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ABSTRACT 
 

 

The midcontinent of the U.S. is heavily karstified containing well developed 

subsurface drainage systems that are covered by beds of coarse-grained, poorly sorted 

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 dissolution rather than 

mechanical abrasion.  The frequency and magnitude of sediment transporting events in 

karst streams has implications for models of fluviokarst landscape development and the 

stability of aquatic ecosystems.   

Within Tumbling Creek Cave (TCC) in the Ozark Plateau of south-central 

Missouri, and Bear Cave Hollow (BCH), one of TCC‘s surface drainage streams, bed 

load entrainment and transport dynamics of coarse-grained (16-180 mm), mainly 

siliciclastic material, was evaluated using hydrological measurements and 670 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 individual particles 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 ranging from 0.006 

to 0.077 in TCC and from 0.002 to 0.009 in BCH.  TCC is classified as a pool-riffle 

channel morphology type and BCH is classified as a plane-bed channel.  Preliminary data 

from surveys of the longitudinal (downstream) movement of tracers over a 10-month 

period indicate that minor amounts (0-13.2%) of coarse bed material in TCC are 

mobilized by relatively low flows (5-28% of bankfull) that recur somewhat frequently 

(less than 3.1 years).  BCH transports a higher percentage of material (0-59.1%) during 

similar flows (2-29% 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 



 

xii 
 

observed in BCH at the highest observed flow, indicating ―phase 2‖ transport and the 

break-up 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 (1936) criteria tends to over predict the critical shear stress 

required for entrainment of the largest mobilized grain size of individual tracers, while 

the empirical equation of Bagnold (1980) performs much better.  Thus, the Shields 

equation may be better suited 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. 
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Chapter 1 
 

 

 

Introduction 
           

The transport of coarse stream bed material during moderate to high flows can 

make up a large proportion of mass passing through fluviokarst watersheds (i.e., those 

having both subsurface and surface reach components) and can be a major process 

involved in the denudation of fluviokarst landscapes.  For instance, Worthington (1984) 

found that up to 95 to 98% of the mass transported through a fluviokarst system in West 

Virginia was fluvial sediments.  This has implications for models of landscape evolution 

and effects on the stability of aquatic ecosystems. 

Sediment transport studies in karst systems have been rare, with little quantitative 

work carried out (Bottrell et al., 1999; Dogwiler, 2002).  Comparatively, sediment 

transport has been studied extensively in non-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; Schwendel et al., 2009), river engineering (e.g., Shields, 1936; 

Yalin, 1977; Aguirre-Pe et al., 2003), and fluvial geomorphology (e.g., Leopold et al., 

1964; Buffington and Montgomery, 1997; Nelson et al., 2003; Church, 2006).  Many 

karst streams and passages in temperate latitudes have beds covered by large quantities of 

coarse-grained, poorly sorted, sediment (White and White, 1968; Gillieson, 1996; 

Farrant, 2004), while the movement of which may occur more frequently than previously 

thought (Dogwiler and Wicks, 2004; Farrant, 2004).  In addition, bed load transport is the 

most complex sediment transport process in regards to its measurement and 

quantification (Beylich and Warburton, 2007), making observation of transport frequency 

a high priority in the field of karst geomorphology.  Furthermore, there is an urgent need 
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for detailed process-based research into the mechanisms of transport of cave sediments, 

especially during flood events (Gillieson, 1996).   

Past research on weathering and erosion in karst system development has 

appropriately focused on dissolution processes (e.g., White, 1988).  Yet, physical 

sediment transport may be an important component of the mechanical erosion process, 

and, in turn, to the development of cave passages (e.g., White and White, 1968; Newson, 

1971a, b).  However, it remains unclear whether or not clastic sediments ―act to enhance 

(through mechanical abrasion, Newson, 1971a) or hinder (by shielding the bedrock from 

dissolution, White and White, 1968; Renault, 1970) karst stream development‖ 

(Dogwiler, 2002).  Farrant (2004) argues that many caves are modified by the latter 

speleogenetic process, especially in low-gradient systems with an allochthonous sediment 

source.  In spite of this, the former explanation for mechanical abrasion as a 

speleogenetic process is apparent where siliciclastic units have been eroded.   

These hypotheses have a similar corollary with hypotheses about incision into 

bedrock channels.  As stated in Sklar and Dietrich (2001), Gilbert (1877) was the first to 

propose that the quantity of sediment supplied to the river should influence bedrock-

incision rates in two essential yet opposing ways: (1) by providing tools for abrasion of 

exposed bedrock, and (2) by limiting the extent of exposure of bedrock on the channel 

bed.  Therefore, the sediment transport rate, relative to the sediment transport capacity 

(and thus channel slope) plays a large role in whether or not abrasion is the dominant 

erosional process.  In addition, the size distribution of sediment grains supplied to the 

channel is likely to affect 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 suspension, and collisions with the bedrock are rare (Sklar and 

Dietrich, 2001). 
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Karst streams are believed to function similarly to their surface stream counterparts 

in their modes of clastic sedimentation and bed load transport (Gillieson, 1996), and have 

been shown to exhibit hydraulically controlled passage geometries, stream gradients and 

planforms, that are comparable with surface streams (White and Deike, 1989).  Because 

of this, studies from non-karst fluvial systems can be utilized to provide guidance for 

methodologies when studying sediment transport dynamics in karst 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 provided estimates of the ability of karst stream 

reaches to erode bed material using both the median grain size diameter (D50), and the 

diameter of the grain size greater than 85% of the bed (D85), within two central U.S. 

systems.  Following Dingman (1984, p 156), they evaluated the possibility that erosion 

would occur based on a basal shear stress analysis, where the ratio of the bankfull shear 

stress to the critical shear stress is evaluated.  This type of approach, defined as a 

‗sediment entrainment potential‘ analysis, has recently been utilized by others 

investigators as well (e.g., Peterson et al., 2008; Davis, 2009).  The findings of Dogwiler 

and Wicks (2004) suggested that common flows recurring frequently (less than one year) 

are capable of mobilizing coarse stream bed material throughout much of the length of 

karst streams in the midcontinent of the U.S. and similar upland karst streams in the U.K.  

Furthermore, their work provided quantitative information about channel morphology, 

channel roughness, and dominant discharge, all of which are fundamental fluvial 

characteristics, and are crucial to the better understanding of bed load sediment transport 

dynamics in fluviokarst watersheds.     
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A magnitude-frequency approach to sediment transport provides information about 

the importance of the mechanical erosion process (compared to chemical erosion 

processes) in karst development, as it has been suggested that a greater frequency of 

sediment transporting events will result in higher erosion rates through abrasion (e.g., 

Whipple and Tucker, 2002).  Dogwiler and Wicks (2004) based their findings on surficial 

stream bed material size distributions, channel surveys of cross-section dimensions and 

channel slope, as well as continuous stage series data from one station, which led them to 

their conclusion that sediments, within cave stream channels, can be mobilized by 

bankfull flow conditions, and that bankfull flows recur about every 1.7 years.  While their 

research does not provide quantifiable sediment transport rates, their findings are in 

agreement with the widely accepted notion introduced by Wolman and Miller (1960) that 

the discharge most effective in the long-term transport of sediment (i.e., effective 

discharge) is a relatively frequent event occurring, on average, about once a year.  

However, it has been observed that the return period of the effective discharge is highly 

variable, ranging from one week to several decades (Nash, 1994).  It must also be noted 

that effective discharge and dominant discharge have two different meanings but are 

closely related (Wolman and Miller, 1960).  The effective discharge is the discharge that 

transports the most sediment, while the dominant discharge is considered a channel-

forming discharge.  Further, 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 because bankfull can be defined several different ways, 

including, for example, the lowest width-depth ratio at a cross-section, and the height of 

the lower limit of perennial vegetation (Williams, 1978).  Thus, further studies involving 

the recurrence interval of the effective discharge of coarse stream bed material is 

warranted.   
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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 conditions (Van Gundy and White, 

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

sediment tracing methods. 

This research uses natural painted tracer particles paired with continuous stream 

stage measurements (and calculated discharge) to determine the most appropriate 

functional relationships for estimating sediment entrainment, making it possible to more 

reliably predict when and why coarse sediment transport is occurring.  The field work is 

carried out within a small fluviokarst watershed in the Ozark Plateaus Physiographic 

Province (known locally as the Ozarks) of south-central Missouri.  Secondly, using a 

long record of rainfall from publically accessible weather station data, and correlations 

with stream discharge, this research provides estimates of the frequency of flow events 

that are capable of rearranging coarse stream bed material.  These two aspects of 

sediment transport are primarily important because of the influence that sediment 

transport mechanisms have on the structure of benthic communities (Schwendel et al., 

2009), especially important in biologically diverse fluviokarst systems.  Tracers are also 

used to estimate the short-term erosion rate for the fraction of eroded material traveling 

through the studied stream network as bed load.  This 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 study is to quantify the grain-size specific critical 

entrainment thresholds of stream bed material found in surface and subsurface (cave) 
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reaches of a fluviokarst watershed.  Observed critical entrainment threshold values are 

assessed and compared against commonly employed predictive equations for entrainment 

thresholds developed in surface streams.  The analysis involves several different 

empirical expressions of three different hydrodynamic forces (hydraulic variables), 

including: shear stress, discharge and stream power.  This approach is consistent with the 

general acknowledgement that several approaches to bed load transport should be used so 

that the results can be compared (Petit et al., 2005).  An evaluation of bed load transport 

rate is also made, based on observed thresholds for entrainment and discharge data from 

both study reaches, as well as daily rainfall records from a nearby weather station.   

The results of this research provide a detailed analysis of sediment transport 

processes, specifically a flow competence analysis and a magnitude-frequency analysis 

from the use of painted tracer particles and hydrological measurements.  The primary 

hypothesis tested is that theoretical estimates for entrainment using a basal shear stress 

and traditional Shields (1936) criterion approach will yield lower frequencies of coarse 

bed load transporting events than those observed (because of relative size effects on 

heterogeneous beds and higher than predicted instantaneous shear stress fluctuations).  

This hypothesis is similar to findings by Buffington et al. (1992), and has implications for 

Wolman and Miller‘s (1960) conclusion about the one year (average) recurrence interval 

of effective discharge.  A second hypothesis tested is that the critical entrainment 

threshold for coarse stream bed material will be similar, based on observed values, for 

surface fluvial stream reaches and subsurface karst stream reaches evaluated by grain size 

fractions (half-phi size class intervals; –log base 2 of the grain size in mm). 
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Field Site Description 

Study Locality 

The field study was conducted in Taney County in south-central Missouri, 

approximately 40 km east of the city of Branson within a stream reach of Tumbling 

Creek found within Tumbling Creek Cave (TCC), and one reach of Bear Cave Hollow 

(BCH).  TCC is a branchwork cave (after Palmer, 1991) composed of two interlocking 

passages, while BCH is a headwater ephemeral surface stream located in the southeast of, 

and entirely within, the TCC recharge area (Figures 1.1 and 1.2).  TCC has 2,788 m of 

surveyed passage (Aley and Thomson, 1971), 879 m of which is the length of Tumbling 

Creek.  BCH is a first-order stream with a length of 2,982 m (delineated using the Protem 

1:24,000 scale quadrangle map). 

BCH and other nearby surface drainage networks (Figure 1.1) are hydrologically 

connected with TCC.  Under flowing conditions water is pirated directly from lengthy 

segments of surface stream channels (i.e., water seeps beneath the stream bed to feed 

groundwater; losing stream reaches).  Water travels beneath surface drainage divides and 

ultimately passes through TCC.  Subterranean flow resurges at the TCC Spring (the only 

natural entrance to TCC; Figure 1.1) or any number of other springs (up to 20), 

depending on the flow conditions (Aley et al., 2007).  Peak flow within 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 Thomson (1971) within the upper reaches of BCH, 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 an area of 

approximately 23.36 km
2
 (Aley et al., 2007).  The approximate drainage area of the BCH 

watershed is 1.94 km
2
, delineated from topographic boundaries.  Tumbling Creek has a  
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Figure 1.1.  Location and hydrologic setting of the Tumbling Creek Cave (TCC) recharge 

area, including Bear Cave Hollow (BCH) and its watershed boundaries.  The total 

recharge area for TCC is approximately 23.36 km
2 

(Aley et al., 2007), and the total area 

of the BCH watershed is approximately 1.94 km
2
.  Groundwater recharging TCC 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 under high-flow 

conditions, discharge from the cave to the surface may occur at 15-20 different locations 

(Aley et al., 2007).  The TCC entrance is man-made.  Surface water leaving TCC and the 

BCH watershed enters Big Creek which flows south into Bull Shoals Lake.  [Modified 

from Elliott and Echols, 2007]. 
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Figure 1.2.   Location of study reaches within TCC and BCH, including BCH watershed 

boundaries.  Tumbling Creek flows perennially with a typical low flow discharge of 0.01 

to 0.06 m
3
s

-1
; peak discharge recorded during this study was 2.04 m

3
s

-1
.  The gauging 

station at the weir receives water from an area draining approximately 22.55 km
2
.  Stream 

flow within BCH is ephemeral, occurring only after relatively intense rainfall events; 

peak hydraulic (mean) depth recorded during this study was 0.42 m, with an estimated 

discharge of 2.53 m
3
s

-1
.  The gauging station receives surface runoff from an area 

draining approximately 1.41 km
2
.  [Imagery from MSDIS, http://msdis.missouri.edu; 

cave map modified from Elliott and Aley, 2005]. 

 

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 

streams within the TCC recharge area is 1.31, while BCH has a drainage density of 1.54.   

The TCC recharge area has undergone various human-related 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 lands to the region are 

regarded as the primary reasons for increased sediment loading and turbidity within 
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Tumbling Creek (Neill et al., 2004).  Between 1961 and 1996, forested areas within the 

recharge area had decreased from 80% to 57% with the addition of livestock grazing 

lands.  However, a land management rehabilitation project (completed in 2004) has 

returned another 23.7% of riparian area within the recharge area back to forest (Neill et 

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

time period, while most of the watershed remained forested.  In 1973, the population of 

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

Creek cavesnail, Antrobia culveri) was estimated at about 15,000 and had declined 

noticeably by 1991, probably a result of siltation which decreased the cavesnail‘s health 

and habitable area (Elliott and Aley, 2005).  Yet, agriculture within the TCC recharge 

area is considered light. 

 

Geologic Setting 

Tumbling Creek Cave and its recharge area are located within the Salem Plateau, a 

karstified subprovince of the Ozark Plateaus Physiographic Province.  The Salem Plateau 

is composed of Cambrian and Ordivician age (440 to 530 million years old) nearly flat-

lying carbonaceous rocks exposed at the Earth‘s surface covering parts of south-central 

Missouri and north-central Arkansas (Noltie and Wicks, 2001).  The TCC recharge area     

is entirely formed within the Cotter Formation (Aley et al., 2007), a lower Ordovician 

(Ibexian series) light brown to brown, medium to finely-crystalline, massive to thinly 

bedded dolomite interbedded with chert and minor local beds of thin sandstone, and 

quartz sand-rich dolomite beds (Thomson and Aley, 1971; Dodd and Dettman, 1996; 

Overstreet et al., 2003).  Elevations within 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 middle-latitude temperate climate.  In the summer 

months, mean temperature is 23.9°C, in the winter months it is 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 days have lows of 0°C or less, but the record is highly variable (Figures 1.3 and 

1.4).  Rainfall is fairly heavy and well distributed 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 precipitation is 1097 mm, 55% of which occurs 

in April through September
1
. 

