 6 species
were observed, whereas the West Credit and Silver Creek sites both exhibited richness values of
4. The Lower Credit site was dominated by the presence of Creek Chub, and subsequently yielded
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the lowest Simpson’s Diversity Index value (0.308). This value was slightly higher in Silver Creek
(0.332), and West Credit (0.397), reflecting more uniform species abundances.

Species Richness

Table 2.1: Site comparisons of video capture success rates, Simpson’s Diversity Index values and
accumulated species richness values of all identified species across sites.
West

Lower

Silver

All sites

Total video clips

22

56

16

94

Successful clips

6

22

9

37

Success rate

27.3%

39.3%

56.3%

39.4%

Brook Trout

1

2

13

16

Atlantic Salmon

7

12

0

19

Rainbow Trout

0

3

10

13

Creek Chub

11

23

1

35

Blacknose Dace

0

7

7

14

N. Hog Sucker

2

2

0

4

Unidentified salmonid

0

4

1

5

Total

21

53

32

106

Simpson’s Diversity Index

0.367

0.293

0.310

0.210
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Figure 2.6: Combined species accumulation curve showing the time of first sighting across all sites
and species.

Each successful clip recorded an average of 2.16 individuals (MaxN), however, the median
and modal values were 1. The distribution of the MaxN values across all sites and species exhibits
a well-defined positive-skew. Minnow species yielded an overall average MaxN value of 3.77,
whereas the salmonid species had an average MaxN value of 1.56.
Despite not being observed in the Silver Creek site, Atlantic Salmon were the most
frequently encountered species in the study. 19 individuals were identified from 15 successful
video clips. Atlantic Salmon were most often observed as individuals, which was reflected in their
average MaxN value of 1.27 (Table 2). Brook and Rainbow Trout were less likely to reside as
individuals and yielded slightly higher average MaxN values of 1.78 and 1.86, respectively. A total
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of 16 Brook Trout were encountered on 9 occasions and were the only salmonid species present
at each site. Their average MaxN value was much higher in the Silver Creek site (2.17) than both
the Lower (1.00) and West Credit (1.00) sites. 13 Rainbow Trout were encountered over 7
occasions in the Lower Credit and Silver Creek sites. Similarly, their average MaxN value was
higher for the Silver Creek site (2.00) than it was for the Lower Credit (1.50).

Table 2.2: Summary of the fish length estimates and MaxN values generated from the RUV
footage for all species at each study site. Cells containing n/a indicate that the corresponding
species was not observed at that site.
Fish Length Averages (cm)

MaxN Averages

Species

West
Credit

Lower
Credit

Silver
Creek

All
sites

West
Credit

Lower
Credit

Silver
Creek

All
sites

Brook Trout

10.47

9.82

8.29

8.87

1.00

1.00

2.17

1.78

Atlantic
Salmon

9.79

12.94

n/a

11.73

1.40

1.22

n/a

1.29

Rainbow
Trout

n/a

11.93

7.94

9.08

n/a

1.50

2.00

1.86

Creek Chub

7.00

7.22

8.76

7.38

5.50

4.60

1.00

4.38

Blacknose
Dace

n/a

6.90

4.64

6.45

n/a

1.75

7.00

2.80

Northern
Hog Sucker

10.97

n/a

n/a

10.97

2.00

2.00

n/a

2.00
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Blacknose Dace were detected in the Silver Creek and Lower Credit sites a total of five
times, yielding 14 individuals and an average MaxN of 2.80. MaxN was greater in Silver Creek
(7.00) than in the Lower Credit (1.75). Although Creek Chub were only encountered on eight
occasions, a total of 35 individuals were recorded. The respective average MaxN values were
higher in the West Credit (5.50) and Lower Credit (4.60) sites and reduced in Silver creek (1.00).
Four Northern hog suckers were identified in footage from the Lower Credit and West Credit
sites, yielding an average MaxN of 2.00.
Average size estimates were completed and assigned to individuals whenever possible.
A total of 14 individuals (13.2% of the total sampled population) across five clips (5.4% of total
clips) were unable to be measured due to poor visibility, improper orientation, or insufficient
time in a video frame. Length estimate accuracy was relatively accurate, as the average residual
value from the control tests was ±0.7 cm from the real value (standard error: 1.46 cm).
Salmonid species size averages showed considerable variation across sites (Table 2).
Atlantic Salmon in the Lower Credit had an average length of 12.94 cm, whereas this value was
only 9.79 in the West Credit. Brook Trout individuals were largest in the West Credit (10.47 cm)
and smallest in the Silver Creek site (8.29 cm). Similarly, Rainbow Trout were much larger in
Lower Credit (11.93 cm) than in Silver Creek (7.94 cm). Larger fish tended to reside in smaller
groups, or as individuals. Smaller fish were more likely to reside in groups with MaxN values
exceeding 2 (Figure 2.7). Fish that resided in pairs or individually were 10.10 cm in length on
average, whereas the average size of fish residing in groups of three or more was only 6.70 cm.
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Figure 2.7: Size estimates for each species plotted against their respective MaxN values.

Overall, fish observations were higher in pool habitats, with 41 of the 106 total individuals
observed in pools (Figure 2.8). Of the 53 salmonids recorded, 20 were detected in pool habitats
and 14 in run habitats. Only 7 of the 53 individuals were detected within riffle habitat units. Pools
were especially popular with salmonids in Silver Creek. The majority salmonids were observed
within the scour pool above the riffle crest (Figure 2.2e). Of the 32 fish recorded in Silver Creek,
only 1 Rainbow Trout was observed at the riffle crest, during a period of elevated flow conditions.
All other salmonid individuals resided in pool (23) and step pool (8) habitats.
Recorded turbidity levels across all sites ranged from 1.90 NTU to 26.28 NTU. Turbidity
generally increased with stage at the Lower Credit, Upper Credit, and Silver Creek sites (Figure
2.9). No similar or well-defined pattern was observed in the West Credit. The lowest turbidity
levels were seen consistently at Silver Creek, as levels never surpassed 5.75 NTU, and the average
was 2.87 NTU. The average turbidity level of 9.32 NTU recorded in the Upper Credit site was
considerably higher than the other sites. Turbidity in the Upper Credit was the highest of all sites
during all but one of the sampling days. Silver Creek and the West Credit exhibited the lowest
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variability in their turbidity values, as neither of their standard deviations exceeded 1.2 NTU. With
a standard deviation of 7.82 NTU, the Upper Credit was the most variable of all sites.

Figure 2.8: Physical habitat unit (as delineated by Newson & Newson, 2000) selection by all fish
species. Values represent the total number of individuals of a certain species identified in a
particular unit throughout the entire sampling regime.
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Figure 2.9 Recorded turbidity levels and their corresponding stage values. Stage values here
represent the depth of the sensor within the stilling well at each site.

Turbidity was found to have a significant effect on the probability that a given video clip
would capture at least one detectable fish (P-value < 0.05). When turbidity levels were below 6
NTU, an overall success rate of 50% was achieved, whereas this rate was decreased to 18% when
turbidity levels surpassed 6 NTU. Fish sighting success rates were highest in the Silver Creek site
(56%), where turbidity was lowest during all sampling days.
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2.5 Discussion

