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ABSTRACT

The midcontinent of the U.S. is heavily karstified containing well developed
subsurface drainage systems thatcaneeredby beds of coarsgrained, poorly sded
fluvial sediments, resembling those found in upland surface streams. The movement of
coarse sediment as bed load within karst streams has been considered negligible in the
past as it was assumed that all karst is developed through dissolutiorthather
mechanical abrasion. The frequency and magnitude of sediment transporting events in
karst streams has implications for models of fluviokarst landscape developmémé and
stability of aquatic ecosystems

Within Tumbling Creek Cave (TCC) in the OkdPlateau of soutkentral
Mi ssouri, and Bear Cave Hollow (BCH), one
load entrainment and transport dynamics of coegragmed (16180 mm), mainly
siliciclastic material, was evaluated using hydrological measureraedt670 painted
tracer particles. Tracers are used in this research for the first time in a karst stream.
Tracers are well suited for studying the stochastic and spatially variable nature of bed
load transport because they reflect the movement of indiVjghrticles of known
characteristics, and they are also inexpensive and simple to employ.

Median surficial sediment grain size in the study reaches ranged from 39 to 71 mm
in TCC, and from 24 to 37 mm in BCH with bed and/or water slopes rafrgimg).006
to 0.077 in TCC and from 0.002 to 0.009 in BCH. TCC is classified as aifftml
channel morphology type and BCH is classified as a gi@dechannel. Preliminary data
from surveys of the longitudinal (downstream) movement of tracers ovenmiih
period indicate that minor amounts18.2%) of coarse bed material in TCC are
mobilized by relatively low flows (28% of bankfull) that recur somewhat frequently
(less than 3.1 years). BCH transports a higher percentage of mat&®l$0) during
similar flows (229% of bankfull) and frequencies (less than 3.59 years). Bed load
transport was observed to be in a state of partial transport for any one grain size class in

TCC during the study, while the complete mobilization of tracer size classes was

Xi



observed in BCH at the highest observed flow, indicafjlgase @ transport and the
breakup of the armor layer. The differences are attributed to the wider observed range of
grain sizes covering the bed in TCC compared to BCH.

The use of the Shields (193&iteria tends to over predict the critical shear stress
required for entrainmerof the largest mobilized grasize of individual tracers, while
the empirical equation of Bagnold (1980) performs much better. , TheuShield
equation may be betteriged as a gage for complete mobilization of a grain size class
across a reach, while the Bagnold (1980) equation may be better suited for estimating

entrainment of grains from patches of the bed.

Xii



Chapter 1

Introduction

The transport of coarse stream bed mateduaihg moderate thigh flows can
make upalarge proportiorof mass passintiproughfluviokarstwatershedsi.e.,those
having both subsurface and surface reach comporerdsgan be a major process
involved inthedenudation ofluviokarstlandscaps. For instanceWorthington (1984)
found that up to 95 to 98 of the mass transported througfilviokarst system in West
Virginia was fluvial sedimerst This has implications for models of landscape evolution
andeffects on the stabilitgf aquatic ecosystesn

Sedimenttransport studies in karsystens have beemare with little quantitative
work carried ouf{Bottrell et al., 1999Dogwiler, 2002. Comparatively, sediment
transport has been studied extensivelgon-karst fluvial systems over the past century
(Gomez, 1991), as reflected by the numerous scientific publications written on the subject
in many different disciplines, including aquatic ecology (e.g., Lorang and Hauer, 2003;
Gordon et al., 2004; Schweel et al., 2009), river engineering (e.g., Shields, 1936;
Yalin, 1977; AguirrePe et al., 2003), and fluvial geomorphology (e.g., Leopold et al.,
1964; Buffington and Montgomery, 1997; Nelson et al., 2003; Church, 2006). Many
karststreams and passagedemperate latituels have beds covered by largeantities of
coarsegrained poorly sorted, sediment (White and White, 1968; Gillieson, 1996;
Farrant, 2004), whilene movement oivhich may occumorefrequentlythan previously
thought(Dogwiler and Wi&s, 2004 Farrant, 200¥ In addition, bed load transport is the
most complex sediment transport process in regards to its measurement and
guantification (Beylich and Warburton, 2007), makoigsevation of transport frequency

a high priority in the fieldf karst geomorphologyt-urthermorethere is an urgent need
1



for detailed procesbased research into the mechanisms of transport of cave sediments,
especially during flood events (Gillieson, 1996).

