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ABSTRACT 

 
 This dissertation reports the results of a field based study examining sediment 

transport and bed mobility in a low-ordered, ephemeral watershed. Runoff and sediment 

transport concentrations were sampled at the watershed outlet to determine flow 

discharge and sediment flux during approximately 21 flow events, from 1998 – 2007. 

Sediment collected in flow was measured for grain-size distribution to determine if 

specific grain-size fractions behave differently while in transport. The coarse sediment 

yield was measured for mass and grain-size distribution at the watershed outlet for two 

years, 2005 – 2006. Further, the arrangement and composition of the channel bed 

material was comprehensively mapped using terrestrial-based photogrammetry for the 

years, 2005 – 2006.  

 

 Results show that patterns of sediment transport are complex, controlled in part 

by flow hydraulics but also by other phenomena. Some of the variation in sediment 

transport is determined by grain-size. Grain-sizes with different sources within the 

watershed and that transported by different transport modes were observed to follow 

different patterns of transport. Also, the channel bed, which serves as the source for the 

coarse fraction of the sediment transport, was observed to change in grain composition 

during periods of flow. This tendency for the bed material to evolve in time likely 

affected the amount and composition of the sediment grains that were entrained from it.  
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 An additional objective of this dissertation was to determine how unique the 

observed patterns of sediment transport were to low-order ephemeral channels. Sediment 

transport and yield were modeled using bed load transport formulae designed to capture 

the physical mechanics of transport as observed in perennial streams. Results show that 

contemporary transport models predict transport within the field site with similar 

accuracy as that in many perennial systems but not well enough to rely on their 

predictions for many engineering applications.  
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1. INTRODUCTION 

 

1.1 Why study sediment transport in a low-ordered ephemeral watershed? 

 
 Sediment transport refers to the process in which sediment grains or aggregates 

are moved by water, wind, ice, or gravity along Earth’s surface. Sediment transport 

pathways control landscape lowering in eroding areas and also land building in 

depositional zones (Leopold and Langbein, 1962; Schumm, 1977). It is the principle 

erosive process deforming our landscape. Fluvial sediment transport is the most effective 

terrestrial sediment transport process (Playfair, 1802; Leopold et al., 1964). It is 

predominately responsible for the arrangement of our current landscape, controlling 

mountain grades and hillslope angles, the spacing of valleys, and the geometry of 

drainage networks (Leopold et al., 1964; Willgoose et al., 1991; Howard et al., 1994). It 

also impacts the way we interact with our landscape, influencing how we manage rivers 

and reservoirs (Powell et al., 1996; Morris et al., 2007), practice agriculture (Govers et 

al., 1996; Hooke, 2000; Walling et al., 2002), and manage aquatic and riparian resources 

(FISRWG, 1998). However, the fundamental mechanics of fluvial sediment transport are 

not well understood. While this is mainly because of its physical complexity (Strahler 

1952; Leopold and Langbein, 1962; Gomez, 1991) and the difficulty in measuring a 

dynamic process controlled by the movement of water (Reid et al., 1994), it is also 

because the process changes depending on its environment (Langbein and Schumm, 

1958; Birot, 1968; Dunne, 1979; Graf, 1988; Pitlick, 1994; Habersack and Laronne, 

2001; Montgomery, 2002). The way in which water moves sediment will be different for 
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different discharges, flow regimes, and flow hydraulics. It will also be different as the 

nature of sediment changes; including changes in sources, supple rates, and grain-sizes. 

In this way, the advancement of our understanding of fluvial sediment transport 

necessitates regional study. This dissertation examines fluvial sediment transport in a 

low-ordered, ephemeral watershed. Both low-ordered channels and ephemeral flow have 

notable impact on sediment transport and together produce relatively large sediment 

transport rates (Reid and Laronne, 1995; Alexandrov, 2003). Despite these facts, these 

types of watersheds are not as commonly studied as larger perennial watersheds and 

consequently less is known about how sediment is transported within them (Powell et al., 

1996). 

 

 Low-ordered watersheds represent the headward extension of the fluvial network. 

They include the drainage area and the channels at the periphery of the network. Low-

ordered channels typically have the smallest dimensions and steepest slopes (Leopold and 

Maddock, 1953; Knighton, 1975). Most stream reaches within a watershed are considered 

low-ordered and play a defining role in the channel network structure (Leopold and 

Miller, 1956).  They have particular importance to sediment transport, because they 

supply the majority of sediment to the channel system from the steepened hillslopes of 

the drainage divide and through the extension and incision of the channel network 

(Dietrich and Dunne, 1993). The location of the channel heads within the low-ordered 

watersheds are controlled by the precipitation regime and the drainage area that sets the 

magnitude of the runoff, the watershed slope that accelerates the runoff downslope, and 
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the erodibility of the surface sediment which is set by local lithology and vegetation 

(Horton, 1945; Dietrich and Dunne, 1993).  

 

 Ephemeral flow is commonly observed to produce higher sediment transport rates 

than perennial or seasonal flow (Graf, 1988; Reid and Laronne, 1995) (Figure 1). This is 

true for both suspended sediment and bedload (Reid and Laronne, 1995; Alexandrov et 

al., 2003). These high rates of sediment transport produce relatively large sediment yields 

per flood event (Langbein and Schumm, 1958). The high rates have been attributed to the 

fact ephemeral watersheds tend to be transport limited, where the sediment supply 

exceeds the flow’s capacity to consistently transport it out of the watershed (Graf, 1988).  

 
Figure 1. Peak sediment transport rates in relation to the peak flow strength (in terms of 
shear stress) that is responsible for the transport measured in both perennial and 
ephemeral fluvial systems. Values have been non-dimensionalized (i.e. standardized) by 
the median grain-size of the transported material in each fluvial system (see Appendix 3, 
Figure 11 for further explanation). 
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This condition leaves lower hillslopes and the channel banks and bed with large amounts 

of entainable sediment so that when flows occur, they are usually transporting as much 

sediment as the flowing water physically has the power to move. The flashy flow regime 

also prevents ephemeral channels from sorting their bed sediment, leaving poorly sorted 

and unarmored beds (Laronne et al., 1994). Armored beds occur in perennial coarse-grain 

bedded (e.g. gravel, cobble bed) channels with more sediment-limited conditions (Parker 

and Sutherland, 1990). Bed armoring results in the enhanced presence of the coarsest 

grain-sizes of the bed material within the top-most sediment layer along the channel and 

may severely retard sediment transport rates (Bathurst, 2007). 

 

1.2 About the Field Site.  

 
 This document reports research using data collected from the Lucky Hills 104 

watershed. Different facets are described in the accompanying appendices which, when 

summed, produce a complete description. However, a more comprehensive description in 

one location of this manuscript may create a clearer understanding the physiography of 

this important location and so it is included below.  

 

Since 1951, the 150 km2 Walnut Gulch Experimental Watershed (WGEW) 

(Renard et al. 1993; http://tucson.ars.ag.gov) has been managed by the USDA-ARS to 

serve as a specialized research site for environmental study on rangelands and rangeland 

agriculture, specifically looking at hydrological, geologic, and ecologic processes. It is 

located in southeastern Arizona and is an ephemeral tributary to the San Pedro River. The 
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watershed is defined by basin and range physiography, with elevations ranging from 

1800 m at its head waters in the Dragoon Mountains to 1200 m at its outlet. The average 

temperate gradient ranges from 22 ˚C in January to 33 ˚C in July. Mean annual 

precipitation is approximately 350 mm, with the majority occurring during the summer 

monsoon season (July-September) (Osborn, 1983; Nichols et al. 2002). Almost all runoff 

is generated during the summer monsoon season. The western two thirds of the watershed 

are generally shrubland and the eastern third is generally grass covered. Local vegetation 

consists primary of drought resistant shrubs, including creosote bush (Larrea tridentata 

[DC.] Cov.), acacia (Acacia constricta Benth.), and tarbush (Flourensia cernua DC.). The 

main Walnut Gulch channel is an incised alluvial channel locally controlled by inactive 

faults and rock outcrops resulting in heterogeneity in cross section along its length, 

although the slope is nearly constant at 1.0 % through the lower 10 km downstream. The 

watershed contains the town of Tombstone, AZ which is slowly expanding and 

increasingly disrupting the natural drainage patterns in the western half of the watershed.  

 

Within the WGEW, several nested sub-watersheds are instrumented to measure 

rainfall, runoff, and sediment transport. Of paramount importance to this study, the 4.53 

ha Lucky Hills 104 watershed (Figure 2) is located north central within the Walnut Gulch 

watershed. Runoff and sediment are measured at the watershed outlet.  Two interior sub-

watersheds (located within Lucky Hills 104), Lucky Hills 102 (1.46 ha) and Lucky Hills 

106 (0.35 ha) are also instrumented for flow and sediment measurement at their outlets. 

Analysis of the rainfall data collected at a location in the upland area of Lucky Hills 104 
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defines a mean annual rainfall value of 294 mm. The precipitation arrives in an average 

of 48 wet days annually. The mean timing for the first and last annual flow is June 25th 

and September 27th, respectively.   

 

 
Figure 2. Maps of the Lucky Hills 104 field site. [A] Hillshade map created from a 1 
m resolution LiDAR digital elevation model (DEM) showing the approximate 
location of the monitoring instrumentation and the watershed boundary. [B] 2005 
Orthophoto of the channel network.  

 

The Lucky Hills 104 watershed exhibits an ephemeral flow regime with discharge 

events typified as flash floods. Flow hydrographs have steep rising limbs, generally 

peaking during the first third of the event’s duration. The receding limbs are more 

gradual than the rising limbs but are still steeper than those of floods in more humid 

regions. Hydrographs are commonly single peaked though flows of longer duration may 

display multiple peaks. The majority of flow events last less than one hour though flows 

lasting over six hours have been recorded.  
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Upland hillslopes and the channel bed and banks contribute sediment supply for 

flow events. The Lucky Hills hillslopes are covered in a well-developed erosional 

pavement of rock fragments that average 16 to 32 mm in diameter, covering a finer 

substrate with a mean diameter of approximately 3 mm. The mean size of the surface 

rock fragments increases with increasing hillslope angle, which vary from near horizontal 

at the ridgeline to > 0.3 m m-1 near the channel banks (Canfield, 1998). The pavement 

restricts runoff velocity down slope and protects the underlying substrate from rainsplash 

(Abrahams and Parsons, 1994; Nearing et al., 1999). 

 

The Lucky Hills 104 channel slopes average 0.027 m m-1 for the reaches between 

the flumes, which may be locally controlled by large, immobile boulders and vegetation. 

The channel bed is composed primarily of alluvial sands and gravels (Figure 3). Within 

the channel length of this study, grain size distributions vary both spatially and 

temporally in response to geomorphic processes. Bed material is arranged in patches of 

relatively homogenous grain size distributions. Patch boundaries commonly have visually 

discernable, discrete edges although those comprised of finer sediments may display 

gradually blended edges in the downstream direction.  
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Figure 3. A photograph of a typical channel reach within the Lucky Hills 104 watershed 
(A). The bottom frame (B) displays an annotated version of the photograph. 

 

Runoff measurement was initiated at Lucky Hills 102 and Lucky Hills 104 in 

1963 and at Lucky Hills 106 in 1965. Instrumentation has evolved through time, and 
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currently runoff is measured with pre-calibrated, Santa-Rita type supercritical flumes 

(Figure 4) at the outlets of Lucky Hills 102 (installed 1998) and Lucky Hills 104  

(installed 1978) (Smith et al. 1981). 

 

Figure 4. Photographic diagram of the Santa Rita-type super critical flume, traversing slot 
sampler, and bed load pit trap located at the outlet of Lucky Hills 104. The top frame (A) 
is a view of the flume from downstream, looking upstream, The bottom frame (B) is a 
view of the traversing arm and sampling intake slot of the traversing slot sampler, 
looking downstream. 

 

Flow depth is measured at each Santa Rita flume within a stilling well that has an 

intake near its longitudinal centerline. Prior to 2000, instantaneous flow stage was 

recorded as a pen trace on a rotating chart driven by a mechanical clock although it is 

currently recorded by an electronic data-logger. Stage data are converted to discharge 
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values using calibrated stage rating curves for each flume.  Each flume is 5.5 m long and 

the stilling well intake is located on the flume, 1.2 m upstream of the flume outlet. The 

upstream 0.6 m of the flume’s length contracts from a maximum width measured at the 

top of flume sidewall of 3.7 m to 3.0 m at a level slope. The final 3.7 m of the flume’s 

length maintains a constant 3.0 m width at a 0.04 m m-1 slope. Flow is accelerated to 

supercritical flow to ensure conveyance of sediment throughout the flume’s length. Flow 

discharge at Lucky Hills 106 is measured by an automated H-flume.  

 

Sediment transport is sampled at the flumes at Lucky Hills 102 and Lucky Hills 

104 by an automatic traversing slot sampler. The traversing slot sampler takes a total 

load, depth integrated sample along the width of the channel at discrete time intervals 

within a flow event (Renard et al., 1986). The slot samplers initially sample at 3 minute 

intervals until 15 minutes had elapsed and then switches to a 5 minute sample interval for 

an addition 15 minutes. If flow continues beyond 30 minutes, the sampler switches to a 

10 minute interval for the duration of the flow. The sampler has the capacity to collect 

approximately 20 sediment samples during each flow event. The sampler inlet is 13 mm 

wide, thus limiting the particle size of reliably sampled sediment to less than 8 mm. 

 

The traversing arm of the sampler rests in an out-of-flow position. At a prescribed 

flow depth threshold the arm becomes activated, sampling at the set intervals until flow 

once again descends below the depth threshold. Once activated, the sampling arm 

traverses the width of the flow at a uniform velocity set to capture a minimum 1-liter 
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volume of flow. If a single traverse is inadequate to capture a 1-liter sample, a weight 

gauge under the sample bottle will trigger an additional traverse. The sampler is gauged 

to only sample the flume width experiencing flow at the time of measurement. Each 

sample is stored in one of eighteen plastic 1-liter bottles placed within a vertically 

oriented, weight driven wheel. The rotating wheel is housed adjacent to the flume, 

excavated into the channel bank in a manner not to affect channel morphology or store 

runoff. After each sampler traverse, the wheel holding the sample bottles rotates to an 

intermediate position with no bottle present in the sampling position to prevent 

contamination. The next empty sample bottle is rotated into the sampling position 

immediately preceding the initiation of a sampling sequence. The sampler is powered by 

a solar generator connected to two 12-Volt DC motors, one attached to the sampling arm 

and the other to the rotating table. Initial calibration tests of the traverse slot sampler 

showed measurements correlated well to depth integrated samples taken with a US D-48 

dip sampler at flows under 0.3 m3 s-1. At larger discharges with high fine material 

concentrations, the slot sampler measured total concentrations 10 % higher than the 

alternate methods (Renard et al., 1986). 

 

Sediment passing through the flume at Lucky Hills 106 is sampled with an 

automatic pump sampler that collects depth-integrated sediment samples.  A perforated 

pump tube is anchored to the center floor of the flume and a float raises the free end of 

the tube in response to flow, thus sampling the full depth of the flow. The size of the 
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sampled sediment is limited by the 6.4 mm diameter perforations. Sampling intervals are 

set similar to the traversing slot samplers. 

 

1.3. Objectives. 

 
 This dissertation reports the results of field based research conducted within the 

Lucky Hills 104 watershed. The overall objective of the research was to better understand 

and quantify the patterns of sediment transport within the channel system of the 

watershed as well as the causal physical processes. Research was guided by the following 

question: “What controls the variation of sediment transport rates in ephemeral flow 

within a low-ordered watershed?” 

 

 Sediment transport rates are often correlated to flow discharge (Leopold et al., 

1964; Alexandrov et al. 2003). The larger the flow discharge the larger the sediment 

transport rate. When this is not true, it is generally believed that the transport rate is 

limited because the rate of supply from the sediment source is below the transport 

capacity of the flow. However, in semiarid ephemeral watersheds there is often an 

abundance of readily entrainable sediment on the hillslopes and within the channel bed so 

any variation between the sediment transport rate and flow discharge must be a result of 

additional phenomena. Whatever these phenomena are, they are not well described by 

contemporary geomorphological theory. Each of the following three papers attempts to 

shed light on what these phenomena may be - in the specific case of Lucky Hills and also 

generally, in low-ordered ephemeral watersheds.  
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 The first paper (Appendix A), Patterns of grain-size dependent transport of 

sediments in low-ordered, ephemeral channels, seeks to define the primary intra-flow 

event patterns of sediment transport measured at the watershed outlet. The influence of 

sediment grain-size, transport mode, and intra-event sediment delivery on the magnitude 

of the instantaneous sediment transport rate are specifically examined. 

 

 The second paper (Appendix B), Coarse bed material patch evolution in low-

order, ephemeral channels, examines how the nature (the amount in the channel bed and 

its grain-size distribution) of coarse bed material within the watershed channel bed 

evolves in time. The channel bed is the primary source of coarse sediment transported in 

the channel network. If the coarse sediment in the channel bed changes in time, the 

source of the coarse sediment transport changes in time which will have direct impact on 

the coarse sediment transport rate. 