The RUV method used in this study is a cost-effective alternative to physical capture
methods for collecting data regarding fish assemblage characteristics and habitat use. Location,
size, MaxN, and species of freshwater fish assemblages were accurately determined in this study
using a record of underwater footage spanning the summer season across several sites.
Processing a 20-minute RUV clip from species and MaxN data typically took 40-50 minutes,
depending on visibility conditions and the amount of fish present throughout. The length
estimation process took roughly 15-20 minutes per fish, given that the baseline PTL scale (Figure
2.5) was previously established.
The salmonids identified from the footage were seen in significantly lower MaxN values
than others (Figure 2.7), which is expected as salmonids are a territorial fish and compete for
optimal foraging locations (Huntingford et al., 1990; Metcalfe, 1998; Thornton et al., 2017).
Conversely, the minnow species were observed in much higher average MaxN values, as they
tend to follow a pattern of shoaling behaviour to decrease predation risks (Freeman & Grossman,
1992; Peuhkuri, 1997). The observed minnow shoaling may either be a predator avoidance
mechanism, or simply an aggregation of individuals in a high-quality foraging location (Freeman
& Grossman, 1992).
The species accumulation curve (Figure 2.6) is asymptotic beginning at roughly 600
elapsed seconds (10 minutes), indicating that the 20-25 minutes filming time was suitable for this
application. A similar filming time is recommended for studies focusing on distributions of
station-holding fish (e.g. Atlantic Salmon), as it allowed for an increased number of camera
deployments, subsequently increasing the number of fish detected. A longer filming duration
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wouldn’t increase the chances of detecting more fish. However, it would increase the viewing
time of a given individual, which would be beneficial for studying fish behaviour and habitat
interaction.
The proposed fish-sizing methodology was effective, easy to use, and cost-efficient in this
application. The most notable advantage to this approach is the fact that no additional cameras
or post-processing software packages were needed. Pixel measurements can be completed using
a simple media player (e.g., Quicktime Player, VLC), and the length estimates can be calculated
with basic spreadsheet programs (e.g., Excel). Difficulties were experienced in several Lower and
West Credit clips due to poor visibility, fish viewing times, and fish viewing angles. Similar to the
observations noted by both Harvey et al., (2002) and Cappo et al., (2004), the success of this
approach was ultimately limited by the orientation and position of the fish. Several instances
occurred where the fish in the frame never oriented itself perpendicular to the camera, thereby
eliminating the possibility of generating accurate, repeat measurements.
Considering the average length of the recorded fish (9.48 cm), the fish length estimate
accuracy (±0.69 cm) equates to ±7.28%, suggesting that improvements are needed if this method
is to be used as a full substitute for physical capture or stereo video techniques. Length estimates
could be improved with the addition of a secondary, and even tertiary, measuring reference rod,
similar to the control-test design utilized by Harvey et al., (2002). This would specifically improve
the relative distances estimates, thereby increasing the accuracy of the adjusted pixel-to-length
scale and subsequent length estimates. Accounting for the fisheye/wide-angle lens distortion
would also be beneficial in increasing the accuracy of this method, as objects in the outer margins
frame appear slightly compressed and smaller than they would in the center of the frame. Taking
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the necessary steps to eliminate lens distortion would, however, require additional postprocessing time, computing power, and software packages, such as GoPro® Studio for entire
video clips or Adobe Photoshop for still frames.
Additional difficulties were incurred when the fish only appeared in areas considerably
close or far away from the camera, or in areas with dense aquatic vegetation or debris. Orienting
the viewing angle to avoid such issues was sometimes challenging due to the inability to watch
live-feed video from the cameras. This issue was also noted by Davis et al. (2017) while viewing
fish in ice-covered streams. Several options, however, are emerging that allow users to wirelessly
connect to the cameras to view live-feed video on mobile devices.
Turbidity was a significant barrier to successfully applying this methodology, illustrated
by the large difference in success rates above and below 6 NTU. It is possible that several fish
were present in the footage taken at above 6 NTU but remained undetectable/unidentifiable due
to the turbidity. This was especially true with juvenile salmonids, as many species are similar in
appearance before reaching maturity. Considering this information, the use of underwater video
to monitor fish communities is best suited for clear water streams during daylight conditions.
This recommendation is consistent with previous studies (Ebner & Morgan, 2013; King et al.,
2017; Wilson et al., 2014).
The flexible JOBY® GorillaPod tripod mount served very well for this particular application.
The flexible arms allowed the camera to be freely positioned and oriented on the channel bed to
optimize the field of view in the resulting video. Due to its non-streamlined silhouette, difficulties
were incurred when attempting to place the camera in high-velocity areas. Thus, this tripod is
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best suited for pools or other areas of lower velocity and can be replaced by the weighted metal
plate mounts in high-velocity areas.
Data generated from RUV footage have a variety of potential applications within
freshwater ecosystems and can complement existing survey techniques. RUV is particularly
advantageous for studies focused on animal behaviour and habitat-use. This was illustrated by
Butler & Rowland (2009), who, by using a combination of RUV and radio tagging techniques,
made the important discovery that an endangered Australian freshwater cod species
(Maccullochella ikei) parentally guards its eggs and larvae during spawning periods. Conventional
shore and snorkel observation techniques should be complimented by RUV to help reduce
observer bias. This could be especially beneficial when dealing with cryptic and sheltering species,
which tend to be underrepresented in observational surveys (Ebner & Morgan, 2013; Fulton et
al., 2012; King et al., 2017; Lowry et al., 2012). This was illustrated in the results from Silver Creek,
as many fish were visible from shore, but additional individuals and their respective species were
unidentifiable without the RUV. Most notably, the two mature Brook Trout would have not been
identified without RUV, as they were either sheltering out of sight or swimming far too fast to
observe. RUV also provides a complimentary, reviewable record of the fish assemblages, in which
additional data can be extracted in the future, whereas the data derived observational field
techniques are limited to whatever the user recorded in the field.
RUV-derived data also has several potential applications regarding aquatic habitat
suitability modelling. Habitat suitability is often modelled and expressed in terms of Weighted
Usable Area (WUA), which is defined as the total surface area of a given reach, weighted by its
predicted suitability (Bovee & Cochnauer, 1977; Hayes et al., 2016). Due to the relative ease and
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efficiency of generating fish observations at multiple locations throughout a channel, producing
the observed habitat preference curves required for WUA calculations may be done with RUV
techniques. Additionally, RUV data can also serve as a way to validate habitat suitability
predictions. This is particularly important for bioenergetics-based drift foraging habitat suitability
models, as efforts have focused significantly more on model development rather than output
validation (Rosenfeld et al., 2014). The fish size, MaxN and behavioral data from RUV surveys can
be utilized to test theories relating habitat use to dominance hierarchies, shoaling effects, or
other behavioural aspects.

2.6 Conclusion
Remote underwater video provides a cost-efficient and non-invasive technique to
effectively satisfy data requirements of monitoring programs to ensure that conservation efforts
are effective. RUV techniques present great opportunities in the field of aquatic behavioural
ecology, as it offers unparalleled, direct visual records of the species at hand, with far less
potential for disturbance effects than traditional methods. There is significant potential upside
in studies and programs that deal with particularly sensitive, cryptic, or endangered species, as it
is far less intrusive than capture-based alternatives. This study confirmed the utility of RUV
techniques in generating precise fish assemblage data and presented an effective method of
generating fish length estimates. The 20-minute filming period in this study proved to be
sufficient and effective at maximizing salmonid location observations while minimizing the risk
of missing a fish in any given location. Applications concerned with cryptic species or fish
behaviour may warrant a lengthier filming period. Additional development and validation of non36

stereo video sizing estimates is recommended in order to further reduce the overall cost and
increase the amount of useful and derivable data. RUV is likely to see an increase in adaption in
the future, as the technology becomes increasingly robust, miniaturized, and affordable.
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Chapter 3: Evaluating Juvenile Salmonid Habitat Availability using a Spatially
Explicit Bioenergetics Model

3.1 Abstract

Conserving and improving fish habitat requires a firm understanding of how biophysical
habitat characteristics affect fish growth and behaviour. Traditional habitat suitability
evaluations have relied on the empirically derived Weighted Usable Area (WUA) index. Processbased bioenergetics models present a more recent alternative approach, as several major
assumptions and simplifications limit the predictive ability and accuracy of WUA models.
Bioenergetics models account for both physical and biological factors when predicting net rate
of energy intake, which is interpreted as a proxy for habitat quality and availability. This study
applied a bioenergetics model, specific to juvenile drift foraging salmonids, to two surveyed
reaches within the Credit River. Model outputs were used to determine channel characteristics
and features that enhanced habitat suitability and availability. Outputs were also compared to
known fish distributions within the reach to assess model validity and target areas for
improvement. The findings emphasize the importance of large, flow-impeding boulders for
providing velocity refuge and expanding habitat availability in salmonid rearing streams. Fish
distribution comparison indicated that fine scale and near-bed velocity refuge was
underrepresented within the model.
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3.2 Introduction

Once endemic to the Great Lakes basin, the Atlantic Salmon were extirpated from the
region in the early 1900s due to extensive channel modification, urban development, and
overfishing (Ketola et al., 2000; Parrish et al., 1998). Annual juvenile stocking programs are in
place to restore the ecologically, economically, and culturally significant fish (Ministry of Natural
Resources and Forestry, 2014; Murphy et al., 2017; OMNR & CVC, 2002). Despite efforts to
improve the rearing stream habitat conditions, stocking program success is poor, especially
during winter months when feeding opportunities are scarce and energy conservation becomes
a priority (Cunjak et al., 1998). Conserving existing fish habitat and restoring degraded channels
is imperative to successful aquatic species reintroduction efforts, yet preserving freshwater
biodiversity is particularly challenging due to the strong and dynamic influences of upstream
catchments (Dudgeon et al., 2006). Full-scale watershed assessments are required to identify key
geomorphic and chemical constraints to fish population growth, which can subsequently be
targeted by restoration initiatives for improvement (Beechie et al., 2008). Typical channel
restoration practices often employ in-stream habitat structures, such as large wood structures,
to improve geomorphic conditions and are generally met with a short-term increase in salmonid
density and abundance (Koljonen et al., 2013; Whiteway et al., 2010).
Altering channels in any context inherently impacts flow conditions (e.g. velocity). Thus,
it is important to understand the effects of these changes on fish habitat in order to ensure
prioritize conservation and inform restoration. Hydraulic models are used to evaluate such
conditions, in order to ensure flow regime targets are appropriate from both ecological and
39

