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Abstract

Accurate measurement of stream discharge undefldowconditions is of tmost importance to many
water resources practitioners.mwost of the worlddischargds estimatedat gauging stations using rating
curves Theserelate observed watégvel to field measured discharge, under the assumption that a direct
proportionality exists betwedhe twa However if seasonal aquatic vegetation growttcurswaterlevels

(or stagesvill rise as macrophytemcrea® flow resistanceConsequently, ithis effectis not accounted

for, theincreasan water levelsnay be mistaken as an increase in discharge. Current methods to correct
these errors in flow calculatioran be timeconsuminganddo not alwaysperformconsisteny, as they

rely on sporadidischargemeasurements amglalitative observationsAs such it is not uncommon for
flow records to be discontinued during the sumragyeriodoften coincidng with thelow flow seasorin

many climatic regionDuring these months, incorrectly estimated fiaiues or lack of flow recordgan

have problematic consequencd=or instancereliable flow estimations are requirénl provide adequate
waterapportionmentbetween partiesyhile avoidng water scarcityssues indownstream communities.
Furthermorethe asgssment of ecological low flow requiremefus fish and benthic communitiexdten
depends oavailableflow records As suchmethods to aid in the estimatiohflow recordsarewarranted

especially at a time when climate change is being proven torbatedhe severity of low flow extremes.

There has beeextensive researalegarding the general relationship between aquatic vegetatitfitow
resistance However, alack of standardization has resulteddifferent methodsof datacollection and
resuls, thuspreventinguniversal comparisoandthe achievement atonclusive resultsConsequently,
reliable methods of quantifyingegetative flow resistandeave not been establishédis thesids aimed
at obtaining a thorough understanding of the effeftvegetation on flow resistance andngsthis
knowledge to provide reliable methods to estimate low flow rates at gauging stdtidng the
macrophytes growing seasoro achieve this, #ivasparamounthat the methoddevelogd were capable
of assegng vegetative flow resistanaeliably and consistentlylhis was dondy thoroughlyquantifying
the parameters often found proportionatt@nnel roughnessuch as plants stiffness and densithile

flow and water level conditionsere continuously mutored

A simple image processing technique was developed to map aquatic plants at the reach scale by analyzing
aerial photogrammetry data, obtainegingan Unmanned Aerial Vehicl&JAV). The data collection and
processing methods presented are sim@producible and allow for the higiiesolution mapping of

aquatic plants in a timefficient mannerResults shoed thatthe algorithm presented here consistently

out-performed conventionahanual posprocessing techniqguesid instream survey$ostprocessed data



werealso used to estimateow ground data resolution affects the accuracffosd resistance formulae,

which in turn was used to assess the sensitivityschdrge estimas on vegetation mapping

A simple and coseffective test, and assoaal testing apparatus, were developedrieasure plants
biomechanical properties (stiffness and density). Different than most methods found in literatierst, the
is not disruptive and can be undertaken on both submerged and emergent vefetatiofirst calibrated
with artificial vegetation, of known biomechanical propertissd thentestedon natural plants. Results
showedthat plants biomechanics evoliamporallyfollowing the growth and decay cyclef macrophytes.
Therefore, these findings haueeful implications for understandirggasonathanges in vegetative flow

resistancavhich can impair rating curveliring the low flow season

To gain a thorough insight on how vegetation can affect stmgharge relationships, a thrgear
investigationwas undertaken at two separate rea¢k@90 m in length)Jocated on a Southern Ontario
stream. Here, it was determined that using conventional rating cawesge dailydischarge can be
overestimated up to 100%. Published equations to determine #istaree were not capable of correcting
these estimatedifferent to most published studies, flow resistance was not found proportiotiad to
averagespatial densityf vegetationratherit was correlatedb the distributiorof macrophyte#n the most
denselyvegetated parts of the ready characterizing the spatial distribution of vegetationyas then
possible to successfully correct flow estimateghatstudyreaches for the period of record affected by
macrophytegrowth. The developed correctigmocedure waslsovalidated on threadditionalstreams
with successful result§ herefore, theséindings can be applied to othgauged sites affected by aquatic

plant growthto provide accuratéow flow records.

Results from this thesigiere obtainedhrough a large dataset, both in terms of temporal and spatial
resolution, and significantlgxpand previous findings regarding vegetative flow resistalfoe . methods
presented herein can be readily applied to correct rating curves affected by vegedattbrin a time and
costefficient mannerThis can improve the estimation of environmental flows taraichportant water
management decisions, suchveater allocationdor agricultural or potable water use. Furthemre
accurate aguatic habitat saistability assessments can be achieved by usipgpvedflow records In turn,

as these would reflect actual low flow conditions, they can be used to dexglogpriatewater taking

targetsthat will notimpact the environment negatively
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Chapter 1: Introducti on

River discharge data is of crucial importance for multiple engineering and scientific applidati®ns.

usedto assesshe severity ohazards or environmental conditioas well aso define policies and
regulations for water use. Specific exampldsthese practices include: the estimation of flood
elevations (Quick, 1991), the assessment of habitat conditions, (Bradford and Heinonen, 2007), water
allocation decisions (Smakthin, 2001) and the evaluation of climate change impacts (Quilbe et al.,
2008) In order for any of these analyses to achieve reliable results it is paramount that the discharge
data used is accurate. In most of the world, it is common practice to estimate flow rates at gauging
stations. Here, direct, continuous measurementgatd level (or stagegre converted into discharge
estimates using empirical relationships, commonly referred to as rating curves. These curves are
generated by collecting discrete measurements of stage and discharge (Herschy, 1995) and are unigue

for each gaging station.

Unfortunately, sveral factors may cause errors in dischatggerelationshipswhich lead to errors

in flow estimates Theserequire rating curve adjustments (shifts) or even, in some instances, the
interruption of data reporting to avojliblishing erroneous results. In Canada, these issues are
commonly caused by the presence of beaver dams, ice jams, or vegetation growth (Pellettier, 1988;
1989; Hamilton and Moore, 2011). In the latter case, seasonal growth of instream vegetation can
temporally increase channel resistance resulting in increased stage and thus overestimations of
discharge (Gurnell and Midgley, 1998igure 1-1). This effect is welknown and can be annually
anticipated(Gurnell and Midgley, 1994Cassan et al., 2015However,quantifying the impact that
macrophyteshave on discharge estimated at gauging stations is prone to difficulties, related to the
temporal nature of this issuln fact, asplants grow and decay, their effects on water leghlnge

throughout the season, and are often different from year to year.



o Rating curve (developed
%‘3 in “open-water”
N conditions)

Legend
Q;: Actual flow

------------------------------- . Q,: Overestimated flow due
to vegetation

Z,: Stage at discharge Q,
(open water conditions)

Z,: Stage at discharge Q,
(vegetative conditions)

Discharge
‘overestimation |

\4

Q, Q, Discharge
Figurel-1: Conceptual representation of discharge estimation errors resulting from vegetation growth
(Gurnell and Midgley, 1994; Hhailton and Moore, 2011).

Issues related to vegetative flow resistance have been investigated for almost a century. Most research
divides plantdnteracing with streamflow imo two categories: riparian plants, commonly associated

with floodplain conveyare, and aquatic plants, which grow within the bankfull channel (Gurnell,
2014).Arguablyprevious research placed a larfyggrus on riparian vegetation to improve the accuracy

of flood risk assessments (Darby and Thorne, 1996; Darby, 19%@; &al Van Besten, 2004\ikora

et al., 2006)Nevertheless,iktorically, the first studies were undertaken in artificial canals, to quantify

the conveyance potential of grasannel linings for agricultural purposesq. Ree 1939, 1941, 1949,

1958; Cox, 1942; Palen, 1945, 1946Kouwen et al., 1969, 1973; Temple, D®8In later years,
research transitioned to laboratory studies, using artificial plants first (Kouwen et al., 1969, 1973, 1980,
1981) and eventually natural vegetation to assess their effects orefimdance (Jarvela, 2002, 2005;
SandJensen, 2003; Carollo et al., 2005; Bal et al., 2011). Mfostesestudies foundlow resistance

to be related wittspatial density and flexural stiffne@Solkard, 2011; Nepf, 2012; Luhar and Nepf,

2013) and theserfdings affected both channel maintenance and design practices. For instance, plants
were often removed from canals to enhance conveyance (Kouwen, 1970; Armitage et al. 1994), while
procedures for the design of erost@sistant graskned channels were eated (Kouwen, 199 United

States Department of Agriculture, 2007).

In contrast to the large amount of laboratbased research on flevegetation interaction, few studies
have been undertaken in natural channels to estimate flow resistanceeaictiszale. Furthermore,
some of the documented approaches are also disruptivairiBalleire 2 00 9 ; O6Hare et

limiting the desired use of the methods. Similar to laboratory study findiagstesistance was found
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related tahe spatial distribubn of plants (Abdelsalam et al., 1992; Huntington and Whitehead, 1992;
Green, 200&; 2005h 2006; Nikora et al., 2008; Bal and Meire, 2009; Old et al., 2014).

To date, none of thpreviousresults has been applied to correct rating curves affected kyatieg

flow resistanceThe reason for this missing linkage between research results and their practical
applicationrelates to thevariety of approaches usethis in turnled to a multitude of formulae and
methoddeing proposedo quantify both flowesistance and vegetation spatial distribution. These are
based on results from tlwovementionedield studies (Green, 20@5Nikora et al., 2008; Old et al.,

2014), laboratory observations (Kouwen et al., 1980, 1981; Stone and Shen, 2002; Jarvela, 2004;
Carollo et al., 2005) and also from analytical procedures (Petryk and Bosmaijan, 1975, Darby, 1999;
Baptistet al., 2007)However, no method or equation is generally being preferred to others.

This lack of a unified approach has hindered the possibiligpplying this knowledge consistently in

a multitude of practical applications, including the correction of rating culwvésrn, thiscan lead to
flows being incorrectly estimated at gauging statiotéch can have detrimentaleffectsfor water
resouces managemerfurtherasmacrophyte growth often coincides witte occurrence of low flow
periods errors arising from vegetative flow resistance can significantly impacfleawregulations
anddecisions These includedroughtpreventiornprotocols water allocatioaas well asaquatic habitat
protection and rehabilitatiofBmakthin, 2001)Consequentlyuse of incorrect low flow records may
result in gveral negativeffectsfor both the environment armmmunities relying on watéRolls et

al, 20R). For instance, design flows for fish passage are directly related to the knowledge of low flow
indices (e.g. th€os, the 953 percentile on a flow duration curve, or the 7Q20, Huay, 20year low

flow) which is in turn related to the accuracy of l6aw estimations (Bradford and Henen, 2008;
Bradford, 2008. Incorrect low flow records may also allow excessive surface water takings, which can
trigger longlasting changes on ecosystelynamics(Scheffer and Carpenter 200%ome of these
variationscan beparticularlydetrimental as they may lead to algal blooms (Biggs and Stokseth, 1996)
or loss of species richnesblgxton and Findlay 200&Rolls et al, 2012)Effects arenot limited to
aguatic species as avian fauna has been proven to be aligeteificially reduced low flows (Nebel

et al., 2008) Furthermorewater allocation agreements between provinces or courfvieimgtance,

the Master Agreement on Apportionmengtween Canadian Provinces and American Stagdgson
accurate knowledgef streamflow for agricultural and potable use. In these camesrect flow ratings

may causedisproportionate watewdivisions amongstdifferent communitiesand yield drought
conditions Thesewill not onlyexacerbate the aforementioned environmerdatequences, but also
affect the publidirectly. Finally, data obtained throudtydrologicmodek, which may be used in any

of the applications mentioned above, may also be affectewbdslcalibration relies upon accurate



low flow data.As aresult, methodologies to quantify aquatic vegetation and its inmgapon the

estimation ofow flow ratesto allow for reliable flow recordare warranted

1.1 Obijectives

The objectives of this research are to develop methods and quantify the effects of instreainrvegeta

on flow resistance under leflow conditions. Further, anoverarching objective is, based upon the
research conducted, to develop tools and techniques to aid water managers in more accurately
estimating discharge rateg gauging stationsSpecificaly, this research addresses the following

objectives:
1. To assess the capabilities of innovative techniques to determine vegetation spatial distribution
at the reach scale,
2. To develop nordisruptive methods to assess plants density and stiffness,
3. To determir metrics able to quantify reach scale flow resistance caused by aquatic plants and
the necessary resolution,
4. To employ the above objectives to efficiently correct flow rates incorrectly estimated due to

vegetation growtlat gauged sites.

This work directy contributes to topics that are relevant within water resources engineering such as
stream gauging and estimation of flow resista@mmmunication with Environment Canada staff have
suggested that techniques arising from this thesis amidtitute animprovement totheir current
practices.Discharge data released Hye Water Survey of Canada, as well as other agencies, is
invaluable to designers, researchers and regulators in the fields of water resources and river science.
Specifically, the findings fom this work can improve the accuracyaw flow datawhich, as discussed

in the previous section, has important management applications. Improved low flow records are
necessary to determine water apportionments that are fair to the stakeholdersvithieedt causing

damage to aquatic ecosystems. Furthecurate estimates of flow rates can helpluatewhether

aquatic flora and fauna may be impacted negatively by surface water takings.

1.2 Thesis organization

This thesis is organized into three maapters which were written in research article format in order

to be submitted to scientific journals for publications. While the three chapters can be read
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independently from each other, they all contribute to the same overall research objectivegitaits a ¢

degree of overlap in the background sections should be expected.

Chapter 2 mainly addresses objective one. Here an aerial photogrammetry method to inventory
planometric inchannel vegetation was developed. Data from an unmanned aerial vehicledaVv

postprocessed with mathematical methods to assess vegetation spatial distribution and then applied to
field measured discharge rates and stage to offer a technique for rapid and reliable data acquisition of

vegetation.

Chapter &addresses objectiveo. Itfocuses on the development of a tool to evaluate the biomechanical
properties of instream vegetation which can be related to relative roughness used in the determination
of channel velocities. The temporal changes on vegetative biomechanicatipsogre also evaluated

to further assess how vegetative flow resistance varies temporally.

Chapter 4 directly addressobjectives three and four. An extensivgear investigation was aimed at
guantifying vegetative flow resistanaethe reach scaltg improve the accuracy of flow recordsgith

a focus on low flowsT o achieve the desired objectivespeatabldield protocols to sample vegetation
spatial distribution were also created and implemefitieid. Chapter also builds on the results from the
previous two sections. It uses similar methods and theory as Chapter 2 to inventory aquatic vegetation
and assess their accuracy. Further, it assesses temporal changes in vegetation digmnbatioimg

the findings ofChapter 3.

Chapter 5 provides an exall conclusion section to the thesis by combining the major findings from
each of the three chapters and discussing their signifidan@ngineering and water management

practicedn further detalil.



Chapter 2: Assessing the accuracy of vegetative roughness

estimates using unmanned aerial vehicles [UAVS]

Brignoli, L., W. K. Annableand B. D. Plumb (2018)\ssessing the accuracy of vegetative roughness
estimates using unmanned aerial vehicles [UAEsplogical Engineering118) Pages 783

2.1 Introduction

Accurate masurement of stream discharge underflmw conditions is of tmost importance to many

water resources practitionefglethods of estimating discharge commonly occur at gauging stations
using rating curves which relate observed water sgde field meaured discharge)) in the general

form Q = f(z) (Herschy, 1995). Often in loygradient environments, water stage is seasonally affected

by in-stream vegetation which can confound the unique stage vs discharge relationship (Gurnell and
Midgley, 1994). Sesonal coincidence between vegetative growth andfliow conditions can often

result in large overestimates of discharge to the extent that many reporting agencies identify accuracy

caveats or discontinue data reporting entirely during these péGbdgper 4).

Laboratory and field scale studies have shown that vegetation considerably increases resistance to flow
(e.g. Green, 20G% Kouwen et al., 1973; 1980; 1981; Nikora et al. 2088g and Palmer, 1949).

Consequently, under these conditions, stagelmeay function of many parameters:

a "QURVYH B A0 (2-1)
whereSdenotes the channel sloge;the flowing top widthBx andBa arethecrosssectional blockage
factor (Green, 2069 and surface aa blockage factor (Green, 2@)5respectively,M denotes
vegetation stem density, afd denotes flexural rigidityEquation(2-1) can be further confounded as
all parameters can vary temporalty throughout tb growing season until eventual dislodgemeént (

d) and because the spatial heterogeneity in plant growth has been shown to affesdifitamced.g.
Bal et al., 2011).

The principle objective is then to find the most predictive, repeatable ang/rataihable parameters
that can be quantified in the field to estimate low flow resistance and thus dischargBa BotBx
have beemised to estimate flow resistar(eeg Green, 20G5HHuntington and Whitehead, 1992ikora
et al., 2008)Bxy, or crosssectional blockage factoG(een, 2008) is defined as theumof submerged
areas occupied by vegetation for a given cross section divided by the totedentiseal area. Aerial

cover Bx) isdefined agheplanform area coverduy plants divided byhe total channgblanform area.
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As the intent of this study was to use aerial imagery to map aquatic vegeBatwas chosen as the
parameter of interest between the two with the definition

B 0
0
whereA, is theplanformarea ofthe g" patch of vegetatio(Figure 2-1a) contained within thestudy
reach planfornarea(Ar).

&

(2-2)

Top Width/ =Ty \

Figure2-1: (a) Schematic representation of macrophyte cover (gray patches) in a vegetated channel for
the calculation ofB. The detailed frameg(b) illustrates the field survey discretization used in the
calculation of the blockage width at the crgsstional salela;.

(b)




Figure 2-2: (a) Potamogetorplants (North Maitland River, Ontario, Canada) and Spparganium
americanunplants (Moorefield Creek, Ontario, Canada)

It is noteworthy that for proper calculatiohBx usingEquation(2-2), clear boundaries to field identify

eachA, (Figure 2-2a) must exist(e.g. Huntington and Whitehead, 1992; Salehserand Pedersen

2008).In naural channels, wheril -defined plant boundaries exisfFigure 2-2b), defining eachA

patch, and thus the calculation Bf becomes increasingly prone to err@urrent techniques either
estimateBa qualitatively with visual techniques (e.g. Mean Trophic Rank by Holmes et al., 1®99)
guantitatively using field survey methods a series of crossections (e.g. Baatp-Pedersen, 2002;
Green,200§ Champi on and Tanner, 2000 0lO)Nkollowimgdle et al
quantitative method®r the j crosssection, ablockage widtha(j) can beobtained in the form (cf.

