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Abstract

A reachscale, higkresolution investigation of the spatial and tempolaracteristics ansensitivities of
hydrodynamic metrics on a large, laelief, hydroelectrically regulated river in northwestern Ontario
was performed. Velocity profile transects using an acoustic Doppler current profiler (ADEH)e
moving-vessel methodere obtainedt 77 10 discrete discharge levels at 47 crssstion locations over
a 21 km reachfor 427 transects in totakighty-three (83) commonly computégydrodynamic metric
expressions of 23 hydraulic parameters were computed for each transect, addnassiaggeometry,
velocity, and flow complexity.

Spearman correlations identified inti#pendencies between metric values, eliminating 61 parameters
and resulting in a subset of 22 statistically indepenaedtrepresentative metric¥isual and statigtal
examination of metric values revealed no consistent trend as a funchigaroftional Falls DamigD)
discharge. Uniform and featureless cross sections demonstrated low metric normalized variahces (
indicating that channel homogeneity will result in aggregate hydraulic condition consistency and
insensitivity. A smaller collection of cross sections possessing observable channel complexities
producing largescale turbulent structures displayed higher. Therefore, areas susceptible to macro
scale turbulence due karge roughness elements and compiexphology are likely to produce a broad

range of hydraulic conditions under singlansect ADCP surveys.

Results of the hydrodynamic charactation were subsequenttyossexamined wittcoupledwalleye
(Sander vitreusand lake sturgeomi€ipenser fulvescepspawning survey finding® investigate the role
of spatial and temporal habitat heterogeneity in spawning site sele€tioss sectianwere categorized
according to spawning utilization (high, moderate, low). Statistical an#digsitified a higher fraction of
spatial heterogeneityetricswithin those demonstratirgjgnificant differences betweepawning and
nonsignificant spawnindpcations The observed preference for habitat diversity in spawning site
selection corresponds to locations possessing large roughness elements and macrotufingence.
identified ecehydraulic linkages will be applied to optimize spawnitadpitat forwalleye and lake

sturgeoron the Rainy River.
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1.0 Introduction

Historically, engineers, biologists, and geomorphologists worked sepdrasgjyatic rehabilitatiomand
ecologicalmanagementHowever each discipline shared a common goatraatea stable, self
supportingotic environmentvhich would functiorsustainably with respect to flow conveyance,
sediment erosion/deposition, and ecological functiRasearch has highlighted the interrelatedness of
biotic and abiotic river componentsachieving this goakemphasizinghat hydraulics, aquatic ecology,
and geography are not separate aspects of a river system but in fact work together to create a sustainably
functioning lotic environmentGilliam and Fraser, 2001; Perlieto, 2004Roni and Beechie, 20).2
Accordingly, eforts have been made to formulate comprehensive river classification and restoration
methodologies which would satisfy all components of a thriving lotic system (e.g., Annable, 1995;
Rosgen, 1996; Montgomery and Buffington, 1997; Roni and Beechie, 2Bli@}essedn restoration
have resultedqowever failures have also occurred, often dweelaxk of understanding of how physical
hydraulic, or abiotic, river characteristics impact organisms inhabiting the wateredhicbehas lead to
failures(Kauffmanet al., 1997). Identification of thesecehydraulic linkages betweatischarge
dependentvatercourse hydrodynamiesd organism behavioare cruciain the formulation of best
management/restoration protocols, angamplified where discharge regime® anthropogenically
controlled or altere@Poff, 1997 Milan et. al.. 2001Brandt, 2000Bowen et. al., 2003Graf, 2006.

Flow velocities and associatégdrauliccharacterizationsf physical habitadreconsidered most
influentialin determining ecological structure and funct{btynes 1970Statzner et. al. 1988; Jowett and
Duncan 1990).Identification ofthe relationship between ecology and hydradliss requires a robust

set of hydrodynamic metrics which effectively charaetethe various elements fafur-dimensional
spatiotemporal fluid statesCountless theories and parameters have been propaseithe past
centuriessincethe early contributions of Chézy (1775) and DuBoys (18%My, varying degrees of
complexity (eg., Keulegan, 1938; Einstein,1950; Chow, 1959; Graf, 1984; French, 1985; ;Yang, 1996;
Jain, 2001; Parker, 2007These numerical characterizations haeen developed by engineers and
geomorphologists for applications of sediment and contaminant tramsgbhydraulic/erosion
considerations surrounding human infrastructure (e.g., Keulegan, 1938; Chow, 1959). Technological
advances have given rise to more complex quantifications of hydrodynamics (Shields et. al., 2003; Muste
et. al., 2004, Shen et. @&010), and in recent years have bpegliminarily applied in aquatic ecology
(Lamouroux et. al., 1999; Crowder and Diplas, 2000a, 2000b, 2002, 2006; Shields and Righy, 2005)

Nevertheless, the extensive and variable potential approaches for hydrangit drevacterization

1



presented in literature makesexction ofan appropriate set aharacterizing hydrauliparametera
difficult task (Milan et. al., 2001

As notedabove recent workhasattempted to link hydrodynamics with ecological function. However,
manysucheffortsconsidersinglepointmeasurement velocitied a micrehabitat scale corresponding to
an or gani s mdysobserved locatiore(@,Hayes ansl Jowett994) These approaches do not
recognizeproximalvelocitiesandanyresulting hydraulic complexities which may encourage organism
activities in the near vicinity. Thes$actorsoften correspontb increased values of biotic community
indices such as species mgss, diversity, and biomass (Booker et. al. 2004; Rhoads et. al. 2003;
Crowder and Diplas 2@&, 2002; Shields et. al. 1998, 198Beeman and Grossman 1993; Statzner et. al.
1988). Indeed studies havdemonstrated that it the macrascaleheterogengy of micro- and mese
scalephysical characteristics which is more important thigmspecificvalues(Lancaster and Hildrew

1993 Hayes and Jowett, 1994

Quantification of physical habitat heterogeneity requires measurement of velocities at figbectmnal
and planform resolutions, which is inherently problematic in large rivers not amenable to wading.
Geomorphic sutunits such as pools, riffles, chutes, glides, bars and other bed forms (Kellerhals et al.,
1972; Rosgen, 1996; Buffington, 1998pntgomery and Buffington, 199 Brierley and Fryirs, 2000) are
not as readily apparemtor definableas t hey are in smaller watercourse
Lisle, 1987; Madej, 2000; Wooldridge and Hickin, 200Rpgistical challenges of field methods have
resulted in the preferential survey of hydraulic ddthridge crossingsr cablewaysot fully

representative of the comprehensive suite of habitat niches available to organisms in.the river
Practitioners haw obtained increased planforasplutions of velocities using onendtwo-dimensional
hydraulicmodelling approachesHowever theseapproachegduce spatial ashtemporal averaging

which rendethem inapplicable foneterogenetibabitatinvestigations.

Recent advancements in acoustic Doppler current profiler (ADCP) technology have offered a relatively
efficient method of acquiring higresolution field discharge data under rmeadable flow conditions at
locations throughout a river reach by meanthefmovingvessel method (Muste et. al., 2004). Well
documented aaneffective and efficient technology for discharge measurement (e.g., Gordon 1989;
Simpson, 2001; Oberg et. al., 2005; Rennie and Rainville, 2006; Oberg and Mueller, 2007;) the increased
sampling speed and cell resolution of moviggsel ADCP surveys combined with Ré&ahe Kinematic

GPS (RTKGPS) ADCP system integration affords researchers and practitioners the ability to rapidly

obtain spatially accurate detailed velocity and depthadharistics throughout large river systems.



The main objectives of this work are as follpwadpertain to the crossection scale analysis of a 21 km
reach of a large, lowgradient river where discharges are regulated by a hydroelectric generalibg faci
i) Determine if and how intedlependencies and correlations exist within a broad collection of
published hydrodynamic metrics which may be applicable for physical habitat
characterization
i) Determinethedischargerelated spatiatharacteristicef the set of statistically independent,
representativaydrodynamianetrics from i), and
iii) Determine ifand howwalleye(Sander vitreusand lake sturgeofAcipenser fulvesceps
spawning habitats are correlated with temporal pattertesnims ofcentral tedency antbr
spatial heterogeneity ¢fie hydrodynamic conditions.

1.1 Organization of Thesis

The format of this thesis follows a muftart structure whereby Chapters 2, 3,and 4 are organized into
three distinct topics with respective introductions, methamsilts, discussions, andnclusions, also
known asmanuscript format Chapter Z22xamines the vertical precision and accuracy of geospatial
coordinates collected by a nongeorectified-teak kinematic (RTK) GPS acoustic Doppler current
profiler (ADCP) system and compares them to those simultaneously acquired using a georectified RTK
differential GPS (RTKDGPS) systemWhile not a focal objective of this research, Chapter 2 presents
useful findings as an ancillary product of the main analyShsapter 3 investigates the inidependencies
and spatiggemporal sensitivities of a widamge of hydrodynamic parameters dilakm stretch of a
large, lowrelief river with flows regulated by a hydroelectric generating facility using-tegblution
velocity profiles obtained with an ADCP. Chapter 4 examines whether walleye and lake sturgeon
spawning habitats are correlated wdikchargerelatedpatterns irterms of thecentral tendency and
spatial heterogeneity tfie hydrodynamic conditions at@osssectionscalefor the river reach

considered in Chapter hapter Hrresentsummaryconclusions of the above three reseatbhpters

along with recommendations for future investigation.

Four technical appendices (A, B, C, and D) present methods and results of hydrological, water

temperature, substrate, and bathymaetniaracterization@espectively) for the study reach.



Thecompendiunof works presented hereimiconsideredppropriate for the awarding tife degree of

Master of Applied SciencgM.ASc.) from the University of Waterloo.



2.0 Limitations in Extraction of Survey Data from Real
Time Kinematic GPS ADCP System®s

2.1 Introduction

Acoustic Doppler current profiler (ADCP) technology offers an effective and efficient tool for river
discharge measurement at a range of scales (Oberg and Mueller 2007; Rennie and Rainville, 2006; Oberg
et. al., 2005; Mueller, 2002; Simpson, 2001). Extended applications include the rapid acquisition of
velocity profiles from moving vessels in hydraulic analyses (Jamieson et. al., 2011; Shields et. al., 2003),
bathymetry data acquisition (Dinehart and&y 2005), calibration of hydraulic models (Guerrero et. al.,
2013; Czuba and Barton, 2011; Conaway and Moran, 2004), sediment transport analysis (Rennie and
Church, 2010), aquatic habitat evaluation (Shields and Rigby, 2005), contaminant dispersion
invedigations (Shen et. al., 2010), and zooplankton abundance inventories (Flagg and Smith, 1989).
Recent integration of reéiime kinematic global positioning systems (RG®S) into ADCP systems has
provided an alternative to bottetracking methods in diseinge measurements (Rennie and Rainville,

2006) by logging geospatial coordinates of ADCP profiles collected byibBonTek, 2011) or

independent (Teledyne, 2013) RTBPS systems. The improved technology precision has afforded
ancillary applications éyond discharge measurement, which are contemporaneously being employed,

such as thextraction of bathymetry dadahistorically a costly and time consuming endeavor.

RTK-GPS ADCP systems operate using triangulation algorithms between satellitepnaistatase

station unit, and a mobile rover unit (located at the ADCP transducer position) to acquire geospatial
coordinates. Where base stations are erected over established survey control benchmarks (which are
georectified), horizontal and vertical acaay of rover/ADCP survey data may be considered accurate
within £0.01 m and:0.03 m, respectively (USACE, 2007). Conversely, where a base station is not
referenced to established control benchmarks (nongeorectified), ADCP measurements are acquired
relative to an arbitrary vertical datum. This accuracy limitation is well disseminated within the field of
geomatics and poses no accuracy concerns when empimyiggorectifiedRTK-GPS ADCP systems

for discharge measurements as the intertransect ping coosdamataccurate relative to one another.

*The chapter appears as published in the ASCE Journal of Hydraulic Engineering as follows:
Muirhead, JandAnnable, W.2014 Limitations in Extraction of Survey Data from Réldme Kinematic
GPS ADCP Systemsournal ofHydradic Engneering14Q(8), 06014012.



However, concerns arise where the extraction of geospatial ADCP data coordinates [specifically water
surface elevation (WSE)] are employed in bathymetry mapping and hydraulic modeling studies which is a
growing practice amongst practitioners and researchers. This study examines the vertical precision and
accuracy of geospatial coordinates (represented by WSES) collected by a nongeorectifieBRTK

ADCP system and compares them to WSEs simultaneously atqgirey a georectified RTK

differential GPS (RTKDGPS) system.

2.2 Methods

During the period of AprilJuly 2012, ADCP river surveys were completed along-kr@teach of the
Rainy River immediately downstream from Fort Frances, Ontario. The study reabbrider water
separating northwestern Ontario and northern Minnesota and is predominantly straight and wide
(typically 200 300 m) with a low WSE gradient (<0.5%). Fedgven cross sections were repeatedly
measured over the large seasohattfiation in WSE [327 330 metrs above sea level (masl)] producing

a suite of 595 discrete ADCP transects.

Two different RTK systems were simultaneously employeabtain paired WSEs at each transect at the

time of measurementThe first was a Sokkia GRX1, whichas L1/L2 receiver globalavigation

satellite system (GNSS) capable of obtaining4insterRTK-DGPS positions at horizontal and vertical

accuracies 0£0.01 m and:0.015 m, respectively (Topcon 2010). In this stubg, GRX1 base station

unit was geordified to two globally accuratpermanent geodetic benchmarks along the study reach and
transmitted RTK corrections to the mobile rover unit (Top@&AM 1 0) . The roverds recep
enhanced using a Paciftrest positioning data link (PDL) high pewantenna with aoverage extent of

10 km (Pacific Crest CorporatipB005). Howeverthe field application observed shorter distances

dictated bylines of sight.

A series of quality control (QC) benchmarks were establialaty the study reach and geditified to

the samgermanent benchmarks using the Sokkia GRX1 system to @r$Kréevel survey control
along the longitudinal traverse. Repeatadveys of QC benchmarks during the field season using the
Sokkia GRX1 verified global accuracy of theorectified systerasing the roetmeansquareerror

method (RMSE) as defined bjarriott (1990):



YO YO (2.1)

where n is the total numb exXsodiT (Mherb Xomigidtear ks sur v
spatial coordinate acquired by the Sokkia GRX1 rover; afsltie known coordinate of the QC

benchmark. The RMSE for northings, eastings, and elevations were 0.031, 0.047, and 0.033 m,

respectively. Although RMSE were sometimes greater than gjiecifications, they were considered

acceptable for river surveys, confirming global accuracy of Sokkia surveyed coordinates. The Sokkia

GRX1 rover obtained a single WSEs(«,) at each ADCP transect as an independent comparison of

WSEs surveyed usin@é nongeorectified system as discussed below.

The second RTK system employed was a SonTek M9 AD@minebeam ADCP, which obtains

velocity profiles (pings) at a frequency of 1 Hz for depths betwed80.& utilizing two sets of four
profiling beams (3.0AHz and 1.0 MHz, respectively) and one deptbasuring vertical beam (0.5 MHz)
(SonTek 2011). For this study, the M9 was integrated with a SonTek base station furnishing geospatial
coordinates of ADCP data to RTIKvel precision (x0.03 m) (SonTgR011).The SonTek base station

and RiverSurveyor recording software do not currently have the ability to be georectified to geodetic
benchmarks. The SonTek base station is established on shore and communicates to the M9 ADCP
transducer on a moving vessel viaamtoard power and communications module (PCM) using a spread
spectrum radio connection-K2n maximum distance; SonTek, 2011). The base station was erected in
open areas and was allowed to interpolate with satellites until an RTK lock was establishexseThe b
station was moved when required throughout the study reach to ensure that an RTK level of survey
control was maintained. Since the system has no ability to georectify to geodetic benchmarks, setup
positions were not constrained to the QC benchmartkerrthey were located to optimize lines of sight

in order to best maintain an RTK lock.

Vertical corrections for the offset between the SonTek M9 ADCP GPS antenna head and ADCP
transducer bottom of 1.0 and 0.37 m for bo@iunted and kayakounted configrations were applied,
respectively, to reconcile vertical antenna elevations to WSEs. Discharge (and WSE) was assumed to
remain constant during the period of each transect. Each SonTek transect was measured witimn a 15
duration at a frequency of 1 Hzesulting in 60900 pings (each with a WSE) for each transect. The

average standard deviation of ping WSEs measured within each of the 595 transects was 0.028 m and fell

within the manufacturero6s preci si onatdachltranseatraces of



single SonTek WSElgqn1e) Was considered representative of the nongeorectified WSEs and calculated

as the arithmetic average of inclusive ping WSEs.

The accuracy of sohrekWas evaluated againsgui, acquired at identical transect locations based upon a
threshold of the combined manufacturerdos vertical
(£0.03 m; SonTek 2011) and Sokkia GRX1 (x0.033 m) systems. Establishment esetific arbitrary

vertical datum at each SonTek base station initialization was first confirmed using the standard deviation

(, ) (Marriott, 1990) of field observed errorsfiggnrek@Ss

W W R W R (2.2)
\ . (2.3)
(,d._ -B o (24)

where®is the base station setup and the total number of paireidso,rexandn souia Obtained within a
given SonTek base station setup. Valuegsef0 . 063 m (corresponding to comb
tolerances) were present in 77% of base station setups. This intersetup consistency in field observed error

confirmed the relative accuracy o,.tect0 an established setgpecific arbitrary verticalatum.

The global accuracy/inaccuracy of the sespgcific arbitrary vertical datum is of great importance for
practitioners wishing to integrate WSE data and/or dependent properties obtained using nongeorectified
RTK-GPS ADCP systems (e.g., bathymetygtaulics) with other geospatial globally rectified datasets,
such as digital elevation models (DEMSs), airborne light detection and ranging (LiDAR), land surveys, and
ADCP transects in adjacent base station setups. River surveys for the above purposemargy

deployed using one of two scenarios. Scenario 1 considers the situation where all desired transects are
acquired using a single RT&PS ADCP base station setup. Scenario 2 is analogous to a longitudinal
survey traverse and occurs when a baseostatiust be moved along the river survey due to loss of the
spread spectrum communication/RIdCk. Each SonTek base station setup for Scenario 2 operates as

individual occurrences of Scenario 1 with arbitrary vertical datum established at each seligatiuti.