geomorphic perspectives. Most models require topographic surveys of bed geometry, with
corresponding roughness estimates and discharge measurements at the model boundaries
(Danish Hydraulic Institute, 2007; Steffler & Blackburn, 2002; USACE, 2016). Most commonly, one
or two-dimensional flow estimates are predicted across nodes in a finite mesh or along a series
of transects (Danish Hydraulic Institute, 2007; Steffler & Blackburn, 2002; USACE, 2016) .
Hydraulic model flow predictions are often linked to observed fish preferences in order
to predict habitat suitability and availability, expressed as Weighted Usable Area (WUA) (Hayes
et al., 2016; Payne, 2003). Introduced in 1977, WUA is defined as the total surface area in a given
channel section weighted by its suitability to serve as aquatic organism habitat and is expressed
as area per unit length of stream (Bovee & Cochnauer, 1977). Although WUA is widely adopted
and applied in different contexts, the model variables, assumptions and interpretations are
subject to much criticism (Hayes et al., 2016). For example, WUA is widely, but incorrectly
assumed to be an index of fish abundance, while it is just an index of suitable habitat availability
(Hayes et al., 2016). WUA is not particularly transferable between locations, as the empirically
derived habitat suitability curves for a given fish species vary between rivers, seasons and flows
(Hayes et al., 2016; Orth, 1987; Rosenfeld, 2003). A notable criticism of WUA models is that they
assume physical habitat solely determines fish habitat selection (Hayes et al., 2016; Orth, 1987).
By only accounting for physical habitat parameters, any biological habitat aspects, such as drifting
invertebrate prey concentrations, are ignored (Hayes et al., 2016). Thus, WUA based models are
limited in how accurately they predict flow requirements for drift foraging species, such as the
Atlantic Salmon, (Hayes et al., 2016).
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An alternative approach to evaluating habitat integrates bioenergetics concepts into
habitat suitability predictions to account for prey fluxes and foraging dynamics. Bioenergetics is
defined as the study of energy transfer between organisms and the surrounding environment
(Merriam Webster, n.d.). Applying this analytical framework to fish habitat assessment allows
researchers to investigate how certain stream parameters, such as flow velocity and depth, affect
the metabolic processes and feeding opportunities of individuals. Drift foraging models integrate
this framework by simulating metabolic processes in order to estimate net rates of energy intake
and subsequent growth rate potentials, which are interpreted as a proxy for habitat suitability
and productive capacity (Rosenfeld et al., 2014). Understanding habitat selection in competitive
drift-feeding fish assemblages was the initial goal behind early development and application of
drift foraging models (Fausch, 1984, 2014; Hughes & Dill, 1990). More recent model application
examples include investigating temporal changes in rearing habitat availability for yearling
Atlantic Salmon (Nislow et al., 2000), evaluating effects of prey abundance and channel structure
on juvenile Cutthroat Trout habitat quality (Rosenfeld & Taylor, 2009), and quantifying the large
woody debris effects on salmonid habitat availability (Hafs et al., 2014).
The main advantage of bioenergetics models is that they adopt a mechanistic and
explanatory link between physical habitat conditions and the energy intake of a fish, producing a
highly transferable framework for predicting growth rates and habitat selection (Rosenfeld et al.,
2014). Drift feeding fish attempt to optimize net energy intake rates by selecting low velocity
focal points, to reduce swim costs, adjacent to faster flowing columns to increase prey encounter
rates (Fausch, 1984). This selection behaviour can be conceptualized as an individual resting near
a fast-moving ‘conveyer belt’ of food, and is incorporated in the models by accounting for both
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focal point and adjacent flow velocities, whereas WUA models only account for focal point
velocity preferences. Typical drift foraging models require flow simulation data from hydraulic
models, as well as parameters describing drifting invertebrate prey flux, water temperature and
initial fish sizes. Flow data is used to determine costs of swimming (using focal point velocities),
foraging opportunities (using adjacent velocities) and the cross-sectional area available for
feeding (using depths) (Rosenfeld & Taylor, 2009). The spatial flow patterns, and the derived
energy budget parameters, will have the biggest impact on the distribution of the modelpredicted suitable habitat, whereas the non-spatial inputs will affect the magnitude of suitability.
Despite the inherent advantages of adopting process-based drift foraging models, several
assumptions and limitations decrease the accuracy of outputs. Most notably, drift concentrations
are typically assumed to be uniform throughout the modelled channel section (Hafs et al., 2014;
Rosenfeld et al., 2016; Rosenfeld & Taylor, 2009). In a natural setting, drift concentrations vary
spatially depending largely on substrate conditions and depletion due to upstream feeding
(Leung et al., 2009). Validation of model predicted habitat capacity, habitat suitability,
abundance, and swimming costs are also needed to improve accuracy (Rosenfeld et al., 2016;
Rosenfeld et al., 2014). Currently, efforts are largely focused on model development more so
than model validation, as collecting the data required for validation is challenging and time
consuming (Rosenfeld et al., 2014). Additionally, the models themselves are relatively data
intensive, complex, and expensive to employ (Rosenfeld, 2003; Rosenfeld et al., 2014). Further
development and testing of these models allow managers and researchers to obtain more
accurate predictions regarding the suitability of specific geomorphic channel conditions for a
target species.
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The objectives of this study were to adapt and apply a spatially explicit drift foraging
model to two Credit River reaches to reveal channel features and morphologies that promote
juvenile salmonid growth and success. The outputs of the model were compared with a fish
assemblage dataset, derived from a remote underwater video (RUV) survey, in order to assess
the validity of model predictions. The knowledge gained from this study helps understand
physical constraints to salmonid growth within natural channels. Additionally, inference gained
from the validity assessment will reveal model aspects to target for future development and
improvement. This study provides applicable knowledge in conservation and restoration contexts
while improving the tools and analytical frameworks useful for similar future research.

3.3 Methods

3.3.1 Study Sites
Two small-scale (30-60 m long, 10-20 m wide, <1.2 m deep) reaches within the Credit
River watershed in southern Ontario, Canada, were selected for this study, and are referred to
as West Credit and Lower Credit (Figure 3.1). The Credit River is a southern Ontario river that
drains an area of approximately 795 km2 into Lake Ontario (Water Survey of Canada, 1993). Both
reaches resided within the southern portion of the Forks of the Credit Provincial Park, and were
near annual Atlantic Salmon stocking locations, ensuring that fish were present within (Ministry
of Natural Resources and Forestry, 2014). An additional water level monitoring station was
situated on the main branch above the confluence and was named the Upper Credit.
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Figure 3.1: Map of study site locations within the Credit River Watershed, Ontario.

The Lower Credit study reach (Figure 3.2a) is situated on the main branch of the Credit
River, approximately 300 m below the confluence with the West branch. This study reach is
located near the upstream extent of the Forks of the Credit to Churchville Subwatershed, thus
the conditions are likely more indicative of the subwatersheds further upstream (West Credit and
Melville to Forks of the Credit subwatersheds). Spanning 60 m in length, and 20 m wide, this was
the larger of the two reaches. The morphology is dominated by riffle and run type flows, with a
distinct thalweg present near the left bank (Figure 3.2a). Several large wood (LW) structures
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protruding from an undercut left bank impede flow (Figure 3.2b). Considerable riparian
vegetation is present in the reach, with trees and canopy cover dominating the left banks (Figure
3.2c), and shrubs and grasses dominating the right bank (Figure 3.2d). Two patches of grasses
and several large boulders are also present in the mid sections of the channel (Figure 3.2e).
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c

d

e

Figure 3.2: Photographs of the Lower Credit study reach showing the entire reach from the
downstream boundary (a), large wood structures on the left bank (b), left bank riparian
conditions (c), right bank riparian conditions (d), and an in-stream vegetation patch (e).
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The West Credit study reach (Figure 3.3a) resided on the West Credit River, approximately
200 m upstream of the main branch confluence. The West Credit River flows through the
Belfountain Conservation Area and drains the West Credit Subwatershed within Wellington
County and Peel Region. The study reach was approximately 30 m in length and 10 m wide with
no significant meandering. Two deep, and moderately fast flowing pools in the upstream section
(Figure 3.3a), followed by a shallow riffle section and a distinct mid-channel thalweg characterize
the reach (Figure 3.3b). Large, flow-impeding wood structures and boulders are present, as well
as multiple vegetated areas adjacent to the left bank (Figure 3.3c). Riparian vegetation and
canopy cover is notably prevalent in the reach. A large stump protruding from an undercut bank
hangs over the upstream pool on the left bank, providing potential riparian predatory cover
(Figure 3.2d). Gravel and cobble were the dominant substrate types throughout the reach.
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d

Figure 3.3: Photographs of the West Credit study reach showing the entire reach (looking
downstream) (a), riffle thalweg section (b), vegetation patches and boulders near the right bank
(c), and the stump-covered pool (d).
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3.3.2 Field Data Collection
Water level and water quality were important variables measured through the field
season. Onset HOBO Water Level Loggers were installed within stilling wells at each study site.
An additional logger was installed above the confluence in the Credit River main branch (Upper
Credit). Stilling wells were placed in areas of stagnant flow and secured to the bed with rebar.
The loggers recorded sensor depth and water temperature once per hour. Data was offloaded
from each sensor every two weeks to ensure quality and monitor for significant events. Turbidity
was recorded throughout the summer during each site visit using a YSI Optical Monitoring Sonde.
Turbidity values were expressed in NTU units and were averaged across each 15-minute sampling
period. Turbidity was only measured during visits to the sites.
Detailed topographic surveys of each site were completed using a SOKKIA Total Station
and served as input data for the hydrodynamic model. Each boulder with a b-axis exceeding 0.25
m was surveyed and included in the input bed topography. Boulders were surveyed by collecting
multiple points outlining each, and then collecting 1-3 points on top. This method ensured that
the boulders would be represented within the topography of each site, and that their impact on
the flow would be simulated more effectively than if they were to be represented by increased
roughness height values (Crowder & Diplas, 2000). Interpolation of the boulders can be visualized
as a “tent-form” function, with the “pegs” at each outline point and the “poles” at each point on
top. Large wood structures and aquatic vegetation patches were also outlined, but not included
in the input topography.
Discharge estimates were generated using the transect velocity-area method. Velocity
measurements were taken at intervals of 0.5 m across a transect using a SonTek Flowtracker
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Handheld ADV with the probe being consistently oriented perpendicular to the transect.
Discharge estimates were completed at the upper and lower boundaries of the study reaches
and averaged to obtain a final value. Additional velocity measurements were obtained across
multiple transects within the study reaches. The precise location of each measurement, and their
corresponding water surface elevation, was obtained using the Total Station with the prism pole
resting at the surface of the water. These measurements constitute the dataset used for
hydrodynamic model calibrations.
Fish communities within each study reach were monitored throughout the summer
months using compact underwater video cameras. A dataset containing the MaxN, species, and
fork-length estimates was derived from the resulting footage (Chapter 2). A set of points
representing the focal point locations of each fish was surveyed with the Total Station and
referenced to the respective ecological dataset (species, size, and MaxN). The distance from the
nearest upstream and downstream boulder to the focal point location of each fish was measured
by tracing the simulated flow paths in Whitebox Geospatial Analysis Tool (WhiteboxGAT)
software (Lindsay, 2016). Channel conditions during each RUV and Total Station survey dates
were summarized (Appendix A).

