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A combined field, laboratory and numerical study of the forces applied to,
and the potential for removal of, bar top vegetation in a braided river.
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ABSTRACT

Vegetation can have an important role in controlling channel planform, througfetsafn channel
roughness, and root-reinforcement of bank and bar materials. Along the RiadteirRcentral
Nebraska, USA, The Platte River Recovery Implementation Program (PRRIP) hasdieehwith
managing the planform of the river to benefit endangered species. To investiggpt#dntial use of
planned Short Duration High Flow events (SDHFs) to manage bar vegetation, this study combined
several approaches to determine whether flows of up to 28% through the central Platte River,
could remove cottonwood, Phragmites and reed canarygrass stands of various ages andrdamsities f
in-channel bars. First, fieldwork was carried out to measure the uprooting resistaticesistance to
bending for each species. Second, a set of flume experiments was carried out to meastgesthe f
exerted on the three species of interest under different flow conditions. Faailynerical study
compaed drag forces (driving) measured in the flume study, with uprooting forcestinggi
measured in the field, was carried out for each species to determine the likelihood of plaat bgmov
SDHFs. Results showed that plants with more than a year of root growth, likely tenreohoved
through drag and local scour alone, even at the 100-year recurrence interval diséhargst, a few
cottonwood seedlings could be removed from bars through drag, scour and undercutting, where
rooting depths are still small. The results presented here help us further amilehst positive
feedbacks that lead to the creation of permanent, vegetated bars rather tharnaioleitechannels.

As such, the findings could help inform management decisions for other braidesl @wnd the
combined field, flume and modelling techniques used in this study could be applied to ofiaér fluv

systems where vegetation and planform dynamics are of interest.
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1 INTRODUCTION

Vegetation interacts with river dynamics and morphology by modifying flow wedecnd direction,

as well as changing the resistance of the bed and bank material through the @feserseAltering

these flow and material properties can then change the balance of force anda@sisia channel,
thereby affecting channel pattern (Mackin, 1956; Nanson and Knighton, 1996; Millar, 2000).

Rivers exhibit a continuum of planform with three end-members: braided, meandering and straight
(Leopold and Wolman, 1957). A number of definitions of the term ‘braided river’ have appeared in

the literature. Friedkin (1945: 16) noted that rivers are desiciis braided when “the channel is

extremely wide and shallow and the flow passes through a number of small interlaced channels
separated by bars”. Combining the definitions of Lane (1957) and Leopold and Wolman (1957), a

braided river can be defined @ that “flows in two or more anastomosing channels around alluvial

islands” (Leopold and Wolman, 1957: 53) “presenting from the air the intertwining effect of a braid”

(Lane, 1957: 88). More modern definitions distinguish braided rivers as having an unstable planform
that is-dynamic, versus anastomosing planforms that are fixed over time. Paola (2001: 22) stated that
braiding “is the fundamental instability of streams flowing in non-cohesive material.” As such,

channels formed in material with little or no cohesion or vegetative stability tctestannel

widening tend to braid (e.g. Simpson and Smith, 2001).Those channels with cohesive banks (Thorne
and Abt, 1993) and/or vegetation (Mosley, 2001) become progressively more sinuous (i.e.
meandering) or anastomosed (Smith and Smith, 1980; Nanson and Knighton, 1996), especially if

there is some base-level control.

Over the past one hundred years, the planform of the Platte River has seerr@nshifivide braided
channel system, to a narrower channel with semi-permanent vegetated bars. Onef dhease
planform change seen in the Central Platte River has been the diversiotorage sf water for
agricultural, municipal and industrial uses, which has caused significarattialbeof the hydrologic
regime. High flows now occur less frequently, base flows have been elevadettheae has been a
decrease in sediment supply (Williams, 1978; Hadley et al., 1987). Data from A8G&S@H6768000
(Platte River near Overton, NE) show that between 1920 and 2009, decadal-average annual peak
flows declined from 527 fs" to 106 nis*. During that same period, episodic channel narrowing has
occurred during drought periods as vegetation encroached into the active channels (1889430on,
These changes in flow regime have led to the formation of semi-permaneds iafethnarrowing of
the braided, wide and shallow channels of the Platte by 30-90% (Williams, 1978; Figure 1).
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These planform changes have had a direct impact on the availability of nésthitat for several
endangered bird species, who favour sections of wide, braided channel with un-vdgetted that
there are long lines of sight. As a result, the Platte River Recovery ImplemerRadigram (PRRIP
was initiated in 2007 and tasked with managing the central Platte Riveoviole benefits to the
endangered whooping crane and least tern, and the threatened piping plovétrogiiaen is
evaluating competing management strategies through implementation of a rigo®pts/ead
management plan (PRRIP, 2006). One strategy focuses on the periodic implemaitationt-
duration high flow (SDHF) dam releases to scour vegetation from bar margins and tops arabencou
a wide, braided planform.

Determining the effectiveness of flows for removing vegetation is a nudttgrantifying the driving
forces provided by the flow acting on the channel boundary (predominantly sand aeld lguav
modified by drag associated with any above-ground biomass), and the resistance of the lasundary
modified by the additional resistance provided by roots and/or rhizomes. Timg doirce acting on a
plant_ is caontrolled by the flow depth and velocity, the drag coefficient of the gimties being
studied, and the flexibility of the plant. Measurement of these above-grmgedation properties
allows for calculation of the force being applied to the below-ground stescthat act to anchor the
plant into the substrate h& resisting force afforded by a plant is controlled by the tensile strength of
the plant roots, stems (and rhizomes where applicable), the geometric pragehesoots (e.g. root
diameter-and maximum rooting depth), and number of roots, which vary by age and. Jjeses
data, along with substrate properties, can then be used to model the range wstarices that
might occur within a given reach of the river. Where the driving forcegan a given plant, or
patch of plants, exceeds the resisting force provided by the roots or stdrassafrte plant, or patch

of plants, vegetation removal will be initiated.

It follows that for a plant to be removed from its substrate either: Totts, rhizomes and/or stems

of the plant must be snapped or pulled from the substrate by the force acting on éxgrabod part

of the plant by the flow of water or ice; or 2. the sediment surrounding treabtite plant must be
scoured sufficiently by water or ice for the plant to simply be washed dwdmya(er et al., 2011). As

the force required to remove a plant from its substrate changes over time artmmdioting and/or

burial depth (Ennos, 1990; Pollen-Bankhead et al., 2010), the driving force required to remove a
particular plant from its substrate may actually occur at some point along theucomtbetween

these two alternatives (Figure 2), with the depth of scour required forrplanval being dependent

on the local properties of the substrate and the properties of the roots of the plant in question.
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The concept of SDHF as a management action for the Central Platte Rivervelapeid in the early

2000s when cottonwood and willow were generally accepted to be the species responsible for channe
narrowing (Johnson, 1994). Subsequently, several exotic invasive species, including iteeragm
australis and reed canarygrass have become established in the central Platt&éhRiymesent
research was initiated to inform PRRIP of the likelihood of SDHF to scoanized vegetation as

well as help the PRRIP understand the implications of newly invading species likgnitbsa To
investigate the various driving and resisting forces affecting plant remeeatieveloped a study
utilizing_a' combination of: 1) fieldwork to measure the resistance of ohebiplants/stems to
uprooting and bending (resisting force); 2) Monte Carlo simulations usinggRe® model (Pollen

and Simon, 2005; Pollen, 2007; Thomas and Pollen-Bankhead, 2010) to calculate resistance of
patches of plants of varying densities to uprooting; 3) flume experimentsasune the drag force

acting on the different plants (driving force); and 4) calculations ofl kwmaur around vegetation

stems and the effect of this on the balance between the driving and resistesy Finally, the four
strands of the study were brought together to determine whether SDHFs of up tés22¥anthree

days, were likely to lead to vegetation removal through scour and drag fdores or whether

mechanical removal of vegetation will be necessary to clear bars and improve habitat.

2 QUANTIFYING DRIVING AND RESISTING FORCES ACTING ON
VEGETATION: THEORY

2.1 Drivingforces

In recent years, a significant amount of work has been undertaken to study thetioridoetween
immersed vegetation and the water around it (e.g. Li and Shen, 1973; Petryk and Bod@apan,
Bertram, 1984; Pasche and Rouvé, 1985; Fathi-Moghadam and Kouwen, 1997; Nepf, 1999; Freeman
et al.; 2000; Lopez and Garcia, 2001; Bennett et al., 2002; Stone and Shen, 2002; Jarv&a)2002;
Wilson et al., 2003; 2006; McBride et al., 2007; White and Nepf, 2008). Submerged or emergent
vegetation reacts to the drag exerted by water by either remaining erect, agcillatesponse to
turbulent fluctuations or bending (Paul et al., 2013). The magnitude of the dragsfartunction of

several factors that vary by plant type and age. These factors include plant flefibititsl projected

area, relative depth of submergence, and spatial density (Li and Shen, 1973aRetBd&smajian,

1975; Pasche and Rouvé, 1985; Fathi-Moghadam and Kouwen, 1997; Nepf, 1999; Freeman et al.,
2000; Bennett et al., 2002; Stone and Shen, 2002; Jarveld, 2002; 2004; Wilson et al., 2903; 20
White and Nepf, 2008; Paul et al., 2013). As noted by Paul et al. (2013), vegetatiafieaitsoflow
patterns-by adding roughness and hence reducing the velocity in vegetated areas, introducing

turbulence and inducing scour along the vegetation-channel interface, and forcing fkoteviards
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the open channel (Bertram, 1984; McBride et al., 2007; White and Nepf, 2008). Vegetatitsocan a
have a protective role, redag bank erosion in rivers, estuaries, lakes and coastal zones through
deflection of flow away from banks (White and Nepf, 2008; Hopkinson and Wynn, 2009atmsi

of wave energy (Moller et al., 1999), and reinforcement of the soil matrplant roots (Pollen and
Simon, 2005; Thomas and Pollen-Bankhead, 2010).