The'Y U "Yi@ethod was employed to assess the global accuragy,gécrelative to the confirmed

globally accuraté sowia Global accuracy was considered to occur wiiegn™YO 0. 063 m
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(corresponding to the nces)nhdyd &i@as finst caloulaedforthe entired s t o |
population oft s,hrek@ndn sokia irrespective of base station setup wheredgn(2.1) is here defined by:

G  MSontek:il Msokkia;i @NAE is the total number df soprekandn sordia pairs € = 595.

To evaluate global accuracy of sesecific arbitrary vertical datum, théd ™60s (r ef erred t o h
Y O "YPwere calculated for each base station setup usingteg(2.1 ) W h Bshy@il Bsowaiand

¢ is the number of paired WSHbserved within each discrete SonTek base station SEIpOs we r e
subsequently recalculated for each SonTek base station setup (referred tovhere¥ad, considering

the setupspecific average vertical datuifferences of the nongeorectifisgistem from the georectified

system. ThusY 0 "¥'Owas calculated using Egtion(2.1), wheres = (1 sonteiil @h) T M soxciaiy aNAE is

the number of paire&/SEs observed within each discrete SonTek base station setup.

2.3 Results

Figure2.l illustrates! sontekVErsus! souia &t corresponding spatial locations, regardless of base station
setup N sontexiS NOt globally accuraté(D "Y©0.741 m) and displays an overall tendency to

underestimate sy Separate analyses, not shown, idiexttino influence of geographic location along

the study reach or distance away from the base station provided that spread spectrum connections to the

SonTek base station were maintained in RTK lock.
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Figure 2.1 Georectified T sokig Versusnongeorectified\(sonred WSE

Figure2.2(a) illustrates a histogram &f 0 "Y'@or the 81 base station setups acquired in this study. Only
five of the 81 (7%) SonTek base station setups resuféditv@ 0. 06 3 m, identifying
accuracyin the initialization of the arbitrary vertical datum. A broad range in hongeorectified base

station vertical datum corrections were observed

Upon adjustment of using setgpecific arbitrary vertical datum correction values, 6&e 81 (80%)
SonTek base station setups resulted in "¥YOO 0. 0 6 3 2@(b)]. FhiusgWSE dérom
nongeorectifieRTK-GPS systems are not and should not be considgobélly accurate until corrected
by setupspecific datuntorrections acquireda a georectified RTHDGPS system. Resuliere

reinforce application concerns when directly employing vertle# acquired from nongeorectified RTK
GPS ADCP systenfsr purposes other than discharge measurement.
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Figure 2.2 Histogram of rooimeansquare error of sonrekcoOmpared ta s ia for each base station setup:
a)'Y 0 "Y®efore; (b)Y O "Y'Cafter georectified vertical datum corrections. [Note: * = single instance of

RMSE = 2.44 m not shown for illustrative pases in a)]

This study evaluated the performance of a nongeorectified P& ADCP system to a georectified

RTK-GPS system by comparing surveyed WSEs. Figirdlustrates the potential error in using a
nongeorectified RTKGPS ADCP system for bathymietmapping purposes along the-2h study reach

if the assumption was made that the nongeorectified system was globally accurate. Thalweg elevations,
represented by the solid line, were produced from maximum water depths (relative to the WSESs) obtained
from repeated discharge transect surveys using the nongeorectified system and corrected to the
corresponding WSEs obtained from the georectified Sokkia system (globally accurate). The thickness of
the solid line (£0.05 m) represents a commonly applied WRE #reshold in onglimensional (1D)

model calibrations applied by the USGS (Czuba and Barton, 2011) projected onto the thalwey profile
although it is recognized that threshold methodologies may vary between studies (Guerrero et al., 2013;
Conaway and M@n, 2004). The shaded region and dashed lines depict the thalweg elevations projected
from the WSEs, which would result from applying the average and maximum errors observed at each
given transect location. Representing the WSE along the longitudindéofild have provided further
insight. However, as multiple transects were conducted at each cross section over the range in annual
flows, the longitudinal thalweg profile portrayed a clearer representation of the possible bathymetry errors

that may arise
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Figure 2.3 Survey error implications along a longitudinal profile of the Rainy River comparing

georectified and nongeorectified datum

2.4 Conclusions

RTK-level WSEs § = 595) were compared at the same spatial locations using nongeorectified (SonTek
RTK-GPS ADCP) and georectified (Sokkia) survey systems. Vertical global accuracy was confirmed for

the georectified Sokkia survey systemi{ "Y©0.033 m). The averagentieal precision of the ping

WSEs within each given discharge transect using the nongeorectified SonTeRIRIKDCP was

foundtobe, = 0. 028 m, occurring within manufacturerés g
vertical'Y 0 "Y$©0.741 m was dhined for 595 nongeorectified RF&PS ADCP WSE measurements

when compared with georectified WSEs at the same spatial locations. Standard deviation of field

observed errors ifsyrekWithin respective base station setups were within combined manufécsirer

tolerances, confirming establishment of sesppcific arbitrary vertical datum. However, the global

accuracy of setuppecific arbitrary vertical datum demonstratéd Y@ 0. 063 m (combi ned
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manufacturerés t ol er an wgadases. dporoapplying séigpecificfvertical s e st at
datum corrections tdsnte USiNG the globally accurate georectified system, 80% of the base station

setups produced O Y@ 0. 063 m. Vertical datum corrections
bet ween 17T2.43 and +1.80 m.

Findings here support commonly accepted practices in the field of geomatics that nongeorectified RTK
GPS ADCP base stations assign arbitrary vertical datums upon base station initialization, and
subsequently acquired geospatialalare accurate relative to the assumed datum but cannot be

considered globally accurate. This is of particular concern where hydraulic modeling or bathymetry
analyses may be employed using WSEs and bathymetry data extracted from nongeorectf&edIRTK

ADCP systems. Great care must be exercised in verifying WSEs frorGRPEKADCP systems if they

do not have explicit benchmark georeferencing capabilities and are used for purposes other than discharge
measurement (i.e., WSEs or bathymetry data extractlarthis study, WSEs obtained from the

nongeorectified RTKGPS ADCP system were independently corrected using a parallel georectified

RTK-DGPS system. This proved to be the most amenable way of accurately correcting WSE elevations.
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3.0 Evaluation of hydraulic aquatic habitat metrics using a
high-resolution spatial and temporal dataset measured
In a large, hydroelectrically regulated, lowrelief river in
northwestern Ontario

3.1 Introduction

Since the early contributions of Chézy (1775) BudBoys (1879)an arrayof metrics andheories have

been advanced to characterize thefdinmensional spatibtemporal fluid states, conditions and sediment
movement within rivers at varying degrees of complexity (e.g., Keulegan, 1938; Chow, 1959g€unge
al., 1980; Graf, 1984; Julien, 2002). Juxtaposed, the characterization and quantification of lotic habitats
have also evolvedndare strongly reliant upon hydraulic and sedimentological metrics (e.g., Hobbs,
1937; Hynes 1970; Statzner et al. 1988; dibwnd Duncan 1990; Jowett, 1997; Crowder and Diplas,
2000a, 2000b; Kozarek et al., 2010; Harrison et al. 2011; Marchildon et al., 2011). Verification and
validation of aquatic habitat metrics, however, remain formidable tasks which are further cadplicat
when considering seasonariability in flow regimesand river scale (Milhous, 1989; Crowder and

Diplas 2000b; Milan et al., 2001; Bowen et al., 2003).

Large, low gradient rivers pose additional challenges in the measurement of physical andabiologic
aquatic habitat metrics as they are not amenable to wading, resulting in the preponderance of data being
collected at bridge crossings, cableways or moving vesselseotisnal and longitudinal surveys.
Geomorphic swunits such as pools, riffles, ates, glides, bars and other bed forms (Kellerhals, 1972;
Rosgen, 1996; Buffington, 1998; Montgomery and Buffington, 1998; Brierley and Fryif®) a@0not
asreadily apparemtr def i nabl e as they are in smaller or st ¢
1984; Lisle, 1987; Wooldridge and Hickin, 2002). Anthropogenically altered and/or controlled water
courses, such as hydroelectric power scheme operations, present fuatleeges where managed flow
releases cause more rapid variations in flow depth gradients and other hydraulic responses relative to
uncontrolled and more natural hydrologic regimes (Poff, 1997; Brandt, 2000; Bowen et al., 2003; Graf,
2006). Characterizingnd quantifying habitat characteristics under such varied flow regimes and scales
has beemoted asmportantfor identifying and mitigatingong-term aquatic impacts (e.g., Milhous,

1989; Milan et al., 2001).
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Recognizing the disparate spatial and terapscales of aquatic habitat inventories and associated costs
of data acquisitiormnany investigations have employed oand twadimensional hydraulic models to
supplement limited field observations andetdhance assessments and interpretations ueasorsal and
anthropogenically altered flow regimes (Milhous, 1989; Lamouroux et al., 1999; Crowder and Diplas,
2000a, 2002, 2006; Bowen et al., 2003). However, spatial and temporal numerical simplifications are
also common place the forms ofll -condiioned linkagesnd empiricismss a dearth of higresolution
field investigatons currently exists tealidate and calibrate numerical models (Statzner et al. 1988;
Jowett and Duncan 1990; Jowett, 1997; Crowder and Diplas, 2000a, 2000b, 2002, 200&6e8Ehleld
2003). Recent studies have advocated for the computation of more complex hydrodynamic metrics to
represent the spatiemporal heterogeneity of maesoale and messcale flow fields (Crowder and

Diplas, 2000a, 2000b ; Kozarek et al., 2010; Ksarr et al. 2011; Marchildon et al., 2011). However it
remains unclear how transferable or what relations may exigtsefearious aquatic habitat metrics in

larger scale river systems, relative to smaller more accessible and wadable watercourses.

Recant advancements in acoustic Doppler current profiler (ADCP) technology have offered a relatively
efficient method of acquiring higresolution field discharge data under npadable flow conditions by

means of the movingessel method (Muste et al., 2004)yell documented aaneffective and efficient
technology for discharge measurement (e.g., Gordon 1989; Simpson, 2001; Oberg et al., 2005; Rennie
and Rainville 2006; Oberg and Mueller, 200the increased sampling speed and cell resolution of
movingves&l ADCP surveys combined with ReBime Kinematic GPS (RTKGPS) affords researchers

and practitioners the ability to rapidly obtain spatially accurate detailed velocity and depth characteristics

throughout large river systems.

Employing highresolution elocity profiles from an RTKGPS ADCP system, this study investigates the
spatiotemporal hydrodynamic characteristics of a large-¢padient river at the crossection scale along

a 21 km reach where tailwater flows are regulated by a hydroelectriagegdacility. A series of 47
crosssections were repeatedly measured for velocities and depth over a two year period to characterize
the hydraulic habitat niches over the seasonal range in flows. A broad contemporaneous suite of physical
aquatic habitametrics were evaluated in a largmale river system and to identdgrrelations which

would allow for hydraulic representation usingiare rudimentargubset
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3.2 Background

Efficient and spatially accurate data acquisition on laame river hydnalic conditions only became
possiblefornowadabl e conditions in the |-sotndersiveh9 06s wi t h
geographic positioning systems (GPSs) (Christilaw, 1996; Marceau et al., 1997; Monroe and Betteridge,
2000; Levec and Skinner, @9). The obtained cros®ctional channel topographies were subsequently
applied in onadimensional (1D) hydraulic models (e.g., HERAST Dyhouse et al., 2003; USACE,

2010) producing crossection depth and average velocity.eTiethod did not, howeveproduce
locationspecific or noseunning velocities which are frequently mbreinterest in aquatic habitat
considerations (Ottaway et al., 198¥itzel and MacCrimmon, 1983). The method also didonotluce
component velocity vectors, and field meds@mployed in smaller rivers for obtaining such data were
unsuitable in larger systemsVith advancement of computational abilities and adequate bathymetric
mapping, twedimensional (2D) and even thredimensional (D) hydraulic sinulations were ableoffill
thevoid producing high intraand intercrosssection resolution of velocities over a range of wefmed
discharges (e.g., Ghanem et al., 1996; Crowder and Diplas, 2000a, 2000b, 2002; Booker, 2003; Hilldale
and Mooney, 2007; Harrison et al., 201

While 2-D and 3D hydraulic models avoid the gross generalization of fluid parcel interaction inherent to
conventional AD applications, a dearth of knowledge exists regarttingbility of these simulations to
produce accurate and ecologically megful hydraulics around natural features (e.g., boulders, logs,
etc.). The limited research which has been completed on the topic specifies that models require high
resolution surveyof habitatforming features, accompanied by explicit modelling offdaures

themselves to produce velocity patterns at spatial scales of consequence for aquataniadystst

(Crowder ad Diplas, 2000b). Adopting thechnique therefore necessitates detailed field survey of
micro- and mesescale channel features alirdits its applicability to micrehabitat investigations for

short reaches of wadable systems (Crowder and Diplas 2000a, 200Rb2@06; Shields et al., 2003).

The limitations render-B and 3D hydraulic modelsneffective for reach scale studies afde rivers

where survey of detailed channel features is largely implausible.

These limitations have led to the increasing popularity of ADCP technology in hydraulic
characterizations, as this tool observes miaral mesescale hydraulic phenomenaDACP 6 s ar e
downward looking velocity profilershatutilize the Doppler shift in emitted soundwave frequencies
resulting from sediment suspended in flowing water to obtdwv@locity measurements at variable

vertical increments down the water column (Ssap, 2001; Oberg et al., 2005). Where the moving
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vessel method (Muste et al., 2004) is applied, velocity profiles across the channel are obtained producing

crosssectional arragyof each component velocity.

Just as methods for acquiring chanvedbcities are extensive, a proportionate number of hydrodynamic
parameters have been introduced and advocated for by researchers in hydraulics, geomorphology, and
ecology (Milan et al, 2001). The most comnaond easily obtainepgarameters are flow dep{®) and

either streamwise velocitg)) or resultant current speed ( ), due to theiease of measurement and/or
computation. Depths have often reported as mean-seas®nal depth or thalweg depth, and velocities
arepredominantly considered the form of streamwise velocity or current speed, corresponding to
output formats of the frequently applied field methods (e.g., current meters)ahgtdraulic models

(e.g., HEGRAST Dyhouse et al., 2003; USACE, 2010).

Utilizing detailedbathymetry mapping capabilities, past works have also calculated a wide variety of
channel geometry characterizations for application in river classification, restoration, and aquatic habitat
enhancement. Hydraulic radiu¥ (| and width to depth ratiaf'O Y are commonly computed
parameters representing the hydraulic efficiency of the channel (less flow resistance from riverbed
grains/forms). Other bathymetric characterizations include depth @ti(Fahnestock, 1963) and
aspect rati@ "{Mosley, 2006), each aiming to quantify bathymetric variation for a given s®@stson.

In fact, virtually any ratio of crossectional geometries are possible, including rectangular and elliptical
shape factorsY "Y&dO Y, @spectively). Y "YiBay ke computed as the ratio of cresectional area to
that of an idealized rectangle considerdg ; O "Yi®analogous ttY “YT@wever it makes the
comparison to an idealized hallipse considerin® . Where the resolution of vertical priefs

permits, irregularity of riverbed bathymetry has also been characterized by depth gi@dthiaf

expressethe slope in riverbed elevation between two adjacent vertical profiles (Wang et al., 2013).

Researchers have also computed more contpylésaulic parameters characterizing the flow field,

utilizing high resolution intraand intercrosssection velocities. Some, suchaslateral velocity @),
vertical velocity (v), andw , can be directly extracted from®3-D hydraulicmodels or ADCP

surveys. Others are calculated considering various elements of the high resolution velocity dataset
Examples include characterization of flow condition such as kinetic engr@y Reynolds numberY '},

and Froude numbei@Y (Lamououx et al., 1999; Kemp et al., 2000; Shamloo et al., 2001; Marchildon
et al., 2011). Various forms of kinetic energy have been of particular interest in characterizing the non
uniformity of velocities present in the flow field by considering turbulen¢tiinenergy (requires time

series data) and velocity head, or Coriolis, coefficieht{Hulsing, 1966; Kim and Muste 2012; Silva et
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al. 2012). Neabed hydraulic conditions have been quantified by velocities occurring at a distance 0.5 m
above the bedKjeffer and Kynard, 1996; Kynard et al. 2000), and have also been represented by
substrate conditions and shear veloaity) (Wilcock 1996; Sime et al. 2007; Wang et al., 2013).

More recent ectydraulic studies have advocated for hydrodynamic megjmesenting spatial
heterogeneity in the velocity field (energy gradients, vorticity, etc.) to characterize hydraulics and aquatic
habitat conditions resulting at various geomorphologies (Crowder and Diplas, 2000a, 2000b; Shields et
al., 2003; Shields ahRighy, 2005; Kozarek et al., 2010; Harrison et al. 2011). Originally developed for
application to 2D hydraulic model outputs by Crowder and Diplas (2000a, 2006), quantifications of
velocity gradientsd "B w "€) and circulationd @ g have been apied in ADCP studies (Shields et al.,

2003; Shields and Rigby, 2005). Other flow heterogeneity representations related to river mixing,
including lateral'Q 6 Yaand longitudinal’© 6 Yispersion coefficients, have been the subject of empirical
calibration efforts making them potential characterizers of hydrodynamics (Rutherford, 1994; Seo and
Chong, 1998; Kashefipour and Falconer, 2002; Shen et al., 2010; Kim and Muste, 2012).

3.3 Methods

3.31 Site Location

A 21 km reach of the Rainy River bound at tipstream end by the International Falls Dam (IFD) at Fort
Frances, ON / International Falls, MN and at the downstream end by the confluence with the Littlefork

River was selected as the study reach (Figure 3.1). Rainy Lake, the reservoir formed albdVehhe

an effective catchment area of 38,500 kvhich is typified by Canadian Shield terrain with frequent

rocky outcrops, mixed deciduous and coniferous forests, bogs and marshlands (Eibler and Anderson,
2004; O0O6Shea, 2005) . abedrok contmledidhapedschapneleainprised ofant | y
heterogeneous substrate ranging between clay to boulder size fractiorprma@idated clay deposits
dominate the adjacent terraces originatchamgelf r om h
averages 300 m in width,i34 m in depth (depending on seasonal stage and local hydraulic interactions),

and flows at an average water surface elevation (WSE) gradient of 0.5%. At low flow conditions, there
were no discernable bidm features, bwever, a series of bedrock outcrops are exposed within the first

6 km of the study reach (submerged in high flow regimes).
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Figure 3.1: Study reach of Rainy River, Northern Ontario, Canada

Flow rates of the study reach are largely governed by IFDaligeb (@p). No significant tributary
confluences or additional flow contributions occur along the study reach until the downstream boundary
condition with the Littlefork River. Mean annual discharge is 288,mwith seasonal flows typically

ranging béween 100 and 1000%s resulting in WSE fluctuations of approximately 4 m (8381 masl
observed in this study).