3.3.3 Hydraulic Model
River2D was used to generate the required spatially explicit flow simulations. Developed
at the University of Alberta, River2D is a depth-averaged, two-dimensional hydrodynamic model
capable of simulating supercritical, subcritical, and transitional flows (Steffler & Blackburn, 2002).
Flow simulations require topographic data representing the channel bed and bank areas, as well
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as estimates for roughness height, incoming discharge, and lower-boundary water surface
elevation. Roughness height estimates are input at each georeferenced topographic point and
are readily modified to calibrate the simulations. Roughness heights are converted to the nondimensional Chézy coefficient during bed shear and friction slope calculations within the bed
resistance sub-model (Steffler & Blackburn, 2002). Boundaries are defined by the user and
elevations are linearly interpolated between points prior to overlaying the nodal mesh used in
the flow simulation solution scheme. Velocity, depth, and water surface elevation are calculated
at each node using the depth averaged Saint Venant’s equations, conserving mass and
momentum.
The River2D model framework relies on several assumptions. Hydrostatic pressure is
assumed to be negligible, limiting the ability to incorporate small bedforms and steep channel
slopes (Steffler & Blackburn, 2002). The model is depth-averaged; thus, the velocity distributions
are uniform over any given node. Wind and Coriolis forces are assumed to be negligible as well.
Steady-flow simulations were completed for both sites using their respective survey data
and discharge estimates. The finite solution scheme utilized a nodal mesh with uniform 0.25 m
spacing. Outputs were calibrated to the detailed spatially referenced velocity and water surface
elevation point measurements by adjusting the nodal roughness height values until minimal
residual values were achieved. Final outputs of depth and velocity magnitude at each node were
exported in a csv file and formatted appropriately to serve as the bioenergetics model inputs.
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3.3.4 Bioenergetics Model
In order to estimate habitat quality and availability within each study reach, a spatially
explicit drift foraging bioenergetics model was scripted and applied to the simulated flow fields.
The conceptual framework of the model links the energetic requirements of an individual fish
directly to the stream flow in order to predict growth rate potential (GRP) throughout a given
reach. The model was scripted using Python 2.7 within WhiteboxGAT, an open source spatial
analysis program developed at the University of Guelph by Dr. John Lindsay (Lindsay, 2016).
Output figure generation and additional spatial analysis was also completed within
WhiteboxGAT.
The drift foraging bioenergetics model used in this study is an adaptation of the model
developed and tested by Rosenfeld and Taylor (2009). It simulates the potential daily growth of
a single fish assuming it exclusively resides atop a single focal point within the stream. Growth
rate potentials are estimated on the basis of an energy budget net surplus (or deficit). The energy
budget of the fish is simulated using a series of equations representing metabolic processes and
feeding opportunities. These equations broadly fall under two main categories: those
representing energetic gains, and those representing energetic expenditures (losses). A
conceptualization of the scripting framework is presented in Figure 3.4.
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Figure 3.4: Conceptualized scripting framework for the bioenergetics model.

Swimming cost (Scost) is a direct function of the average water column velocity (Vel)
passing over the focal point of the fish (EQ. 3.1). The original equation was developed by Hughes
& Dill (1990), and later modified by Rosenfeld and Taylor (2009), who included a turbulence scalar
parameter (TS) to better represent the increased costs of position holding under fast, turbulent
flow. Fish are expected to expend more energy maintaining position in faster flowing water.
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Parameters C and M represent the effects of fish length (FL), while WW represents the wet
weight (g) of the fish.

EQ. 3.1) Scost = 24∙10(C+M+Vel)∙19∙WW/1000∙TS where:
TS = 0.90+10(0.06∙Vel-0.98)
C = 2.07-(0.37∙log10(FL)
M = 0.041-(0.0196∙log10(FL)

Excretion (U) and egestion (F) losses are both functions of the water temperature (temp)
and the amount of prey consumed in a day (EQ. 3.2). The parameter p represents the proportion
of the maximum possible daily consumption (MDcon) actually consumed. EI represents the total
potential energy intake and cannot surpass the level of MDcon. Thus, the p parameter ranges
from a value of 0 to 1. UB, FB, UA, FA, UG, and FG, are species-specific parameters that adjust
these losses based on temperature values and feeding levels (Elliot, 1976; Stewart, Weininger,
Rottiers, & Edsall, 1983).

EQ. 3.2) U = UA∙TUB∙e(UG∙p)
F = FA∙tempFB∙e(FG∙p) where:
p = EI / MDcon

Maximum daily consumption (MDcon) is calculated using the formula derived by Hewett
and Johnson (1992) and is a function of the wet weight of the fish (EQ. 3.3). KA and KB are
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intermediate metabolic cost parameters derived from Stewart and Ibarra (1991). The prey
parameter represents the weighted energy density (J/g of dry weight) of each invertebrate size
class combined. In this adaptation, only one preyED size class was implemented, making the
weighting unnecessary. Thus, preyED represents the energy density of the single invertebrate
size class included.

EQ. 3.3) MDcon = 0.303∙WW-0.275∙KA∙KB∙WW∙preyED

Reactive distance (RD) represents the maximum prey detection and feeding radius of a
fish at any given cell. This parameter provides the basis for modelling the potential energy intake
of a station holding fish. The Hafs et al. (2014) model inherently assumes that a fish will always
have the ability to utilize their maximum possible reactive distance radius for feeding. Several
studies have revealed that this assumption is untrue due to visual impairments induced by
increasing turbidity levels (Taylor et al., 2011; Grossman & Rosenfeld, 1992). Reactive distance
reductions tend to follow a log-linear/hyperbolic relationship with turbidity increases. In this
model adaptation, an additional step was taken to account for these reactive distance reductions.
Initial maximum reactive distance (RDi) was first calculated without the effects of turbidity (EQ
3.4a). RDi was then adjusted for turbidity losses based on the empirical relationship derived by
Sweka and Hartman (2011) (EQ. 3.4b). NTU represents the user-input value of turbidity in NTU
units.

EQ. 3.4a) RDi = 12∙PL∙(1-e(-0.2)∙FL))
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EQ. 3.4b) RD = RDi∙e(-0.08∙NTU+0.0007∙(NTU ))

Prey capture success (CS), expressed as a unit-less value ranging from 0-1, is a function of
depth, velocity, fish length (FL), and reactive distance (RD) (EQ 3.5). This parameter models the
likelihood of a foray to result in successful prey capture. The variables dep and vel represent
depth and velocity, respectively.

EQ. 3.5) CS = eu / (1+eu)

where:

u = 1.28-0.0588∙vel+0.383vFL-0.0918∙ (dep/RD)-0.21∙vel∙(dep/RD)

Energy intake (EI) is a function of the adjacent water column velocities (veld), the available
capture area (CA), and the capture success rate (CS) (EQ. 3.6). The capture area available for
feeding is a function of depth at each focal point and the maximum possible foraging distance.

EQ. 3.6) EI = CA∙veld∙CS∙PreyCon∙PreyED∙3600∙13∙10-9

A fish is expected to encounter and consume more prey as water velocity increases. In
their implementation of the model, Hafs et al. (2014) only considered the highest adjacent water
column velocity, mentioning that it likely overestimated the energy intake values. In this
adaptation, an average of all adjacent velocity values, within the calculated reactive distance of
the fish, was considered. The ‘Vector Attribute Gridding’ tool within WhiteboxGAT was utilized
to perform this step, with the ‘Search Distance’ parameter set as the reactive distance of the fish.
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This tool overlays a raster grid over a set of vector points, and assigns each raster cell an average
value of all vector points within the specified radial distance from the cell center (Search
Distance) (Lindsay, 2016). This setup allows the fish to feed in any cell within their reactive
distance and will provide a more conservative representation of potential energy intake at each
cell. The conceptualized ‘optimal’ focal point illustrates, in simplest terms, the preferred velocity
patterns of drift feeding salmonid fish observed by Fausch et al. (1984) (Figure 3.5). Fish tend to
reside in areas of low velocity, to reduce swimming energy expenditures, adjacent to high velocity
areas, which increase feeding and energy intake potentials.

Figure 3.5: Conceptualized optimal and suboptimal rasterized flow conditions, regarding
energetic expenditure and intake.

The net energy intake (NEI), including all metabolic losses and feeding gains, is estimated
for each cell using EQ. 3.7. SDA is a constant parameter, representing energy lost as heat during
the conversion of food to usable energy (Hartman and Hayward, 2007). Finally, the net energy
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intake is divided by the energy density of the fish (EDfish) to obtain the growth rate estimate
(mm/day) for each cell (EQ. 3.8).

EQ. 3.7) NEI = (EI∙(1-F)∙(1-U-SDA))-Scost

EQ. 3.8) Growth = NEI/ EDfish

3.3.5 Bioenergetics Model Implementation
The predicted velocity and depth outputs from River2D were applied were applied to the
bioenergetics model to predict the distribution, availability and quality of positive growth habitat
(PGH) throughout both study reaches. Turbidity, initial fish length, and water temperature model
inputs were obtained from the recorded field data. The drifting invertebrate prey concentration
input value was initially derived from samples taken at each site (Appendix A). However, this
value was an order of magnitude smaller than the input value reported by Hafs et al. (2014) in
their model application. Thus, the prey concentration input value used in this study (0.4 mg/m 3)
was adopted from Hafs et al. (2014). Models were run using a 0.25 m x 0.25 m grid resolution,
and outputs were clipped to the predicted water boundaries. The output habitat maps were
overlain with boulder and fish location layers to reveal any spatial relationships and assess
validity of model outputs.
Outputs were further clipped to only contain cells that yielded positive growth rate
potentials. The respective depth, focal point velocity, adjacent column velocity, and swim cost
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values were extracted at each of these cells for further analysis. This process was repeated using
the fish location points as the reference for extraction.

3.4 Results
3.4.1 Field Data
Monthly average water temperatures were highest in July (17.64 ˚C) and lowest in June
(16.31˚C) across all sites. June yielded the highest variation in temperatures in all sites (σX = 0.10).
Average monthly temperatures and variation were highest in the Upper Credit (17.26 ˚C, σX =
0.09) monitoring site during all months. The average summer (Jun-Aug) temperature, used as an
input for the bioenergetics model, was 16.41 ˚C and 16.84 ˚C for the West Credit and Lower
Credit, respectively.
Recorded turbidity levels across all sites ranged from 3.18 NTU to 26.28 NTU. Turbidity
generally increased with stage at the Lower Credit and Upper Credit sites (Figure 3.6). No similar
or well-defined pattern was observed in the West Credit. The lowest turbidity levels were seen
consistently in the West Credit (2.87 NTU average), whereas turbidity levels recorded in the
Upper Credit site were considerably higher than the other sites (9.32 NTU average). Turbidity in
the Upper Credit was the highest of all sites during all but one of the sampling days. The West
Credit exhibited the lowest variability (standard deviation 1.11 NTU). With a standard deviation
of 7.82 NTU, the Upper Credit was the most variable of all sites. The magnitude and variability of
Lower Credit NTU values were intermediate of the other two sites.
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West Credit

Figure 3.6 Turbidity levels at all monitoring stations recorded during site visits.