 

Stream Reach Classification and Characteristics 

Stream channel reaches were classified based on the Montgomery and Buffington 

(1997) system as a means for communication and comparison with other studies, because 

qualitatively defined channel types and features have been shown to exhibit 

quantitatively distinguishable channel characteristics (Montgomery and Buffington, 

1997).  The choice of the classification system was influenced by its use in one other 

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 used here for 

mountain channels) are not process-based, which diminishes their usefulness for 

assessing channel condition, response potential, and relations to ecological process 

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

1
Temperature and precipitation values based on 1971-2000, and average annual high and low 

temperature duration values based on 1949-2008 daily summary observations at the Ozark 

Beach, MO weather station, U.S. Cooperative Network Station 236460. All data are available 

from the National Climatic Data Center.   
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Figure 1.3.   Temperature records in Taney Co showing the number of days per year in 

which minimum daily temperature values were below or equal to 0°C and maximum 

daily temperature values were above 32°C (including average and 5-year moving average 

values), during the period of 1949-2008.  Arrows indicate years with insufficient or 

missing data.  Data from the Ozark Beach weather station (U.S. Cooperative Network 

Station 236460). 
 

 

Figure 1.4.   Summary of mean annual temperature and mean monthly precipitation in 

Taney Co from 1971-2000.  Southern Missouri is characterized by mild winters, warm 

summers, and a relatively even distribution of precipitation throughout the year.  Data are 

from the Ozark Beach weather station (U.S. Cooperative Network Station 236460).  
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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 siliciclastic rock-types 

(primarily chert), eroded from the Cotter Formation and left as residuum.      

Classification type based on the Montgomery and Buffington (1997) system, along 

with channel reach characteristics from cross-section of this study are presented in Table 

1.1 (see Appendix A for plots of cross-sections, and Appendix B for notation).  Grain size 

distributions for sediment naturally occurring on the bed at seven cross-sections are 

plotted in Figure 1.5.  The methodology for determining the grain size distributions and 

channel characteristics is described in Chapter 3.  Study reaches exhibit both plane-bed 

and pool-riffle channel morphology (Figure 1.6) and represent a mixture of supply- and 

transport-limited characteristics.  Although they were not selected for study as part of this 

research, BCH has frequent segments of the bed that lack continuous alluvium and only 

bedrock is visible.  Therefore, BCH as a whole, may be classified as a mixed alluvial-

bedrock channel.  However, a forcing mechanism from fallen woody debris 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 shape the landforms found within the TCC recharge area as well as 

similar low-order streams overlying highly soluble bedrock.  The main controlling 

variable of channel morphology of headwater streams can typically be attributed to the 

influence of the drainage basin‘s hillslopes and how frequently debris flows occur and 

deposit their sediments within the stream channel (Whiting and Bradley, 1993).  

However, owing to the fact that debris flows are probably rare at BCH, and that little else 

besides chert is found covering its bed, it is thought that channel morphology is not 



 

 

  1
4
 

1
4
 

Table 1.1.   Channel and sediment characteristics at cross-sections surveyed in the Tumbling Creek Cave recharge area. 

Reach-Station* MC 
qbf                

(N m
-2

) 

τ0,bf              

(N m
-2

) 

ωbf          

(W m
-2

) 

wbf          

(m) 

dbf/D84s     

(m m
-1

) 

D16s           

(mm) 

D50s          

(mm) 

D84s           

(mm) 

D16ss           

(mm) 

D50ss          

(mm) 

D84ss           

(mm) 

Sb           

(m m
-1

) 

Sw           

(m m
-1

) 

BCH-1 (TL 1) PB 1.37 56.3 109 7.03 9.54 18 37 74 

   

0.009 
 

BCH-2 (GS) PB 1.56 58.7 121 5.57 11.2 
  

68
§
 

   
0.009 

 
BCH-3 (TL 2) 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 

  
52

§    
0.002 

 
BCH-5 PB 0.39 8.8 7.1 5.82 11.1 12 24 43 2

‡
 15

‡
 35

‡
 0.002 

 

               
TCC-6 (GS) 

             
 TCC-7 (TL 3) PR 1.43 172 423 6.54 3.43 

28
† 

71
†
 155

†
 

    
0.033 

TCC-8 PR 1.48 172 420 6.65 3.88 
   

TCC-9 PR 7.58 527 3000 8.19 14.3 13 43 93 
   

0.077 
 

TCC-10 (TL 4) PR 0.72 28.5 34.8 10.2 7.13 21 39 82 6
‡ 

15
‡
 32

‡
 

 
0.006 

TCC-11 PR 2.96  753  7411  5.52   9.38 15 44 112       0.022   
 

TL = tracer line; GS = gauging station; MC = morphological classification (Montgomery and Buffington, 1997); PB = plane-bed, PR = 

pool-riffle; qbf = bankfull discharge per unit width; τ0,bf = bankfull bed shear stress; ωbf = bankfull stream power per unit area; wbf = 

bankfull flow width; dbf = bankfull mean depth; D16s = 16th-percentile surface grain size; D50s = 50th-percentile surface grain size; D84s = 

84th-percentile surface grain size; D16ss = 16th-percentile subsurface grain size; D50ss = 50th- percentile subsurface grain size; D84ss = 84th-

percentile subsurface grain size; Sb = bed slope; Sw = water slope. 

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

§ Value is computed average using D84s from adjacent cross-section stations. 

†Representative of both cross-section stations (TCC-7 and TCC-8) because of their close proximity. 

‡Sampling locations most closely coincide with cross-section stations. 
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 A 

 B 
 

 

 

Figure 1.5.   Cumulative grain size distribution curves for surface and subsurface 

sediment samples from (A) BCH and (B) TCC.  Values for D16, D50, and D84 are given in 

Table 1.1.   
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Figure 1.6.   Schematic planview and longitudinal low flow profiles of channel 

classification types found within the TCC recharge area: (A) plane-bed channel showing 

single boulder protruding through otherwise uniform flow; (B) pool-riffle channel 

showing exposed bars, highly turbulent flow through riffles, and more tranquil flow 

through pools [after Montgomery and Buffington, 1997]. 

  A 

 B 
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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 channel morphology 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 and Thomson, 1971), the most active 

process determining channel morphology is more related to the ―hillslopes‖, which in the 

case of the studied cave reach are the cave walls.  This is because the cave walls confine 

the stream almost everywhere throughout the mapped cave system.  The difference 

between the cave and surface study reaches can be described using descriptions by Bunte 

and Abt (2001)–BCH being described as self-formed, and TCC being described as 

relict/non-fluvial.   

Under the Montgomery and Buffington (1997) classification scheme, plane-bed 

reaches are distinguished by (1) 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 low width to depth ratios and large relative roughness, 

and (4) dominantly gravel (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 overbank.  Pool-riffle reaches, on the other hand, are 

distinguished by a rhythmic succession of bars, pools, and riffles.  Pools are topographic 

depressions and bars are corresponding high points with pools typically spaced about 

every five to seven channel widths (may be more closely spaced if influenced by large 

woody debris as a forcing mechanism).  They are composed of predominantly gravel 

sized bed materials.  The dominant sources of sediments are fluvial, and bank material, 

while the sediment storage elements are overbank and bed forms.  Slopes in pool-riffle 
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channels are generally lower than plane-bed channels, however, this does not seem to be 

the case in the reaches studied in the recharge area of TCC.    

The BCH study reach (Figure 1.7) is primarily a plane-bed channel, but it does 

exhibit lateral 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 obstructions 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 completely jammed with woody debris forcing 

local pool-riffle 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 current study.  Removal 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, were not in the 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 single grain 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 entrainment process, the role that pebble clusters 

play was regarded as minimal and was not investigated further.  

The TCC study reach (Figure 1.8) is a pool-riffle channel, but it is somewhat 

affected by local channel constrictions and expansions in the bedrock and from large  
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Figure 1.8.   TCC study reach map showing the locations of cross-section stations and 

tracer lines (black lines across channel) and the location of the stilling well (black dot) at 

the gauging station.  The entire length of the reach is ~ 70 m.  Flow is to the south and 

east.  [Modified from original cave survey in Thomson and Aley, 1971]. 
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boulders originating from authigenic sources as breakdown within the cave.  Both tracer 

seeding locations (discussed more in Chapter 3) are located atop riffles directly adjacent  

to pools on their upstream side.  Tracer Line 3 (TCC-7) is located immediately 

downstream (~ 5 m) from the weir (see Figure 1.8) and a scour pit was created down to 

the bedrock on the downstream end of the weir after it was installed.  The tracer line at 

this location may be influenced by turbulent eddies originating in the deep (~ 1 m) scour 

pit, and, in fact, three tracers have been observed to have moved upstream from their 

starting locations.  However, under observed low flows, any presence of large turbulent 

eddies has dissipated once reaching the tracer line. 

Tracer Line 4 (TCC-10) is located downstream of a small tributary entering the 

cave (see Figure 1.8) which is thought to increase discharge compared to that measured at 

the weir by less than 10% at any given time.  This effect can be considered negligible and 

is not much larger than the error associated with discharge measurements themselves.  No 

account for this increased discharge was considered for movement of tracers beyond its 

confluence with Tumbling Creek.   

 

Prior Use of Tracers for Sediment Transport Studies 
          

A commonly employed method for studying the dynamics of bed load movement 

involves introducing individual marked stones (tracer particles) to the stream bed and 

tracking their movements after high flows.  This method has been developed in order to 

predict sediment travel distances (and therefore transport rates), selective sorting, critical 

entrainment thresholds, and deposition of bed material within stream reaches (e.g., 

Laronne and Carson, 1976; Hassan et al., 1992; Ferguson and Wathen, 1998; Church and 

Hassan, 1992, 2002; Ferguson et al., 2002).  While their use for sediment transport 

studies has been extensive, with its beginnings in the mid-1960s (Hassan et al., 1984), the 
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use of tracer particles, however, has been limited to non-karst surface streams. 

 Tracer particles are ideal for studying sediment transport because of the logistical 

advantage and large quantity of information they provide (Wilcock, 1997a).  They are 

well suited for studying the stochastic nature and spatial variability of bed load transport 

because they are based on a predetermined bed sample of individual grains, and they 

provide safety advantages because tracers can be seeded during low flows, thereby 

avoiding direct sampling during floods (Wilcock, 1997a).  They have also been used to 

develop predictive models of sediment travel times, and therefore, virtual velocities, 

using a single critical discharge from peak flow estimates (e.g., Laronne and Carson, 

1976; Hassan and Church, 1992; Ferguson and Wathen, 1998).  For gravel-sized tracer 

particles, paint, magnets, and small radio transmitters have been used to track individual 

tracer particles (Hassan et al., 1992).  Other methods used to measure bed load 

entrainment and transport are reviewed by Gomez (1991) and Hicks and Gomez (2003), 

and include the use of sampling devices, and bed load traps. 

Determination of the entrainment threshold using tracer particles can be achieved 

by comparing the highest flows in which no displacement is observed and the smallest 

flows in which some displacement is observed (see Hassan et al., 1992).  Calculation of 

transport rates using tracers requires an explicit statement of the relation between 

transport rate, entrainment and displacement length, or the virtual velocity of sediment 

(Hicks and Gomez, 2003).  Wilcock (1997a, 1997b) presents a tracer particle-specific 

equation for steady-state transport rates, qi, of individual sediment fractions of the form 

 

where Mi is the mass of fraction i entrained per unit bed area over the time period T, Ni is 

the number of times an individual grain of fraction i is entrained during T, and Li is the 

mean length of a single displacement event.  The expression of transport rate has units of 

qi = Mi(Ni/T)Li (1.1) 
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mass per length per time.  At a single cross-section, the total transport rate can then be 

expressed as the sum of each fractional transport rate.  If tracers are entrained only from 

the bed surface layer (assumed to be case in this study), then Mi is given by  

 

where mi is the mass of a grain of fraction i, Fi is the proportion of fraction i on the bed 

surface before entrainment, Di is fraction size, and Yi is the proportion of surface grains of 

fraction i that are entrained over T.  Because equation 1.2 represents entrainment from 

only the bed surface, it is likely to underestimate the entrainment of finer fractions at 

flows larger than those causing full mobilization (i.e., when Yi = 1; Wilcock, 1997b).  

 

Review of Sediment Transport Studies in the Ozarks 

         

Past research on fluvial processes in the Ozarks have shown that streams tend to 

show similar characteristics, and that they are characterized by patterns of stable reaches 

followed by disturbance reaches (Jacobson, 1995; Horton, 2003).  Stable reaches have 

trapezoidal shaped channels and are typically several kilometers long (on the larger 

rivers) with low sinuosities near 1.1, while disturbance reaches are areas of deposition 

and erosion with sinuosities near 1.5 over distances of a few hundred meters (Jacobson, 

1995).  Disturbance reaches are generally found along river segments with channels that 

are narrow relative to the valley width and may form as a result of collisions with the 

valley wall or because of sudden constrictions or expansions of valley width (McKenney 

and Jacobson, 1996).   

Ozarks streams are likely affected by historical land-use factors that have resulted 

in gravel accumulations and their generally disturbed state (Jacobson, 1999; McKenney 

and Jacobson, 1996).  Land-use factors include deforestation of the uplands during 1880 

to 1920, open-range grazing, upland row-crop agriculture, riparian land-use changes, and 

Mi = miFiYi/Di
2
 (1.2) 
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seasonal burning (Baumann, 1944; Saucier, 1983).  The presence of sediment waves 

(resulting from land-use disturbance factors) has been observed by Jacobson (1995), 

Jacobson and Gran (1999), and McKenney and Jacobson (1996) from observations of 

stream bed elevation changes from 1920 to 1994.  During that period, small drainage 

basins (<1400 km
2
 area) had stream beds that generally stabilized, and elevations that 

generally decreased.  Jacobson (1995) also hypothesized that the behavior of elevation 

changes related to gravel waves varied with reach-scale channel morphology and within 

channel network characteristics—disturbance reaches tending to show much more 

pronounced gravel waves than stable reaches (Jacobson, 1995). 
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Chapter 2 
 

 

 

Theoretical/Empirical Basis 

Critical Entrainment Threshold 

Overview 

The entrainment threshold is represented by equality between inertial forces 

(supplied by the flow of any fluid—water in this case) and gravity forces (given as the 

weight of the particle in question).  When the entrainment threshold is met, conditions are 

considered critical and the initiation of motion results from any further increase in inertial 

forces.  Shear stress (Du Boys, 1879), discharge (Schoklitsch, 1962; see Bathurst et al., 

1987), and stream power (Bagnold, 1966, 1986) are commonly selected to represent flow 

conditions (as well as critical flow conditions) within open-channels (Gomez, 1991; 

Haschenburger and Church, 1998).  Each of these three expressions can be incorporated 

into force-balance equations to express a relationship between flow conditions (hydraulic 

variables) and entrainment thresholds.  The resulting relationships are sometimes referred 

to as flow competence equations.  The competence of a flow is expressed as the diameter 

of the largest particle that can be entrained or eroded from a stream bed, and it increases 

with hydrodynamic forces of the flow, such as bed shear stress (Charlton, 2008).  The 

concept of competence was originally introduced by Gilbert (1914) and has since been 

used by several researchers in constructing grain size entrainment threshold plots, based 

on the largest sampled bed load grain size transported (e.g., Baker and Ritter, 1975; Reid 

and Frostick, 1984; Komar, 1987; Lorang and Hauer, 2003; Thompson and Croke, 2008), 

or the largest displaced tracer particle moved after a storm event (e.g., Wilcock, 1971; 

Leopold and Emmett, 1981; Carling, 1983; Hassan et al., 1992; Wilcock, 1997a).  