Most-researchers commence the estimation of drag forces with consideration fohdamental
equations describing the time-averaged turbulent flow of an incompressibléHtpidtion 1; Lopez
and Garcia, 2001; Paul et al., 2013). For a unit volume of water, the changd mdmientum in all
three directions is balanced by the gravitational force acting on that unit volume of water:

o ou o au o( ou  ——
— | uy——pu |+—| 4—— puV |+ —| u—— puw |+ pgh§ =0
ax(“ax pj w(“ay g J az(”az g j Fns ®

where'd.= partial differential operator = dynamic viscosity of water (~1.4 x 10 s m?), p = mass
density of water (~1000 kg ™, g = acceleration due to gravity (~9.81 A, = flow depth (m), &
bed slope (m i), and u, v and w = instantaneous velocities {inis the along-stream (x), across-
stream (y) and vertical (z) directions, respectively. Overbars représentaveraged values and

primes refer to fluctuations about these values.

Lépez and Garcia (2001) argue that the first and second terms of Equation 1 are dduginla¢ed

third and fourth terms so that only those terms need to be retained (L6pez and Garcia, 2001):

ﬁ(ya—”—pmj+ gh$ =0
0z\' 0z )

Further, Equation 2 also needs to be averaged in a horizontal plane to properly repreamt the

through vegetation in a one-dimensional frame (Lépez and Garcia, 2001):

0 oU — 1
E[ﬂg—pUW)—ECDPApUZ +gh% =0
()

where the ‘uppercase U and W denote time- and space- (in a horizontal planedavelegjties, ¢

= dimensionless drag coefficient, ang =Afrontal area of vegetation per unit volume of fluidm
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This averaging process has, therefore, introduced additional parameters intorEqu&l and 4)

that account for the effects of vegetation:

Fo 1
=5 CorPAU’

v (4)

where B = drag force (N) and V = volume of fluid in which vegetation is immersé}l @quation 4
may also be applied to patches of vegetation by using the appropriate area andd Cgdiadee
(e.g. Nepf, 1999).

Dunn et al. (1996), showed that in a one-dimensional frame of reference, EQuatiold be further

reduced (averaged over space and time), yielding a backwater curve for open-coantiaiofigh
emergent vegetation. They found that the mean drag coeffi@_gntfor patches of vegetation could

be estimated using:

dnf(, [Q/AF
o So_Sf_dX(l_ﬂ gh j

ABlQ/AS (5)

wheres; = friction slope estimated using Manning’s equation, Q = flow discharge (fis"), A = flow
area(m?) and 8 = a coefficient accounting for the vertical distribution of the streiamwelocity,
estimated by vertically integrating multiple measurements of the squaredfdt to the depth-

averaged velocity (Dunn et al., 1996).

Because plants growing on the semi-permanent bars in the central Platte River are commonly found in

patches, Equation 5 is particularly pertinent to this study.

2.2 Resisting forces

The force required to remove a plant from its substrate before the entibalidtas been scoured out

by water-or ice is a function of a number of variables, including the nurhibeots, the strength and
diameter distributions of those roots, and the orientation of those rootst(&/y1979; Waldron and
Dakessian, 1981; Greenway, 1987; Gray and Sotir, 1996; Simon and Collison, 2002; Pollen and
Simon, 2005; Polle®ankhead and Simon, 2009). The elastic (Young’s) moduli of the roots,
antecedent soil and root moistures, and frictional forces between the soil and reotdsbalbeen
shown to be important (Pollen, 2007; Fan and Su, 2008).

This article is protected by copyright. All rights reserved.



There are two mechanisms by which current drag can directly remove a plaritsfarhstrate: by
stem or root rupture, or by pullout. In simplest terms, the force required todmweadividual root is

given by:

Fo=AT, ©)

where F = root breaking force (N), A= cross-sectional area of the root at the point of rupturemm
and T = tensile strength of the root (MPa).

The force required to pull an individual root out of the soil without brealgng function of the
surface area of the root embedded within the soil and the cohesive and frietfistaince developed
between the root and soil and can be represented by:

Fp=7zD L, 7 f 7)

where F =root pullout force (N), P= diameter of the root (m), = rooting depth (~length) of the
root (m), fis the dimensionless coefficient of friction between soil and welidh ranges from 0.7
to 0.9 (Potyondy, 1961; Gray and Sotir, 1996: 82), andshear strength of the soil (Pa), given by
(Fredlund et al., 1978):

7=C + (0 1) tand + (ua — ua) tan ¢b (8)

where c'= effective cohesion (Pajr = normal force acting on the outside skin of the root (Rak
pore-water pressure (Paj,= effective angle of internal friction (°), = pore-air pressure (Pa), and

¢’ = angle representing the increase in shear strength for an increase in matric suction (°).

Equations 6 and 7 quantify the forces required to either break or pulloutligidual root, but to
correctly-model the reinforcement provided by an entire root ball or bootlle, we must also
consider tie mechanism by which a force is applied to, and distributed amongst, multiple rether t
individual roots. The present work applies a progressive breaking algaleioped from the fiber
bundle models of the materials scies¢Paniels, 1945; Hidalgo et al., 2001). Fiber bundle models
work by apportioning the total load applied to a bundle of fibers and then monitoritigewtiee load
applied to a fiber exceeds its strength. In the RipRoot model developed by Pollen and2803n
and Pollen (2007), when a loaas applied to the root ball,was apportioned equally between all the
intact roots. The maximum load that could be supported by the root ball correspondedhsot
weakest or strongest root, but to one of the roots in the middle (Thooh&oben-Bankhead, 2010)
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RipRoot was validated using direct-shear tests of soils permeated with valémsgies of
switchgrass roots (Pollen and Simon, 2005), and was shown to provide much more accurate

comparisons to measured data than existing approaches (e.g. Wu et al., 1979).

To account for some of the remaining inaccuracies, Pollen (2007) included root pullant as
alternative failure mechanism. In this approach, it was assumed that the fusomalcting upon the
outside skin of roots was zero and that all soil strength was due to effectiveonoardi matric
suction. Pullout was shown to be particularly important for shorter rootsnardils with lower
cohesion_(Pollen, 2007), such as those with a high sand content like theRiRlatteThomas and
Pollen-Bankhead (2010) included the effects of friction between the rooharsbit by computing

the normal force using Rankine’s active earth-pressure theory (Terzaghi and Peck, 1967: 193-200). In
addition, Thomas and Pollen-Bankhead (2010) used RipRoot in a Monte Carlo simutatiewdrk

in order to'model potential variability in root diameter distributions, reagths and root orientatians
Monte Carlo simulations hence provide a mechanism by which to test and validate tltgeofsit

thevarious input parameters and to reduce uncertainty in predicted erosion thresholds.

Since the publication of RipRoot by Pollen and Simon (2005), the progressive breakirithralg

such as the one used in the RipRoot model has become the method of choice for many studies of root-
reinforcement (e.g. Docker and Hubble, 2008; Loades et al., 2009; Mickovski et al.S20&rz et

al., 2010). Although the model was originally developed for use with slope and streastddaitity

models, the model output provides the maximum load that can be supported by a given number of
roots. In the case of plant removal from a substrate, the maximum load thefraogiven plant are
predicted to be able to support can be directly compared to the force that is &phladlant by the

flowing water. This provides the threshold driving force required toezktiee resisting force. The
RipRoot model has previously been used by the authors in a similar study oeptantl processes

for the invasive species Sparganium erectum (Pollen-Bankhead et al., 2011; Liffen et al., 2011)

3 - QUANTIFYING DRIVING AND RESISTING FORCES ACTING ON
VEGETATION: METHODOLOGY

3.1 Study Sites

Fieldwork was undertaken at a range of sites on the Platte River that weregubputatP hragmites
australis, up to 2 year old cottonwood seedlings (Populus deltoides), and reedreasaPhalaris
arundinacea) (Figure 3). The areal density of each plant species (humbensopsteunit planform

area) was surveyed in five different locations to inform flume experiments tasgdantify the
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driving (drag) force and also for input to the RipRoot model to quantifyebistane to pullout of

patches of plants of different areal densities. Testing and measurement protocols &pebifi

guantification of either the driving or resisting forces are detailedhaénfallowing sections. Field
measurements were taken in July, at the peak of the growing season. Timing of measucenid
affect the bending forces of the plants, (depending on damage from spring floodsvandjcand

could also affect pullout forces. The peak of the growing season was seledtatl maximum root
growth-for that season would be measured.