Green, 2008):

O

_ B Fao o o0
aQ S

0 (2-3)

e SO Q@R 6GOQQQO G OHE Qi Q& O
VIR QG raien 6 Gnado o @ 00 0 o

wherei is the survey point of interest, is the pointdistance from théankandF; is a binary function
as defined irfEquation(2-3). Spacing between points can either be constant or varied depending on the
heterogeneity of plants or bathymetry. If patch edges are sampled, spattiegviainity should be
kept small to avoid overestimatitgfj). The denominator iBquation(2-3) is equivalent tdw (Figure
2-1b). The value oBais assumed equal tq (the weighted average b{j) values) which accounts for
changes in width and distance amongst cross sections, as defined by:



(o9)
’alye)

. . P w04 P O @ 0 oo
° Y & e " Q

(2-4)
to account for changes in channel shape and uneven spacistipuld be calculated as a weighted
average using both); (distance betweeji" and j+1]™" crosssections) andw, as a weighting factor.

This field method ispotentially adaptable to any patch shagewever,Equation(2-4) assumes that

Lais equal toBa, which is theoretically true when

< w07
00 YTO 1S (2-5)

whereNCSis the normalized crossection spacing an@ is the average distancketweencross
sectiongloosely based on Samuglk990) NCScalculated for previous studieangel between’.76
(Champion and Tanner, 2000) an@®! (Green, 2008). Therefore, forEquation(2-4) to be valid,

patch discretization must increase as vegetative anisotropy increases to achieve equivaleniraccuracy
the estimate ofa. Axiomatically, this condition requires increased field efforts and resources with
increasing instream vegetation anisotropy. To date, no study has demonstrated what cross section
spacing is required to achieve consistent, repeatabldts inLa. Further roughness metrics, such as

Ma n n i m @ ® determined froim (e.g. Green, 20@#, however, it is unknown whethérese

equatiors were produced from data with sufficient resolution

Employment of remote controlled unmanned deghicles (UAVS) to inventory several metrics along
watercourses has remarkably increased in the past decade (e.g. Markus and Fonstad, 2010; Shahbazi et
al., 2014; Palmer et al., 2015). Although the vast majority of UAV applications are directed towards
agricultural applications (Shahbazi e al., 20h®teworthystudiesby DetertandWeitbrecht (2015)

and by Tamminga et al. (201Bave deployetlAVs to estimate river velocity profiles and analyze
geomorphic changes after large floods, respectivéyher studies have deployed UAVs to map:
aqguatic plants (Husson et al., 2014; 2016; Visser et al., 2@&t6choren et al., 2017), invasive species
growth G° k t etjalg 2010), biodiversity (Getzin et al., 2012), algal cover (Flynn and Chapra, 2014),
and to classify riparian vegetation and canopy mortality (Dunford et al., 2009). Huntington and
Whitehead (1992) is the only known published study that atenfm estimateBa from aerial
photographs acquired from a helicopter and a remwotd¢rolled plane (predating recent UAV
technological advancements) which produced unsatisfastsolts due to lack of contrast and poor

imageresolution UAVs may then beble to improve the planometric discretization of vegetative

INote 1:NCS=028was cal cul at ed f o greaBsiX8 densiiyfor thk greatest anankaidthi n g
(i.e. best case scenaii® cross sections for a 25 m reach that is approximately 10 n).wide
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patches while removing field survey bias in the estimatiobaof his may be especially true where

strongly anisotropic instream vegetative conditions exist.

This paper presents an innovatimen-invasiveapproach to map the spatial extent of both submerged

and emergent aquatic vegetatiming UAVs. Two separate image processing techniques were tested,
using GIS software and an algorithm combining edge detection (Sobel and Feldman, 1968),
morphological dilation and image filtering (Serra, 1983). Five different tests were undertaken on three
separate reaches. Results were then compared against detailed field measurements to validate the post

processing methods and to assess the accurd&mpuaion (2-4) in estimatingBa.

2.2 Materials and methods

2.2.1 Data collection

Aerial surveys were undertaken during the summers of 2015 and 2016 at three study reaches located in
Southern Ontario, Canada. The reaclreseasaally affected by aquatic vegetation grovahusing
overestimates in discharge approaching twice the field measured discharge (trdtuéssue is

discussed in detail i€hapter 4. Both submerged and emergent aquatic plants were found.

Photogrammetry datwere acquired using @ D Roboti csE | RIS+ quadcopter
onboard GPS system (£2.5 m) antizaMegapixev i si bl e | i ght camera (Peau Pr
the bottom of the quadcopter. The camera was also outfitted with a polarized lessreoggpater

visibility through water regardless of the light conditions which varied as flights were taken both in the

morning and the afternoon. The UAV can be navigdigdither remote controlline-of-sight or

autonomously via predefined wapints. Intotal, five different cases were evaluated, summarized in

Table2-1. One flight (Case 3Table 2-1) resulted in a mostly shaded aerial photo as the flight was

undertakenn the early morning.
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Table 2-1: Summary of flights. *Notes: (a) Areas covered by riparian vegetation, or shaded, are
excluded. (b) Calculated as Planform area/Reach length.

Case # 1 2 3 4 5
Sunlit/shaded Surlit Surlit Shaded Surit Surlit
(Pp"i‘fD') (mﬂfns'ty 26,776 1,469 9,266 17,148 13101

@
zﬁ;‘f"rm area™ | 33 357 359 518 863

)
?nf)aCh length® | 4 53 69 81 135
Average
width® (m) 6.8 6.7 5.2 6.4 6.4
(A%’)erage depth | ¢ 57 0.26 0.22 0.26 0.30
Most common : : Sparganium
macrophyte Sparganlum Sparganlum Sparganium | americanum Nymphaea
species presen| americanum | americanum | J oo S | Bl dea Potamogeton
pec P Potamogeton | Potamogeton ' Nasturtium
on site Potamogeton

Groundtruthing surveyswere undertakenby wading each reach and recording vegetation
characteristics using SOKKIA® RTK-GPS unit (+0.01 m in horizontal accuraci}.each surveyed
positioneitherpresencer absence of vegetatiamasrecorded Spacingbetween pointaveraged @9

m with increased resolution where vegetation boundaries or changes in channel bathymetry were

observedFigure2-1b).

Image stitching was achieved using the free software Micfokof. Then magery was gecectified

to grourd controlpoints surveyed prior to each flight witthe sameSOKKIA® RTK-GPS unit. To
achieve gegectification, at least two ground control points (GCPs) must be present, although at least
three are recommended (Paine and Kiser, 2003). Thus, for edthidégveen 4 and 16CPswere
positioned alonghe banks and within the chanii@épending on overhanging vegetation coverage and
other environmental factors). Geeferencingf raster imagewas performed using ArcM&py ESRI
software In order to redce distortion an affine transformation (first order polynomial) was chosen.
This transformation only allows thaerial picture tobe shifted, scaled or rotated, as specified in the

software manuaknd was found to yield the lowest residual errors.

Georeferencing residual errors (computed as the root mean square RMSE were calculated with
ArcMap® and represent the average distance between the location of the control points in the geo
rectified raster (i.e. on the map) and their true locatioragmesd by GPS). ResultiRMSE ranged

0 . 0 2 RMSE@D.47 m and were found t@ry as a function of flight elevatioand, consequently,
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pixel density.RSMEscould have been reduced if more expensive equipment and softwarassdre

as discussed ifection2.2.1.1

2.2.1.1 Limitations due to lowcost equipment

As many different photogrammetry equipment and software are available dependiagaibable
budgets differences in the final image quality should be expedted instance, using an RT&PS
equipped UAV, a gimbal and statéthe-art image stitching software will most likely yield a lower

RMSEin the georeferenced image. Correspondingly, this would also result in increased project costs.

In this study, it was rtgpossible to use a gimbal due to incompatibility with the camera used in this
study; however, it is recommended that other researchers use one when possible. Here, UAV speed was
kept to a minimum and flights were undertaken in minimal to no wind, to atéouthe lack of a

gimbal. Furthermore, to compensate for the limitations of both the image stitching software and the
UAVs onboard GPS accuracy, a higher density of GCPs was used.

2.2.2 Data analysis

Geocorrected orthophotasere imported into ArcMdpwith cases 1, 2, 4 and 5 havingeshanging

riparian vegetatioand shaded areas visually identified and excluded from the picture before the image
analysis took placeF{gure 2-3). Conversely, in Case 3, sunlit areasreveisually identified and
excluded inArcMap® and the shaded portions of the channel analyzed as these accounted for 88% of
the planform arealwo different image analysis techniques were developed and evaluated in order to
estimate vegetation cover: mah@IS posiprocessingind automated MATLAB postprocessing. In

the former case, vegetation boundaries were visually identified and digitized as patygocid AP®

(Figure 2-5b), similarly to the technique used Iblusson et al. (2014) anderschoreret al. (2017).

This postprocessing technique was developed to assess whether vegetation presence could be detected

without the aid of expensive imageocessing software.
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Figure2-3: Manual detection of shaded areas (borered in black) and overhanging riparia vegetation
(bordered with white dotted line) to be excluded before image analysis took place.

For the automated technique, an edge detection operator was develbp&TLAB® based on Sobel

and Feldman (1968) to analyze aerial photogrammetry data. Edge detection is an image processing
technique directed at identifying object boundaries by comparing adjacent pixels and evaluating user
defined differences in imagetenmsity (Marr and Hildreth, 1980). The edge detection operator was
coupled with a morphological dilation operator to further isolate vegetation limits (Serra, TI883
Mathworks, 2018 Postprocessed images resulted in binary black and white imagesegging the
nonvegetated and vegetated portions of the channel, respectiglyd2-5c). A flow-chart of this
procedure is shown iRigure2-4.
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Georeferenced Image enhancement . ‘lidgsge 1t:le:]tectlont
aerial image (MATLAB® function “imadjust™) with 50bel operator
(MATLAB® function “edge™)

A 4
@ Filtering of smaller elements
(MATLAB® function “bwareaopen”, [

based on pixel density)

® Morphological dilation
(MATLAB® function “imdilate”, | 3| Filling of elements

using rectangular structuring element (MATLAB®™ function “imfill”")

sized based on pixel density)

v
© Filtering of smaller elements / Post-processed
(MATLAB® function “bwareaopen”, >\ binar image
based on pixel density, expected plant size) y

Inputs based on pixel densityRixp) expressed in pixels/ni
(a) Filtered element size (b) Structuring element (c) Filtered element size
(in pixels) i 1stfilter size (in pixels) (in pixels) 1 2nd filter
Manually estimated smallest
plant patch area on aerial ima
expressedh pixels

{ 0 if Pixp < 10,000 SgX S where:
0.014¢00468YPixp  if Pixp > 10,000 | Sp = 0.49 + 0.11,/Pix,

Figure 2-4: Flowchart summarizing the MATLAB algorithm. Equations to calculate the inputs
provided were empirically derived. The Asmall est
ArcMAP®, its value ranged between 12 arvdcar.

Accuracy of the pogpbrocessing methodology was evaluated by comparing results with those obtained
from groundtruthing as calculated from each surveyed ceestion. To account for errors associated
with gecrectifying or systematic ground survagi instrument errors, blockage widtl the post
processed imagés(j) caic, at each crossection was calculated over a specific reference &gaAr
equalled the product dhe distance between the two farthest pointa givencrosssectionby the
largest value between the GRSK horizontal accuracy (x0.01 m) and RRMSE(gray area irFigure

2-53). This was dones part of the crossection may havehortened due to the exclusionstfaded
areasor thosecovered byoverhanging vegetatiofror the manual techniquia(j) cacwasevaluated in
AutoCAD® whereas for the automated technigli§) cac was calculated in MATLAB as the ratio
between white pixels (vegetated) aAd Field measured values 0f(j) meas Were calculated using

Equation(2-3), on the surveyed points comprised withig

Values ofl a(j)measandla(j)caic Were compared following the procedure suggestdeifigiroet al. (2008)

by plottingla(j)mes vVersuda(j) cac andtesting their 1:1 significance for slope and intercept at the 95%
confidence interval. Thu®a for each reach could be calculated with the qpostessed data using
Equation (2-2). Following Pifieiro et al.(2008, the root mean square deviatiqRMSD was also

determined at each cresectionwhich measures the average difference between observed and
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measured valuas 1A(j). These values wemmmpared to the standard deviat{@&D) of |a(j)measwhich
represents thenatural variation in la values. In reference, a homogeneous aquatic vegetation
distribution would produce a lo@Dand thus small deviations between calculated and observed values
whereasSDvalues would increase with increagimegetation heterogeneity or anisotropic conditions.

Figure2-5: (a) Originalairborne image (Case %jth field survey data superimposézossesepresent
vegetated pointgjotsnon vegetategoints); Area over whicha is evaluatedAr is shown, RMSEis
exaggerated for visual purposg$) manually posprocessed picturgreen areas represent vegetated
areag(c) resultingbinaryimage after processing with edge detection technique superimpodbe
original picture(black pixels are made 50% transparent to allow superimposjtprgsulting images
from both techniques superimposadtheoriginal picture.

2.2.3 Estimating the sensitivity of from La data resolution

To understand the importance of howtadaesolution (i.e.NC§ affects discharge estimates, a
sensitivity analysis o& published formula (Green, 2085was undertaken and presented in Section
2.3.2
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In order to estimate holCSaffects the errorddtween_, andB,, the error betweefh »)m, theblockage
width calculated withequation(2-4) using a sutset ofmcrosssectionsaandBa, was calculated in terms
of the number of crossections (which is proportiohto NCS as:

O pnmA—F"- (2-6)

This was only calculated for data where an accurate estimatiBr aduld be obtained from aerial

image posprocessing. For the purposafsthis analysisBa was assessed over an area bound by the
crosssections that were surveyed in the field, which closely resembled to the planform area. To assess
how Q estimates are affected hya c ¢ ur a c y , nwiskacalaulated giing published @and an
equation provided by Green (2@G)%-igure 4c), which was farranged as follows:

& & & & T8 T opuTOT T8t Y U X (2-7)
wheren, is the roughness due to vegetation ayaccounts for all remaining roughness (bed and form),
which was determined using the procedaudined by Green (20@). As this requires characterizing
grain sizes, theebble countechnique offered by Wolman (1954) was used to sample the bed
material?. More details of this procedure are available in Task Force for friction in open channels
(1963).

Using Equation(2-7), di scharge can be estimated using Manni
form:
. —orT Yy —orT Y
0 ‘ - - (2-8)
€ € T T18IYPU Y

where, given a representative crgsstion for the channel readhjs its wetted crossectional area,

andR s its hydraulic radius$: is thereach friction slope andis a constantd{=1 ord = f&r.SK4 9
and imperial units, respectively). Then, errors in estim@teesulting from discrepancies betwegn
andLa, can be quantified by calculating:

o 50 ¢ o
pR— pR— (29

wheren(Ba) andn(La) arevalues ofn calculated withEquation(2-7) usingBa and La respectively
Similarly, Q(Ba) and Q(L») are discharge values calculated wibuation (2-8) using B and La

respectively

2 Grain size distribution in Case 5 was assumed to be comparable to Caskslde to geomorphological
similarities between the reaches, determined fiield observations.
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2.3 Results and discussion

2.3.1 Comparison between the two techniques

The manual techniqgue was only able to successfully predict-fiddsureda values for Case 2.
Amongst the five cases?Retween measured and calculated data ranged 0.62 €.88. In all other
cases, either the slope or the intercept of the best fitalil@ecasVs. 1a(j),cac Were found to significantly
deviate from 1 and 0 respectivelyable2-2) which indicates a significant difference with the 1:1 line
at the 95% level. This also signifies systematic ovarnalerestimations occurred using this method.
The former is evident in Case 4 (especiallyifor 0.6) while the latter occurred most notably for Cases
1 and 3 Figure2-6).

Edge detection of vegetated patcheggrmed well in Cases 1, 4 and 5, where pixel resolutions were
more than 13,000 pixelsfmin each case, both the slopes and intercept of the best fit line were not
significantly different than 1 and 0, respectively with 0.52<@R82 [Table2-3). Moreover in each of

these cases, the RMSD values remained lower than the standard devib{igmef The automated
technique did not perform well in Cases 2 and 3, where pixel densities were less than £3|8@ein
resulting from higher flight elevations). For Case 2, which had the lowest pixel density, vegetation
cover was strongly underestimatdeigure 2-6). Moreover, the poor result in Case 3 was likely
exacerbatetly shading conditions where pixel contrast between vegetative patches decreased limiting

the effectiveness dbothvisual and automatanethods in vegetation patch edigtection.

Detection of aquatic vegetation at the individual pixel scale was relasimijar between the two

techniques. Between 67% and 85% of pixels were identified with the same outcome both by manual

and automated peprocessingTable2-4). These results are in good agreement with thosénelotat

the crosssectional scaleFjgure 2-7). For example, in Case 2, disagreement between manual and
automated techniqgues was | argely caused by pixel
by theformer methodTable2-4). This is then reflected by a systematic underestimatibsjpby the

automated techniqué&igure2-6). The opposite outcome occurs in Case 4nalpixels are identified

as fAvegetatedo for the manual met hod with the
method Table2-4) and thus the systematic overestimatioh@j (Figure2-6). When both techniques
underestimateth(j), such as in Case Bifure2-6), a large number of pixels were estimated to be non

vegetated using both methodable2-4).
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Table 2-2: Results of the comparisdi(j),meas VS. 1a(j).cac for the manual technique;-yalues not
significantly different than 1 and O for slope and intercept are marked waistensk. Values ®RMSD
below the Standard deviationlafj),measare marked with an asterisk.