Quantitatively defining competence, is most valuable for geologists as they attempt to 
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reconstruct ancient fluvial environments or events (e.g., Baker and Ritter, 1975) and for 

fluvial geomorphologists when evaluating the most effective or dominant flow conditions 

(i.e., bankfull channel forming flows), associated with a magnitude and frequency of 

sediment transport (Emmett and Wolman, 2001).      

 

Shear Stress 

Over the last several decades, many researchers studying gravel-bedded streams 

have used a standard or modified form of the critical dimensionless shear stress, termed 

the Shields parameter, to define the critical threshold condition for entrainment of a grain 

size of interest (Buffington and Montgomery, 1997).  The standard Shields parameter, θci, 

is defined as 

 

where τci is the critical shear stress at the entrainment threshold for a grain size of interest, 

Di (usually defined as the diameter of the intermediate (b-) axis of the median grain size, 

D50; see Figure 2.1 for definition of grain axes), g is the gravitational acceleration, and ρs 

and ρ are the sediment and fluid densities, respectively.  The Shields parameter, 

essentially the ratio of fluid motion and bed material stability forces at a critical value, 

has been shown to be fundamentally consistent with Coleman and Nikora‘s (2008) 

process-based expression of particle entrainment in describing averaged en masse 

threshold conditions.    

Under quasi-uniform flow conditions (i.e., when flow depth is nearly constant with 

distance along the channel) the basal (bed, or boundary) shear stress, τ0, or tractive force, 

averaged across the channel is expressed using the Du Boys (1879) equation as 

 

θci = τci/[(ρs – ρ)gDi] (2.1) 

τ0 = ρgRS (2.2) 



 

27 
 

           

Figure 2.1.   Illustration defining sediment particle axes and their mutually perpendicular 

angles of measurement. 

 

where R denotes the hydraulic radius (ratio of cross-sectional area to wetted perimeter), 

and S the friction, or energy slope (typically approximated in field studies as the slope of 

the channel bed or water surface).  Most investigators using the shear stress approach to 

assess entrainment replace R with the depth of water (d; depth-slope product approach) 

when calculating basal shear stress (e.g., Baker and Ritter, 1975; Andrews, 1983; 

Dogwiler and Wicks, 2004; Thompson and Croke, 2008).  By using flow depth instead of 

hydraulic radius it can be shown that for a given unit area of the bed, or for various 

locations within a given cross-section, shear stress can be approximated using the depth-

slope approach (Lorang and Hauer, 2003).  Also, if width to depth ratios are large and 

therefore average flow depth closely approximates R, there is no difference between the 

two approaches.  Furthermore, if channels have low width to depth ratios (i.e., streams 

are relatively narrow and deep), using the depth-slope approach is better suited to 

represent effective shear stress acting over bed materials, because the use of R includes 

stresses acting on the banks (as well as bed material) and represents total stream drag 
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(Komar, 1987).  When flow depth is used, Andrews (1983) suggests that depth should be 

representative of the actual depth of the zone of maximum bed load transport when 

assessing entrainment threshold conditions.  

Ashworth and Ferguson (1989) proclaim that the depth-slope product, using an 

average water surface slope and either the mean or thalweg depth is inappropriate in 

pool-riffle or braided channels because flow convergence and divergence causes local 

variations in shear stress, and because some of the total shear stress is dissipated as form 

drag associated with bars and pools.  Bed form drag in natural rivers can comprise 10%-

75% of the total channel roughness and if not accounted for, a significant difference 

between effective shear stress and actual shear stress, and overestimates of calculated θci 

values, can result (Buffington and Montgomery, 1997).  Strictly speaking, shear stress 

should be considered as the sum of two components: (1) the shear stress due to the 

resistance of the individual particles (effective, or grain, shear stress), the only one that 

should be considered in bed load entrainment, and (2) bed form resistance (Petit et al., 

2005).  Additionally, theoretical predictions of the Shields parameter are generally higher 

than field-obtained values, perhaps influenced by instantaneous, rather than time-

averaged values (Buffington et al., 1992).  To avoid these problems, Ashworth and 

Ferguson (1989) obtain at-a-point basal shear stress values from velocity profiles instead, 

calculated from friction, or shear, velocity, potentially improving estimates of effective 

shear stress.  

The Shields parameter has been shown experimentally to be nearly constant (≈ 

0.060) on beds characterized by uniform materials in rough turbulent flow, with grain 

Reynolds numbers larger than 500 (Andrews, 1983; Bathurst, 1987a; Ferguson, 1994; 

Thompson and Croke, 2008); and the grain Reynolds (Re*) number is expressed as 

  Re* = (τ0/ρ)
0.5

Di/ν (2.3) 
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where ν is the kinematic viscosity of water, and Di is a characteristic grain size of 

interest.  However, a large body of literature exists, showing that values of the Shields 

parameter vary over a wide range (more than an order of magnitude) in natural gravel-

bedded streams (e.g., Andrews, 1983; Komar, 1987; Buffington and Montgomery, 1997, 

Gordon et al., 2004).  Thus, estimates of coarse bed load entrainment within natural 

streams characterized by non-uniform beds should not use a constant value of the Shields 

parameter for all grain sizes.  This is due to many factors, many of which cannot be 

readily quantified in the field, including: grain size-specific friction angle, grain 

protrusion and hiding effects and mobility of neighboring grains (Buffington and 

Montgomery, 1997), as well as other factors, such as: the method used to define incipient 

motion (e.g., visual, competence, reference transport rate), grain characteristics (e.g., size, 

shape, orientation, density), bed packing arrangement (e.g., flood history, imbrication, 

and microtopography), and bed form resistance (Carling et al., 1992; Thompson and 

Croke, 2008).   

The dependence of θci on grain size is typically evaluated using a simple power-

law regression of critical shear stress (τci) against grain size (Di), as 

  

where x is the slope of the regression line and a1 is the y-intercept on a log-log plot 

(Lorang and Hauer, 2003).  Likewise, critical discharge, critical velocity, and critical 

stream power can be evaluated using the same analytical method.  The relationship 

between hydraulic variables during entrainment and grain size, as presented in this way, 

is helpful in examining the difference in the overall bed material size as reflected in the 

coefficient a1, and the degree of selective transport as reflected in the exponent x (Lorang 

and Hauer, 2003).  Lower values of x represent a relatively larger degree of equal 

entrainment.    

τci = a1Di
x (2.4) 
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Using the standard Shields equation for estimating sediment entrainment, 

assuming a Shields parameter of 0.06 and a submerged weight density of sediment of 

16,170 N m
-3

, the critical shear stress required to move the median grain size, τc50, 

becomes 

 

 (with grain size measured in meters).  This formulation relates to the movement of grains 

on a horizontal bed and is a simplification that does not apply to non-uniform beds with 

varying grain sizes.  Several authors (e.g., Parker and Klingeman, 1982; Andrews, 1983; 

Komar, 1987) have demonstrated that variance in measured critical shear stress at the 

entrainment threshold of a grain size of interest can be reduced if normalized by the D50 

of the bed; best quantified based on surface (rather than subsurface) grain size 

distributions (Buffington and Montgomery, 1997).  This relationship is expressed by 

modifying the Shields parameter into the form 

 

(after Andrews, 1983), where θc50 is the Shields parameter associated with movement of 

the median diameter bed material, D50; and b is an empirical exponent found from the 

maximum particle size entrained in different flow conditions, measured using either bed 

load traps, tracer particles, or impact sensors.  The relationship can be expanded to show 

shear stress in the equation, by incorporation with the traditional Shields equation, and 

after being modified algebraically (after Komar 1987), giving 

 

Values for b have been found to range between 0.65 and 1 (Ferguson, 1994).  When b 

equals 1 it means that the critical stress is entirely dependent on the relative size of 

particles rather than individual particle sizes, and the initial movement process is termed 

―equal mobility‖ by Parker and Klingeman (1982).  In other words, the effect of hiding 

τc50 = 970D50 (2.5) 

θci = θc50(Di/D50)
-b

 (2.6) 

τci = θc50(ρs-ρ)gD50
b
Di

(1-b) (2.7) 
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and protrusion (whereby the larger grains on the bed act to hide smaller grains and the 

larger grains protrude into the flow increasing the exposed area of the grains) fully 

compensates for the effect of particle size (and weight) on particle mobility (Bathurst, 

1987b).  When values of b are less than 1, entrainment is size-selective and is expressed 

more closely by the traditional Shields curve (a value of b equal to 0 indicates pure 

selective entrainment).  Observations from different streams and from different ranges of 

shear stress values have shown that entrainment is at least slightly size-selective at 

stresses up to twice the threshold for motion (Ashworth and Ferguson, 1989, Wilcock, 

1992).   

Several authors have empirically parameterized different values of θc50 and b (see 

Buffington and Montgomery, 1997), based on data from flume studies and natural rivers 

with varying processes affecting entrainment.  For natural channel beds, Komar (1987), 

suggests θc50 = 0.045 and b = 0.60, while Church and Hassan (2002) suggest θc50 = 0.044 

and b = 0.75.  For comparison, the standard Shields curve corresponds to values of θc50 = 

0.060 and b = 0.0, while Dingman (1984) suggested parameter values θc50 = 0.044 and b 

= 0.0 (representing a mixture between the standard Shields values and what has been 

parameterized to include transport affected by hiding and protrusion.  Buffington and 

Montgomery (1997) suggest a value of θc50 = 0.040 based on an extensive review of 

entrainment equations (Figure 2.2).  The Shields parameter (θci) plotted against relative 

grain size (Di/D50) using values from these investigators provides an indication of the 

variability observed in the entrainment process from stream to stream; it also has the 

benefits of being dimensionally homogeneous and it accounts for the particle density (in 

the θci term; see equation 2.1), as well as the D50 of the bed material, thus making it easily 

transferable to other streams.  Higher values for the θc50 than those above are suggested 

where channel gradients are steep and where low relative depth (d/Di) occurs because of  
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Figure 2.2.   Relationships between the Shields parameter and observed maximum grain 

sizes entrained by the flow scaled by the median grain size of the bed material (dotted 

line is a theoretical relationship for an equally mobile bed where θc50 = 0.04 as suggested 

by Buffington and Montgomery, 1997).  Church and Hassan (2002) use D50s, while 

Komar (1987) use D50ss data to characterize the median grain size.  Dingman‘s form of 

the equation is included here because of its continued use.  Both the Dingman (1984) and 

Shields (1936) equations represent fully size-selective entrainment (b = 0.0).  Notice the 

logarithmic scaling of axes.     

 

the development of surface structure and high flow resistance (Ferguson, 2005).  Counter 

to this, when individual grains protrude from the bed by almost a complete diameter, 

Fenton and Abbot (1977) have shown experimentally that θc50 values can be as low as 

0.010.       
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Discharge 

An evaluation of critical flow conditions based on discharge has been sought as a 

means of reconciling difficulties associated with monitoring mean flow depth accurately 

in shallow streams, and because discharge can immediately be estimated from gauged 

stream reaches (Ferguson, 1994).  Bathurst (1987a) and Bathurst et al. (1987) argue that 

because entrainment conditions are not accurate using the traditional Shields approach 

(i.e., a constant value of θci) where there is a low ratio between flow depth and grain size 

(d/Di), entrainment criteria based on critical unit discharge (i.e., critical discharge per unit 

width) may provide more accurate predictions.  For upland, or mountain stream reaches, 

characterized by steeply sloping beds, and cobble to boulder sized bed material with bed 

slopes ranging from 0.0025-0.1 (0.25%-10%), Bathurst et al. (1987) proposes an 

empirical relationship for the calculation of critical unit discharge expressed in 

dimensionless form as  

   

where qc is the general critical unit discharge, D16 is the 16th percentile of the surface 

grain size distribution, and S is channel (bed) slope.  This equation does not apply to the 

full range of grain sizes if it is large, meaning that it may only apply to the finer fractions 

(Bathurst, 1987b), and relative size effects are not included in the empirical relation.   

As an improvement to the equation presented by Bathurst et al. (1987), Ferguson 

(1994) derives a generalized size-specific critical unit discharge for poorly sorted gravel-

bedded streams that incorporates a flow-resistance relationship (Darcy-Weisbach) for 

critical discharge (after Schoklitsch, 1962), and the effects of hiding and protrusion of 

neighboring grains (relative size effects; after Andrews, 1983) that takes on the following 

form 

 

qc* = qc/[(gD16
3
)
1/2

] = 0.21S 
-1.12 (2.8) 

qci = a2D50
3/2

(Di/D50)
(1-b)(c+3/2)

/S
c+1 (2.9) 
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where qci is the critical unit discharge of a grain size of interest, a2 is given by 

 

Rs is defined as the submerged specific gravity of the grains (usually = 1.65), c and m1 are 

constants, derived from the power-law dependence of the Darcy-Weisbach friction factor 

on the relative flow depth d/D50 given as 

 

and b is a hiding factor as before (parameterized following Andrews‘ (1983) equation).  

Following assumptions as described by Ferguson (1994), including m1 = 1.14, c = 0.37 

(parameterized from the modified Keulegan flow resistance equation after Thompson and 

Campbell, 1979), b = 0.9, ρs = 2650 kg m
-3

, and θc50 = 0.06,
 
this equation becomes 

 

Using four data sets from two reaches of a boulder-bedded tributary stream of the 

Roaring River, in Colorado (see Bathurst, 1987a), Ferguson (1994) tests the validity of 

equation 2.12 finding good agreement.  Sensitivity analysis shows that the value of a2 

(and therefore qci) increases as almost the square of θc50 (the variable in equation 2.9 

corresponding with the highest degree of uncertainty).  Figure 2.3 shows the trends of 

data plotted using a critical shear stress approach (Figure 2.2) determined by fitting trend 

lines to the data sets by log-log least-squares regression and solving for the values of θc50 

and b (these values are also presented in Buffington and Montgomery, 1997).  Figure 2.3 

also shows the same four data sets plotted using a critical discharge approach by taking 

the best fit values for θc50 to solve for qci using equations 2.9 and 2.10. 