3.2 _Measuring Driving Forces

As described previously, the magnitude of the driving (drag) force acting patetm of a plant is a
function of plant flexibility, frontal projected area, relative degdtlubmergence, and density (Li and
Shen, 1973; Petryk and Bosmajian 1975; Pasche and Rouvé, 1985; Fathi-Moghadam and Kouwen,
1997; Nepf, 1999; Freeman et al. 2000; Bennett et al., 2002; Stone and Shen 2002; Jarvela 2002;
2004; Wilson et al., 2003; 2006; White and Nepf 2008), which may all vary lmjespand age.
Quantifying the drag force is complicated by the fact that both the frontal area and the dragwbeffici
may vary depending upon the flexibility of the plant (which will vary bycsgseand may also vary
temporally), extent of submergence and the flow velocity, U. A coupled field and layorat
methodology was adopted here to quantify the drag force. First, a specially-designedstnidtedn
apparatus was used to simultaneously monitor the angle to which the stem oflamplbeen bent,

the force required to bend that stem, and the resulting frontal area iesadfdield tests. Second, a
series of laboratory flume experiments were designed to estimate the dragesueadf plant stems at

different flow depths and velocities.

3.21 Field protocol to measure bending forces

To assess the extent to which a given force could bend the stem of a plant andtoastsesitline,

an apparatus as designed to apply a known horizontal force to the stem, continuously momitor th
distance the stem had been displaced and quantify the amount of streamliningofreduicontal

area). The apparatus (Figure 4) consisted of:

1. A lightweight load cell, calibrated in tension, affixed at a height of approximately 's the
height of the plant. This height was selected as it represents the maximum fartieg
related to the assumed depth of flow;

2. A high-capacity reel spooled with high tension line graduated at 25 mm incrdiredtt a
telescopic arm that could be adjusted to ensure horizontal loading. The telescopic arm was
welded to a specially-designed mount to prevent toppling or sliding of the apparatus;

3. A 12 MP camera fixed on a tripod at the same elevation and horizontal distance from the stem

as the reel; and
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4. A blue screen placed behind the vegetation to facilitate automated identificatidwe of

vegetation on images in order to estimate the frontal area of the plant.

At each stem displacement, the applied load was noted and an image captured. For each species and
age range, at least 20 plants were selected for testing and the external and internal (wheis&ppropr

stem diameters and lengths were measured.

The collected data were used to determine the flexibility of vegetation, represented by Young’s

modulus of elasticity (E), with:

(9)

where E-=Young’s modulus of elasticity (N m™?), J = flexural stiffness (N fiy | = second moment of
inertia (E zD</64, in nf), D = stem diameter (m), 8 = deflection of the stem (m), and L = stem
length (m).

3.2.2 L aboratory flume experiments. measuring driving and drag forces

A series of laboratory flume experiments were designed to permit the éstinmdtthe drag
coefficient (using Equation 5). Although both artificial and natural flexible woashetation hee

been used in some studies to determine the value of resistance cdsffiEmthi-Moghadam and
Kouwen, 1997; Freeman et al., 2000; Jarvela , 2002; Wilson et al., 2006), most flume experiments of
stream channels use woody vegetation in the simplest form, represented as woodeardomits

rigid structures (Pasche and Rouvé, 1985; Bennett et al., 2002; McBride et al\\20@7and Nepf,

2008). Herein, artificial materials were selected to mimic field-measured-stean diameters and

flexural stiffnesses (Figure 5).

Field tests showed that the mean flexural stiffness of cottonwood seedlings was 0.GIEER-NDM
(mean £ 1 standard deviation, number of tests = 10, number of evaluations = 2¥) 3thayear old
cottonwoods was 1.53 + 1.86 N? rtnumber of tests = 10, number of evaluations = 80), that of
Phragmieswas 0.94 + 1.07 N fm(number of tests = 21, number of evaluations = 105), and that of
reed canarygrass was 0.18 + 0.17 N(number of tests = 16, number of evaluations = 62) (Table 1)
The relative magnitudes of the means and standard deviations highlight the waiabivalues and

the positive skewness of their distributions. For this reason, J-values weredvbyifplotting the
computed flexural stiffness values against the stem diameter-length ratios andntlieg fhe
flexural stiffness associated with the mean stem diameter-length ratibotRoreed canarygrass and
cottonwood seedlings, the resulting flexural stiffness was not statisticallyediffinan the computed

mean flexural stiffness, but for Phragmites, the computed mean flexural stiffag€28 N rh As
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the stems of Phragmites displayed similar behaviour to those of reed camarygthe field, this
value was selected as the target value for artificial materiattem to be used in the flume
experiments. For similar stem diameters, a survey of available materials froomiaer of

manufacturers and suppliers identified fiberglass rods, acrylic tubes, angtgpelene rods as
having almost identical flexural stiffnesses (0.0087, 0.24, and 0.2F)Nonthose of cottonwood

seedlings, Phragmites, and reed canarygrass, respectively.

Artificial cottonwood “plants” were constructed with four “leaves” made of contact paper and
attached to the stem with fishing line “branches” to mimic the flexibility, size and roughness of real
cottonwood leaves observed in the field (mean breadth at widest=pdibitmm + 12 mm, mean
length = 45 mm £ 2.7 mm, mean area of 1350°mra91 mni, n = 1Q Figure 5 inset). The addition
of leaves to the cottonwood plants was deemed necessary because the resistaimer loéhigid
elements compared to foliated vegetation has been shown to be significantly differenérad sev
previous studies (summarized in Aberle and Jarvela, 2013). The stem of eaghl artiftonwood
plant was 0.30 m long (field values = 0.38 + 0.09 m, n = 63) and had a diameter of 3.fi@lchm (
values = 2.92 + 1.38 mm, n = 66); leaves 1 and 2 were attached 5 mm from tleavep,3 and 4
were attached 55 mm from the top. For Phragmites and reed canarygrastheostgms were
modelled (Figure 4) because it was found that leaves were generallygigh stems (and thus
significant flow depths/velocities would be required to first bend themramddubmerge them), and
had a minimal frontal area. The fiberglass rods used to mimic reed gaasayvere 0.45 m long and
had a diameter of 3.18 mm (field values 3.21 + 1.08 mm (mean * 1 standaatodewnumber of
tests = 69). The acrylic tubes used to mimic Phragmites were ~0.40 m long @)0wW&h internal
diameters of 3.18 mm and external diameters of 6.36 mm (field values = 3.27 + 0,67-n%& and
6.0 £ 1.94 mm, n = 91, respectively).

Flow depths and plant heights were selected so that cottonwood seedlings were edibunigrg the
experiments, whereas the reed canarygrass and Phragmites were emergdrg, tojittof the stems
just out of the water. This was based on flow depths estimated usinggactatre developed for the
USGS gauging station near Kearrf®8GS 06770200), which suggested that for a 2%7 event,
flow depth should be about 0.4 m over the bar tops. Atrtificial plants weediéalsin a 6.05 x 0.61 x
0.61 m recirculating flume at areal densities matching those observed in therfithe case of
cottonwoods, because they were distributed relatively sparsely, five diffemehomly-generated
configurations were installed. It was important to replicate stem densities measuted field
because as noted earlier, a group of obstructions such as plantcstebhave as a “patch”,
influencing each other and flow velocities, drag coefficents and sedimespdra characteristics

measured within and around them (Tanino and Nepf, 2008; Zong and Nepf, 2010).
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Experiments were run using a fixed slope of 0.001 Mtonapproximate central Platte River slope
(Simons and Associates Inc., 2000), two different flow rates (0.0%1 mnd 0.048 ns?!
respectively) and three different weir heights (0.30, 0.35 and 0.40 m, respéctl@ly velocities in
the flume study reached a maximum of 0.25Tuise to the physical restrictions of the flume itself,
whereas velocities in the Platte River during a SDHF event could be expectechtd.Beats. The
drag forces and exponents calculated from these experiments were, therefore, extrapattdsd to
values for the full range of potential field conditions. This is discusged IAn example of the flume
set up for.a Phragmites run is shown in Figureddd@mpen turbulence and provide uniform flow,
water was passed through a rock damper and an array of 0.30 m long, 0.02 m diameteaffid®)s (
Water surface elevations were measured over a 0.2 m grid using a point gauge. it/lDappier
Velocity Profilers (UVPs) were used to record high precision directiveklcity data across the
entire flow field. Ten transducers were multiplexed (where each transdaoeds@ profile in turn),
so that while each profile took up to 18 x*19to record, thewere separated by a 15 x 46 delay
between transducers, yielding a total sampling time of up to 33*s {Dable 1). The delay ensured
that-therenere no echo effects dcross talk between the transducers, resulting in a data capture rate

of approximately 40 Hz.

For the no vegetation case, streamwise velocities were sampled on horizonslspiaced 0.05 m

apart,; starting 0.05 m above the bed, i.e., 0.05, 0.10, 0.15, 0.20, and 0.25 m above the bed for the 0.30
m weir and with additional planes added for higher weir heights. By combilaiteg from all the

profiles, it was then possible to establish the vertical variations in stiearelocity at a specific
along-stream coordinate. For the vegetated cases, streamwise velocity profilesakesreon
horizontal planes spaced 0.10 m apart, starting 0.10 m above the bed, i.e., 0.10 and 0.20ma above t
bed for the 0.30 m weir, and again adding additional planes for higher weir heights.