3.3.2 Field Data Collection

Survey control benchmarks were installed along the study reach and their positions obtained using a
globally accurag Sokkia® GRX1 Realime Kinematic (RTK) Differential GPS (DGPS) system
(Topcon, 2010). A total of 47 cresections were established at approximate 500 m intervals. -Cross

section resolution was increased as necessary where morphological irreguergedserved.
Substrate inventories were conducted at each cross section and exposed featuiteedomnripw

period of October 2012. Each inventory consisted of scaled quadrat photographic inventories pebble

counts and grain size analysis coreistwith the methods of Wolman (1954), Leopold (1970) and
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Bundte and Abt, (2001). Grain size classes were of the pavement material were delineated consistent
with the methods of Wentworth (1922) as listed in Table 3.1.

Table 3.1: Pavement layer substrelesses (after Wentworth, 1922; Bundt and Abt, 2001)

Substrate Class Code Predominant Size Range
Fines/Sand FS <2mm
Predominantly Fines/Sand, with Gravel FSG <2,some 2 64 mm
Predominantly Fines/Sand, with Cobbles/Boulders FSCB < 2 mm, some 90 4000 mm
Predominantly Gravel, with Fines/Sand G-FS 27 64 mm, some <2 mm
Gravel G 27 64 mm
Predominantly Gravel, with Cobbles/Boulders G-CB 27 64 mm, some 90 4000 mm
Cobbles/Boulders CB 9071 4000 mm
Bedrock with Cobbles/Boulders B-CB Some 90" 4000 mm
Bedrock B N/A

Crosssections were categorizéto one of threggeomorphic complexity classifications (low, moderate,

and high)according to dield-identified bathymetricand substrateomplexity protocol (Figure 3.2). -U

shaped crossections demonstrating homogeneous gravel/sand substrates in straight, featureless sections
were considered low complexity (n = 29). Moderate complexity eastsons (n = 15) exhibited more

than one substrate type (i.e. sands and cobbles or cobbles and gravels) and included channel features such
as islands, bedrock shoals, deep pools, and sandbars. High complexity cross sections (n = 3) were located
at dam tdraces and areas of hydraulic control, and possessed significant bathymetric and substrate
variation (e.g., cobble/boulder clusters, protruding bedrock formations) and visible turbulent flow patterns

on the water surface. Morphological classificationdefined above have been frequently defined on
smallergravebed channels observing | arge roughness el em
flow structure (Tritico and Hotchkiss, 2005). Although the current study is of significantly larger scale,
macroturbulent structures observed here in the forms of boils and eddies are consistent with the findings

of previous hydraulic investigations surrounding LREs (Bulfalanger and Roy, 1998; Smith et al.,

2006; Lacey and Roy, 2007; Lacey and Roy, 2008 inventory methods applied here were also

considered readily definable to experiethoger practitioners and researchers.
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Figure 3.2: Typical substrate and bathymetry characteristics of a) low, b) moderate, and c) high
complexity crosssections (8bstrate classifications after Wentworth, 1922) with observed seasonal range
(SR) in WSE (327 331 masl) indicated in grey

Transects comprised of vertical depth and velocity profiles were surveyed at eaedectmssusing a
SonTek® M9 ADCP; a ninbean system comprised of two sets (1 MHz, 3 MHz) of four velocity
profiling beams and one vertical beam (0.5 MHz) for depth measurements (SonTek, 2011). Spatial
coordinates of the ADCP measurements were referenced by use of a SonTek® RTK base station
establshed on shore which communicated with the SonTek® M9 ADCP Power and Communications
Module (PCM) via a spread spectrum radio connection (maximum range of 2 km). Global vertical
accuracy of the SonTek® ADCP WSEs were ensured using the Sokkia® GRX1 DG, sgstlting

in a vertical accuracy of + 0.03 m (Muirhead and Annable, 2014). When required, the SonTek® base

station was moved throughout the study reach to ensure communication with the PCM unit.

Transects were obtained at 70 discrete @, levels over the seasonal range in flows (1O ni/s) at

each of the 47 crossections over a two year period (2012013), for a total of 427 transects. Similar to
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methods of generating a stagischarge relationship (Chow, 1959; Sauer, 2002gsurements were not
surveyed in a linear progression of discharges. As illustrated in Figure 3.3 for transects obtained at XS02,
variable WSE were observed for similagg)these hysteresis and backwater effects are common en low
gradient, meanderingvers where confluences of tributarigsssessingifferent hydrographic responses

exist (Herschy, 1999, 2009; Hidayat, 2011).
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Figure 3.3: IFD discharges Q) and water surface elevations (WSEs) for ADCP transects obtained at
XS02, illustratinghysteresis and backwater effects in the study reach

Transects were obtained by traversing the river perpendicular to the mean flow direction at each cross
section using the movirgessel method (Muste et al., 2004) (Figure 3.4). During collection, \Estbel
relative to crossection location was monitored using the integrated SonTek® MéimealGPS. Each
transect was composed of velocity profilgsoptaned at a ping frequency of 1 Hzvety profile was
composed of vertically stacked rectangulkgisc(k) each with four velocity components, §/, zand a
resultantmag (Figure 3.5). All transects were measured within a 15 minute duration with assumed
constant discharge, resulting in an upper limit of 900 vertical profiles within a given trarfsgltdwing

data collection, each profile in each transect was analytically projected onto the straight line path between
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crosssectional benchmarks to account for the slight deviations (typically £ 5 m) that commonly occur in

a vessel 6s gngadiossedttienrfFigure 3ady consistent with Kim and Muste (2012).
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Figure 3.4: Planform schematic mvingvesselADCP transect collection
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Figure 3.5: Crossectional schematic of a) ADCP transect, b) vertical velocity profile, and c) cell
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3.3.3 Data Analysis

A multi-step posprocessing procedure was applied using a MATLAB® script to ensure quality of
velocity profile data within each transect (steps described sequentially below). Cell velocities were
translated from Eagdtiorth-Up to xy-z as llustrated in Figure 3.4 and Figure 3.5. Profiles not
demonstrating GPS reception of differential (1 m) or RE0.03 m) level precision (SonTek, 2011) or
within 0.1 m of the previous profile were discarded. Profiles with pitch and/or roll anglésrdhem 8

were removed (Ben Macone, SonTek®, personal communication, 8 April 2013) as the assumption of
flow homogeneity across all beams was compromised (Simpson 2001; Muste et al. 2004; Mueller et al.
2007). Profiles demonstrating boat speed (BS)dtemnspeed (WS) ratios greater than 2 were removed to
reduce random error in recorded signals (Norris, 2001; Simpson, 2001), except where WS was less than
0.1 m/s (slack water observations were considered accurate in these regions). All velocityrcalls wit
signal to noise ratio (SNR) of less than 1 were removed to reduce random error in Doppler shift (Ben
Macone, personal communication, 8 April 2013; Simpson 2001; R.D. Instruments 1989). Cells
demonstrating error velocity (EV) values outside of the ptedde scatter for the transect were removed
via Chauvenetds criterion (Holman and Gaj da, 1989
resolution within the water volume bounded by the sampling beams (Mueller et al. 2007; Muste et al.
2004; Simgon 2001).

Equal spatial representation of velocity characteristics was required for computation of certain
hydrodynamic parameters and for statistical representation of aggregate transects hydraulics. In previous
ADCP studies, cell heights have be&hdhconstant, and profile width variations have been accounted for

by removing profiles within a calculated minimum spacing (Sheilds and Rigby, 2005; Shields et al.,

2003) or spatially averaging cells within a pdetermined horizontal distance (Kim andiste, 2012).

Here, cell heights and profile widths varied due to changing beam frequencies (1 MHz or 3 MHz) and
variable boat speeds (SonTek, 2011). Velocity profile and cell properties were reproduced by the
MATLAB® script according to unit heights awddths of 0.1 m and 0.05 m, respectively, as illustrated in

Figure 3.6, producing matrices of equal spatial representation.
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Figure 3.6: Scaling methodologies for a) profile width and b) cell height

3.34 Hydraulic Parametes

A contemporary collection of2commonly computed hydraulic parameters were selected for study here,
as summarized in Table 3.2. Table 3.2 indicates applicable equations and whether the parameter was
directly extracted fr omiegDsr@amwise vetocitydtrgquired of i | es
secondary calculation steps usi ng TitelyeRegroldsveyed
number). Parameter definitions can be found in the List of Symbols. Depending on calculation
methodologies, each parameter could be obdatoasidering the entire transect, each profile within a

transect, or each cell within a transect (FigureBi5\)ndi cat ed by ATo, APO6, and

Table 3.2.
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Table3.2: Summary of computed hydraul@rameters

Direct/

Metric

Metric Class Parameter Units Equation r ) References
Indirect Values
Depth m - - Direct P -
Hydraulic Radius m Y 6 j0 - Indirect T -
Depth Ratio - oY Q jQ - Direct T Fahnestock, 1963
Width-Depth Ratio - Ww0Y wjQ - Direct T -
Bathymetry Aspect Ratio - oY Q9 jv - Indirect T Mosley, 2006
Rectangular Shape Factor - YY'00 | ®Q - Indirect T -
Elliptical Shape Factor - OY'010 ] “©Q - Indirect T -
Q Q
Depth Gradient - o0 ——F— median, | Indirect P Wang et. al., 2013
p o g
xmedian, xIQ;
ymedian, ylQ;
zmedian, zIQ;
Cell Velocity ms? ® mg)?gggi:?’ g:( ?S!Q; Direct C -
bymedian, bylQ;
; bzmedian, bzIQ;
Velocit ' ’
elocity bmagmedian, bmaglQ
@ pu : Q
6. o ) , ) .
Shear Velocity ms? xmedlgn, xIQ; Indirect p Sime et. al., 2007; Wilcock,
: bxmedian, bxIQ 1996
w p, THQ
5 "4
L 1 . magmedian, maglQ; .
Kinetic Energy Nm VO 105 H’l bmagmedian, bmaglQ) Indirect C Chow, 1959
Flow } W'Y xmedian, xIQ; )
Complexity Reynolds Number - YO —— bxmedian, bxIQ Indirect P Chow, 1959
W ; .
i oY @ xmedian, xIQ; :
Froude Number —,‘m bxmedian, bxIQ Indirect P Chow, 1959
. . 5 . R OF WOf (V] xmedian, xIQ; )
Velocity Gradient 1 ms WP c i ymedian, yIQ: Indirect P
zmedian, zIQ;
o o magmedian, maglQ;
) ) 4 W W —— bxmedian, bxIQ; . Shields and Rigby, 2005;
Velocity Gradient 2 S O — bymed|_an, bylQ; Indirect P Crowder and Diplas, 2005;
Velocity @h bzmedian, bzIQ; Crowder and Diplas, 2002;
Variability bmagmedian, bmaglQ Crowderand Diplas, 2000a
B Whh Whp OF F Dpk i
Area Weighted Vorticity st P Yi Yi y & z; by & bz Indirect T
0w N7
BYi Yi
. . - . , xmedian, xIQ; . Kim and Muste, 2012;
Lateral Dispersion Coefficient - 00 & o, Q bxmedian, bxIQ Indirect P Rutherford, 1994
« 8 A 8 .
. - . . - . W 0: .
Velocity Longitudinal Dispersion Coefficien{ - 06 & X8 ¢ WpK X ug— 5 Q X, bx Indirect T Kasheﬂpo;(;gznd Falconer,
N
. Br oy —&
Ve_Ioc_|t_y Velocity Head Coefficient - S mag, bmag Indirect T Hulsing, 1966; Chow, 1959
Variability P [
¢Q
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The 23parameters collectively addressed characteristics of bathymetry, velocity, flow condition, and velocity
variability. Bathymetry parameters characterized riverbed topography and included depth of eaciOpreiie (
transect shape factors (hydraulicitesd 'Y , depth ratiad ‘O Y width-depth ratia’ & O 'Y aspect ratidé 0 'Y
rectangular shape factbrY “Y, @lliptical shape factdr O "YjGand the depth gradier®(Pfor each profile.

Velocity parameters included component vectarsd, @) and current speedy( ) of each cell, along with shear
velocity (0.) of each profile. Two versions of shear velogibne ©.) employing deptfaveraged velocity and
another ¢. ) considering bottom velocity. Flow condition parameterssisied of kinetic energy) (‘Q calculated
for each cell in addition to Reynolds numb&'®and Froude numbeidY obtained for each profile. Velocity
variability parameters included velocity gradientd®) and velocity gradient 2. "€) obtaired for each profile,
areaweighted vorticity ¢ w ¢ for the entire transect, lateral dispersion coefficiénd (ifor each profile,

longitudinal dispersion coefficienQ(0 ¥for the transect, and velocity head coefficientfor the transect.

The highresolution velocity arrays obtained in this study sometimes permitted the computation of various forms of
each parameter, as illustrated in Figure 3.7. Where applicable, calculations were performed using the full
assemblage of transect velociteswell as those exclusively occurring within 1 m of the riverbed (Figure 3.7a)).
The 1 m threshold was considered appropriate given that palyei@ulic studies have considered bottom

velocities at a distance 0.5 m above the bed (Kieffer and Kyh@@d, Kynard et al., 2000) and was consistent

with the boundary layer grain roughness represented hyoBiEhe observed bed material (Julien, 2002). Also

where applicable, parameters were calculated using respective component velocities for each of the

abovementioned velocity subsets, as illustrated in Figure 3.7b).
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Figure 3.7:Schematic of metric expressions for a given parameter, X, where a pool of values of parameter X is
obtained for a given transect, divided sequentially by consideringwa@ladiities and bottom velocities, b)
streamwised), lateral (), vertical ), and resultant current speéd @ )Q2and c) median and interquartile (1Q)
expressiongnote: not every parameter will produce all of the 16 metric expressions illusteftzdp Table 3.2
for applicable expressions,of each parameter)

3.35 Hydraulic Metrics

As is typical in ADCP projects, selection of methods which numerically and effectively summarize the voluminous
amount of hydrodynamic data in hydraulically and ecologically meaningful ways is challenging and unique to the
objectives of each individual sty (Shields et al., 2003; Shields et al., 2005). Given the source data provided by

the ADCP surveys, parameters from Tah2could be calculated in numerous ways as illustrated in FRyjdre

In this study, the meanietgrdidef.oPardmeters were descriiegiaIeclidé t er 0
(23 in total) Metrics, however, were transestale quantifications which summarize the multiple values of a given
parameter produced within a given transect and were either a measaBabiaserage of the parameter values, or

an expression of heterogeneity of the parameter values. Such quantifications were possible where value of a given

parameter was calculated for each profile or(@aflicda ed by AP0 83. InfihEsecasesamediaa dndl e
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interquartile range (1 Q) summarizations of the coll

illustrated in Figure 3.7c), applying Equations 3.1a) and 3.1b) (Walpole et. al., 2007).

) o QIVQE £ DG O & O 0IN Q i
i pa & ;B g QEQG 6 d 6 N Q 1a)
O  WDg Wg 3.1b)

where represents the parameter of interass,the number of parameter values obtained within the transect,

® =@ g is the median valué) is the IQ value, angdfd is the percentile (e.gpj @  0.25 for 2%’
percentile). Median metrics were considered to characterize the spatiafie of a given hydraulic parameter
within a transect, while 1Q metrics quantified the spatial heterogeneity of a given hydraulic parameter within a
transect. Median and IQ statistics were utilized rather than mean and standard deviation to masrofzeutlier

values otherwise not removed by ppsbcessing procedures (Walpole et al., 2007).

Otherpar ameters considered the entire transect in caloc
inherentlyquantifications of theverall cross section characteristics (€Y), These parameters were considered
representative of spatial aver age intotah8B diffeeent metricee(tlme d
SV, 36 median, and 36 1Q) were computed for eacheofi27 transects in this study (Table 3.2, Figure 3.7). The
specific summarization method (all/bottom velocities, velocity component, median/IQ) of a given metric are

indicated by its subscript, as specified in Table 3.2.

3.3.6 Statistical Analysis

Correlations betweethe 83 metrics were evaluated considering Spearman correlation coeffidentsNletrics

were consideretb becorrelated whergY between any two metrics was greater thanDafmann et al., 2033

A singl e, Ametrip from svithin toerdlated ggoops was then selected basdutemtness of metric
measurement and computation (evg., selected oveiO'Y. The metrics within the correlated growpich were

not selected as representative are henceforthrdferre o as fAcorr el atedo metrics.
median values were never considered representative of 1Q values (and vice versa) regardlgesvinfg to the

fact that their objectives differ; the former characterized spatial ave#aitgethe latter represented spatial

heterogeneity.

Metric values could vary as a function of£Jn two ways: 1) positive or negative trend or 2) variability
heretofore simply referred to as dischargkated trend and intetischarge variance, ngsctively. The dynamics of
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these evaluations are-dbhssthavigewvwalpil ne¢ed e xiDimgnd Righre mel t i
3.8b) forU,. Each metrigischarge plot contains 47 data series (i.e., lines) of metric values corresgorttieng7
crosssections in the study reach; each data series consists eflthm@&tric values (corresponding to thie X0

transects) obtained over the range of surveyggld@the given crossection.