Past research on weathering and erosion in kargrsydtvelopment has
appropriately focused on dissolution processeas. (White, 1988 Yet, physical
sediment transport mde an important component of the mechdrecasionprocess,
and, in turnto the developmentf cave passages (e.g., White and ¥/l 968 Newson,
1971a, b) However, itremains uncleawvhether or not clastic sedimeriisctto enhance
(through mechanical abrasidNewson, 197 eor hinder(by shielding the bedrock from
dissolution White and White, 1968; Renault, 19#arst streandevelopmerd
(Dogwiler, 2002). Farrant (2004) argues thaany caves are modified by the &att
speleogenetic press especially in lowgradient systems with allochthonous sediment
source. In spite of this, the former explanation for mechanical sibraas a
speleogenetic process is apparent whidipectastic units have been eroded

These hypotheses have a similar corollary with hypotheses about incision into
bedrock channelsAs stated in Sklar and Dietrich (200G))bert (1877)was the firsto
propose that the quantity of sediment supplied to the river should influence bedrock
incision rates in two essential yet opposing w&¥sby providing tools for abrasion of
exposed bedrogland(2) by limiting the extent of exposud bedrock on thehannel
bed. Therefore, the sediment transport rate, relative to the sediment transport capacity
(and thus channel slopplays a large role in whether or not abrasion is the dominant
erosional procesdn addition, the size distributioof sediment grais supplked to the
channel is likely to fhect incision rates for two reasons: (1) the coarse fraction is capable
of forming an alluvial cover in actively incising river channels, and (2) because the fine
fraction is carried in suspensiand collisions wth the bedrock are rare (Sklar and

Dietrich, 2001).



Karst streamare believed téunctionsimilary to their surface strearounterparts
in their modes of clastic sedentation and bed load transp(&illieson, 1996, and have
been shown to exhibit hyallically controlled passage geometrigseam gradients and
planformsthat are comparable with surface streams (White and Deike, 1B88ause
of this, studies fromnon-karstfluvial systemscan be utilized t@rovide guidance for
methodologies whertigdyingsediment transport dynamicskarst or fluviokarst
systems.

The work carried out during this study extends past investigations of fluviokarst
systems and their ability to transport coarse bed load material by Dogwiler (2002), and
Dogwiler and Wicks (2004). They providel estimates of the ability of karst stream
reaches to erode bed material using both the median grain size didpggtear(d the
diameter of the grain size greater than 85% of the bgy), (vithin two central U.S.
systems. Followng Dingman (1984, p 156), they evaluated the possibility that erosion
would occur based on a basal shear stress analysese the ratio of the bankfull shear
stress to the critical shear stress is evaluatéds type of approach, defined as a
0 s e dtiemternai n me nt p dhaseecdantly bderbutiliaed bylothessi s |,
investigatos as well (e.g., Peterson et al., 2008; Davis, 2009). The findings of Dogwiler
and Wicks(2004)suggestdthat common flows recurring frequently (less than one year)
are @pable of mobilizing coarse stream bed material throughout much of the length of
karst streams in the midcontinent of the U.S. sindlar upland karst streams in the U.K.
Furthermore, their work provideguantitative information about channel morphology,
channel roughness, addminantdischarge, all of which are fundamental fluvial
characteristics, and are crucial to the better understanding of bed load sediment transport

dynamics in fluviokarst watersheds.