3.3 Measuring Resisting For ces

Much of the work to quantify root strength has been conducted to assess potential chamges in sl
and streambank stability with different types and ages of vegetation (e.g., GreenwayCd|98n;

and Richards, 1990; Gray and Sotir, 1996; Simon and Collison, 2002; Bischetti et al., 200b; Polle
and Simon, 2005, Simon et al., 2006; Pollen, 2007; Tosi, 2007; Danjon et al., 2008; De Baets et al.,
2008; Docker and Hubble, 2008; Hales, 2009; Pollen-Bankhead and Simon, 2009; Thomas and
Pollen-Bankhead, 2010). In the present study, existing protocols that had been establighetifyo q

the geometric properties and strengths of roots were supplemented with new ptotqeoaistify the

relative strengths of stems, roots and rhizomes. The latter were required tiy idaether it was
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possible to remove entire plants intact, or whether a particular plant structure vwreak

preferentially before removal.

3.3.1 Fied protocol: Root tensile strength measurement

At each study site, plants of each species were excavated by carefully exposing their root architectures
to enable the measurement of typical rooting depths. Root tensile strengths wenedisened using

a device called the Root-Puller, based on a design by Abernethy and Rutherford (2001) (Figure 6A)
This comprised a metal frame with a winch attached to a load cell and conneatei@tto logger.
Different diameter roots were then tested by securing each individuahradt-bolt that was then
connected to the load cell. Cranking the winch applied tensile stress to the root (measured as a load, in
N) that increased until tensile failure of the root occurred. The demnoéteach root was recorded

along with the logged history of applied force until breaking. The maximumalpplted to each root

before breaking and the root diameter was then used to calculate the ultimdg¢estesss of each

root. A sample size of >30 roots, was collected to establish a relation betwedrameter and root

tensile strength, and in the case of Phragmites, to establish a rhizome dienskerstrength
relation. The tensile strength of roots commonly varies inversely with raotetér,asa non-linear

trend typically of the form T= aD™ (e.g., Waldron and Dakessian, 1981; Riestenberg and Sovonick-
Dunford, 1983; Greenway, 1987; Coppin and Richards, 1990; Gray and Sotir, 1996; Abernethy and
Rutherfurd, 2001; Simon and Collison, 2002; Pollen and Simon, 2005; Genet et al., 200&tet Ba

al., 2008; Fan and Su, 2008; Hales et al., 206®@mas and Pollen-Bankhead, 2R10

3.3:2 Field protocol: Plant removal tests

The methods outlined in section 3.3.1 permitted the quantification of the geppreiperties and
strengths of roots, but did not identify whether a particular plant steuitar, stem, root or rhizome)
would break preferentially before removal, nor quantify the load requiredetk lfor pullout) an
entire root-ball. To this end, a new apparatus was designed and constructed. This apparatesicompris
a tripod, winch and load cell, placed above each plant stem (Figure 6B). The stemyid@iahdi
plants were attached to the load cell and the plant winched vertigaiigrds, thereby measuring the
force required to remove the entire root ball from its substrate. The plardspwibed vertically
because the force required to break a root or break the soil-root frictiorisbomtependent of the
direction the plant is pulled in, and pulling the plant vertically ensured thate¢hsumed force was a
function simply of the uprooting force, without a stem bending component. The fermdgsed to
remove plants of each species were measured during two fieldtrips, along wéspoading stem
diameters. After each plant was removed, or the stem snapped, the failure mode wesd recor
(pullout, stem breaking, roots/rhizomes breaking) and the maximum rootingadepthteral rooting
extent was measured. Digital images of each root network were also capturih@t intact root

networks could be analyzed using the WinRhizo software to quantify total ro¢h,leagt volume
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and root surface area. Lastly, substrate samples were taken at each study siferteagations in

bulk unit weight, moisture content and particle size.

3.3.3  Numerical modelling: root network resistance to removal

Field measurements of whole plant removal will likely yield a relatively sgaatiple size that only
represents part of the population of plant resistances that are actuadligtprea given reach. To
account for parameter variability and to estimate the full range of plastamests to removal, the
RipRoot model was executed within a 25,000-run Monte Carlo framework (modified froma¥hom
and Pollen-Bankhead, 2010). Field measurements provided the data necessary to parameterize
simulations for the three species investigated in the present study. For edeh, hecmeasured
minimum and maximum numbers of roots per plant, minimum and maximum roattdiamtensile
strength-diameter curve, and the range of typical rooting depths (obtained fronTrdieesttrements
and from the images of extracted plant networks) were used as input to the hadikel2). RipRoot
results for uprooting forces of individual plants, calculated using the dgiatdescribed in Table 2
(from individual roots and rhizomes), were compared to the plant pullowedatllected in the field

to ensure they were within the same range, before extending the simulations és patolants. To
model patch resistance to pullout, plant areal densities (number of stems ppéginfoitm area) were
added to RipRoot as an additional variable. Average substrate bulk unit {l€ighkN) and friction
angle (27°) were determined from samples collected at the field sites. In #ile oRipRoot
simulations, soil cohesion was set to be 1 kPa to be representative of the sand siticsfibstrate

that would most likely be present during a SDHF event.

RipRoot modelling provided predictions of mean plant and patch resistancesipyéhand lower
bounds for:

1) Different species;

2) Different ages of each species where applicable;

3) Different densities of plants growing on a given bar; and

4) Different depths of burial and scour.

4 RESULTS

4.1 Drag coefficients and drag for ces

Drag coefficients (g), were computed using data collected during the laboratory flume experiments
and Equation 6 (Table 3). At low discharge (0.0285%n drag coefficients were found to vary from
8.81 to 26.1. At high discharge (0.0478&), drag coefficients were found to vary from 7.27 to 21.1.

These values are high relative to those reported previously (e.g., Gakj®26804 for a discussion),
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although they are similar to those reported by James et al. (2008), who studiedrdesgoin
Phragmites for a variety of submergences and velocities. James et al. (2008hatofgelalues are
sensitive to the method used to characterize the projected area, and Li and Shem@1&d Ihat
errors in computing projected area values would result in higher mean drag eotffi€¥f interest is
the finding that the drag coefficient acting upon artificial cottonwood seadiiisplays the opposite
trend to that on both artificial Phragmites and artificial reedugamass: for constant areal densities
and discharges, shallower flow depths yielded smaller drag coefficients than tieepgepths. In
other words, higher velocities yielded smaller drag coefficients. This confiratsstreamlining is
important in limiting drag on cottonwood seedlings, because the reduction intwelgj is
approximately balanced by the reduction in projected area. This conclusiminisrced by
comparing the drag coefficients obtained when varying discharge for constant arg¢eslandiweir
heights (Table 3). Conversely, both artificial Phragmites andcatifreed canarygrass were stiff
enough that their projected areas did not change during the flume experiments and tharefore f
constant areal densities and discharges, drag was larger at shallower flow depths and fasés: veloc

Using Equation 4 with the computed drag coefficients (&nd projected areas, the drag forces acting

upon the artificial plants can be computed (Table 3). At low discharge (0.0%285)drag forces

were found to vary from 1.02 to 2.16 N and at high discharge (0.0%¥8, mirag forces were found

to vary from 1.67 to 5.00 N. These values are commensurate with those obtained ibysprev
researchers. For example, Schnauder and Wilson (2009) assembled datasets obtained by a number of
researchers and showed that drag forces acting on various willow species ranged fooh2 INSor

the range of flow velocities measured herein.

A number of trends are evident in our experimental results. First, in all cases, for a given dibeharge t
drag force is higher for shallower flow depths and faster velocities. Secoaltlcases, for a given

flow depth, the drag force is higher for larger discharges and faster iedoThird, in all cases, for a
given species, the drag force is higher for larger areal densities (st8m&aurth, the drag force
acting upon the stand of artificial Phragmites plants with an areal dengi@@aftems A is almost
identical to that acting upon the stand of artificial reed canarygtast with an areal density of 400
stems rif. This is because the stem diameter of the artificial Phragmites amadtly double that

of the artificial reed canarygrass plants. The projected areas of these two casesfare ttlentical.

4.2 Root architecture

Excavation of the plant species included in this study revealed rather mtiffeo¢ architectures and
extents (Figure 7). Reed canarygrass exhibited a very dense, fibrous root rieataktended to
approximately 0.5 m deep in places, with most roots in the upper 0.3 m of theo&ital (Figure 7A).
Root densities were of the order of tens of thousands of rotganging from 0.1 to 2 mm in

diameter.
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Young cottonwood seedlings (up to 2-years) had a much sparser root network, compostitbét
were more woody in texture (Figure 7B). The one-year old seedlings had alreatbpde\a distinct,
woody taproot that extended up to 0.25 m into the soil profile, with a meangat®pth of 0.14 m.
Smaller, lateral roots extended from the upper portion of the taproot toiasaisthoring. For two-
year old seedlings the maximum rooting depth measured was 0.48 m, but again th@atiegn
depth was 0.14 m. Several five-year old cottonwoods were also excavated to sgevampment
continues over the next few years of growth. The taproot continued to dominate threhitettare,
extending ‘'up to 1.5 m in some cases, or to whatever depth was necesshgy fflant to reach
sufficient moisture. These trees therefore exhibit rapid taproot growtttlow first few years of their
development, which has important implications for the timing of any poteetiaval of these trees,
be it by mechanical or hydraulic means.