4 2
High Complexity a)
Moderate Complexity

3 Low Complexity 1.6

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
3
Qypp (m/s) Qirp (m?/s)

Figure 3.8: Metric discharge plots fort@ttom velocities velocity head coefficient { demonstratingtatistical
homogeneity in between high, moderate, and low complexity locations aciejth ratio’Q Y

demonstratingtatistical heterogeneity jn between high, modate, and low complexity locations

Dischargerelated trend and intetischarge variability were evaluated for cresstion location, for each metric.
Trend was assessed considering linear regressions of th@ metric values for each cressction; he

significance levels of the regression slope coefficiegjtsiétermined whether dischargeated trending was

present. Intedischarge variability in metric values at each cross section location was evaluated considering the

variance ( ) within eachdata series in each metdéscharge plot, as in Equation 3.2 (Walpole et al., 2007):

where® = metric of interestd = mean metric value within the given cressction data serie$¥ a discrete metric
measurementtahe crosssection location, angél = the number of metric values at the crssstion location of
analysis. Given that magnitudes,ofvary between metrics by orders of magnitude, between metricspieteic
comparisons necessitated computationasfimalized variance, ), as in Equation 3.3, producing Q, <

<1:
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where,, = maximum, for a given metric calculated amongst cresstion locations Significant differences
in mean, for high, moderate, and low complexity cresesctions Figure 3.2 weretested for employing
standard ANOVA with poshoc Tukey testéWalpole et al., 2007) Parametric statistics were assumed applicable
based on visual comparison,of valuequantile distributions in comparison to thagea Gaussian

distribution. In most circumstances normality prevailed, however to guard against the implications of minor
departures from the Gaussian distribution,-parametric KruskalWallis tests were min paralléto parametric
standard ANOVAs. This analysis produdddntical results in the vast majority (79%) of casedidating the

initial assumption parametric statistics

Statistical analysis above compared for crosssections condiering groupings based on complexity level.
For a more explicit investigation of cressctionspecific interdischarge variability, the arithmetic average of all
» observed at a given cross sectipn ( ), as in Equation 3.4, wasmputed.,, r represented

the average degree of variability observed across all hydrodynamic metrics at a givesediosdocation.

” F] - B ” 34

where¢ = the number of metrics (and therefore number o values) being considered at a given cross

section® “Yand'(x a discrete instance pf for the crosssection.

3.4 Results
3.4.1 Data Reduction

Table 3.3 and Table 3.4 summarize results of the Spearman correlation analysis for median/SV and 1Q metrics,
respectively. A set of 22 representative metrics from the original set of 83 were identified and are listed vertically
in the leftmost column okach table. These 7 SV, 8 median, and 7 IQ representative metrics statistically embody
the various characterizations of hydrodynamics in the study reach; the remaining 61 metrics (i.e., correlated
metrics) were considered to be correlated with the rept@see metrics and are listed horizontally in the-hopst

row of respective tablesSeparate Partial Correlation Analysis (PCA), not shown, confirmed the correlated
groupings of metrics obtained from the Spearman correlation m&igure 3.9 illustrges the range in values of

the 22 representative metrics (on a logarithmic scale for illustrative purposes) observed over the range in surveyed

QIFD-
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Table 3.3: Summary of representative and correlated SV and median m@tsaering Spearman correlation coefficients (direct metrics in bold)

Correlated Metrics

Representtive
Metrics

Ry
Vpymedian
VG1ymedian
VG lyymedian
VG2 median
VG2yymedian
V bzmedian
VG1;median
VGLyzmedian
V xmedian
V bxmedian
Vpmagmedian
Usmedian
Up*median
KEmedian
KEbmedian
REnedian
REpmedian
FRmedian
FRomedian
VG Limedian
VG1nagmedian
VG Lpxmedian
VG 1pmagmediar
DCYmedian
DCYbmedian
DCX
VG2hzmedian
VG2;median
VG 2pxmedian
AR
ESF

DR

RSF

WDR

Dmedian

DGmedian

vaedian

Vzmedian !

Vmagmedian

VG szedian

VG 2magmedian

VGmeagmedian

0. 7 s,©0.R - 0. 8 5O0R - RO 0. ¢
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Table 3.4: Summary aEpresentative and correlated 1Q metrics considering Spearman correlation coefficients (direct metrics in bold)
Correlated Metrics
Representative . = % = =g = - - RS - gl 2| 2| g| ¢ ¢ )
Metrics Ol § F &£ a4 J|F 2 £ £ £ 2 £ 5 F g PS5 rlagld|agly S &
N ) — a o g = o Ll O] — O @] O] o
o > 4 (59 (5') g > > > > < = X < 14 x L m g L>D a Q (5') g g < g g
Dia
Vziu
Vmaqiq ! !
VGl
VG2
VG2,
VG2 [
0. 7 590.8R - 0. 8 90.R - R, O 0. 9
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Figure 3.9: Range in representative metric values over the range in surveyed IFD discharges (note: minimum value:s
of & =-0.372 m&, ® =-0.089 m&, ando "© =-1.835 & not shown due to logarithmic

scaling of ordinate axis)

The following observations are in reference to Table 3.3 and Table 3.4. The majority of computed SV metrics

(7/11 = 64%) demonstrated statistical independence and were classified as repres@uatigesely, median and

IQ metrics both demonstrated large degrees of statistical redundancy in their respective datasets as of the 36 medic
and 36 1Q metrics, only 8 (22%) and 7 (19%), respectively, were representative. Direct characterizationd of curre
speed © and ), often the most readily obtained velocity component in field surveys, was
representative of the vast majority of median and IQ datasets [18/36 (50%) and 17/36 (47%), respectively]. All
metrics consideringditom velocities (with the exception af '© ,0 ww and ) were correlated with

their parallel equivalents considering all velocities.

Of the 22 representative metrics, the 9 which are directly extractable (as specifibteiB.Zacollectively

represent 51 of the 61 (84%) correlated metrics. Further, of those 51 which are correlated, 40 (78%) are indirect
metrics, indicating that indirect metrics can often be represented by direct metrics. Indirect metrics commonly
computed in hydraulicallyrelated studies (e.g., Lamouroux et al., 1999; Kemp et al., 2000; Marchildon et al., 2011)
that were never classified as representative in this study were expressions €'Y Q'OYO 6 BandO 6

These were all correfied with respective median and IQ characterizations of. Only 1 of the 16 expressions of

w "Pwas representativel('® ); the others were often represented by corresponding component velocity metrics
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(e.0., 0P representedybw ). The only indirect metrics which demonstrated statistical

independence on a consistent basis were characterizatian€o¥ "Y,® w pand .

3.4.2 Hydrodynamic Sensitivity

Analysis of hydrodynamic sensitivity below exclusivegnsiders the 22 identified representative metrics, as they
demonstrated the ability to statistically characterize the full suite of 83 metrics.

No significant positive or negative trend with respect g @as present in metrdischarge regressions of
representative parameters, as only 5/22 representative metrics pradigeificantly different from zero for the
majority (75%) of the 47 data series. Regression fits were generally poor, with onlggri@2entative metrics
demonstrating the majority (75%) of coefficient of determinatici yRlues greater than 0.5 signifying

considerable variation in metric values as a function,gf. Q

Table 3.5 summarizes Tukey test results,for  in termsof homogeneous/heterogeneous pairings (p < 0.05)
considering complexity classification (high, moderate, low) as the fixed factor. A total of 7/22 (32%)
representative metrics exhibited homogeneous subgroyps of across high, moderate, and lowrgaexity
crosssections, indicating no statistical difference in temporal variability of those 7 metrics between spatial
locations of different complexity. As a visual example, Figure 3.8a) illustrates the-distti@rge plot fodepth

ratio (O Y, which demonstrated homogeneity between high, moderate, and low complexitgextisas (Table

3.5). The remaining 15/22 (68%) representative metrics demonstrated statistical heterogeneity between at least two
complexity classifications, with 13/22 (59%)rdenstrating statistical heterogeneity between thbghcomplexity
crosssections. 9 of those 13 (9/22 = 41%) simultaneously demonstrated heterogeneity betwawdbigie
complexity locations. As a visual example, Figure 3.8b) illustrates the rditcicarge plot for velocity head
coefficent considering bottom velocities {, which demonstrated heterogeneous subgroups between all of high,

moderate, and low complexity locations (Table 3.5).
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Table 3.5: Heterogeneous (significantly different) and homogeneous pairs from Tukey test analysis of
" (p < 0.05) considering complexity level as a fixed factor (Hom = homogeneous, Het =

heterogeneous pair)

High-Low Het Het Het Hom Hom Hom Het
High-Moderate Het Het Hom Hom Hom Het Het
ModerateLow Het Hom Hom Hom Het Het Het

l:!) Diq Dmedian DR RSF
DGmedian Vmaqiq WDR VGZyiq
Vzmedian VG2maqmedian Vymedian
Metrics Vziq AWV Vmaqmedian
Vleiq VGzzmedian
VG 2magiq VG2,
VGZbrrlaqmedian AWVb
U
Count 1 8 4 7 2 0 0
Percentage 5% 36% 18% 32% 9% 0% 0%
Figure 3.10 illustrates n considering the 15 metrics with statistically significant differences in

between high, moderate, and/or low complexity locations (identified above). Complexity classification of each
crosssection is indicated. Aggregate mean values of ; for high, medium, and low complexity cress

sections were 0.42,77, and 0.14, respectively. Therefore, significant differences of Table 3.5 take the following

forms: high complexity crossections exhibit higher than moderate and low complexity locations, with
moderate complexity crossections not usuglldemonstrating higher than low complexity locations.
1
0.9 . :
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» 0.7 i Moderate Complexity
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Figure 3.10: Average crosction normalized variancg ( i ) for the 15 representative metrics
demonstrating significantly different variances between geomorphiarstibomplexity levels, with respect to

crosssection
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3.5 Discussion

Previous hydrodynamic and hydraulic habitat studies have examined hydrodynamics i) on smaller rivers, and ii)
considering only a few metriciExamination othe large dataset of hydraulic mesrfor thelow relief Rainy Rver

via data reduction analysis indicated that the majority (61/83 = 74%) of the full suite of hydraulic met&cs

highly correlated with, and can be represented by, a smaller rudimentary subset of 22 representativéd/iaeyrics

of these statistical correlations (Table 3.3, Table®efeconfirmations of intuitive relationships (e.q, is
represented by ), while others could be predicted based on the equations in Table 3.8 (@ggalculated

from, and can therefore be representeduby, ). However, the finding that direct metrics can represent large
percentages of not only the entire metric suite, but specifically the collection of indirect metrics, is of great
importance for streamlining feirts for hydrodynamic characterizations on large -telief rivers. Several indirect
parametersd;, 0 QY Q'OYO 6 gandO 0 Jawhich have frequently been emphasized in aquatic habitat and
hydraulic investigations (Jowett 1993; Lamourourlet1999; Kemp et al., 2000; Marchildon et al., 2011) were all
shown to be correlated with simpler characterizations of hydrodynamic conditions. Currentspeggérhaps

the most easily obtained hydraulic parameter, represented over haltaBiheorrelated metrics (35/61 = 57%)
between its two metric quantification® ( andw ). In contrast, the 13 representative metrics which
were indirect collectively represented only 10 metrics in total. Therefore, in lewgeglief rivers, simple and

directly extractable hydraulic parameters and their appropriate metric quantifications are equally effective as more
complex, indirectly calculated metrics in hydrodynamic characterizations. Focusing field and analysismeffort

the acquisition of these simple hydraulic expressions will often yield equally represemyaltiaalic

characterizatiomesults.

Statistical analysis indicates hydrodynamics do not trend positively or negatively as a functign iofli@ating

the relative insensitivity of hydraulic metrics to discharge within the range of metric values measured. Further,
Figure 3.10 clearly depicts relatively low degrees of discherlzged metric variability at low complexity cress
sections. The demonstratiesnporal stability in hydrodynamic characteristics at areas of low complexity would
likely stem from the nomxistence of macroturbulent flow structures in these regions; homogenous and
unobstructed morphologies demonstrate lower bed roughness, liraitingent structures to primarily the micro
scale. Although low complexity areas will experience dischegtpted variations in velocities, approximate

spatial uniformity in velocity fluxes mean the aggregate transect assemblage of velocities is sxséeonporally
constant and is adequately characterized through high frequency sampling in thewvess&ignethod. Therefore,
river reaches with predominantly-¢haped cross sections and uniform substrate can be considered relatively
constant iterms d their hydrodynamic characteristics. At these sections, adequate hydraulic characterization may

be achieved bgreduced spatial resolution of cross sectionsadower frequency of transect measurements.
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In contrast, Figure 3.10 illustrates larger temporal variability in metric values at high complexitgextens.
Statistically significant differences jn r (Table 3.5) were observed between high and low complexity
crosssections in 59%f representative metric cases, and between high and moderate complexisectoss in

41% of metric cases. The increased temporal variability in hydrodynamics at these areas of geomorphological
complexity may be driven by the instantaneous natuAb@P-surveyed velocity profiles and associated
l'imitations, as identified by Muste et al. (2004).
velocities acquired using 4 profiling beams at a specific point in time. Maate turbulent stictures occur on

spatial and temporal time scales too detailed to be of interest in-s@deostudies armrenegligible considering

the calculation methodologies of the technique. However, macroturbulent flow structures resulting from-the large
river equivalents of LREs in high complexity locations occur over appreciable spatial and temporal scales (Lacey
and Roy, 2008; Roy et al., 2004). Such flow structures were visually apparent during field surveys as bails,
vortices, and eddies reaching the swfac I n taking instantaneous measur el
the velocity profile within these macroturbulent flow structures at a given location, at a specific point in time. Even
where sampling frequency is high (1 Hz in this study), obtgiasinglesnapshot of portions of turbulent features
means variability in crossection velocities are likely independent gffand instead driven by the spaaeae

fractions of the turbulent structure captured by instantaneous ADCP measuremegtgdorteansect. The

fluctuations in these turbulent structures on spatial and temporal scales means velocity profile assemblages obtaine
using the movingressel method will likely differ from transect to transect even if discharge is held constaad, and
observed, definitely if it is altered. Given the observed temporal variability and proposed mechanism above,
adequate hydraulic characterization of high complexity regions requiresseigms established at a high spatial
resolution for sufficienplanform coverage, paired with a large number of irgral interdischarge transects to
adequately capture patterns of crssstion specific temporal variabilitylhis is in agreement with

recommendations byluste et al. (2004)whosuggest at least Ifansect repeatse performedht each cross

section location to characterize velocity profiles using the mevé&sgel method.

3.6 Conclusions

Aquatic habitat studies have frequently linked spatial and temporal variability/heterogeneity in physical habitat
characteristics with increased biodiversity and ecological function (Shields and Rigby, 2005; Booker et al., 2004;
Crowder and Diplas, 2000a). The behaviour of hydraulic habitat features and how they relate to geomorphological
elements observable on largvers by experienced field practitioners (namely bathymetry and substrate) has been
more challenging. The findings of this study provide insights into disciialaied hydrodynamic metric

behaviours at locations of different geomorphological compésxdn a large, regulated, lewlief river, providing

tools for improving the effectiveness of future hydrodynamic and physical aquatic habitat characterizations

employing movingvessel ADCP surveys. More specifically, this study has provided evidemitefoccurrence
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and absence of macroturbulent flow structures at locations of high and low geomorphological complexity
(respectively) in large, low relief rivers, while also highlighting the susceptibility of moving vessel ADCP surveys
to such largescalevelocity fluctuations. Further, while the presence of interdependencies between hydrodynamic
parameters is not a novel concept, the degree to which simple, directly extractable velocity metrics represent the
suite of computed hydrodynamic parameterthis large, low relief river is of consequence for-bgdraulic
researchers. Therefore, the implementation of field collection and data analysis protocols employing increased
temporal and spatial resolution of relatively simple hydraulic metrics atdosatf high bathymetric and substrate
complexity are necessary to adequately characterize hydrodynamics and related aquatic habitat. The increased fiel
effort requirements are offset by the likely sufficiency of reduced spatial and temporal resdltramsects at

locations of low bathymetric and substrate complexity. Relating large river;sgossn specific, singtdischarge
hydraulic variability to geomorphological swinit complexity levels by employing repeat transects should be an

aim of fuure studies.
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4.0 The role of spatial habitat heterogeneity in walleyeander
vitreus) and lake sturgeon Acipenser fulvescen<ritical
spawning habitat in a large, northwestern Ontario river

4.1 Introduction

Aquatic ecosystem structure and function issult of biotic and abiotic factors (Gilliam and Fraser, 2001; Peres

Neto, 2004). Biotic factors include predafoey interactions, competition for food, and issues involving invasive
species, while abiotic factors consist of physical variables suaibasate, water temperature, water quality, flow

depth, and current velocity. Of these abiotic components, current velocity and associated hydraulic conditions have
oftenbeen cited as the most influential on aquatic organism behaviour (Hynes, 1970 ahan@tncan, 1990).

The spatial and temporaariation ofhydraulic conditions within a watercourse are largely related to the flow

regime, and the geomorphological structures present, both of which have been subject to widespread anthropogeni

alteration.

Dams, in particular, are responsible for a significant proportion of anthropogenic impacts on flow regimes and have
had significant impacts on lotic ecosystems (Dynesius and Nilsson, 1994; Ward and Stanford, 1995; Bunn and
Arthington, 2002; Murchie etl., 2008; Sabater, 2008; Poff and Zimmerman, 2010). Some of the specific impacts
of dams, i.e., fish passage, stranding, and egg exposure, have been well studied (e.g. Coutant, 2000; Berland et al.,
2004 Fisk et al., 2012) and led to the pervasive adoption of minimum low flow requirements for spawning and
recruitment of fishes in regulated rivers (Stalnaker et al., 1995; Humphries and Lake, 2000). More recent
recognition of natural flow regime variabjlias an overarching determinant of ecological health and biotic
composition has further redefined Aenvironmental fI
al., 1989; Poff, 1997; Bunn and Arthington, 2002; Poff et al., 2009). Howeneenatural flow regime of each

river is unique (Poff, 1997), and although riggrecific environmental flow techniques have improved in recent

years (Brown and Joubert, 2003; Annear et al., 2004; Arthington et al., 2004), time requirements for &@oompl

of ecologically meaningful rivespecific studiesypically exceed thosafforded by development and political

timeframes (Poff et al., 2009). Moreover, river regulation projects are often subject to multiple management
objectives (e.g., flood mitegion, hydropower generation, water supply) which may red$ieiability to vary flows

in accordance with preegulation conditions. Even if completeiréroduction of a natural flow regime is possible,
anthropogenic development has often caused atirraf river geomorphologies (channelization, floodplain
encroachment, levee constructionjroducing a new set of boundary conditions and resulting in altered hydraulic
habitat conditions throughout the watercourse. With complete reversiondey#epment conditions unlikely,

the logical alternative isreation of physical habitat niche conditions required by aquatic organisms under the new

flow regime and river configurations.
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Accordingly, habitat rehabilitation and ecological flow projd@secommonly employed physical models such as
PHABSIM (PHysical HABiItat SIMulation) and orgimensional (iD) or two-dimensional (2D) hydraulic

simulations (HEERAS, River2D) to predict aquatic habitat quality under alternative river regulation and

restoraibn scheme¢ Bov e e , 1982; Stal naker et al ., 1995; Acrem
al., 2006, Kelder and Farrell, 2009). These technigassssabitat quality by comparing simulated hydraulic

conditions to praletermined ranges ohpsical habitat parameters, such as those provided by Habitat Suitability

Index (HSI) curves for substrate, depth, and velocity (Aadland and Kuitunen, 2006; Gillenwater et al., 2006).
However, tke approach has been criticized as it depends on the vaiiditye ecehydraulic HSI relationships being
applied (Gore and Nestler, 1988; Freeman et al., 1997; Lowie et al., 2001), and inaccuracies are potentially the root
cause of londerm habitat rehabilitation failures (Thompson, 2002; Champoux et al., 260B8e/@l and

Anderson, 2014).