Regression results | Significance of test @ualue) R RMSD
Slope Intercept Slope Intercept
Case1| 0.717 0.221 0.004 0.003 0.652 | 0.16%
Case 2| 0.840° | 0.095 0.150 0.267 0.622 | 0.17F
Case 3| 0.720 0.240 0.045 4.36E05 0.624 0.208
Case4| 0.787 0.048 8.47E05 0.198 0.892 0.16%
Case 5| 0.96F 0.032 0.520 0.038 0.854 0.080C

Table 2-3: Results of the comparisda(j),measVs. la(j) cac for the automated techniqueivplues not
significantly different than 1 and O for slope and intercept are marked with an asterisk. V&MSf
below the Standard deviationlafj),measare marked with an asterisk

Regressin results Significance of test {value)
R? RMSD
Slope Intercept Slope Intercept
Case 2| 0.394 0.475 2.63E05 1.81E06 0.214 0.328
Case 3| 0.573 0.2903 0.093 0.001 0.228 0.249
Case 4| 0.938 0.073 0.478 0.180 0.782 0.149

Table2-4: Comparison between the manual and automated techniques at the pixel scale

Percentage of pixels computed as: _
Pixels
Not Not vegetated| Not vegetated| evaluated the
Vegetated
vegetated by by manual, by automated | same by both
by both both b db hni
techniques ot vegetatedy vegetated by | techniques
techniques automated manual
Case 1 64% 11% 15% 11% 75%
Case 2 50% 17% 12% 21% 67%
Case 3 11% 73% 11% 4% 85%
Case 4 53% 20% 8% 19% 73%
Case 5 14% 69% 11% 6% 83%
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Figure2-6: Plots ofla(j), measVS. Ia(j) caic for both techniques for Cases 1 through 5. Shading represents
+1 Standard Deviation ¢£(j), meas
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For the cases where calculated and measly@dvalues were in strong agreement (Case 2 for the
manual technique, Cases 1, 4 and 5 for the automated technique), véluasdBa were found to be
approximately equal, with a maximum difference betwBeard L values of 0.037Table2-4).

These results support the equivalency assumpti@nuration(2-4) that reasonably accurate estimates
of Ba can be obtained from estimatesLaf However this observation does not quantify at what level
of resolution the condition wheB, = La is achievedr to what extent differences Bx andLa may
affect Q estimatesTo evaluate this, values & determined from Cases 1, 4 and 5 were compared
againstcalculated values dfs on the automated peptocessed images. Resulting errdgs) (were
determined usindgequation (2-6) for decreasingNCS thus resolution was gradually increased to
reproduce the convergenaendlition expressed iBquation(2-5).

Table2-5: Comparison betwedmn computed using ground data a@Bgdcomputed witlEquation(2-2)

using posfprocessed data. Values Bf obtained from posprocessed data not significantly different
from ground dataT{able2-2 andTable2-3) are marked with aasterisk.

Ba (Manual) Ba (Automated) La (ground data)
Case 1 0.743 0.785* 0.748
Case 2 0.707* 0.622 0.721
Case 3 0.155 0.223 0.430
Case 4 0.723 0.610* 0.627
Case 5 0.198 0.245* 0.216
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Figure 2-8: Absolute eror in reachaveraged blockage widtha) with decreasindNormalized cross
sectional spacinlCSwith respect tdBa. Vertical dash lines represent data resolution from (a) Nikora
et al. (2008) (b) BaatruPedesen (2002) and (c) Green (2@)Bestcase scenario). *Notenty data
from casesn whichla(j),meas@andla(j),cac Wwere not significantly different were usebBaple 2-3). Case

5 wasshortened tachieve a total channel length comparable to Cased 4.a

Based on t hi kaedimatesywmihin +5%eesrar WhieslGS< 0.15 (Figure2-8). Using

the crosssection resolution in studies by Baatfapdersen (2002) and Green (280&hereNCS
ranged betwen 0.15 <NCS< 1, theBa estimates from this study produced errors less than +20%. In
cases wherBlCS> 1theBa estimates from this study produced errors that were often over.£20%

It is noted that a highlCSvalue (i.e. coarse crosction spacing) nyayield an accurate estimate of
La which would be especially true for the case of a gliassgl artificial canal with homogenous
vegetation coverHowever this conditionis unlikely to consistently occur in natural channels with
heterogeneous or anisotiopegetationFor instancekn for Case 5 shown iRigure2-8 decreases at
NCS° 3.2 and then quickly rises again, indicating that the combination of data ussd@&sr 3.2

yieldedLx close to the real value faiitously.
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2.3.2 Impact of inaccuratel » assessments on flow parameters

In this section, the sensitivity €fin relation to the accuracy 8k is assessed, following the procedure
outlined in Sectior2.2.2 Errors indischarge estimates arising from usingnstead oBa (Table2-5)
were quantified usingquation(2-9) and illustrated ifmable2-6.

Table 2-6: val ues o fobtaMed rwithEquagi@n§2-7) usingBa and La (Table 2-5) and
resultingEq computed ith Equation(2-9)

Using Ba UsingLa
Np EQ

ny n Q ny n Q
Case 1| 0.062| 0.189 0.251 0.063 0.176 | 0.238 | 0.066 5%
Case4| 0.06 | 0.128 0.188 0.064 0.134 | 0.194 | 0.062 3%
Case 5| 0.061| 5E-05 0.061 0.263 -0.01 0.051 0.315 20%

Discrepanies betweerBa andLa resulted in differences in estimated dischaggpecially in in Case
5. However, this is not because of large differences bet®gandLa (0.03, Table2-5) rather it is a
consequence of a | imitati on oimplabsibdercgaiive vakigoli at i on

ny (i.e. plants causa decrease in flow resistandej Ba<0.24.

UsingLa values obtained as a function of cregstional spacingsquation(2-6)), it can be determined

at what resolutioh.a should be determined to achieg< 5%.
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Figure 2-9: Absolute eror in Q estimates with decreasimprmalized crossectionalspacing NCS
Vertical dash lines represent data resolution from (a) Nikora et al. (2008) (b) BRattagen (2002)
and (c) Green (20@5 best case scenario). Notelydata from case® which [a(j),meas@ndIa(j),caic
were not significantly differerwere usedTable2-3). Case 5 washortened tachieve a total channel
length comparable to Cases 1 and 4.

From this study, for conditions where channels are affected by seasonal vegetation, the spatial
resolutobn of crosssections NC9 required to accurately estimatga (and thus discharge) should
remainNCSO 0 to hdntain a discrepancy betwe@rmstimated witiBa andLa below 5% for Case

5. In cases 1 and 4, where value8g#re notably greater, this adition is achieved afiCS-1.

Here we estimate using Case 5 (which required approximately 4.5 hours of field survey time to achieve

NCS= 0.32)that approximately 9 hours of field survey time would be required to acNieéga 0.15

and a corresponding disafge estimate error of £5% witquation(2-8). Conversely, acquisition of

aerial photogrammetry data with tbV (including setup) took less than 45 minutes.
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Insufficientspatial and temporal resolution has beee of the main reasons why quantification of flow
resistance in vegetated channels remains a significant field challenge (Nepf, 2012). Using techniques
highlighted in this study, vegetatiortover can be quantified, whilsignificantly improving data
collection time efficiency. Thus, the techniqyeesented here cdre used tealculateflow resistance
parameters with relationships relatibgor Bat o Ma nmsuch as dhsse proposed by Huntington

and Whitehead (1992), Green (2@DP5mongst other approhes Moreover, scale and spatial
distribution of plants have been shote affect flow resistance (Nepf, 2012) by laboratory studies (Bal

et al., 2011) and theoretical analyses (Luhar and Nepf, 2013). By capth@Bpatial heterogeneityf

instream vegtative patches using teninvasivemethods presented heflow resistance caused by
aguatic plantsanbeassessedith significant improvement in resolution and therefore result in more

accurateestimates of flow rates.

2.4 Conclusions

Theplanometricspatial distribution of aquatic vegetation has been successfully quantified by analyzing
aerial photogrammetry dataquiredusinga UAV. Automated methods of vegetation patch detection
developed here outperformed manual digitization methods when compargoundtruthing
measurements. The automated methveaikedwell for sunlit reaches and for conditions wherage
resolutionexceeded 3,000 pixels/rh Accuracyin identifying the limits of vegetated patches notably
decreaseif the two above conditionsere not metFor low image resolution, manual detection worked

well, although it is unknown how operator biases may affect these results as noted by Verschoren et al.
(2017).

Data from this study also shew that macrophyte aerial coveBa, can be estimatealong pre

determined crossections only iSufficient discretization is achieved such thaf B can be assumed.

In this study,NCS< 0.15is required to achieve discharge estimates calculated from ejluerBa

within a £5% error.

Finally, airborre methods presentéere were demonstrated to be an efficient method of acquiring the
spatial distributions of instream vegetatioondisruptively This was achieveth a significantly

shorter timespan (minuteghanprevious field instream survey mettso@hours) Thefield and software
postprocessing methods presented here can easily be employed by technical field staff and to adjust

discharge estimates.
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Chapter 3: A non-destructive method to estimate the

biomechanical properties of aquatic vegetation ksitu

Brignoli, L., W. K. Annable and T. P. Riygvay (n review) A non-destructive method to estimate the
biomechanical properties of aquatic vegetatioriin Journal of Ecohydraulics

3.1 Introduction

Careful and temporally representative estimates of flow resistamparted by vegetation can have
significant effects upon the accuracy of estimating flood elevations and environmenfiaiiavie.g.
Gurnell and Midgley, 1994Neary, 2003). Estimating these roughness factors is complicated by the
inherent heterogeitg in vegetation arising from species richness and caliper (Nepf, 2012; Miler et al.,
2012; 2014). Unlike graiform roughness (e.g. Millar, 1999) which remains relatively constant
between strearhed mobilizing events (Langbein and Leopold 1964), estimattgetation roughness

is further confounded by its temporal nature arising from seasonal andmmeal growth (Gurnell

and Midgley, 1994Gurnell, 2014.

Laboratory and field scale studies over several decades have shown that vegetative resistaiece is

to the spatial distribution of plants and their biomechanical properties, with the former being more
commonly measure(Kouwen et al. 1973, 198Tarollo et al. 2005Luhar and Nepf 2011, 2013).
Accurate estimates of biomechanical properties corhymequire large irsitu field sample sizes or
harvesting of plant communities for subsequent testing and an@ygiSheldon and Boylen, 1978;
Rodusky et al., 2005; Kenow et al., 200bhnson and Newman, 201¥in and Kreiling 2011).
Vegetation harvging, however, is timeonsuming, expensiveand can be detrimental to the
environment as it may affect fauna that utilize plant communities for food and cover (Chubb and Liston,
1986; Dibble et al., 1996).

Relatively rapid nosdisruptive techniques cumntly exist to measure the biomechanical properties of
riparian vegetation which are infrequently inundated (e.g. Eastgate, 1966; Kouwen, 1988), however,
none currently exist to measure similar properties of submerged and emergent instream vegetation.
Sud measurements are important in relating the biomechanical properties to flow resistance when
considering environmental low flows, particularly where continuous discharge estimates are reliant

upon rating curves.
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Here, we present a new tool designed tanede the imsitu biomechanical properties of aquatic
vegetation in a nodestructive fashion. The method is easily deployed and inexpensive whilst leaving
plant communities largely intact. The apparatus is an adaptation dddwel Drop Test (BDT)
originally developed by Eastgate (19@6)d readapted by Kouwen (1988). The current apparatus and
technique was initially developed employing artificial vegetation with known biomechanical properties
for calibration purposes and then deployed along field reaulith differing aquatic species for
validation purposes. Temporal variatioims biomechanics properties were also quantified through

repeated field testing at each site over the growing season.

3.2 Background

Flow resistance arising from-gtream vegetatiois commonly assumed to be a function of its spatial
distribution (Huntington and Whitehead, 1992; Green, 20Niora et al., 2008). The crosgctional
blockage factorlix) quantifies the portion of theth channel cross sectional ardg fbstructed by

vegetation A)) using the expression (Green, 2805

- 0
(i) Q . (3' 1)
(0]

as illustrated irFigure3-1. Sincebx commonly varies spatially, a reabsed estimate of the blockage
factor Bx) over a reach length canalso be estimateas (Green, 20@% Nikora et al., 2008

6 0bw (3-2)
whereD; is the spacing between consecutive csegions, which is employed as a weightingdact

While field measurements yielding values B are relatively commonplace and easy to obtain in
determining flow resistance estimates, other studies have found plant stiffness to be a significant
contributing factor. Ree (1939, 1958), Cox (1942) andhPia(1945, 1946), for example, found that
greener and stronger species yielded higher roughness coefficients than dormant or weaker ones.
Kouwen et al. (1969, 1973, 1980 and 198itpugh a series of laboratory experimet¢snonstrated

how flow resistance vegetated channels is related to both the spatial distribution and flexural stiffness

of plant species through the following expresgi@adapted from Carollo et al., 2005)

— O QaéR (3-3)
0: )
whereV is the average flow velocity* is the shear velocity aradlandb are constants dependent upon

plant stiffness and density. Relative roughn&&s is the ratio between roughness heigitahd flow
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depth ¢) where the former ishe plant height after being bent by flomigure 3-1b). Kouwen and
Unny (1973) foundk/yto be a function of both plant community density and flexural rigidity.

v r —»Section shown in (b) -EEB v
[

Figure 3-1(a) Crosssectional channel view with istream vegetation patches (Al and A2) and, (b)
longitudinal channel profile detailing local water depth and bent plant height. Note: the syi&ol in
represents flowdirectedinto the page.

Flow resistane formulae similar t&equation(3-3) are often used in gravel bed rivers (e.g. Bray, 1979)
wherek representa characteristic grain size.g.Millar, 1999)which, as long as the channel patrticle
size distributiondoes not change, is a temporally constant vadfisavever in vegetated channelk,

being the plant bent heightigure3-1b), can be subject tsignificant seasonal changes. Such changes
occur due tgolant growth/decaywhich may be triggered by water temperature asrnwerwater is
known toenhance plant growth (Madsen and Brix, 1997; Hussner et &li) @#hile coldertrending
temperaturexommonly lead to seasonalacrophyte decay (Hill and Webster, 1982; Trepel and
Holsten, 203). Variations ink may also be induced by changes in velogitich affectthe bending
characteristics of plants and their spatial distributi®andJensen, 200306 Har e e t; al
Verschoren et al, 2016).

Changes irrelative roughnesskfy) directly translate to changes Bx as the two are inteelated
(Figure3-1). Thus, estimating botBx and /y) are subject to the same conditions of drag, buoyancy,
and stiffness (Kouwen et al., 1973, 1981; Sadedsen2003; Statzner et al., 2006; Nikora, 2010; Nepf,
2012; Luhar and Nepf, 2011; 2013). Plant shape and frontal flow areaJ&aseh, 2003epf, 2012)
further affect dragand generateadditional feedback effects upon buoyancy and stiffness which also
vary temporally and as a function of the flow field distribution. Similar to Kouwen et al. (1973, 1981)
it is assumed in this study that the reasleraged biomechanical properties of plants and their spatial

distribution can be interrelated.

Kouwen and Unny1973) found that stem densifyl) and flexural stiffnes¢El) experiencednter-
dependeneffectsuponk/y andthus estimates dfow resistanceEl is defined as the product of the
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modulus of elasticit{E) and the second moment of inertiqa They propseda compositenetric of
aggregate stiffnes@MEIl) to account for the combined effects of stem density and flexural stiffness
(MEI). Specifically, Kouwen and Li (1980), proposed the equation
’F‘Q 8

0 0’0 o8 O [ oY (3-4)
where,Sis the channel slopeis the specific weight of water aris the plant heightbeforebending
forces (i.e. flow) areapplied Chen et al. (2014)ndertook anechanical analysisf stans assuming a
cantilever beanlike behaviour anddemonstrated that the relationship betwé&énand flow was
governed by plant stiffness amgnsity Although Equatiors (3-3) ard (3-4) were developednd
verified employingartificial plantswith known biomechanical propertigbey were later demonstrated
by Carollo et al. (2005) in laboratory studies to be valid fatural vegetation, Boeit with some
modifications to values o and b due to different densities used.uhar and Nepf (2013) further
demonstrated that flow resistance in a vegetated channel can be estimated by determining the drag and
buoyancy forces arising from vegetatjoaiches.

Regardless of the studies or equations mentioned above, representative estimatelsaohah
biomechanical properties f&randl and for plant densitiedf) remain challenging to obtain due to the
largevariations in vegetative communitiesuftd in nature. Studies by both Bradley and Houser (2009)
andStone et al. (2013) found that their respectivadulus of elasticiés (E) varied by more than an

order of magnitude within the same speciéariability can further increase at the single sseale, as

noted byMiler et al. (2012, 204), who found significant variations in bathand| of individual stems
ranging from their root bases to tips. Seasonal variations in daily solar radiation and corresponding
water temperature changes can alsy ae biomechanical properties leading to greater growth rates

in warmer seasons and decay and dislodgement in winter s¢Badks et al., 1982Hill and Webster,

1982 Madsen and Brix, 1997; Trepel and Holsten, 20@3ssner et al., 28; Dallas, 2008).

Whenconsidering large patches of vegetation, which has been noted to commonly control vegetative
flow resistance at the reach scale in both floodpléing et al., 201pand main channel flows (Luhar

and Nepf, 2013), the stem densities of plaht} 4ls0 need to be accounted for. However, given the
innate heterogeneity and anisotropic growth patterns of instream vegetation, field measurements of
are not commonly obtaineBastgate (1966Jevelopedhe Board Drop Test (BDTJo determine the
vegetatiorcover class according to the Soil Conservation Service (SCS) classification system. The test
was subsequently 1@dapted by Kouwen (1988 estimatethe composite responses of an applied

force on plant stiffness and flexural rigiditiEI, product ofM, E andl). TheBDT consists of
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vertically standing a boai@f fixed dimensions and weightn one en@nd allowing it to freely rotate
about its fulcrum in contact with the ground surface coming to rest on the vegetated @tigace
3-2). Theresultingheight of thefallen boardresting above the ground surface is then measured
referred to as théBoard Heighd(BH), and used to calculak¢El (R?= 0.97)with the empirical formula
offered by Kouwen (1988) dghe form

0 000 pg&kO 8 (35
Kouwen (1988) notes th&H must be expressed in metres. The BDT is capable of measuring the

biomechanical properties of vegetation in a-disruptive and cdseffective manner, howevet,can

only be used in neeaubmerged conditions and thus it is not applicable to aquatic vegetation.