 

 The final paper (Appendix C), Prediction of coarse sediment yield in a sand-

gravel, ephemeral watershed, reports the results of a modeling study on coarse sediment 

transport. Sediment transport values predicted by bedload transport formulae are 

compared to observed values. The formulae are designed to replicate the fundamental 

mechanics underlying sediment transport such as the discharge – sediment transport 

relationship. Where the predicted and observed values are similar, the observed transport 

is well described by known mechanics. Where the predicted and observed values depart, 
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the observed sediment transport becomes controlled by influences not accounted for in 

the models. 

 

 1.4 Structure of the Following Chapters. 

 
 The expanse of my dissertation research is reported in three individual research 

papers which appear in their entirety in the appendix of this document. The first paper, 

Patterns of grain-size dependent transport of sediments in low-ordered, ephemeral 

channel has been submitted to the journal, Earth Surface Processes and Landforms for 

publication. The second paper, Coarse Bed Material Patch Evolution in Low-order, 

Ephemeral Channels, has been submitted to the journal, Catena for publication. The last 

paper, Prediction of coarse sediment yield in a sand-gravel, ephemeral watershed, is in 

preparation for submission to the Journal of Arid Environments. Tables and figures 

referenced in each appendix text appear at the end of each appendix section. All of the 

papers have been prepared by the author of this dissertation who is responsible for the 

data analysis and interpretation. Significant outside help was received regarding 

instrumentation, data collection, and miscellaneous field work (please see 

acknowledgements for further details).  

 

 The following chapter entitled, ‘Present Study’, summarizes the primary 

conclusions of my dissertation research.  
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2. PRESENT STUDY 

 

 The methods, results, and conclusions of this study are appended to this 

dissertation. The following is a summary of the most important findings of this 

document.  

 

2.1 Abstract of Appendix A: Patterns of grain-size dependent sediment transport in low-
ordered, ephemeral channels. 

 

 Sediment was sampled during 9 flow seasons at 2 interior points and at the outlet 

of a 4.53 ha sub-watershed within the Walnut Gulch Experimental Watershed in 

southeastern Arizona to characterize transport. Measured concentrations averaged near 

14,000 mg L-1 with maximum values routinely surpassing 30,000 mg L-1 at the watershed 

outlet.  Sediment transported in flow was found to systematically vary by grain-size. Fine 

material concentrations (< 0.25 mm) were found to peak early in each flow event, with 

little relation to seasonality or recovery period, and gradually wane throughout the event 

duration. The concentration of the coarser grain-size fraction (0.25 mm – 8.0 mm) was 

likely entrained from the channel bed and did not vary systematically with discharge. The 

coarse fraction made up an increasing percentage of the total sediment transport at larger 

total sediment concentration values. The different transport patterns of the two grain-size 

fractions are likely promoted by their transport mode. The coarse fraction was estimated 

to travel as suspended sediment or bed load while the finer fraction was estimated to 
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travel as wash load, with little vertical stratification throughout the depth profile of the 

flow column. Study results show that the range of grain-sizes available for transport will 

likely play a large role in the rate and timing of the sediment delivery in flow. The 

observed behavior of the coarse and fine sediment fractions leads to the majority of the 

fine grained sediment yield occurring during the rising limb of the hydrograph while the 

majority of the coarse grained yield occurs during longer, waning limb along with the 

majority of the flow volume. 

 

2.2 Abstract of Appendix B: Coarse bed material patch evolution in low-order, ephemeral 
channels. 

 

 This study examines how coarse bed material patches evolve in response to 

successive ephemeral flows in a small semiarid watershed. Twelve gravel-cobble 

sediment patches distributed throughout the channel network within a 4.53 ha watershed 

in southeastern Arizona were monitored for 2 years. Changes in patch area and grain-size 

were measured and painted patch grains were monitored to confirm that patch grains 

were mobilized during flow. Individual coarse bed material patches exhibited variable 

persistence during flows with return frequencies ranging from approximately 1 year to 

4.6 years. Most coarse patches remained relatively stable in area and grain-size 

distribution despite the mobilization of patch grains because lost grains were sufficiently 

replaced with sediment from upstream. While no patch fully dispersed during the study 

period, two new patches formed. Observations show a weak correlation between the 

relative mobility of patch grains during a flow and metrics of patch change. Study results 
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confirm that coarse particle patches are a relatively persistent feature of the channel bed 

despite grain mobilization. These patches are a primary source of the coarse material 

mobilized during runoff events within the watershed and likely play an influential role in 

determining the load and caliber of the coarse fraction of the sediment yield. 

 

2.3 Abstract of Appendix C: Prediction of coarse sediment transport and yield in sand-
gravel, ephemeral channels using bed load transport formulae. 

 

 Semiarid ephemeral, low-ordered channels produce high rates of bed load 

discharge and large sediment yields per unit drainage area relative to perennial channels 

in more humid regions. These high rates make fluvial sedimentation a more problematic 

management concern in semiarid regions. However, most predictive models of coarse 

sediment transport used in river engineering applications are derived from observations 

of sediment transport in perennial gravel bed streams. Ephemeral, low-ordered channels 

often have flashy flow regimes and poorly sorted, un-armored channel beds that may not 

behave like other systems. This different behavior may make existing models of bed load 

transport inappropriate for engineering applications in semiarid regions. This study 

compares sediment transport values calculated by 5 bed load transport formulae to 

observations of coarse sediment transport in a 4.53 ha ephemeral watershed in southeast 

Arizona. While mean rates of bed load transport are replicated within an order of 

magnitude, the inability of the bed load formulae to accurately model rates through the 

full range of discharges composing the observed hydrographs prevent reliable predictions 

of sediment yields. This study concludes that current bed load formulae may perform 
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adequately for use in some sedimentation management applications but do not well 

capture the sediment dynamics of the field site. The mobility of the poorly sorted, 

unarmored bed is not well understood and is likely an obstacle to better sediment 

transport prediction. 

 

2.4 Summary of the results of this study. 

 

 The broadly defined scope of this study was to examine the causes of the 

observed fluxes in the sediment transport concentrations measured in ephemeral flow. 

While questions will persist regarding this topic for many years to come, observations 

and analysis reported in this study appreciably advance our understanding of sediment 

transport patterns and bed mobility in low-ordered ephemeral channels and should 

likewise enhance our overall scientific knowledge of earth surface processes. Study 

results are summarized below, organized by the appendix section in which they are 

detailed. 

 

 From Appendix A: The observed relationship between flow and sediment 

concentration is a product of two unique patterns resulting from the grain-size selective 

transport of sediment. 

 Discharge and sediment were sampled during multiple flow events (i.e. flash 

floods). Values of sediment transport were computed for the total sediment load 
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(including grain-sizes ranging from < 0.063 to ~ 8.0 mm) as well as for each grain-size 

fraction (binned by phi intervals).  

 

 Observed total load sediment concentrations did not systematically fluctuate with 

discharge. This was likely because the total measured sediment concentration is a 

combination of two grain-size fractions (i.e. the fine fraction [< 0.25 mm] and the coarse 

fraction [> 0.25 mm]) that exhibit separate patterns of transport. Each pattern corresponds 

to a grain-size fraction that travels in a common mode of transport and likely shares a 

common source of supply. 

 

 The finer fraction was estimated to travel non-stratified within the flow column, 

likely at a relatively high velocity, near that of the flow velocity. This may have 

promoted the quick evacuation of the fine sediments available for transport leading to the 

observed decline in its concentration throughout the duration of each flow. Because the 

channel bed was primarily devoid of grain-sizes less than 0.125 mm in diameter, the fine 

grain fraction was likely supplied from hillslope sources.   

 

 The coarser fraction was primarily supplied from the channel bed material. No 

relationship between the concentration of the coarse grain-sizes and flow discharge or 

duration has been established. For the majority of discharge values from which sediment 

transport concentrations were sampled, the threshold, in terms of boundary shear stress, 

for equal mobility was exceeded. Observations indicated that the mean transport rates for 
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each coarse grain-size fraction neared equal mobility at low shear stress values but 

became increasingly different at higher shear stress values. Values of the coarse grain-

size fraction were better correlated to the total sediment concentration than the values of 

the fine grain-size fraction.  

 

 The mean values of the total sampled sediment concentrations were higher before 

the hydrograph peak than after it had passed. This was due to the behavior of the fine 

grain-size fraction rather than the coarser fraction, despite the poor correlation between 

the fine sediment and total sediment concentrations.  

 

 From Appendix B: The bed material patches that serve as the source of coarse 

sediment transported within, and evacuated out of, the watershed are persistent coarse 

bed features but evolve in area and grain-size distribution (GSD).  

 

 The area and GSD of a sample of 12 coarse (gravel-cobble) bed material patches 

were measured after 8 flow events to define how they may change in time. 

 

 The coarse bed material patches are relatively persistent bed features during the 

study period. Their character, in terms of area and grain-size distribution, fluctuated 

during flow but the patches themselves did not disperse. The position of each patch 

within the channel network experienced little longitudinal displacement. 
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 Patch area and GSD (as characterized by D50) often remained stable during flow 

despite grain mobilization. Flow likely mobilized large fractions of the patch grains and 

evacuated them downstream, out of the patch. The lost grains were replaced by new 

grains brought into the patch from upstream sources by flow. This process was confirmed 

by monitoring the persistence of individually painted patch grains in time. 

 

 Changes in patch character displayed a complex relationship with the magnitude 

of grain mobilization. The magnitude of a change in patch area was correlated to grain 

mobility as was the value of the change in patch D50. However, there was no universal 

trend between how a patch changes and grain mobility. The lack of a consistent 

relationship between the monitored patch change and metrics of flow and sediment 

transport is likely due to the fact the grain replacement processes that transports grains 

into a patch are just as important for determining patch character as the processes that 

transport grains out of a patch. This complexity will hinder attempts to predict bed 

material evolution based on flow characteristics without regard to upstream sediment 

supply. 

 

From Appendix C: Coarse sediment transport and sediment yield are not well predicted 

by existing bed load formulae. 

 Five different bed load formulae were employed to model either instantaneous 

coarse sediment ( ≥ 0.5 mm) transport or coarse sediment yield within the Lucky Hills 

104 watershed for comparison against observed values. These formulae include the 
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Wilcock and Crowe (2003) formula; the Powell et al. formula, the Parker (1990) formula, 

the Meyer-Peter and Muller Formula, and the Bagnold (1980) formula. 

 

 The Wilcock and Crowe (2003) bed load formula most accurately predicted 

instantaneous rates of coarse material transport for which sediment transport data are 

available, producing a mean “calculated/ observed” (C/O) value of 2.80 and a coefficient 

of inequality (U) of 0.51. These values lay slightly outside the bounds previous studies 

(e.g. Batalla, 1997; Bravo-Espinosa et al., 2003) have defined as tolerable error. The 

Wilcock and Crowe formula over-predicted fractional transport rates at higher values of 

boundary shear stress. The over prediction tended to increase with decreasing grain-size.  

 

 The Bagnold (1980) bed load formula most accurately predicted the coarse 

fraction of the watershed sediment yield for 7 flow events, producing a mean C/O value 

of 0.5. Despite under-predicting sediment yields for flows less than 125 m3 and over 

predicting yields for those greater, the Bagnold formula produced a 10 year cumulative 

yield value within 3.8 % of that predicted by a power-law model derived from field 

observations. The accuracy was likely due to the fact the Bagnold formula proves most 

accurate for the most frequently occurring range of flow volumes (~ 100 m3). 

 

  No bed load formula consistently predicted accurate sediment yields through the 

array of experienced flow volumes. The exponent in the power-law best describing the 

observed flow volume/sediment yield relationship was nearly half of the value for that 
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produced by bed load formulae. Observed coarse sediment transport increased with flow 

volume at a slower rate than that predicted by the underlying assumptions of the bed load 

formulae. This may have been due to the onset of sediment supply limiting conditions at 

high discharges within the watershed. 

 

 Sedimentation modeling using bed load formulae is often associated with a range 

of error. Much of the error is dependent on the similarity of the site in which the model is 

applied and the fluvial environment in which it was initially derived. Ephemeral channels 

in semiarid regions are quite different than the perennial, gravel bed channels for which 

most formulae are designed to replicate sediment transport. In this study, a few bed load 

formulae predicted transport with accuracy approximate to studies in perennial or humid 

environments (e.g. Gomez and Church, 1989; Batalla, 1997; Duan et al., 2006) in specific 

applications; however, no formula reliably predicted transport for the full range of 

applications examined. Bedload formulae predict transport based on metrics of flow 

strength (i.e. excess shear stress) fined tuned to the physiographic environment from 

which they were derived (i.e., the field, laboratory setting). If the formulae do not capture 

the transport characteristics of a certain fluvial system, likely different physical processes 

influence that fluvial system (or influence that system at different magnitudes) than that 

found in the environment the formulae was derived. 
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1. Introduction 

 

 Ephemeral channels in semiarid regions often contain large volumes of 

entrainable sediment (Lekach and Schick, 1983; Cohen and Laronne, 2005). The 

infrequency of channelized flows limits the transport capacity of the drainage network to 

below the hillslope sediment delivery rate, producing large volumes of sediment stored 

within the channel (Schick, 1974; Baker, 1977). Hillslopes in semiarid regions are an 

abundant source of sediment (Nearing et al., 2005). Soils tend to be organics-poor and 

sandy (Canfield et al., 2001), making the hillslopes highly susceptible to erosion. 

Furthermore, the relative scarcity of protective vegetation in these settings (Langbein and 

Schumm, 1958; Tucker et al., 2006) decreases the slope shear strength and exposes 

surface grains to the erosive effects of rainsplash (Wainwright et al., 1995; Wainwright et 

al., 1999). In many ephemeral channels, the large volumes of sediment storage often 

mean a wide range of sediment grain-sizes are available for entrainment. For example, 

sediment transport measurements in the Virgin River, Utah found that the size of 

mobilized grains may range over three orders of magnitude for a given discharge 

(Andrews, 2000). While perennial flow can sort inputs of sediment mixtures into more 

uniform grain-size distributions along the channel bed, in ephemeral channels, both the 

lack of a steady flow regime and abundant sediment supply, reduce the channel’s ability 

to sort its sediment inputs (Laronne et al., 1994). This increases the tendency for a wide 

range of grain-sizes to lie within in close proximity to each other along the channel bed. 
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 The array of transported grain-sizes in ephemeral flow may confound attempts to 

predict and manage channel sedimentation. Commonly, sediment transport is predicted 

by establishing empirical relationships between sediment transport values and flow 

values. However, transport rates are often grain-size dependent (Parker et al., 1982). The 

rate at which a flow can transport sediment of a given grain size is dependent both on the 

absolute size of the grain, as sediment grain-size scales with its weight, and the grain’s 

relative size within the grain-size distribution (GSD) of bed sediment (Leopold et al., 

1964). Within the channel bed, larger grains often shield smaller grains from high 

velocity zones of flow, reducing the shear stress exerted on the smaller grains (Andrews, 

1983; Wiberg and Smith, 1987; Parker, 1990). Also, larger grains protrude higher into the 

flow profile than smaller grains, exposing larger grains to higher flow velocities and 

increasing the transport rate for the relatively large grains (Parker, 1990). Further, the 

mode in which sediment is transported is dependent on grain-size (Leopold et al., 1964; 

Andrews, 2000). While the largest grain-size fraction moves along the channel bed as bed 

load, finer grains may travel in partial or full suspension either as suspended sediment 

(traveling with stratified concentration values dependent on flow depth) or as wash load 

(traveling with primarily flow depth independent concentration values). Previous studies 

of sediment transport have observed that sediments may behave vastly different 

depending on the transport mode (e.g. Graf, 1988; Powell et al, 1996; Malmon et al., 

2004).  
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 Contemporary models of bed load transport often relate transport rate to values of 

excess boundary shear stress (e.g. Parker, 1990; Wilcock and Crowe, 2003). Suspended 

sediment transport is often related to total flow discharge; however, variations in 

suspended sediment transport have also been attributed to influences external to flow 

hydraulics, such as seasonality, hydrograph shape, and network shape (Reid and Frostick, 

1987; Stone and Walling, 1997; Alexandrov et al., 2006; Mudd, 2006; Malmon et al., 

2007). Sediments traveling as wash load are often assumed to be, or act as if they are, 

supply-limited even in ephemeral watersheds (Dunkerley and Brown, 1999; Malmon et 

al., 2004), likely a result of the relatively high velocity of its transport (near the flow 

velocity) which can quickly flush the sediments through the headwater channel systems 

(Leopold et al., 1964). As different grain-sizes are commonly transported at different 

rates from one another and there are often many different grain-sizes mobilized in 

ephemeral flows, the total sediment flux in ephemeral flows is not likely described by a 

simple relationship. An accurate understanding of total sediment transport would likely 

require a comprehensive analysis of the behavior of each grain-size fraction.  