A magnitudefrequency approach to sediméransport provides information about
the importance of the mechanical erosion process (compared to cherogiah
processes) in karst development, as it has been suggested that a greater frequency of
sediment transporting events will result in higheisemo rates through abrasion (e.g.,
Whipple and Tucker, 2&). Dogwiler and Wick$2004)based their findings on surficial
stream bed material size distributions, channel surveys ofseaion dimensions and
channel slope, as well as continuous stagesedata from one station, whitdd them to
their conclusion that sediments, within cave stream channels, can be mobilized by
bankfull flow conditions, and that bankfull fis recur about every.7 years While their
research does not provide quaatife sediment transport rateleir findings are in
agreement with the widely accepted notion introduced by Wolman and Miller (1960) that
the discharge most effective in the letegm transport of sediment (i.e., effective
discharge) is a relatively frequegvent occurring, on average, about once a year.
However it has been observed that tle¢urn period of theffective discharge is highly
variable, ranging from one weék several decades (Nash, 1994). It must also be noted
that effective discharge drdominant discharge have two different meanings but are
closely related (Wolman and Miller, 1960Jhe effective discharge is the discharge that
transports the most sediment, while the dominant discharge is considered a-channel
forming discharge Furthe, the bankfull discharge and recurrence interval is usually
associated with the effective discharge, even though there is not a single recurrence
interval for bankfull discharge beese bankfull can be defined seveddferent ways
including for exampé, the lowest widthdepth ratio at a crossection, and the height of
the lower limit of perennial vegetatigWilliams, 1978). Thus, further studies involving
the recurrence interval tiie effective discharge abarse stream bed material is

warranted.



Typically the effects of large storm events are rarely observed directly when large
clast sizes are transported (Bosch and White, 2004). However, direct observation of such
flows would be extremely hazardous under those condifMas Gundy and White,

2009). Therefore, a study of the movement of cave sediments is well suited for the use of
sedimentracing methods.

This research uses natural painted tracer particles pairedamitimuous stream
stage measurements (and calculated dischtogitermie the most appropriate
functionalrelationshig for estimatingsedment entrainment, making it possible to more
reliably predict when and why coarsediment transpoi$ occurring The field work is
carried outwithin a small fluviokarst watershed in teark Plateaus Physiographic
Province (known locally as the Ozarks) of seaéimtral Missouri.Secondly, sing a
long record of rainfall from publically accessible weather station data, and correlations
with stream discharge, this research proveksrates of the frequency dbw events
that arecapable ofearranging coarse stream bed materidiese two aspects of
sediment transport are primarily important because of the influence that sediment
transport mechanisms have on the structure of berdmenunities (Schwendel et al.,

2009), especially important in biologically diversaviokarst systems Tracers are also

used to estimate the shaerm erosion rate for the fraction of eroded material traveling
through the studied stream network as bed I his will make it possible for future
researchers to develop estimates of denudation rates (when coupled with dissolved load

and suspended sediment load measurements).

Objectives

The primary objective of this styds to quantify the graksizespecific critical

entrainment thresholds of stream bed material found in surface and subsurface (cave)
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reaches of a fluviokarst watershe@bserved gtical entrainment threshold values are
assessed and compared against commonly emppogddttiveequaionsfor entrainment
thresholdsleveloped irsurface streamsThe analysis involveseveral different
empiricalexpressions of three different hydrodynamaices (hydraulic variables)

including: shear stresdischargeand stream powelThis approachsi consistent with the
general acknowledgement tisveralpproaches to bed load transport should be used so
that the results can be compared (Petit et al., 2088 )evaluation of betbad transport
rateis also madebased on observed thresholds far@nment and dischargkata from

both study reaches, as well as daily rainfall records &oearby weather station.