It is also worth mentioning that Bathurst (1987a), when introducing a form for 

critical unit discharge, that incorporates relative size effects on entrainment, replaces D50 

by Dr, the diameter of sediment that is unaffected by the hiding and protrusion effect.  

However, D50 is used ubiquitously, although there has been no consensus about whether  

a2 = m1(8g)
1/2

(Rsθc50)
c+3/2 (2.10) 

(1/f )
1/2

 = m1(d/D50)
c (2.11) 

qci = 0.134D50
1.5

(Di/D50)
0.187

/S
1.37 (2.12) 
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Figure 2.3.   Relationships between the Shields parameter and observed maximum grain 

sizes entrained by the flow scaled by the median grain size of the surface bed material 

using data from Bathurst (1987a) for two reaches of the boulder-bedded Fall River in 

Colorado.  YLT = Ypsilon Lake Trail, FRR = Fall River Road, and the year in which data 

was collected is indicated.  Lines with a negative exponent (slope) are plotted using the 

scale on the left ordinate axis (θc50), and for each the θc50 and b (hiding factor) values are 

given (plotted using equations 2.6; values are least-squares best fit after Ferguson, 1994).  

Lines with a positive exponent (slope) are plotted using the scale on the right ordinate 

axis (qci) and are obtained using the least-squares best fit values for θc50 and then 

calculating qci using equations 2.9 and 2.10.  Notice the logarithmic scaling of axes. 

            

or not it should be taken to be the D50 of the surface layer (D50s), or the D50 of the 

subsurface stream bed material (D50ss).  Also, Bathurst (1987a) suggests that the 

discharge be scaled by the active width of sediment transport rather than the flow width 

to obtain good results with his derived relationships (similar to relationships plotted in 

Figures 2.2 and 2.3), and Ferguson (1994) finds that a better agreement is found between 

field data and equation 2.12 if this is adhered to. 
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Stream Power 

Bagnold (1966), in studies of sediment transport, originally defined stream power 

per unit area of the stream bed as  

 

where Q is mean cross-sectional discharge, w is water top width, and V is the mean 

velocity in the stream cross-section, and it has units of N m
-1

 s
-1

 (watts m
-2

).  Stream 

power can also be defined as the rate of potential energy expenditure or the ability of the 

stream to perform work (i.e., erode and carry sediments).  A simple relation between the 

grain size entrained and critical stream power (ωci) was proposed by Bagnold (1980) and 

has been evaluated using tracer particles in natural streams by such authors as Hassan et 

al. (1992), and Petit et al. (2005).  The Bagnold (1980) relation is given by  

 

where α1 and α2 are numerical constants, d is mean flow depth, and Di is the diameter of 

mobilized particles; and d and D are in meters.  Using Di = D50, Bagnold (1980) derived 

the following constants: α1 = 290, and α2 = 12.  The units, however, are not watts m
-2

 

because Bagnold failed to include gravity acceleration (Ferguson, 2005).  Reid and 

Frostick (1985) observed in a river in southern England that (ωc50) was 35-40 W m
-2

 for a 

gravel-bed stream with a D50 = 28 mm.    

In order to obtain relations for critical stream power that could prove to be more 

useful, and are thought to be more representative of the physical processes occurring 

during entrainment (when compared to the relation of Bagnold), Ferguson (2005) derives 

two new general forms that (1) specify the grain size transported by the flow and the 

grain size which characterizes the bed roughness, (2) do not include depth as an 

independent variable, and (3) include a formulation for shear stress which incorporates 

the effects of hiding and protrusion.  The relation based on the logarithmic flow 

resistance law, as presented by Ferguson (2005) can be written as 

ω = ρgQS/w = ρgdSV = τ0V (2.13) 

ωci = α1Di
1.5

log10(α2d/Di) (2.14) 
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where κ is the von Karman constant (≈ 0.4), e is the base of the natural logarithm (≈ 

2.718), m2 is treated as a numerical constant multiplied by D84, (usually taken to be equal 

to 3 or 3.5 in gravel-bedded streams; Bettess, 1999; Recking et al., 2008) the product of 

which is used to denote roughness height (ks) arising from the logarithmic flow resistance 

equation, and θcr is the Shields parameter for the grain size Dr unaffected by the hiding 

and protrusion effect (usually Dr = D50, as was implied by Bagnold).  Bagnold‘s (1980) 

equation for critical stream power was compared against field data using magnetic tracer 

particles in a natural stream by Hassan et al. (1992), who found that observed values were 

very close to the predicted values.  Ferguson‘s (2005) form of the equation has not 

previously been tested against field data, but the incorporation of hiding and protrusion 

(relative size) effects and the replacement of depth with channel slope in the entrainment 

threshold relation are thought to improve the performance of the equation.     

 

Grain Shape Adjustment for Entrainment 

In order to objectively adjust the θc50 for the effects of shape, and therefore, bed 

packing arrangement, Thompson and Croke (2008) use a lithology-averaged shape factor 

called the Corey shape factor (CSF; Corey, 1949).  The shape factor is calculated as 

 

where the letters represent the length of the c-, a-, and b-axes of a representative sample 

of grains (all measured in the same units; see Figure 2.1).  Once a base dimensionless 

critical shear stress (Shields parameter) is determined (i.e., estimated), that value is 

adjusted by multiplying it by the inverse of the CSF.  Writing the equation introduced by 

Komar (1987) in terms of the CSF yields  

𝜔ci =  
2.30

𝜅
𝜌(𝜃cr𝑅s𝑔𝐷r)1.5log10  

30𝜃cr𝑅s

𝑒𝑚2𝑆
(𝐷𝑖/𝐷r)1−b (𝐷i/𝐷r)1.5(1−b) (2.15) 

CSF = c/(ab)
0.5 (2.16) 
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where θc50b is a base Shields parameter for the D50 grain size and is approximately 0.03 

for unpacked natural beds (Buffington and Montgomery, 1997).  This value has been 

proposed by Parker (2008) as well when a pebble count (see Wolman, 1954) is used to 

measure the grain sizes on the bed surface.  

 

Bed Slope Adjustment for Entrainment 

The effects of bed slope may play an important role in the entrainment process in 

upland streams having high bed slopes, as was discussed above.  This effect can be 

evaluated by using a correction to the Shields parameter (like grain shape) that involves 

an estimation of the angle of repose of the sediments in question.  Smart (1984) found it 

necessary to use a correction factor to the Shields parameter only if the bed slope is 

greater than 2 or 3% (0.02, 0.03), assuming an angle of repose equal to 33°.  The angle of 

repose generally varies from 30° for sand to 40° for gravel and may increase if grains are 

tightly packed (Garcia, 2008).  Equations for entrainment on steeply sloping channel beds 

have been developed by Bathurst and Ferguson, among others, and were presented above.         

 

Bed Load Transport 

Bed load transport is the process by which sediment is mobilized by the flow and 

the particles move by sliding and rolling, and by saltation (when the particles hop up 

from the bed following ballistic-type trajectories; Garcia, 2008).  The bed load is the 

fraction of the bed material load (Figure 2.4) that can only be suspended by the flow for 

intermittent periods (saltation) and may also be referred to as the traction load.  The 

categorization of fluvial sediments can be dynamic and is dependent upon flow 

τci = θc50b/[CSF(ρs-ρ)gD50
b
Di

(1-b)
] (2.17) 
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Figure 2.4.   Categorization of fluvial sediments (sediment caliber/size) according to 

transport process, measurement principle, and morphological/sedimentary association 

[after Church, 2006].  Bed material is made up of the coarser sediment transported by a 

river and may move as bed load or intermittently as suspended load.  

 

conditions, but large particles require rather rare and large flow events to become a part 

of the suspended load.   

For both the development and testing of new bed load transport equations, the best 

information can be obtained through direct field observations (Garcia, 2008).  It is 

apparent from a brief search of the literature on bed load transport, that many theoretical 

and empirical equations have been derived to describe and predict transport rates for 

coarse stream bed material.  The most practical and common equations are empirical 

(although mechanistic forms produce similar results—same as for entrainment threshold 

equations) enabling prediction based on measurable features in the field.  In the majority 

of transport equations, bed load transport rate scales either with basal shear stress to the 

3/2 power or linearly with unit stream power beyond the critical entrainment threshold 

for motion (Whipple and Tucker, 2002).  Other types of bed load transport equations 
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have been developed as functions of other hydraulic variables, including particle 

densimetric Froude number (dimensionless mean velocity; Aguirre-Pe et al., 2003), and 

discharge (Bathurst et al., 1987).     

Bed load transport in gravel-bed streams is an intermittent, spatially variable, and 

stochastic process (Wilcock et al., 2009), causing estimates to generally have large 

uncertainties.  Sources of uncertainty in estimating transport rates may arise from the use 

of a single threshold for motion (based on any measurable hydrodynamic force) for any 

given size of bed material, and the effects of partial transport, as well as when transport 

occurs in part of the channel even though the section-average basal shear stress is used 

(Wilcock et al., 1996).  Partial transport occurs when some grains within an individual 

size fraction are active (entrained at least once during a transport event), and the 

remainder are immobile (Wilcock, 1997b).  This partial mode of transport is accounted 

for by the use of the fractional transport rates presented here as equations 1.1 and 1.2 

after Wilcock (1997a, 1997b).  Another source of error may arise because of differences 

in channel geometry (across the stream), although this can generally be considered low 

within small streams when compared with the lateral heterogeneity inherent within larger 

streams.   
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Chapter 3 

 

 

 

Methods 

Field Procedures 

Hydrological Measurements 

In TCC, discharge has been monitored since the fall of 2002 at a 90-degree V-

notch weir located in the Big Room (Thomson and Aley, 1971), at the upstream end of 

the study reach (Figures 1.8 and 3.1).  The logger has been programmed to record 

temperature and water height (among other water quality parameters), at an interval of 10 

seconds with 2-minute averaging during rapid changes in discharge (i.e., during storm 

events).  During periods of low flow, the logger records at intervals no longer than 60 

minutes, typically between 2 and 10 minutes.  

In BCH, near the center of the study reach (Figures 1.7 and 3.2), a gauging station 

was installed on April 11, 2009 and has since been recording water height and 

temperature when stage values change by more than the instrument precision of ± 0.003 

m.  The pressure transducer and logger were manufactured by Global Water 

Instrumentation, Inc., and the sensor corrects for atmospheric pressure automatically.  

The logger was programmed to record measurements every 5 minutes during the 

beginning of the study period until July 31, 2009 when it was decided that hydrograph 

detail would be better observed by changing the recording interval to 1 minute (the 

interval used following July 31, 2009). 

Rainfall data were taken from weather stations nearby TCC to correlate discharge 

with rainfall in order to carry out a frequency analysis, thereby providing a proxy for a 

historical discharge record.  Within the TCC recharge area daily rainfall records from the 

MO-TY-15 Protem 3.0 NE rain gauge (36.57°N, -92.83°W; see Figure 1.1 for location) 
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 A 

 

 B 

 

Figure 3.1.   (A) The TCC gauging station showing staff gauge and stilling well at the 

weir, directly upstream from study reach.  A pressure transducer and data logger was 

used to record water height and temperature.  (B) High flow event at the V-notch weir in 

TCC used to correlate stage with discharge.  The discharge during the time the picture 

was taken was approximately 2.5 m
3 

s
-1

.            
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Figure 3.2.  View of the BCH gauging station located approximately 10 m from the 

upstream end of the study reach, looking downstream to the east.  A Global Water 

Instrumentation, Inc. WL16 pressure transducer was used to record water height and 

temperature during flow events.  The sensor sits ~ 10 cm below the surface of the stream 

bed within the depicted 15 cm diameter PVC pipe (stilling well) installed in the thalweg 

of the channel.  The stilling well is secured in place by a fence post attached to a tree 

trunk laid perpendicular across the channel.  The average bank height here is 

approximately 0.71 m.   

 

were obtained from the Community Collaborative Rain, Hail, and Snow Network 

(CoCoRaHS; see Cifelli et al., 2005), available on-line at http://www.cocorahs.org.  Data 

sheets of precipitation provided by the CoCoRaHS volunteer, Dr. Richard Meyers were 

also used because they provided a longer record than is available on-line.  A small 

percentage (6.9%) of record from the gage was missing daily rainfall measurements so 

Enclosed sensor cable 

Stilling well 
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data from another nearby CoCoRaHS station (MO-FSA-213 Protem; 36.51°N, -92.80°W) 

were used to complete the record.  Historical daily rainfall data were taken from the Lead 

Hill, AR (36.42°N, -92.90°W; U.S. Cooperative Network Station 034106) weather 

station; data are available from the National Climatic Data Center on-line at 

http://www.ncdc.noaa.gov/oa/ncdc.html.  5 to 30 minute interval rainfall data were also 

taken from the Forsyth, MO (36.68°N, -93.11°W; DanO‘s Place) weather station; data 

are available from the Weather Underground on-line at http://www.wunderground.com.  

The distances between the MO-TY-15 Protem 3.0 NE rain gauge (located within the TCC 

recharge area) and the other weather stations is as follows: to Forsyth—27.9 km; to Lead 

Hill—17.8 km; and to MO-FSA-213 Protem—7.2 km. 

 

Stream Channel Surveys 

Cross-section data were gathered at five stations in the BCH study reach, and six 

stations in the TCC study reach, using standard surveying techniques with the use of a 

measuring tape, stadia rod, pocket transit, and automatic level and total station.  At the 

gauging stations, stream cross-section data were gathered for the estimation of in-channel 

flows in BCH, and for estimating flows that exceed the capacity of the weir (i.e., when 

water spills over its top) in TCC.  Several stations were surveyed more than once to 

capture the effects of flow events capable of rearranging the channel bed, and to observe 

differences in channel geometry associated with seeding tracer particles (see Appendix 

A).  Each cross-section survey line was conducted as close to perpendicular to the stream 

banks as possible and every break in slope was identified.  The original cave survey 

completed in 1971, by Ken Thomson, Don Rimbach and members of the Heart of the 

Ozarks Grotto (Thomson and Aley, 1971), has been utilized as the base map for the 

locations of cross-sections surveyed during this study (see Figure 1.8).  A survey of the 
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BCH study reach was also conducted using a Sokkia SET300 Total Station with a mean 

point precision of better than ± 0.005 m.  The total station survey was conducted on 

October 3, 2009 and provided a high resolution topographic map of the channel 

geometry, and cross-sections.  It was also utilized as the base map for the locations of 

cross-sections (see Figure 1.7) and made it possible to get more precise measurements of 

channel slope.   

Along the thalweg of the study reaches, channel bed slope was measured with a 

tape and automatic level.  In BCH, bed slope averages from point measurements made 

during the total station survey were compared against those measured using the tape and 

it was determined that the total station measurements would be most accurate.  Slope 

measurements of the bed extended 2 to 3 channel widths in BCH and only 0.5 to 1.5 

channel widths in TCC, due to abrupt changes in slope.  In TCC water surface slope 

measurements were also made at the two tracer line stations.  Water surface slope 

measurements were used for all calculations of hydraulic variables in TCC, as they are 

preferred over bed slope because the water slope usually represents the slope of the 

energy line more closely.     