Phragmites stands tended to be dominated by interconnected networks of rhizomése witbts
growing from them (Figure 7C). Excavation revealed deeply rooted rhizomes, extendegths of

greater than 1.5 m in places. Even where stands of Phragmites had been sprayed, thézbuoreed rh
networks seemed healthy and capable of regenerating above-ground biomass in the following growing
season. Rhizomes were even seen to have grown vertically through the soilffmofileuried old

stems of Phragmites. Each individual stem of Phragmites had a rhizomeoriyni® mm or more

in 'diameter, with multiple fibrous roots growing at nodes along the rhizoAseshe most deeply

rooted plant studied, and the plant with the greatest ability to regeneratbdrizd rhizomes and

stems, itis likely the hardest of the studied species to remove from sandbars in thevlatte R

4.3 Root and rhizome strengths

Root and rhizome strengths varied considerably between the species studied. The rggthsanar
roots tested were 1 mm in diameter or less, and exhibited very low bréaidag of up to just 5.60

N (Figure 8). These low breaking forces help to explain why during uproatstg, tthe reed
canarygrass stems almost always broke right at the base of the stem wherewtiohgd initiated;
even though many roots grow from each stem, the force required to break all otsheawatill less
than was required to break the stem, or to pull the roots out of the ground intagimiés roots and
rhizomes requid breakage forces of up to 456 N (Figure 8). Although the maximum breakage force
measured for cottonwood roots was 398 N (Figure 8), these were actuallyotigestrroots of the
three species tested when comparing roots of the same diameter (as indicated bgsb®mdme
with the steepest gradient in Figure 8, indicating that for a rothteofame diameter, a greater force
was required to break a cottonwood root th&hragmites root/rhizome or a reed canarygrass root).
The strength of the cottonwood roots helps to explain why entire root netwbrsttonwood
seedlings were extracted from the soil during uprooting tests; the force required tempudiuthof the

soil was less than the force that would have been required to break them. Statistical analgkak (Kr
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Walllis one way analysis of variance on ranks) showed that the differences in the roettaeaking
forces of the three species were greater than would be expected by chance and thahéreferie,a

statistically significant difference between all three data sets (P<0.001).

4.4 Plant resistanceto pullout

In this section we discuss the range of forces measured in the field that weredrequiemove
individual plants of each species from their substrates, and the dominamt faddes seen for dac
species during pullout tests. Tests were conducted in October, at the end ofring geason, but
before full die back of fine root biomass for the winter months. As such, uprdotoes measured at
this time should represent values in the upper range of those possible over the cawymsar ofvith
lowest uprooting forces occurring in winter months, and highest values occimrrlate summer

when fine root biomass and rhizome extent are at their greatest.

The one-year old cottonwood seedlings (or seedlings in their firstofegmowth) had the lowest
removal forces, ranging from 8.2 to 64.3 N (mean value = 32.0 N, st. dev. =138 sé#ra n = 50
(Figure 8). In each test, the plant was removed smoothly as the stem was winclaeds e
breaking was heard, or any evidence of breaking seen when each plant rock mets/@xamined.
Plant root, networks were, therefore, considered to have been extracted tirigaloy/pbthesized that
this was enabled by the simple taproot-dominated structure of the root networkvoFear old
cottonwood seedlings required greater force for removal, ranging from 6.4 to @viéax value =
139 N, st. dev. = 96;0ample size n = 30) (Figure 8). Similar to the one-year old seedlings the
majority of the root network of each plant was removed during eaclbteésh) some cases the main
taproot showed evidence of breakage. The greater number of lateral roots amtnbased surface
area both increased the force required to remove the plant in these verticdiingptests. Statistical
tests (Mann Whitney rank sum) showed that a significant difference existed bedtweeredian
values for uprooting of one and two-year old cottonwoods (P<0.001). One- ancedawaiy
cottonwood uprooting forces were also found to be statistically significdiftsrent from those

measured for reed canarygrass, and Phrag(htasn Whitney rank sum; P<0.001).

Resistance to removal for reed canarygrasssstenged from 2.5 to 192 N (mean value = 58.3 N, st.
dev. = 31.5sample size n = 100). In almost all uprooting tests for this speciksefaf the stem
occurred right at the base of the stem where the roots initiate. The fibrousfroetsl canarygrass
were dense and highly connected, but each individual root was small and easy tolseale tests

a short length of root was extracted from the substrate, but there was alveyse\of root rupture,

with the majority of roots thus being left in the ground.
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Phragmites stems required the largest uprooting forces out of the four speetsResces required

for failure of the Phragmites stems ranged from 8.9 to 740 N (mean valug ¥, 25. dev. = 151;
sample size n = 115; Figuré. &tatistical tests showed that the median value of the uprooting forces
for Phragmites was significantly different than all the other spaeied (Mann Whitney rank sum
P<0.001). The large range of values is likely due to sampling a range of stem ages atergliam
During uprooting tests for this species, the part of the plant that most oftexh fizas the main
rhizome attached to each stem, indicating that when pulling on the plants, each stem was stronger than
its rhizome. It was interesting to note, however, that the rhizomes welsepalled from the ground
intact, with visible and audible signs of breakage in almost every tdstintlicates that even when

the force applied to Phragmites stems is great enough to causeztiraerhib break, parts of the
rhizome network will still be left in the ground, and the plant willstthe able to regenerate in
following growing seasons. A few dead Phragmites stems that had been sprayatsoversted for
pullout resistance. These stems were very brittle and broke easily at therfamie, leaving the root

and rhizome networks in the substrate.

45 RipRoot modelling of individual plants and plant patches

Plant dynamics on a vegetated bar are determined not only by the characteristiogdhfal plants,
but also by patch dynamics. To model pullout forces for different densitipkuats, the RipRoot
model was first validated using the field data collected for individuaitpl To model each species,
the species-specific failure mechanisms noted in the field were applied tgpfReoRcode. In the
cass of Phragmites and reed canarygrass, the code was modified so #kitdgorgas the only
root/rhizome failure mechanism, whereas for the cottonwood seedlings the codst wasbdified
so that pullout or breaking could be calculated in the model using the diamdterrobts and the
frictional strength of the substrate material; for each modelled aoahizome, the model then
selected. the mechanism with the lesser force. Comparing the modelling retulteenfield data
collected for the Platte River, NE, we found that the model estimated treeahpgtential uprooting

forces well for each species when the correct root failure mechar@saceounteddr.

Once RipRoot had been validated against field data for individual plants,oadtifonte Carlo
simulations were performed to quantify the range of potential patch resistanceaciiospecies.
Minimum and maximum stem densities measured on bars of the Central PlattevRigeused as
input to the model, along with minimum and maximum numbers of roots/rhizperestem. The
model then selected a diameter for each root/rhizome, based on minimum andimazeilmes for
each. species measured in the field, and calculated individual tensile strdvaghd on species

specific relationships obtained during fieldwork. The algorithm then gduand somrd the
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roots/rhizomes from each stem to run the progressive breaking algorithm. For each 2pc@iss

runs were carried out to establish a range of patch resistances for each species.

The modelled resistance of a patch of plants was dependent on the numtiats gfer plant, the
strength of those roots, and the number of plants per planform area. RigRol$ for patch
resistances showed dramatic differences between the three species. Patches ofocoieatlimgs

had the lowest patch resistances, ranging from 0.4 (sparse seedling density) to 685 N (highest seedling
density) for 1-year old seedlings and from 0.7 to 2,400 N for 2-year old see®igg$.canarygrass

had the next highest patch resistance to uprooting, with forces ranging froto 3,500 N.
Phragmites had by far the highest resistance to uprooting, with estimatedréorgigy from 300 to

42,000 N.

An important result of these simulations was that the range of upraesigiances for individual
plants predicted by RipRoot was slightly larger (in terms of miniranch maximum forces) than the
range of measured values in the field. As noted in the methodology, up to 100 plaptsgies were
measured in the field, and these values, along with additional input data measurefield there

used to parameterize the model. When the model was run, 25,000 iterations were performad, result
in a larger range of output values than that given by the field dat&iffRoot output range reflected

the potential upper and lower limits of plant resistances that could have beemr@x@etbur sample

size in the field been significantly larger. The implications of these past$taince results in terms of
plant removal by flowing water will be discussed in Section 5 when these fmee®mpared with

the drag forces.