Initial board

position
Final board
position
aad WD
Depressed Undisturbed
vegetation vegetation

Figure3-2: Schematic of the board drop test-¢rawn from Kouwen, 1988)

3.3 Experimental apparatus and testing

The tool presented here is an adaptation of the BDT by Eastgate (1966) and Kouwen (1988) to assess

the biomechanical properties of submerged and emergehaimel aquatic vegetatiesubsequently

referred to as theeftling BoardTest (SBT). The settling boagrdonsists of a762min306) | ong by
508 mm( 2 0 0 )6.3Wmndtkick PVMoard(} = 1,350 Kg/m) weighing 3.26 KgFigure3-3a). It is

outfitted with a series 0f2.5 mm hotsspacedl00 mm on centre to promote settling of the board

through the water column. FolivO mm longPVC sealable pipg$d =37 mn) wereadhered to each

corner of the board to assist with positioning of the board above the desired sample areas.
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The SBTmethod was designed to evaluate the biomechanical properties of submerged vegetation,
which is similar in many ways to the BDT developed by Eastgate (1966) and Kouwen (1988), but here
modified for submerged conditiong.he test consists of hovering thiame of the board at the water
surface (affixed pipes pointed upwast)d therallowing it to freely settle over a visually identified
patch of vegetatiorHigure3-3c). Oncethe fall of the board has been arredigdhe plantstheresting

vertical distances from each board corner to the channeBb§dae measured and an average height

of the four corners calculatefiimilar to the BDT, the SBT inducebendingof the plant strands. As

such, resultindBH valuesareassumed to be a function thfe bulkvegetation stiffnesand density,

since plant bending is caused by pressarees arisindrom a rigid plain body and thukeir values

reflect the stiffness and density characteristics of the plants them¢Elsgate, 1966; Kouwen,
1988).

3.4 Laboratory calibration

Calibrationof the SBT to the biomechanical properties of vegetatiaadeterminedusing artificial
vegetation(Figure 3-3b) made of Lexdh as its tensile propges were known, and plant densities,
lengths and spatial patterns could be varied in a controlled ma@adibration tests were conducted

in a stationary pool of water with varying water depths betwe2mm and 0.37 m (a depth range
commonly observeduring field validation testin@ Section3.5). Following the model and methods

of Kouwen and Unny (1973BH values were assumed to be related to plant stiffness and density in
addition to plant strand lengths. Valuesvhfl andh were varied throughout the laboratory calibration

process to account for differences in plant geometry.

TheLexar? modulus of elasticity) was specified to bE = 2.35 GPaby the manufacturer. Flexural
rigidity (El) ranged between 1.31x¥@&nd 296x10° Nm? sincel was varied between 0.0056 and
0.0126mnt which resulted from both stem thickne$$ &ndwidth (ws) being varied amongst tests.
The second moment of inertig (vas determined by the relationshigetway, 1988

00

0 — (3-6)

pPC

Artificial vegetation densis (M) ranged between 659 and 3976 stems/mhereas to limit

experimental costs, only two stem lengthsxere tested: 0.1 m and 0.15@alibration results showed
that for equaMEI values, longer plant lengths yielded higher valueBHfThis resultwas attributed
to the fact that longer plants constitute a denser medium able to support the board more effectively as

its weight isdistributedacross a largesurfacearea Thus, a composite metriéElh) is introduced
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here which is the product of the plant density, modulus of elasticity, second moment of inertia
(analogous to Kouwen et al., 1969, 1973), and plant length.

Initial position
x 7 3

Artificial

plants \

y

Final position

*
o =4 [T 3. |

<

7

Figure3-3(a@)The Settling Boarddé (b) artdsting and(d)actossveget at i

sectional schematic of the initial and final testing positions of the apparatus.

The Settling Board was observed to deakewhile sinking and therefore impacted plants with a force
inversely proportional to flow depti Consequently, for the sanmMEIlh value, resultingBH was

always greater with increasing water defffigure3-4).

An empirical relationship to calculatdElh as a function oBH andy was determinedR?=0.96;
p<0.001):

T8t pQJO Mrimmo
o 8

b 0D (3-7)

It is noted that botBH andy must be expressed in mes which results iMEIh expressed in Nm.

This relationshipwas considered to bealid for conditions wherBH > 0.02 m(median bed material
grainsize @so) foundwhile undertaking field tests). Observations during field validation noted that not

all corrers of the Settling Board came to rest on vegetation in all test cases. In some instances, a varying
number of the Settling Board corners came to rest on the channel bed. Therefore, an additional series
of Settling Board calibration experiments were amtdd to address these conditions by varjihg

andhin a similar fashion to those discussed above. Results of these findings are listed inITable 3
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Figure 3-4(a) Laboratory calibration results Wwidifferent depths shown (b) Results normalized by

depth to obtain Equatiaf3-7)

Table 31: Limit values ofMEIh to be assigned when parts of the Settling Board rest on the channel

bed.

0

0.02 0.04 0.06

Board Height (m)

0.08 0.1

Field Scenario

Resulting MEIh

No plants present

MElh = 0®

One corner touches channel bottom

MEIh = 0.0023/ 0.0046y"

More than one corner touches channel bottom

MEIh = 0.001i 0.0023y®

(a) Assumed, since if no plants are presetO, thusMEIh=0; (b) From laboratory tests, y (flow depth) is in
metres, resultin@IElh is in Nm

3.5 Field testing

Field validation tests were undertaken over two summers along two different reaches of Moorefield
Creek in Southern Ontario, Canada. Different speciesqoati plants were teste@parganium
americanum(Figure 3-5a) at both reacheskElodea canadensigFigure 3-5b) at Reach 1 and
Potamogetomatansat Reach 2. A& americaum plants may emerge from the water surface, both
submerged and emergent plants of this species were tested. This was not pog3ilniatiorsandE.

canadensisince only submerged plants were found.

All test locations were gereferenced using a SOKKFARTK-GPS (+0.01 m) so that they could be
repeated at the same locations during different seasonal growth stages to evaluate temporal changes in
MEIh. The testingprocedurénere follows closely that described in the calibration phase. In cases where

the Sdtling Board came to rest on the channel,8lh values were assigned based upon the criteria
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listed inTable 31. Discharge Q) was estimated &tstation by employing the velocity area method
(e.g. Herschy, 199 using a SONTEK Flow Tracker (+0.001 m/s). Average velocity was calculated as
the ratioQ/AwhereAis the average crosectional area measured with the same f&RS unitTests

were repeated throughout the summer, with an average frequency of 14 days.

The spatial distribution of instream vegetation was determined by inventdrgindy at a series of
points along each given cressction (within the channel top width) using the same GRS unit.
Spacing between each inventory point averaged 0.68 rie Wwhacing between successive cross
sections averageti68 m Both point and crossectional sample spacing were varied based upon field
observations of plant heterogeneity. In areas where GPS coverage was interrupted (typically under
overhanging riparidvegetation), missing data points were interpolated based upon field observations.
For each crossection, blockage factdix was calculated as a weighted averagk/ypwalues Table

3-1; note: ifk Oy thenk/y = 1) using the distance among points as a weighting factor. The average
blockage factoBx was computed by averagibg values usindgequation(3-2). Furthermore, for each

SBT, ak/yvalue correspondintp each test location was obtained by averagipgalues within 0.762

m (the side of the settling board) of the test location.

Field tests were undertaken in flow depths ranging between 0.15 m and 0.51 m. Approximately 93%

of the field tests were undaken in flow depths ranging between 0.2 m and 0.37 m (corresponding to

the depths used in the calibration testiyhile field tests were conducted under flowing conditions
(calibration tests were conducted in standing water), the highest velocityedbsethe field site was

relatively low (0.04 m/s) which did not cause the board to deviate from its vertical path during settling.

It is not recommended to undertake SBTO0s wunder

minimize settling paths #t deviate from those normal to the water surface.

As water temperatudeas been documentedatiectplant growth (Madsen and Brix, 1997; Hussner et
al., 2014) anddecay (Hill and Webster, 1982; Trepel and Holsten, 2008)as measureftom April
to November of each sampling year using ONSpfessure and temperature sensors (+0.1°C) at five

minutes intervals.
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Figure3-5 Field Settling Board test on: (§parganium americanuand, (b)Elodea canadensis

3.5.1 Field testing results and discussion

A statistically significant relationship fR0.58,p<0.001) was found between fietdeasuredMElh

values and correspondingy values for the combined validation reach&gyre 3-6). Similar
relationships were obtained at each test reach where different instream species were observed: Reach 1
(R?>=0.40,p=0.001), Reach 2 R0.85,p<0.001). These results agree with observations by Koetven

al. (1973, 1981) who showedyto be directly relatedtEl for artificial plants At both sites, emergent
vegetation $parganium americanumvas present and it was noted that emerging stems arched in the
general direction of channel flow rather than protruding vertically. In these cases, resulting stem
heights were measured from the channel bed to the maximum height that the vegetation floated at (as
opposed to the net stem length that rhayreater in several cases). As suklis assumed to be a
function of El for emergent plants. Naturallk is also diretly proportional toh, consequently a
proportionality betweek andMEIh also exists.
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Figure3-6 Relationship betweeREIh andk/y for S. americanurplants.For Reach 1, n=23; Reach 2,
n=14. No dataare shown for other specieas sample sizes were too small to obtain statistically
significant results anthck ofk/y data.

During each an nmodigh fleneevants (§.e. exéeedidd@Btiedrean annual flow of the
stream)occurred. These observatiocembined with the relatively small changes in mean velocities
during each SBT (Reach 1: 0.01.025 m/s, Reach 2: 0.0190.042 m/s) infer that the correlations
betweerMEIh andk/y result from plant growth rather than either reconstitution of the chaeder
reconfiguratiorof vegetative patchdse. plant bending due to flow, Saddnsen, 2003yhich would

require higher velocities

AverageMElh values for each reach were compared to the reaelagedx value and a statistically
significant relaibnship <0.05) was found at Reach 1 but not at Readfidli(e3-7), where a weaker
correlation and statistical significance were foupr)(14). Denser and stiffer plants tended to occupy
more of the crossecton (Kouwen and Unny, 1973; Luhar and Nepf, 2013) thus yielding higher
values SinceBx is related tdk/y, some degree of correlation with resmleragedMEIlh values were
also to be expected. The density of vegetation at Reach 2 was not as pronfteathrat which may

explain the lack of correlation at Reach 2.
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Figure3-7: Bx versusreachaveragedElh
It is also plausible tha¥lEIh datacollectedfrom eachSBT could be used to predict changek/inrand
subsequentlBx due to reconfiguratiofGreen, 2008 Nikora et al., 2008; Luhar and Nepf, 2013). To
test this hypothesis, measurementk/gfand Bx needed tde obtainedat similar growth stage@o
avoid changes iMEIh because of growth/decaynderdifferent flow conditionsto assess different
bending forces. Unfortunately, in the present study, this could not be assessed due to the lack of higher
velocities (maximum velocity observed during field test was 0.042 m/s) capable of producing
noticeableadifferences in plant bending throughout the study duration.

3.5.2 Temporal changes iplantsbiomechanical properties

At Reaches 1 and 2MEIh increased forE. canadensisP. natansand S. americanumas water
temperatures seasonally increased aboWE Bhd deceased when water began to seasonally decrease
(Figure3-8). Seasonal decreases result from biomass losses and consequent loss in planMjensity (
which can be triggered by colder temperatures. For aquatic phgital of temperate regions,
decreases ih, E andl have also been observed to occur seasonally (Miler et al., 8044 020%).

Hill and Webster (1982) founé. canadensisbiomasges began talecaywhenriver temperatures

decreasetbelow 14 €, a threshold similar to the current studgimilarly, Trepel and Holsten (2003)
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observedhat thebiomasf S emersunga species similar t8. americanujmmarkedlydecreasgéwhen

water temperaturdsll below 10 €. The thieshold observed here f8r americanurare approximately

5 °C highethan the previous studyvhich may be related to the difference in biomechanical properties
of different species in the same genus. $oamericanunplants, greateMEIh values were foundt
Reach2, than at Reach 1. This likely related taifferences in temperatures between the two reaches:
Reach2 was characterized by warmeater(Figure3-8) which may have enhanced plant growth, thus
specimen biomechanical properties and dgnRieasons for differences in temperatures between the
two reaches are attributed to possible different volumes of groundwater infiltration (Conant, 2004) and
shading due to riparian cover (Johnson, 1971; Beschta, 1997) along Réaetiidgs from thistudy
demonstrate that the intseasonal biomechanical properties of macrophytes can be captured over their
entire growth period by deploying the SBT at approximate thrémuteveekintervals.
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Figure3-8: Water temperature variations and changedHith for 2015 data and 2016 data.
3.6 Conclusions

A simple method has been develop&BT) to evaluate the biomechanical properties e$tieam
vegetation and relate them to the relative roughness mddfic i a nordestructive fashion.
Laboratory calibration of the SB showed its ability to detect differences in plant densities and stiffnesses
whereas field tests confirmed that the SBT can be used to detect temporal changes in the biomechanics
properties of sbmerged species and successfully relate them to relative roughness. The biomechanical
properties have been documented in other studies to be related to flow resistance caused by aquatic

plants but had not been previously sampled or quantified in a sy&téastion such that they could
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be directly related to relative roughness. Measurements obtained through the use of the SBT can then
be used to aid in the successful estimation of vegetative flow resistance and thus improved discharge

estimates a&-statin i particularly under environmental lefdow conditions.

Applications of theSBT are not limited to estimating flow resistance but can also be used to map
submerged plant densities at finer scales than previously studied.caasbe used tdistinguish
patches with higher density and rigidity from lower density dhepeated on different plants of the
same speciedlant density is related to turbulence intensity (Nepf, 2012) and also controls water
retention time among plant communities (Nikora, @0Thus,M is related to reach scale roughness,

which in turn affects the ability to estimate discharge.

39



Chapter 4: Improving flow records affected by instream
vegetation during lowflow conditions

4.1 Introduction

Many water resources management applications, rafrgingengineering to biology, rely on accurate
continuous flow records. Examples include environmental assessments, water supply management and
planning as well as infrastructure design (Kiang et al., 2009). Continuous records exist at gauging
stations whre river levels are continuously measured and converted into discharge using rating curves.
Employment of rating curves assume that a unique relationship exists between fl@yy eate (vater

level WL), where the latter is often called stage and medsuith respect to a datum. The general

formula of a rating curve is (Herschy, 1995):

0 Qawbd (4-1)
Equation(4-1) is reliable if the channel boundary conditions, relativevhen the curve was originally
developed, do not vary. However, external fact@ans alterthe boundary conditions and, if these are
not accounted for, errors in discharge estimates can arise. Causes of these errors include: abrupt changes
in channel mhology (Reitan andPeterse®dverleir 2011; Guerrero et al., 2012), localized
erosion/deposition (Quick, 1991; Magnuszewski and Moran, 2015), backwater from beaver dams
(Hamilton and Moore, 2011), presence of ice (Pelletier, 1988, 1989) or aquaticieegé&atnell and
Midgley, 1994; Hamilton and Moore, 2011; Cassan et al., 2015).

Erroneous flow estimates resulting from aquatic vegetation are often temporally variable, due to
seasonal growth and decay cycles of plants (Gurnell and Midgley, 1994).t@ored¢hese errors has

hi storically been undertaken by epbstefiotbi mge tah oglisv. e n
These, however, requirmstantaneousn-site measurements of discharge and often lead to the

introduction of systematic erro(Schmidt, 2004).

In most of the temperate regions of therld, aquatic plant growtbccurs inthe summer months when

low flow conditions are common (De Doncker, 2Q@ring this period, water management decisions

are critical as they are made to preverater scarcity from affecing farming and potable use
Furthermoresome water allocation regulations are made to protect aquatic hakitatessve water
takings causelong-term negative effects on ecosystems (Scheffer and Carpenter, 20083. is
egecially important at the present time, as climate change is expected to increase the severity of low
flows and droughtqWhitfield and Hendrata, 2006 onsequentlyskewed water apportionments

resulting fromincorrectlow flow estimatesanlead todetrimental impacts on the publis well as the
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environment Finally, the sustainability of aquati@bitas, such as fish passage requirements, is usually
determinedrom flow estimate¢Suren and Jowett, 2006; Bradford and Heinonen, 2008, Dunbar et al.,
2010. In summary, methods to improve the accuracy of discharge records, especially at low flow, are
needed.

This chaptempresents a simplaccuratanethod to correct flow rates erroneously calculated at gauging
stations due to the added flow resistance hbyatiq vegetation at the reashbale. The proposed
methodology uses nedisruptive measurements of vegetation spatial distribufiom not requiring
harvesting of plantsand can be applied to both discrete and continuous flow estimates, the ultimate
goal being to improve the estimation of low flow metrics at gauged sites. A sensitivity analysis to
address the effect of sample size (number of samples and monitoring temporal frequency) is also shown
for application purposes.

4.2 Background

Vegetative flow resisince (i.e. vegetative roughness) has been studied for approximately eight.decades
To estimate itseveral parametehave been used (Fentzl, 1964; Baptist et al., 2007; Nepf, Zuiag

of which are not easily obtaingthus making it a challenging issto solve The first studies in this

field involved assessments of flow conveyance in irrigation canals by 1R&88,(1941, 194%nd

1958, Cox (1942, and Palmer (1945 arib46. These works found that vegetative flow resistance
was affected by plant desity (M), stem length k), crosssectional blockageand crop conditions.
Kouwenet al., (1969, 1973, 1980, and 198hYer estimated flow resistance of artificial plants in a

flume, offering the formula

R ¢

. 0 oac¢g 3)2 (4-2)
where,V is flow mean velocityu- is the bedshear velocityy is flow depth,k is roughness height or
vegetation bent heighi.é.. the height that the plastem assumes after it is bent over by flandiC;,

C; are constantmdirectly dependent astem densityNl) and stiffnessEl). While Equation(4-2) was
developed for artificial plants, latexxperiments with rtaral grass speciesonfirmed that relative
roughnessky) is proportional to flowesistance (notablyVilson and Horritt, 2002Jarvela, 2002;
Carollo et al., 2005). Other studibavefound that thespatial distribution, stiffness and density of
vegetdion were also contributing factote flow resistanc§James and Birkhea@004, and Wilson

2007).
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The majority of the aforementioned studies was based on laboratory experiaséens field-based
studieshave been undertaken on this top@enerally, athe reach scale, vegetative roughness is
separated from other sources of flow resistance in the following foroH@ngington and Whitehead,
1992; Green, 20@52005b;Nikora et al., 2008):

¢ Q¢ ke (4-3)
wheren, is the baseoughnessy al ue o f nMaentondombgnédsgrain and form roughness
(Millar, 1999) andh,is theMa n n i niregigtasce factor arising fromegeation Consequently, when

vegetation is not presemt= n.