 

Grain Size Distributions 

Stream bed sediments found on the surface at each tracer line and at three more 

selected cross-sections downstream of the tracer lines (see Figure 1.5) were measured to 

determine the D84s, D50s, and D16s sediment sizes, to provide estimates of channel 

roughness, and to select grain size distributions for tracer particles that closely represent 

the sediments naturally occurring on the bed.  The length of the intermediate (b-) axis of 

100 clasts was measured to the nearest millimeter using calipers and a tape measure for 



 

46 
 

larger grains.  Sediment particles were selected from the bed using the pebble-count 

method (Wolman, 1954), centered over the cross-sections.   

In order to determine the Corey shape factor (CSF) for the tracer particles, 

measurements (using a caliper) of three mutually perpendicular particle axes: the longest 

(a-axis), the intermediate (b-axis), and the shortest (c-axis; Figure 2.1), of a small sample 

(50 grains) of bed material selected randomly from the bed of BCH, were made.  

Grain size data for subsurface stream bed material (clasts found directly beneath 

the surface layer of the bed) were sampled from BCH, directly downstream of the study 

reach (~ 10 m below BCH-5).  Sediments from the sampling site are similar to sediments 

found within the study reach itself.  Subsurface sediments sampled from TCC were 

gathered from within the study reach (~ 2 m above TCC-10).  Although, the subsurface 

sediment samples were taken from a pool and a bar, whereas surface grain size data were 

taken from riffles and a bar.  Each sample was taken from the active stream bed at depths 

no greater than 0.5 meters beneath the surface layer.   

Subsurface grain size distributions were obtained by using a Ro-Tap Testing Sieve 

Shaker (Model B) with standard mesh sizes in order to obtain D84ss, D50ss, and D16ss, 

sediment sizes, enabling comparison between the subsurface and surface grain sizes, and 

between study reaches.  Shaking commenced for 10 minutes for all samples.  Three 

samples of approximately equal weight were analyzed from each study reach (BCH and 

TCC) and average weight values for each grain size were calculated for analysis and used 

to determine D84ss, D50ss, and D16ss sediment sizes.  Total weight of sediment sieved was 

4.22 kg and 6.65 kg for TCC and BCH, respectively.  Grain size distributions from 

sieving were truncated on the smaller end at a mesh size of 2 mm and at the larger end at 

a mesh size of 32 mm.  Grain size distributions were extended by one phi-size class 

(mesh size equal to 32 mm) by measuring the b-axis of the largest grains after sieving.  
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During the sieve analysis, particles were weighed dry by phi-size class and their 

volumes were obtained by submerging them in a known volume of water.  Density was 

calculated for each phi-size class using these measurements.  Sediment density for the 

largest two phi-size classes (clasts with b-axis diameters between 16 and 64 mm) were 

then used as the basis for the density of the tracer particles.  Instrument precision resulted 

in density values with errors of approximately ± 5%, accurate to ± 0.12 kg m
-3

.                  

  

Tracer Particles 

Painted tracers were selected over other tracing techniques because the primary 

interest is the entrainment from the bed surface layer and because flow depths were low 

or non-existent (in BCH) during displacement measurements allowing for thorough 

searches of the channel.  Tracer particles seeded in both BCH and TCC were randomly 

selected from the BCH stream bed (downstream of the study reach) and measured to be 

separated into half-phi size classes (Table 3.1).  The selection of the grains used as tracers 

from within the watershed is ideal because tracers are supposed to represent the natural 

sediment and its movement.  The original tracer particle distributions were designed to 

include several half-phi sized classes, representative of the local bed surface grain sizes 

extending from below the D50 at least up to the D84.  Figures 3.3 and 3.4 are plots of grain 

size distributions for tracers at each tracer line along with distributions of the naturally 

occurring sediment for comparison.  

Once tracers were collected, they were transported to the on-site field house 

(owned by the OUL) where they were painted with a single coat of reflective red paint 

and marked on one side using white paint with either a letter, or a number, as an 

identifier.  The paint used was reflective safety paint and is non-toxic so that no aquatic 
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Table 3.1.   Number of tracer particles in each half-phi size class and the total number of 

tracers seeded at each tracer line. 

 

 

 

organisms inhabiting the cave system were harmed.  At Tracer Line 1 (BCH-1), Tracer 

Line 3 (TCC-7), and Tracer Line 4 (TCC-10), tracers were labeled using letters, while at 

Tracer Line 2 (BCH-3) tracers were labeled using numbers to avoid the possibility of 

misinterpreting the source of tracers, because Tracer Line 2 is so close to Tracer Line 1.  

The white identifier was the same for each tracer in a given half-phi size class.  The use 

of red paint for tagging tracer particles worked very well in this study even in the poor 

lighting of the cave.  Other more elaborate methods of tracing individual particles involve 

the use of magnets and radio frequency identification (RFID) techniques.  Their 

development has generally been attributed to the desire to increase recovery rates.  For 

this study, however, it was decided that the possibility of decreased recovery rates was 

outweighed by the increased time and money required to drill and insert small magnets or 

radio identification tags.  For shorter study periods (less than one year), like this one, it 

was believed that the recovery rates would not significantly affect the results.   

Because recovery rates for painted tracers have been observed to be lower for 

small fractions due to their preferential burial (e.g., Laronne and Carson, 1976; Ferguson 

and Wathen, 1998), the number of tracers in the smallest fraction was increased relative 
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Figure 3.3.   Grain size distributions for tracer particles and naturally occurring sediments 

at tracer lines within the BCH study reach.  Only the cumulative curve is shown for 

tracers.    

BCH-1 
(Tracer Line 1) 

BCH-3 
(Tracer Line 2) 
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Figure 3.4.   Grain size distributions for tracer particles and naturally occurring sediments 

at tracer lines within the TCC study reach.  Only the cumulative curve is shown for 

tracers.    

TCC-7 
(Tracer Line 3) 

TCC-10 
(Tracer Line 4) 
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to the larger fractions.  Likewise, the number of tracers in the largest fractions was 

decreased relative to the smaller fractions in the middle of the grain size distributions (see 

Table 3.1 for tracer distributions).  In all, a total of 670 tracers were utilized during the 

study at four tracer line cross-section stations.  This number is likely to represent the 

movement of the natural stream sediment because the streams studied are small (Hassan 

and Church, 1992), armoring is observed (i.e., the surface grain sizes are larger than the 

subsurface grain sizes), and the number of tracers per half-phi size class is comparable to 

the population sizes used by Ferguson and Wathen (1998) who studied a larger river (Allt 

Dubhaig in the Scottish Highlands with a peak discharge of greater than 20 m
3
 s

-1 
during 

their study).  Ferguson and Wathen (1998) used 40 tracer particles per half-phi size class 

because it was estimated in a previous study, by Drew (1992), that a mean travel distance 

standard error of ~ 15% could be achieved and that any systematic effects of grain size on 

mobility could be detected.     

Tracer particles were seeded loosely on the surface along the length of a single 

cross-section (tracer line) in each study reach (BCH-1, and TCC-7) on May 9, 2009.  

While it is common to replace a volume of sediment from the bed with tracers, that 

approach was avoided here, because within TCC there are several benthic organisms 

living on the stream bed material, including the endangered cavesnail that is known only 

to TCC.  Second tracer lines were seeded on August 30, 2009 and November 7, 2009 at 

TCC-10 and BCH-3, respectively.  Each particle was placed more or less randomly while 

also trying to achieve an even distribution of half-phi size classes across the width of the 

channel.  In TCC, tracer line stations were chosen where it was likely that moderate to 

high floods would result in the movement of tracers, and also in locations where plenty of 

downstream passage existed that was open enough to conduct surveys of tracer 

displacements.  In the BCH study reach, sites were chosen randomly as the channel 
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geometry and bed materials were rather homogeneous.  The study reach was selected 

because of its rather straight channel and the presence of a thick (≥ 0.5 m) bed of 

sediment. 

Field measurements of tracer movement distances (displacements, or step-lengths) 

were conducted using a tape measure either held in place, or laid across the stream bed 

(for large displacements in BCH), and were made in the longitudinal (parallel with the 

channel) direction only.  Some tracer displacements were also measured using the 

Analysis Tool within Adobe Photoshop CS3 and stitched-together photo mosaics created 

using a digital camera with vertical pictures taken across tracer lines.  Displacements 

(step-lengths) of transported tracers were referenced to tracer starting lines marked by 

two red reflective metal stakes at the ends of the station cross-sections.  The starting lines 

have been defined to be lines on the downstream side of all seeded tracers (no more than 

10 cm from the nearest tracer) prior to a competent flow event.  In TCC the starting line 

locations have not changed during the study period, while at BCH-1, the starting line has 

been relocated approximately 0.5 m downstream after two large flow events (October 8
th

 

and 29
th

, 2009) that transported nearly all tracers.  The starting line in the BCH was then 

defined as a line connecting the end points of the cross-section that was later surveyed on 

December 18
th

, 2009.  

Measurements of the movement of tracers identified in the field to have moved 

since the last site visit (movement past the starting line) were made with a precision of 1 

cm with a tape measure and Adobe Photoshop CS3.  Some site visits were made after two 

flow events occurred, in which case it was assumed that the largest flow event before the 

survey date had caused all of the observed sediment transport.  Once a competent flow 

event occurred tracers were typically returned to the starting line where they were re-

seeded in the same manner that they were at first seeding.  Although, in two cases (flow 
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events of May, 26
th

 and October 8
th

, 2009) tracers were not returned to the starting line in 

order to provide an indication of the effects of seeding tracers loosely, and unnaturally, 

on the bed.  Some investigators have argued that grains placed unnaturally on the stream 

bed have a higher propensity to be mobilized, and that once they have moved to more 

natural locations higher flows will be required to entrain them (e.g., Hassan et al., 1992).  

The random seeding on the bed in a group (centered over the cross-section) is thought to 

have acted to make initial movement reflective of natural transport of surface grains.  

 

Data Analysis 

Estimation of Hydraulic Variables 

Evaluating entrainment and transport based on hydraulic variables first required 

estimates of cross-sectional velocity (V) and discharge (Q) from water height 

measurements.  The approach used was necessary because low to moderate flows with 

minimal bed load transport were observed during site visits.  Within TCC, Q was 

calculated at the gauging station as a function of water height (based on a weir 

coefficient) by staff of the OUL.  During the study period, some flow events were not 

recorded in TCC, so a linear least-squares trend line was fitted to flow data from TCC, 

plotted against corresponding estimated flow within BCH (Figure 3.5) in order to provide 

estimates of peak flows for missing data.  Within BCH the function used to estimate Q is 

based on field data from several natural stream channels at 50 sites in California during 

varying flow conditions, in which Manning‘s n (roughness coefficient) was determined 

by Limerinos (1970).  The incorporation of Limerinos‘ equation into the logarithmic flow 

resistance equation was derived algebraically by Bettess (1999), and is written as 

 Q = VA = [(31.9gRS)
0.5

log10(11.4R/ks)]A (2.18) 
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Figure 3.5.   Relationship between six available peak discharge measurements from TCC 

matched with estimated peak discharge from BCH for the same flow events during the 

period from 9/22/2009 – 3/21/2009.  The linear function fitted to the data is used to 

estimate discharge in TCC where data are missing (May – January, 2009).  The figure 

also shows that Tumbling Creek continues to flow when BCH is dry, and when flow in 

BCH becomes greater than approximately 1.5 m
3
 s

-1
,
 
its flow exceeds that in Tumbling 

Creek.  The x and y values, respectively, are provided for each point in parentheses. 

  

where all variables have previously been defined.  Roughness height (ks) was set equal to 

3.5D84s.  This equation was also used to determine flow height during peak flows at tracer 

line cross-sections in TCC (explained later in this section).  The form of equation 2.18 

provides identical estimates of Q if the Limerinos-Manning equation, with a roughness 

height = 3.0D84s, is used.  When roughness height is larger than 3.0D84s, it indicates the 

presence of a smaller laminar sublayer and relatively large turbulent viscosity due to 

increased channel roughness (caused by channel bank curvature, woody debris, or other 

flow obstructions).  In both study reaches the average cross-sectional velocity is thought 

to be approximated best when ks equals 3.5D84s, because of the presence of vegetation 

and woody debris within BCH and abrupt channel contractions and expansions as well as 

more drastic channel curvature in TCC.  The Limerinos (1970) equation was selected 
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because it has performed well against tests using experimentally and field derived data 

from a variety of streams (Bray, 1979; Recking et al., 2008), and because other 

empirically derived equations applied to low-order streams (e.g., Jarrett, 1984), give very 

low discharges due to an over estimation of roughness (Thompson and Croke, 2008).  

Furthermore, other equations that are used to predict mean velocity from knowledge of 

the hydraulic radius, bed material size distribution, and slope, give similar results (see, 

Bettess, 1999).  

Discharge per unit flow width (q), bed shear stress (τ0), and stream power per unit 

area (ω) were calculated for each tracer line cross-section from the reach discharge 

(determined using equation 2.18 at the gauging station in BCH) and input from measured 

channel geometry, hydraulic roughness and local bed slope, and the assumption that 

water mass is conserved (i.e., Q is constant throughout the study reach).  The technique 

used was a trial-and-error approach, where water height within the surveyed cross-section 

of interest was varied and discharge was solved using equation 2.18 until the computed 

discharge was in close agreement (< ± 0.01 m
3
 s

-1
) with the discharge at the gauging 

station (for both BCH and TCC).  Using survey data, cross-sections were digitized in 

ArcGIS v. 9.2 and hydraulic radius, wetted perimeter, mean depth, and flow width were 

determined for the optimum flow heights.  This process was carried out for peak flow 

event discharges only, because it was assumed that entrainment occurs during peak flow.  

Bankfull discharge was also calculated using equation 2.18, with bankfull determined as 

the minimum width to depth ratio of the cross-section (break in slope at top of channel), 

except at TCC-10 where it is taken to be at the maximum height of fine-grained deposits.  

Once water height was determined, discharge was divided by flow width to 

determine q, and divided by the active width (width of the bed actively transporting 

sediment) to determine qaw.  Bed shear stress was computed using equation 2.2.  The 
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hydraulic radius approach to shear stress was used (in place of the depth-slope approach) 

because the width to depth ratio was large (> 11) for all measured peak flow events and 

the percentage difference between R and d was low ranging from -2.9 to -9.0%.  Also, 

because R was always lower than d, the use of R acts to minimize differences between the 

effective shear stress acting to entrain material from the bed and the average bed shear 

stress (τ0).  Stream power (ω) was defined earlier as given by equation 2.13 and was 

calculated using the product of the bed shear stress and the estimated mean cross-

sectional velocity, calculated from equation 2.18 and divided by the cross-sectional area.  

The stream power used reflects the choice of the shear stress (R instead of d), so that the 

values for ω are somewhat lower than they would be if mean depth (d) was used. 