3.4.2 Hydraulic Model Outputs
The velocity and depth outputs of the hydrodynamic model are displayed for the Lower
Credit site (Figure 3.7) and for the West Credit site (Figure 3.8). The boulders exhibited wakes
with reduced velocities, indicating that they were well represented within the bed topography of
simulations. A distinct thalweg was visible in the mid-left, downstream portion of each study
reach, exhibiting higher and deeper flows than the rest of the channel.
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Figure 3.7: Lower Credit velocity (top) and depth (bottom) outputs from River2D. A thalweg,
denoted by increased depths and velocities, is visible near the left bank in the downstream
portion of the reach.
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Figure 3.8: West Credit velocity (top) and depth (bottom) outputs from River2D. A thalweg,
denoted by increased depths and velocities, is visible near the left bank in the downstream
portion of the reach.
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3.4.3 Bioenergetics Model Outputs
The spatial distribution of model-predicted positive growth habitat (PGH) followed similar
patterns in both sites (Figure 3.9 and 3.10). The shallow channel margins contained the majority
of the PGH, whereas the deep, fast flowing mid-channel sections did not exhibit significant PGH.
Small, isolated patches of PGH were present in the wake areas of mid-channel boulders, often
near the thalweg of each study reach. Despite having generally smaller extents, these patches
often yielded much higher growth rate potentials than the marginal habitats (Figure 3.9 and 3.10)
Areas with variable and disruptive flow patterns tended to exhibit more PGH than the uniform
sections.
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w

Figure 3.9: Model-predicted positive growth habitat distribution in the Lower Credit. Marker w
points to an isolated mid-channel PGH patch in the wake of a large boulder. The wood structures
on the left bank correspond to Figure 2.3b.
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x

Figure 3.10: Model-predicted positive growth habitat distribution in the West Credit. Marker x
points to an isolated mid-channel PGH patch in the wake of a large boulder. The wood structure
present on the left bank corresponds to Figure 2.2b.
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The Lower Credit reach exhibited 16.31% PGH coverage, with a 0.18 mm/day GRP
average. The West Credit study reach exhibited PGH covering 19.10% of the surveyed channel,
with an average GRP of 0.16 mm/day (Table 3.1). While the channel margins contained the
majority of the PGH, the highest GRP values were seen in patches within the mid channel sections
(e.g., Figure 3.9 marker w and Figure 3.10 marker x) Each patch was adjacent to at least one
boulder in the upstream direction (e.g, Figure 3.9 marker w and Figure 3.10 marker x). A distinct
large elongated patch of PGH was present in the shallow, boulder-dense, mid-right section of the
Lower Credit site (Figure 3.9). Near-bank PGH was not always co-located with an upstream
boulder, but rather the PGH extent and GRP values were increased within areas adjacent to
marginal boulders. This pattern was especially prevalent within the near-bank PGH of the Lower
Credit. The right bank contained several boulders in the upstream portion of the site, surrounded
by large patches of PGH. Conversely, boulders were not as prevalent near the left bank, and the
PGH areas were slimmer and generally of lower GRP magnitude (Figure 3.9). The large wood
structures did not exhibit any discernible spatial relationship with the PGH at either site.

Table 3.1: Model-predicted PGH characteristics at each site.
Site
Total Area (m2)
PGH Area (m2)

% PGH

Avg. GRP
(mm/day)

Lower Credit

1159.35

189.07

16.31%

0.18

West Credit

374.82

71.61

19.10%

0.16
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The distributions of the predicted velocity and depth values for each 0.25 x 0.25 m cell,
overlain by the respective values at each salmonid location are displayed (Figure 3.11 and 3.12)
The distribution of the predicted values for each PGH cell show distinct differences from the total
combined dataset distributions. The combined velocity dataset is normally distributed and
centers around 0.5 m/s, whereas almost all of the PGH velocity values rest between 0 and 0.5
m/s (Figure 3.11). The PGH velocity distribution peaks at 0.31 m/s and is met with a sharp decline
thereafter (Figure 3.11). The differences in the depth distributions are not as pronounced (Figure
3.12). The PGH depth distribution is centered at a lower value than the available habitat
distribution. Salmonids most frequently resided in locations yielding <50 m/s velocities and 0.350.45 m depths.

Figure 3.11: Predicted velocity cell-value distributions for the PGH (dark gray-filled distribution),
the entire modelled reach (light gray-filled distribution), and for each fish location (hatched bars).
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Figure 3.12: Predicted depth cell-value distributions for the PGH (dark gray-filled distribution),
the entire modelled reach (light gray-filled distribution), and for each fish location (hatched bars).

The distribution of velocity gradients (Vadjacent - Vstation) present at each 0.25 x 0.25 m cell
was normally distributed and the average value was 0.018 m/s (Figure 3.13). Positive values
indicate energetically favourable locations with a predicted station velocity lower than the
average of all surrounding, adjacent water column cell-values (Figure 3.5). When plotted against
their respective GRP values, a trend was visible where the highest GRP values most often
coincided with positive velocity gradients.
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Figure 3.13: Predicted velocity gradient values (black) and distribution (red) for each modelpredicted cell yielding a positive growth rate potential (PGH).

The 90th percentile of the GRP values within the PGH (0.38 mm/day) is used to define high
quality habitat (HQH) and all values below the 50th percentile (0.16 mm/day) are classified as
lower quality habitat (LQH). The HQH has a mean velocity gradient 0.04 m/s, whereas the LQH
and combined (all PGH cells) dataset have means of 0.013 m/s and 0.018 m/s, respectively (Table
2). The HQH exhibits several other characteristics that distinguish it from the lower quality
habitat. HQH is characterized by deeper water columns (0.288 m average), which subsequently
produce larger cross-sectional feeding areas, and slower flow velocities (0.189 m/s average),
which yield lower swimming costs.
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Table 2: Predicted cell parameter value comparisons between higher quality and lower quality
positive growth habitat (PGH).
Station
Velocity
GRP
Depth
Swim Cost
Habitat Type
Velocity
Gradient
(mm/day)
(m)
(J/day)
(m/s)
(m/s)
Combined
0.182
0.189
0.225
1267.674
0.018
LQH (<50th percentile)

0.073

0.154

0.231

1348.071

0.013

HQH (>90th percentile)

0.462

0.288

0.189

1009.454

0.040

3.4.4 Fish Community
The fish locations were in moderate agreement with the predicted PGH area across both
sites (Figure 3.14 and 3.15). In the Lower Credit, a dense cluster of various fish species was
detected within the marginal PGH patch at the upstream right bank (Figure 3.14). Several fish
were detected near the shallow mid-right channel patch, but resided closer to the deep, midsection of the channel than predicted. This area was especially popular with Atlantic Salmon.
Three Atlantic Salmon resided under cover of the LW structure along the left bank of the site and
were similarly closer to the mid-section than had been predicted. In the West Credit, similar
distribution patterns were observed (Figure 3.15). The majority of the fish were clustered in and
around the PGH patch in the upstream, middle section of the channel. Fish that resided near to
the channel margins were once again nearer to the thalweg than was predicted by the model
(e.g. Figure 3.14 marker y). Three Atlantic Salmon were observed within the upstream pools at
two separate locations (Figure 3.14 marker z). The footage showed the fish sheltering in the
substrate and foraying into the overhead water columns (Figure 3.16). A single Brook Trout was
spotted adjacent to a bank-based LW structure in the West Credit.
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y

Figure 3.14: Fish distributions relative to model-predicted PGH in the Lower Credit. Marker y
indicates two Atlantic Salmon locations within the cover of a large wood structure (Figure 2.3b).
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z

Figure 3.15: Fish distributions relative to model-predicted PGH in the West Credit. Marker z
indicates the two pool-dwelling Atlantic Salmon locations.
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Figure 3.16: RUV footage screenshot showing an Atlantic Salmon (highlighted) station holding
near the channel bed within a West Credit pool (Marker z in Figure 3.15).

The vast majority of the fish were observed sheltering in the wakes behind large boulders
or cobble clusters, with the remaining fish sheltering within marginal LW structures or smaller
bed substrate. Fish showed a very strong preference for residing nearer to upstream boulders
than downstream (Figure 3.17). All but 2 fish were observed to be closer to the downstream
boulder than the upstream one. On average, the fish were positioned 0.88 m from the upstream
boulders, and 3.55 m from the downstream boulders, yielding an average positional ratio of 0.31.
Several fish were unable to be included in this analysis as they resided in areas with no surveyed
boulders up or downstream of them. These fish were mostly located near the study reach
boundaries. Fish observed near an upstream boulder were almost always coincident with positive
velocity gradients (Figure 3.18). The average underlying velocity gradient values of the boulder
dwelling fish was 0.0413 m/s, whereas the average gradient of all fish locations was 0.0314 m/s
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Figure 3.17: Measured flow-path distances between surveyed fish locations and nearest
upstream and downstream boulders.