Although there isa sound theoreticadnd empiricabasis for this approach (Cowan, 1986cement
and Schneider, 198Millar, 1999), Equation (4-3) is often applied inconsistentlyTéble 4-1).
Specifically, whilenis generallycals | at ed directly from fl ow data usi
Chow, 1959),n, is often estimated indirectlyfrom grain size data (®en, 2008), and, in some
instancesassumed constamtith Q (Huntington and Whitehead, 1994ikora et al., 2008). The latter
scenario is possible, howeveagrrelationbetweem, andQ is common in natural channels, especially
at low flows (Hicks and Mson, 1991; Ferguson, 2010; 2013).

Conversely, calculations af, are usuallyrelated tothe sizes,spatial distributios and densitie®f
vegetationpatches at the reach scale, which relates well to results from laboratory observations by
Kouwen et al., 1969, 1970, 1973, 1981, 1988), James ainkhBad (2004), Carollet al.,(2005) and
Wilson (200). However, adifferent metrics and methode quantify the spatial distribution of
vegetation exist, different approaches and formulations are availalbhe dsrwell. This variety of
approachedrequently cause estimatiols of vegetative flow resistance amésulting discharge

estimates taliffer markedlyamongst studies.

For the purposes of estimating the reackscale spatial distribution of vegetatioashbeen quantified
in various ways. One common methodtésquantify the portion of the channel bed covered by

vegetationalso called aerial covedgfined as:

B 0o

- (4-4)
(0]

6

whereBa is aerial cove® is the surface area of tlgeth vegetateghatch(SandJensen 2002N is the

total number of patchemdAr is thestudy reactiotal surfacearea Huntington and Whitehead (1992),

Green (2005a) and Old et al., (2014) folBxandf | ow r esi stance (mMtwperessed a
correlated Different methods can be used to quantify the latter; however, the spatial distribution of

plants can often be heterogeneous and boundaries between channel bed and vegetation may not be as
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clearly defined as illustrated ifrigure 4-1a. Thus, within a reaclBa is often estimated through a
discretization approach by measuring plantas etosssections and applying the following relationship
to estimateBa (e.g.: Green, 20@5 Nikora et al., 2008):

B
6 0 ﬂ Yi0a Q ﬂ YO
0 0

alke]

Q Q "0 0 (4-5)
~

O Q0L QQQO M NNE i & 'R o
O pQWQQQ0 M NNE B & 'R 0
where, at thé-th crosssection,la(j) is the blockage width,is the surveying point of interest, is its
distance fronmthe bank(Figure 4-1b), F; is a binary functiorand Tw is the channel top width_a
represents the averagelg(fj) values and, in most studies, it is assumedBhatL.. The &curacy of

this assumption, is disssed in detail itChapter 2

The spatial distribution of vegetation has also been quantified at thesexigmal scale using the
crosssectional lbckage factorlfx, Green, 2008). This is defined as thatio between the proportion

of a givencrosssedion containing vegetation to the total cr@estional ared§Green, 2008, Nepf

2012). Increases in flow resistanagere found related to the blockage factorfield studies by
Champion and Tanner (2000), Green (2005a), and Nikora et al. (20@Bg,j-th crosssectionbx can

be calculated with a weighted sum to account for uneven spacing between points sampled as defined

by:

v .y P " 00 (4-6)
O 00 = —
@ g D

in which,i is themeasuremerpoint of interestd; is its distance from the banli,is local depth ané
is locd vegetation heightHigure4-1c). Whenk; > h; it is generallyassumedhatk; = h; as the emergent

part of the vegetation does not contribute to flow blockage.

To obtain a metric representing blockagetfa whole reach, different statistical parameters have been
used. These includevegetation distribution curve (Green, 20@8)calculating thenean value obyx,
weighted according to crosectional spacing in the general fof@reen, 2008 Nikora et al.,2008):

6

£ 0d 0 (47)

Different reach delineation methods and cresstional spacings have been used to define
Furthermorethe extent to which sample size affects tbeuaacy of vegetation distribution parameters

remainsunknown (Nepf, 2012)n summary, while different methods and metrics have been proposed,
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there remains a lack of consensus on which methodology is most appropriate to quantify vegetation

spatial distibution, andhow vegetative resistance to flostiould be calculated
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Figure4-1: Simplified schematic of vegetation distribution at the longitudinal scale (a) detail of cross

section calculation (b) crossctional view (c)and vertical view(d)
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Table4-1: Expressions fon=ny+ny in vegetated channels found in literature.

Study Expression fony Expression fon
Huntington and 0
. 0.0337 (constantvalue) 3 81 ¢ G—%
Whitehead (1992) w
Champion and . .
0.048(constant value) £ T® O
Tanner (2000)
-Y T
"Green (2008) (1) Lo Y8 qQ 8 € TO TETYuu X
p oyt 18RV
-Y 7
"Green (2008) (2) - Y8 q 8 E MO mWT wy
p oyt 1288V
Nikora et al., i
0.025(constant value) £ Q
(2008)

Notes: * - dmax is maximum flow depth (Hey, 1988) andg(k)= -1.54+1.02log(Z/XY )1, where
(Z3/XY) is the 9% percentile of Z%/XY whereX, Y, andZ are long, intermediate and short axes of a
particle respectively (in mm).
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4.3 Methodology

4.3.1 Study sites

Five river reaches affected by aquatic vegetation were selected for this investigativa4-2, Table

4-2). Reaches 1 and 2 were selected as the study testing and method development reaches, while the
remaining three were used for independent validation purposes. All reaches are gahged/ater

Survey of Canada (WSC) with the exception of Reach 3, which is gauged by the Maitland Valley
Conservation Authority (MVCA). Summer flow rates for Reach 1 ahd\& not beepublishedby

WSC foroveradecadeStreamflow data foReaches 4 anfl is subject t@a posterioriseasonal shifts

by WSG which are based upon flow measurements, air temperature measurements and field
observations of aquatic vegetation (Environment Canada, personal comm.je&todsfor Reach 3

arenot subject to any shs.

Reach 3 CAN AD A
Loke Huror .
§ .......... ; ’.fé;éi‘l}:mm .Reach 1, 2
Detréit g
- - ®Reach 4 Toronto
o Lake Ontario
Waterloo
.Reach 5 .'.'
o
Buffalo

20 km Lake Erie USA
I

Figure4-2: Location of study reaches

In previous studieshat assessd vegetative flow resistance, reach lengths were kept either constant
(Green, 2005a) or proportional to channel width (Nikoral.e2808). Here, to isolate the backwater
effects within a reach, the limits of each reach were defined at low flow hydraulic controls which were
either man made or natural (Herschy, 1995). This resulted in different reach |&raditesi(2).
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Table4-2: Summary of study reaches mégaturesyalidation reaches are marked with (v).

@Drainage | Length | Aquatic plants species
Reach | Watercourse —
area(km?) (m) Scienific name | Common name
Sparganium American busreed,;
americanum Canadian
1 . 121 Elodea waterweed
Moorefield Creek 58 canadensis
(b)
(02GA049 Sparganium American buireed;
2 106 americanum Pondweed;
Potamogeton
; Nymphaea spp. Water lily;
3(V) RN ortrh ,\T\jlgfng 46 149 Potamogetorspp. Pondweed;
iver ( ) Nasturtium spp. Watercress
Canagagigue Potamogeton spp Pondweed;
4 (v) Creek 114 140 Elodea Canadian
(OZGA023)(C) canadensis waterweed
Nasturtium spp. Watercress;
5(v) R%};rg)[l;josz%gek 145 125 Elodea Canadian
( canadensis waterweed

Notes: (a) Drainage areas foReaches 1 3 were measured on ArcM3pwhile those for Canagagigue and
Reynolds Creek were provided by Water Survey of Canada (wateroffice.ec.@).tda@.gauge station is Icea
approximately 360 m downstream of Reach 1 and 770 m upstream of Réelcth@.gauge station is located in

the middle of the study reach.

4.3.2 Hydraulic measurements

At Reaches 1 and 2, a rating curve was developed at a lonatiafiected by seasonahbkwater, but
proximal enough to both reaches tpatialcontinuity in discharge could be assumed. Heratew
levels werecontinuouslyrecorded with HOB® pressure transducgr(accuracy+ 3 mm). Flow
velocities were measured wittBanTeR 2D Flow Tradker (accuracyt 1 mm/s) and the velocisrea
method applied to determine flow rates (Herschy, 1995). Fuoty discharge measurements were
obtained over ¢hreeyear period, ranging between P3m¥/s and ®¥10m?/s, (Figure4-3). Discharge
measurement error was determined by the instrument following theSt&@lard 78 (1997) and

averaged 2.79%.

A continuous longitudinal water surface profile was obtained along Reaches lt@maeadsure the
temporal effectsforegetation growth on flow depth at different flow rates. To achieve this, water levels
were recorded using ONSEPpressure transducers (+3 mm) along twenty evenly spaced locations (12

at Reach 1 and 8 at Reach 2). Sampling frequency was defiexidte intervals for approximately

200 days, between April/May and late November for each year.
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Figure4-3: Rating curve for Reach 1 and 2, without vegetative backwater impairments

4.3.3 Flow resistance analysis

Theeffects of vegetation on flow resistance were quantified by comparing water levels recorded before
vegetation growth with those obtained while plants were present in the channel. As water levels depend
on discharge, the comparison was done at the same eatischarge as expressed by:

Yo O O wd0 O 0 (4-8)
wheregWIlis the increase in water level at flow r&@ecaused by vegetatiolyL is field-measured
water level recorded when vegetation is presenViigds the fieb-measured water level for the base
roughness (nomegetated) condition. If aWl, wasnot available for a specifi®, it was extrapolated
based upon the value of water levels recorded at sections unaffected by vegetation (procedure is
discussed in Appemnx)i. No appreciable changes to other channel roughness elementssémiossal
shape or grain size distribution) occurred during eastremm growth season. Therefore, aside from
instrument inaccuradfwhich is discussed in Sectidin3.3.), p Wlvalues were attributed to increases
in flow resistance caused by vegetation. Errof3 @stimates arising from vegetation growa) were

estimated as follows:
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0 wd 0 wbd
0 @0
where Q(WL) and Q(WL,) are discharges calculated usidg. and WL, respectively. AsQ was

estimated at a section unaffected by vegetative flow resistance (rating chiyerav-3), Q(WL,) was

(4-9)

assumed to ben accuratealue of discharge.

Other factors, such as water surface sldEehargeand channel width mayave ausel differences
in p WLConsequently, to compagp Wlobtained under different flow rates and in different reaches,
their values were standardized as follows

y Y
L Yob—g= 4-10
~T (4-10)

wherekK, the stadardized increase in water levexpresseg Wlfor a given combination of discharge

Q, water surface slop&y and top widthTw. Alpha(U) and betgb) are exponents equal to 2 and 0.5,
respectively, and were determined through a-fieapproachin the data analysis phase. It should be
noted that while&k describes an increase in flow resistance it should not be interpreted as a roughness

parameter, rather as a tool used to correct flow estimates and wate($ewticn4.5.2.

AsMa n n i mmgsifaund in other studies to be related to vegetfiw resistance, (Kouwen et al.
1981; Champion and Tanner, 2000; Nikora et al., 2008; Luhar and Nepf, 2QE3) éalculatethere
to provide a direct comparison &xpressions of the general form of Equat{dB). Heren, was
calculated using

E ot b OYZ—Y : (11
whereA is wetted are, Ris hydraulic radiusS is friction slope As the latter could not be measured
directly, it was assumed equal to the surface water slope assuming that similar velocity distributions
were present at the reach boundaries, due to observed morphologitities at these locations.
Ma n n i mfay ihesbaseoughness conditiomg) is calculated usiniVL,(Q) andn usingWL(Q). In
order to provide a comparison with other studigsyas also estimated using formulations found in
literature Table4-1). As some of these require measuresrafrgsize distributionge.g.: Task force
for friction in open channels, 1963he pebble count technique offered by Wolman (1954%

employed
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4.3.3.1 Systematic discharge calculation errors

Errorsin discharge estimates in th6% range are generally deemed acceptable by many agencies such
as Water Survey of Canada (Hamilton and Moore, 2012). While this accuracy level is considered
achievable rost of the yegrunder low flow conditions it is commda incur large errors, as noted by
Tomkins (2014).These errors ardue to physical reasonscluding: an increased influence of the
boundary layerhyporheic exchangeandmeasurement errors, which have a larger impact Whisn

low (Hamilton, 2008).

It was then deemed necessary to quantify the aforementsysezmatiaischargecalculationerrors
to avoid attributing them to vegetative flow resistanceadlueve thisdischarge calculated usingter
levelssimultaneouslyneasured at two locationstradfected by aquatic vegetatiaras comparedsing
Equation(4-9). As expectegderrors in the measurement of discharge greater thanwes@present at
lower flows while forQ>0.15 ni/s discharge erromserein the +5% rangeWhile therewasgeneral
agreement between fiefdeasuredtg (usingEquation(4-9)) and calculateq (which assumesrrors
are solely caused by pressure transducer inaccuracy), some divergencenisgtriesv flow Figure
4-4). Therefore, arempirical systematic error dependent@nencompassing 98% &%, values was
determined from measured values apglied(solid lines orFigure4-4). It should be noted that these

limits are to be considered s#pecific and should not be transferred to other rivers.

Due to theemphasi®f this study on low flow rates, flow resistance analysis was focused on discharges
below 0.5m%s. Through a regional analysis (e.g.: Smakthin, 2001; Castellarin et al., 2004) it was
estimated that this value is below the mean annual flow for Moorefield Geek)(79 n¥/s) and well

above percentiles commonly associated with low flow events asi€ko or Qos (Smakthin, 2001;

Pyrce, 2004). This threshold was established to avoid extrapolating discharge values largely outside the
range of fieldmeasured flow rateg-{gure4-3) and to exclude the effects lofink vegetation on flow
resistance which may affect higher flow rates (Darby and Thorné; Na@len et al., 2006).
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Field data
Empirical £, limits used

Error due to water loggers
accuracy (+3 mm)

20 —
Flow rate range Systematic err. range | % ptsin range
Q <0.04 m’/s -15% <Eqos< 25% 99%
0.04 m°/s < Q<0.08 m’/s -10% <Egs= 15% 98%
0.08 m’/s <Q<0.15 m’/s -10% <Eos < 5% 99%
Q>0.15m’/s -5% <Egs < 5% 95%

Figure4-4. Systematic errofg sas a function of flow rate, specific values are shawthe inserted
table. Dashed lines i&€q s calculated assuming an error in water level equal to the accuracy of the

loggers(£3 mm).

4.3.3.2 Duration of the nonvegetated period

Determining the duration dfie norvegetated periodias required to discriminate tineeen open water
(nonvegetated) and vegetative flewsistance and for the purposes of using EquafbBsto (4-11).

These periods were established from both field masens and information concerning plant growth
found in literatureln this study increases in flow resistance were observed to occur when the mean

daily water temperature was consistently aboveQ@or approximately 40 day$igure4-5), which
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compares well to findings from other studies. Trepel and Holsten (2003) &pamdaniunspp. plants

(dominant genus @&each 1 and 2) growth to commence when water temperatures were ab&e 10

While Trepel and Holstéghs t hr eshol d was generally reached | es
plant growth was observed to start after water had been abov@ 4@or 1520 days. However, in

accordance with findings by De Doncker et al., (2009), plantditnitedd effects on flow resistance at

these early growth stages.
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Figure4-5: Conceptual representation of temperature variations and the different factors affecting flow
resistance in a typical year at the study reaches.

4.3.4 Aguatic vegetation surveys

Non-disruptive plant surveys were undertaken over three years to spatiatify theplanformand
crosssectional distribution adiquatiomacrophytesver each growing season. The surveying procedure
entailedinventorying trasects perpendicular to the flow direction. Along each transect, values of
streambed elevationvater depth and vegetation heigi®re recordedising a SOKKI&X RTK-GPS

unit (+0.01 m) Due to occasional lack of GPS coverage, some points were interpolagddbaeeld
observations to infill the reach planform. Point spacing varied along each section according to the
heterogeneity of the plants and bathymetry chahgegraging a 0.7 m discretization interval each
crosssection, blockage widtHA Equaion (4-5)) and crossectional blockage factorhy, Equation

(4-6)) were calculated. Equatioii4-6) and(4-7) were then used to determine reasleraged values

for La andBx.
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A vegetation distribution curve (VDC) wdsvelopedor each survejollowing theprocedureutlined

by Green (2006)A VDC is a statistical distribution ranking thpadial density of plants measured at
the crosssectional scaleAnalogous to a cumulative grain size distribution cueagh VDChas100

Bx,p percentilesvhereBx 100iS the maximunby valuerecorded(i.e.: the crossection with the highest
blockage)andBx o is the median valu@.e.: half of the crossections have higher blockage values)
To produce a VDC, the reach length was divided into equally sgabadsegments. Each segment
was assigned a value lof determined byinear interpolatiorfrom adacent fieldmeasuredx values
(similar to Green, 2006andthenBx, values werecalculatedFigure4-6). A similar procedure was
obtained foll . The standard error of each percentile on the WG quantifiedising abootstrapping
technique with replacement, following the procedures for grain size distribution curves by Rice and
Church (1996) and Green (2003) dnab r Vbl Géen (2006). Results of this analysis are shown
in Section4.4.2.3

)
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| - o oo Reachl(l-4)
..... Reach 2 (L)
0 r I | ! | | |
. 50 40 60 80 100

p (Percentile)
Figure 4-6. examples of vegetation distribution curves for Reaches 1 and 2 obtainedBusinga
values Note: The Percentile was placed on thaXis for consistency wittsreen (2006).
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4.3.4.1 Temporal interpolation of vegetation spatial distribution metrics

To obtain dailyvalues ofBx, La, and VDC percentiless 2 degree polynomial functiowas fitto all
vegetation distributiomobtained in each yeand at each reackigure4-7). Resulting polynomial fits
reflected temporal variations wels0.75 < R < 0.99 The initial and final growth limits bounding
Figure4-7 were determined based updwe tcriteria defined in Sectioh3.3 While previous authors
(Van der Heide et al., 2006) shedthat plant growth can be exponential, this was not applied here as
limited data was available at the beginningeafch growing season. It was further assumed that
vegetation did not contribute to flow resistance after Decenibef &ach year (confirmed through

field observations) as plants decayed.