 

Flow Competence 

The largest grain size of observed mobilized tracer particles was paired with peak 

flow estimates of hydraulic variables, including discharge per unit width, bed shear 

stress, and stream power per unit area to determine competence at each tracer line cross-

section.  Competent flow conditions were defined here to be the flow capable of moving 

tracer particles beyond the starting line, although entrainment of grains that did not move 

past the starting line was also determined from semi-vertical photographs.  A least-

squares regression of the competence data for each hydraulic variable was carried out to 

quantify the scatter in the observations and to make comparisons of how well each 

hydraulic variable performed.  Grain size was taken to be half-way between phi-sizes, for 

instance, if the largest tracer entrained was between 64 and 90 mm, it was assumed that 

the clast had a b-axis of 77 mm.  Because of the division into half-phi size classes, there 

is some uncertainty as to the actual size of entrained tracers, and the uncertainty increases 

with entrainment of larger fractions (because of the logarithmic scaling of half-phi size).   
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Rainfall and Discharge Correlation 

Rainfall and peak discharge data were examined to determine if a correlation 

exists, and to provide the basis for estimates of the frequency of sediment transporting 

flow events in the studied stream reaches using an 81 year rainfall record.  Four variables 

of rainfall were obtained for rain events during the study period coinciding with each 

flow event in the surface and cave streams, and then were regressed against the 

magnitude of the peak flow.  The four variables examined were (1) total event rainfall 

(using daily rainfall totals, from between 1 to 3 days), (2) peak rainfall intensity (5 to 30 

minute interval data from Forsyth weather station), (3) daily rainfall, and (4) previous 30 

day total rainfall.  Daily values of rainfall were taken from the MO-TY-15 Protem 3.0 NE 

rain gauge within the TCC recharge area when making the correlations.   

 

Bed Load Transport Rate 

Bed load transport rates were assessed using field observations of tracer 

displacement lengths (from photographs and field measurements) which were determined 

from equations 1.1 and 1.2 (Chapter 1) at each tracer line cross-section after competent 

flow events.  Equation 1.1, defines transport rate for any grain size of interest as 

 

where Mi is the mass of fraction i entrained per unit bed area over the time period T, Ni is 

the number of times an individual grain of fraction i is entrained during T, and Li is the 

mean length of a single displacement event.  Since observations were taken from only the 

bed surface layer, Mi is represented by equation 1.2 as 

 

where mi is the mass of a grain of fraction i, Fi is the proportion of fraction i on the bed 

surface before entrainment, Di is fraction size (b-axis dimension), and Yi is the proportion 

of surface grains of fraction i that are entrained over T.   

qi = Mi(Ni/T)Li (1.1) 

Mi = miFiYi/Di
2 (1.2) 
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Although equations 1.1 and 1.2 are written to allow for transport rates of a grain 

size fraction of interest, only the average transport rate (including all transported size 

classes) was calculated.  The mass of the tracers (mi) was calculated by assuming that 

each clast has a volume represented by a rectangular solid with relative dimensions given 

by the average grain dimensions relative to the b-axis, with the b-axis equal to the half-

way point of tracer phi-size, and then multiplied by the average density of the grains 

measured during the sieve analysis.  On average (from 50 grains), tracer particles have c-

axis dimensions of 0.66 and a-axis dimensions of 1.48 times the b-axis, giving an average 

volume of sediment equal to 0.98 times that of 1 ml water at 20°C.  Tracer phi-size in this 

case was taken as the modal grain size entrained.  Representing the grains as rectangular 

solids will tend to increase transport rates because the grains are somewhat rounded, but 

most grains can be approximated as such, because they are subangular.   

The number of tracers entrained during flow events (Ni) was determined from 

comparison of vertical photographs taken over the starting line before and after 

competent flow and counted using Adobe Photoshop CS3.  Mean displacement length 

over a single tracer event was determined from both photographs and field measurements 

and was defined using tracers that were transported past the starting line.   

Flow event duration (T) was originally approximated as the period of time 

spanning the entire flow event (defined as the beginning of flow to a flow rate of zero in 

BCH, and the beginning of flow to a flow rate equal to one-third of peak flow in TCC).  

However, it was decided that a flow duration T of 5 hours be used for the calculation of 

transport rate (for any given event) for easy comparison of events, and because 

hydrograph peaks generally lasted about 5 hours.  This choice of T is better representative 

of the period of competent flow because it has been observed that bed load transport does 
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not carry on for the entire period of the flow event in upland gravel-bedded streams (e.g., 

Reid and Frostick, 1984; Thompson and Croke, 2008).   

Fi and Yi values were calculated by including all entrained tracers (only tracers that 

were transported past the starting line) and the tracers available for entrainment from the 

bed.  In this case, the value of Fi was always equal to one, as all tracer particle size 

fractions are considered together.  The data collected could be analyzed by grain size 

individually, but only an average transport rate was calculated because of the interest in 

the average denudation rate of the watershed, and not necessarily in the transport regimes 

of individual sizes classes.  However, the transport rates reflect the size of material 

moved because of the choice of grain size.  Also, the degree of partial transport can be 

observed in the transport rate as calculated in this way (i.e., the value for Yi—when Yi < 1, 

partial transport exists). 

Flow event frequency multiplied by event duration yields transport rates that may 

apply to a longer time frame than those observed during the study period of 10 months.  

A frequency analysis was carried out with a rainfall record from the beginning of 1928 to 

the end of 2008 from the Lead Hill, AR weather station in order to obtain event 

frequencies.  The record was analyzed with MATLAB and Microsoft Excel.  Rainfall 

events were defined as days of record with rainfall amounts greater than zero and 

bounded by days before or after with no rainfall.  The minimum duration of a rainfall 

event as analyzed in this way is one day, while the actual duration of the rainfall that 

produces a peak flow in the stream reaches may be less than 24 hours.  Additionally, 

rainfall totals may be better represented by totals from more than one day if rainfall 

producing peak flow happened during days split by the time measurements are recorded.   

This is accounted for by using a regression equation of rainfall with discharge that 

includes multiple days of rainfall. 



 

60 
 

Results and Discussion 

Flow Competence 

The impacts of increased turbidity and suspended sediments caused by increased 

agriculture within Tumbling Creek are likely to have had a minimal impact on the 

frequency and magnitude of bed load transport observed during this study because 

agriculture is considered light (Elliott and Aley, 2005), and because 23.7% of the 

recharge area‘s riparian areas were returned to forests by 2004.  However, because of the 

presence of clay- and silt-sized sediments deposited within a framework of coarse-

grained sediments (i.e., siltation) sometime after the conversion from forest to pasture, 

there is the possibility that cohesion has affected the force necessary to entrain natural 

sediments found within TCC.  Kothyari and Jain (2008) have experimentally determined 

that the shear stress needed to entrain particle gravel mixtures containing 10, 20, 30, 40, 

and 50% clay, ranges from approximately 1.0 to 3.3 times that which is needed to entrain 

non-cohesive gravels.  The percentage clay found in the sediment along the reach studied 

was low in the riffles and higher in the pools, but not directly quantified.  An objective 

way to evaluate the spatial distribution of clay in the stream channel would be to make 

visual estimates of embeddedness (taken from the aquatic ecology discipline), as defined 

by the amount of clay or silt covering the substrate. 

The flashiness of karst stream hydrographs depends on the developmental stage of 

the conduit system and on the fraction of autogenic recharge (water fed to the karst 

system via discrete points) in the drainage basin, which is large for TCC (see Thomson 

and Aley, 1971).  Flashy drainage systems are generally more effective at clastic 

sediment transport (Bosch and White, 2004).  The flashiness of the karst system will vary 

transiently and is difficult to represent mathematically (e.g., Whipple and Tucker, 2002).  

Flow at the gauging stations during relatively large flow events (> ~ 0.3 m
3
 s

-1
) had steep 
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rising and falling limbs, while smaller events were less flashy with longer and more 

drawn out peaks, especially in BCH.  Observed (and estimated) peak discharge while 

tracers were deployed varied from 0.02 to 2.53 m
3
 s

-1
 in BCH, and from 0.34 to 2.04 m

3
 

s
-1

 in TCC.  The dates of the lowest flow do not coincide between TCC and BCH, but the 

date of the largest flow event does.   

Considering only the largest tracers transported (competence approach, see 

Buffington and Montgomery, 1997), a total of 23 measurement pairs (flow events and 

tracer movements) were produced during the study at four tracer lines, including flows 

that did not transport any sediments.  Figures 3.6 and 3.7 are hydrographs during the 

study period for BCH and TCC, respectively.  Six flow events (1, 3, 4, 6, 7, and 10) at 

BCH-1 (from Figure 3.6) have corresponding tracer transport observations, and flow 

event 2 is paired with an observation of no tracer transport.  At BCH-3, tracers were only 

deployed over four flow events (7-10), and transport was observed once after two tracer 

surveys.  That transport observation is paired with transport by flow event 10, and flow 

event 7 is paired with an observation of no tracer transport.  Eight flow events (1, 2, 3, 4, 

6, 7, 8, and 11) at TCC-7 (from Figure 3.7) all have corresponding tracer transport 

observations from eight surveys.  At TCC-10, tracers were only deployed over nine flow 

events (3-11), and transport was observed five times after six tracer surveys.  Flow event 

7 is paired with an observation of no tracer transport.   

Table 3.2 displays peak hydraulic variables at the four tracer lines (and the dates of 

tracer surveys) during flow events occurring while tracer particles were deployed.  Figure 

3.8 is a plot of each tracer line cross-section and the corresponding modeled flow heights 

at peak flow (see Appendix A for other cross-sections).  Observed competent flow events 

had flow depths varying from 15.1 to 63.2% of bankfull, and grain Reynolds numbers 

varying from 2510 to 18200, well above the laminar-turbulent transition.  Calculated 
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Figure 3.6.   Hydrographs of flow events at the gauging station in BCH from May, 2009 

through April, 2010.  Discharge was determined by fitting a power function to calculated 

peak discharge (using equation 2.18) plotted against flow depth measurements in the 

thalweg (dt), as shown in the inset.  Hydrographs are spaced by five hours and ordered so 

that flow event dates increase to the right (numbered according to flow event date as 

shown in the upper left, along with corresponding peak discharges).  The July 16
th

 event 

(2) did not transport any tracers in BCH, but they were not returned to the starting line 

following the competent event before it.  Events 5, 8, and 9 do not have any 

corresponding tracer transport observations because surveying of tracers was not done 

until after a subsequent flow event had occurred. 

 

Manning roughness coefficients ranged from 0.039 at the highest observed flow to 0.096 

at the lowest observed flow (consistent with values from small gravel-bedded streams; 

Bray, 1979).  

Measured flow depth at TCC-7 coincided closely with modeled flow depth using 

equation 2.18 (measured exceeded modeled by approximately 0.05 m) with a resulting 

percent difference between modeled discharges of 8.7% (within the precision of field  

1 – May 26, 2009   Q = 0.50 
2 – July 16, 2009    Q = 0.35 
3 – Sept. 22, 2009   Q = 0.22 
4 – Oct. 8, 2009    Q = 1.29 
5 – Oct. 13, 2009 Q = 0.03 
6 – Oct. 29, 2009    Q = 2.53 
7 – Jan. 24, 2010     Q = 0.14 
8 – Feb. 5, 2010 Q = 0.02 
9 – Mar. 21, 2010   Q = 0.28 
10 – Mar. 25, 2010  Q = 0.57 
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Figure 3.7.   Discharge record in TCC from May, 2009 through April, 2010.  Missing 

data appear as gaps in the record.  Estimated peak flow values (see Figure 3.5 for 

regression equation) are plotted as black diamonds at times equal to nine hours past the 

time of peak flow in BCH (the average lag time between peak flows between BCH and 

TCC). Flow events are numbered according to event date as shown in the upper half, 

along with corresponding peak discharges.  Events 5, 9, and 10 do not have any 

corresponding tracer transport observations because surveying of tracers was not done 

until after a subsequent flow event had occurred. 

 

measured water depths).  A much larger discrepancy exists between measured flow depth 

and modeled flow depth at TCC-10 (measured exceeded modeled by approximately 0.17 

m) with a resulting percent difference in discharges of 59%.  This could have resulted 

from the complicated geometry of the cave cross-section, particularly because of the 

presence of a small natural bridge at TCC-10 (see Figure 3.8).  

The maximum grain size entrained (and transported past the starting line) was 

plotted against hydraulic variables of interest for each tracer line (Figures 3.9 and 3.10), 
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Table 3.2.  Hydraulic variables during peak flow at BCH and TCC tracer line cross-

sections, with corresponding tracer survey dates.  Dates of tracer surveys are shown 

between the two flow events before it when two flow events had occurred prior. 

 

 

††Hydraulic variables estimated using regression in Figure 3.5. 
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producing flow competence plots.  Several different magnitude flow events were 

competent to entrain the largest tracer size class, which has led to a large degree of scatter 

in the relationship between grain size and hydraulic variable.  The goodness of fit to a 

linear trend line was low overall.  However, it does reveal which hydraulic variables can 

provide the best means of prediction for a flow-competence relationship based on the 

simple relation between peak flow and largest grain size entrained.  The r
2
 values at 

BCH-1 were nearly identical falling between 0.126 and 0.136.  At TCC-7 the r
2
 values 

were very poor, ranging from 0.0004 to 0.0016, from discharge per unit active width 

(qaw) having the lowest r
2
 value.  At TCC-10 the largest r

2
 value was 0.689 with unit 

discharge (q) as the regressed variable.  BCH-3 could not be evaluated in this way 

because only two data points were generated from field data. 

If entrainment of bed material is size-selective, as was observed in laboratory 

experiments by Shields (1936) and in field tracer experiments by Ferguson and Wathen 

(1998), among others, then a positive correlation should be observed when hydraulic 

variables are regressed against grain size.  Linear least-squares regressions reveal that a 

significant positive correlation (slope of the regression equation ≠ 0) does not exist 

between any of the tested hydraulic variables at any tracer line at the 5% (α = 0.05) level.  

P-values for tests of significance of the slope of the regression lines are between 0.47 and 

0.55 at BCH-1, between 0.93 and 0.97 at TCC-7, and between 0.08 and 0.75 at TCC-10.  

The P-value could not be evaluated at BCH-3 because of too few data points.  The low P-

value at TCC-10 is from regression of q, which has the most significantly non-zero slope 

out of all the variables and cross-sections tested.  In order to make a true empirical 

relationship between sediment and water discharges, however, a much larger number of 

samples are needed over a complete range of flows (e.g., Emmett, 1980; Hubbell, 1987; 

Wilcock, 2001).   
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Figure 3.8.   Cross-sections at tracer particle seeding locations (tracer lines) looking 

downstream, with bankfull and modeled peak flow heights during the period when tracer 

particles were deployed.  Flow event numbers (see Figures 3.6 and 3.7) and dates are also 

given in descending order by peak flow magnitude. 
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Figure 3.9.   Flow competence plots for observed peak flows in BCH (seven at BCH-1, 

and two at BCH-3) with trend lines and their equations.  

         r2 = 0.126    

         r2 = 0.136    

         r2 = 0.129           

         r2 = 0.136  
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Figure 3.10.   Flow competence plots for peak flows in TCC (eight at TCC-7, and six at 

TCC-10) with trend lines and their equations.  Data points marked with an ‗E‘ were 

estimated using the regression equation in Figure 3.5. 
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Flow competence relationships based on the observed critical shear stress were 

originally parameterized using the least-squares best fit regressions between shear stress 

and grain size from each tracer line and include the use of all available data (including 

estimated peak basal shear stress values in TCC).  The resulting linear regression 

equations (provided in Figures 3.9 and 3.10) could be used to calculate the magnitude of 

the peak critical hydraulic variable necessary to entrain any given grain size on the bed.  