 

 There have been many field studies on grain-size dependent sediment transport 

(e.g. Walling and Moorehead, 1987; Powell et al., 2001; Malmon et al., 2004). Sediment 

transport studies commonly focus on a single mode of transport. This is because the 

instrumentation used to make field measurements of suspended sediment and bed load is 

usually different and measures different aspects of transport (i.e. sediment concentration 

versus sediment flux). Also, many rivers channels transport the majority of their load by a 
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single mode, making a multi-mode analysis unnecessary. However, because of the wide 

range of grain-sizes mobilized by ephemeral flow (Andrews, 2000; Powell et al., 2001; 

Malmon et al.; 2004), investigations of a single transport mode within such environments 

would only enhance our understanding of a fraction of the total transport taking place 

(Powell et al., 1996).  Therefore, in this study, we focus on all modes of fluvial sediment 

transport. 

 

 The Lucky Hills sub-watershed near Tombstone, Arizona is a low-order, unit-

source watershed with relatively uniform climate, lithology, and vegetation (Nearing et 

al., 2007), homogenizing the possible influences on flow and sediment transport external 

to fluvial processes. The watershed has been closely monitored for numerous geophysical 

values and great care has been made to limit the influence of anthropogenic activity on its 

natural character. Channel flow and sediment transport has been measured at the 

watershed outlet for over three decades. The watershed outlet is instrumented with a 

sediment sampling system that measures depth integrated sediment concentrations for a 

wide range of sediment grains traveling as either bed load, in suspension, or as wash load 

(Smith et al., 1981). These factors combine to make it an ideal location to investigate how 

different grain-sizes are transported in ephemeral flows.  

 

 The objective of this paper is to measure sediment transport within a low-order 

ephemeral watershed to determine if there are grain-size dependent patterns of transport. 

If patterns exist, they are examined to determine their cause and how they may affect 
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total sediment transport rates within the watershed. To achieve these objectives the 

following hypothesis are tested: 

 

1) The concentrations of each sediment grain-size in transport are well correlated with 

one another. 

2) Different patterns of transport, as differentiated by grain-size, are due to a difference in 

transport mode. 

3) Different patterns of transport, as differentiated by grain-size, are due to different 

sources of sediment supply. 

4) Different patterns of sediment transport alter the timing of the sediment delivery out of 

the watershed. 
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2. Methods  

 

2.1 Study Site 

 

2.1.1 Walnut Gulch Experimental Watershed (WGEW) 

 The 150 km2 USDA-ARS WGEW (Renard et al., 1993; Renard et al., 2008 

http://tucson.ars.ag.gov) in southeastern Arizona is an ephemeral tributary to the San 

Pedro River. The watershed is defined by basin and range physiography, with elevations 

ranging from 1800 m at its head waters in the Dragoon Mountains to 1200 m at its outlet. 

The average temperate gradient ranges from 22 ˚C in January to 33 ˚C in July. Mean 

annual precipitation is approximately 350 mm, with the majority occurring during the 

summer monsoon season (July-September) (Osborn, 1983; Nichols et al. 2002). Almost 

all runoff is generated during the summer monsoon season. The western two thirds of the 

watershed are generally shrubland and the eastern third is generally grass covered.  Local 

vegetation consists primarily of drought resistant shrubs, including creosote bush (Larrea 

tridentata [DC.] Cov.), acacia (Acacia constricta Benth.), and tarbush (Flourensia cernua 

DC.)  The main Walnut Gulch channel is an incised alluvial channel locally controlled by 

inactive faults and rock outcrops resulting in cross section heterogeneity along its length, 

although the slope is nearly constant at 0.01  m m-1 through the lower 10 km of its length. 

 

44



2.1.2 Lucky Hills 104 sub-watershed 

 Within the WGEW, several nested sub-watersheds are instrumented to measure 

rainfall, runoff, and sediment transport. The 45,300 m2 Lucky Hills 104 (LH) watershed 

(Figure 1) is located north central within the Walnut Gulch watershed.  Runoff and 

sediment are measured at the watershed outlet. Precipitation is measured at WGEW Gage 

#384 which is located within the uplands of the Lucky Hills 104 watershed. The mean 

annual precipitation measured at Lucky Hills is 294 mm with a standard deviation of 73 

mm. 

 

2.1.3 Sediment source description 

 The Lucky Hills hillslopes are covered in a well-developed erosional pavement 

formed as overland flow strips away the finest grains from the soil surface, leaving a 

layer of less mobile clasts one or two grain diameters deep (Simanton et al., 1994). The 

rock fragments constructing the pavement average 16 to 32 mm in diameter and cover a 

finer substrate with a mean diameter of approximately 3 mm. The mean size of the 

surface rock fragments increases with increasing hillslope angle, which varies from near 

horizontal at the ridgeline to 20 degrees near the channel banks (Canfield, 1998). The 

pavement restricts runoff velocity downslope by increasing roughness and infiltration and 

it protects the underlying substrate from rainsplash, all which decreases the hillslope 

sediment transport rate (Abrahams and Parsons, 1994; Nearing et al., 1999). 
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 The mean channel gradient in Lucky Hills is 0.027 m m-1. The channel width 

ranges from 0.5 to 2.0 m and the bank heights range from a few centimeters with low 

bank slopes to 1.0 m with near vertical, incised banks. The channel bed is composed 

primarily of alluvial sands and gravels. The bed material is arranged in patches of 

relatively homogenous grain-size distributions. Patch boundaries commonly have 

visually discernable, discrete edges although those comprised of finer sediments may 

display gradually blended edges in the downstream direction (Yuill et al., submitted).  

 

2.1.4 Hydrologic regime 

 The Lucky Hills 104 watershed exhibits an ephemeral flow regime. Flow 

hydrographs have steep rising limbs, generally peaking during the first third of the 

event’s duration. The receding limbs are more gradual than the rising limbs but are still 

sharper than those of floods in more humid regions. Hydrographs are commonly single 

peaked though flows of longer duration may display multiple peaks. The majority of flow 

events last less than one hour though flows lasting over six hours have been recorded. 

The small size of the watershed produces a short time of concentration for flow events, 

on the order of tens of minutes. On average five flow events occur annually; however, it 

is not uncommon for a year to pass without any flows. 
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2.2 Runoff and sediment transport measurement 

 Runoff and sediment transport were measured at the outlet of the Lucky Hills 104 

watershed. Channelized runoff was measured using calibrated, Santa-Rita type 

supercritical flume that recorded water level at 15 second intervals (Smith et al., 1981).  

 Sediment transport was sampled within the flume by an automatic traversing slot 

sampler. The traversing slot sampler takes a total load, depth integrated sample along the 

width of the channel at discrete time intervals within a flow event (Renard et al., 1986). 

While the sampler inlet is 13 mm wide, field tests show that the sampler reliably samples 

sediment equal or less than 8.0 mm (grain-sizes are reported in terms of the intermediate 

(b-axis) diameter of the grain unless defined otherwise). This paper references the largest 

sample-able grain-size fraction as 4.0 – 8.0 mm; however, that grain-size fraction may 

contain some grains up to 13 mm in size. A detailed description of the flow and sediment 

sampling instrumentation is available in Nearing et al. (2007). 

 

 Collected sediment transport samples were weighed to determine a wet-weight 

mass and then dried at 97˚C for 24 hours. Dry-weight mass was measured and sediment 

concentrations were computed by dividing the dry-weight by the wet-weight. Dry 

samples were sieved for 5 minutes by a mechanical shaker to determine grain size 

distribution. Grain size distributions (GSDs) are classified using the standard phi 

intervals; > 4 mm (which approximate to 4.0 – 8.0 mm because of the constraints of the 

sampler as mentioned above), 2 - 4 mm, 1 – 2 mm, 0.5 – 1 mm, 0.25 – 0.5 mm, 0.125 – 

47



0.25 mm, 0.063 – 0.125 mm, and < 0.063 mm. Smaller grain-size bins (i.e. half-phi) were 

not practical due to the small mass of some of the sediment samples. 

 

 Sediment concentration values were initially in the units ‘percent mass’ but were 

converted to milligrams per Liter (mg L-1) by multiplying the value by 10,000. Sediment 

flux (kg s-1) was estimated from the concentration values by multiplying the 

concentration by the corresponding discharge (m3 s-1) and the density of water (1000 kg 

m-3). Event sedigraphs were calculated by partitioning a hydrograph into intervals of 

equal length so that each interval contains one representative sediment transport 

measurement. The sediment flux was determined for the discharges occurring in each 

interval. The sediment flux values are summed to compute an interval sediment yield. 

Each interval of the sediment yield is combined with the others to form a total event 

sediment yield. For a description of the procedure and statistical assumptions of 

computing sediment yields in this manner see Nearing et al. (2007). 

 

2.4 Computation of boundary shear stress 

 To relate sediment transport values to the physical force produced by flowing 

water, boundary shear stress (Force per unit area) values were derived from flow 

discharge. Boundary shear stress (τ) was approximated as the product of the density of 

water (ρ) (1000 kg m-3), the constant of gravitational acceleration (9.81 m s-2), mean 

channel slope, and the reach averaged hydraulic radius. The reach averaged hydraulic 

radius was calculated by routing flow discharge through 12 reach cross-sections to 
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calculate a hydraulic radius/discharge relationship at each location. Each individual 

hydraulic radius/discharge relationship was plotted in a single graph and a best-fit 

composite relationship was computed using least-squares regression. It should be noted 

that this derivation of boundary shear stress is used as an estimation of the fluid stress 

borne by the bed grains that promotes transport and while commonly employed in 

geomorphic studies (e.g. Batalla and Martin-Vide, 2001; Habersack and Laronne, 2001; 

Cohen and Laronne, 2006; Tucker et al., 2006; Powell et al., 2007), it uses assumptions 

(steady, uniform flow) that are often violated in natural surface water flow (Batalla and 

Martin-Vide, 2001). The discharge was routed at each cross section to partition flow area 

and velocity using the resistance equation of Hey (1979). This resistance equation was 

selected because the required input parameters of bed texture (D84, i.e. the grain-size in 

which 84 % of the GSD is finer than) and channel geometry are known for this field site 

and because of its applicability to steep, low-order channels.  

 

2.5 Calculations used to estimate transport mode 

 To differentiate the mode of transport that each grain-size was traveling at during 

sampling, a Rouse number was computed. The Rouse number (p) is defined as 

*u
p s




  

where ωs is the settling velocity,  is von Karman’s constant (0.41), and u* is the 

instantaneous shear velocity of the flow. Settling velocity is dependent on grain-size and 

was calculated using the method in Dietrich (1982). Shear velocity was approximated as 
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(τ / ρ)0.5. For Rouse numbers below 0.8, a grain is considered to be traveling as wash 

load, for p values between 0.8 and 2.6 a grain is considered to be traveling as suspended, 

and for p values above 2.6, a grain is considered to be traveling as bed load. These 

threshold values are a synthesis of those commonly reported in literature (e.g. Julien, 

1995; Raudkivi, 1998).   

 

2.6 Bed material sampling 

 The channel bed within LH104 varies from local areas of cobbles to fine sand, 

and exhibits patchiness resulting from hydraulic sorting and spatial differences in 

hillslope sediment delivery. Bulk samples of bed material were collected and sieved to 

determine surface and subsurface GSD at 12 monumented cross sections downstream of 

the two internal flumes, F102 and F106. Bed material bulk samples were sieved for 20 

minutes by a mechanical shaker. Grains larger than 64 mm found in each sampling 

location were measured for intermediate axis diameter in the field and left in their 

approximate initial location. Their length was converted to mass by a simple method 

designed not to over represent coarse particles (Kellerhals and Bray,1971; Bunte and Abt, 

2001). For each measured grain diameter, a corresponding sphere mass was calculated 

using the formula; ρs(4/3)πr3 where ρs is the grain density (2650 kg m-3) and r is the 

sphere radius calculated as one half the measured grain diameter. The grain mass is then 

added to the associated sediment sample GSD within the appropriate grain size bin. This 

procedure produces an approximation of the mass of the largest grain-sizes which will 

decrease in accuracy as the shape of the grain elongates; however, because of a 
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complementary study occurring during the same time period as this study, these grains 

could not be moved from their natural position. The objective of the complementary 

study was to produce high resolution maps of channel bed texture change over time due 

to natural processes. The accuracy of the maps would have been adversely affected if 

large areas of the bed material were disturbed (see Yuill et al, submitted).  Separate 

surface and subsurface samples were taken at each location. Subsurface samples were 

taken below the depth of the largest surface grain diameter present. For subsurface 

samples, the full range of grain-sizes present was collected for laboratory measurement. 

At each sampled location, the bed material collected spanned the channel width. 

Individual samples averaged 1.4 kg. Sample size was limited in an effort to minimally 

disturb the channel bed. The composite bulk sample size was below that recommended 

by Church et al. (1987) to ensure an un-biased estimated GSD value but it was 

approximate to the ‘practical’ sample size recommended by Wentworth (1926). 

 

 To examine the portion of bed material serving as a source for sediment sampled 

by the traversing slot sampler, truncated GSDs were calculated considering only grain-

sizes less than 8.0 mm. 

 

2.7 Statistical methods 

 To empirically verify observed trends within the sediment concentrations 

collected in transport, a simple statistical analysis was performed. A matrix was created 

using sediment transport measurements made at the watershed outlet. The matrix has nine 
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columns representing the sediment concentration for each analyzed grain-size fraction 

and the combined value. The matrix rows represent the sampling intervals (date and 

sample time) for individual sediment samples collected between 1998 and 2007 with the 

traversing sediment sampler. The distribution of values within each column is leptokurtic 

and positively skewed, as commonly observed in environmental data. A statistical 

analysis was performed between each column to test the strength of correlation among 

the fluctuation of values observed in each row by computing a correlation matrix. The 

correlation matrix defines the correlation coefficient for the relationship between each 

column, from +1 to -1. Correlation coefficients above ~0.3 disprove the null hypothesis 

that there is no correlation between the groups at the 99 % significance level, coefficients 

above ~0.2 disprove the null hypothesis there is no correlation between the groups at the 

90 % significance level. Negative correlation coefficients represent the same strength but 

an inverse relationship. 

 

3. Results 

 

3.1 Flow description 

 During the time period 1998 through 2007, 64 runoff events produced flow 

recorded at the watershed outlet of the Lucky Hills 104 watershed. The mean discharge 

volume measured at the watershed outlet was 101.1 m3 and the mean peak discharge was 

0.18 m3 s-1. The maximum recorded peak discharge for the study period was 0.66 m3 s-1 

measured during a flow with a volume of 451.0 m3. The U.S. Department of Agriculture 
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Agricultural Research Service (USDA ARS) maintains a hydrological database 

(http://www.tucson.ars.ag.gov/dap) for Lucky Hills 104 containing flow data back to 

1963. Using the historical flow data to compute flow reoccurrence intervals, the 

calculated peak discharges for the flow events with two, ten, and fifty year reoccurrence 

intervals are 0.35 m3 s-1 ,0.86 m3 s-1 , and  1.27 m3 s-1 , respectively based on a Log-

Pearson Type III distribution (Chow et al., 1988).  

 

3.2 Description of sediment samples and sediment transport 

 During the study period 1998 - 2007, 188 sediment samples were collected during 

37 runoff events at the watershed outlet.  Total sampled sediment concentrations ranged 

from 262 to 90,275 mg L-1. The mean concentration sampled in flow was 13,947 mg L-1 

with a standard deviation of 8,800 mg L-1. Total sediment concentrations were not 

systematically correlated to discharge (Figure 2); however, samples collected before the 

hydrograph peak (Qp) had a higher mean concentration, 16,405 mg L-1, than those 

collected afterwards, 12,166 mg L-1 (Figure 3).  

 

3.3 Analysis of the grain-size distribution for the sediment sampled in transport and the 

channel bed.  

 Ninety five of the 188 sediment samples collected were available for grain-size 

analysis (the other samples had been discarded after mass analysis). Of the 95 samples 

analyzed for GSD, 10 samples were excluded from further grain-size analysis because of 
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likely instrumentation error during sampling. The grain-size distribution of the sampled 

sediment transport in reference to that of the channel bed is shown in Figure 4. Figure 

4.A shows the mean grain-size distribution of the sediment sampled in transport at F104 

and that from the surface and subsurface of the channel bed truncated for the same size 

interval (i.e. grain-sizes larger than that considered sample-able by the slot-sampler were 

disregarded). The GSD computed for the transported sediment was finer than that of the 

channel bed, with each grain-size fraction composing between 9 – 15 % of the GSD. For 

the transported sediment, the grain-size fractions > 4.0 mm and < 0.063 mm made up the 

largest percentage of the GSD and experienced the most deviation in value from sample 

to sample. This may be a residual effect of the fact they may contain grain-sizes beyond 

that of a singular phi-interval.  The GSD for the channel bed sampled at the channel 

surface and within the channel subsurface were similar, with grain-sizes below 0.25 mm 

making up only a very small fraction of their composition. The median grain-size (D50) of 

the sediment sampled in transport GSD was 0.56 mm while the D50 for both the surface 

and sub-surface of the truncated channel bed GSD was 1.14 mm and 1.12 mm, 

respectively. Figure 4.B shows the GSD of the full sampled mass of bed material which 

had a computed D50 of 2.83 mm. The bed material was ‘extremely poorly’ sorted (Folk 

and Ward, 1957), displaying two modes within the 0.5 – 1.0 mm and the 64 – 128 mm 

grain-size fractions.  
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3.4 Analysis of transport by grain-size fraction. 