Figure 3.18: Model predicted velocity gradients at each boulder-dwelling fish location.
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3.5 Discussion

3.5.1 PGH Characteristics
Predicting which channel features (e.g., LW, boulders) have the most impact on growth
and success of juvenile salmonids is difficult, as local environmental conditions create
experimental noise and indiscernible feature effects (Bisson et al., 2003). Mechanistically linking
fish growth to channel flow conditions constitutes an important step towards distinguishing the
specific effects of channel features. Applying a drift foraging bioenergetics model to two sites in
the Credit River Watershed predicted spatially explicit fish growth, which served as an indicator
of relative habitat quality and availability. Qualitative inspections of the model outputs identified
how boulder-dense areas exhibit more heterogeneous flow conditions, creating favourable
habitat, than the boulder-free, uniform flow areas (Figure 3.9 and 3.10).
Velocity magnitude was the baseline requirement and strongest predictor for PGH
presence. Velocities within the model-predicted PGH did not exceed 0.65 m/s and were below
0.38 m/s in 95% of the 0.25 x 0.25 m cells. PGH was present in areas with suitable velocity, while
the depth and adjacent column velocities further enhanced the underlying GRP. The highest
magnitudes of GRP within the PGH were predicted to rest in areas with deeper, slower flows, and
highly positive velocity gradients. Defining HQH as the 90th percentile of all GRP values within the
PGH identifies the predicted ideal ranges of physical habitat parameters (e.g., velocity, depth) for
drift feeding salmonids (Table 3.2).
Comparing the depth and velocity distributions of PGH cells to the total and utilized
distributions may offer more insight towards relative habitat availability and fish preferences
(Figure 3.11 and 3.12). In this case, the observed fish station velocity and depth distributions
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serve as an empirical preference curve, much like what is used in WUA models. The modelpredicted depth and velocity distributions represent the relative availability of favourable habitat
within the channel section. Fish showed a strong preference for depths in the 30-45 cm range,
whereas the PGH depth-distribution peaked in the 15-20 cm range. Since GRP increases with
depth, this may indicate that the fish are located in a relatively unconstrained reach and are free
to reside in deeper, more favourable areas without competition. The PGH velocity distribution,
relative to the total channel distribution, illustrates how much velocity refuge is weighed in the
model predictions, as almost all of the cells with velocities below 35 cm/s yield PGH. No
observable patterns are present in the fish velocity preferences. The majority of individuals
resided in velocities within the predicted favourable range. Several fish resided in velocities
within and above the upper limits of the predicted favourable range. This indicates that
swimming costs at high velocities are being over-predicted, or that the feeding opportunities and
compensating energy intake rates are being under-predicted. Swim cost over-predictions may be
a result of the model function accounting for turbulence-induced swim cost increases at high
velocities (Hafs et al., 2014). Under-predicted feeding opportunities could be attributed to the
vector attribute gridding technique used to determine adjacent column velocities. Previous
model implementations only utilized the highest adjacent column velocity when determining
prey supply rates, which likely overestimates feeding energy intake rates (Hafs et al., 2014). The
vector attribute gridding method returns an average value of all adjacent columns within the
reactive distance of the fish. Thus, the velocity gradients actually used by fish for feeding, and
the subsequent energy intake rates, are likely under-predicted.
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Several isolated ‘pockets’ of PGH were predicted within the wakes of mid-channel
boulders (Figure 3.9 and 3.10). No similar pockets were present in the boulder-free, uniform flow
sections at either site. These pockets were generally smaller in area than the marginal PGH
patches, however, they were predicted to be more favourable (higher GRP). This was mainly a
result of the increased depth in these areas, which increases the prey intake potentials by
providing the fish with a larger, cross sectional feeding area. These pockets also tended to exhibit
positive velocity gradients, which further enhance the GRP by allowing fish to utilize the faster
flowing mid-channel sections for feeding. Opening up refuge and favourable habitat in the midsections of the channel will reduce the fish reliance on marginal habitat and increase the total
available habitat within a given reach.

3.5.2 Model Performance
Boulders were explicitly incorporated into the bed topography utilized for the hydraulic
simulations and their effects were reasonably represented within flow simulations. Boulders
disrupted and diversified flow patterns, creating areas of velocity refuge and positive velocity
gradients, subsequently producing energetically favourable habitat for drift feeding salmonids.
Although fish were not always observed within the model-predicted PGH, they most often
resided within the wakes of instream boulders, where velocities were reduced and feeding
gradients were positive (Figure 3.14 and 3.15). This habitat selection pattern is consistent with
the explanatory model proposed by Fausch (1984) and supports the conceptual basis of the
model adapted for this study.
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Previous research utilizing this model suggests that a distinct association between LW
loading and PGH should exist (Hafs et al., 2014). Large wood structures in channel margins can
alter flow patterns, producing velocity refuge and amplifying velocity gradients, subsequently
increasing PGH availability (Hafs et al., 2014). However, the model failed to produce these
expected results, as there was no observable increase in PGH in areas with LW compared to areas
without. The five fish that resided under or adjacent to the marginal LW structures suggests that
they were being utilized as predatory cover (Bjornn et al., 1991). However, this effect was not
predicted, as the model discounts perceived predation risk. Fish that resided near banks were
almost always utilizing channel features, including LW, boulders and deep undercut pools, as a
refuge.
The lack of LW and PGH association in this study may be explained by how the LW was
incorporated into the hydraulic model simulations. Unlike the boulders, the LW survey points
were not included in the topography, as most of the structures did not contact the bed. Rather,
they were represented within the model by increasing the roughness height of the nodes that
rested below. Despite calibration to observed velocity and WSE measurements, the LW did not
have an observable effect on the flow in simulations to the extent that the boulders did. Similarly,
Crowder & Diplas (2000) noted that velocity gradients and refuge were only predicted in 2-D
hydraulic simulations when channel features were explicitly incorporated in the bed topography,
rather than solely as roughness features. A potential work-around for such an issue in River2D
could be to model the LW as ice cover with a thickness representing the diameter of the
submerged LW. This would constrict the underlying conveyance and introduce a new entity,
separate from the bed, that induces an additional shear stress component. While increasing bed
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roughness heights on the underlying nodes will increase shear stress, it does not restrict the
conveyance of the channel in the hydraulic model (Steffler & Blackburn, 2002).
Utilizing depth-averaged velocity as an input to this model is a notable disadvantage, as
it discounts vertical velocity gradients. This inherently limits the model to predict the energetic
effects of lateral foraging throughout the channel. In general, velocities tend to decrease near
the channel bed due to shear stress. Atlantic Salmon, in particular, minimize their swim costs and
maximize feeding opportunities by station holding near the channel bed and feeding upwards
into the faster flowing column (Booker et al., 2004; Enders et al., 2005). RUV footage of the three
Atlantic Salmon observed in the pools within West Credit site indicated that these individuals
were following similar behavioural patterns (Chapter 2). However, they were located well outside
of any model predicted PGH areas, illustrating the limitations of utilizing depth-averaged
velocities (Figure 3.15 marker z). For future applications that use depth-averaged velocities, a
potential solution could involve including a function utilizing the Prandtl Von Karman equation,
which predicts changes in velocity at a given depth in a single vertical water column (Appendix
B).
Drifting invertebrate prey concentration was assumed to be uniform during all model
trails. In natural settings, concentrations will vary significantly depending on substrate conditions
and upstream depletion due to feeding (Jones et al., 2012; Leung et al., 2009). This phenomenon
was illustrated in the concentration differences between samples within each site.
Concentrations varied by an average of 0.034 mg/L between samples at all sites, and by a factor
of 4 in the West Credit site. Incorporating local drifting prey depletion would reduce predicted
growth rates. However, it is unlikely that it would drastically alter the relative habitat quality and
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spatial distribution (Rosenfeld & Taylor, 2009). More research into the invertebrate spatial
distribution dynamics is needed in order to quantify and incorporate these effects into drift
foraging bioenergetics models (Rosenfeld et al., 2014).

3.5.3 Applications and Recommendations
The model predictions in this study greatly emphasize the importance of structural and
flow diversity within salmonid-rearing channels. Channels abundant with large boulders will
produce velocity refuge zones and spatially heterogeneous flow patterns, thereby increasing
relative habitat quality and availability. Channels that exhibit similar conditions are more likely to
serve as salmonid habitat and should therefore be prioritized for conservation and species
reintroduction initiatives. These target conditions should also be considered when restoring
habitat and implementing natural channel designs.
A review by Whiteway et al. (2010) noted that boulders were the least implemented
habitat features in channel habitat restorations and features such as weirs, cover structures, and
large wood were more common. While their importance to salmonid habitat is likely recognized
by practitioners, including mid channel boulders in restoration designs may be challenging due
to project objective constraints (e.g. stabilizing bed substrate). Thus, discrepancies between
academic recommendations and practical applications should be addressed in order to achieve
realistic and compatible restoration objectives. Drift foraging bioenergetics models can be
applied to further evaluate alternative restoration options, such as natural channel designs or
engineered flow features.
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Limited long-term restoration project monitoring is cited as a constraint to evaluating
biotic response and overall habitat improvement success (Nilsson et al., 2015; Whiteway et al.,
2010). Meta-analyses of restoration project success have revealed contrasting results regarding
the effects of instream structure additions. Whiteway et al. (2010) concluded that instream
structures generally tend to increase salmonid abundance and density, whereas others have
concluded that the use of these structures for restoration is not supported by current scientific
evidence (Nilsson et al., 2015; Stewart et al., 2009). The remote underwater video techniques
utilized to generate the fish assemblage dataset in this study could serve as a framework for
evaluating and tracking the success of restoration projects over long-term periods. RUV can
generate useful data regarding fish community characteristics and distributions, which can then
be used to track the success of restoration features. This technique would serve best when
applied to feature or unit scales, as sampling bias implications arise when applied to larger, reach
type scales. Species distributions, fish sizes, and behavioural trends are all derivable from RUV
footage. This technique is very cost effective, as the required technology is becoming more
affordable and the technique itself does is not particularly labour intensive. It is also a nonintrusive practice and will inherently cause less stress and disturbance to the underlying
ecosystem than physical capture-based techniques. Thus, it is particularity recommended for use
with sensitive or endangered species.
The elevated turbidity levels seen in the Upper Credit site are a potential cause for
concern. Since salmonids rely on visual cues for detecting prey, high levels of turbidity inhibit
feeding opportunities and subsequent growth (Taylor et al., 2011). The model describing reactive
distance reductions as a function of turbidity used in this study indicates that with the 9.32 NTU
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average conditions seen in the Upper Credit, reactive distance will subsequently decrease by
50.4%.
Since NTU is positively correlated to suspended sediment concentrations (Holliday et al.,
2003), infilling interstitial substrate gaps with fine sediment may be another issue in this river
section worth investigating. Increasing fine sediment inputs into channels will increase the TSS
concentration, as well as deposition rates. This has several detrimental effects on
macroinvertebrate communities, including abrasion, respiratory organ clogging, and oxygen
depletion (Jones et al., 2012). Thus, the consistently elevated turbidity levels seen in the Upper
Credit monitoring site may partially explain the relatively low drifting invertebrate
concentrations. Additional invertebrate samples are needed to confirm this, as the limited
number of samples in this study indicate that the results were strongly affected by sampling bias.
The relatively high temperature, high turbidity, and low drifting invertebrate
concentration values indicate that the Credit River main branch above the confluence (Upper
Credit) may be of particular concern regarding its viability as juvenile salmonid habitat. However,
the relatively limited timeframe of the data (~4 months) should be considered here, and
supplementary long-term water quality data is required eliminate the possibility of any unique
short-term effects (e.g. a construction project or large bank failure upstream). If this pattern was
confirmed with supplementary data, restoration efforts should focus on this river section and/or
stocking locations should prioritize the West Credit branch and the main branch below the
confluence. While the majority of the upper Credit River Watershed yields relatively healthy
riparian conditions (Credit Valley Conservation, 2011) the conditions on the Credit River main
branch, roughly 5 km upstream of the Upper Credit site, are listed as “poor”. This rating was
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based off a modified Riparian Index of Biotic Intergrity (Miller et al., 2006), which accounts for
ground and canopy vegetation cover, biodiversity, tree health and large wood structures (Credit
Valley Conservation, 2011). Restoring and enhancing riparian corridors would stabilize banks and
decrease the amount of fine sediments entering the stream via runoff, thus decreasing turbidity
suspended sediment yields (Henley et al., 2000; Mekonnen et al., 2015; Pusey & Arthington,
2003). Additionally, established riparian vegetation provides cover structures when large woody
debris falls into the channel (Pusey & Arthington, 2003), which may also increase the availability
of favourable salmonid habitat (Hafs et al., 2014).