The results of this researphovidea detailed analysis of sediment transport
processesspecifically low competence analysis andaregnitudefrequency analysis
from the use opainted traceparticlesandhydrologicalmeasurementsThe primary
hypothesis tested is that theoretical estimates for entrainmentausasgl shear stress
andtraditionalShields (1936¢riterionapproachwill yield lower frequencie®f coarse
bed load transporting everitgean those observddecause of relative size effects on
heterogeneous beds and higher than prediinstantaneous shear stress fluctuafions
This hypothesiss similar to findings by Bffington et al.(199), and has implications for
Wol man and Millerds (1960) conclusion abou
of effective dischargeA seconchypothesis tested is thidie critical entrainment
threshold forcoarse stream bed teaal will be similar, based ombserved valuggor
surface fluvial stream reaches and subsurface karst stesmime®valuated by graiaze

fractions palf-phi sizeclassintervals i logbase 2f the grain size in mijm



Field Site Description

StudyLocality

The field study was conducted in Taney County in saethtral Missouri,
approximately 4&m east of the city of Bransamthin a stream reach of Tumbling
Creekfoundwithin Tumbling Creek Cave (TCCand one reach of Bear Cave Hollow
(BCH). TCCis a branchwork cave (after Palmer, 1991) composed of two interlocking
passagesvhile BCH is a headwateephemeral surface stream located in the southeast of,
and entirely within, the TCC recharge arBay(res1.1 and1.2). TCC has 2,788 m of
surveyedpassage (Aley and Thomson, 1971), 879 m of which is the length of Tumbling
Creek. BCH is a firstorder streamwvith a lengh of 2,982 m (delineated using tReotem
1:24,000 sda quadranglenap).

BCH and other nearbgurface drainage networksigure 11) are hydrologically
connected with TCC. Under flowing conditions water is pirated directly from lengthy
segments ofurfacestream channsli.e., water seeps beneath the stream bed to feed
groundwater; losing stream reaches). Water travels beneatbesdréanage divides and
ultimately passes through TCGubterranean flowesurgest the TCC Spring liie only
natural entrance to TCC; Figure 1dk)any number of other springs (up to 20),
depending on the flow conditions (Aley et al., 2007). Peak flithin the cave stream is
typically reached within a day of rainfall events, and responds only slightly slower than
the nearby surface streams (Aley and Thomson, 1971). During a dye injection study by
Aley and Thomsoi(1971)within theupper reaches of B4 flow recharging
groundwater at the injection site accounted for about 4% of the flow in TCC. The
recharge area for TCC has been delineated based on 62 groundwater traces, conducted by
the Ozark Underground Laboratory, Inc. (OUL) and encompasses aof area
approximately 23.36 kfi(Aley et al., 2007). The approximate drainage area of the BCH

watershed is 1.94 Kmdelineated from topographimundaries. Tumbling Creek has a
7
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Figure 11. Location and hydrologic setting of the Tumbling Creek Cav&Q)lrecharge
area, including Bear Cave Hollow (BCH) and its watershed boundaries. The total
recharge area for TCC is approximately 23.36 {ey et al., 2007), and the total area
of the BCH watershed is approximately 1.94°krGroundwater recharginbCC is

pirated via scattered sinkholes and losing stream reaches underneath major surface
drainage divides (indicated as black dotted lines). Water emerges at the surface at Bear
Cave spring (indicated as TCC Spring on the map). When TCC is unddtdugh
conditions, discharge from the cave to the surface may occur2ft dbferent locations
(Aley et al., 2007). The TCC entrance is nmade. Surface water leaving TCC and the
BCH watershed enters Big Creek which flows south into Bull Shoals Lakedifisd

from Elliott and Echols2007].
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Figure 1.2. Location of study reaches within TCC and BCH, includa@H watershed
boundaries Tumbling Creek flows perennially with a typical low flow discharge of 0.01
to 0.06 nis?; peak dischargeecorded dung this studywas 2.04 ms™. The gauging
station at the weir receives water from an area draining approximately 2255 keam
flow within BCH is ephemeral, occurring only after relativelyeimge rainfall events;
peakhydraulic (mean) depth recomdiduring this study was 0.42 m, with an estimated
discharge of 2.53 f'a’. The gauging station receives surface runoff from an area
draining approximately 1.41 Km [Imagery from MSDIS, http://msdis.missouri.edu;
cave map modified from Elliott and Aleg005].

sinuosity (ratio of channel length to valley length) of 1.12 and BCH has a sinuosity of
1.06. The drainage density (ratio of total channel length to drainage area) for surface
streamswithin the TCCrecharge ares 1.31, while BCH has a drainadensity of 1.54.