 Examination of the sediment concentrations sampled within the flow at the 

watershed outlet found tendencies for grain-size specific transport. Figures 5 and 6 

display hydrographs and sediment data for four flow events to illustrate the observed 

transport patterns. Figure 5 shows data for three consecutive flows of moderate volume 

(~ 45 m3). The concentrations of the finer grain-size fractions (which include the < 0.063 

mm, 0.063 – 0.125 mm, and 0.125 – 0.25 mm grain-size fractions) showed a tendency to 

decrease in time during each event with the smallest of these size fractions showing the 

strongest tendency to do so. The coarser grain-size fractions (which include the 0.25 – 0.5 

mm, 0.5 – 1.0 mm, 1.0 – 2.0 mm, 2.0 – 4.0 mm, > 4.0 mm grain-size fractions) showed 

little discernable trend in time or in respect to flow discharge; however, they appeared 

well correlated to each other. Figure 6 displays the same information but for a much 

larger flow (505 m3 flow volume). For this event, neither the fine nor coarse grain-size 

fractions appeared well coupled to flow discharge or duration. These trends are 

statistically quantified in Figure 7. Figure 7 is a correlation matrix, displaying the 

correlation coefficients for the sediment concentration of each grain-size fraction 

computed from the 85 samples examined. The coarse grain-sizes (≥ 0.25 mm) share a 

mean correlation coefficient value of 0.74 with each other, while fine grain-sizes (< 0.25 

mm) share a mean correlation coefficient value of 0.69 with each other. In contrast, the 

coarse grain-size fraction shares a 0.20 correlation coefficient with the finer grain-size 

fractions.  
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 The correlation matrix also displays the correlation coefficient of the sediment 

concentration for each grain-size fraction and the total measured sediment concentration 

(labeled ‘full’). The coarser grain-size factions display greater correlation with the full 

value than the finer grain-sizes. Figure 8 illustrates the relationship of the combined fine 

(< 0.25 mm) and coarse (≥ 0.25 mm) grain-size fractions with the total sediment 

concentration sampled in flow. The coarse grain-size fraction displays a more consistent 

relationship with the total concentration than the fine grain-size fraction, summarized by 

a linear trend line with a slope of 0.90. In contrast, the slope of the trend line between the 

fine grain-size fraction and the total concentration is 0.10. As the total concentration 

increases beyond approximately 20,000 mg L-1, the coarse grain-size fraction dominates 

its composition (composing nearly 75 %) and the increase in fine grain-size fraction 

levels off. The variability in the relationship between the fine grain-size fraction and the 

total concentration appears more pronounced than that involving the coarse grain-size 

fraction with increasing total sediment concentration. The R2 values of the trend lines 

illustrate the high relative variability in the fine concentration values; however, note that 

the trend lines were derived from regression analysis which not a statistically valid means 

of comparison in this case because the total concentration values are dependent on the 

fractional concentration values. The relative grain-size dependent trends displayed in 

Figure 8 are similar to that found by Lekach and Schick (1982), who showed that at 

above a threshold suspended sediment concentration; further increases in total 

concentration are primarily a result of increases in the concentration of the coarser grain-

size fraction. 
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4. Discussion  

 

4.1 Patterns of sediment transport differentiated by transport mode. 

 Results of this study appear very similar to that of a similar study on sediment 

sorting and transport in ephemeral flow by Malmon et al. (2004). In their study within 

upper Los Alamos Canyon, New Mexico, a similarly semiarid (460 mm yr-1 of 

precipitation)  but larger (28 km2) watershed with a finer bed substrate (75 % sand), 

Malmon et al. (2004) examined observations of differential transport by grain-size in the 

context of transport mode and sediment source. They observed a difference in the 

transport patterns for grains larger and smaller than a threshold size of 0.25 mm.  By 

computing the relative concentration of these grain-size fractions within the vertical 

profile of the flow column, they determined that grains below 0.25 mm primarily traveled 

as wash load while larger grains traveled as suspended and bed load. They observed that 

the wash load sediment concentrations were highest at the flood bore and declined 

thereafter while the coarser sediment concentrations were controlled by flow hydraulics. 

This was linked to the location of the sediment source for each fraction, the fine 

sediments originated from the channel banks and floodplain and the coarser sediments 

were supplied from the channel bed material.  

 

 The patterns of sediment transport observed in the Malmon et al. (2004) study are 

very similar to those observed in the Lucky Hills 104 watershed despite notable 
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differences in channel and hillslope substrate, regional, hydrology, and measurement 

instrumentation. Figure 9 shows the estimated mode of transport for 5 grain-sizes through 

the range of expected discharges in Lucky Hills. Transport mode is approximated for 

each grain-size from its Rouse number (p) at each discharge. The labeled thresholds for 

each transport mode are based on common values found in literature but likely vary from 

channel to channel due to site-specific conditions. The calculated mode of transport for 

each grain-size fraction is superimposed on the correlation matrix in Figure 7. as a 

reference. In Figure 9, Grains smaller than 0.25 mm are estimated to travel as wash load 

through the full range of discharges while grain 0.25 – 0.5 mm travel in suspension or 

wash load depending on the value of discharge. The measured sediment concentration 

values of the 0.25 – 0.5 mm grain-size fraction are well correlated to the concentration 

values of all other grain-sizes except the < 0.063 mm grain size fraction, for which it is 

only slightly correlated (correlation coefficient of 0.16).  

 

 The vertical profile of the relative sediment concentration within a flow column is 

modeled in Figure 10 by Rouse number. The profiles are calculated using the Rouse 

equation: 

p
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where Ci is the sediment concentration at depth z, Ca is the reference sediment 

concentration at the boundary with the bed load layer a, and H is the total flow depth 

(McLean, 1992). As labeled in Figure 9, grains with a Rouse number below 2.5 are 
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estimated to travel primarily close to the channel bed. As the Rouse number declines, the 

associated grain-size will become more equitably stratified through the depth profile. 

Grains in transport would travel at a depth-independent, uniform concentration above 

Rouse numbers of 0.25. The threshold value for wash load defined in Figure 9 is slightly 

greater than this value. However, as the threshold values are not uniform for every fluvial 

system, p = 0.25 may accurately reflect the threshold value for Lucky Hills. In Lucky 

Hills, only grains < 0.25 mm likely reach Rouse numbers approximate to 0.25 or less 

which corresponds to the fine grain-size described above.   

 

4.2 Transport patterns of the coarse grain-size fraction. 

 Examination of the coarse grain-size fraction of the sampled sediment 

concentration (≥ 0.25 mm) shows no apparent correlation to flow discharge or duration. 

The mean values of the coarse sediment concentration slightly increased after the 

hydrograph peak (11,752 mg L-1 <  Qp < 12,882 mg L-1). This may be due to a time 

dependent increase in the transport capacity of the flow that compensates for the decline 

in fine sediment transport with event duration (discussed in the next section). The coarse 

sediment flux was well described as a power-law relationship with shear stress (Figure 

11). The exponent of the relationship, 2.37 is larger than those often attributed to the 

power-law relationship between shear stress and bed load flux commonly cited in studies 

of bed load transport in perennial systems ( ~ 1.5). The sediment transport relationship 

described in Figure 11 includes only a fraction of the total bed load (only including grains 

less than 8.0 mm in diameter) as well as a significant proportion of grains likely 
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transported in suspension. The high exponent of the power-law is in line with other 

studies of bed load in ephemeral channels (e.g. Reid and Laronne, 1995; Cohen and 

Laronne, 2006) which report high transport rates and transport efficiencies relative to that 

found in perennial fluvial systems.  

 

 In their bed load study of the Nahal Eshtemoa, an ephemeral gravel bed river, 

Powell et al. (2001) found that each grain-size in transport reached equal mobility at τ/τc 

= 4.5 where τc is the critical shear stress to entrain the bed D50. Because of the 

comparatively fine bed material and steep channel slopes in Lucky Hills, τ/τc values there 

exceed 4.5 at relatively small discharges (~ 0.01 m3 s-1). For the majority of discharges 

from which sediment was sampled in this study, the flow competence was large enough 

to transport coarse grains at distributions approximate to that found in the channel bed 

material (i.e. equal mobility). Figure 12 displays the mean fractional sediment flux for a 

range of coarse grain-sizes within three ranges of τ/τc from which sediment was sampled. 

For the lowest values of τ/τc, the grain-size fractions display relative equal values of 

fractional transport. However, as the τ/τc values increase, fractional transport becomes 

increasingly less uniform. At the higher τ/τc values, the finer grain-size fractions 

displayed in the figure likely become suspended in flow while all of the grain-size 

fractions become more susceptible to possible supply limitations from their source in the 

channel bed. Yuill et al. (submitted) has found the Lucky Hills channel bed is arranged in 

textural patches of variable GSDs that change in size at rates that increase with flow size. 

The sediment patches are the primary source of coarse sediment in transport within the 
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channel network so changes within their GSD will cause changes in the GSD of the 

sediment sampled in transport downstream. Similar conclusions were found in studies by 

Garcia et al. (1999) and Lisle and Hilton (1999) that related sediment transport values to 

the composition of the channel bed upstream. 

 

4.3 Transport patterns of the fine grain-size fraction. 

 Similar to the coarser grain-size fraction, the finer grain-sizes do not appear to be 

dependent on flow discharge. In Figure 13, the concentration of grains less than 0.25 mm 

are shown plotted against discharge. The mean value of each quartile of concentration 

values does not systematically vary with increasing discharge. The deviation of 

concentration values noticeably depreciate at increasing flow discharges. This suggests 

that fine sediment was supplied to the watershed channel system in a consistent but 

limited manner at higher relative discharges. As grains < 0.25 mm only make up a small 

portion of the bed material GSD, it is likely that the fine sediment measured in flow was 

supplied from the hillslopes in rills and overland flow.   

 

 As observed in the individual flow events in Figure 5, the fine sediment 

concentrations appear to decline over time from the start of flow. Figure 14 shows the 

trend in standardized fine sediment concentration in respect to standardized elapsed time. 

The trend line was calculated by linear regression and has a slope of -0.21 and describes 

42 % of the variance in the sediment concentration with respect to time. The waning of 

fine sediment throughout a flow event has been observed in many previous studies of 
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suspended sediment (e.g. Malmon et al. 2007, Dunkerley and Brown, 1999) although its 

specific causes are not well understood. Observations of this phenomenon are commonly 

attributed to a relative time dependent decrease in sediment supply. This relative drop in 

supply has been explained by both a surge of sediment supply during the initial onset of 

flow and by the time dependent waning of hillslope sediment reserves (e.g. Wood, 1977; 

Lekach and Schick, 1982). If the observed decline in sediment concentration during each 

flow event was due to depleting sediment supply, the sediment concentrations during the 

onset of the next flow would likely be dependent on the recovery period (i.e. the period 

without runoff) between flows. Longer recovery periods would provide a longer period of 

time in which hillslope sediment may accumulate through sediment restocking processes 

(e.g. aeolian, bio-turbitation) which would produce higher sediment concentrations 

during the ensuing flow event. If the recovery period was not long enough to replace the 

mass of evacuated sediment occurring during the last flow, the next flow would contain 

lower sediment concentrations than the previous (holding other influencing factors 

constant). Figure 15 displays the fine sediment concentration by the day of the year in 

which it was collected for three consecutive years in which every flow event was 

sampled. The last two years (2006 and 2007) show a trend of decreasing fine sediment 

concentration values throughout the flow season (i.e. the summer monsoon season). The 

first year (2005) would display a similar trend but fine sediment concentrations sampled 

during a flow on September 9th (which was the largest flow of the 3 year period, with a 

flow volume three times that of the 2nd largest flow) show an marked increase from the 

previous flow. These observations illustrate the importance of the no-flow season 
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spanning the winter and spring months as a period in which sediment restocking 

processes occur, consistently producing high fine sediment concentrations within the first 

flow events of each flow season. After the first flow event of the flow season, the 

recovery periods between flow events do not appear long enough, on average, to restock 

the lost sediment stock from the previous event resulting in the downward seasonal trend. 

This trend may be further promoted by the increase in vegetation density that occurs 

along the watershed hillslopes throughout the monsoon season which may act to 

increasingly restrict hillslope sediment delivery to the channel system in overland flow by 

enhancing surficial roughness. While others studies have linked seasonal fluctuations in 

sediment availability and vegetation phenology with sediment yield (e.g. Walling and 

Webb, 1982; Cotton et al., 2006; Lecce et al., 2006), less is known about the relationship 

in ephemeral semiarid watersheds where vegetation and runoff are more infrequent and 

highly variable as compared to watersheds in more humid regions. Figure 16 displays the 

1st sediment concentration collected during each flow event during this 3 year period by 

recovery period. The figure indicates a weak, general trend between sediment 

concentration and recovery period for the data series. While the trend is visually 

discernable, regression analysis finds it not statistically significant at 95 % confidence (p-

value > 0.05). Figures 15 and 16 provide indirect evidence that the time dependent 

decline in fine sediment concentration may be supply-related despite the apparent 

abundant sediment supply observed within the hillslope; however, future research is 

likely required to establish a direct link. 
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 Previous research at Walnut Gulch in sub-watersheds similar to Lucky Hills have 

found that supply-limited transport is plausible at discrete spatial and time scales. 

Research by Nearing et al (2005) using 137C inventories to estimate hillslope erosion 

within a neighboring watershed to Lucky Hills 104 found that ratio of the sediment 

production over watershed sediment yield was likely near one on an annual basis. 

Further, they found that despite the small area of the watershed (3.7 ha), sediment 

storage, in terms of erosion/deposition rates, varied from -8 to +6 t ha-1 yr-1. While overall 

sediment transport and yield was not greatly limited by sediment availability, the spatial 

gradients of sediment storage that included both positive and negative values make it 

likely channel reaches experienced sediment supply limitations at local spatial scales. 

Powell et al. (2007) investigated sediment storage at the individual flow event timescale 

within the higher order watershed containing Lucky Hills 104, Lucky Hills 223 (50 ha). 

They found that sediment storage within the channel system was relatively unchanged for 

the two-year study period despite areas of both considerable scour and fill occurring 

during individual flow events. Regions experiencing large rates of scour and fill represent 

spatial and temporal gradients in sediment storage within the channel bed that would 

affect the local sediment transport rate of grains supplied from the channel bed. The 

orientation of the spatial gradients of scour and fill often changed from flow to flow, 

offsetting previous net changes to channel storage. If Lucky Hills 104 experienced 

similar scour and fill processes locally within its sandy reaches, the grain-size fractions 

supplied from this area of the channel bed would have a drastically smaller sediment 

source following events producing net scour at such locations. 
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 There is some field evidence of changes in channel sediment storage, likely large 

enough to affect downstream sediment transport rates. Figure 17 is a photograph of a 

large patch of sandy material (finer in texture than the majority of channel bed) 

approximately 20 m upstream of the watershed outlet within the western channel 

(downstream of F106). This patch appeared after a small flow (~ 7 m3 in volume) on 

7/28/2006 and dispersed during the following three flow events occurring on 8/09/2006, 

8/15/2006, and 8/16/06. Large sediment patches like that pictured in Figure 17 deposited 

within the channel bed serve as a supply readily entrainable material, likely increasing 

sediment transport values during the onset of the next flow (the first measured fine 

sediment concentration of the 8/09/06 flow was 8101 mg L-1 as compared to the average 

value of the first sample measured during each flow of 6770 mg L-1). 

 

 Research on flash flood hydraulics has found that the nature of the ephemeral 

hydrograph may cause gradients in the concentrations of transported sediment similar to 

that attributed to supply limitations. Meirovich et al. (1998) suggested that the sharp 

gradient in flow stage at the flood bore creates an enhanced energy slope that produces 

large values of shear stress borne by the bed sediments. This phenomenon is likely 

present during flow at Lucky Hills but it would affect all bed material similarly which 

was not observed in the presented data. Renard and Laursen (1975) found that ephemeral 

flow was quick to accumulate large concentrations of sediment from in-channel stores of 

sediment that were deposited during the waning limb of the previous flow hydrograph. 