In the past, these eelaydraulic relationships have been developed under wadable and relatively static flow
conditionsthat considepnly point assessments of substrate, depth, and velocity (typically at 60% depth or nose
velocity) obtained at observed fish locations and/or regularly spacedsgrctisns (Aadland and Kuitunen, 2006;
Kelder and Farrell, 2009). The approach neglects both spatial (e.g-madnmesescale hydraulics) and

temporal (flood events above chanr@hfing flows) hydraulic and hydrologic influences on spatial habitat
heterogeneity (SHH) and habitat quality, which fish and other aquatic organisms are known to utilize (Fausch and
White, 1981; Rempel et al., 1999; Crowder and Diplas, 2000b, 2006).d|rtHeadea that increased SHH results
in greater biodersity is one of the mosited concepts in ecological restoration (Power et al., 1995; Ward, 1998;
Ward and Tochner, 2001; Fausch et. al., 2002; Thorp et al., 2006; Palmer et al., 2010), and stuckgslsve
highlighted the value of different habitat niches over largeialpscales used by organisrodtilfill their life cycle
(Schlosser, 1991; Schlosser and Angermeier, 1995; Dingle, 1996).

Recognizing the value of SHH, a commonly appliedorasion strategy has been to simply increase the structural
heterogeneity of the channel, theoretically increasing the resulting hydraulic variability and subsequently elevating
biodiversity (Ward, 1998; Baxter and Hauer, 2000; Fausch et al., 2002; Hmah#arsons, 2002; Thorp et al.,

2006). However a recent review by Palmer et al. (2010) found no evidence that solely increasing the structural
heterogeneity of the channel (i.e., meanders, boulders, wood, etc.) was the primary factor in controfting strea
invertebrate diversity. Therefore, a deeper understanding of thestagchydraulics resulting from

geomorphological complexities and thieiplications for behaviour of aquatic organisisisvarranted if restoration
concepts such as SHH are to be propapplied (Shamloo et al., 2001; Thompson, 2002; Tritico and Hotchkiss,
2005; Carre et al., 2007; Biron et al., 2009).
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Recent technological advances have allowed for efficient field survey of velocities at increased spatial and temporal
resolutions ¢.g., acoustic Doppler current profilers (ADCPs)] (Simpson, 2001; Oberg et al., 2005). However, the
resulting hydraulic characterizations have thus far been related solely to geomorphological channel features (e.qg.,
natural, channelized, and abandonechakts; downstream of weirs or bends) and not to observations from
simultaneous biological surveys (Shields et al., 2003; Shields and Rigby, 2005; Chapter 3). Indeed, as both
biological and hydraulic research has progressed, it has become widely rectigatizetrdisciplinary efforts

employing simultaneous surveys of river biology and flow heterogeneity are required to understand the eco
hydraulic relationships needed for effective river management and rehabilitation, including SHH (Power et al.,
1995;Maddock, 1999; Shields and Rigby, 2005; Kelder and Farrell, 2009; Cockerill and Anderson, 2014).

This study employed simultaneous fish spawning and hydraulic surveys on a largeadisswnt, regulated river to
evaluate the specifighysical habitat chracteristicanfluencing spawning beh@wur. The specific objectivewere

i) to determine itlischargerelated patterns in physical habitat (as measured by hydrodynamic metrics) could
differentiate betweewalleye Sander vitreusand lake sturgeoACipenser fulvescenspawningand non

significant spawnindpabitats and ii) if so, what were the particular types of hydrodynamic metrics (specifically,
guantifications of spatial averags. habitat heterogeneity) thabuld perform this differentiationThus, a
comprehensive suite dfydrodynamiametrics at crossectional locations throughout the study reach were

examined as a means of determining which habitat types were used most heavily for spawning and which habitat

types were not used by the speaémterest.

4.2 Background

As part of a larger study on the impacts of discharge regime on the Rainy River in northwestern Ontario/northern
Minnesota, walleye and lake sturgeon were identified as key species of concern (Kallemeyn et al., 2009). A
limiti ng factor in walleye and lake sturgeon populations is the amount of available spawning habitat, and the

success of spawning efforts at said locations (Johnson, 1961; Newburg, 1975; Martin, 2008; Roseman et al., 2011).

Both walleye and lake sturgeon dm®adcast spawners, where eggs and sperm are released simultaneously into the
water column and fertilized eggs settle to the bottom and into crevices in the substrate (Kerr et al. 1997). Spawning
cues are believed to be temperature related for both s&¢id 0°C for walleye, 9 18°C for lake sturgeon) (Kerr

et al., 1997; Scott and Crossman, 1998; Fortin et al., 2002). Walleye can spawn in lakes or rivers over a variety of
substrates, from silt/detritus to boulders/bedriotlowever clean gravels agdbbles are believed to be best for

egg incubation (Kerr et al., 1997). Flow depths at spawning sites typically range frorh.0.81 (Colby et al.,

1979; Kerr et al., 1997). Spawning usually occurs in flow velocities ofi0105 m/s and is unlikelyni current

speeds over 2 m/s (Minor, 1984; Cholmondeley, 1985; Eckersley, 1986). Lake sturgeon typically spawn in fast
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flowing rivers below waterfalls, rapids, or dams over a wide variety of hard substrates including hardpan clay, sand,
gravels, cobbles,dulders, flat shelving rock, or rip rap (LaHaye et al., 1992; Lane et al., 1996), however clean,
rocky substrates with interstitial spaces are widely considered as optimal (Bruch and Binkowski, 2002; Manny and
Kennedy, 2002). Spawning can occur over geaof depths (1 12 m) but typically occurs in L6 m of water

(LaHaye et al., 1992; Lane et al., 1996; Scott and Crossman, 1998; Manny and Kennedy, 2002; COSEWIC, 2006;
Randall, 2008). Flow velocities at spawning sites have been found to range fio@1®/S (LaHaye et al., 2004;
Randall, 2008). Where spawning occurs in rivers, the substrate and hydraulic conditions of spawning habitat
outlined above for the two species may overlap.

The published physical habitat conditions of walleye and lakgestn spawning habitat summarized above are
limited to simple variables (depth, velocity, substrate) in traditional point value frameworks which consider the
explicit locations of observed fish spawning. Restoration efforts have proceeded accordirggly typnsisting

of the introduction of boulder, cobble, and gravel substrates (Johnson, 1961, Pitlo, 1989, Lowie et al., 2001; Katt et
al., 2011) and in some cases, targeting optimal depths and velocities (Geiling et al., 1996). However, these
frameworls do not account for variation of flow direction or representation of proximal spatial variations in
velocity fields (vortices, eddies, velocity gradients, etc.) which offer organisms opportunities to rest, forage,
reproduce, take refuge, and of particurerest for this study, spawn (Fausch and White, 1981; Hayes and Jowett,
1994; Jones et al., 2003; Booker et al., 2004). Obtaining velocities at resolutions suitable for heterogenic
investigation has been the objective of numerous computer simulatidataratory studies, howevéhese often
employ simplified river features and produce generalized miard mesescale hydraulic conditions which fail to
represent the local and proximal flow patterns exploited by fish and other organisms (Ghanel®@®;aCrowder

and Diplas, 2000a, 2000b, 2002; Booker, 2003; Gillenwater et al., 2006; Hilldale and Mooney, 2007; Biron et al.,
2009; Harrison et al., 2011). Logistical and technological challenges of velocity simlayge rivershave

limited the nurber of fieldbased studies acquiring detailed velocity data sufficient for heterogenic characterization
(e.g., Shields and Rigby, 2005; Carre et al., 2007). Accordingyhyar@ulic linkages considering SHH on a

reach scale have historically proved idifilt to establish as requisite data quality and resolution is difficult to
calculate, and even more difficult to survey (Shields et al. 2003).

Recent advances in acoustic Doppler current profiler (ADCP) technology allow for the efficient field survey of

river transects composed of high resolution thtimeensional (D) velocity vectors. Originally deployed for the
exclusive measurement of river discharge (Gordon 1989; Simpson, 2001; Oberg et al., 2005; Rennie and Rainville,
2006, Oberg and Mueller, 200 ADCP technology and the[3 velocity arrays obtained via the moviugssel

method (Muste et al., 2004) have been applied by practitioners in the analyses of hydraulic characteristics,
bathymetry, and sediment transport(e.g. Sheilds et. al. 2003; Conad/dforan 2004; Czuba and Barton 2011;

Jamieson et. al. 2011; Guerrerro et. al. 2013).
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ADCP velocity assemblages may be further used to investigate the heterogeneity of hydraulic characteristics and
subsequent relationships to aquatic habitat (ShaidsRigby, 2005). In addition to spatial variability of basic
component velocities, the higksolution datasets have allowed researchers to compute a wide variety of complex
hydraulic metrics for quantifying spatial variations in hydrodynamics, soméichwnay prove influential in an

aqguatic habitat context. Examples include expressions of kinetic energy gradients, vorticity, and circulation
(Shields et. al., 2003; Shields and Rigby, 2005). Hydraulic variables considered in othgdrectic

investgations, such as shear velocity, Reynolds number, Froude number, and dispersion coefficients (Kemp et al.,
2000; Shen, 2010; Marchildon 2011) may also be computed from ADCP data. The strengthyoliraatic

linkages between the above metrics and eccébgirocesses have proven to be variable. For example, Marchildon
(2011) showed that some complex variables, e.g., Reynolds number, did not correlate witfShimertriitta

and rainbow @nchorhynchus mykisgrout redd placement while others, suchuabulent kinetic energy, did.
Regardless, the increasing evidence that complex hydrodynamic conditions influence habitat quality (e.g., in the
distribution of macroinvertebratésStatzner et al. 1988) has supported the investigation of SHH and its role i

ecosystem management.

4.3 Methods
4.3.1 Site Location

The Rainy River is a border river separating northwestern Ontario from northern Minnesota and is the largest
tributary to Lake of the Woods (LotW), asndessomt i ng f
2004). From the outfall of Rainy Lake at the International Falls Dam (IFD) in Fort Frances, ON/International Falls,
MN, the river flows westward over an approximate 145 km length before discharging to ThdMNvatershed

upstream of the IFD iapproximately 38 590 kfin size, underlain by the Canadian Shield and typified by thin

soils with frequently exposed bedrock in forest, bog, and marsh dominated landscapes (Eibler and Anderson, 2004)
Below the IFD, the river flows through an ancietdded dominated by lacustrine clays and occasional rock
outcrops (Eibler and Ander son, 2004 ; O6Shea, 2005) .
predominantly straight and wide (typically 20800 m) with a low water surface elevatiMiSE) gradient (<

0.5%). Crossectional geometry is typically-shapedwith visually definable bedforms largely absent except for

occasionally interspersed bedrock outcrops.

A 21 km reach bounded at the upstream by the IFD and at the downstreaRayrt River confluence with the
Littlefork River (Figure 4.1) was identified for study by the International Joint Commission (1JC) as a portion of the
river for which discharges and resulting hydrodynamics are heavily influenced by dam dischargesdyTieash

is known to support the spawning and rearing of ecologically significant fish species, including watldsikee

sturgeon(Kallemeyn et al., 2009). Flow rates in the study reach are largely governed by IFD dischapjestfQ
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mean and seasonal ranges in flows of 288 and 100G 1000 ni/s (respectively), resulting in seasonal WSE

fluctuations of up to 4 m.

Lake of
the Woods

MN (USA)

— Rainy River T—

XS44  XS40 X/S35

Nygos [ Study Reach

0O 2 4 6
s mssm KM

Figure 4.1: Site location (insert) and study reach of the Rainy River bounded at the upstream by the International
Falls Dam (IFD and at the downstream by the confluence with the Littlefork River. Significant sampling locations
are located at XS01, XS02 and XS16.

4.3.2 Field Data Collection

Parallel biological and hydraulic surveys were performed during Aguly 2012 ad April i June 2013.

Biological sampling consisted of both fish surveys and spawning surveys, each completed in conjunction with
Fisheries and Oceans Canada (DFO) for both walleye and lake sturgeon. All savaglic@mpleted during the

peak spawning wighows for the respective target sped¢ie012 and 2013; April early May for walleye, and

early Mayi early June for lake sturgeon. Fish surveys consisted of nighttime boat electrofishing for walleye and
lake sturgeon, and overnight setting of 25.4 @& 8m mesh gill nets for lake sturgeon. Boat electrofishing
transects were completed moving upstream and total shock time was recorded. Gill nets were set following
protocols described iDubreuil and Cuerrier (1950) (i.e., parallel or at an angle & flew in currents and back

eddies).

At locations where ripe individuals were captured in fish surveys, spawning survey methods were employed to

verify successful spawning had occurred. Egg mats were deployed immediately following fish captureabnd la
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drift nets were set at downstream locatioris1s days following spawning events (Nichols et al., 2003; Wei et al.,
2009).

Hydraulic surveys consisted of ADCP transects obtained at 47sgoten locations established at approximate

500 m intevals throughout the study reach (spatial resolution increased in areas of morphological heterogeneity).
ADCP transects were obtained &t Z0 discrete discharges over the range of experienced seasonal flows (100
900 m/s) at each of the 47 cressctio locations using the movingessel method (Muste et. al., 2004), for 427
transects in total. The planform and cresstional anatomies of a typical transect are illustrated in Figure 4.2 and

Figure 4.3.

SonTek® RTK y Flow
K / Base Station
z
X
\Vessel
Movement :

, Vessel with
= Cross Section SonTek® M9
wnn Vessel Path Transducer

and PCM
0 50 100
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Figure 4.2: Planform schematic of ADCP trartséustrating crosssection straight line from installed permanent

benchmarks and ADCP moving vessel path
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Figure 4.3: Crossectional schematic of a) ADCP transect illustrating bathymetry, idealized geometries, bottom
velocities, and vertical velocityrofile, b) vertical velocity profile illustrating profile depth and velocity cells, and

c) velocity cell illustrating component velocities and cell height and width

4.3.3 Data Analysis

At each ofthe 47 crossection locationgparallel spawning utilizatioand hydrodynamic characterizatiomere
completed Results of gg mat, electrofishing, and gillneffortswere assigned tilve crosssection location of
closest proximity.Positive egg mat (EM) % was calculated for egjglcies at eadarosssection location

according to Equation 4.1, considering results from the en§emP sampling program.

0éi QOUMW Qp mat 00 jOD 4.1
whereO U is the number oEMs found with eggs an@® U is the total number of EMs gilwyedover the total
number of EMs set. &tmalized catch per unit efford (0 YO ) was calculateébr each crossection locatiomas

defined in Equation 2.considering electrofishing and gillnet captuoger the entire ¥ear sampling program

60 YO 60 YQP6 0 YO 42
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the species, across all cresction locations. Crossections wittb0YO  in the upperg 0 YO O 0. 75)
guartile were categorized as spawning (S) locations.-dignificantspawning (NS) crossections had no positive

egg mat results and no catches from electrofishing and gillnet surveys-s€ctisaisvith 0.25<6 0 "YO <

0.75 were considered to observe spawning occasionally, however were not included in analysis given the primary
objective of this study was identifying the physical habitat characteristics which differentiate between S and NS
habitat.

The simultaneousshd r aul i ¢ characterization consisted of comp
past studies in hydraulics, geomorphology, and ecology (e.g., Chow, 1959; Rutherford, 1994; Shields and Rigby,
2005; Sime et al., 2007; Marchildon et al., 2011 et al., 2013). Parameters were considered to repagsent
leastone of the following categories of hydraulic habitat: bathymetry, velocity, flow condition, or velocity

variability. Background and potential ecological relevance of each of the 23gparamre briefly discussed below

with calculation methodologies summarized in Table 4.1.
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Table 4.1: Summary of computed hydraylarameters

Direct/

Metric

Metric Class Parameter Units Equation r ) References
Indirect Values
Depth m - - Direct P -
Hydraulic Radius m Y 6 j0 - Indirect T -
Depth Ratio - oY Q jQ - Direct T Fahnestock, 1963
Width-Depth Ratio - Ww0Y wjQ - Direct T -
Bathymetry Aspect Ratio - oY Q jY - Indirect T Mosley, 2006
Rectangular Shape Factor - YY'00 | ®Q - Indirect T -
Elliptical Shape Factor - OY'010 ] “©Q - Indirect T -
Q Q
Depth Gradient - o0 ——F— median, | Indirect P Wang et. al., 2013
p o g
xmedian, xIQ;
ymedian, ylQ;
zmedian, zIQ;
Cell Velocity ms? ® mg)?gggi:?’&?g!q Direct C -
bymedian, bylQ;
; bzmedian, bzIQ;
Velocit ' ’
elocity bmagmedian, bmaglQ
@ pu : Q
6. o ) , ) .
Shear Velocity ms? xmedlgn, xIQ; Indirect p Sime et. al., 2007; Wilcock,
: bxmedian, bxIQ 1996
w p, THQ
5 "4
L 1 . magmedian, maglQ; .
Kinetic Energy Nm VO 105 H’l bmagmedian, bmaglQ) Indirect C Chow, 1959
Flow } W'Y xmedian, xIQ; )
Complexity Reynolds Number - YO —— bxmedian, bxIQ Indirect P Chow, 1959
W ; .
i oY @ xmedian, xIQ; :
Froude Number —,‘m bxmedian, bxIQ Indirect P Chow, 1959
. . 5 . R WR QR ("1 xmedian, xIQ; )
Velocity Gradient 1 ms WP c i ymedian, yIQ: Indirect P
zmedian, zIQ;
o o magmedian, maglQ;
) ) 4 W W —— bxmedian, bxIQ; . Shields and Rigby, 2005;
Velocity Gradient 2 S O — bymed|_an, bylQ; Indirect P Crowder and Diplas, 2005;
Velocity @h bzmedian, bzIQ; Crowder and Diplas, 2002;
Variability bmagmedian, bmaglQ Crowder and Diplas, 2000a
B Whh Whp OF F Dpk i
Area Weighted Vorticity st P Yi Yi y & z; by &bz Indirect T
0w N7
BYi Yi
. . - . , xmedian, xIQ; . Kim and Muste, 2012;
Lateral Dispersion Coefficient - 00 & o, Q bxmedian, bxIQ Indirect P Rutherford, 1994
« 8 A 8 .
. - . . - . W 0: .
Velocity Longitudinal Dispersion Coefficien{ - 06 & X8 ¢ WpK X ug— 5 Q X, bx Indirect T Kasheﬂpo;(;gznd Falconer,
N
. Br oy —&
Ve_Ioc_|t_y Velocity Head Coefficient - S mag, bmag Indirect T Hulsing, 1966; Chow, 1959
Variability P [
¢Q
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Bathymetry parameters characterized riverbed topography and included@eattiliydraulic radius

(Y ), five shape factors [depth raitidO "Y(Fahnestock, 1963), widithepth ratia’ & O 'Y aspect rati®

0 "{Mosley, 2006), rectangular shape fadgtoy "Y,’"@nd elliptical shape factdrO "Y[;G@and depth gradient
1 'O"00andY were obtained toepresent thefficiency of the channel (less flow resistance from
riverbed grains/forms)O "Y(Fahnestock, 1963 O Y0 "{Mosley, 2006);Y "Y,@ndO "Yi@ere
calculated to quantify bathymetric variation for a given caesgion (Fahnestock, 1963; Mosley, 2006).
Y Y& mpared transect cresectional area to that of an idealized rectangle considéring; O “Y1®
analogous toy “"YT@wever it nakes the comparison to an idealized {edlipse considering®  (both
illustrated in Figure 4.3). Irregularity of riverbed bathymetry was characteriz€d'®which expresses

the slope in riverbed elevation between two adjacent vertical profilard et. al., 2013).