The TCC recharge area has undergone various huehgted disturbances (i.e.,
land-use changes) that may have slightly increased rates of erosion and somewhat altered
stream sediment and flow regimes. The introduction of pasture latius tegion are

regarded as the primary reasons for increased sediment loading and turbidity within



Tumbling Creek (Neill et al., 2004). Between 1961 and 1996, forested areas within the
recharge areaad decreased from 80% to 57% witie addition of liestock grazing

lands. However, a land management rehabilitation project (completed in 2004) has
returnedanother 23.7% of riparian area within the recharge area back to(fdedtet

al., 2004). Within the BCH watershed, little change had taken pthgeng that same

time period, while most ohe watershedemained forestedin 1973, the population of

an endangered species of cavesnail living exclusively in Tumbling Creek (Tumbling

Creek cavesnaihntrobia culver) was estimated at about 15,000 &ad declined
noticeably by 1991, probably a result of s
and habitable area (Elliott and Aley, 2005). Yet, agriculture within the TCC recharge

area is considered light.

Geologic Setting

Tumbling Creek Cave ahits recharge area are located within the Salem Plateau, a
karstified subprovince of the Ozark Plate&hysiographidProvince. The Salem Plateau
is composed of Cambrian and Ordivician age (440 to 530 million years old) nearly flat
lying carbonaceousrics exposed at the Eart héentralsurf ace
Missouri and norticentral Arkansas (Noltie and Wicks, 2001). The TCC recharge area
is entirely formed within the Cotter Formation (Aley et al., 2007), a lower Ordovician
(Ibexian seris) light brown to brown, medium to finebrystalline, massive to thinly
bedded dolomite interbedded with chert and minor local beds of thin sandstone, and
guartz sandich dolomite beds (Thomson and Aley, 19Dbdd and Dettmgmnl9%;
Overdreet et al., @03). Elevatioawithin the TCC recharge area range from

approximately 205 to 410 m above sea level.
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Climatic Setting

Southern Missouri has a humid middidgitude temperate climate. In the summer
months, mean temperature is 23.9°C, in the winterthsaihis 1.8°C, and it is 13.1°C
annually. During an average year, 59 days have a high temperature greater than 32°C
and 114 daybkavelows of 0°C or lessbut the record is highly variab{Eigures 1.3and
1.4). Rainfall is fairly heavy and well diskuted throughout the year, and snow falls
nearly every winter with cover lasting only a few days. The months of January and
February have minimum precipitation, while June and November have maximum
precipitation Figure 1.4. Total annual precipitatiors 1097 mm, 55% of which oars

in April through Septembér

Stream Reach @ssification and Characteristics

Stream channel reaches were classified based on the Montgomery and Buffington
(1997) system as a means for communication and comparison wittsttties, because
gualitatively defined channel types and features have been shown to exhibit
guantitatively distinguishable channel characteristics (Montgomery and Buffington,
1997). The choice of the classification system was influenced by its use otteer
study of the fluvial geomorphology of karst systems in the central U.S. by Dogwiler and
Wicks (2004). While the use of classification systems in fluvial geomorphology is
expanding, they must be used with caution as many (including the one vséorhe
mountain channels) are not procéssed, which diminishes their usefulness for
assessing channel condition, response potential, and relations to ecqomgeab

(Montgomery and Buffington, 1997). Also, reach morphology can be controlled by

Temperature and precipitation values based on-290D, and average annual high and lov
temperature duration values based on 12@@8 daily summary observations at the Ozark
Beach, MO weathestation, U.S. Cooperative Network Station 236460. All data are availa
from theNational Climatic Dat&enter.
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lithology, which influences the amount, size and shape of material supplied to streams
(Thompson and Croke, 2008). Within both the cave and surface streams of the TCC
recharge area, the alluvial beds are covered primarily by siliciclastictypes