3.5.4 Conclusion
This study highlights the potential of interdisciplinary research within channel
conservation and restoration initiatives. The effects of channel features on habitat availability
were quantified by linking the energetic requirements and feeding behaviour of salmonids to
hydraulic conditions under the conceptual basis of drift foraging theory (Fausch, 1984). Drift
foraging bioenergetics models, such as the one applied in this study, offer an alternative
approach with several advantages to WUA models when attempting to evaluate salmonid
habitat. The model outputs from this study emphasize the importance of structural and
complexity within salmonid rearing channels. By disrupting flow patterns within channel midsections, the available habitat extends beyond the marginal shear zones. Additionally, the fish
distributions indicate support for the drift foraging theory, and further emphasize the importance
of channel features, such as boulders, to salmonid habitat. Rosenfeld et al., (2014) emphasize the
need for drift foraging model validation. Validation can be completed with the fish location, fish
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sizes and behavioural observation data generated with RUV techniques (Chapter 2). This
integrated modelling approach presents additional opportunities for investigating relationships
between fish growth and various flow-related or geomorphic conditions, such as minimum flow
targets or riffle-pool sequences in natural channel designs.
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Chapter 4: Conclusion
Anthropogenic effects on watersheds impacts stream morphology, water quality, and
aquatic ecosystem integrity (Hughes et al., 2014; Wang et al., 2001). It is important to understand
the effects these changes have on fish habitat in order to prioritize conservation efforts.
Bioenergetics-based habitat suitability models, such as the one used in this study, allow
researchers to predict various natural and anthropogenic impacts on fish habitat by
mechanistically linking fish growth to physical and biological habitat conditions. This constitutes
an important step beyond traditional weighted usable area (WUA) models, which diminish
biological effects and rely on over-generalized empirical relationships between physical habitat
parameters and relative fish abundance.
This study applied a drift foraging bioenergetics model to two relatively natural salmonid
rearing channels (and watersheds) in order to reveal the characteristics and features that
promoted juvenile salmonid growth and increased habitat availability. Spatial analysis of model
outputs indicated that favourable habitat was most available near the channel banks and within
boulder-dense sections. Mid-channel boulders are imperative to salmonid rearing habitat, as
they impede flow and diversify the physical habitat, simultaneously creating velocity refuge
zones and positive velocity gradients for feeding. Numerical analysis of model outputs suggested
that velocity refuge is an important baseline requirement for juvenile salmonid habitat, and that
pronounced velocity gradients further enhance local growth rate potentials.
A threshold velocity occurred at 0.35 m/s where the majority of higher velocity cells did
not yield positive growth habitat (PGH). This value was well-below the reach-averaged velocity
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in the West Credit (0.52 m/s) and Lower Credit (0.55 m/s). Thus, it is important that flowimpeding features, such as boulders or large wood structures, are present within salmonid
rearing channels in order to increase the relative availability of sufficient velocity refuge (i.e.,
<0.35 m/s). This study provided evidence that large mid-channel boulders could sufficiently
impede and reduce flows to appropriate refuge levels in areas that also benefited from the
nearby faster flows, which provided higher prey encounter and subsequent energy intake rates.
Mitchell et al., (1998) came to the similar conclusion that mid-channel boulders can increase
favourable habitat availability for Atlantic Salmon parr. Using a drift foraging model, Hafs et al.,
(2014) predicted a similar effect on habitat with large woody structures protruding from the
banks.
Velocity refuge within channels is imperative to salmon growth but is challenging to
represent within hydraulic and habitat suitability models. By surveying every boulder (>25 cm baxis) within the channel and including them into the modelled bed topography, refuge was
predicted in several large boulder wakes. However, the observed fish distributions indicated that
additional boulder wake refuge zones were present and being utilized by Atlantic Salmon parr in
the Lower Credit (Figure 3.11). Additional near-bed refuge velocities utilized by fish in the West
Credit site were unpredicted due to the depth-averaged velocity outputs (Figure 3.12). Although
several Atlantic Salmon in the Lower Credit and a Brook Trout in the West Credit were observed
residing behind and within large wood structures, increasing roughness values to represent these
features in the hydraulic simulations did not reduce local velocity to refuge levels and no PGH
was predicted as a result.
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Determining what flow parameters, and the scale thereof, pertinent to the research or
conservation objectives in an important step in studies that use hydraulic models (Crowder &
Diplas, 2000). Regarding juvenile salmonid habitat suitability assessments, additional research
should focus on representing velocity refuge within hydraulic and habitat suitability models at
finer, ecologically significant scales. Simple macro-scale representations of bed topography with
increased roughness values representing meso-scale channel features (e.g., boulders) are not
sufficient for refuge modelling. Thus, an explicit and detailed topographic representation of such
features in the bed geometry is required to accurately predict the local flow patterns. Porous
channel features (e.g., instream vegetation) and features that rest within the water column
above the bed (e.g., large wood structures) remain particularly challenging to represent in
hydraulic models since they impede flow but cannot be explicitly included in the bed topography.
In this study, surveying each reach using grid-like point spacing followed by a survey of
each boulder generated 3031 points in the Lower Credit (2.4 points/m2) and 1612 points in West
Credit (3.7 points/m2), yielding a combined 2.7 points/m2. Currently, achieving such detail is
vigorous and time consuming, but will benefit from advancements in fine-scale topographic data
collection methods (e.g., LiDAR). When limited to handheld, user-automated equipment (e.g.,
total station), detailed collection should be prioritized in areas of high topographic (and flow)
variability, and boulders should be surveyed using a “tent-form” method to ensure inclusion
within bed geometry. Subsequent mesh refinement procedures within hydraulic models should
also aim to reflect this prioritization strategy.
It is widely noted in the literature that drift foraging bioenergetics models lack sufficient
validation (Fausch, 2014; Hayes et al., 2016; Rosenfeld et al., 2014). Adopting RUV techniques to
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generate fish location data for validation in this study offered several unique advantages to
alternative methods and provided novel insights regarding model performance. Recording fish in
a relatively undisturbed setting and repeatedly review footage thereafter granted the ability to
directly observe fish behaviour and habitat interaction. RUV methods are unparalleled in their
ability to generate such observations, especially within complex (e.g., highly vegetated) habitats
(Wilson et al., 2014). Observing the fish behaviour in this study revealed the near-bed station
holding and vertical velocity gradient feeding exploitation of the Atlantic Salmon in the West
Credit pool habitats. This observation indicated the need for drift foraging models to incorporate
vertical velocity gradients (using 3-D hydraulic models or with logarithmic near-bed velocity
estimations) in energy intake predictions.
A notable advantage to using RUV in this study was the non-invasive and non-disruptive
nature of the technique. This ensured that fish behaviour, and subsequent location selection,
was relatively unaffected. This is important in the context of this research, as accurate fish
location data is required to accurately validate habitat suitability models. Fish location
observations were prioritized in this study and were maximized by adopting a 20-minute filming
period. This filming duration is recommended when observing locations of similar station holding
fish, as the fish quickly acclimatize to the camera presence and new fish observations beyond 20
minutes are unlikely. Extended filming durations may be beneficial when studying cryptic species
or fish behaviour and habitat interaction. While alternative invasive fish survey methods, such as
electrofishing or net-capture, can harm fish and cause mortality (Ellender et al., 2012), they allow
direct physical measurements of fish length. The procedure for estimating fish length with RUV
footage presented in this study (Figure 2.2) is an important advancement that reduces reliance
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on the aforementioned capture-based methods. Additional applications of this procedure are
needed to assess the applicability in different contexts (e.g., observing smaller fish species) and
locations.
This study provides valuable knowledge regarding juvenile salmonid habitat
requirements, which can inform conservation efforts and restoration channel design. The
primary findings indicate the importance of physical habitat diversity for increasing suitable
habitat availability, which can be produced by large, flow impeding boulders. Adapting, applying
and developing RUV methods in this study contributes to our ability to generate meaningful fish
assemblage data without resorting to invasive capture-based techniques. The challenges
incurred in the modelling process highlight the difficult nature of incorporating fine-scale refuge
habitat in hydraulic and drift foraging models. Future model applications will benefit from
advancements in high-resolution bathymetric data collection and flow modelling.
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Appendix A: Channel Conditions During RUV Survey Dates