Velocity parameters included component velocities®, w), current speedy ), and shear velocity.
W, w,w,andw  andprovided information on flow direction while two versions of shear veldcity
considering deptlaveraged velocityd;) and bottom velocityd; ) in calculatiori characterized near
bed hydraulic conditions (Wilcock 1996; Biron et. al. 2004; Sime et. al. 2007).

Flow condition parameters consisted of kinetic enebg@®( Reynolg numbery ‘®, and Froude number
("OY (Chow, 1959; Gordon et. al., 2006).

Velocity variability parameters included velocity gradientil'), velocity gradient 2 "), area

weighted vorticity ¢ @ ¢y lateral dispersion coefficien®(d Yplongitudinal dispersion coefficien®®
and velocity hae®dcandd tihavwe beemspecifically applied in pasteco
hydraulic investigations using ADCP data (Shields and Rigby, 2005), and were calculated to quantify the
enagy gradients within the flow field (Crowder and Diplas, 200@a)@quantified the drag force acting

on a specific object or organism at a given location, distinguishing betweamiform/uniform flow
locations (Crowder and Diplas, 2000a)."®indicated the energy required for an organism to move from
a lower velocity location to a higher velocity location (Crowder and Diplas, 2000a) cgjuantified
circulation and vorticity within a crossectional plane and portrayed hydraulic behaviour aptuted by

W "Por w "(Shields and Rigby, 200506 dFischer et. al. 1979; Rutherford, 1994) &ad {Seo and
Cheong, 1998; Kashefipour and Falconer, 2002; Shen, 2010) were computed to quantify dispersive
capacityi commonly considered in coménant transport (Seo and Cheong, 1998; Kim and Muste, 2012)

and potentially relevant for broadcast spawner s
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kinetic energy or Coriolis coefficient, quantified nonuniformity of cresstional flow Chow, 1959;
Hulsing, 1966).

The highresolution velocity arrays obtained in this study sometimes permitted the computation of various
forms of each parameter, as illustrated in Figure 4.4. Where applicable, calculations were performed
using the full asemblage of transect velocities as well as those exclusively occurring within 1 m of the
riverbed (Figure 4.4a)). The 1 m threshold was considered appropriate given that {bgsiraalic

studies have considered bottom velocities at a distance 0.5 m digobed (Kieffer and Kynard, 1996;

Kynard et. al., 2000) and was consistent with the boundary layer grain roughness represenggdfby 3D

the observed bed material (Julien, 2002). Also where applicable, parameters were calculated using
respective component velocities for each of the abovementioned velocity subsets, as illustrated in Figure
4.4b).

4.3.4 Hydraulic Representation

Regardinghe physical habitat characteristics computed in this study, the meaning of the terms
iparametero and fAmetricodo dif f43x3(23inteta)raadyerttter s wer e
source data provided by the ADCP surveys, could be calculated in numerous ways as illustrated in Figure
4.4a) and Figure 4b}. Metrics, howeverweretranseciscale quantifications which summarize the

multiple valuef a given parametgoroduced within a given transeartd were either a measure of

spatial average of the parameter values, or an expression of heterogeneity of the parameter values. Such
guantifications were possibleherevalue of a given parameter wealculded for each profile or cell

(indicdad ed by APO or ACO i ,mediaadnd isterquartlieyange(IQ)n t hese cas:
summari zations of the collection of the given tra
Figure 4.4&), applying Eqations 43a) and4.3b) (Walpole et. al., 2007).

. (A i QEQE € da 6 a 0 QIRa Q 43
! pia @ O 7 QEQHA 6 & 0 LIRG Q )
(D) Ng Dg 4.30)

whered represents the parameter of interass, the number of parameter values obtained within the

transect(® = ® g is the median valuéy is the 1Q value, and¥a is the percentile (e.gpj &
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0.25 fa 25" percentile). Median metrics were considered to characterize the spatial average of a given

hydraulic parameter within a transect, while 1Q metrics quantified the spatial heterogeneity of a given

hydraulic parameter within a transect. Median andtifistics were utilized rather than mean and

standard deviation to minimize bias of outlier values otherwise not removed kyrposssing

procedures (Walpole et al., 2007).

Otherparameters considered the entire transect in calculation (indicafed kb

i n )Jaadb | e

therefore werénherentlyquantifications of the overall cross section characteristics (¢.p.,These

par ameters

metrics. In total, 83ifferent metrics (11 SV, 36 median, and 36 1Q) were computed for each of the 427

transects in this study (Table 4.1, Figure 4 @he specific summarization method (all/bottom velocities,

wer e

consi

dered

representative

4 .

of

velocity component, median/IQ) of a given metric are indicatedshbgubscriptr, as specified in Table

4.1
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Figure 4.4: Schematic of metric expressions for a given parameter, X, where a pool of values of parameter

X is obtained for a given transect, divided sequentially by considering a) all velocities and bottom

velocities, b) streamwise&y, lateral (), vertical ¢), and resultant current speéd @ )Qand ¢) median

and interquartile (IQ) expressions (note: not every parameter will produce all of the 16 metric expressions

illustrated; refer to Table 4.1 fapplicable expressions, of each parameter)
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Analysis in Chapter 3 demonstrated no significant positive or negative trend in SV, median, and 1Q
metric values with respect tqip Therefore, the location and shape of hydrodynamic metrics were
adequatly quantified by meant() and variance,( ) of the 7i 10 metric values obtained over the range
in surveyed discharges. Therefore in total, 47 valugsaoid, were obtained (corresponding to the 47
crosssection locations) for each of the 83 metrighierefore hydrodynamic characterization examined
the i) average magnitude and ii) inthscharge variability of metric values at each spatial location, as
guantified by (respectively) the medn @nd variance,( ) of metric values observed over theeyed

range of @p at each crossection.

Chapter 3 identified a set of 22 metrics which statistically represented the remaining 61 metrics. For the
purposes of Chapter 4 here, all 83 of the hydraulic metrics were considered to ensurbytiraiio

correlations were overlooked.

435 Statistical Analysis

In the interest of consistency in methodgn#icant differences iwvalues ofmean' and, between S

and NS crossections werdothtested for employing standard ANOVA with pdsic Tukey tests

(Walpole et al., 2007) Parametric statistics were assumed applicable based on visual compayison of
valuequantile distributions in comparison to thagea Gaussian distribution. In magtcumstances
normality prevailed, however to guard against the implications of minor departures from the Gaussian
distribution, norparametric KruskalWallis tests were run in pardlt® parametric standard ANOVAs.

This analysis producadentical reslis in the vast majority (79%) of casemlidating the initial

assumption parametric statisticbhis analysis was performed individually for each of the 83

hydrodynamic metrics.

Statistical analysis above produdedr distinct scenarios representingw strongly the given metric

differentiated between S and NS crssstions.These are best conceptualized in Figure 4.5 depicting

metric values (ordinate axis) as a function@hb@Q absci ssaXiism harfjreét pil ot . He
series (i.e.line) is formed by the metric values for a given cresstion. The two line types in Figure 4.5
distinguish between the patterns of S and NS esestons; the magnitude)(and interdischarge

variability (, ) are indicated by the height on theyis and straight/jagged nature of the lines,

respectively. Scenario 1 (Figure 4.5a)) occurred where S and NSsextgms significantly differed in
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boththeir magnitude and intatischarge variability (p < 0.05 for bothand, ), representing the

strongest indicators of spawning habitat usage. Scenario 2 (Figure 4.5b), Figure 4.5c)) occurred where
the metric magnitudes, but not inischarge variability, differed between S and NS cresgions (p <

0.05 for* , p > 0.05 for, ). Scenario 3 (Fige 4.5d)) occurred where the indischarge variability of

metric values, but not magnitude, differed between S and NSs®otiens (p < 0.05 fgor , p > 0.05 for

). Scenario 2 and Scenario 3 metrics were considered to indicate weaker relatiotissiipgariable

nature obscuring any potential conclusions for inclusive metrics. Scenario 4 (Figure 4.5e), Figure 4.5f))
occurred where S and NS cresctions did niosignificantly differ in their magnitude or intelischarge

variability (p > 0.05 for both and,, ), therefore not providing useful indicators of spawning habitat

-

utilization in any manner.

Scenario and
p values for

(Metric)

p and 62
(Discharge)
. a
Scenario 1 )
P AAAY
62, p <0.05
. C
Scenario 2 b) )
wp<ns | —— /MW
R B I VA VA VAN

Scenario 3 d)
1, p 20.05 7%%{

62, p<0.05

Scenario 4 e) )
62, p =0.05

Figure 4.5: Potential scenario classifications accortirgignificant difference (p < 0.05) or no
significant difference (p O 0.05) -decidnswéteraspestp awni n

to metric magnitude () and/or interdischarge variability,( ) as illustrated in on conceptual metric

discharge plots (metric values on the ordinate axjs, @h the abscissa)
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Spatial averaging metrics (SV and median) total 47 of the 83 metrics, or 56.5% of the metric dataset.
Spatial heterogeneity metrics (IQ) total 36 of the 83 metrics, representifig 48the dataset.

Deviations from these natural percentage splits within each scenario and/or within each metric class
(bathymetry, velocity, flow condition, or velocity variability) in results indicated biasing towards the
corresponding types of charagrations.

4.4 Results

Figure 4.6a) and 4.6b) respectively illustrate walleye and lake sturgeon Positive EN®antiO

values for cross sections with positive egg mat results and/or electrofishing and gillnet captures. As
indicated on Figure 8, 3 crosssections were significant spawning (S) locatidPes(tive EM %
accompanied b§ 0 YO > 0.75), and 4 crossections were considered occasional spawning locations.
While Positive EM % ané 0 "Y'O for XS03 and XS04 appear totentially indicate successful
spawning, sample sizes were considered too small to classify thenThe 8ajority (40/47) of the
crosssections did not demonstrate any positive egg or fish capture results, and were considered

significant spawningNS) locations and not included in Figure 4.6.
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Figure 4.6: Positive egg mat percentages (Positive EM %) and normalized catch per unit effort
(6 0 YO ) for a) walleye and b) lake sturgeon on the Rainy Rivenctfsignificant spawning
locations (NS) wereobservedand are not included
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Within the set of 83 metrics, 44 (53%) demonstrated significant differences in S and‘N&htbB2

(39%) demonstrated significant differences,for Table 4.2 summarizes the results of the {bost

Tukey tests comparing S and NS cresstions for both and,, . Scenario classifications according to
Figure 4.5 are indicated by shaded black bp$esnario 1 metrics are strong statistical differémtia
between S and NS habitats, and Scenario 4 metrics do not statistically differentiate between S and NS
habitats A total of 24 (29%) metrics observed significant differences in bahd, (Scenario 1).
Conversely, there was no significant diface in* or,, (Scenario 4) in 31 (37%) of cases. A total of
20 (24%) metrics demonstrated Scenario 2, and 8 (10%) demonstrated Scefiabte3!.3 summarizes
the number of metrics under each scenario classification by metric class (bathymetity, oy
condition, and velocity variability), and further separates results by metric class (SV, median, or 1Q).
Findings of these tables are highlighted in the following Secttohdand4.4.2

4.4.1 Scenario and SV/Median/IQ Totals

The percentage splits between SV, median, and 1Q metrics support the importance of SHH in
differentiating betweespawning habitat utilization for walleye and lake sturgeon, as metrics expressing
spatial heterogeneity (IQ) accounted for 20/24 (84%) of the Scenario 1 rilethmest double the 43.5%
natural composition. In contrast, SV and medmetrics (representing spatial average) collectively
accounted for only 4/20 (16%) of Scenario 1 metrics (much lower than their combined 56.5% natural
contribution), and in fact were all indirect quantifications of wittnansect spatial heterogenef 'O

WP , 00 , and ). ‘O "@haracterized the irregularity of the bottom contours (Wang

et. al., 2013)w "Pdistinguished between areas of uniform and-uniform flow (Crowder and Diplas,

2000a),w "Qquantified the energy required for an organism to move from a location of lower velocity to

one of higher velocity (Crowder and Diplas, 2000a
flow (Hulsing, 1966).

Scenario 2 and Scenario 4 respexdy demonstrated 75% and 74% combined SV and median metrics,
which are each almost 20% higher than the natural percentage split. As Scenario 2 represents
differentiation between S and NS and Scenario 4 does not, this suggests it is difficult tonascertai
spawning vsnonsignificant spawningpabitat using SV and median metrics. The equivalent corollary

holds that indicators of spatial heterogeneity (IQ) are observed much more frequently in cases where
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differentiation exists between S and NS (28/36 = B8% metrics present in Scenario 1, Scenario 2,

and Scenario 3 as compared to 24/47 = 51% of SV and median metrics).

4.4.2 Scenarios and Hydraulic Metric Classes

Separate analysis (not shown) did not indicate definitive patterns in the scenario presanittio

respect to whether the metric was computed considering velocities from the full depth or exclusively the
bottom 1 m. This is consistent with results from Chapter 3, where the bottom velocity metrics were
consistently correlated with their equivade applying the full depth of velocities.

The bathymetry metrics calculated in this study were not overly indicative of spawning habitat usage, as
5/10 = 50% were classified as Scenario 4. INgationships were especially true for spatial average
expressions, as only 1 of the 6 SV bathymetry metrics was not Scenario 4. The few metrics which did
present as Scenario 1 provided evidence for the crucial role of SHH in bottom topography in spawning
habitat utilization; the only 2 1Q metrics in the bathyipelass'© , O "0) both were Scenario 1 and the
only other Scenario 1 bathymetry meti@ 0O ), although a median metric, inherently quantifies the

changes, or diversity, in riverbed bathymetry as discussed previously.

The velocityclass of metrics also provided support for the importance of SHH in spawning habitat
utilization. All of the 7 Scenario 1 velocity metrics were IQ expressions, with no IQ metrics presenting as
Scenario 4 (2 1Q metrics were Scenario 2, 1 was Scenarid@y specifically, spatial heterogeneity

(IQ) expressions of streamwise velocities, vertical velocities, and shear velocities (both along the bottom
and over the full depth) proved to consistently be indicative of spawning habitat usage. The majority
(5/7) of velocity Scenario 2 metrics were SV or median expressions, indicating that spatial average
expressions generally would differ in spawning usage with respect to metric magnitude, but-not inter
discharge variability. However, this trend may not biabé as the only 4 Scenario 4 metrics in the

velocity class were also median expressions.

Flow condition metricst{ Q'Y ‘Q"OY have often been the target of past hydraulic investigations of
aquatic habitat (e.g., Kemp et. al., 2000; Marchildonlgt2@11). However, results here do not indicate
they are good indicators of spawning habitat usage. Half (6/12) of these metrics presented as Scenario 4

(3 median, 3 1Q), while only 2Y'O ,"OY ) presented as Scenario 1.
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Velocity variabilty metrics accounted for almost half (40/83) of the full collection of metrics, with most
(32/40) being variations of VG1 and VG2 presented by Crowder and Diplas (2000a, 2006). Velocity
variability metrics likely predominantly presented as either stiodigators or nofindicators of

spawning habitat usage, as the majority were split into either Scenario 1 (12) or Scenario 4 (16) (as
compared to 12 for Scenario 2 and 3 combined). Of the Scenario 1 metrics, 9/12 (75%) were 1Q
guantifications. In contrsl1/16 (69%) of the Scenario 4 metrics were SV or median quantifications.
Therefore for this class of metric, it is the spatial diversity in the variation of velocities which is more
indicative of spawning habitat usage, further supporting the imperirgpatial heterogeneity over
spatial average in habitat considerations.

w "Pandw "@have specifically been applied in several-bgdraulic investigations (Crowder and Diplas,
2000a, Shields and Rigby, 2005; Crowder and Diplas, 2006; Harrisbn2011), and theoretically hold
excellent promise as indicators of aquatic habitat. Table 4.4 summarizes resuli®&rdw "Q
specifically (analogous to Table 4.3). Patterns are consistent with findings for each of the metric
categories: no caistent distinction exists between all velocity and bottom velocity metrics, IQ metrics
are typically more prevalent in Scenario 1, and median metrics are more common in Scenario 4
classifications. These findings indicate that these two metrics in partttunot offer any greater

relationships with spawning habitat usage than would be found using other parameters.

It is recognized thab "®andw "©may more commonly be calculated using either streamwise velocities

or resultant current speeds (e $hields and Rigby, 2005). From Table 4.4, 6 of the 8 VG1 variants

employing streamwise or resultant velocities in calculation presented as Scenario 4, and none presented as
Scenario 1. In contrast, 5 of the8@variants using streamwise or resuttaelocities were classified as
Scenario 1, and only 1 was categorized as Scenario 4. This suggest$ipabvides better indications

thanw "@if calculated using traditionally applied velocity components.