(primarily chert) eroded from the Cotter Formatiand left as residuum

Classification type based on the Montgomery and Buffington (1997) system, along
with channel reach characteristics from cresstion of this study are presented able
1.1 (see Appendix A for plots of crosections andAppendix B for notation) Grain size
distributions for sediment naturally occurring on the &eskbvencrosssectionsare
plotted inFigure 1.5 Themethodology for determining thgrain size distributiosand
channel characteristics agscribed irChapter 3.Study reaches exhibit both plabed
and poolriffle channel morphologyRigure 16) and represent a mixture of suppéynd
transportlimited characteristics. Although they were not selectedtémtysas part of this
research, BCH has frequent segments of the bed that lack continuous alluvium and only
bedrock is visible. Therefore, BCH as a whaohay be classified as a mixed alluvial
bedrock channel. However, a forcing mechanism from fallen wdetris may be
responsible for the exposed bedrock.

While fluvial process can be inferred using the classification system and observed
channel characteristics, they may not be sufficient in describing all the processes acting
and interacting to shapesetiandforms found within the TCC recharge area as well as
similar low-order streams ovlying highly soluble bedrock The main controlling
variable of channel morphology of headwater streams can typicadiitriimited to the
influence of the drainagebbasn 6 s hi |l | sl opes and how frequen
deposit their sediments within the stream channel (WhitmgBaadley, 1993).

However, oving to the fact that debris flows goeobablyrare at BCH, and that little else

besides kert is found coering itsbed, it is thought that channabrphology is not

13
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Table 1.1. Channel and sediment characteristics at esestions surveyed ime Tumbling Creek Cave recharge area

. 3 dy/D D D D D D D S S,
ReachStatiort MC qbf_ u,bt Ybf_ Wit b/ Dgas 16s 50s 84s 16ss 50ss 84ss ) )
(Nm? (Nm? Wm? (m) (mm’) (mm) (mm) (mm) (mm) (mm) (mm) (mm’) (mm?)

BCH-1(TL1) PB 1.37 56.3 109 7.03 9.54 18 37 74 0.009
BCH-2 (GS) PB 156 58.7 121 5.57 11.2 68° 0.009
BCH-3(TL2) PB  1.49 51.9 103 5.73 12.3 14 29 61 0.008
BCH-4 PB  0.59 11.4 10.8 5.79 12.1 528 0.002
BCH-5 PB 0.39 8.8 7.1 5.82 11.1 12 24 43 2 159 3% 0.002
TCC-6 (GS)
TCC-7 (TL 3 PR 1.43 172 423 6.54 3.43 X X X

( ) 28" 714 158" 0.033
TCC8 PR 1.8 172 420 6.65 3.88
TCC9 PR 7.8 527 3000 8.19 14.3 13 43 93 0.077
TCC10(TL4) PR 072 285 348 102 713 21 39 82 6 15 32 0.006
TCC11 PR 296 753 7411 552 9.38 15 44 112 0.022

TL = tracer line; GS = gauging station; MC = morphological classification (Montgomery and Buffington, 1997pld&®@bed PR =
pookriffle; qu, = bankfull discharge per unit widtk} . = bankfull bed shear stress;; = bankfull stream power per unit areg; =
bankfull flow width;dys = bankfull mean depthi)iss= 16thpercentile surface grain siZB;s= 50thpercentile surface grain sizBg,s=
84thpercentile surface grairnze; Diess= 16thpercentile subsurface grain siz®y= 50th- percentilesubsurfacgrain sizeDgsss= 84th-
percentile subsurface grain sif= bed slopeS, = water slope.

*Locations for BCH stations are shown in Figure 1.7; locations for TCiOrsaire shown in Figure 1.8.

§ Value is computed average usiDgysfrom adjacentrosssectionstations.