The waning limbs of ephemeral hydrographs are steeper than those of floods in humid 

65



fluvial systems due to higher transmission losses and lose transport capacity and 

competence at a greater rate. However, this phenomenon would likely increase the 

sediment supply from the channel bed and sediment transport rate of all of the readily 

mobile sediment grain-sizes within the flood bore which was similarly not observed in 

the presented data. Numerical and scaling experiments with ephemeral systems by Mudd 

(2006) predicted sediment concentrations increased at the flood wave bore during flows 

experiencing high transmission loss. The transmission loss would depreciate the 

downstream velocity of the flood bore relative to the upstream flow causing the flow 

volume and transported sediment load to pile up at the bore. Flow volume would be lost 

in time due to infiltration but its initial sediment load would be retained in the flood bore, 

increasing the net sediment concentration within the bore. The effect of this predicted 

phenomenon fits the observations of sediment transport within Lucky Hills well.  The 

effect would be strongest for wash load sediments traveling near the velocity of flow, as 

they more readily accumulate within the flood bore. Also, the phenomenon predicts 

gradients in sediment concentrations independent of spatial gradients in the amount of 

entrain-able sediment or sediment limited transport.   

 

4.4 Consequences for sediment delivery.  

 The identified patterns found within the behavior of the fine and coarse sediment 

in flow affected the manner in which sediment is evacuated from the watershed during 

flow events. Figure 18 displays the calculated sediment flux and sediment yield during 

the first flow of 2005 (also illustrated in Figure 5). Peak sediment transport rates for the 
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fine grain-size fraction occurred during the rising limb of the flow hydrograph while the 

peak rates for the coarse fraction occur afterwards along with the majority of the flow 

volume. These trends in sediment delivery were found during most flows. Table 1 lists 

the values of flow volume and sediment yield occurring during the rising and waning 

limbs of the hydrograph for flows occurring in 2005, 2006, and 2007. For these flows, 46 

% of the flow volume occurred before the hydrograph, while 56 % of the fine fraction 

and 38 % of the coarse fraction of the sediment yield occurred during this period. The last 

flow of 2005 (9/8/2005) had a much larger flow volume than the other flows during that 

three year period and was multi-peaked. The majority of flow occurred during the rising 

limb(s) of the hydrograph as opposed to the other flows in which the majority of the flow 

volume occurred during the waning limb of the hydrograph.  

 

 Because of the tendency of the fine grain-size fraction to decrease in time, the 

majority of fine grained sediment delivery takes place during the rising limb of the 

hydrograph while the majority of the coarse grains are delivered during the waning half 

along with the majority of the flow volume. Most hydrographs are singled peak, so the 

majority of the fine grain sediment yield occurs during the first half of the flow and the 

majority of the coarse grain sediment yield occurs after the initial hydrograph peak. 

These phenomena underscore the importance of measuring sediment transport throughout 

the duration of an ephemeral flow event. This is of particular importance to sedimentation 

studies that require knowledge of the GSD of the mobile sediment. The results of this 

study show that the GSD and the relative ratio of the fine and coarse grain-size fractions 
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often changes throughout the duration of a flow event. Because of the different transport 

patterns based on grain-size, attempts to link total sediment discharge to a single 

independent variable when a large distribution of grain-sizes are in transport may lead to 

erroneous results.  

 

Conclusions 

 The value of the sediment concentrations sampled in flow was relatively high 

compared to other studies as was the range of grain-sizes sampled in transport. Sediment 

concentrations did not systematically fluctuation with discharge. This was likely because 

the total measured sediment concentration is a combination of two grain-size fractions 

(i.e. the fine fraction and the coarse fraction) that exhibit separate patterns of transport. 

Each pattern corresponds to a grain-size fraction that travels in a common mode of 

transport and likely shares a common source of supply. 

 

 The finer fraction was estimated to travel non-stratified within the flow column 

and at a relatively high velocity, near that of the flow velocity. This may lead to the quick 

evacuation of the available fine sediments leading to the observed decline in its 

concentration throughout the duration of each flow. Because the channel bed was 

primarily devoid of grain-sizes less than 0.125 mm in diameter, the fine grain fraction 

was likely supplied from hillslope sources.   
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 The coarser fraction was primarily supplied from the channel bed material. No 

relationship between the concentration of the coarse grain-sizes and flow discharge or 

duration has been established. For the majority of discharge values from which sediment 

transport concentrations were sampled, the τ/τc threshold for equal mobility was 

exceeded. However, observations indicated that the mean transport rates for each coarse 

grain-size fraction neared equal mobility at low τ/τc values  but became increasingly 

different at higher τ/τc values. Values of the coarse grain-size fraction were better 

correlated to the total sediment concentration than the values of the fine grain-size 

fraction. Grain-sizes < 0.063 mm were a component of the fine grain-size fraction and did 

not display a statistically significant correlation with the total concentration value (at the 

90 % significance level). The mean values of the total sampled sediment concentrations 

were higher before the hydrograph peak than after it had passed. This was due to the 

behavior of the fine grain-size fraction rather than the coarser fraction, despite the poor 

correlation between the fine sediment and total sediment concentrations.  

 

 The initial hypotheses presented in the introduction can now be addressed relative 

to the presented results. Hypothesis 1, the concentration of each sediment grain-size in 

transport are well correlated with one another, is rejected. Each of the 8 individual grain-

size fractions displayed a unique correlation with each other grain-size, ranging from well 

correlated (exceeding correlation at a 99 % significance level) to poorly correlated 

(failing correlation at a 90 % significance level). Two primary grain-size categories were 

apparent, fine (< 0.25 mm) and coarse (≥ 0.25 mm), that were well correlated with the 
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composing grain-size fractions while less correlated with those in the other group. 

Hypothesis 2, different patterns of transport as differentiated by grain-size are due to a 

difference in transport mode, is accepted. Based on calculations of the estimated transport 

modes, the fine grain-size category is predicted to travel as wash load while the coarse 

grain-size category is predicted to travel as suspended load and bed load. Hypothesis 3, 

different patterns of transport as differentiated by grain-size are due to different sources 

of sediment supply, is accepted. While the grains within the fine grain-size category are 

found in at much smaller quantity within the channel bed matrix than the coarser grains 

indicating an alternate source of supply other than the channel bed, the specific alternate 

source was not determined. Wash load is generally assumed to be supplied from the 

watershed hillslopes (Walling and Moorehead, 1987). Because Lucky Hills is a unit-

source watershed, any differential sediment supply and transport is likely a result of 

spatial gradients in slope or micro-topography (Nearing et al., 2005). The source of the 

fine grains produced a supply that peaked at the beginning of each flow event, with some 

dependence on seasonality and recovery period, and declined throughout the flow 

duration. Hypothesis 4, different patterns of sediment transport alter the timing of the 

sediment delivery out of the watershed, is accepted. As the concentration of the fine 

grains declined throughout the flow duration at such a rate, the majority of the fine 

sediment yield occurred before the hydrograph peak during most flows while the majority 

of the coarser sediment yield and flow volume occurred after the hydrograph peak.  
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Figure 2. Total measured sediment concentrations plotted against the instantaneous 
discharge at the sample of sampling for Flumes 102, 104, and 106. The data from F106 is 
noticeable not directly comparable to the other flumes due to a different method of 
instrumentation. 
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Figure 3. Summary statistics for the total measured sediment concentration data (as 
illustrated in Figure 2.) divided by the time interval in which the corresponding 
measurement was taken, either before the hydrograph peak ( < Qp) or afterwards ( > Qp). 
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Figure 4. [A] The mean grain-size distribution (GSD) for the sediment sampled in 
transport at the watershed outlet (F104) as well as that for the surface and sub-surface of 
the bed material truncated at the upper grain-size sample-able by the F104 slot-sampler. 
The error bars estimated for the F104 data represent the standard error of the means. [B] 
The composite GSD calculated from 24 individual bulk samples (surface & subsurface) 
collected from 12 locations within the channel network.  
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Figure 6. Flow and sediment concentration data for the largest flow event in 2005 
measured at the watershed outlet.  
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Figure 8. The measured concentrations for the fine (< 0.063 to < 0.25 mm) and coarse  
( ≥ 0.25 mm ) grain-size fractions plotted against the total concentration of each sediment 
sample collected.  
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Figure 9. The mode of transport for five grain-sizes for a range of discharges estimated 
by Rouse number (p).  
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Figure 10. The computed depth profile of sediment concentration in flow for a range of 
Rouse numbers (p). Flow depth is standardized by depth (vertical distance from the 
channel bed, (z) divided by the total flow depth (H). Sediment concentration is 
standardized by computed concentration at depth z (Ci) divided by vertically average 
concentration (Cmean). Depth a is the theoretical depth of the reference sediment 
concentration. 
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Figure 11. [A] The measured concentration of the coarse grain-size fraction ( ≥ 0.25 mm) 
versus discharge. [B] The calculated coarse material flux of the coarse grain-size fraction 
versus estimated instantaneous boundary shear stress. 
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Figure 12. The mean fractional transport rate of the coarse grain-size fractions for 3 
ranges of τ/τc. The mean fractional transport rate is the average value of the sediment flux  
for each grain-size fraction divided by the fraction of the channel bed GSD composed of 
that grain-size fraction. The error bars are the standard error computed for the distribution 
of values from which each mean was derived. 
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Figure 13. The measured concentration of the fine grain-size fraction ( < 0.25 mm) versus 
discharge. The open boxes represent the mean sediment concentration value for each 
quartile binned by discharge. The error bars represent the standard deviation of values in 
each quartile.  
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Figure 14. Fine sediment concentration ( < 0.25 mm) versus event duration. Sediment 
concentration was standardized between events by dividing each value (Ci) by the 
maximum measured concentration of fine sediment from the event from which it was 
sampled (Cmax). Event duration was standardized by dividing the elapsed time from the 
start of the flow event (Ti) and the time at which the sample was collected by the elapsed 
time from the start of the flow event and the time of the hydrograph peak for the flow 
event it was sampled (Tpeak).  
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Figure 15. Fine sediment concentration ( < 0.25 mm) plotted versus the day of the year in 
which the sample was collected for three years. The maximum, mean, minimum, and 1st 
sample collected values for each flow event are displayed. The trend lines are linear fits 
to the ‘1st sample collected’ values in each plot. 
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Figure 16. Fine sediment concentration ( < 0.25 mm) from the 1st sample collected 
during each flow event (2005 – 2007) versus recovery period. The recovery period is the 
number of consecutive days before a flow event in which no surface runoff was 
measured. The trend line was computed using logarithmic regression.  
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Figure 17. Photograph of a transient sandy bed material patch (1.5 m2 in area within the 
channel bed) taken after a small 8 m3 flow on 7/29/06. The patch was a readily available 
sediment source for fluvial sediment transport until its full dispersion sometime during 
the 8/16/06 flow event. 
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Figure 18. Flow, sediment transport, and sediment yield for the 7/27/05 flow event. The 
dashed black line is the flow hydrograph. 
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1. Introduction  

 

 In semiarid watersheds, characterized by intense yet infrequent and short duration 

flows, the channel bed material is the primary source of the coarse fraction of the 

transported sediment (defined as material larger than sand) for any individual flow event 

(Lisle et al., 1995; Garcia et al., 1999). Because of this, the amount and grain-size 

distribution (GSD) of the bed sediment will have direct influence on the magnitude of the 

watershed’s coarse sediment yield (Lisle and Hilton, 1999; Laronne et al., 2000; 

Habersack and Laronne, 2001; Oldmeadow and Church, 2006). The amount of coarse 

grains, relative to the amount of finer grains, permanently immobile grains (i.e. large 

cobbles, boulders), or exposed bedrock within the channel bed dictates how much coarse 

material is available for entrainment at the individual flow event time scale. The more 

coarse sediment available for entrainment, the more it will contribute to the total 

watershed sediment yield. Further, the GSD of the bed material influences the size of the 

fraction of bed material that is able to be mobilized during any given flow event (Lisle 

and Hilton, 1999; Laronne et al., 2000; Church and Hassan, 2002). When grain-hiding 

effects are negligible, smaller grains are more readily entrained by flow than larger grains 

due to relative differences in weight (Andrews, 1983; Parker and Sutherland, 1990; 

Church and Hassan, 1992). Because of this size-selective transport, channel beds 

composed of smaller grains produce higher transport rates than those composed of 

relatively larger grains on average (Paola and Seal, 1995). Therefore, if either the amount 

or GSD of the bed material lying within the channel bed evolves in time, the amount and 
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GSD of the sediment in transport and the sediment yield will also likely be affected. Any 

attempt to understand and predict the coarse sediment yield at the flow event time scale 

must build upon an understanding of the bed material dynamics upstream within the 

watershed.  

  

 Past studies have found that the amount and grain-size distribution of the bed 

material within a watershed are controlled by many lithologic, tectonic, and climatic 

factors (Benda and Dunne, 1997; Sutherland et al., 2002; Bravo-Espinosa et al., 2003). 

However, in small, low-order watersheds over short time periods, the behavior of the bed 

material may become a simple product of upstream sediment supply and the hydraulic 

ability of the flow regime to entrain, sort, and evacuate the sediment within the channel 

(Kirchner et al., 1990; Dietrich et al., 2005; Hassan et al., 2006). Current understanding 

of the relations among sediment supply, flow hydraulics, and the channel bed has been 

advanced by numerous research studies conducted in both natural channels (e.g. Laronne 

and Carson, 1976; Lisle and Madej, 1992; Buffington and Montgomery, 1999a; Lisle and 

Hilton, 1999; Wilcock and DeTemple, 2005; Clayton and Pitlick, 2007) and in 

laboratories (e.g. Dietrich et al., 1989; Paola et al., 1992; Lisle et al., 1993). However, the 

majority of field-based sediment transport studies that specifically examine the complex 

bed dynamics such as sediment sorting have taken place in perennial gravel bed channels 

where bed material is stable for common, high frequency flow levels (Powell, 1998; 

Parker, 2007). Similarly, laboratory studies of channel bed dynamics predominately use 

steady or uniformly changing sediment feeds of a singular grain-size distribution which 
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reproduces the effect of a stable channel bed up-stream (e.g. Paola et al., 1992; Hassan et 

al., 2006). Less attention has been awarded to low-ordered, ephemeral watersheds in 

which the flow discharge and the channel bed material is highly dynamic in time and 

space leading to a weaker understanding of sediment transport in these settings. 

 

 This paper documents the evolution of the coarse bed material in Lucky Hills, a 

low-ordered, ephemeral watershed in southeast Arizona. The bed material is arranged in 

discrete patches along the channel bed that are differentiated from one another by their 

texture. Past informal observation of the coarse bed material patches shows that they 

appear to change in size, location, and texture through time. Because the coarse textured 

patches are the primary source of coarse material transported during any ensuing flow 

event, it is important to understand how they evolve in the context of the regularly 

occurring flow regime in order to understand coarse material transport (Garcia et al., 

1999; Dietrich et al., 2005). Measurements of patch size (patch surface area) and 

composition (GSD) are recorded for a sample of coarse material patches throughout the 

study period, 2005-2006. The variability of these values through time is used as a gauge 

of patch stability. These measures of patch stability are then related to values of predicted 

grain mobility. Grains that are predicted to become mobilized are susceptible to 

entrainment by the hydraulic forces of flow and are likely to be transported out of the 

patch. If a patch remains stable while a large fraction of its grains are regularly mobilized 

by flow, the stability is caused by a balance between the amount and caliber of the grains 

evacuated out of the patch and that transported into the patch from upstream sediment 
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sources. If patches are unstable while experiencing grain mobilization, they are likely a 

transient bed feature that form in channel reaches during periods of anomalous transport 

competence or sediment supply. 

 

 Knowing the approximate cause of patch instability, if it exists, enhances our 

understanding of the physical processes that control the evolution of the channel bed 

material and therefore the controls on coarse sediment yield. Stable patches serve as a 

consistent source of coarse material that may contribute to future sediment yields 

(Mueller et al., 2008). A pattern of patch instability and evolution indicates a dynamic 

sediment source that will likely produce considerable variations in sediment yield. 

Further, it is important to test the assumption that sources of coarse material within the 

channel bed are predominately stable explicit in many predictive models of coarse 

material transport (Bagnold, 1980; Parker, 1990; Wyzga, 2001; Wilcock and Crowe, 

2003). Violations of this assumption may lead to inaccurate estimations of sedimentation 

and inefficient sediment management. 

 

 

 The objectives of this research are to:  

1) determine if the areas and grain-size distributions of a sample of coarse patches remain 

stable following successive flow events during the study period, and  
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2) to compare metrics of patch stability with values of grain mobility to investigate 

possible interrelationships.  

 

2. Methods  

 

2.1 Field Area 

 The Lucky Hills 104 (LH 104) is a 4.53 ha (45,300 m2) nested, sub-watershed 

within the Walnut Gulch Experimental Watershed (http://tucson.ars.ag.gov; Renard et al., 

2008) located in southeast Arizona. It is situated in the semiarid, basin and range 

province and is characterized as shrubland, consisting primarily of drought resistant 

vegetation, including creosote bush (Larrea tridentata [DC.] Cov.), acacia (Acacia 

constricta Benth.), and tarbush (Flourensia cernua DC.). Hillslopes are covered with an 

erosional pavement of gravel (with a median diameter between 16 and 32 mm) 

overlaying a sand-gravel substrate (with a median diameter near 3 mm) (Canfield et al., 

2001). The average temperate ranges seasonally from 22 ˚C in January to 33 ˚C in July. 