58



Table 4.2: Results of standard ANO\&Ad posthoc Tukey test analysis, indicating the p values
between spawning (S) and no spawning (NS) esestions for both metric magnitude) @nd

inter-discharge variability,( ). Scenario classifications of each metric are indicated by black

boxes.
Metric Class Code p fdp f% n Szcena;'lo 2 Metric Class Code p fd f2 Scenario
Drmedian 0 VG Limedian 0.001
Diq 0 VGl,iq 0.209
Ry 0 VGlymedan | 0.301
DR 0.991 VGlyig 0.053
Bathymetry WDR 0.597 VG median 0.063
AR 0.863 VGl,ig 0
RSF 0.738 VG Lmagmedian 0.153
ESF 0.738 VGlnagig 0.688
DGregian 0 VG Lonedian 0.063
DGy 0 VGlyq 0.866
meedjgn O VGlb median 0.662
Vi 0.001 VGlayg 0.001
Vymedan | 0.238 VGlymedan | 0.01 0
Vyg 0.01 VGloyig 0 0
Vomedan | 0.205 VGloymagmedan | 0.809
Vag 0 VGlymagq | 0.542
Vinagmedian | 0.004 VG2meten | 0.345
Vinagiq 0.122 VG2, 0
Vsnedian 0 VG2ymedian 0.34
Vixig 0.011 Velocity VG2yiq 0.646
Velocity V bymedian 0.71 Variability VG2median 0
Viyia 0.02 VG2, 0
Vbzmedin.._]...0:999 VG2nagmedian 0
Vzig 0.007 VG2magig 0
Vimagmedian | 0.013 VG2hxmedian 0.345
Vbmagiq 0.019 VG2iq 0
U-median 0.063 VG2hymedian 0.762
Usiq 0 VG2yiq 0.852
Upmedan | 0.539 VG2umedan | 0.035
Usbiq 0 VG2usiq 0.045
0.015 VG2Zhmagmedian 0
0.299 VG2hmagiq 0
0.862 AWV 0
0.306 AWV, 0.1
, 0.995 DCVpean | 0.625 | 0.806
0.06 DCY, 0 0
Flow REq 0.001 DCVomedian | 0.994 | 0.379
Condition REomedian 0 DCViig 0 0
REuq 0003 | o 0 0 0
FRuegian 0 0706 [ - G 0732 ] 0
FRo | 0299 | ootr | [ ] | -
FRomedian 0 0.821
FRoug 0.002 0
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Table 4.3: Summary of total number of metrics demonstrating Scenario 1, Scenario 2, Scenario 3, and
Scenario 4 for bathymetry, velocity, flow condition, and velocity variability metric classes, further

discretized into SV, median, or IQ miettypes

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Total

Bathymetry 3 2 0 5 10
sV 0 1 0 5 6

Median 1 1 0 0 2

Q 2 0 0 0 2

Velocity 7 7 3 4 21
SV 0 1 0 0 1

Median 0 4 2 4 10

IQ 7 2 1 0 10

Flow Condition 2 4 0 6 12
SV 0 0 0 0 0

Median 0 3 0 3 6

IQ 2 1 0 3 6
Velocity Variability 12 7 5 16 40
SV 1 1 1 1 4
Median 2 4 2 10 18
Q 9 2 2 5 18
Total 24 20 8 31 83
SV 1 3 1 6 11
Median 3 12 4 17 36
Q 20 5 3 8 36
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Table 4.4: Summary of scenario classificationsiio@andw "Qwith respect to SV/median/IQ

guantifications and computation applying all velocities/bottom velocities

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Total

VG1 4 1 3 8 16
Median 1 1 1 5 8

Q 3 0 2 3 8

VG2 5 5 1 5 16
Median 1 3 1 3 8

1Q 4 2 0 2 8

Total 9 6 4 13 32
Median 2 4 2 8 16

IQ 7 2 2 5 16

4.5 Discussion

From the comprehensive suite of hydraulic metrics at the-sexg®nal locations examined throughout
the study reach it was possible to clearly differentiate between spawningm@significant spawning
locations for both walleye and lake sturgeon. Metrics expressing spatial habitat heterogeneity proved
most useful for purposes of differentiating between habitat types; specific examples and potential

explanations are discussedfre following sections.

45.1 NonIndicative Metrics

The specific metrics presenting as Scenario 4 are of interest, as many of them have been the subject of
past ecehydraulic investigations. For example, 5 of the 6 SV shape fa&oys{ O Y0 'YY "Y,"@nd
O"Yywere all classified as Scenario 4, however these and other expressions-séctiossl geometry

are often the logical target of morphological and habitat investigations owing to their relative ease of
calculation (Annable, 1995; Romg, 1996; Mosley, 2006). Shear velocity (or the related shear stress) is a
commonly computed parameter characterizing hydraulic conditions near the riverbed in sediment
transport and hydraulic studies and, more recently, has been investigated in stedidggating aquatic
habitat structures relating to their loteym stability (Carre et al., 2007; Biron et al., 2009). Here, the
median expressions o0f ando. both presented as Scenario 4, however their IQ equivalents both

demonstrated Scenarid Dffering an especially illustrative example of the importance of SHH over
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spatial averaging. Various forms of kinetic energy have been the subject of numeroigshadpitat

studies (e.g., Smith and Brannon, 2007; Kozarek et al., 2010; Marchildon et al., 2011; Wang et al., 2013),
however in this study, all ‘Oguantifications demonstrated Scenaricdt® quantifying the drag force

on an organism, was developggkcifically for aquatic habitat characterization by Crowder and Diplas
(2000a) and has been subsequently applied ingdaulic ADCP studies (Shields and Rigby, 2005),
however did not differentiate between S and NS habitats in half (8/16) its variatibbesng directly

compared to spawning habitat here.

45.2 Spatial Habitat Heterogeneity and Large Roughness Elements

The results presented in this study provide a consistent argument for the significance of SHH in walleye
and lake sturgeon spawning habitaage. The prevalence of IQ metrics in Scenario 1, along with the
higher percentages of spatial average metrics (SV, median) in Scenario 4 emphasize the importance of
maintaining a diversity of hydraulic niches for spawning walleyes and lake sturgjeerconcept of

SHH is not entirely new to the biological community, and has been cited previously in literature. Zimmer
and Power (2006) recognized that a low tolerance existed for variation at the macrohabitat level, however
increased diversity of micralbitats at the mesohabitat scale (as is quantified in this study with 1Q

metrics) facilitated reduced spawning site competition in brown trout, leading to more successful
populationwide spawning. While the majority of walleye and lake sturgeon restorgttidies target the
satisfaction of sitescale hydraulic spawning characteristics (Geiling et al., 1996; Lowie et al., 2001;
Johnson et al., 2006; Roseman et al., 2011; Katt et al., 2011), several more recent projects have
considered the role of multipkabitat niches and the value of SHH in overall reproductive success for
organisms and ecosystems as a whole (Newbury and Gaboury, 1993; Jones et al., 2003; Palmer et al.,
2007; Daugherty et al., 2008).

Many of the results supporting SHH here can beanpt by the presence of hydraulic conditions

induced by large roughness elements (LRES) such as large boulder clusters, bedrock protrusions, and
variation in bathymetry and substrate grain roughness. These features have been correlated with higher
fish densities in past works, albeit often in smaller systems (Van Zyll de Jong et. al., 1997; Smith et. al.,
2005; Smith and Brannon, 2007). As was discussed in Chapter 3, LREs cause the formation of
macroturbulent flow structures such as vortices, boils gadies which have been recognized as

important hydraulic habitat features (Enders et. al., 2003; Tritico and Hotchkiss, 2005); in some cases,

fish have even shown the ability to capture kinetic energy in vortices to economize energy expenditures
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(Videler @. al., 1999; Liao et. al., 2003). The macroturbulent flow structures would vary both spatially at
a point in time (SHH, increased IQ expressions) afssséation between sampling instances (increased

). In observing both increased IQ expressions t&na lesser degree, intdischarge variabilities at
locations of high spawning habitat utilization, this study has supported the linkages observed between
LREs, macroturbulent flow structures, and ecological function observed in smaller watercoufses and

other species.

It is interesting to note, however, that in the majority of cases wherelist#rarge variability differed
between S and NS, so too did intischarge metric magnitudes (only 8 Scenario 3 metrics compared to
24 Scenario 1 metrics)lhis may suggest that walleye and lake sturgeon select locations where higher
inter-discharge metric magnitudes would prevent the idigcharge variations from introducing

hydraulic conditions below a given threshold, whether it be spatial averagemgemeity based.

45.3 Comparison to Past Spawning Habitat Studies

Spawning habitat investigations for both walleye and lake sturgeon has typically emphasized substrate
type, perhaps rightly so as studies have shown consistent agreement between obleyecanddake
sturgeon spawning habitat and published HSIs with respect to substrate, but less so with depth and
velocity (Lowie et al., 2001; Manny and Kennedy, 2002). Corresponding restoration efforts have
demonstrated mixed success for walleyes (l&iadult abundance increases, but regular increases in
live egg densities Newbury and Gaboury, 1993; Geiling et al., 1996) and good success for lake sturgeon,
provided substrate remains clean (Johnson et al., 2006; Roseman et al., 2011). Uncirtainties
effectiveness of restoration initiatives are partially due to the variability in methods used to evaluate
success (electrofishing, gillnetting, egg surveys, etc.) and duration efgt@tation monitoring, which
when combined with regiespecific difierences in yeao-year hydrological and biological behaviour
patterns make definitive conclusions challenging (Geiling et al., 1996; Katt et al., 2011).

Regarding substrate, literature typically has considered clean boulders, cobbles, and gravels with
observable interstitial spaces for egg settling as optimal for both walleye and lake sturgeon spawning
(Geiling et al., 1996; Lowie et al., 2001; Bruch and Binkowski, 2002; Manny and Kennedy, 2002; Chiotti
et al., 2008). While this study did not expligilpecify substrate types of spawning cresstions,

results here do agree with these historical substrate preferences in other ways. The interquartile range of

depths in a transedd( ) presented as Scenario 1, as did both median and interqueptiéssions of

63



depth gradient@® "O andO "O). In each of these three cases, a diversity of larger particle sizes
(boulders, cobbles) with void interstitial spa¢esonsidered important for spawning habitat (Chiotti et
al., 2008)i would result in larger magnitudes and intischarge variabilities which logically correlates

to their classification as Scenario 1.

The presence of void interstitial spaces within appropriate substrate has been emphasized repeatedly as a
crucial component foboth walleye and lake sturgeon spawning habitat (Geiling et al., 1996; Johnson et
al., 2006; Roseman et al., 2011). Maintenance of these interstitial spaces would be accomplished by
higher flow velocities (which lake sturgeon preferred on a-made spaning shoal on the Detroit River

T Roseman et al., 2011) and/or increased-bedrturbulence (as would occur from barchans/shelves
along the bottom at lake sturgeon spawning locations on the Big Manisteé¢ Rilitti et al., 2008).

While not directlyquantified in this study, the importance of void interstitial spaces was supported, as
metrics representing increased nkad turbulence and subsequent ability to maintain clean substrate
often presented as Scenario 1. LREs associated with inci@asé&a O , andO "0 (all Scenario 1)
would work to flush fines away from the spawning location. Other metrics inclii@g and OY

(both indicators of the heterogeneity of bottom velocity turbulence) and interquartile chtgé®m

velocity streamwise velocityf ), bottom velocity resultant current speed (), and shear

velocity 0. ,06 . ) (all representations of nebed hydraulic variability) would also maintain

interstitial spaces betweearicles.

It is conceivable that these substragtated, sitdevel restoration measures are actually having a

hydraulic impact which is the driving influence behind observed spawning usage preferences. By
installing boulder and cobble substrates, sREd macroturbulent flow structures are induced, working

to a) maintain clean substrate and b) introduce SHH at a reeal®, both of which have heretofore been
identified as important components of spawning habitat. Indeed, increased productioaeofilary
spawning success) was observed at locations whergifflEosequences were introduced, as compared to
the existing channelized sections (Newbury and
explicitly been identified in literature tis far, the findings of this and other studies supporting SHH may
be one in the same with historical walleye and lake sturgeon restoration approaches, whether the
mechanism for spawning usage be purely substeddaged or driven by resulting hydraulicEherefore, if

SHH is the fundamental, overarching component driving spawning habitat usage and success, future
restoration efforts should potentially target strategically placed boulder and cobble substrates in order to

promote reaciscale diversity in hatat niches. This diversity would allow for spawning, rearing,
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juvenile, and adult life stages to all be successful (Jones et al., 2003; Daugherty et al., 2009), and may
explain why increased production of walleye larvae was found at introducedffi@osequences in a

formerly channelized river reach (Newbury and Gaboury, 1993).

4.6 Conclusions

The importance of relating ecological function with hydraulic classifications and/or quantifications (e.g.,
Newbury and Gaboury, 1993; Annable, 1995; Rosger51®@8l become progressively more important

for fisheries management in lieu of increasing development pressures (Zimmer and Power, 2006).
Effective ecological management of watercourses depends on the validity of tmgdeaolic

relationships availabl® decision makers, along with the application of these habitat quantifications in
ecologically meaningful frameworks. In this study, the frequent correlation of SHH hydraulic metrics
with increased spawning habitat usage provides evidence that prokweity in habitat types (SHH)

plays a role in walleye and lake sturgeon spawning habitat site selection. The traditionadungicro
mesaescale evaluation approach may therefore be overlooking key components influencing walleye and
lake sturgeon spawrgrsite selection. This is not to say that past restoration approaches focused on
substrate are not validSHH through formation of macroturbulent flow structures is produced by the
presence of LREs in large rivers, and this corresponds well to histmethbdds of walleye and lake

sturgeon spawning site evaluation/rehabilitation which promote coarse substrate sizes (cobbles, boulders).
However, the findings of this study suggest that spawning site selection is potentially influenced not just
by larger sibstrate but also driven by the diversity of hydraulics they introduce, and as such single point

measurements are not sufficient when evaluatinghgdoaulics.
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5.0 Conclusions and Recommendations

During the opefwater seasons of 2012 and 2018¢tal of 7i 10 ADCP transects were obtained over the
range in seasonal flows (10®00 ni/s) at 47 crossection locations on a 21 km reach of the Rainy
River in northwestern Ontario, totalling 427 transects infdic each of the 427 transed@s,

hydrodynamic metric expressions of 23 commonly computed hydraulic parametersomputed.
Statistical analysis investigat@dcorrelations between metrics, ii) dischargéated patterns in spatial
average and spatial heterogeneity between locationfferetit morphological complexés and iii)
correlations with walleye and lake sturgeon spawning habitatisehydraulic relationships in iii)
employed findings from parallel walleye and lake sturgeon spawning surveys.

As an ancillary byproductfdhe field program, an investigation into the global accuracy of
nongeorectifiedRTK-GPS ADCP systems was performeglobal accuracy of a parallgeoreferenced
RTK-DGPS system was confirmed, asetval as the comparator for tihhengeorectifiedsPS systm.
Thenongeorectifiedystem proved to be globally accurate in only 7% of base station setups, however
when the setuppecific vertical datum was corrected using the georeferencedlRIRS, 80% of the

base station setups demonstrated sufficient glolealracy. ThereforapongeorectifiedRTK-GPS ADCP

readings should be augmented by georeferenced ®F 8 survey data if global accuracy is desired.

Chapter 3.0 identified large degrees of correlations in the set of 83 hydrodynamic metrics, identifying a

more rudi mentary set of 21 fArepresentativeodo metri cs
Acorr el at @nlyd ofthe 22representative metrics were considered directly extractable (i.e.,

simple expressions of depth or velocity componeydsxollectively represented 51 of the 61 correlated
metrics. Of those 51 metrics, 40 were Aindirecto
measurements of depth and velocity). Therefore, when sufficient spatial coverage is obtaihed, simp

directly extractable metrics such as those based on current speejiqre statistically representative of

the majority of more complex, indirect hydraulic quantifications commonly computed in literature for

purposes of sediment transport, coriteant dispersion, and aquatic habitat evaluation.

Statistical analysis indicates hydrodynamics do not trend positively or negatively as a fahction
dischargeonly 5 of 22 representative metrics demonstrated regression slope coefficients significantly
different from zero. Rather, sensitivity to discharge was observed in terms of diseHatee variability

in metric values at specific cresection locations. High complexity cressctions demonstrated higher

inter-discharge variation than low conegity crosssections for 13 of the 22 representative metritise
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demonstrated stability and lack of trend in metric values at low complexity locations indicates overall
insensitive hydraulics at these locations, suggesting lower spatial and temparahéeqf ADCP
transects is likely sufficient for hydraulic characterization at these locations. In contrast, large
fluctuations in metric values were observed at high complexity-sexgtions, likely due to increased
presence of LREs and the resultingcnagurbulent flow structures (e.g., boils and vortices). This
macroturbulence would change based on watercourse discharge, but also temporally at a constant
discharge, highlighting the need for increased spatial and temporal frequency of ADCP traiaseats at
of high geomorphological complexity in order to adequately characterize hydiagkpgcially given

the instantaneous profiling of ADCPs.

Chapter 4.(rovided evidence supporting the role of spatial habitat heterogeneity in spawning site
seleciton through comparison of the above hydraulic metrics to confirmed locations of walleye and lake
sturgeon spawningfor metrics which differentiated between spawning rmsignificant spawning

locations (Scenario 1), 84% were 1Q metrics. Even wherar8Mmedian metrics differentiated between

S and NS locations, often these were indirect quantifications of SHH, such@&¥orFurther the three

high complexity crossections from Chapter 3.0 are the same three-sexg®ns classified as spawgi

(S) locations in Chapter 4.0. Thus, areas of geomorphological complexity and the presence of LREs
causing macroturbulent flow structures (and increased SHH) were more highly used by spawning walleye
and lake sturgeon. The above two observations suggesference by walleye and lake sturgeon for
hydraulic habitat diversity in spawning sites and proximal areas. Therefore, traditionally obiagied

point measurements dikely not sufficient when evaluating velocities and hydraulics related to

ecdogical function However, results here do lend credibility to past walleye and lake sturgeon spawning
habitat rehabilitation approaches emphasizing large substrate sizes (cobbles and boulders), which would
represent LREs and induce the macroturbulendeSatH correlated with spawning site selection in this

study.