Remote underwater video surveys took place throughout the summer field season at all
monitored sites except for the Upper Credit. In order to minimize the effects of any seasonal
trends in flow on fish locations throughout the reach, filming took place both before and after
the channel topography surveys and velocity calibration measurements for the hydraulic
modelling were completed (Figure A.1, A.2, A.3, and A.4). Fish locations were not surveyed with
RUV if the flow was substantially higher than normal (e.g. after a large rainfall event) to further
reduce discrepancy between modelled flow and flow during fish observations. Topographic and
boulder surveys were completed from July 17th-21st at the West Credit, and July 24th-31st at the
Lower Credit. Velocity calibration data was obtained on August 10th at the West Credit and August
8th at the Lower Credit. The average stage during each RUV survey in the West Credit was 0.24
m. The West Credit velocity calibration data was obtained when stage was at 0.22 m. In the Lower
Credit, the average stage during each RUV survey was 0.20 m and the velocity calibration data
was obtained during 0.16 m stage conditions. While the general flow patterns remained visibly
similar throughout each site visit, the differences in stage and discharge between data collection
periods must be considered as a source for discrepancy between predicted (positive growth
habitat) and observed fish locations.
All Credit sites experienced a large, atypical precipitation and subsequent high flow event
on June 23, followed by several smaller events in mid-July to early August. While Silver Creek
experienced the same June 23rd event, it remained relatively unaffected by the other following
events. Water temperatures followed a similar pattern across all sites.
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Figure A.1: Water depth (at sensor location), temperature and turbidity levels obtained at the
Lower Credit monitoring station for the Summer 2017 field season. Temperature values are
displayed as a 24-hr trailing average to reduce noise. RUV survey dates for this site are displayed.
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Figure A.2: Water depth (at sensor location), temperature and turbidity levels obtained at the
West Credit monitoring station for the Summer 2017 field season. Temperature values are
displayed as a 24-hr trailing average to reduce noise. RUV survey dates for this site are
displayed.
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Figure A.3: Water depth (at sensor location), temperature and turbidity levels obtained at the
Upper Credit monitoring station for the Summer 2017 field season. Temperature values are
displayed as a 24-hr trailing average to reduce noise. RUV surveys did not take place at the Upper
Credit site.
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Figure A.4: Water depth (at sensor location), temperature and turbidity levels obtained at the
Silver Creek monitoring station for the Summer 2017 field season. Temperature values are
displayed as a 24-hr trailing average to reduce noise. RUV survey dates for this site are displayed.
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Appendix B: Drifting Invertebrate Sampling

To estimate the drifting invertebrate concentrations in each stream, stationary drift nets
were anchored throughout each channel in order to collect samples of the respective
invertebrate community. The drift nets had an opening of 15 by 20 cm, a 0.5 mm mesh, and were
placed with the opening facing upstream. Placement locations were constrained by the
availability of penetrable substrate and flows low enough as to not entrain the nets themselves.
The nets were initially left in the channel for a period of 24 hours during the winter sampling
period (February 20th – 24th , 2017). This sampling time period yielded a high amount of unwanted
fine suspended sediment and debris, making it difficult to separate the invertebrates afterwards.
To avoid this issue, a shorter sampling time period of 2-4 hours during late spring (May 31st –
June 1st, 2017). Velocity measurements were taken during the placement and removal using a
HACH-FH950 portable velocity meter, and results were averaged between the two velocity
measurements. The total discharge volume flowing through the nets was then calculated using
these averages, the total elapsed time of the sample, and the size of the net opening.
Following removal, the invertebrates were preserved in a fridge and were analyzed on
the proceeding days to avoid decomposition. Each invertebrate was separated from the collected
substrate and sorted on the basis of species and size class (≥7 mm, >7 mm). Samples were dried
and then weighed to determine the total biomass in each. This value, along with the total
discharge volume flowing through the nets, was then used to estimate the concentration of
drifting invertebrates in mg/m3.
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The West and Lower Credit yielded substantially higher drifting invertebrate
concentrations than the Upper Credit during both sampling periods (Figure B.1). Across all sites
mayfly nymphs were the most common invertebrate species encountered in the large (>7mm)
size class, and mosquito larvae were the most common in the small size class (<7mm). Stonefly
and caddisfly nymphs were also observed in the samples. The Upper Credit late spring samples
did not contain any large invertebrates.
The late spring West Credit sample yielded the highest concentration (0.048 mg/m 3),
followed by the lower Credit (0.043 mg/m3). However, these values were an order of magnitude
smaller than the value reported and used in the model by Hafs et al. (2014) (0.4 mg/m 3). Due to
this large discrepancy, and the small sample size obtained in this study, the 0.4 mg/m3 value was
adopted to run the model.

Figure B.1: Drifting invertebrate prey concentrations for winter (W) and late spring (S) samples.
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Appendix C: Near bed velocity calculation example

Two fish locations within the West Credit study reach were within deep pools. The
predicted depth averaged velocities in these locations exceeded the tolerable limits, thus yielding
non-positive growth (unfavourable) habitat. Review of the RUV footage revealed that the fish in
these locations were residing near the bed and foraging vertically. This behaviour agrees with the
station holding model presented by Fausch (1984). However, due to the use of a depth averaged
velocity, the near bed refuge and vertical velocity gradients that produce favourable habitat are
discounted in the model.
To estimate changes in velocity relative to the height above bed, the Prandtl-von Karman
equation is used (EQ. C.1):

EQ. C.1)

𝑈
𝑈∗

1

𝑦

= 𝜅 ln(𝑦 )
0

where U is a water velocity at a given depth (y), U* is the shear velocity, 𝜅 is the von Karman
constant (0.4), 𝑦0 is the height above the bed at which velocity is zero. Bed particles are assumed
uniform, and 𝑦0 is subsequently estimated as 𝑦0 = 𝐷84 /30.1. Shear stress is used to derive shear
velocity with (EQ. C.2):

EQ. C.2)

𝜏

𝑈∗ = √( 𝜌0 )
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where 𝜏0 represents shear stress and 𝜌represent fluid density. Introducing a gradient term b to
describe shear stress exerted on the bed by the flow (EQ C.3):

EQ. C.3)

1

𝑏 = 𝜅 𝑈∗ = 2.5𝑈∗

allows EQ. B.1 to bed rearranged and rewritten as (EQ C.4):

EQ. C.4)

𝑦

𝑏 = 𝑈/ln(𝑦 )
0

Assuming the average water velocity occurs at 60% depth, b is determined using a measured
value for average water column velocity (U), 60% of a corresponding measured depth (y) value,
and an estimated 𝑦0 . Once a value for b has been determined, velocities (U) at specified depths
(y) are determined with (EQ C.5):

EQ. C.5)

𝑈 = 𝑏ln𝑦 − 𝑏ln 𝑦0

Input variables used for the example calculation were obtained at one of the pooldwelling fish locations (Table C.1). A Wolman (1954) pebble count was completed at the West
Credit study reach to determine grain size distribution and the D84 input value (used to estimate
y0). Particle sizes ranged from 0.001-0.82 m, and the estimated D84 was 0.240 m (Figure C.1).
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Table C.1: Variables used for near-bed velocity calculations. Roughness height (y0) was estimated
as: D84/30.1. U and y values (used to calculate b) were extracted from the River2D outputs at the
surveyed fish location.
Variables

Definition

Value

D84

Particle size where 84% of bed material is finer (m)

0.240 m

𝜏0

Shear stress (back-calculated from b) (N/m2)

2.42

y0

Height above bed which velocity is zero (m)

0.00797

b

Gradient in velocity

0.123

U

Depth-averaged velocity at fish location (m/s)

0.461

y

Depth at fish location (m)

0.563

y0.6

60% of depth (m)

0.336

ρ

Fluid density (kg/m3)

1000

100%

90%

Percent Finer Material (%)

80%

70%

60%

50%

40%

30%

20%

10%

0%
0.001

0.01

0.1

1

Grain Size (m)

Figure C.1: Grain size distribution at the West Credit study reach, as determined with a Wolman
(1954) pebble count. The D84 rests at 0.240 m.
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Reviewing the RUV footage indicated that the fish resided approximately 0.05 m above
the bed (Figure 3.16). From the calculation results (Table C.2, Figure C.2), the fish was station
holding in approximately 0.226 m/s velocity, with a maximum vertical velocity gradient of 0.298
m/s. Considering the respective average values defining HQH (Table 3.2), this particular fish
location is likely favourable for growth. The near bed velocity is well within the predicted
tolerable range, whereas the corresponding depth-averaged velocity (0.461 m/s) was not. Thus,
vertical velocity gradients are an important aspect of drift foraging salmonid habitat that is not
accounted for in bioenergetics models when utilizing depth averaged velocities.

Table C.2: Summary of the calculated water column velocities at various heights above the bed.
Height Above Bed (m)

Velocity (m/s)
0.05

0.226

0.1

0.311

0.15

0.361

0.2

0.397

0.25

0.424

0.3

0.446

0.35

0.465

0.4

0.482

0.45

0.496

0.5

0.509

0.55

0.521

0.563

0.524
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Figure C.2: Graphical representation of the predicted velocity distribution within the water
column at the fish location. Water surface and roughness height (y0) are labeled, and the
approximate fish height above bed is denoted by the fish icon.
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