The mean annual precipitation is approximately 294 mm, with the majority occurring 

during the summer monsoon season (July-September) (Goodrich et al., 2008).  

 

 The channel network within LH 104 lies primarily downstream of the two internal 

flumes, Flume 102 (F102) and Flume 106 (F106) and upstream of Flume 104 at the 

watershed outlet (Figure 1). Upstream of Flume 106 and Flume 102, channelized runoff 

occurs in rills with less stable channel dimensions and orientation. The width of the 
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channel bed downstream of the internal flumes ranges from 0.5 to 2.0 m. The slope of the 

channel banks measured normal to the direction of stream flow ranges from 

approximately 0.2 to near vertical for short reaches. The mean longitudinal slope of the 

channel network is 0.027. The bed material is not uniform but arranged in visually-

discernable, textural patches throughout the channel network. The area and grain-size 

distribution of these patches vary considerably. Patch area varies from fractions of a 

square meter to tens of square meters while the median grain sizes ranges from sands to 

coarse gravels. There are no consistent, channel-wide textural differences between the 

surficial bed material and subsurface material because of the lack of armoring processes 

that occur in perennial channels (Yuill et al., submitted.; Laronne, 1994). 

 

 Approximately 5 - 10 % of the total bed area is predominately composed of 

relatively coarse sediments (> 8.0 mm). These coarse material patches contain the 

majority of grains that make up the coarse fraction of the mean channel bed GSD. Figure 

2 illustrates the difference between the mean GSD for the coarse material patches and 

that for the channel as a whole. Despite their large sizes (diameters may exceed 64 mm), 

observations of sediment transport at the watershed outlet indicate most coarse grains are 

susceptible to mobilization during regularly occurring flow events (i.e. 1.3 yr return 

interval flow magnitudes) (Nichols, submitted).  
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2.2 Flow Measurement 

 Channelized runoff was measured at the watershed outlet using a pre-calibrated, 

Santa-Rita type supercritical flume (referred to as Flume 104 or F104) (Renard et al., 

1986; Nichols et al., 2008). The USDA maintains an online database 

(http://www.tucson.ars.ag.gov/dap/) of flow and sediment measurements recorded at 

Flume 104. Over 30 years of data were used to calculate return intervals and flood 

frequency distributions. Local flow discharge was estimated at each patch location by 

scaling the discharge values computed at the watershed outlet flume by the relative 

difference in drainage area. Precise drainage area for each patch location was computed 

using the Spatial Analyst toolkit in ArcGIS (http://www.esri.com) with reference to a 1.0 

m resolution digital elevation model (DEM) of the field site. Hydraulic parameters (mean 

flow velocity, flow depth, wetted width, and boundary shear stress) were calculated using 

the discharge estimated at the flume and the resistance equation of Hey (1979). This 

resistance equation was selected because the required input parameters of bed texture 

(D84, i.e. the grain size for which 84% of the GSD is finer) and channel geometry  are 

known for this field site and because of its applicability to steep, low-order channels. 

  

2.3 Channel & Bed Material Measurement 

Bed texture was measured using a combination of bulk sampling and photo-

sieving methods (described in the next section). A topographic survey of channel 

dimensions was measured with a real time kinetic (RTK) global positioning system 

(GPS) before the first flow season in June 2005.   
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 To calculate a mean channel GSD (as shown in Figure 2), 12 bulk samples were 

taken from the channel bed at monumented cross sections distributed along the channel 

network and were combined to form a single aggregate sample. The size of each 

individual bulk sample was minimized (not to exceed ~4.0 kg) to prevent upsetting the 

natural arrangement of bed material. The bulk sample was sieved and weighted to 

compute a representative GSD. The composite bulk sample size was below that 

recommended by Church et al. (1987) to ensure an un-biased estimated GSD value but it 

was approximate to the ‘practical’ sample size recommended by Wentworth (1926). 

 

The channel bed between F102, F106, and the watershed outlet was measured 

after 8 flow events as well as before the initial flow of 2005 (referred to as ‘Time Zero’) 

using digital photography. A high resolution digital camera was secured to a modified 

survey rod at a fixed height (2.5 m) and aimed directly downward by referencing an 

attached bubble-level. Each photograph has approximately the same spatial scale 

(calibrated to 1 pixel = ~1.0 mm2), with scale distortion increasing around the photograph 

edges and in areas recording sharp gradients in topographic relief. Photographs were 

taken at 1.0 m intervals, proceeding along the longitudinal axis of each channel. The area 

covered in each photograph (2.0 m by 2.5 m) is generally large enough to include the full 

width of the channel plus 0.5 m of bank width on each side as well as 0.4 m of overlap 

with the preceding and succeeding photographs. Analysis of the overlapping area was 

used to detect and quantify edge distortions present in the images. When possible, 
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measurements were taken in the center of a photograph rather than near the edge where 

distortions were greatest. The individual photographs were digitally spliced together to 

create comprehensive bed material maps of the channel system (Figure 3). 

 

2.4 Patch Measurement 

 During the study period, 9 bed material maps were created using photographs 

documenting the arrangement and composition of bed material. Bed material patches 

were visually delineated in each bed material map. Patch boundaries ranged from easily 

discernable, discrete edges to gradual transitions. The coarse material patches of interest 

to this study had visually apparent boundaries and were differentiated using the topology 

defined in Buffington and Montgomery (1999b). Their topology classifies patches by the 

relative ratio of sand, gravel, and cobbles and then further differentiates them by the 

relative texture of the primary component (i.e. predominately sand patches may be further 

differentiated as coarse or very-coarse sand). It should be noted that this patch delineation 

process is subjective. During this study, multiple trials of patch delineation produced 

variations in patch area of up to 10% of the mean.   

 

 Twelve coarse material patches (with a median grain-size in the coarse gravel 

range, 16 - 63 mm) were selected for measurement of area and GSD. The patch locations 

within the watershed are illustrated in Figure 1. Eight of the 12 patches were selected at 

random from the approximately 50 coarse patches identified from the bed material map 

taken at Time Zero. The remaining 4 patches were selected based on their inclusion into a 
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related experiment. Before the first flow of 2006, 4 patches near the watershed outlet 

were painted to measure the influx of new coarse material into each patch during ensuing 

flow events (see section 2.7).   

 

 Patch area and GSD were calculated for each of the 12 patches at Time Zero and 

after each flow event. Patch area was measured using the Matlab Image Processing 

Toolbox (http://www.mathworks.com/) by calculating the area of the approximate 

polygon representing the patch within each bed material map.  

 

Patch GSD was estimated using a “photo-sieving” methodology similar to that 

used in other studies of bed material (e.g. Garcia et al., 1999; Graham et al., 2005; 

Oldmeadow and Church, 2006). Grains were selected for sampling by overlaying a 

virtual grid over the digital image of the patch. Grains located at the intersection of each 

grid line were selected for measurement. The total grid area was scaled to sample at least 

100 patch grains evenly distributed throughout the patch area. It was necessarily to create 

samples of less than 100 grains in the case of very small (< 0.25 m2), coarse patches. The 

exposed intermediate axis of each sampled grain was measured using commercial digital 

image processing software (Adobe Photoshop, http://www.adobe.com/). From these 

measurements, grain size distributions were computed by binning measurements at half-

phi intervals. Measurements of grains less than 2.0 mm (the largest resolvable grain-size 

using this methodology) were truncated into a single bin. Photo-sieving is well 

established in published literature and its primary associated errors are understood. These 
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errors result from the measurement of a three dimensional object in two dimensions 

(Kondolf et al., 2003). The errors associated with the method include 1) the measured 

axis may not be the intermediate axis as intended and 2) the full surface area of the grain 

may not be exposed in the image because the edges of the grain may be buried or hidden 

by other grains (Bunte and Abt, 2001; Kondolf et al., 2003; Graham et al., 2005). These 

errors should occur systematically in each computed GSD as measured values are only 

contrasted against other values calculated using the same method. Photograph areas with 

identified distortions that occur along the photograph edge or randomly due to instrument 

and user error were not used for measurement. Photographs containing non-identified 

distortions may have been used for measurement resulting in local and non-systematic 

inaccurate measurement values. 

 

2.5 Estimation of Patch Material Mobility 

 To estimate the relative mobility of patch grains during each flow event, the ratio 

of Shields stress (τ*) and the non-dimensional critical shear stress (τc*) was calculated for 

the median grain-size of the patch (D50). Shields stress is the ratio of the boundary shear 

stress exerted on the channel bed (τ) over the submerged weight per unit length of the 

grain: 

gDs )(
*
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where ρs is the density of a sediment grain (~2560 kg m-3), ρ is the density of water 

(~1000 kg m-3),  g is gravitational acceleration (~9.81 m s-2), and D is the intermediate 

diameter of the grain. Boundary shear stress is approximated as τ = ρgRS, where R is the 

hydraulic radius and S is the longitudinal slope at each patch location. It should be noted 

that this derivation of boundary shear stress is used as an estimation of the fluid stress 

borne by the bed grains that promote transport and while commonly employed in 

geomorphic study (e.g. Batalla and Martin-Vide, 2001; Habersack and Laronne, 2001; 

Tucker et al., 2006; Powell et al., 2007), it uses assumptions (steady, uniform flow) that 

are often violated it natural surface water flow. For this study, τ is an estimate of the fluid 

stress exerted on the bed sediments, not a physical equivalent. In this study, the non-

dimensional critical shear stress (τc*) for initial motion of the median patch grain-size is 

assumed to be 0.03. This value is on the low end of the range of published values 

(Buffington and Montgomery, 1997) and reflects study results from Lucky Hills that 

show large grain-sizes are often transported at relatively small flow discharges (Nichols, 

submitted).  

 

 The τ*/ τc* value is a non-dimensionalized metric of the transport competence of 

the flow for a specific grain-size class. Using the assumptions of previous bed material 

mobility research (e.g. Wilcock and McArdell, 1997; Lisle et al., 2000), grain-sizes in 

flow with τ*/ τc* values less than 1 are assumed predominately immobile, grain-sizes 

with τ*/ τc* values between 1 and 2 are partially mobile, and grain-sizes with τ*/ τc* 

values greater than 2 are fully mobile. Past studies have found that coarse bed material 
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can resist mobilization beyond τ*/ τc* values exceeding 1 if bed grains evolve into bed 

forms with tightly inter-locked geometric arrangements (i.e. pebble-clusters, stone cells) 

(e.g. Church et al., 1998; Hassan and Reid, 1990; Oldmeadow and Church, 2006). These 

bed forms have only been observed in coarser, gravel channels and further analysis is 

required to determine if they influence bed mobility sand-gravel channels. 

 

 Research on natural gravel-bed rivers (rivers with bed material primarily 

composed of gravel sediment mixtures, similar to the GSD of the coarse material patches) 

has shown that the wide spread initiation of bed material begins at boundary shear 

stresses values near the value that mobilizes the D50 grain-size, despite the fact that larger 

grains within the sediment mixture weigh more than smaller grains (Parker and 

Klingeman, 1982; Parker et al., 1982). Coarser grains gain relative mobility as compared 

to the finer grains because they protrude away from the bed into the swifter moving flow 

while the finer grains lose relative mobility because of the likelihood they may become 

‘hidden’ to flow in the wake of larger grains immediately upstream (Parker and 

Klingeman, 1982; Parker, 2007). These ‘hiding’ effects combine to off-set the increased 

relative mobility of the finer grains due to their low weight, making the critical shear 

stress required for incipit motion more uniform (near that for the median grain-size) for 

each grain-size fraction. The actual extent to which the hiding effects reduce size-

selective transport has been shown to vary by fluvial system (Parker, 2007). This study 

assumes when the τ*/ τc* value is less than 1.0 for the patch D50 grain-size, the majority 

of patch grains are predicted to be immobile and when the τ*/τc* value is greater than 1.0 
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for the patch D50 grain-size, the majority of patch grains are predicted to be mobilized. 

Also, following the bed mobility study of Powell et al. (2001) in an ephemeral gravel bed 

channel, as the τ*/ τc* value for the patch D50 approaches 4.5, the entire patch GSD is 

predicted to be mobilized.  

 

 For the purposes of this text, when a τ*/ τc* value is reported it refers to the peak 

τ*/ τc* value for the median grain-size fraction of a patch GSD (D50) during the flow 

event unless otherwise noted.  

 

2.6 Metrics for evaluating change in patch location 

 The longitudinal position of 5 patches was approximated before and after each 

flow event by comparing the change in longitudinal position of the patch centroid. The 

centroid of a patch was estimated in Matlab using an algorithm that calculates the center 

of mass for the area of each patch as a x,y position on an arbitrary Euclidian grid assigned 

to each bed map with pixel units. In order to compare the longitudinal position of each 

centroid with another, their location required geo-referencing. This was done by 

recording the relative distance of each centroid to not less than four immobile objects that 

are observable in each time series of bed maps (e.g. immobile boulders, embedded rebar). 

The change in longitudinal position of a centroid was estimated by measuring the 

distance between a centroid position before and after a flow using image processing 

software (Adobe Photoshop). The total distance was partitioned into a longitudinal and 

lateral (normal to the longitudinal direction) distance and the longitudinal distance is 
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recorded. Multiple calibration tests of this method (over distances spanning 0.25 to 1.25 

m) produced a mean error of 4 % of the measured value and a maximum error near 8 %. 

 

2.7 Measuring grain replacement in patches 

 To quantify the cumulative fraction of the patch area composed of newly 

deposited coarse material, patch grains were painted for 4 coarse patches located near the 

watershed outlet before the onset of the 2006 flow season. During the patch area 

calculation procedure described in section 2.4, the area of the patch composed of painted 

grains was visually delineated from the bed maps and was measured in the same manner 

as the total patch area. The area of the coarse patch composed of unpainted grains was 

assumed to be material deposited during flows after the date of painting. The patch grains 

were painted in-situ, leaving their unexposed surfaces unpainted. If the painted patch 

grains were rearranged within the patch area during a flow event leaving the painted 

surface obscured to surface observation (i.e. flipped up-side-down or buried), the grains 

would have been susceptible to be erroneously classified as newly deposited material. 

This procedure is based on similar research described in Dietrich et al. (2005). 

 

3. Results 

  

 Lucky Hills experienced 10 flow events during two years (2005 & 2006). Bed 

material was measured after 8 flow events. Two flow events were not recorded because 

there was not enough time to travel to the field site and take measurements between the 
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end of the flow and the start of the following flow. For this study, the hydrologic values 

of the flows for which no bed measurements were taken were summed with the following 

flow’s values (i.e. the volumes and duration of the unmeasured flow and the following 

measured flow were combined into an aggregate value). Table 1 summarizes flow values 

while Table 2 summarizes the geomorphic parameters measured at each patch. The patch 

area, patch D50, and patch qs values appearing in Table 2 are the average of the computed 

values over the study period. 

  

 Figure 4 illustrates the relationship between the mean patch D50 value calculated 

at each of the 12 patches over the study period and three geomorphic properties of the 

local channel: local slope, width to depth ratio (W/D), and the contributing drainage area 

for each patch location. The observed relationships between the parameters are weak 

(only Figure 4[B] is significant at 95 % confidence) but are interesting insofar the trends 

are aligned with common assumptions in geomorphic theory. Higher channel slopes and 

decreased W/D ratios produce higher shear stresses borne by the channel bed for a given 

flow discharge. Previous field research has suggested a theoretical relationship between 

local gradients of bed texture and shear stress but field confirmation has often been 

elusive (e.g. Lisle et al., 2000; Dietrich et al., 2005). The likely effect of drainage area on 

bed texture is more complex. During flows in Lucky Hills 104, larger drainage areas 

produce greater flow discharge which, holding slope and W/D constant, exerts higher 

values of shear stress on the channel bed. However, observations of alluvial channel 

systems note a tendency for a downstream fining of bed material due to grain abrasion 
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and grain-size selective transport (Paola et al., 1992; Parker, 2007). It is unclear how 

either of these phenomena would affect the GSD of coarse material patches which may 

not reflect the mean GSD of the local channel reach.  

 

 Flow volume during the study period varied over two orders of magnitude. The 

largest flow event had a calculated return interval (Trvol) of approximately 4.6 years.  The 

wide range of flow values produced a similarly wide range of bed material responses. All 

of the 12 sampled coarse material patches likely experienced at least partial mobilization 

of the patch D50 during the study period (i.e. they experienced τ*/ τc* values greater than 

1). The sum of the patch area of the 12 patches (total patch area) ranged from 3.2 m2 to 

5.3 m2, equating to a 64 % maximum flux in total patch area during the study period 

(Figure 5). On average, the total patch area changed by 17 % during each measured flow 

event. Figure 6(A) shows that the magnitude (i.e. the absolute value) of the change in the 

total area of the 12 patches generally increased with flow volume during the study period. 