5/ DISCUSSION: IMPLICATIONS FOR THE MANAGEMENT OF
VEGETATION

In the previous sections we have provided the drag forces acting on each oé¢hplahts species
during flume experiments, and the in-field measurements of resistance of the sa@ire &pe
uprooting and bending. In this section, we will draw together those résetsiluate whether Short
Duration High Flow events (SDHFs) of 142 to 22%are likely to be of sufficient duration and
magnitude to remove stands tbbse species. In addition, we will discuss predicted values of local
scour-around plant stems for a range of discharges, and the effect that localascbavenon plant

removal alone and in combination with drag forces.
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5.1 Comparingdrag forces (driving) with uprooting for ces (resisting) of vegetation

For plants to be removed from their substrate (in this case mid-channel andb&®rduring a flow
event, the driving forces acting on the vegetation must exceed their resistiag. fTo illustrate how
these forces compare, Figures 9-11 show the minimum, maximum and mean modelled patch
resistance values and measured bending resistance values for the three specideertsted
(cottonwood seedlings < 2 years old, Phragmites, and reed canarygrass). The sidisificalon of
plants within these ranges is unknown and is expected to vary according dpesiféc variations
such-as water table height, local plant competition, and substrate composition. ligesghtWo
horizontal lines indicate where the drag forces (driving) overlap with gigtirg forces (uprooting or
bending). The first line shows the highest drag force measured for up to 0.25aw selocities
measured in our flume study, and the second line shows the estimated increagefarces that
could be expected for velocities that could be expected during a SDHF event on the Platié liver
to 1.5 m &. Extrapolation of the flume velocities to higher field velocities was achdiyedsing
Equation 4, in combination with the laboratory derived drag coefficients from SectiorArt.1.
iterative solver was used to solve for the applied force and the projeetetbaia given velocity. In
the flume study performed here, drag coefficients did not vary greatly withatge (two discharges
were tested in the flume, the largest of which was double the smaller one), so deevasd
acceptable to assume that the flume based drag coefficients calculated am Settremained

applicable in the field.

Drag forces acting on cottonwood seedlings were calculated to be as high as Ib6dwatelocity

of 1.5 m § (Figure 9), and would be sufficient to bend all cottonwood seedlings growing on sandbars.
In addition, drag forces at 1.5 rif are likely to be capable of removing the weakest seedlings. The
estimated drag force acting at this velocity (156 N) is still welbwethe mean values for patch
resistances. of cottonwood seedlings (249 and 315 N, respectively). It should, hdeeweted that
because these plants are elastic and not rigid, not all of the dragappited to the stems during a
flow will be transferred to the roots. At low flows this dissipation of epdéngthe stems will likely
result in very few cottonwood seedlings being removed, and even at high flows this elastidassergy
may reduce the likelihood of all but the weakest of these plants being removiedviywith the
majority of plants simply bending over. The lines indicating drag forces urd-igA (one-ga old
seedlings) are actually slightly higher than those shown in Figure 9B @mosyd seedlings),
because the drag forces measured for the lower stem density oédanwaleg/ seedlings were slightly
lower than for the higher density oneay old seedlings. Additionally, by the second year of growth,
rooting depth for most seedlings will have increased. Therefore, in additithre tdecreased drag
being applied to these seedlings, uprooting and bending resistances will imgehseplant invests

more energy in above- and below-ground biomass with each additional growison.s&de
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probability of a SDHF removing cottonwoods from channel bars is thus reduceédasittseason of

growth.

For reed canarygrass (Figure 10), the drag forces measured in the flume (up to ). 2%ioage that
at this range of flows, the driving force acting on the grass is Idvesr Iboth ranges of forces for
uprooting and bending at the lower stem density of 400 stefadmthe case of the higher stem
density of 800 stems fnhigher drag forces were recorded, and under these conditions, some bending
of grass stems may occur. As previously discussed for cottonwoods, grass steros ragid and
some of the drag force is therefore absorbed by the stems and leaves of theithrassy & portion
of that force being transferred to the roots. It is therefore very unliketystems of this plant will be
removed by flows in the range of the flume experiments. At a flow velocitysahls', simulating a
SDHF event on the central Platte, drag forces always exceed the force requstsimfdrending.
Some weaker or more exposed stems may experience breakage or uptdbigniipav velocity, but
this is-likely to be limited (the mean patch resistance for reed canarygaas4,560 N), and stem
bending will tend to be the dominant behaviour. Note that the logarithmic scaleecsomewhat
misleading and that the line indicating the maximum drag force recordédviovelocities up to 1.5
m s* for 800 stems rhrepresents only a very small proportion of the total range of uproatingsf
for patches of reed canarygrass.

In the case of Phragmites (Figure 11), the drag forces from the fluhe (sip to 0.25 m™§ were
lower than both the force required for bending and the force required for uprootitihge égtimated
drag force for velocities up to 1.5 rit €18 N), drag forces exceed the full range of bending forces,
but are still insufficient to initiate uprooting of even the weakest aassgt patches of Phragmites

Thus, & with reed canarygrass, bending will be the dominant behaviour at high flows.

The results presented here provide further quantitative support explanation fodithgsfieported in
the outdoor flume experiments of Kui et al. (2014). In their experiments totigatesthe location
and occurrence of plant dislodgement during high discharge events, they found that ohlyldsts
were removed from a sandbar dureafjow event. Plants that were dislodged had shorter roots, with
the probability of dislodgement only being substantial in plants whose roots vietenxin length.
Further, ‘their statistical analysis showed that for every centimeter incneasmoti length, the

probability of dislodgement decreased by 16%.

As.root length varies between and within each growing season, there is a temporatcatipect
potential for plants to be removed by flows. Of the three species studitmhvemdd seedlings are
expected to show the smallest cyclical changes in above- and below-ground biomass it f

biomass will die back in autumn and leave seedlings most susceptible to remeirder and early
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spring. This fine biomass will be renewed and the rest of the root netwotkevaitended during the
next growing season. Reed canarygrass and Phragmites are likely to show largamiaal changes

in their above- and below-ground biomass. Indeed, Liffen et al. (2013) showed that the rhbets of t
emergent macrophyte Sparganium erectum all but disappeared during the winties,feaving a
network of shallower rhizomes that were highly vulnerable to scour in véntespring. In addition,

the presence of annual plants such as Eragrostis, Cyperus, Xanthium and EchionotigoR|aite
(Johnson, 2000) increase the hydraulic roughness of bars and thus reduce bar togsvehacghear
stressesThese points emphasize that floodsead to occur towards the beginning of the growing
season have the gresttgpotential to remove bar top vegetation. Further, there is also a spatial
sensitivity: Kui et al. (2014) found that 55% of dislodged plants were tinenstreamward margins of
sandbars, with plants that had colonized more distal locations less likedyrémnoved. Nevertheless
once established, cottonwood trees, reed canarygrass and Phragmites aréstamyteesemoval by
fluid drag because of their rooting depths and the increased complexitytarmmnnectivity of their

rooting networks.

5.2 Quantifying potential scour around plants and effects on plant pullout

The previous section suggested that drag forces during SDHFs are insuficientove the three
vegetation species studied here from bars, especially once vegetation has ektdblishalso
necessary to consider how much local scour can be expected around the base of the plant stems during
flows ' of various magnitudes and durations, and whether this local scour can affectingpr
resistance sufficiently to increase the likelihood of plant uprooting. Disclemdeslope values
(0.0013 m i) were used, in combination with the normal-depth approximation, to estimate the dept

of local scour around vegetation stems at three different cross sectitvsimmt Creek study reach
(Figure 3). Scour was predicted using three bridge-pier scour equations, over a rimgedepths

up to 1.7 m, with associated discharges of up to 2% and velocities of up to 1.5 nmi'sThe
equations  of Melville and Sutherland (1988), HEC-18 (Richardson and Davis, 2001) and
Superposition of Components (Richardson and Davis, 2001)were used to compare possible ranges of
equilibrium scour depths, taking into account the different mean stem diarfweteech species as

measured in the field.

Results showed that equilibrium scour depths could range from 5 tons¥eund Phragmites stems

and 5 to 35 nmm around reed canarygrass stems and cottonwood seedlings at the three sitesd Predict
values of local scour depths around stems of bar top vegetation were thusshewalatively small
compared .to the rooting depths of the plants measured in the field, in particulgmiésa The
results from the analysis presented here suggest that equilibrium (maxsooun)depths, even at

very high discharges would be insufficient to scour all but the shallowestdrovegetation.
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Furthermore, as the equilibrium (maximum) scour depth eqsatiere developed for rigid bridge
piers rather than flexible plant stems, the predicted values provide upper estifredear depths.
Newly germinated cottonwood seedlings and other annual species could, however, be stigied at
flows where rooting depths have not yet greatly exceeded the potential scour depths of uptat55 m
227 nis® and up to 67 m at the 100-year recurrence interval of approximately 782" mt the
gauge at Overton. Similar to the discussion in the section on drag forces, theatiapliof these
results-is that the timing of any SDHFs proposed by PRRIP should take into aceoans¢t of the
growing season, and potential time for root growth between SDHF events. Theesdts also
suggest that once bar vegetation has established, and rooting depths have excertialdlqul
scour depths, even at high flows during the 100-year recurrence interval, thi@atoon of drag and
scour are unlikely to remove the three species tested in this study. Theudagritflow, therefore,
required to remove established bar vegetation through drag and vertical locabfsbaws in the
central Platte River would have a recurrence interval greater thafQhgear event. Another process
that could expose roots would be the migration of bedform features. Although bedferms ot
studied in detail as part of this study, an initial analysis suggests tBa7 atfs* a flow depth of
about 0.4 m over the bar tops could be expected. At this flow depth, and assuming aighine he
approximately 0.3 times the flow depth, the biggest dunes are estimdiedatmut 0.12 m. At the
100-year recurrence interval flow depth over the bars is predicted to be appsdxithh95 m with an
expected dune height of approximately 0.29 m. However, the presence of vegetationiketuld
interrupt-the flow structures that drive both ripple and dune formation, sprbiess of bedform
migration is likely of little significance to the exposing of roots and sybes® vegetation removal

from bars.