Given the above findings, this study recommethds, in large, lowrelief rivers,resources be directed
towardsthecollection of easily obtained, directly extractable hydrodynamic metriosr@ased spatial

and temporal scales locations of high geomorphological complexity. This may be dffgéte reduced
spatial and temporal sampling at locations of low geomorphological complexity. Lastly, when evaluating
spawning habitat for walleyand lake sturgeon, single point hydraulic measurements are likely

insufficient, and increased spatial coverage is necessary to characterize critical components of SHH.
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Appendix A

Study Reach Hydrology
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Al Methodology

Evaluating the flow regime under the 2000 Rule Curve is not the focus of this study; rather, it investigates
linkages between physical habitat characteristics and spawning habitat. Nonetheless, a general
investigation into hydrology in the study reach enthe 2000 Rule Curve is warranted for scope

purposes.

Environment Canadads Water Survey of Canada provi
Frances (WSC Station 05PC019, located directly downstream of the IFD) fronii 20Q6 inclusive

(WSC, 2013). To examine overall hydrologic behaviour, Log Pearson Type Il (LPIII) flow frequency

analyses were performed over the entire 105 year period of record, as well as for the time periods
corresponding to the different operation regimes of tie IF

Further hydrologic investigations were limited to 200@resent, as the 2000 Rule Curve which currently
governs IFD discharges was implemented in 2000. Dam operators provided Rainy Lake WSE at the IFD
as well as IFD discharge records from 20013 (Medina 2013).

Provided suitable spawning habitat is available, the main concern regarding river regulation is significant
fluctuation causing either egg dessication or washdéldlleye and lake sturge@pawning occurs

anywhere during the month$ April i June, depending on climatic conditions in the year oféstawith

an egg incubation period of approximately 3 we€k®$EWIC, 2006) Considering thi8 week (21 day)
period Qrp was considered IFD discharge on day 1 (the day where eggs may be dispersed),with Q

and Q,i, being the maximum and minimum discharges observed within the 3 week window. The
maximum and minimum deviation in IFD discharge from the day of egg dispersalcalculated as, &

T Qirp, and Qun T Qirp, respectively, and represented the fluctuation in flow experienced by eggs
deposited on day 1. This calculation was performed for each day in a moving time window fashion for

the potential spawning months (ApMay, June) for 2000 2010.

Three HOBO U20 Water Level loggers (On€etmputer Corporatiqr2013) were installed at three
locations and obtained water levels over various portions of the period of study: 1) at the Fort Frances
boat launch (XS07) ém October 2011 October 2013, 2) downstream of the major islantitédd

(XS18) from October 2012 October 2013, and 3) downstream of the confluence with Littlefork River
(XS44) from October 2012 October 2013. Rating curves were developed accordingethods by
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Sauer (2002) for these three locations using WSE obtained from HOBO U20 loggers and reported IFD

discharges.

A2 Results

Results of LPIII flow frequency analysis using flow records from Environment Canada are summarized in
Table A.1 and Fjure A.1.
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Table A.1 Rainy River at Fort Frances LPIII Flow Frequency Analysis

Time # of Discharge (nis) for Return Period (years)
_ IFD Operating Guideline
Period Years 1.0101|15 |2 5 10 25 50 100 | 200
1906- 2010| 105 All 136 440 | 642 | 942 | 1112|1297 | 1415|1519 | 1611
1906- 1949| 44 Unrestricted 122 320 | 473 | 765 | 981 |1278| 1515|1764 | 2027
1950-1970]| 21 1949 Order, 1957 Supplementary Ord 219 610 | 849 | 1067 | 1153|1221 | 1253|1274 | 1289
1971-1999]| 29 1970 Supplementary Order 271 500 | 676 | 926 | 1089|1292 | 1440|1586 | 1733
2000- 2010| 11 2000 Rule Curve 241 510 | 743 | 1112| 1373|1717 | 1983 | 2257 | 2542
Rainy River IFD Flow Frequency Analysisog Pearson Type Il
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FigureA.1l: Rainy River at Fort Frances LPIII Flow Frequency Analysis
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FigureA.2 illustrates IFD discharges in comparison to water surface elevations (WSE) for each of the
transducer locationsRating curves and equations at the Fort Frances boat launch (XS07), downstream of
the major island/90bend (XS18), and downstream of the fi@@nce with Littlefork River (XS44) and

are illustrated in Figure A.3, Figuref\.and Figure 45, respectively. While power curve equations
demonstrated &> 0.9, regions of outlier data highlight the variability in staiggeharge relationships in
thestudy reach caused by backwater/routing and hysteresis effects.

Figure A.6 illustrates the maximum increase or decrease in IFD dischargenieek 3loating window
from a given day (corresponding to the maximum incubation time for Walleye and Lagedteggs
(COSEWIC 2006), within the spawning season (Mayine) in years 20002010 (ie; under the 2000
Rule Curve). The observed historical fluctuations may introduce variability in hydraulics; the rate of
these changes may be greater than fish woelldaturally accustomed to. The fish would choose
spawning locations based on the hydraulic habitat conditions present at thegtime the observed
variability in hydraulics as a function of IFD discharge, it may be more effective to maintain

consisency/ sl ow alteration of flows rather than targe

conditions.
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Figure A.2: Rainy River Hydrograph October 2G1@ctober 2013
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Rainy Lake WSE at the IFD are illustrated witle fRainy Lake 2000 Rule Curve along with Rainy River
discharge hydrographs for each year from 20@R13 inclusive are illustrated Figure A7 through

Figure A26. Manual inspection of recosckliminated conspicuously outlying data resulting in the
observed discontinuities. Plots for 2008 and 2009 are not shown due to poor quality data. The Rainy
Lake WSE plots illustrate overall consistent satisfaction of the 2000 Rule Curve in the nodjthréy

years. However, hydrograph patterns in the Rainy River fail to demonstrate the same degree of
consistency, highlighting the unnatural seasonal flow patterns resulting from the lack of direct regulation

of Rainy River flows.
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Figure A.8: 2002 Rainy River Hydrograph
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Figure A.13: 2005 Rainy Lake WSE at IFD and 2000 Rule Curve

1200 —

1100 —

1000 —| 2005

900 —|

800 —

700 —|

600 —

500 —

Discharge, Q (m3/s)

400 —

300 —|

200 —

100 —

Jan ‘ Feb ‘ Mar ‘ Apr ‘ May ‘ Jun ‘ Jul ‘ Aug ‘ Sept ‘ Oct ‘ Nov ‘ Dec ‘
Figure A.14: 2005 Rainy River Hydrograph
102



Rainy Lake WSE at IFD (masl)

Discharge, Q (m3/s)

338 —

337.5 —

337 —
2000 Rule Curve Lower Limit
2000 Rule Curve Upper Limit
2000 Rule Curve Drought Line
Rainy Lake Maximum Elevation
3365 " rep | | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Figure A.15: 2006 Rainy Lake WSE at IFD and 2000 Rule Curve
1200 —
1100 —
1000 — 2006
900 —
800 —
700 —
600 —
500 —
400 —
300 —
200 —
100 — A
p
0 | | | | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Figure A.16: 2006 Rainy River Hydrograph
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Appendix B

Study Reach Water Temperature
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B.1 Methodology

The three HOBO U20 Water Level loggeisscribed in Appendix Abtained water temperature records

at locations and time perio@seviously specified Water temperature was also collected by the ADCP
transducer during velocity profile surveying. The HOBO logger temperatures were obtained at the
riverbed along river margins, whereas ADCP temper
temperatire records were obtained from the Fort Frances Airport weather station. Analysis of study reach
water temperatures addressed general temporal/seasonal pattertigrisgat spatial mixing, and

streamwise temperature trends.
B.2 Results
Figure B.lillustrates water and air temperatures during October R@dtober 2013.

Typical northwestern Ontario water temperature patterns are evident, generally following air temperature

trends and consisting of low winter temperatures 2£C) and warm sumnmeéemperatures (2025 °C).
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Figure B.1: Temporal Record of Water and Air Temperatures

Figure B.2andFigure B.3illustrate the temporal record of water and air temperatures over the 2012 and
2013 field seasons respectively, with water temperatures from HOBO loggers and ADCP surveys
indicated. Water temperatures at the water surface (ADCP survey) wef€ @@&aer on average than

at the riverbed (HOBO loggers). Inspection of crinpaasect water temperature patterns indicated greater
temperatures typically present toward river margins corresponding to lower flow velocities and shallower

depths.

111



40 — 40

Air Temperature |

[ ] XS07 ADCP |

XS07 HOBO U20 |

10 IFD Discharge — 30

[y -

= Y 'S
= -7
2 20 — 20 _5
= B <)
- ]
s B ®
= =N
D [ ] r [
= by L -
E o

o 10 — 10
- -
3 2
= @)
B ~
0 — 0
-10 — -10

4/3/12 4/16/12  4/29/12 5/12/12 5/25/12 6/7/12 6/20/12 7/3/12 7/16/12 7/29/12

Date (m/d/y)
Figure B.2: Tenporal Record of Water and Air Temperatures During 2012 Field Season

40 — 40
Air Temperature I
@®  XS07 ADCP I
XS07 HOBO U20 i
| XS18 ADCP -
-~ XS18 HOBO U20 L 30
¢ A XS44 ADCP i >
rd XS44 HOBO U20 =
o IFD Discharge j
g % » 3
= ()
= =
s &
s =3
2 £
g N
5 10 10
" -
S
5 2
S A
= o
0 0

4/2/13 4/15/13  4/28/13 5/11/13 5/24/13 6/6/13 6/19/13 7/2/13 7/15/13 7/28/13

Date (m/d/y)
Figure B.3: Temporal Record of Water and Air Temperatures During 2013 Field Season

112



Figure B.dillustrates four instances where water temperatures over the entire study reach vired obta
within a 3 day period through ADCP survey, indicating patterns of longitudinal temperature change at a
given point in time. Water temperatures did not exhibit substantial longitudinal change over the length of
the study reach (maximum range of XJ, however spikes in water temperature were observed below
confluence with the Littlefork River (~ 21 km downstream of the IFD) suggesting indtes

unregulated major tributaiig typically warmer than in the Rainy River
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Figure B.4: LongitudinaPatterns of Water Temperature
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Appendix C

Study Reach Substrate
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C.1 Methods

Substrate survey consisted of delineation of zones of pavement layer sediment classes throughout the
study reach. Analyses incorporating detailed sediment transporscifeegrain sizes, and

characteriation of subpavement sedimemtere not performed because a) the primary focus of this
research is on the hydrodynamic impacts of dam discharges on fish spawning and nursery habitat
(Kallemeyn et. a).2009), b) detailed sediment transport analyses are not valid in the study reach as the
IFD represents a longitudinal discontinuity in the system (Bunn and Arthir2268), c) temporally

variable grain size distributions due to fluctuating flows and Wwatds effects made considering substrate
samples at a fine quantitative scale inappropriate, and d) aquatic organisms interact primarily with
pavement layer substrate.

Sediment sampling was performed during low flow conditions in October 2012 (WSEma32at

XS07) with IFD discharges of approximately 108/snallowing for sampling of the vast majority of

littoral and shallow water areas deemed important for spawning and nursery habitat as identified in April
T August 2012 and April June 2013. Padns of the river inundated with water in October 2012 were

not surveyed but were considered to be homogeneously composed of fines/sand and gravel based on
preliminary Eckman and Ponar dredge substrate sampling attempts occurring in June 2012. Wetted
portions of the river channel do not represent significant spawning or nursery habitat and thus, this

generalist assumption is reasonable.

Sampling was performed at the right and left bank of each of the 47 standard cross sections in the study
reach. Theltaracteristics associated with the sampling location at each standard cross section was
assumed to occur for a-lid m wide swath of riverbank and bounded by the points halfway to the
upstream and downstream standard cross section sampling location® f&dhares or areas between
standard cross sections displayed sediment characteristics different from those at standard cross section
sampling locations, intermediate sampling was performed and coordinates of extents/boundaries were

noted for zone delingan during post processing.

A combination of qualitative and quantitative sampling methods was employed. Qualitative methods
consisted of photographic documentation and detailed field notes. Detailed field notes were logged at
each sampling site. Ptographs of sediment were obtained using a 0.813 m x 0.610 m rectangle cutout
(henceforth referred to as the fAgrido) with O0.35
adapted method from Warrick et. al. (2009), photographs were takenraisteot distance above

115



ground by ensuring the grid filled the entire photo window, thus guaranteeing photograph dimensions and
scale were maintained throughout the sampling protocol. Where substrate was larger than grid
dimensions, a stadia rod/tape m@aswvas used as a scaling reference. Example grid and stadia rod

photographs are provided figure C.1 and C.2

Figure C.2: Example of a Stadia Rod Photograph

Quantitative methods consisted of representative
consisted of a representative collection of pavement layer sediment at the sampling location of interest.
While exact location and quantity of sample wamewhat subjective, the best efforts were made to

obtain equal portions of sediment over the extent of exposed area in an unbiased manner. Pebble counts
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(PCb6bs) were conducted over the sampling |l ocation

(1970) and Wolman (1954).

Sampling methods at each sampling location depended on the sediment characteristics present. As an
example, Kellerhals and Bray (1971) and Adams (1979) identify sample sizes needed for statistically
relevant sieve analysis of cdbland boulder areas could require RBS masses of hundreds of kilograms,
making it implausible in certain situations (Warrick et. al 2009). Although alternative methods such as
pebble counts described by Wolman (1954) and Leopold (1970) may be moresgoitidracterizing

larger grain sizes, these may still require significant time commitments for field surveys (Warrick et. al.
2009). Extracting substrate information from photographs represents a viable alternative given the scale
and objectives of subste survey in this study; early attempts by Kellerhals and Bray (1971) and Adams
(1979) demonstrated comparable estimation of mean grain sizes from photograph and sieving, and more
recently developed digital image processing methods involving directiguned individual particles
(Buscombe and Masselink, 2009; Graham et al. 2005a, 2005b; Sime and Ferguson 2003; Butler et. al.
2001; Ibbeken and Schleyer 1986) or field calibrated grain size estimates based on photograph texture
(Warrick et. al. 2009; Busoabe 2008; Verdu et. al. 2005; Carbonneau et. al 2004; Rubin 2004). In this
study, macrescale substrate characterization objectives are at a greater or equal scale to photographic
method capabilities, therefore validating its application (Warrick e20819; Church et. al 1987;

Kellerhals and Bray 1971) in an adapted framework using the grid photographs.

Qualitative characterization was performed at every sampling location: grid photographs were taken at
every sampling location with particle sizes #arahan grid dimensions, with measurements and
photographs using a stadia rod and/or tape measure as a scaling reference obtained where patrticle sizes
were larger than grid dimensions. Quantitative measurements (RBS and PC) were obtained at regular

intervals throughout the study reach (at least every 3 cross sections), as well as at locations where

significant wvariation in substrate characteri st
consisted of predomi nant tfopmed where mmrticte sizes weredarge | s .

enough that the manual measuring of particles i
PCbs were accompanied by a qualitative method (

guantitaive results could be related to a visual representation of substrate available at each sampling

location.

i C
PC
nv

ei

Grain size distributions for RBS6s were obtained

mechanically sieved through a set of US Stathd#eves (sizes provided Trable C.) providing grain
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size distributionsPC samples provided grain size distributions following methods of Bundte and Abt

(2001). Substrate was categorized into classes based on functionally different particle dianygsi(in

an ecological sense) as specifiedable C.2 This approach is not uncommon in ecological frameworks;
physical habitat models (PHM6s) such as PHABSI M a
Met hodol ogi es (1 FI Md s) ticzimdissreteccatagorisséMilhooseen al. 1989,ar act e
and past studies on the study reach (0O6Shea 2005)
and Kuitunen2006) specifying habitat substrate in 9 separate groupings (detritus, silt, sankl, grave

cobble, rubble, small boulder, large boulder, and bedrock). Examples of photographs for each of the
substrate categories are includedrigure C.3 through Q0.

Table C.1: US Standard Sieves

) _ ) Sieve Sieve
Sieve Size | Sieve _
Size No.
(mm) No.

(mm)
N/A 63 14 14
N/A 45 18 1
N/A 315 25 0.71
N/A 22.4 35 0.5
N/A 16 45 0.355
N/A 11.2 60 0.25
N/A 8 80 0.18
N/A 6.3 120 0.125
5 4 170 0.09
7 2.8 230 0.063
10 2 Pan -

Table C.2: Substrate Classification Categories

Substrate Category Code
Fines/Sand FS
Predominantly Fines/Sand, with Gravel FSG
Predominantly Fines/Sand, with Cobbles/Boulder{ FS-CB
Predominantly Gravel, with Fines/Sand G-FS
Gravel G
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Predominantly Gravel, with Cobbles/Boulders
Cobbles/Boulders

Bedrock withCobbles/Boulders

Bedrock

G-CB
CB
B-CB




Figure C.4: Example Grid PhotograpPredominantly Fines/Sand, with Gravel {&%

CB)




Figure C.6: Example Grid PhotograpPredominantly Gravel, with Fines/Sand-ES)

Figure C.7: Example Grid PhotograpfPredominantly Gravel, with Cobbles/BouldersQB)
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Figure C.8: Example Stadia Rod Photogragobbles/Boulders (CB)

—a 4 : : ¥ £ S 4 .' L ':"?
Figure C.9: Example PhotograptBedrock with Cobbles/Boulders {8B)

Figure C.10: Example PhotograpiBedrock (B)
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A numerically based protocol for quantitative sample classification was adapted from the Unified Soil
Claséfication System as outlined in Das (2005), and is illustratédgare C.11(considers fines/sand

diameter < 2 mm, gravel diametet 34 mm, cobbles/boulders diameter > 64 mm). Comparison of grid

and stadia rod photographs to corresponding substrataat@rizations resulting from quantitative

samples Figure C.3 through Figure C.Jtovided reference for the categorization of locations lacking
guantitative samples. Substrate zones were delineated using the coordinates obtained during field survey.
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Is 30% finer than 2
mm?

Is 50% finer than
64 mm?

Figure C11: Numerical Classification Protocol
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C.2 Results

A tot al of 149 | ocations (with 29 RBS6s and 20 PC
size distribution curves for RBS and PC samples with corresponding substrate categorizations are

observed irFigure C.12 Sampling locationwith corresponding sampling methodsd substrate
classificationsareavailable in tabular format upon reque&ilS shapefiles ofubstrateclassification

zones areavailable upon request he vast majority of the study reach is characterized by eith& &S

anaher variant involving fines, sands, and gravels. Sporadic outcroppings of bedrock with cobbles or
boulders are evident, specifically in the uppé&m of the study reach.

125



Figure C12: Particle Size Distributions
126