From that, then a relationship between the Shields parameter (θci) and critical unit 

discharge (qci) as a function of the relative grain size (Di/D50s) could be determined.   

However, more data and larger r
2
 values would be needed to employ this type of analysis.       

From Figures 3.9, and 3.10, and Tables 3.2 and 3.3, it can be seen that flow 

competence is not similar at all four tracer lines.  At BCH-1, BCH-3, and TCC-10, 

entrainment occurs at much lower shear stresses and lower Shields parameters than those 

at TCC-7.  These limited data indicate that at TCC-7, the equations provided by Bathurst 

(1987a) obtained from the boulder-bedded Fall River in Colorado provide a better match 

to the observations from this study.  Bathurst‘s equations were derived from steeply 

sloping channels with high roughness and a wide range in grain sizes.  The equation fitted 

to the second set of data sampled at Fall River Road in 1985 (FRR 1985B; Figure 2.3) by 

Ferguson (1994), gives θc50 = 0.061, and b = 0.89.  A simple comparison of the channel 

slope and the grain size distribution at TCC-7 with data from Bathurst (1987a) provide a 

physical explanation for the close match.  The channel slope, width and grain size 

distribution data collected by Bathurst (1987a) was done in the same manner (standard 

surveying and 100 particle Wolman pebble count), and Bathurst matches the largest 

mobilized bed load particle with the largest magnitude of the flow during sampling, as 

was done in this study.  At FRR 1985B, Bathurst reports w = 6.1 m, Sb = 0.047, D16 = 32, 

D50 = 77, and D84 = 156 (with grain size in mm), surprisingly similar to the data collected  
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Table 3.3.  Tracer entrainment, displacement, and transport rates from tracer surveys in 

BCH and TCC.  Dates of tracer surveys are shown between the two flow events before it 

if two flow events had occurred prior. 

 

†Includes all half-phi size classes transported past starting line. 

*No photographs used in analysis.   

§Tracers were not returned to starting line prior to transporting event or survey date.  

‡Negative displacements were not included in the analysis. 
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at TCC-7 (Table 1.1).  Bathurst, however, was examining critical discharge, and he found 

that a much larger qci is required to initiate motion of bed material in the Fall River, 

Colorado (qc50 ≈ 0.60 m
2
 s

-1
) than the magnitude of qci observed at TCC-7 from this study 

(qc50 = 0.17 m
2
 s

-1
).  This may be a result of the slightly larger bed slope present at the 

Fall River Road reach and a better developed structural packing arrangement of the bed. 

At TCC-10, where a large range in grain sizes is also observed, the largest number 

of tracers transported was four (out of 80) during any one flow event.  Therefore, 

differences between the entrainment thresholds at TCC-10 and TCC-7 may be minimal at 

larger flow events.  With that said, the high bed slope and large overall grain sizes at 

TCC-7 are the likely culprits for the relatively higher flow competence relationship 

observed.  

Other estimates for the critical hydraulic variables for entrainment were calculated 

and compared against observed tracer transport data.  Commonly applied assumptions 

that are used when only basic channel and sediment information can be attained, such as: 

sediment density, grain size distributions and channel slope, were used.   Without using 

the regression equations from Figures 3.9 and 3.10, the performance of predictive 

entrainment threshold equations as compared against the ―raw‖ field data can be made 

with the variability of the flow competence data preserved.  Figure 3.11 shows the 

observed hydraulic variables versus the critical hydraulic variables as estimated by using 

the predictive equations of Shields (1936) for shear stress, Bagnold (1980) for stream 

power, and Ferguson (1994) for discharge.  While some of the observed flow events were 

not competent to mobilize bed load sediment, the data is useful in describing the flow 

conditions for entrainment, and so they are plotted in Figure 3.11 as well (distinguished 

by a larger symbol size).  When values plot above the entrainment threshold (1 to 1 line) 

as predicted, the bed should be observed to be mobile (if the equation is accurate in  
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Figure 3.11.   Comparison of observed and predicted peak hydraulic variables from the 

equations of Shields (1936), Bagnold (1980), and Ferguson (1994).  Enlarged symbols 

indicate no observed transport, while all other symbols indicate observed transport. 
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predicting entrainment threshold flow conditions).  The Bagnold (1980) equation is seen 

to perform best.     

 The estimated critical shear stress using the Shields (1936) equation (equation 2.5) 

did not perform well against observational data, as critical shear stress was overestimated 

at all tracer lines, although at TCC-7, only a slight overestimate was observed.  When 

deriving critical entrainment thresholds, other investigators (e.g., Komar, 1987; 

Buffington and Montgomery, 1997) suggest using lower values of the Shields parameter 

than that predicted by Shields himself, which leads to more accurate predictions when 

compared with our observations (equations 2.6 and 2.7).  The Bagnold (1980) equation 

(equation 2.14) performs very well for the D84 sized material and the best overall, while it 

under predicts critical flow conditions slightly, except at TCC-7 where the Ferguson 

(1994) equation (equation 2.9) may provide better predictions of entrainment.  

An adjustment to the base dimensionless critical shear stress (Shields parameter) 

can be made in order to objectively account for the effects of grain shape on bed packing 

arrangement (e.g., imbrication and pebble clusters) by using a lithology-averaged grain 

shape factor (i.e., the Corey shape factor –CSF).  Following Thompson and Croke (2008), 

the base Shields parameter (θc50b = 0.03) is divided by the CSF to obtain a new Shields 

parameter that can be used to solve for the critical shear stress for entrainment using 

equation 2.1.  Analysis of grain shape of tracers gave an average CSF of 0.56 (and  

standard deviation of 0.15).  The adjusted Shields parameter is 0.054.  While this method 

is useful for comparisons from reach to reach it does not necessarily imply that the 

adjusted Shields parameter is more accurate than those proposed by other investigators, 

(discussed earlier).  The value of 0.054 is very close to the average value of 0.059 

determined as the best-fit Shields parameter at TCC-7 where large hydraulic roughness 

and a wide range of grain sizes are observed.  This provides independent evidence for a 
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strong packing arrangement of the bed.  However, the packing arrangement is structural, 

and cannot be easily described by the presence of imbricated grains or pebble clusters.  

Also, the best-fit Shields parameter is very near to the θc50b at the other three tracer lines, 

indicating that bed packing is negligible, at least for the mobile tracers.    

 

Rainfall and Discharge Correlation 

Rainfall data during the study period showed significant (α = 0.05) trends when 

regressed against observed peak discharge data from both TCC and BCH.  Of the four 

rainfall variables tested, including—(1) total event rainfall (using daily rainfall totals 

from 1 to 3 days), (2) peak rainfall intensity (5 to 30 minute interval data from Forsyth 

weather station), (3) daily rainfall, and (4) previous 30 day total rainfall—peak rainfall 

intensity had the highest correlation coefficient for BCH (r = 0.742) and TCC (r = 0.710).  

Rainfall intensity is expected to give the best estimates of discharge because peak flows 

are generated by periods of high rainfall intensity (with some lag time between peaks) 

and because rainfall intensity data have a much finer temporal resolution than daily 

rainfall totals.  However, frequency analysis of rainfall that utilizes historical rainfall 

records relies on daily observations, so peak rainfall intensity cannot be used for that 

purpose.  When compared against the other three rainfall variables, daily rainfall has a 

correlation coefficient that is second lowest for both BCH discharge (r = 0.599) and TCC 

discharge (r = 0.496), while the correlation for the previous 30 day total rainfall was the 

worst (r = 0.334, and 0.286 for BCH and TCC, respectively).  Total event rainfall showed 

a much better correlation than the previous 30 day total rainfall, and daily rainfall, with r 

= 0.675 for BCH and r = 0.713 for TCC.  All correlation coefficients may be low due to 

the small number of events available for the analysis (13 events from BCH, and 6 from 



 

75 
 

TCC).  The resulting linear least-squares best fit equations using the total event (daily) 

rainfall and peak discharge data are, for BCH 

 

and for TCC 

 

where Rd denotes the total event (daily) rainfall in units of mm observed at the rain gauge 

in the TCC recharge area, and Q is discharge in units of m
3
 s

-1
. 

 

Rainfall/Discharge Frequency Analysis 

A frequency analysis of 81 years (beginning of 1928 through the end of 2008) of 

daily rainfall data from the Lead Hill, AR weather station (U.S. Cooperative Network 

Station 034106; 17.8 km SW of TCC), was performed (Figure 3.12).  The flow frequency 

associated with the observed entrainment of coarse bed material during the  

study occurs with return periods between 2.41 and 3.59 years in BCH and between 2.14 

and 3.10 years in TCC as indicated from the historic record of rainfall and the correlation 

of rainfall with peak discharge.  Bankfull flow events have return periods of 

approximately 10 years in BCH and TCC.  The relationship between rainfall event total 

(summed over consecutive days with rainfall) and discharge is not perfect (r = 0.675 for 

BCH and r = 0.713 for TCC), and much variability exists in the rainfall record, so these 

values are only viewed as first-order approximations.   

Additionally, rainfall during the study period was higher than the mean rainfall 

when rainfall data from the Protem 3.0 NE rain gauge from March 29, 2009 through 

March 29, 2010, was compared with yearly rainfall data from Ozark Beach, MO weather 

station (27.4 km from TCC).  The difference between observed total rainfall for one year 

prior to March 28
th

, 2010 and mean yearly rainfall was about + 243 mm (22% more 

Q = 0.0219Rd – 0.5356 (3.1) 

Q = 0.0172Rd + 0.0876 

 

(3.2) 
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Figure 3.12.   Yearly recurrence intervals for rainfall and peak discharge magnitude 

found using the daily rainfall record at Lead Hill, AR and correlations with total event 

rainfall with peak discharge at BCH and TCC.  Rainfall event frequency (per year) is the 

inverse of the recurrence interval.  Red dots represent rainfall, black dots represent BCH 

discharge, and green dots represent TCC discharge.  Best fit logarithmic equations are 

provided and used in analysis. The r
2
 value applies to all regressions. 

 

rainfall).  Based on these data, it can tentatively be stated that the observed frequency for 

sediment entrainment during this study is not representative of normal conditions, but can 

be expected to be higher.  If we define entrainment frequency as the number of days from 

the initial seeding date at a tracer line until March 29, 2010 (two days after final tracer 

survey) divided by the number of observed competent flow events during that period, 

then sediment entrainment was observed with maximum frequencies between 40 days 

(TCC-7), and 140 days (BCH-3).  These are much more frequent than what is predicted 

by the frequency of entrainment in a normal year from the rainfall/discharge frequency 

analysis, even when the lowest competent flow magnitude is considered (2.41 years in 

BCH, and 2.14 years in TCC).   
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While the frequency of entrainment observed during this study is likely higher than 

what is typical (as indicated by the frequency analysis), it still provides a basis for 

comparisons with other karst stream systems.  A surface stream reach located at the outlet 

of the Devil‘s Icebox fluviokarst system near Columbia, MO has been estimated by 

Dogwiler and Wicks (2004) to transport median size bed material with a frequency of 2.4 

months (approximately 73 days), very similar to the observed frequencies of transport 

using tracers in Tumbling Creek Cave and one of its surface drainages (BCH).  However, 

Dogwiler and Wicks (2004) based their analysis on a shear stress approach employing the 

Shields (1936) equation, and, as the observations made during this study have shown, the 

Shields (1936) equation has the potential to over predict the critical shear stress necessary 

for entrainment.  Therefore, the frequency of entrainment may well actually be higher 

than they predicted.  

 

Bed load Transport Rate 

Analysis of bed load transport rates using equations 1.1 and 1.2 (after Wilcock 

1997a, 1997b) reveal that travel distances of tracers, and transport rates, are variable from 

one reach to the next and from cross-section to cross-section within the same reach, even 

during the same flow events (Table 3.3, Figure 3.13).  Figure 3.13 shows quartile (box) 

plots of the entire observed sample of tracer displacements (including all grain sizes 

transported past the starting line) per event at each tracer line, while Appendix C shows 

the maximum, mean, and minimum number of tracers transported past the starting line in 

each half-phi grain size class per event at each tracer line. 

Transport rates are observed to be low to non-existent most of the time, with 

measureable bed load transport rates (using tracers) occurring only during storm-induced 

flow events.  Transport rates are much larger in BCH than they are in TCC, with the 
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Figure 3.13.   Box plots of tracer displacement distances for tracers (all grain sizes) 

transported past the starting line from each tracer survey (survey date increases to the 

right).  The magnitude of the peak discharge paired with tracer movement is provided at 

the top of the each plot (Cont…).  
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Figure 3.13 (Cont…).    

 



 

80 
 

largest calculated bed load transport rates being 262 g m
-1

 hr
-1

, and 6.3 g m
-1

 hr
-1

, 

respectively (Table 3.3).  Moderate flow events (> 1 m
3
 s

-1
) are required to mobilize large 

fractions (> 20%) of the bed material in BCH, while much larger flow events (on the 

order of 3-5 m
3
 s

-1
) are required to mobilize that amount of material in TCC (the highest 

flow observed in TCC was 2.04 m
3
 s

-1
) coinciding with Yi values of 13.2% at TCC-7 and 

only 5.0% at TCC-10.  The discrepancies in transport rates and the fraction of material 

transported, is likely to do with a stronger bed packing arrangement of grains in TCC.    

The recovery rate for tracers was relatively high compared with other painted 

tracer particle studies (Hassan and Ergenzinger, 2003).  Over the entire study period, 77% 

of grains were recovered at BCH-1 (with six competent flow events), 97% recovery at 

BCH-3 (over one competent flow event), and 100% at TCC-10 (with five competent flow 

events).  The final tracer pebble count was not conducted at TCC-7, although recovery 

rates are thought to be higher than 90% based on photographs.  

Reed et al. (2010), report values of total suspended solids (TSS) flux normalized 

by basin area at several karst springs during storm flow in Kentucky and Tennessee, 

which have similar climate and geology).  The range they report is from 0.000225 to 44.5 

kg ha
-1

 hr
-1

, and they report an average from four basins within the Inner Bluegrass 

Physiographic Province, Kentucky as 0.0460 kg ha
-1

 hr
-1

.  Bed load flux as determined 

from tracers during this study, calculated by normalizing drainage basin area above 

gauging stations and multiplying by the length of the channel, yield minimum values of 

0.00166 kg ha
-1

 hr
-1

 and 0.000000390 in BCH and TCC, respectively, while maximum 

observed values obtained are 4.78 kg ha
-1

 hr
-1

 and 0.00246 kg ha
-1

 hr
-1

.   