Further to this analysis of scour are the effects of plant patches on locatidepd8ng and Nepf
(2010) and Ortiz et al. (2013) showed for example, that deposition was likelguodmynstream of

rigid emergent vegetation because mean and turbulent velocities are reduces riegibm. In
contrast, however, deposition was not seen downstream of patches of flexible submergedrvegetat
because of the way these plants changed the flow structure surrounding themt @&rtf2013) also
recognized that the morphological feedbacks between the plants and their substrate diffexed b
rigid and flexible vegetation, with positive feedback and patch expansion likely to dmeostrea

of ‘rigid emergent vegetation, such as Phragmites in the Platte River, and néggdivack and
inhibition of patch growth in stands of flexible submergent vegetatioch as young cottonwood

seedlings.
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5.3 Spatial analysis of flow velocities capable of uprooting plantsthrough drag for ces

To better understand the real-world significance of the experimental and mgde8ults presented
in this study, an attempt has been made to determine the spatial patterns of floileselapable of
uprooting patches of each plant species studied. PRRIP provided the autho&RWiH2D model
(Lai, 2008; 2010; 2011; Lai and Greimann, 2008; 2010; Lai et al., 2011) output for a Boivalv
227 ms™. The velocity required to initiate plant uprooting (minimum patch resistanoeslied in
RipRoot runs) and to remove all plants of that species (maximum patch resistade#ied in
RipRoot runs) were calculated by taking the minimum and maximum forces in Figatesr$d
solving for velocity. Maps were then created to indicate the likelihood of plaootipy within the
Elm Creek reach. Flow velocities that are too low to remove any plants are shalarkigreen.
Locations where velocities are sufficient to initiate the uprooting of the weakest plants aredhidicat
light green. The colour scale then transitions through yellow to orandieating higher flow
velocities .and zones where a greater percentage of the plants might be etxpleetagrooted during
a 227 ms* flow. Areas shaded red indicate parts of the channel where velocities are high enough
uproot all plants of that species. Finally, the isovels were overlain by the locatibassah 2010
(also provided by PRRIP) so that velocities on and around bars where vegetatioraimgement

concern can be isolated from the channels.

There is only one location in the study reach where no uprooting of one-year oldwaattls is
predicted. during a 227 3st" flow (dark green; area has a higher elevation) (Figure 12A). Only the
weakest cottonwood seedlingbould be uprooted (mid-green) at the majority of channel margins.
The velocities over bar areas mostly suggest the potential for flow to uphogitex proportion of
one-year old cottonwood seedlings than at channel margins (light green), ligejhest rooted,
strongest seedlings willebdifficult to remove from most bar locations through drag forces alone
(indicated by an absence of yellow to red zones overlaying bar regions). The exadiagercén
plants removed would be site specific and would vary, for example, according to paindexsity,
typical water table depths and resulting rooting depths. Overall, the maptsupgepartial removal

of the weakest and most exposed one-year old cottonwood seedlings is likely on vegetatetthéars i
Elm Creek reach during a 227snh flow event. In general, flow velocities over the bars were higher
downstream of the Kearney Canal (a diversion that provides irrigation watepcavet during
irrigation season through a 16 mile long canal extending from southwebhd@ieek, Nebraska to
the town of Kearney, Nebraska), as indicated by the presence of gmegdertipns of light green
compared to mid-green upstream of the diversion. As such, more one-yeartatdvoots could be

expected to be removed downstream compared to upstream of the diversion.
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The map showing uprooting velocities for two-year old cottonwood seedlings (Figure 12B) show
similar results to the map for one-year old cottonwood seedlings: the flow velocities overadhealsar
during and 227 fis® flow event are sufficient to uproot the weakest and/or most exposed seedlings
(areas indicated in mid to light green). For two-year old cottonwoods, vetocapable of removing

all plants, as predicted by RipRoot patch modelling, do not exist anywhere inabisat 227 fs”,

even around the diversion.

The distribution of flow velocities capable of uprooting patches of reed gaaasyare shown in
Figure 13. Almost all parts of the channel are shaded in dark green, indicatingltici#ttes are too

low to remove even the weakest patches of grass in these locations. Angidsgogéen (indicating
initiation of uprooting of the weakest stems) can be seen in some parts of the betthese
correspond to deeper parts of the channel, rather than bars. Rem@edeznarygrass through drag
forces alone is therefore very unlikely once this species has established on baupstredm and
downstream of the diversion. When it is also considered that bending will occue hgirooting
occurs, the likelihood of uprooting of this species once establistiedher decreased.

The map of flow velocities capable of uprooting Phragmites stems in the EIm Creek reach (Bigure 14
shows that there are no locations where uprooting is likely to occur through drag &wone, even
during a 227 ris* flow event. It should be noted that the threshold velocity for uprootingi®f t
species to start is ~10.6 i which is far beyond the velocities experienced within this reach. Once
established therefore, for removal of this species to occur either lotviat processes must also be at
work, for example lateral scour and undercutting at bar edges or ice scour or htanamtion must

take place. The process of lateral erosion at bank and bar edges is a particplantigrinprocess,

and the subject of a follow up study (Bankhead and Simon, in review), along the sdynesath.

The results of modelling to quantify potential lateral erosion rates undeusasgetation types and
densities along this reach emphasizes the importance of the depth of then®atlative to bar
height and flow elevations. The extensive root and rhizome networks of reed cassrand
Phragmites provides greater protection to the bar material than teeof@mttonwood seedlings, but
modelling showed that once root zones of reed canarygrass and Phragmites had been undermined, t
width of the failure blocks could exceed those of failures involving cottodwseedlings. The
dynamics of this process, and resulting impacts on vegetation proliferation amelchbi@nform are

discussed further in Bankhead and Simon (in review).

Inundation of the bar vegetation is another mechanism that could also lead to platitym&ior
example, Auchincloss et al. (2012) showed that inundation periods of greater than 14 days
significantly increases cottonwood seedling mortality to >50% of the seedling poputdowever,
reed canarygrass and Phragmites can survive prolonged flooding (Apfelbaum andi9Baindue to

the presence of anoxia-tolerant rhizomes (Brandle, 1983). Cottonwood seedlitigsrei@e mee
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likely to be affected by mortality due to inundation, leaving reed canarygragshaagmites again as
the largest problem for plant management. Management techniques such as spragiskjrandre
probably necessary to remove established stands of Phragmites, but SDHF eveéhénrbayable to

maintain vegetation free bars once mature vegetation is cleared.

5.3:1 Comparison of predicted plant removal with field observations

Figures 12-14 suggest certain patterns and locations of velocities capable of uprootistyeiach
plant species through drag forces alone. In this section these patterns, andndthgs filuring
fieldwork are compared to monitoring data collected as part of the 2012 |Avion#oring Report
conducted by PRRIP for the EIm Creek reach, to assess whether the findings ofithecsurately
represent what is happening in the reach.

The 2012 monitoring report stated that the average height of green tmesst(llines of perennial
vegetation above baseflow elevation) were similar between the May and Aug/Septemegs, surv
with, “a slight, but statistically insignificant increase in the upstream gfathe reach, and a
somewhat larger (1.7 feet [0.52 m] in May to 1.8 feet [0.55 m] in Aug/Sept), bustatilstically
insignificant increase in the downstream part of the réétatra Tech, 2012). This finding confirms

the suggestion made in the previous section, that more vegetation removal iddikestream of the
Kearney Canal Diversion than upstream (green line increased more downstream tteamip3the
differences seen above and below the diversion are in part a result of higheelfhcities, but other

factors such as plant submergence may also affect survival rates. The monitoring report also notes that
some bars had experienced significant erosion, indicating that processes otlizaghfamces, also

play a role in determining plant survival on bars.

Another interesting finding of the 2012 monitoring report was that althoughgliskFall 2010 had
been successful in breaking up the Phragmites root mat, rhizome fragmémprestint in the bars
were able to regenerate and form dense stands the following growing season. Thecletdlestted
as part of this study also suggested that rhizomes of sprayed areas looked heaitlwhere the
above ground biomass was dead and brittle. As Phragmites can regenerate awihg ggason
following ‘disking and/or spraying and velocities are insufficient to upradet glant even during

SDHFs, the continued need for management through disking and spraying seems likely.

Comparison of frequency of occurrence of each species between the May and August/September 2011
surveys, with the results suggested by the maps in Figures 12-14, showed generally similar trends. For
example, the monitoring report found that there was a decline in cottonwood frequenaye areas
(the._elevations corresponding to discharges of 34.0 to 85%) nbetween the May and
August/September surveys, suggesting that flows during this period created velagitieadugh to

remove the weaker seedlings of this species. The most commonly occurring specigstiari
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August/September survey in all elevation ranges were Phragmites and cottpnaothing that:

1) Phragmites is very difficult to remove through drag forces; andv@h though the weaker
cottonwood seedlings can be removed, a large proportion of seedlings remained on the baer even af
high flows. The report also notes a substantial cover of reed canarygrass in the B&0nis™

range, again confirming that once established this species is difficult to rewevealuring SDHFs.