ARepresentative of both cressction stations (TGZ and TCG8) because of their close proximity.

ySampling locations most closely coincide withsssectionstaions.
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Figure 1.5. Cumulative grain size distribution curves for surface and fadesur
sediment samples from (A) BC&hd (B)TCC. Values foiD;6, Dso, andDgg4 are given in
Table 1.1.
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Figure 1.6 Schematic planeiv and longitudinal low flow profiles ahannel
classification types found within the TCC recharge :af&pplanebed channel showing
single boulder protruding through otherwise uniform flow; (B) paffile channel
showing exposed bars, highly turbuléotv through riffles, and more tranquil flow
through pools [after Montgomery and Buffington, 1997].
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heavily influenced by hillslope processes. Rather, because of the soluble dolomitic
bedrock, the surface of the TCC recharge area has valleys and ahanpleblogy that

are heavily influenced by the development of sinkholes which may be leading to the
development of widened valleys. Moreover, widened valleys are minimally influenced
by hillslope processes.

Within Tumbling Creek Cave itself (see Aley andomson, 1971), the most active
process determining channel morphology is
case of the studied cave reach are the cave walls. Thisaisdecithe cave walls condéin
the streanalmost everywhere throughout th@ppedcave gstem Thedifference
between theave and surface study reaches can be described using deschpfturge
and Abt (2001)BCH being described as sétfrmed, and TCC being described as
relict/nonfluvial.

Under the Montgomery and Buffirgt (1997) classification scheméapebed
reaches are distinguished iy long stretches of relatively featureless beds (i.e., no
prominent bed forms)2) lacking sufficient lateral flow convergence to develop pool
riffle morphology,(3) relatively lowwidth to depth ratios and large relative roughness,
and(4) dominantly grave(2-64 mm)to cobble(64-256 mm)size bed materials. The
dominant sources of sediment are fluvial, bank material, and debris flows, and the
sediment storage element is overbaR&ol-riffle reacheson the other handyre
distinguished by rhythmic succession of bars, pools, and riffles. Pools are topographic
depressions and lzare corresponding high points withats typically spaced about
every five to seven channel widtfrmay be more closely spaced if influenced by large
woody debrisas a forcing mechanism.hey are composed of praahinantly grael
sizedbed materials The dominant sourced sedimerd are fluvial, and bank material,

while the sediment storage elemeatsoverbank and bed forms. Slopes in poffle

17



channels are generally lower than plosel channeldjowever, thigloes not seem to be
the case in the reaches studiethe recharge area of TCC.

The BCH study reacffFigure 17) is primarily a planébed channel, but does
exhibitlateral bars marked by smaller grain sizes and higher elevations within the stream
reach. This may warrant an intermediate classification as a riffle bar morphology type
(see Montgomery and Buffington, 1997). Flow obsfians caused by woody debris and
living plants also force reach morphology in a small percentage of the study reach, but do
not exhibit a large effect on the tracers used for this study. Other reaches of BCH,
however, have been observed to be nearly éetely jammed with woody debris forcing
local pootriffle and bedrock channel reach morphology. Several fallen trees were
removed from the upstream and downstream ends of the study reach and from adjacent
reaches before the commencement of the currety.steemoval of trees was thought to
minimally impact stream reach morphology as many of those trees had only been within
the stream for the winter season (with relatively low rainfall and snow amounts)
following a heavy ice storm, and therefore, wereindhe channel for a long enough
period, or during intense enough storms, to have caused drastic changes in channel
morphology.

Local bed packing arrangements such as pebble clusters may play a role in the
entrainment process by acting like a large leiggain and requiring relatively large
hydrodynamic forces to initiate motion. Pebble clusters have been observed in both study
reaches but only make up a small percentage of the bed, and along with the many
interrelated variables influencing the entragmt process, the role that pebble clusters
play was regarded as minimal and was not investigatéuer.

The TCC study reactiF{gure 1.8 is a poolriffle channel, but it is somewhat

affected by local channel constrictions and expansions in the beatrddkom large
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Figure 1.8 TCC study reach map showing the locations of esestion stations and

tracer lines (black lines across channel) and the location of the stilling well (black dot) at
the gauging station. Thagre length of tk reach is ~ 7éh. Flow is to the south and

east. [Modified from original cave survey in Thomson and Aley, 1971].
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