Due to the empirical, sitspecific nature of these assumptiongs#hcriteria need to be field validated

if applied in different climatic regions am streamsvhere other species are preséris further noted

that these assumptions extrapolate plant gr@amthare only validunderlow flow conditionswhere

flow resistance effects are the great@$te model does not account for plant bending which may occur
under high flows andeduceBx (e.g.: Sandlensen, 2003). As discussedsattion4.3.3 in this study

the analysis as focused on low flow rates and not high flows, which yield higher velocities capable of

inducing substantial plant bending.
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Figure4-7: Example of polynomial model fit teegetationmetrics (example showis the blockage
factor 9%" percentile)

4.3.4.2 Accuracy of vegetation parameters used

The accuracy of vegetation distribution metrice( Bx, La, VDC percentilesganbe affected by the
spatial and temporal sampling frequency (Nepf, 2012) which can be doedtly time and budget.
Thus, b assess whether adopting a lower spatial or temporal resobatidah affectthe calculated
values ofBx, La and VDC percentilea sensitivity analysis was undertak&his involved varyinghe

number of crossectiors, to simulate different sample sizas follows:
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Op pTTH — (4-12)
0 f

whereE,mis the error of thg@-th percentile on th&DC using a subseh of thetotal number of cross
sections available\) and(Bx)imis its corresponding value on ti®C. For each subsetfian or mal i s e d
crosss e ¢t i 0 n aNCSsvpsacaldulated groughly based on Samuels, 1990):

00"y O—Y (4-13

Y

whereCS is the average distance between cigesgions, measured along the channel cdimee and
Twis the channedverageop width. Here, an averagdCS~ 1, 2 and 3 were used (compared to the
average full resolion of NCS~ 0.33). Using thesspatialresolutions Bx values for each growing

season were calculated using the techniques outlingetiron4.3.4.1and shown irFigure4-7.

The temporal resolution was assessed by analyzing two scenarios: one with a reduced number of
surveys per year, and one using the whole dataset. The former was achieved so that only one survey
per month was presenfigure 4-7), resulting in an average ¥y frequency. Comparatively, the

whole datasetadan average 8ay frequency between surveys.

4.4 Field Results

4.4.1 Seasonal effects of aquatic vegetation growth on discharge estimation

At Reaches 1 and 2, ahges in water levels at coinciding discharge valge8VE and resulting
discharge calculation errorkEd) were calculated for the three yearssessedbetween April and
November, following the procedure outlinedSectiond.3.3(Figure4-8, Figure4-9). Increases i;p WL
clearly demonstrate the influence of vegetative resistance on water EEgeied-8, Figure4-9). At
vegetated locationsp Wlvalues were close to zero in April and May, as plants were either not present
or in early growth stagespWlbeganto increase in June, reaching itgkest values (up to 35 mm) in
late August and early SeptembEigure4-8, Figure4-9), when vegetation growth was at its peak and
its effect on flow resistance the greatéss illustrated inFigure 4-8 and Figure4-9, autumnal plant
decay causedVL to decreas¢OctoberNovember). However, if low flow events persisted into this
period, dead plants often accumuthtg the downstream end of Reacladding to the backwater
effects. This caused dncrease inWL as evidenced by the peak in early @betr 2015 and 2016
(Figure4-8b, c). Conversely,fiautumn flows were large (relative to low flow conditions), for instance

in 2014, plants were washed downstream gl receded to prgegetation levels more quilgk
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(Figure4-8a). This phenomenon was not observed at Reach 2, which was characterized by a higher

water surface slope, allowing macrophytes to flow downstream.

Figure 4-8 and Figure 4-9 demonstrate that not accounting fgWLwill cause notable errors in
discharge estimatiolo. These errors were higher at lower flow rates, as202@m increase in water

level had larger impacts on flow calculation at low stages. This effect was evident when cofigparing
values obtained ithin a single year and also between multiple years. For instance, 2014, where the
minimum annual flow was 0.055%= resulted in loweEqg values relative to 2015 and 2016 which had
much lower minimum annual flows (0.016%s and 0.020 #fs, respectively).Therefore, not
accounting for additional flow resistance by aquatic plants yielded errors in discharge estimations up
to 100%, which generally coincides with the period of low flow.
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Figure4-8: Daily values of(a) pWL(b) Eq and(c) Q at Reach 1 during the period of investigation.
Discharge values shown are estimated at thevegetated section and as such assumed unaffected by
vegetative resistance.
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Figure 4-9: Daily values of(a) o WL (b) Eq and (c)Q at Reach 2 during the period of investigation
(note, discharge time series is the same &igure4-8). Discharge values shown are estimated at the
nonvegetated section and sisch assumed unaffected by vegetative resistance.
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4.4.2 Quantifying vegetative flow resistance

4.4.2.1 Flow resistance and plants distribution at the cressctional scale

The goal of this section is toetter understand the relationship between increases in flonaresst
arising from aquatic vegetation and their spatial distribufl@nachieve thighe standardized increase

in water level K) (Equation(4-10)) was compared to VDC percentiles calculated for each day when
vegdation surveys were undertakdollowing the procedureutlined inSection4.3.4was followed.
Correlation scores betwe@&g, andK significantly increased for percentiles above 80%, while below
this threshold R? noticeably decreases, approaching zero for the meBiag) (value Figure4-11).
Higher percentiles on the VDC represent a more densely vegetategectien in the reachihus,

this result confirms observations by Grg@006) flow resistance is more strongly relatednigher
percentiles of VDCjust asin gravel bed rivers flow resistance is often found to be more related to
higher percentiles on a grain distribution than the median (e.g.: Bray, 1982; Millar, 198i9r &ia
grainbased roughness scenario, lodféund between the bottom 50 percentiles on the VDCKand
suggest that lower percentilespart nominal effects upon flow resistang&xiomatically, the results
demonstrate that reach segments charactebigdtie highest blockage factors result in the greatest

impacts on flow resistance and therefdtew measurement accurgdy stagedischarge techniques
are employed.

N

B, percentiles
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Figure4-10: Coefficient of determin#on (R?) betweerK and percentiles d8x or Lafor relationships

of the formK=a[exp(bBx)] or K=a[exp(blap)]. Statistically significant (99.9% level) relationships
are highlighted.
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Reach-averaged metrics

Values from VDC (percentile increases left to right)
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The 99 percentile Bxgs) 0 f t Hie. theé Br@sSestion with higher blockage than 95% of the
remaining dataset) was found to have the highest correlatiorkwjéh evidenced ifigure4-10 and
Figure4-11). This result implies that flow resistance can be calculated By thus an exponential
equation(R? = 0.75,p < 0.00) was fit to the dataset, resulting in:

L p QS (4-14)
A subset of the data obtained at Reaches 1 and 2 was found to trend differently than the rest of the
dataset, especially for 80p<< 100 (crosses iRigure4-11). In this case, the following equation was

used:

VI ¢ QTOR (4-15)
All points in this sukdataset were obtained within one single seaséteach 2. During this season the
width of the hydraulic control section at treachdownstreanimit was reduced dui the presence
of a gravel bar colonized by riparian vegetation. At low flow, the riffle width and crest elevations define
upstream water surface elevations by establgshihydraulic control, (e.g. Herschy, 1995) and because
of the presence of this feature the effects of vegetation on flow resistance were attenuated. This bedform
was largely reduced in size in the following years and its effects upon flow resistancaowere
observed. Specifically, this finding implies that seasonal changes insgctsnal width or presence
of depositional features add further complications to the estimation of vegetative flow resistance as the
width of the downstream hydraulic contralith respect of the average reach wjdttay impact how
macrophytesffect the overall channel roughneksshould be noted thahanges in crossectional
width and presence of depositional features are common when aquatic and riparian plants dre presen

as macrophytes are known to affect channel morphology (Corenblit et al., 2007; Gurnell 2014).

Crosssectional blockage factor metrics employed in other studies sBxty@ndBxss (Green, 200§
2006) were not fountb berelated toK in this study. he reackaverage blockage fact®&x (Green,
2005; Nikoraet al.,2008) returned a significant correlatior’£R.42,p<0.001) althoughwith lower
R?than all percentiles above theé7& s houl d be BxOt@d3 5 h aBhiOl. @ 48 D3 4
as absence of vegetation in partshe reach skeadBx towards lower values. Isuch scenarios, it can
be argued that a reaeeraged blockage factor caignificantly underestimate themipact that
vegetation blockage actually has on flow resistaimoeed, ifa highly-blocked crossection is present,
its effect on flow resistanaautweighsthe absence of vegetation in other parts of the reachraduit
could be attributed tahe useof different metric§Section4.3.3, however no correlation was found
usingn andBx or n and any percentile on the VD@hethern was calculated with methods found in
literature Table4-1) or measured dat&quation(4-11)).
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While Bx gs yielded the highest correlation wik the scatter amongst data points increases Bhen

> 0.7 Figure4-11). Reslts are in agreement with a study by Luhar and Nepf (2013), which used data
from Green (2008 and Nikora et al., (2008) and hypothesized that for higher blocBage(d.8) flow
resistance could not be expressed solely as a function ofsgotssnal blockage as other factors
affecting flow resistance aris&hesewere noted toelate to drag forces within individual plants and
plant densitywhich act on a significantly smaller scalendragforcescaused by plant patchdn

turn, these ardirectly related to the blockage factddoreover flow through plantslikely to occur at

high vegetation densities (Nepf, 20i2)similar to that found in wetlandshere it may transition to

the laminar regime (Kadlec, 1990). In these cases, accurate knowlqdgetstiydrodynamics as well

as quantification of flow patterns among plant patches is needed (Luhar and Nepf, 2013).

In this study, crossectional blockage was found to be well correlated to flow resistance, but when
blockage was extremely high, secand effects, related to drag at the individual plant scale, likely
became additional contributing factors to flow resistaBpacing between plants (or canopy porosity,
as inNepf, 2012), may also affect valuesbafas well as turbulence, however asftheus of this study

was on large scale patches, canopy porosity was not measutenbt believed to affect the results at
the reach scalén summaryfindings from this study further reinforce the need for accurate knowledge
of plant hydrodynamics in adthn to spatial distribution to support more accurate estimates of

vegetative flow resistance as noted by Luhar and Nepf (2013).

4.4.2.2 Flow resistance and plants distribution at thengitudinal scale

The relationship between blockaggdth percentilesl(s,, Figure4-6) and the normalized water level
increase K) wasalsoevaluated. Similar t®x,, using data from each survey, the highest correlation
scores were found between the higftpercentiles otapandK (Figure4-10), although with overall
lower R values than those obtained x,. As differences between?Ralues for the five highest
percentilesl(aosi La 109 Were minimal, it was decided to use a relationskigvbenLa os andK (R? =

0.43;p < 0.001) as the former is directly relatedBs. The equation obtained is the following:

0 p@&Qd = (4-16)
This finding is, to some extent, comparalehe results by Green (2005a) and Nikora et al., (2008),

who foundLa and flow resistance to be related although with lowferdRies tharBx.

The correlation found betweef and Lagos is related to the inherent relationship between values
obtained at sigle cross section®y andla) which were found to be strongly correlated with eattter
(R?=0.82, p<0.001 Figure 4-12). Specifically, bx and | are directly proportional and the latter is
generally higher thathe former as most points plot to the left of the 1:1 likéglre4-12). The few
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bx >l occurrencesorrespondo instancesvherevegetatiorwaspresent only in the deepest part of the

crosssection.

Despite theoverall correlation, deviations betwebnandla were observed to k&gnificantin some
instanceskFor instance, arosssectionthat hassegetation across ientirewidth yieldsl =1 while 0.4

Obx O Figure 4-12) as macrophytebawe different degrees of submergence. By definitipnis
insensitive to the degree of vegetation submergande onlyincludestwo-dimensionalbplanometric
information. As such, for the purposes of estimating flow resistance, the blockage width and its related
metrics (a, Lags €tc.) are less suitable than the crsastional blockage factor and its related metrics
(Bx, Bxgs etc.). This happens because the formreup isnot capableof captuing the complexity of
instreamvegetation spatial distribution #sroughly as the latteNepf (2012)noted that rachanisms

that influence momentum balance and exchange between flow and plamidated to dragand
therefoe flow resistance In vegetated channelghese phenomena act in three dimensions
(Marjoribanks et al.2014; 2017) andre affected by the shape and distribution of vegetation patches
(Luhar and Nepf, 2013; Marion et al., 201)summary, the lower cafation score betwedgrelated
metrics andK found here confirms results obtained by Green (2D8bd Nikora et al., (2008These
results further reinforcthat, where possible, plants cresectional distribution should be used instead
of longitudinaldistribution to evaluate flow resistance.
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Figure 4-12. Relationship between blockage facttk) (and blockage widthl{) for single cross
sections. Crossections with no vegetation were removed fronmstiiaple as it would have skewetl R
value, however as fdx=0, bx=0, the best fit function was forced to pass through the axes origin.

4.4.2.3 Accuracy of vegetation spatial distribution metrics

As sampling errag (both in systematic and random forms) may havectdtethe correlations found
betweenBx, and flow resistance, the accuracy of the former was assessed. This was achieved by
calculating thestandard errovalues(SE of Bx, (Figure4-13) using a bootstrapping tediqoe (Rice

and Church, 1996)0n average 0.016SEO0.025, except fopercentiles belov20% whereSEtended

toward zero due to the small valug#Bx , (Figure4-13). In some instanceSEwas noted to be affected

by vegetation heterogeneity. Gradually vagyiregetation distributions yield evenly sloped VDCs, and
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thus, lowSE (Figure4-14a). Conversely, heterogeneous vegetation distributionssagltbre abrupt

slope changes along D C 6Fggurg4-14b) andhigherSEvalues If the latter case occurBx, values

will be less accurate than those obtained for a gradually changing distribution and large sample sizes
may be needed to adequately characterize vegetation distribotaéogiven study reach. Overall, these
resultsare in agreement with those obtained by Green (2003) for grain size distribution curves.

In this study, changes in vegetation spatial distribution were mostly gradual, as evidenced by the large
majority of By, exhibiting low standard errorg-igure 4-13). Higher errors were observed in one
instance, in early autumn, when vegetation was concentrated in a small part of Reach 1, yielding a
higher sloped VDCRigure4-14b) generating large8Evaluesfor the largest percentiles. In summary,

the statistical analysis undertaken skoat sampling errors did not affe8g, data anconsequently
theseare not expected taffect the acaacy of equations involvin®x, percentilegpresented earlier

(e.g. Equation$4-14), (4-15), and(4-16)).
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4.5 Correction of discharge estimates

4.5.1 Using past approaches

Forthepuposes of c 0 mp amrwascaloulatedfida wagetatian @rsd grain size data

collected at Reaches 1 and 2 of the current samty compared tm calculatedfrom previous
approacheslable4-1). Large discrepanciaegere notel between calculated and observedalues and

in most cases the former notably underestiohtte latter Figure4-15) . Huntington and Whi
(1992) method overestimatfow resistance as in this casas indirectly proportional to the product

of velocity and hydraulic radiusyR (Table 4-1), which decreasesignificantly underlow flow

conditions Conversely, equatiorisy Champion and Tanner (200@reen (2008 and Nikoraet al.,

(2008) underestimatidield-measuredh valuesespeciallyat low flows.
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.
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n, (calculated)
Figure4-15: Comparison between calculated and measured valuewith equations usingx (gray

points) and with egations usindpx (black points)

This result was found related to the systematic underestimation of the base rooghditisms Figure
4-16a) which wasevident bycomparing calculated,, using equations listeidd Table4-1 (i.e. grain
size datayvith observed,, determined using measured discharge and water leve|Etaiation 43).

Largeunderestimationgere obtained using constant valueswivhich do not account for the indirect
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proportionality between, andQ shown inFigure4-16b. The latter result is in agreement with results
obtained by Bathurst (1985), Hicks and Mason (1991) and Ferguson, (201®and 20%) who
showed hown valuesincrease a€) decrease variousstreams Nevertheless, even variable base
roughness formulae, such as Green (2p8ignificantlyunderestimaigflow resistanceKigure4-16a)

as their dependence on dischargelatively minimal Figure4-16b). This result may be related to the
different methods to delimit reaches used by Green (2005) and Nikora et al, (20083ared to those
presented in this studgr other sitespecific factors. For instance, it is possible that the aforementioned
studies did not target low flow conditions, and as such their roughness calculations may reflect higher
flow scenarios.Given thesediscrepanciesand the lack of correlation betwean and vegetation
distribution metrics (SectioA.5.1), formulae listed iMable4-1 were deemed not suitable to calculate

discharge under vegetative flow roughness conditions at the study reaches andnatiesywas
developed.
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Figure 4-16. Comparison between calculated and measured base roughness using methods found in
literature (a), dependence of base roughness on dischamgevéyes forHuntington ad Whitehead

(1992), Champion and Tanner (2000) and Nikora et al., (2008) were obtained settingeither

LA=0 in their respective equations for

4.5.2 Proposed correction procedure

A new procedure aimed at calculating discharge was developed baseith@ifiodings displayed in
Sectiord.4.2whereK, the normalized increase in water level due to vegetation, was found proportional
to Bxgs. By combining Equatio(d-10) with Equation(4-14) the following expression fap Wls found:

VoY p QS 0 Y

(417)
Y Y

Yo 0
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Using Bx o5 values for each day obtained through interpolatkigure4-7) to correct fieldmeasured
water levels L), flow estimates were corrected for each seasonal hydrogfagir€4-17). Using
this procedure, two unknowns are preséptafid W) and theywere determined by solving the
following system of equations:
p &Q?8 0 Y

o (4-18)
0 Qwd Qod Yoi

Yoo 0

Where the second formulaaguivalent to Equatio(-1).

Using the correction procedure proposed here, errors in discharge estimation caused by aquatic
vegetation at Reaches 1 and 2 were significantly redusigdré 4-17), except for a relatively short

period of time wherbackwater caused by accumulation of deshtsat the end oReachl (as
discussed irgection4.4.1) occured(Figure4-17b, ¢). The procedureutlined in this section measures

the spatial distribution of live macrophytes and as sucls itot capable of accounting fdine
accumulation of dead specimeAs.this phenomenqgrand the associated increase in backwatdy

persised for a few dag; it was considered negligible when the whole flow record is considered.
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4.5.2.1 Implications for water maagement

To provide a more comprehensive understanding of the implications of these results for water
management, the observed cumulative discharge volume at both reaches for each of the three years
were determined. Results were then compared to calcuateshes before and after the correction
procedure discussed above was appliEidure 4-18). Clearly, the annual curves representing the
observed and the narorrected volume distribution begin to diverge whenvéigetated period begins.