The map in Figure 13 suggests that no removal of reed canarygrass is lialy ladr elevations
during @ 227 rfis* SDHF, so decreased prevalence of this species below 8§'@levations may be

a result of other processes. As both reed canarygrass and Phragmitesrane timllong period of
inundation, scour of these plants at bar edges seems to be the most likely removal process.

6 CONCLUSIONS

The present study combined several approaches to try to determine whastisrdl up to 227 fg*
through the central Platte River would be capable of removing cottonwood, Phragnitesed
canarygrass stands of various ages and densities from mid-channel and lateral bars.

A comparison of drag (driving) forces measured in a flume study, with uprooéisgtiing) forces
measured in the field showed that limited numbers of cottonwood seedlings may be reyndragl b
forces alone at high flows, but that stem bending will dominate uprofutingged canarygrass and
Phragmites. For cottonwoods, the likelihood of seedling removal will decredseaah additional
year of growth, as rooting depths increase and reduced stem density reducescdsagdting on a
stand of seedlings. Established cottonwood trees, reed canarygrass, and Phragmitesemistanty
to removal through drag forces applied by high flows. Johnson (1997) also noted that etatoveg
establishs, the roots of the most common Platte River riparian species grow sufficieatlyhey

stabilize their substrate and resist erosion.

In this study, predicted values of local scour around stems of bar vegetation were shiogvn t
relatively small compared to the rooting depths of the plants measured ireltheirfi particular
Phragmites. The results presented here suggest that even at very high disataritjesum
(maximum) scour depths, would be insufficient to scour all but the shallonetstdr vegetation.

Newly germinated cottonwood seedlings and other annual species may be scoured at high flows
where rooting depths have not yet greatly exceeded the potential scour depths of umtatcd27

m’s™ and up to 67 m at the 100-year recurrence interval of approximately 782 .rThese results

confirm the idea that once bar top vegetation has established, and rooting depths have exceeded
potential local scour depths, the combination of drag and scour are unlikely toer¢ineothree

species tested in this study. Another possible removal mechanism that wasdieat Berejs the
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potential removal of vegetation from bar and bank edges through the interconnecteskes of

hydraulic erosion and geotechnical failure.

The study presented here shows the importance of vegetation as an ecosystem engineeh, with bot
above- and below-ground biomass interacting to develop the feedbacks between vegetation and
channel planform. This research has highkghih particular, the impact of exotic invasive speaas

the predicted performance of in-stream flow management actions. The proposed magfnihede
SDHFs investigated here was developed prior to the proliferation of Phragmitesed canarygrass

in the central Platte River. These species appear to be much more résistamir than the native
species (cottonwood and willow) that are responsible for historical episodes of charrogling.

PRRIP stakeholders have attempted to adjust to these invading species by teaming ewith oth
stakeholders to implement a massive Phragmites control effort. Howevergdbising apparent that

some level of ongoing mechanical control will be necessary to control this species.
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Figure 1. A) Low-level aerial view of the Platte River in an area that has been partially cleared of
vegetation B) In-channel view of a vegetated part of the Central Platte River Images courtesy of
Platte River Recovery Implementation Program.
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Figure 2. Continuum of processes for plant removal showing possible scenarios for balance of driving
forces (flow) and resisting forces (roots). At the left end of the figure (1), driving force exceeds root
strength and the plant can be removed without scour of the substrate. At the right end of the figure
(3), scour has reduced the resisting force of the roots to zero, and the plant is removed by the force
of the flow. In reality plant removal is likely to occur at some point between (1) and (3) at a point (2)
along the continuum where scour has reduced the resisting force of the roots to a point where the

flow can remove the plant from its substrate.
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Figure 4. A) Plant bending apparatus showing reel, telescopic arm, specially-designed mount and
camera tripod. B) Close up of load cell during bending test. C) View of the bending test apparatus in
action.
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flume_photo.jpg

Figure 5. Example of the flume set up for a Phragmites run, and inset picture showing modified
dowels for cottonwood plant runs, with addition of synthetic leaves.
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Figure 6. A) Root pulling device used to measure breaking forces of roots and rhizomes and B) Plant-
pulling device being used to measure the force required to extract young Phragmites stems from a
sandbar in the Elm Creek reach along the Platte River, NE.
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Figure 7.-A) Rootball of reed canarygrass B) 1-year-old cottonwood seedling and C) a Phragmites
rhizome
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Figure 9. Maximum drag (driving) forces calculated from flume study, and estimated for maximum
in-field velocities, compared with patch uprooting resistance, and bending resistance. A) shows
results for 1-year-old cottonwood seedlings with stem density of 26 stems per m® and B) shows
results for 2-year-old cottonwood seedlings with stem density of 13 stems per m®. Drag forces acting
on young cottonwood seedlings were calculated to be as high as 156 N at a flow velocity of 1.5 ms™,
and would be sufficient to bend all young (<2 years old) cottonwood seedlings growing on sandbars.
In addition, drag forces at 1.5 ms™ are likely to be capable of removing the weakest one to two-year
old seedlings. The estimated drag force acting at this velocity (156 N) is still well below the mean
values for patch resistances of one and two year old cottonwood seedlings (249 and 315 N,
respectively).
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Figure 10. Maximum drag (driving) forces calculated from flume study, and estimated for maximum
in-field velocities, compared with patch uprooting resistance, and bending resistance A) shows
results reed canarygrass with a stem density of 400 stems per m” and B) shows results for reed
canarygrass with a stem density of 800 stems per m’.
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Figure 12. Velocities relating to the ability of drag forces to uproot patches of A) one-year old and B)
two-year old cottonwoods during a 227 m’s™ flow event. Dark green areas indicate locations where
velocities are so low that no uprooting of cottonwood seedlings would occur. The mid-green patches
show. where the weakest, most shallow rooted seedlings could be uprooted, with yellow and red
velocity zones indicating the locations where velocities are high enough that uprooting is most likely,
where these areas occur overlap with in-channel bars.
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Figure 13. Velocities relating to the ability of drag forces to uproot patches of reed canarygrass
during a 227 m’s™ flow event. Almost all parts of the channel are shaded in dark green, indicating
that velocities are too low to remove even the weakest patches of grass in these locations. Areas of
mid-green (indicating initiation of uprooting of the weakest stems) can be seen in some parts of the
reach; but these correspond to deeper parts of the channel, rather than bars.
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Figure 14. Velocities relating to the ability of drag forces to uproot patches of Phragmites. All zones
are shaded dark green, showing no uprooting of Phragmites by drag is likely during a 227 m>s™ flow

event.
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Table 1. Results of field tests to measure flexural stiffness (presented as mean + 1 standard

deviation; note that distributions were positively skewed).

Flexural
. . Number of | Number of
Species stiffness, J .
2 Tests Evaluations
(N m")
Cottonwood (Populus deltoides
d (Pop S | 0009900082 10 23
seedlings (<3 years)
Cottonwood (Populus deltoides
d (Pop ds | 153:+186 10 80
seedlings (3-5 years)
Phragmites australis 0.94 +1.07 21 105
Reed canarygrass 0.18 +0.17 16 62
(Phalaris arundinacea)
Table 2. Input parameters for RipRoot modeling.
Cottonwood| Cottonwood
Populus | (Populus Reed
Input Parameter ( p.u u ( p.u u Phragmites| Canarygrass
put aramete ?flto'delz ?flto'delz australis (Phalaris
year o year 0 ;
seedlings) | seedlings) arundinacep
Minimum root/rhizome diameter (mm) 0.3 0.3 1.0 0.1
Maximum- root/rhizome diameter (mm) 3.0 9.0 20.8 1.2
T, a parameter* 15.05 15.05 16.2 3.63
T, b parameter* -0.52 -0.52 -0.91 -1.68
Minimum plant areal density (stemsin 1 1 96 348
Maximum plant areal density (stem&)m 28 28 272 912
Substrate friction angle (°) 27.0 27.0 27.0 27.0
Substrate bulk density (kN ™ 19.2 19.2 19.2 19.2
Maximum rooting length (m) 0.48 0.48 0.39 0.19
Number of roots/rhizomes failing by breaking 0-1 0-2 1-3 125
Number of roots/rhizomes failing by pullout 20 20 0 0

*Where root tensile strength equations are generally of the forma D ™® and T = tensile
strength (in MPa), P= root diameter (in mm), and a and b are regression parameters.
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Table 3. Summary of drag coefficients and drag forces from flume study.

Drag force | Drag force
Drag Drag
% S exerted on | exerted on
coefficient coefficient
each plant at each plant at
Areal from flume | from flume low hiah
Species density, study at low | study at high . g
g . ) discharge discharge
(stems rif) discharge discharge (0.0285 ms | (0.0478 ms
(0.02185 ms (0.04178 ms ' 1 ' h
) ) (N) (N)
Cottonwood 13 16.8-18.0 11.5-119 | 1.02-1.27 | 1.67-2.16
(Populus
deltoides) 26 11.9-16.9 | 13.2-155 | 1.07-1.28 | 2.22-2.47
Rhragmites 200 8.81-13.0 | 7.27-10.8 | 1.20-1.78 | 2.78-4.13
australis
Reed 400 17.8-216 | 16.2—-21.1 | 1.22-1.78 | 2.10-4.04
canarygrass
(Phalaris 800 10.4-15.8 | 9.73-13.1 | 1.41-2.16 | 3.72-5.00

arundinacea)
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