Figure 6(B) displays that the standard deviation of the distribution of values of the change 

in area for each individual patch increased with flow volume. These observations indicate 

that larger flows, in terms of volume, created greater changes in patch area and increased 

variability in the change in area between each of the 12 patches. Trend lines calculated by 

linear regression are displayed in Figure 6 and are significant at 95 % confidence (p-value 

< 0.05). The method of photogrammetry used to calculate the change in patch area does 

not distinguish between change by coarse grain erosion or aggradation within a patch or 
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by coarse grain burial or excavation (un-burial) at the patch margins because the 

processes would appear the same to overhead photographic representation. 

  

 Figure 7(A) displays the change in the individual patch area (Δ Area), expressed 

as % change from the previous value, for each of the 12 coarse patches during the flow 

events occurring within the study period on the y-axis and the corresponding peak τ*/ τc* 

value on the x-axis. Table 3 summarizes the standard deviation of the distribution of Δ 

Area values subdivided into three intervals of increasing grain mobility: (1) τ*/ τc* < 1, 

(2) τ*/ τc* = 1 – 2, and (3) τ*/ τc* > 2. These interval values correspond to (1) low or no 

grain mobility, (2) partial mobility, and (3) full mobility.  The standard deviation of the 

distribution of values in each interval increases as grain mobility increases. The Pearson 

correlation coefficient between the full distribution of τ*/ τc* values and the magnitude 

(i.e. the absolute value) of the Δ Area values is 0.185 which defines a significant 

correlation at 0.90 % (df = 84).  These observations indicate a weak correlation between 

the estimated mobility of patch grains during a flow event and the magnitude of the 

change in patch area during the course of the flow event. 

 

 Figure 7(B) displays the change in patch D50 (Δ D50), expressed as % change from 

the previous value, for each of the coarse patches during the flow events. The magnitude 

of the change in D50 is not correlated to grain mobility. However, within the three 

intervals of grain-mobility as defined above, the mean value of the distribution of ΔD50 

values (considering if the value is positive or negative) decreases from 8.0 % (in interval 

115



1) to -1.6 % (in interval 2) to -5.5 % (in interval 3) with increasing grain mobility. The 

Pearson correlation coefficient between the distribution of τ*/ τc* values and the Δ D50 

values as illustrated in Figure 7(B) is -0.31 which defines a significant negative 

correlation at 0.95 % (df = 84). These observations indicate that at low values of grain 

mobility (τ*/ τc* ~ < 1.5), patches tended to coarsen in texture during flow and at higher 

values of grain mobility (τ*/ τc* ~ > 1.5), patches tended to fine in texture. No patch 

changed from being predominately gravel to being predominately cobble or sand. 

 

 The coarse bed material patches experienced observable change but appeared to 

be relatively persistent bed features over time. Two patches formed during the largest 

observed flow event (9/08/05); but no patch completely dispersed. Also, each patch 

maintained its relative coarseness as compared to the surrounding bed material and the 

mean bed GSD. The location of each individual patch (as determined by the patch 

centroid)  remained relatively stable, never shifting more than 0.5 m either upstream or 

downstream during any one flow event nor shifting beyond 1.0 m total during the study 

period. Figure 8 shows that the location of each patch shifted upstream and downstream 

at least once during the study period.  

 

 Figure 9 illustrates an example of how the sediment transport rate varies by grain-

size for different values of τ*/ τc* within a coarse material patch. The Wilcock and Crowe 

(2003) bed load formula was used to model the sediment transport rate of each grain-size 

fraction (qi / Fi). The Wilcock and Crowe (2003) bed load formula was selected because 
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it is applicable to gravel beds with sand present. The transport rate was predicted using 

the mean coarse patch GSD (i.e. the composite of the patch GSDs displayed in Figure 2). 

Significant sediment transport began for the finest patch grains (< D50) as the τ*/ τc* 

value approached 0.7. The full range of grain-sizes present within the patch did not 

uniformly experience significant transport until the τ*/ τc* value exceeded 2.0. Model 

results confirm that the coarse material patches likely experienced partial mobility 

between τ*/ τc* values of 1.0 and 2.0 and full mobility after τ*/ τc* values exceed 2.0. 

Patch changes occurring at τ*/ τc* values below 2.0 were a result of the dynamics of only 

a fraction of the patch grains. For the purposes of this plot the significant transport rate 

was approximated as 0.001 kg s-1. This value is the minimum transport rate required to 

change the patch area by 10 % (an arbitrary metric of significant patch change equal to 

the recorded maximum measurement error of the patch area measurement methodology 

used in this study) within the mean hydrograph duration (~15 min).  

 

4. Discussion  

 
 The ability for coarse bed material patches to persist despite the mobilization and 

evacuation of patch grains is likely a result of the grain replacement process. Patch area 

and D50 can remain stable in time despite the loss of grains due to mobilization as long as 

a similar amount and caliber of grains are transported into the patch and deposited from 

sources upstream. Figure 10 shows the area of four patches in time. The total areas 

remained approximately stable after multiple flows despite the mobilization and 

evacuation of a large fraction of its original grains (the painted area). This is because an 
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influx of new grains into the patch (the non-painted area) occurred in equal proportion to 

the grains evacuated out of the patch over the period of analysis. 

 

 Because of the grain replacement process, relative values of patch stability are not 

fully dependent on values of grain mobility. Patch stability is also dependent on the 

supply of sediment brought into the patch from the upstream sediment supply by flow. If 

the supply of sediment adequately replaces the sediment evacuated, the area and 

composition of the patch remains unchanged. However, if the amount of sediment 

brought into the patch from upstream is much greater than the amount of sediment 

evacuated out of the patch or if it is of a different GSD, the patch may experience 

significant changes in area and GSD (Dietrich et al. 2005). In this way, the patch may 

experience changes in area or D50 despite little grain mobilization. For example in Figure 

11, Patch 1 experienced a decrease in area and D50 (Figure 11[A] vs. 11[B]) during a 

small flow that likely did not mobilize the patch D50 (Figure 11[C]). As illustrated in 

Figure 9, while the majority of the coarse patch grains were not mobilized, smaller grain-

size fractions, located within the patch and within the proximal bed material upstream of 

the patch, were partially mobilized during the flow and the relating transport was 

adequate to cause the observed patch change. This phenomenon would likely be 

responsible for the patch change values occurring when τ*/ τc* < 1 as observed in Figure 

7. In contrast to Figure 11, Figure 12 shows Patch 1 experiencing little change (Figure 

12[A] vs. 12[B]) during a much larger flow that fully mobilizes the patch D50 (Figure 

12[C]). Despite the mobilization of the majority of grain-size fractions present within the 
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patch, the amount of sediment brought into the patch from upstream must have 

sufficiently replaced the amount of sediment evacuated out of the patch, preventing 

appreciable patch change.  

 

 The weak relationship observed between grain mobility and the change in patch 

area and D50 may be due to the fact this study estimates grain-mobility by using reach 

averaged values of shear stress. Reach averaged values may not accurately represent the 

local hydraulic forces (i.e. local skin friction and near-bed shear velocities) acting on the 

patch grains that represent the physical mechanisms of grain entrainment and transport 

(Parker, 2007). 

 

Conclusions 

 1. The coarse bed material patches are relatively persistent bed features during the 

study period. Their character, in terms of area and grain-size distribution, fluctuated 

during flow but the patches themselves did not disperse. The position of each patch 

within the channel network experienced little longitudinal displacement. 

 

 2. Patch area and GSD (as characterized by D50) often remained stable during 

flow despite grain mobilization. Flow likely mobilized large fractions of the patch grains 

and evacuated them downstream, out of the patch. The lost grains were replaced by new 

grains brought into the patch from upstream sources by flow. This process was confirmed 

by monitoring the persistence of individually painted patch grains in time. 
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 3. Changes in patch character displayed a complex relationship with the 

magnitude of grain mobilization. The magnitude of a change in patch area was correlated 

to grain mobility as was the value of the change in patch D50. However, there was no 

universal trend between how a patch changes and grain mobility. The lack of a consistent 

relationship between the monitored patch change and metrics of flow and sediment 

transport is likely due to the fact the grain replacement processes that transports grains 

into a patch are just as important for determining patch character as the processes that 

transport grains out of a patch. This complexity will hinder attempts to predict bed 

material evolution based on flow characteristics without regard to upstream sediment 

supply. 

 

 4. In order to understand the sediment transport dynamics of watersheds similar to 

Lucky Hills with patchy bed material, it is important not to overlook the effects of the 

coarsest bed material patches. The research that have been conducted on bed material 

patches (e.g. Paola and Seal, 1995; Garcia et al., 1999; Lisle and Hilton, 1999; Vericat et 

al., 2008) suggest that, in many cases, the primary source of sediment transport is the 

finest bed material patches. While this is likely true for Lucky Hills, the results of this 

study show that the material located within the coarsest patches was routinely mobilized 

by flow and would have been an influential component of the coarse sediment evacuated 

from the watershed. In semiarid watersheds, the coarse sediment yield is often a 

significant fraction of the total yield (Powell et al., 1996; Nichols, submitted).  The 
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persistence of the coarse patches through flow events was often due to the grain 

replacement process and not immobility. Further, there have been recent attempts to 

improve the accuracy of bed load formulae by explicitly accounting for the presence of 

bed material patches with the channel bed (e.g. Yager et al., 2007; Mueller et al., 2008). 

Such attempts would only prove beneficial if the bed material patches did not 

significantly change at timescales shorter than the timescale the model is parameterized. 

The results of this study show that values of stability can vary from patch to patch even 

within a small watershed. While some of this change can be correlated to metrics of 

grain-mobility and flow size, the local balance of grain erosion and deposition also plays 

an influential role. 
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Figures  

 
 

 
 
Figure 1. Map of the study area, the Lucky Hills 104 watershed. Shown on the map are 
the locations of the 12 sampled coarse material patches. 
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Figure 2. The mean grain-size distributions (GSD) for the 12 coarse material patches and 
for the full channel bed. The mean GSDs are a composite of the calculated patch GSD 
before and after each flow event within the study period.  
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Figure 3. A sample bed material map containing coarse patches (shown is Patch 8).  
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Figure 4. The mean D50 for at each sampled patch location and its relationship with the 
(A) slope, (B) width/depth ratio, and (C) drainage area of the local channel reach. 
 

134



 
 
Figure 5.  The total patch area of the 12 coarse bed material patches before and after each 
flow within the study period. The total patch area is the sum of the areas of the 12 
individual coarse material patches. 
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Figure 8. The longitudinal displacement in relation to its initial position of five patches 
after each flow event of the during the study period.  
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Figure 9. Plot of the fractional sediment transport rate (qi / Fi) estimated by the Wilcock 
and Crowe (2003) bed load formula for each grain-size fraction represented in the mean 
coarse patch GSD. The qi / Fi values are modeled for 5 different values of grain mobility 
(τ*/ τc*). The dashed line represents the estimated threshold where the transport rate 
likely becomes large enough to sufficiently alter the patch characteristics. 
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Figure 10. The area of painted and unpainted grains within 4 coarse bed material patches 
through the 2006 flow season. The surface of the patch grains were completely painted in 
June 2006, before the flow season. The value above each column represents the estimated 
τ*/ τc* at each patch during the preceding flow event. 
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1. Introduction 

 

 Sediment transport flux and sediment yields are very high in low-order, semiarid 

watersheds relative to similar watersheds in climates more humid or more arid (Laronne 

and Reid, 1993; Leopold, 1956; Reid et al., 1998a). The high rates of sediment transport 

are a product of a combination of physiographic factors relating to climate, vegetation, 

and hydrology (Graf, 1988; Reid and Frostick, 1997; Bull and Kirkby, 2002). 

Precipitation lacks sufficient volume to promote wide spread vegetation growth but it 

produces adequate run-off to entrain and transport large quantities of sediment (Langbein 

and Schumm, 1958). Vegetation increases hillslope shear strength and protects 

underlying soil from the erosive effects of rainsplash (Rogers and Schumm, 1991; 

Wainwright et al., 1995). Low-ordered watersheds in semiarid regions typically store 

little precipitation as surface water, groundwater, or snowpack which makes ephemeral 

flow common in these systems (Leopold and Miller, 1956). Ephemeral flow in semiarid 

regions is often associated with transport-limited sediment transport regimes. This occurs 

as sediment is delivered to the channel floodplain, banks, and bed from upland areas at 

rates exceeding that in which it is evacuated downstream by channel flow creating 

abundant sediment storage within the channel system (Graf, 1988). This overall lack of 

transport capacity is a result of the infrequency of the precipitation events that generate 

channelized runoff (Leopold and Miller, 1956; Langbein and Schumm, 1958). During the 

infrequent periods when channel flow does occur, the event hydrograph is usually 

characterized by very steep rising and falling limbs as compared to that of a flood wave 
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in a perennial system with a similar return interval (Renard and Keppel, 1966; Graf, 

1988). More peaked hydrographs create higher instantaneous values of sediment 

transport capacity. The steep hydrographs combine with the abundant stores of sediment 

within the channel bed and that delivered from the hillslopes to create very high rates of 

transport efficiency and sediment yields per unit drainage area (Gerson, 1977; Reid and 

Laronne, 1993; Reid and Laronne, 1995).  Additionally, ephemeral gravel-bed channels 

do not experience the same bed armoring processes that occurs in perennial systems 

(Laronne et al., 1994). Bed armoring tends to reduce the mobility of channel bed material 

(Laronne et al., 1994; Parker, 1990).  The cumulative effect of these factors make 

sediment transport in semiarid ephemeral watersheds, particularly that entrained from the 

channel bed, considerably different than that observed in perennial systems and more 

humid climates (Reid and Laronne, 1995).  Proper sediment management and 

engineering in semiarid regions, especially for cases where knowledge of the local 

sediment transport rates are necessary, must account for this difference (Reid et al., 

1998b). This is exceptionally true in low-ordered watersheds which are the primary 

source of sediment entering into larger fluvial network (Leopold and Miller, 1956; 

Schumm, 1977; Tucker et al., 2006). 

 

 High rates of overall sedimentation in semiarid regions create a number of 

resource management and water resource engineering problems (Reid et al., 1998b; 

Topping et al., 2000; Rubin et al., 2002). However, because of the smaller contribution to 

the total overall yield (Graf, 1988; Reid et al., 1998b; Cohen and Laronne, 2005), the 
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coarse size fraction of sediment is not often specifically examined (Gomez, 1991; Powell 

et al., 1996). The coarse size fraction is transported as bed load under most flow regimes 

and, unlike that transported in suspension, its’ rate is primarily determined by hydraulic 

shear stress and the amount of coarse material within the channel bed (Leopold et al., 

1964; Middleton and Southard, 1984). Additionally, while finer sediments may be 

supplied by overland flow, coarse sediment is primarily supplied to the channel system 

from erosion of the channel bed and banks and from periodic mass movement along the 

hillslopes (Gomez, 1991; Leopold et al., 1964). The efficient management of sediment 

transport in semiarid regions should consider the effect of the coarse fraction, as it   plays 

a substantial role in reservoir sedimentation and the stability of channel geometry and 

plan-form which has consequence for agricultural canals, bridge integrity, and riparian 

eco-system health (Gomez, 1991; Julien, 1998; Reid et al., 1998; Laronne and Reid, 

1993). Because measurement of sediment transport is labor intensive and often dangerous 

in ephemeral flow regimes (Reid et al. 1994), sedimentation studies often rely on models 

to estimate and predict transport rates. Such models are most useful to the management 

community when they prove accurate in a wide range of fluvial environments with little 

required input information or parameterization (Almedeij and Diplas, 2003). However, 

the diversity in geomorphic character between humid and semiarid fluvial systems may 

prohibit the development of a universally applicable model of sediment transport (Reid et 

al., 1996; Reid and Laronne, 1995; Graf 1988).  
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 Despite the relatively high values of coarse sediment transport and yield in 

semiarid regions relative to other climates and the host of sedimentation issues it 

presents, little research has been conducted on its prediction (Laronne and Reid, 1993; 

Reid et al, 1998). Most research on bed load transport has been conducted in perennial, 

gravel-bed rivers and therefore, most models developed for bed load transport prediction 

are derived under those hydraulic and geomorphic conditions. Little is known on how 

well modern bed load models predict coarse material transport in semiarid channels that 

often differ in flow regime (i.e. ephemeral vs. perennial) and substrate (transport-limited 

systems often have finer substrate). While there have been numerous studies on how well 

bed load transport models predict observed rates in different field settings (e.g. Gomez 

and Church, 1989; Martin-Vide et al., 1999; Bravo-Espinosa et al., 2003; Martin, 2003; 

Barry et al., 2004), only a few have examined channels in semiarid regions, including an 

ephemeral gravel-bed channel (Reid et al., 1996) and a perennial gravel-bed channel 

(Duan et al., 2006), or in sand-gravel channels (Batalla, 1997). This study examines how 

well a selection of bed load formulae predict bed load transport rates as compared to 

observed values within a low-order, ephemeral watershed with a sand-gravel channel 

bed. In addition, predicted values of sediment transport are integrated through flow 

hydrographs to model the coarse fraction of the sediment yield which is then compared to 

measured yield. Successful prediction of sediment yield requires a bed load formula to 

predict bed load rates for the full range of discharge values that are represented within a 

flow hydrograph.  
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Objectives 

 The objectives of this study are 

1. to examine how well selected bed load formulae predict coarse material 

transported in an low-order, ephemeral channel, and  

2. compare how well bed load formulae model coarse sediment yield evacuated out 

of the watershed. 