From this analysis, the data from this study indicate that bed load flux is an 

important component of the mass being transferred through the karst subsurface.  

Although the rate for bed load and suspended load transport is highly variable, 
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comparisons with other studies show that bed load transport rates may vary from 

negligible to more than one-order of magnitude less than suspended load transport rates.  

Bed load transport rates may very well be an order of magnitude higher during larger 

flow events (e.g., bankfull).       

Table 3.3 also provides the number of tracers entrained, including both the number 

entrained and transported past the starting line and the number of tracers moved at least 

one grain diameter.  Generally, there are more tracers that are entrained and transported a 

short distance than there are transported past the starting line.  These movement are 

considered negligible in the study and tracers that did not move past the starting line were 

not returned to their original positions.  

The underlying physical controls of bed load transport can be ascertained from the 

calculated bed load transport rates and the flow competence relationship, and knowledge 

of the channel and sediment characteristics.  The availability of sediment on the bed that 

can be entrained by the flow is controlled strongly by an armoring layer of coarse-grained 

sediment.  This occurs when the surface grain size distribution is coarse compared to the 

subsurface grain size distribution.  Discrete bedforms such as pebble clusters, and 

imbricated grains were not observed at any high density in the studied channels, 

(probably because clasts were generally not disc-shaped).  However, sheltering (e.g., 

hiding) of the smaller grains by the larger grains was observed and is reflected in many of 

the short displacement distances measured at TCC-7 (Figure 3.13).  As smaller grains 

become mobile and then dropped out of the flow and into the bed framework created by 

the larger grains, transport of the individual grains ceased.  This process is sometimes 

referred to as trapping.  The short observed displacements at TCC-10 (Figure 3.13) might 

be attributed to the effect of sheltering and trapping, but most of the mobilized sediment 

was moving from the bar on the north side of the channel, which is composed mostly of 
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fine material, so this cannot be the case.  In BCH, trapping may have had an influence on 

the deposition of finer-grained material, but its effects were minimized under moderate 

flow conditions as the armor layer began to break up.  The process of breakup of the 

armor layer is referred to as ―phase 2‖ transport by Bathurst (1987b), and coincides with 

increased rates of bed load transport as the finer grained material becomes available to 

the flow.  Under all observed flow conditions, except the largest, the armor layer in BCH 

had a noticeable sheltering effect on transport distances and bed load transport rates. 

Some investigators of sediment transport who utilize tracer particles (e.g., Hassan 

et al., 1992) have argued that transport after an initial seeding does not represent the 

natural movement of the bed sediment.  While this argument has merit, much information 

may still be gained from employing the use of tracers in this fashion.  For this study, the 

two primary tracer lines (BCH-1 and TCC-7) were setup with tracers relatively close 

together, which may have acted to increase the flow required for entrainment because of 

particle-to-particle interaction, and actually may have  acted to replicate the natural 

sediment structure quite well.  This assumption holds best at tracer lines BCH-1 and 

TCC-7 where the width of the tracer lines was more than the width of four tracer particle 

diameters, whereas at BCH-3 and TCC-10 the tracer line width was only the width of one 

particle across most of the tracer line distance.    

TCC sediments are typically covered by a thin coating of a dark black mineral 

(most likely manganese oxide) that may indicate that those sediments are immobile for 

extended periods of time.  The rate of mineral deposition on those grains has become 

something of interest during the course of this study because it could be a useful way to 

discern whether or not cave substrate is being transported or not.  While no conclusive 

evidence was drawn from this study, some observations from repeat trips to TCC provide 
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insight.  There was not any large clasts coated black that were noticeably transported at 

TCC-7 or TCC-10 during the study. 

 

Conclusions 
 

The painted tracer particle experiment during the ~ 10 month study period provide 

evidence that bed load material in the Tumbling Creek Cave fluviokarst watershed is 

mobilized frequently (several times per year).  In humid climates with regular rainfall, 

hydrological and sediment transport fluctuations will occur on a frequent basis 

(Dogwiler, 2002).  Fluviokarst systems in similar climates with similar gradients will 

respond to rainfall events in a similar fashion and on similar time scales.   

The absolute flow competence for Tumbling Creek is higher (on average) than one 

of its surface stream counterparts, Bear Cave Hollow.  This provides evidence against the 

hypothesis that the critical entrainment threshold will be similar for surface (non-karst) 

and subsurface (karst) stream reaches.  This is likely due to a greater hiding and 

protrusion effect (leading to equal mobility of the grains) caused by a strong structural 

bed packing arrangement developed in TCC (especially in riffles).  The short travel 

distances of entrained and transported tracers provides further evidence for structural 

arrangement of the bed material and lends to the interpretation that the transporting 

capacity is not exceeded by the supply of coarse sediments to the studied stream reach in 

TCC (Church, 2002).  This interpretation is consistent with tracer experiments conducted 

by Church and Hassan (1992) and Hassan and Church (1992), who describe the process 

of trapping.  In BCH, the surface material is only slightly larger than the subsurface 

material indicating an armoring layer, but the mean travel distances of tracers is much 

more related to flow magnitude than it is in TCC (which has a surface layer that is much 

larger than the subsurface material).  This would also indicate that the armor layer is not 
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as tightly packed in BCH and perhaps that sediment supply to the channel is greater.  

This is consistent with the observation of a small amount of aggradation and burial of in 

situ tracer particles at BCH-1 by the end of the study.  

Data reveal that the entrainment threshold is particularly well estimated by the 

Bagnold (1980) empirical critical stream power equation, as was observed by Hassan et 

al. (1992).  The frequency of entrainment is grossly under estimated when the Shields 

(1936) equation is used with a θc50 = 0.06, thus supporting the primary hypothesis of this 

study.  All but three of the 20 competent flow events (having at least one tracer entrained 

by the flow) would be estimated to have shear stresses below critical using the simple 

Shields equation.  Thus, studies basing the frequency of bed load entrainment and 

transport on a ‗sediment entrainment potential‘ may want to consider choosing an 

adjusted Shields parameter and perhaps using an equation for the Shields parameter that 

accounts for relative size effects (e.g., the equations of Andrews, 1983 or Komar, 1987), 

as sediment grain size distributions are fairly easy to obtain.  Adjusting the Shields 

equation for relative size effects is more important in streams having high bed slopes and 

packed beds with large grain sizes.  On the other hand, the choice of the hiding factor is 

not easy to predict, as other studies suggest (b values range from 0.65 to 1.0).  The choice 

of b is also related to the grain size distribution and any structural packing arrangement of 

the grains on the bed (e.g., Bathurst 1987a found high b values in a cobble to boulder-

bedded stream).        

The incorporation of an adjustment to the base Shields parameter, using a 

lithology-averaged grain shape factor (i.e., the CSF), has been shown to provide good 

results with data from TCC-7, but does not seem to be beneficial to the approximation of 

the Shields parameter at the other tracer line cross-sections.  This is likely an aspect of 

the degree of structural packing, or armoring of the bed, and the overall range in grain 



 

85 
 

sizes (similar to the interpretation of the resulting short travel distances).  Samples of the 

surface and subsurface grain sizes and relatively simple characterization of the bed 

structure (perhaps just a visual estimation of density of structure elements) may provide 

better estimates for entrainment in karst streams than the use of the CSF adjusted Shields 

parameter. 

While the frequency of transported bed load sediments in the studied fluviokarst 

system is relatively high, the bed load transport rates remains small, especially in the 

studied cave reach (TCC).  However, only low to moderate flows were observed, whereas 

during high bankfull flows (recurring roughly every 10 years) should be capable of 

causing the breakup of the armor layer and the occurrence of ―phase 2‖ transport, even in 

TCC.  This phase of transport was thought to have been occurring during the largest 

observed event (2.53 m
3
 s

-1
) in BCH because of nearly complete mobilization of grains in 

a single half-phi size class (i.e., Yi ≈ 1).  High sediment transport rates during bankfull 

flows may be sufficient to physically weather exposed bedrock through abrasion within 

discrete segments along the cave stream channel.  Future studies in karst streams could 

expand the time period of sediment tracing in order to capture the effects of high flow 

events on the transport rates of coarse sediments, and to gain more insight into the 

possibility that mechanical abrasion plays a role in the development of karst landscapes.   

The observed high frequency of transport has implications for physical aquatic 

habitat stability, and the likelihood of channel bed reconfiguration.  While the habitat 

created by the presence of coarse stream bed material in TCC has been undermined by 

the deposition of fine sediment into the interstices of the substrate, the high frequencies 

of bed load transport has the potential to increase the population of the endangered cave 

snail (Antrobia culveri) through the reestablishment of its physical habitat.  Frequent 

flows which are competent to transport large grain sizes may soon dispel those fine 
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sediments in a few short years to decades as long as riparian forest cover is maintained 

around surface drainage channels, such as Bear Cave Hollow, and methods of 

conservation land use are practiced.  On the other hand, since bankfull flows may be 

required to completely breakup the armor layer, fine material may require extreme floods 

and several decades to dispel fines.     
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APPENDIX A 

 

Each of the surveyed cross-sections in Bear Cave Hollow and Tumbling Creek 

Cave has been plotted in this section.  Bankfull stage is marked with a dashed line.  

Cross-sections used in analysis are marked with a star when consecutive cross-sections 

are shown at a single station.  Cross-sections are presented in upstream to downstream 

order in each of their respective streams, and by date when consecutive cross-sections 

were made.  The date of survey is also listed for each cross-section.  All cross-sections 

have been plotted with a vertical exaggeration of 5 times. 
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Tumbling Creek Cave 
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APPENDIX B 

 

Symbols for variables used throughout the paper, including dimensions are 

presented in this section, with a short description of their meaning or definition. 

 

Notation 

Symbol  Dimensions    Description 

a1 - y-intercept of log-log regression line (τci as a function of Di) 

a2 - numerical coefficient 

α1 - numerical coefficient 

α2 - numerical coefficient 

A L
2
 cross-sectional area 

b - slope of log-log regression line (θci as a function of θc50 and Di/D50)  

c - slope of log-log regression line ((1/f )
0.5

 as a function of d/D) 

d L mean water depth 

dbf L bankfull mean water depth 

dt L water depth in the thalweg 

D16 L 16
th
 percentile grain size (sediment b-axis diameter) 

D16s L 16
th
 percentile grain size (sediment b-axis diameter) of the surface 

layer 

D16ss L 16
th
 percentile grain size (sediment b-axis diameter) of the 

subsurface layer 

D50 L median grain size (sediment b-axis diameter) 

D50s L median grain size (sediment b-axis diameter) of the surface layer 

D50ss L median grain size (sediment b-axis diameter) of the subsurface 

layer 

D84 L 84
th
 percentile grain size (sediment b-axis diameter) 

D84s L 84
th
 percentile grain size (sediment b-axis diameter) of the surface 

layer 

D84ss L 84
th
 percentile grain size (sediment b-axis diameter) of the 

subsurface layer 

D85 L 85
th
 percentile grain size (sediment b-axis diameter) 

Di L grain size of interest 

Dr L reference grain size diameter (unaffected by relative size effects) 

f - Darcy-Weisbach friction factor 

Fi - proportion of surface grains of Di grain size on the bed before 

entrainment 

g LT
-2 

gravitational acceleration 

θc50 - critical dimensionless shear stress (Shields parameter) for D50 grain 

size 

θc50b - base critical dimensionless shear stress for D50 grain size 

θci - critical dimensionless shear stress for Di grain size 

θcr - critical dimensionless shear stress for Dr grain size 
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κ - von Karman constant 

ks L roughness height (for Prandtl-von Karman logarithmic flow 

resistance law) 

Li L mean displacement length for Di grain size 

m1 - y-intercept of log-log regression line ((1/f )
0.5

 as a function of d/D) 

m2 - numerical coefficient (for roughness height multiplied by  

Mi M mass entrained per unit bed area for Di grain size 

mi M mass of sediment (fraction represented by Di grain size) 

Ni - number of times Di grain size is entrained 

ρ ML
-3 

water density 

ρs ML
-3 

sediment density 

q L
2
T

-1 
discharge per unit flow width (of water) 

qaw L
2
T

-1 
discharge per unit active width (of water) 

qbf L
2
T

-1 
bankfull discharge per unit flow width (of water) 

qc L
2
T

-1 
critical discharge per unit width (of water) 

qci L
2
T

-1 
critical unit discharge (of water) for a grain size of interest Di 

qc16 L
2
T

-1 
critical unit discharge (of water) for D16 grain size 

qc50 L
2
T

-1 
critical unit discharge (of water) for D50 grain size 

qc84 L
2
T

-1 
critical unit discharge (of water) for D84 grain size 

qc* L
2
T

-1 
critical dimensionless discharge per unit width (of water) 

qi ML
-1

T
-1 

transport rate for Di grain size 

Q L
3
T

-1 
mean cross-sectional discharge (of water) 

R L hydraulic radius (cross-sectional area divided by wetted perimeter) 

Rd L daily rainfall 

Re* - grain Reynolds number = (τ/ ρ)
0.5

D50/ν 

Rs - submerged specific gravity for sediment = (ρs- ρ)/ρ 

S - friction (energy) slope (approximated as channel bed or water 

surface slope) 

Sb - bed slope 

Sw - water slope 

T T time duration of competent flow event 

τ0 ML
-1

T
-2 

bed shear stress (tractive force) 

τ0,bf ML
-1

T
-2 

bankfull bed shear stress 

τci ML
-1

T
-2 

critical shear stress (tractive force) for a grain size of interest Di 

τc16 ML
-1

T
-2 

critical shear stress (tractive force) for D16 grain size 

τc50 ML
-1

T
-2 

critical shear stress (tractive force) for D50 grain size 

τc84 ML
-1

T
-2 

critical shear stress (tractive force) for D84 grain size 

V LT
-1 

mean cross-sectional velocity 

ν L
2
T

-1 
kinematic viscosity of water 

w L water (flow) top width 

wbf L bankfull water (flow) top width 

x - slope of log-log regression line (τci as a function of Di)   

Yi - proportion of surface grains of Di grain size entrained over time T 

ω MT
-3 

stream power per unit area 

ωbf MT
-3 

bankfull stream power per unit area 

ωci MT
-3 

critical stream power per unit bed area for a grain size of interest Di 

ωc16 MT
-3 

critical stream power per unit bed area for D16 grain size 

ωc50 MT
-3 

critical stream power per unit bed area for D50 grain size 

ωc84 MT
-3 

critical stream power per unit bed area for D84 grain size 
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APPENDIX C 

 

Measurements of tracer particle displacements lengths, carried out by the methods 

described in Chapter 3, made in Bear Cave Hollow and Tumbling Creek Cave are plotted 

in this section.  Maximum, mean, and minimum displacements of tracers having been 

transported past the starting line are plotted by their half-phi grain size class.  Plots are 

presented in chronological order by the dates of survey for each of the four tracer line 

cross-sections.  The number of tracers measured (n) is provided on each plot.  Note that 

the vertical and horizontal scales vary from plot to plot   

 

Bear Cave Hollow 
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Tumbling Creek Cave 
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