The discharge overestimations could have significant implications on a water management perspective,
as they could lead to allowing excessive water takings. In turn this could cause undesirable scarcity of

water to downstream canunities and damageguaticecosysters (Rolls et al., 2012)

Conversely, the corrected cumiNat volume distribution mirrors the observed volume well,

highlighting the benefits of the correction procedure in terms of discharge estimation on a yearly basis
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Benefits of this correction procedure are also evident when the average daily error is calculated. At
Reach 1, the overestimation is reduced from 1,48dayto 67 r¥day (a 95% reduction) and at Reach

2 from 1632 rfday to 20 ri/day (a 99% reductionpll of these resultgonfirm that the correction
procedure outlined here is capable of correcting epser rating curves affected by aquatic

vegetation
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Table4-3: Summary of total discharged volume at Moorefield Creek (Reach 1 and 2), over the three
periods investigated (520 days total). Observed volume, based on tivegeited sitewas 6158
million m2.

Total Volume Average Daily
Reach Volume Error Error (%) Volume Error
(10* m3) (10*m?3) (10*m?3)
1 6,928 769.91 12.50 1.481
Not corrected
2 7,007 848.47 13.78 1.632
1 6,193 34.83 0.57 0.067
Corrected
2 6,170 11.24 0.18 0.022

4.5.2.2 Effect of spatial and temporal resolution

To simulate a scenario where limited time (or budget) to collect vegetation spatial distribution is
available, the proposed correction procedure was undertaken using reduced datasets, following the
sendivity analysis outlined in Sectiof.3.4.2 Here, four different spatial resolutions and two different
temporal resolutions were tested (SecdoB4.2, Table4-4) and the impact of these changes on the

total volume calculations were calculated.

Table4-4: Summary of total discharged volume at Moorefield Creek (Reach 1 and 2), over the three

periods investiged (520 days total). Observed volume, based on thevegetated gauge site was
6.158 million cubic metres.

Total Volume Error Average Daily

Reach | Volume Error %) Volume Error
(10°m3 | (1*m?3) (10°m?)
Corrected 1 6,325 166.62 271 0.320
(avg. NCS ~ 1P 2 6,189 30.77 0.50 0.059
Corrected 1 6,398 239.45 3.89 0.460
(avg. NCS ~ 2 2 6,332 173.79 2.82 0.334
Corrected 1 6,660 502.14 8.15 0.966
(avg. NCS ~ 3§ 2 6,427 268.84 4.37 0.517
Corrected, low temporal 1 6,205 46.50 0.76 0.089
resolution® 2 6,234 75.21 1.22 0.145

(a) maximum temporal resolution us€t) maximum spatial resolution used

74



The importance of achieving sufficient spatial resolution while sampling is evident NCHBS
scenario (i.e. approximatelytBnes fewer msssections) still yieldd a noticeable overestimatiaf
discharge Table4-4). As expectegthe error decreagas resolution increadeusing onethird of the
crosssections originally surveyedNCS-1) theoverestimatiorwasreducedto 2.71%at Reachl (a

78% decreasgnd0.2% at Reach 2 (a 96% decrease). Conversely, temporal resoliginotdmpact

the accuracy of the correction: one survey per month was sufficient to reduce the overestimation to
0.8% (a 94% decrease)Reach 1 and 1.2% (a 90% decrease) at Reathlite4-4).

Variations betweenresults are related ttifferences between thmlynomial curves used to determine
daily Bxes values Gection 4.3.4.]). The curve obtained for low temporal resolution mirrors the
maximum resolution data better than the one obtained with low spatial resdleigume 4-7).
Therefore as similarBxgs values are obtained using low or high temporal resolution, similar
performances of the correction procedure are expeEtathermoreFigure 4-19 clearly shows that

Bx o5 is affected by spatial resolution. On average, to achiewaran below 10% foBy g5 values of
NCSbelow 0.65 are requireahd wherNCS>3 errors quickly rise above 20%.

From an application point of viewhese results suggest that, if limited time is available, few vegetation
surveys over the summer may be it to capture the necessary information about plant growth
and decay, as long as the spatial resolution of vegetation surveys is not minimized. However, in the
presence of plants which may be able to survive over the winter, this protocol will likelydhbere-
validated ananodified.
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Figure4-19: Bx gserror as a function of normalized cresectional spacingNC9
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4.6 Independent validation at other sites

To validate the method proposed herein, the ctime procedure outlined in Sectidrb.2was applied

to threeother reaches. At these sitlsws calculated with conventional op&mater rating curves are
often overestimated due to vegetation groaglietanined by field observations and communications
with agency personndDue to budgetary constraints, the correction procedure was applied for a single

day rather than for the entire season as in the cases of Reaches 1 and 2.

Discharge overestimations wecenfirmed by comparing flow measuremelfissing the methods
outlined in Sectiod.3.2 to the discharge calculated with the opeater rating curve provided by the
reporting government agency responsible for strganging ed site. Calculated erroEg, was found
to range between 6% and 41%able4-5). To reduce this error, the method proposeSeiction4.5.2
was applied.

Measures offw and Sy were obtined using the RTKGPS unit described iBection4.3. Identical
methods to those used in Reaches 1 and 2 (Sdc8ahwere adopted to inventory and analyze aquatic
vegetation to obtain a VDC for each site and calculate corresponding standard-égroes}¢20 and
Figure4-21). SEvalues obtained ®eaches -5 werelower than thoséor Reacles1 and 2 This was
mirrored by their respective VDCsvhich covered @amaller range irBxp valuesat Reaches-8.
Consequently, calculated values of 8iewere lower at the validation siteSimilar to Reaches 1 and
2, it was confirmed that are dense vegetation had larger impacts on flow resistari&gisgirectly
proportional toBxes (Table4-5). Consequently, the method proposed®éttion4.5.2 underaken by
applyingEquation(4-18) wascapable of correctin@ estimates at all three sites assesSedhle4-5).
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Table4-5: Independent validation results

Field- Rating Eo from Corrected E. after
measured | curve Q gauge Bx .05 Q (m?s) co?rection
Q (m¥/s) (m3/s) station
Reach 3 0.051 0.072 41% 0.496 0.054 5%
Reach 4 0.339 0.425 25% 0.367 0.342 1%
Reach 5 0.117 0.124 5% 0.05 0.116 -1%

At Reach 3, the error was reduced from a 41% to a 5% overestimation. This site exhibited many
similarities to Reaches 1 and 2, as its vegetatistribution curvewaswithin the range observed at
Reaches 1 and Figure4-20) while Sy andT were similar to Reach 1. Howevegminantvegetation
species found on this siteeredifferent than at Reaches 1 ahdandmostlysubmergen{Potamogeton

spp.). As such, successful correction of flow rafesb(e4-5) suggests that the method proposed here

may be used to calculate flow resistance for different plant species.

At Reach 4, the error was reduced from a 25% to a 1% overestimation. This was the only site
characterized by dense vegetation present on a riffle delimiting the downstream end of the reach.
Clearly, presence of plants in a shallow area impacted upstre@mlexatls, as it essentially acted as

an increase in the riffle crest elevation, which in turn increased the backwater effect. These results
confirmedcomments by Green (2BB) who stated that the impact of flow resistance by plants on riffles
may be highebecause of thehallowerdepth encountered. It is worth noting that if vegetation on the

riffle were neglected, correction of discharge would have reduced the error to approximately 20%.

Gauged flow rating at Reach 5 was the closest to the field mddkwerate, due to the relatively low
density of plants observed at the validation red&ébufe 4-20). Nevertheless, the flow estimate was

improved to a 1% error by applying Equati@nl8).

Figure4-22 compaesdiscrete discharge measurements at Reaches 1 and 2 with batbrremted and
corrected flow rates &eaches & with. Both the range of errors and effect of the correction procedure
observed at Reaches53is comparable to those observed at Reaches 1 and 2, further reinforcing the

applicability of the techniqupresented herein
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Figure4-22: Corrected (solid symbols) and Noorrected (bllow symbols)Q values at the validation
reaches superimposed to discrete discharge measurefusimg the flow measurement methods
outlined in Sectiod.3.2 at reaches 1 and 2.

4.6.1 Influence of sample size

A validation procedre of the sensitivity analysis undertakenSection4.3.4.2was also conducted
The goal of this analysis was assess whether the correction proceghagsensitive to sample size
and whether results obtainatl Reach 1 and 2 could be site specific. Since only a single Vegetation

Distribution Curve (VDC) was obtained for each site, only spatial resolution could be assessed.

At Reach 3thecorrection procedure was particularly sensitive to spatial resol{igare4-23). This
is related to the VDC being steeper for higher percentiles, as testified by corresponding high Standard
Error values Figure 4-21). Consequently, few osssections were not able to capture the spatial

variability of vegetation and only high spatial resolution provided an accurate estimaBgss and
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correction ofQ at this reacl{Table4-6). At Reach 4, valuesf SEfor Bx percentiles were close to the

respective median values for Reaches 1 and 2 with a marked increase df gescedtile This

corresponds to the steeper part of the VIK@yre 4-20) and SE was notally lower for Bxgs.

ConsequentlyBxgs (Figure4-23) and corrected dischargéable4-6) werenot sensitive to sample size.

At Reach 5, due to low plant densiti&&swaswell below the range observed at the other skegufe

4-21). As values ofBxgs were low, errors calculated witfequation (4-12) are markedly higher.

Nevertheless, their inget on discharge calculation is minimdlaple 4-6). Overall, these results

confirm observations for Reaches 1 and 2, wBegis found on a steep portion of the VDC a larger

sample size is needed to capture vaij@h heterogeneity appropriately. If a high resolution is not

achievedBxes values obtained may lead to inaccurate corrections of discharge estinadiiegH6).
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Figure4-23: Error in Bxgs at Reaches-3 as a function of normalized cressctional spacingNCS.
compared to the range obtained at Reaches 1 and 2

Table4-6: Sensitivity analysis on validation

Bx,95 Error after correction
Standard Max
Error . NCS~1 | NCS~2 | NCS~-3
resolution
Reach 3 0.032 5% 13% 17% 30%
Reach 4 0.004 1% -1% 2% 2%
Reach 5 0.012 -1% -1% -1% -1%
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4.7 Conclusions

This study was able to correct seasonal flow data collected over ay&aegeiod on a natural channel

affected by aquatic vegetation growttrwas firstdetermined that if the additional resistance by aquatic
plants is not accounted f or-watdeé s dibchargg glationshipl cul at
could exceed twicthe actual flow rate recorded in the stre&lsing the correction procedure proposed

here, the errors in discharge estimation were reduced by 99%.

The correction procedure developed here was determined to be sensitive to the spatial frequency at
which vegptation is measured. However, it is not particulagpsitiveto temporal resolution, as long

as the temporal boundaries of the growing season and the period of peak growth are adefinstely

Given the relatively low sampling effort required, thesehtiques can be readily applied to correct

flow estimates for the whole period of recaffiected by vegetation growth. Furthermore, as testified

by the successful validation of the procedure on three other sirémmmethodology can be used on
mediumlow gradient streams affected by vegetative flow resistance, at different growth atabes

different vegetation species.

A new method was developed by quantifying vegetative flow resistance at thescaéehThis was
achieved by comparing water lesddefore and during aquatic vegetation growth at coinciding flow
rates and byusing a Vegetation Distribution Curve (Green, 20@®)characterizeplants spatial
distribution It was found that vegetation cressctional distribution at the densest parthef reach is
highly correlated to increases in water level, flow resistance, amdsuch, errors in discharge
estimation. This result is partially in contradiction with findings from other studies, which ftmmnd
resistance related tbe average crossectional blockage or aerial cover (Huntington and Whitehead,
1992; Champion and Tanner, 2000; Green, 20Bikora et al., 2008; Old et al., 2014). Furthermore,
Ma n n i mvgad ®und unsuitable to estimate vegetative flow resistance, especially at vow flo
Nevertheless, given successful results by previous studies (Greenr, Riiia et al., 2008; Old et
al., 2014)n could be a welbuited parameteat higher flow rates. However, dependence oh Q,
should be accounted for, asident in this and mangther studies (notably, Ferguson, 2010, 2013,
2014).

In summary, the methotbgy developed here will be particularly useful for improving the accuracy of
flow records and specifically for the estimationl@# flows. Correctly assessing low flow dischasge
over the span of several years will improve the accuracy of idmards. Theseanthen beusal to
calculate low flow indices, which are valuablen@ny disciplinesand practicegSmakthin, 2001;

Pryce, 2004, Whitfield and Hendrata, Bp0Specifically effectively quantifying flow rates in periods
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of low flow directly relates to water management decisions, such as apportionments between provinces
or countriesBy using the methods presented here to correct low fémords,water can be divided
amongstdownstream communities appropriately. Furthermore, negative impaetosystemsould
beavoidedas overestimations in flow rates, which can lead to excessive water takings, can be corrected.
Finally, the use of corrected low flow indices can aid inellgping regulation frameworks to assess

and protechabitat sustainability for fish and bentlmemmunities in a suitable manner.
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Chapter 5: Conclusions

This thesis was able to demonstrate that vegetation growth in rivers can significantly impact the
accuracy offlow records It was determined that if the effects of aquatic vegetation on stage are
neglected, errors in calculated discharge can exceed twice the actual flow present in the channel.
Published equations were not algieproviding a reliable correctionTherefore new techniques and
technologies témprove the estimation of low floswere developed and successfully testatfill ing

the original research objectwef this thesisThe correction procedure introduced here is capable of
largely reducinglischarge estimation errorhe equipment, methodology and correctmyocedure
presented in this thesis are easily reproduceabf@pving onsome of the short comings of previous
research in the field. It is recommended taatapplication of these mettsis expandedor their

further refinementThis will allow to develop and implemeatstandardized approach to correct flow
measurefmpaired by aquatic plants.

5.1 Key findings

Chapter 2 presented a rapid and -ef&tctive methodology to quantify aquatiegetation presence
using Unmanned Aerial Vehicles (UAVandan image processing algorithih was found thathe
proposed methogerforms systematically better than a manual (i.e. visual) detection and that data
collection can be up to ten times quickeai conventional kstream surveys. fatream methods were

also determined to be sensitive to spatial resolution, wimcturn, was demonstrated to affect the

estimation of discharge.

Chapter 3 introduced the Settling Board Test (SBT) capable of meatwioombined effects of plants
stiffness and density in situ. Artificial plants were used to develop a calibration equation which was
later adopted to quantify natural vegetation stiffness. Field results show that the test is capable of
detecting diffeences in plants densities and stiffnesses as macrophytes grow and decay. Furthermore,
relative roughness measurements were fdorfsewell correlated to plants stiffnesas the latteiis

known to influencdlow resistane, the method can aid in the esdition of flow rates.

Chapter 4expanded upon the findings of the previous two chapteng the effects of aquatic plants
growth on resistance to flow and discharge calculation were thoroughly assessed oveyeathree
period at two different reacheResults indicated that flow resistance was most impacted by the cross
sectional distribution of plants at the most densely vegetated part of the reach. Using this result, a

method to correct discharge estimates was developed and applied to the whdlefpedord affected
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by plants roughness. The correction procedure reduced the average discharge calculation error by 99%
over the period assessed. A thorough sensitivity analysis highliitatatcurate correctiongquire

sampling at high spatial rdstion, which was higher in this thesis than in most published studies,
confirming results obtained in Chapter-bwever, as temporal resolution was not found to affect the
results, the implementation of this methodology can still be-&ffieienton a yearly basis

5.2 Application for engineering practices

When aquatic vegetation presence causes seasonal discrepancies between gauge reading and flow
measurements, it is common practice tonasi@g curve shiftsHistorically, these have been based on
discharg@ and temperature measurements as wellbysconfirming plant presenceisualy
(Environment Canada, personal comrs such, the accuracy of the shifts is directly related to when

the discharge measurements occur and their magnitude. If the lowesaftonissed or a significant

range of flow are not capturgthen the shift may not be capable of estimating environmental flows
correctly, leading to the introduction of systematic errors (Tomkins, 2Gbf\erselythe correction
procedure consists ofingple and repeatable methods to inventory aquatic vegetation which was
demonstrated to be directly related to increases in flow resistance and most impaedariiby used to

correct stagelischarge relationship without requiriigw measurements

Furthemore, while the method was developed at high resolution, its implemerdatioanalysis are
time-efficient. For instance, the UA¥ampling techniques presented in Chapter 2 can be deployed in
less than one houMoreovet the sensitivity analysis undeken in Chapter 4 demonstrated that one
measurement of vegetation spatial distribution per month is sufficient to determine the start, the peak
and the end of vegetation growdthis sampling frequency is comparable to that used by Water Survey

of Canada,hterefore the methodology introduced here could be integrated as part of the stream gauging
program. Finally, Bould it not be possible to achieve high spatial resolution an estimate of the expected

error can be gained using data from this thesis.

Practicalimplications from the findings of this study relate to the use of flow recand be beneficial

for the calibration of hydrologic models atiee evaluation gbarameters such &swv flow indices. For
instance, Permits to Take Water in Ontario (PPTW) hlifferent requirements based on the amount

of water withdrawn and the low flow indices of the watercourse (such asdiwe Z0year low flow,

or 7Q2Q and similar metrics). Low flow indices also relate to the estimation of drought severity or the
evaludion of low flow passage potential for fish. Correct estimation of these depends directly on the
accuracy of flow rates recorded, which during the low flow season can be greatly overestimated if

aquatic vegetation is present in the channel. Using the oeefitesented herein, discharge can be better
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estimated and the environmental impact of water withdrawals from streams can be quantified more

accurately.

5.3 Future research

Results from this research have confirmed findings from other studies on vegetativedistance
(Green, 2006; Luhar and Nepf, 2013yhile contradidng others (Huntington and Whitehead, 1992;
Champion and Tanner, 2000; Green, 20%kora et al, 2008; Old et al, 2014). In light of mixed
results across the literature, there are dpities for future research to further disentangle the

complex interactions of plant growsmdflow resistance

For instancebeing the methods produced here reproducible, they could be useltbtd vegetation

spatial distribution data on a wider ggnof channel sizes, slopes, and flow rates. In turn, as data would
be collectedin the same manner easier comparisbasveen datasets would be possitWéder
application of the method will also allow for its further validation in larger systerassaklation on

larger rivers (with widths above 15 m) was not undertaken. In large streams, flow resistance is typically
less sensitive to changes in discharge (Ferguson, 2010), and subject to a larger variety of roughness
sources.As such, it is encouraged wse the data collection protocols presented here on larger
watercourses. Moreover, results from Chapter 4 highlighted that at high vegetation densities, factors
related to finerscale flow resistance arose (such as drag at the plangstda) and canndoe
accounted by the methods presented heriplantscaledrag is related tdhe biomechanical
propertiesof plants methods described in Chapter 3 couldabaptedo capture these parameters.
Further investigation and application of these methedsdommended in scenarios outside of natural
streams, such as wetlands or artificial stormwater management ponds, which are often heavily
vegetated. Outflow from these features is, among other things, a function of vegetation density, and
could be predietd by adapting some of the methods presented Rergnermorein a small subset of

the data collected in this study, it was found that the effects of vegetative flow resistance were
significantly reduced when downstream hydraulic controls weaekedlynarrower than the average
channel width. Given the relative small size of the dataset where this result was obtained, further
research should be undertaken on this topic. A possible expansion could be to test different weir
openings under different vegetat densities.In summary, future research should work towards
building a larger dataseif vegetative flow resistance scenariosder different boundary conditions,

to help identify thecauses ofhe aforementioned differences between studies results.

Themethods presented in this thesis can also be improved upon by future studies. Techniques discussed

in Chapter 2 could be further developed to distinguish between emergent and aquatic vegetation species
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in photogrammetry dat&egarding Chapter 3, it iscommended to further refine the SBT by allowing

the board to settle from the top of the vegetation canopy rather than from the water Surfdhes.
calibration may be required, howevsnpuld the test be successful, depth would be removed as one of
theparameters affecting the results and the method implementation would be sinfplifieeérmore,

the SBTcould also be used to predict plant bending at similar growing stages, a test that could not be
completed in this study due to the lack of high flovers. Successful prediction of plant bending
could be used to correct higher flow rafesg. above the mean annual flowWyhile this was not
assessed as part of this study, the methods presentexbhieliee applied to investigate plant bending,

which in turn cargive helpful indications on the impact of aquatic plants on flood flow resistance.

Finally, resultspresented itChapter 4vereachieved through detailed measurements of vegetation to
identify the most densely vegetated portion of the réaftiile capable of mapping vegetation in detail,
this methodcan be time consuming and discourdigeapplicationon large reachesTo decrease
surveying time (and cost) it mdpg possibleo visually identify the most vegetated reach portion prior
to the colection of data and then measure the blockage factor on one representativ&ectioss
locatedin the identified portionWhile the measured crassction may not yielthe exacBxos, it is
reasonable to obtaone of the percentiles above, 8hich wee found to be suitable predictors of flow
resistanceShould this assumption be successfully tested, it may result in significant cost savings.
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Appendix A : Additional analyses and calculations

A.1 Extrapolation of water levels

Flow rates during the vegetative period may be lower than those recorded in-egetated period. In
these cases, a direct comparison betweervagetated water levelS\{L,) and vegetated water level)
is not possibleThus WL, were extrapolated based tire water level at the neregetated sectionVLc
recorded at the same timehe procedure is as followfrst, a bestfit function betweenVLc andWLy, in
Reach 1 and 2 determinedor the nonvegetated period (Secti@n3.3.2:

w0 0 ® wwdo (A-1)

QEd O

Wheret denotes the time at whiaLc andWL, were recorded angkgthe end of the nemegetated period
(Section4.3.3.3.

Then usingthe water leveht thenonvegetatedsectionWLc (Section4.3.9, WL, at Reaches 1 and 2 are
calculated for the vegetated period using the formula:

w0 0 ® wwdo (A-2)
QEd O
This procedure allows to compare vegetated andvegetated water levels at the same value of discharge.
Accuracy of the extrapolation procedure was determined by calcuttioggby comparingknown WL,
values(i.e. recordedduring the norvegetated periodyith calculated ones.
T wi 0 wO 0S (A-3)
WhereWL,, measaNd WL, cacare the measured and calculated (using Equé#ie®)) nonvegetated water

levels.Average value of was 0.003 m, which is the accuracy of the water level loggers used in this study.

As such, the extrapolation procedure was deemed accurate.

A.2 Outliers

At reaches 1 and 2, out of 46 surveys undertaken, 5 (11%) were excluded. Ofhieesé7%) were
removed because of detected measurement earadsyo (4%) because of singularities that could not be

accounted by the methodology used.
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FigureA-1: Outliers recorded at Reaches 1 and 2

Point A FigureA-1) in Reach 1 plots to the left of the interpolating curve, havikgralue much higher

than predicted based on Bges. The point was collected in early October 2015 when a large part ofaquati
plantsdied as testifiedby the value 0Bx being37% lower tharthe Septembenverage Nevertheless, it

was observed that most of these plants remained in the spactming the whole width arfBligureA-2),

adding to the backwater effect. As the methodology measures distribution of live vegetation, it cannot
account for backwater caused by dead plants. Consequeaiht, Awas excluded from the analysis. A
similar result was observed the following y@atheform of afispiked in Eq in early October 201,6vhich

did not occurin 2014 Figure 4-8). In the latter case, high flows were recordtedhe fall, removing the

dead plants from the reach and preventing them from accumudatiitoguusing backwateConversely, no

high flows were observed in 2015 and 2016 in early October and dead plants added to the resistance to flow
by accumulatingAs such, ield observations should be undertaken to assess whether the site used is prone
to theseissues.It should be noted that this phenomensas not recorded at Reach 2, where field

observations of plants showed a lower accumulation of dead specirngueA-2).
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FigureA-2: accumulation of dead specimens spanning the whole-seasi®nal width (Reach 1, left) and
scattered around the reach, thus not affecting backwater (Reach 2, right).

Points B and @orrespond taegetation surveys undertakenRatactes 1 and 2 on June 29These data
points were removed after an issue with the water level recorded at thegetated locatiofSection
4.3.2 between June 22and July ¥was detected. This data is used to estimgz¥éland consequentli.

As such, this issueaused an underestimationkafof approximately 275 #is'2 at Reach 1 and 62%fs

V2 at Reach 2. If the points are correc(ed compensating for the aforementioned dydipy fall close to

the curve defined bigquation(4-14). However, itshould be noted that these corrected points were not used
in developingequationg4-14), (4-15), ard (4-16).

Point D was removed after an analysis showedaaomalougirop in goWLfor Reach 1 immediately
following a field visitto downloaddata fromthe loggers. The causes of this drop are unknown, but are
likely related to measurement error due to the abrupt nature of the dyy/Inwhich is similar to what

was observed for points B and C. This drop was not observed in Regiohildr to Points B and C, if the
anomal ous drop i s c o mptélfsslese te ithe curveldefined oy &quatiérid), e d o
however this point was not used to develop Equaiiis)), (4-15), and(4-16).

Point E was removed as it had an uncharacteristicallylaalue (~20 %) as, for similar values of
Bxes (~0.68)K was usually one order of magnitude higher, at both reaches. A possible explantiain i
larger than usual groundwater loss occurred between Reach 1 and-tregyatated control, thus affecting

o WLNaturally, methods used here are not able to detect this phenomenon thus point E was removed.

A.3 Daily water level fluctuations

Previous resarch (Haslam, 1978; Howes, 2007) indicated how daily fluctuations in water levels during
summer low flows may be due to changes in vegetative flow resistance due to changes in plants respiration
between night and day. These changes are believed to plifets buoyancy and stiffness, and thus
vegetative flow resistance.
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Figure A-3: Daily fluctuations in water temperature and water level betweervegetated location and

Reaches 1 and 2 (12 hour movingiage)

Daily fluctuations were recorded at Reaches 1 and 2 during the summer, ranging 4 and 6 mm respectively,
nevertheless, almost identical fluctuations were also recorded at-#egetated location which is not
affected by vegetative grow{Bectiond.3.2. Therefore, whiledaily changes in plant respiration effects on

flow resistance cannot be ruled out, other diurnal effects were also recorded. These may be due to
groundwater/surface water exchanges or changes in wadeosity reflecting water temperature
fluctuations(Figure3-8). All of these phenomenaere outside the scope of this study and, for this reason,

were not assessed.
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Appendix B : Additional data

B.1 Monitoring data

TableB-1: Discharge measuremenialid for Reaches 1 and 2

Stage[m] Discharge[m%/s] g‘:r:g?:r of {?Sa gcilga;%y
0.211 0.270 25 2.90%
0.204 0.254 29 2.60%
0.180 0.123 29 2.60%
0.188 0.150 29 2.60%
0.229 0.329 29 5.10%
0.234 0.361 29 2.70%
0.175 0.131 29 2.70%
0.180 0.134 28 2.80%
0.168 0.100 28 2.70%
0.155 0.078 27 2.80%
0.172 0.110 29 2.70%
0.182 0.142 30 2.70%
0.178 0.120 30 2.80%
0.240 0.410 31 2.60%
0.196 0.198 29 2.70%
0.200 0.223 30 2.60%
0.220 0.319 32 2.60%
0.185 0.167 30 2.70%
0.168 0.106 30 2.80%
0.150 0.052 29 2.90%
0.149 0.053 35 2.60%
0.156 0.061 35 2.60%
0.160 0.066 30 2.80%
0.144 0.045 31 2.80%
0.137 0.036 30 2.70%
0.141 0.037 30 2.80%
0.218 0.248 33 2.40%
0.159 0.081 33 2.50%
0.163 0.097 40 2.20%
0.151 0.052 33 2.50%
0.151 0.055 37 2.30%
0.156 0.056 38 2.30%
0.134 0.024 31 2.70%
0.136 0.028 35 5.00%
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TableB-2: Discharge measurements at Reaches 3, 4, and 5

Reach Discharge (n¥/s) | # panels I(?Sagcijg%c%
Reach 3 0.051 35 2.30%
Reach 4 0.339 35 2.40%
Reach 5 0.117 38 2.20%

TableB-3:Summary of data obtained at Reach 1

Date Q[m¥s]®@ | T[m] Sw [-] WL ( m K (m3%s1?)
17-Jut2014 0.367 10.17 1.56E04 9 116
07-Aug-2014 0.129 10.54 2.99E05 11 610
14-Aug-2014 0.143 10.13 5.27E05 10 388
22-Aug-2014 0.098 10.36 4.98E05 8 403
28-Aug-2014 0.065 10.17 2.47E05 6 510
10-Sep2014 0.106 10.01 2.80E05 12 714
17-Sep2014 0.173 10.52 8.58E05 13 384
03-Jul2015 0.298 10.48 1.71E04 15 233
13-Juk2015 0.147 10.13 1.57E04 16 352
22-Jul2015 0.101 9.65 1.35E04 15 378
29-Jul2015 0.054 9.91 1.41E04 17 592
07-Aug-2015 0.054 10.00 1.74E04 18 575
21-Aug-2015 0.088 10.34 1.79E04 19 516
10-Sep2015 0.071 9.46 1.82E04 20 501
16-Sep2015 0.045 9.81 1.39E04 17 662
23Sep2015 0.031 9.91 1.21E04 21 1066
bl07-Oct-2015 bln.037 blg 98 bl1 20E04 118 blg42
10-Jun2016 0.084 9.91 9.70E05 2 76
b129-Jun2016 (0,059 lblg 52 [bl1.28E04 (bl bl.76
0115-Jul-2016 bl0.073 lblg 52 bl1 56E04 (bl bl21
11-Aug-2016 0.025 9.45 1.14E04 11 575
P114-Sep2016 bln.031 blg 46 bl1 31E04 [b13 bl120
19-Oct-2016 0.041 9.83 5.42E05 5 318

[BFrom rating curvé’’Outlier data
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TableB-4: Summary of data obtained at Reach 2

Date Q[m¥s]® | T[m] Sw [] WL ( m K (m®*%s1?)
17-Jul2014 0.367 7.08 4.78E04 6 24
07-Aug-2014 0.129 7.78 5.14E04 12 91
14-Aug-2014 0.143 7.40 5.19E04 13 80
22-Aug-2014 0.098 7.60 5.64E04 14 107
28-Aug-2014 0.065 6.71 5.32E04 16 126
17-Sep2014 0.173 6.69 4.96E04 17 82
03-Jul2015 0.298 7.14 4.45E04 23 101
13-Juk2015 0.147 7.01 4.61E04 25 150
22-Juk2015 0.101 6.89 4.57E04 25 175
0129-Jul-2015 010,054 lblg.88 bl4 62E04 bl27 k1260
07-Aug-2015 0.054 6.99 4.94E04 24 230
21-Aug-2015 0.088 7.54 5.04E04 25 211
10-Sep2015 0.071 6.97 5.29E04 23 179
16-Sep2015 0.045 6.92 5.30E04 20 200
23-Sep2015 0.031 6.92 4.99E04 23 287
07-Oct-2015 0.037 7.00 5.18E04 23 255
10-Jun2016 0.084 7.10 3.04E04 11 108
29-Jun2016 0.059 7.12 3.47E04 7 83
15-Jul2016 0.073 7.23 2.93E04 8 87
19-Juk2016 0.041 6.86 3.12E04 12 161
15-Aug-2016 0.028 6.54 3.03E04 16 240
14-Sep2016 0.031 6.31 2.89E04 9 116
19-Oct-2016 0.041 6.40 3.13E04 4 50

[BFrom rating curvé!Outlier data

TableB-5: Width of the downstream control at the study reaches

Channel top width (m) | Reduction in
Average | Control top width

Reach 1 9.5 5 47%

Reach 2 (2014) |7 1.8* 76%

Reach 2 (2015) |7 2.8* 60%

Reach 2 (2016) | 7 4 29%

Reach 3 9 8 11%

Reach 4 12 11 8%

Reach 5 8 5.6 30%

*2.2 m width of bedform in 2014 (measured with RGPS), 1.2 m in 2015 (measured from aerial
photographs), absent in 2016; riffle width = 4m
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B.2 Vegetation distribution curves
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FigureB-1: VDCs for Reach 1 (1)
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FigureB-2: VDCs for Reach 1; (2)
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FigureB-3: VDCs for Reach 1{3)
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FigureB-5: VDCs for Reach 2; (1)
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FigureB-6: VDCs for Reach 2; (2)
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FigureB-7: VDCs for Reach 2; (3)
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FigureB-8: VDCs for Reach 2; (4)
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B.3 Polynomial functions by interpolation

Highest resolution data Polynomial fit (High-Res.
(spatial & temporal) data; R?>=0.99)
Lower spatial res. data __ __ Polynomial fit (NCS~1
(NCS~1) data; R?=0.96)
Lower spatial res. data Polynomial fit (NCS~2
(NCS~2) data; R>=0.91)
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FigureB-9: Interpolation through potyomial curves (2 order) ofBx os values obtained in 2014 (Year 1)
at Reach 1 using data with different spatial resolutions

0 Highest resolution data Polynomial fit (High-Res.
(spatial & temporal) data; R>=0.99)
+ Low temporal ____ Polynomial fit (Low temp.
resolution data res. data; R?>=0.99)
® Low spatial res. data Polynomial fit (NCS~3
(NCS-~3) data; R?=0.74)
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FigureB-10: Interpolation through polynomial curves'{2rder) ofBx ¢s values obtained in 2014 (Year 1)
at Reach lsing data with different spatial and temporal resolutions
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Highest resolution data Polynomial fit (High-Res.

(spatial & temporal) data; R?>=0.97)
Lower spatial res. data ___ __ Polynomial fit (NCS~1
(NCS~1) data; R?=0.90)
Lower spatial res. data Polynomial fit (NCS~2
(NCS~2) data; R?=0.93)
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FigureB-11: Interpolation through polynomial curves'{arder) ofBx o5 values obtained in 2015 (Year 2)
at Reach lsing data with different spatial resolutions

Highest resolution data Polynomial fit (High-Res.
(spatial & temporal) data; R>=0.97)
Low temporal __ __ Polynomial fit (Low temp.
resolution data res. data; R>=0.98)
Low spatial res. data Polynomial fit (NCS~3
(NCS~3) data; R?=0.79)
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FigureB-12: Interpolation through polynomial curves'{arder) ofBx s values obtained in 2015 (Year 2)
at Reach Llsing data with different spat and temporal resolutions
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Highest resolution data Polynomial fit (High-Res.

(spatial & temporal) data; R?=0.91)
Lower spatial res. data ___ __ Polynomial fit (NCS~1
(NCS~1) data; R?=0.89)
Lower spatial res. data Polynomial fit (NCS~2
(NCS~2) data; R>=0.91)
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FigureB-13: Interpolation through polynomial curves'{arder) ofBx o5 values obtained in 2016 (Year 3)
at Reach lsing data with different spatial resolutions

o Highest resolution data Polynomial fit (High-Res.
(spatial & temporal) data; R?=0.91)
+ Low temporal __ __ Polynomial fit (Low temp.
resolution data res. data; R?=0.92)
® Low spatial res. data Polynomial fit (NCS~3
(NCS-~3) data; R?=0.83)
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FigureB-14: Interpolation through polynomial curves'{@rder) ofBx ¢s values obtained in 2016 (Year 3)
at Reach Llsing data with different spatial and temporal resolutions
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Highest resolution data Polynomial fit (High-Res.

(spatial & temporal) data; R>=0.98)
Lower spatial res. data __ __ Polynomial fit (NCS~1
(NCS~1) data; R?=0.96)
Lower spatial res. data Polynomial fit (NCS~2
(NCS~2) data; R?=0.94)
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FigureB-15: Interpolation through polynomial curves'{2rder) ofBx s values obtained in 2014 (Year 1)
at Reach 2ising data with different spatial resolutions

Highest resolution data Polynomial fit (High-Res.
(spatial & temporal) data; R>=0.98)
Low temporal __ __ Polynomial fit (Low temp.
resolution data res. data; R?=0.99)
Low spatial res. data Polynomial fit (NCS~3
(NCS~3) data; R*=0.84)
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FigureB-16: Interpolationthrough polynomial curves 2order) ofBx ¢s values obtained in 2014 (Year 1)
at Reach aising data with different spatial and temporal resolutions
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Highest resolution data Polynomial fit (High-Res.

(spatial & temporal) data; R?>=0.97)
Lower spatial res. data ___ __ Polynomial fit (NCS~1
(NCS~1) data; R?=0.90)
Lower spatial res. data Polynomial fit (NCS~2
(NCS~2) data; R?=0.93)
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FigureB-17: Interpolation through polynomial curves'{@rder) ofBx o5 values obtained in 2015 (Year 2)
at Reach 2ising data with different spatial resolutions

FigureB-18: Interpolation through polynomial curves'{@rder) ofBx ¢s values obtained in 2® (Year 2)
at Reach aising data with different spatial and temporal resolutions
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