 

 

2. Methodology  

 

2.1 Field site 

 The Lucky Hills 104 (LH104) is a 4.53 ha (45,300 m2) nested sub-watershed 

within the Walnut Gulch Experimental Watershed (Renard et al., 2008) located in 

southeast Arizona (Figure 1). Walnut Gulch has been monitored for precipitation, runoff, 

and sediment transport since the 1950s, although bed load dynamics has only recently 

become a topic of study (e.g. Nichols, submitted). Hillslopes are populated with drought 

resistant vegetation, including creosote bush (Larrea tridentata (DC.) Cov.), acacia 

(Acacia constricta Benth.), and tarbush (Flourensia cernua DC.). Hillslopes surfaces 

contain rock fragments composing an erosional pavement (with a median diameter [D50] 

between 16 and 32 mm) that overlay a sand-gravel substrate (with a D50  near 3 mm) 

(Canfield et al., 2001).  
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 Mean temperatures range from 22 ˚C in January to 33 ˚C in July. Mean annual 

precipitation is approximately 294 mm, with the majority occurring during the summer 

monsoon season (July - September) (Goodrich et al., 2008).  Channel flows are 

predominately a result of convective summer thunderstorms which are characterized by 

brief periods (on the order of a few hours) of intense precipitation. The mean flow event 

has a duration less than one hour with a peak discharge of 0.15 m3 s-1 and a volume of 

100 m3. 

 

 The channel network within LH104 lies below the two internal flumes, Flume 102 

(F102) and Flume 106 (F106). Upstream of the internal flumes, channelized runoff 

occurs in transient rills. The width of the channel ranges from 0.5 to 2.0 m. The slope of 

the channel banks measured normal to the direction of flow ranges from approximately 

0.2 to near vertical for short reaches. The mean longitudinal slope of the channel network 

is 0.027. The channel bed material is an ‘extremely poorly sorted’, sand-gravel substrate 

(Figure 2) (Folk and Ward, 1957). As found in other dryland drainage networks 

(Laronne, et al. 1994), the channel bed shows no consistent trend of bed armoring or 

vertical stratification in mean grain-size (Yuill et al., submitted). 
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2.2 Acquiring field measurements of sediment transport 

 

2.2.1 Flow and sediment transport measurement 

Channel flow was monitored at the watershed outlet using a calibrated, Santa-Rita 

type supercritical flume (Smith et al., 1981). The flume measures water depth within a 

stilling well with an intake near the longitudinal centerline of the flume channel. Water 

depth is converted to flow discharge based on a relationship established by experimental 

calibration. Within the flume, discharge is accelerated to supercritical flow to prevent 

deposition of sediment throughout the flume’s length which maintains the depth-

discharge relationship despite sediment laden flows. 

 

 Sediment transport was sampled at the watershed outlet by an automatic 

traversing slot sampler which is installed within the flume. The traversing slot sampler 

takes a depth-integrated sample while traversing laterally through the full width of the 

channel at discrete time intervals during a flow event (Renard et al., 1986). While the 

sampler inlet is 13 mm wide, field tests show that the sampler reliably samples sediment 

equal or less than 8.0 mm (grain-sizes are reported in terms of the intermediate (b-axis) 

diameter of the grain unless defined otherwise). This paper references the largest sample-

able grain-size fraction as 4.0 – 8.0 mm; however, that grain-size fraction may contain 

some grains up to 13 mm in size. A detailed description of the flow and sediment 

sampling instrumentation is available in Nearing et al. (2007). 
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 Collected sediment transport samples were weighed to determine a wet-weight 

mass and then dried at 97˚C for 24 hours. Dry-weight mass was measured and sediment 

concentrations were computed by dividing the dry-weight by the wet-weight. Dry 

samples were sieved for 5 minutes by a mechanical shaker to determine grain-size 

distribution. Grain-size distributions (GSDs) are classified using the standard phi 

intervals; > 4 mm (which is approximated as 4.0 – 8.0 mm because of the constraints of 

the sampler as mentioned above), 2 - 4 mm, 1 – 2 mm, 0.5 – 1 mm, 0.25 – 0.5 mm, 0.125 

– 0.25 mm, 0.063 – 0.125 mm, and < 0.063 mm. Smaller grain-size bins (i.e. half-phi) 

were not practical due to the small mass of some of the sediment samples. 

 

Sediment flux was estimated from the concentration values (originally in % mass) 

by multiplying the concentration by the corresponding discharge (m3 s-1) and the density 

of water (1000 kg m-3)  which produced an approximate value of sediment mass per unit 

time (kg s-1) when the sampled sediment mass is much less than the discharge mass. 

Grain-sizes less than 0.5 mm were estimate to travel primarily in suspension during most 

flow events within the channel network and were disregarded for this analysis which 

focused on bed load transport. Estimation of the mode of sediment transport was done by 

comparing the settling velocity of each grain-size (ωs) with mean rates of shear velocity 

(u*) computed during flow. Settling velocity is the mean velocity a grain falls downward 

in flow due to gravity and was computed by the method in Dietrich (1982). Shear 

velocity is the horizontal velocity of flow very near the channel bed at the start of the 

logarithmic vertical velocity profile and scales with the vertical turbulent intensity of the 
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flow which maintains grain suspension (Middleton and Southard, 1984). As shear 

velocity becomes significantly greater than the settling velocity of a specific grain-size 

(u* > 2 ωs) , that grain-size primarily travels suspended in flow (Julien, 1998). While it is 

likely grains binned within the 0.5 – 1.0 mm grain-size fraction become suspended during 

large discharges (> 0.1 m3 s-1), that fraction was considered bed load for this analysis for 

the sake of simplicity. The actual discharge threshold where the 0.5 mm grain-size 

becomes suspended is difficult to determine in natural, sediment laden flows and likely 

varies spatially within the channel.  However, it should be noted that observed sediment 

transport values including the 0.5 – 1.0 mm grain-size fraction may include sediment 

transported as bed load and in suspension.  

 

2.2.2 Measurement of the coarse sediment yield 

 A large pit trap was placed immediately downstream of the flume outlet to trap 

the coarse sediment load evacuated from the watershed during a series of flow events. 

The pit trap was an open top, steel cage inset into the channel bed. Some grains may 

become temporarily suspended due to highly turbulent flow within the pit trap during 

flow events and avoid entrapment if the flow over-topped the trap walls at high 

discharges. Analysis by Nichols et al. (submitted) found that grain-sizes larger than 4 mm 

were effectively retained in the pit trap. While grain-sizes 1.0 - 4.0 mm were considered 

adequately retained for the purposes of this analysis, a fraction may have been lost which 

would have contributed to a net underestimation of their yield. At the conclusion of each 
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monitored flow event, the complete trapped load was dried and transported to a 

laboratory for mass and grain-size analysis (by mechanical dry-sieving). 

 

2.3 Prediction of bed load sediment transport 

 Instantaneous rates of bed load transport as well as coarse sediment yield were 

modeled with a selection of bed load formulae to examine the accuracy in which they can 

replicate observed sediment transport values in a low-ordered, ephemeral watershed 

channel. 

 

2.3.1 Bed load transport formulae 

 Five bed load formulae were selected for use in this analysis (Table 1). They 

represent a range of one-dimensional predictive bed load sediment transport models 

commonly employed in contemporary river research, engineering, and management 

applications, each with unique physical assumptions. Each formula is defined by either an 

individual equation or a set of empirical relationships which are fully described within 

the text of the initial citation listed in each sub-section below. The relating equations are 

also included at the conclusion of this chapter. The selected bed load formulae include: 
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2.3.1.1 The Parker (1990) formula 

 The Parker (1990) bed load formula (referred to in the following text as the 

‘Parker’ formula)   computes a volumetric bed load transport rate based on instantaneous 

values of skin friction (the boundary shear stress borne by the channel bed sediments 

produced by flowing water) and the surface GSD of the channel bed which is assumed to 

be the sediment supply. The Parker formula calculates the total bed load transport rate as 

a summation of the transport rate for each grain-size fraction within the bed GSD. The 

transport rate of each individual grain-size fraction is dependent on its relative size within 

the full GSD. In channel beds composed of multiple grain-sizes (sediment mixtures), 

larger grains gain relative mobility as compared to smaller grains because they protrude 

away from the bed into the swifter moving flow while smaller grains lose relative 

mobility because of the likelihood they may become ‘hidden’ to flow in the wake of 

larger grains immediately upstream. These effects are found to partially off-set the 

increased relative mobility of smaller grains due to their low weight. The Parker formula 

was derived from a large sediment transport database chronicling observations at Oak 

Creek, a perennial gravel bed stream in Oregon (Milhous, 1973). Sand (i.e. grain-sizes 

greater than 2.0 mm) was excluded from the derivation of the transport formula; 

therefore, the formula is assumed not applicable for modeling its transport. 
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2.3.1.2 The Wilcock & Crowe formula 

 The Wilcock and Crowe (2003) formula (referred to in the following text as the 

‘WC’ formula), like the Parker formula, calculates a fractional transport rate for each 

grain-size represented within surface GSD of a channel bed. The WC formula is 

applicable to sand & gravel channels by explicitly accounting for the presence of sand 

within the bed matrix. The formula was derived from flume experiments using sediment 

mixtures of variable grain-size distributions, both uni-modal and bi-modal. The 

proportion of sand within the channel bed was found to increase the mobility of all 

present grain-sizes. The relatively recent development of the formula has limited 

examination of its applicability to natural rivers, of which, only a few accounts have been 

published (e.g. Duan et al., 2006; Cui, 2007). 

 

2.3.1.3 The Powell et al. formula 

 The Powell et al. bed load formula (referred to in the following text as the 

‘Powell’ formula) is based on the formulation and assumptions of a predecessor of the 

Parker (1990) formula, derived in Parker (1978). A review of the Powell formula appears 

in Parker (2007). The sediment transport relation used in this formula is computed using 

field data measured from an ephemeral gravel-bed channel, the Nahal Eshtemoa in the 

Negev Desert, Israel reported in Powell et al. (2001). The Nahal Eshtemoa, as common in 

many other dryland channels (Laronne et al., 1994; Powell et al., 2001), lacks the vertical 

stratification of bed material texture present in armored channels. 
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2.3.1.4 The Meyer-Peter and Muller formula 

 The Meyer-Peter and Muller bed load formula (Meyer-Peter and Muller, 1948) 

(referred to in the following text as the ‘MPM’ formula) has been a popular bed load 

predictor in both research and engineering applications since its derivation in 1948 due to 

its relative simplicity (Martin-Vide, et al., 1999). It computes total volumetric bed load 

discharge based on the mean grain-size of a sediment mixture and values of excess 

instantaneous boundary shear stress for that grain-size class. The formula is derived from 

laboratory experiments of both uniform and mixed grain-size distributions under steady, 

uniform flow conditions. This study employs a reformulation of the 1948 MPM formula 

by Wong and Parker (2006) that corrects for an error in the original relation that led to 

overestimated transport rates in plane-bed conditions. 

 

2.3.1.5 Bagnold (1980) formula 

 The Bagnold (1980) bed load formula (referred to in the following text as the 

‘Bagnold’ formula) is a relatively simple empirical equation correlating a total 

instantaneous bed load transport rate (kg m-1 s-1) to excess stream power, flow depth, and 

the size of the sediment grains in transport. Stream power is approximated as boundary 

shear stress times flow velocity. The formula was derived and tested with measurements 

from laboratory flumes and a wide range of natural rivers. The formula calculates a bed 

load transport rate based on the mode(s) grain-size(s) of the bed material GSD; however, 

in cases of a uni-modal distribution D50 can be used instead as the difference is generally 

insignificant (Bagnold, 1980).  
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2.3.2 Calculation of instantaneous bed load transport rates. 

 The WC, Parker, and Powell formulae were selected to model instantaneous rates 

of bed load transport for comparison to the observed rates measured by the slot-sampler 

at the watershed outlet. The three bed load formulae were selected because of their ability 

to separately calculate transport rates for each grain-size fraction of the channel bed GSD 

(as opposed to the MPM and Bagnold formulae, which are only used to model sediment 

yield in this study). For the WC formula, transport rates for 4 grain-size fractions were 

calculated, 0.5 - 1.0 mm, 1.0 - 2.0 mm, 2.0 - 4.0 mm, and 4.0 - 8.0 mm. For the Parker 

and Powell formulae, transport rates for 2 grain-size fractions were calculated, 2.0 - 4.0 

mm and 4.0 - 8.0 mm because those formulae are not applicable to grain-sizes below 2.0 

mm.  

 

The bed load formulae required parameters of the channel bed GSD to serve as an 

estimate of sediment supply.  To calculate a representative GSD for the channel bed 

material, 12 bulk samples were taken from the channel bed at monumented cross sections 

distributed along the channel network and combined to form a single aggregate sample. 

The size of each individual bulk sample was minimized (not to exceed ~4.0 kg) to reduce 

the effect of extracting bed material on the natural arrangement of bed material. This was 

important because the arrangement of coarse bed material was monitored during the 

study period for an unrelated research project. The bulk sample was sieved and weighted 

to compute a representative GSD. The composite bulk sample size was below that 
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recommended by Church et al. (1987) to ensure an un-biased estimated GSD value but it 

was approximate to the ‘practical’ sample size recommended by Wentworth (1926). 

Previous analysis of the bed material found no difference in the mean GSD of the surface 

grains and that of the subsurface (Yuill et al., submitted).   

 

 Prediction of bed load transport using the selected bed load formulae required the 

calculation of instantaneous boundary shear stress. Boundary shear stress (τ) was 

approximated as τ = ρgRS, where ρ is the density of water (~1000 kg m-3), g is the 

constant of gravitational acceleration (~9.81 m s-2), R is the reach average hydraulic 

radius, and S is the mean channel slope ( 0.027). The reach average hydraulic radius was 

calculated by routing flow discharge through 12 reach cross sections to calculate a 

hydraulic radius at each location for a range of discharge values. The calculated hydraulic 

radii were averaged together to compute a composite value for each discharge value. It 

should be noted that this derivation of boundary shear stress is used as an estimation of 

the fluid stress borne by the bed material. While it is common in geomorphic study (e.g. 

Batalla and Martin-Vide, 2001; Habersack and Laronne, 2001; Powell et al., 2007; 

Tucker et al., 2006; Cohen and Laronne, 2006), assumptions within its derivation are 

often violated by environmental stream flow (Batalla and Martin-Vide, 2001). The 

discharge was routed at each cross section to partition flow area and velocity using the 

resistance equation of Hey (1979). This resistance equation was selected because the 

required input parameters of bed texture (D84, i.e. the grain-size in which 84 % of the 
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GSD is finer than) and channel geometry are known for this field site and because of its 

applicability to steep, low-order channels.  

 

 Bed load transport rates were predicted using the WC, Parker, and Powell 

formulae for the range of flow discharge in which sediment was sampled during the study 

period, including the specific discharge value calculated at the time each sediment sample 

was collected at the watershed outlet.  

 

2.3.3 Comparison of modeled and observed instantaneous bed load transport rates. 

 To measure how well a bed load formula predicted an individual bed load 

transport measurement, the calculated value (C) was divided by the observed value (O) to 

compute a goodness of fit parameter, C/O. A C/O value of 1.0 is a perfect match between 

the calculated and observed values while C/O values between 0.1 – 1.0  and 1.0 – 10.0 

indicate the calculated value is within an order of magnitude from that observed. 

 

 To measure how well a bed load formula predicts the distribution of observed 

values overall, an inequality coefficient (U) was calculated. The inequality coefficient 

(U) is defined as 
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and n is the number of bed load transport values for which an observed and 

corresponding calculated value were available and i denotes each individual bed load 

transport value. The U values range from 0.0 to 1.0, where lower values indicate a greater 

similarity between the distribution of C and O values. This method was used by Bravo-

Espinosa et al. (2003) to estimate how well a bed load equation predicts observed values, 

defining U = 0.50 as the threshold value where U values ≤ 0.50 indicate the observed 

distribution was adequately predicted by the bed load formula and U values  > 0.50 are 

not. 

 

2.4 Calculation of Coarse Sediment Yield 

 Coarse sediment yield was calculated using the WC, Parker, MPM, and Bagnold 

formulae for 7 flow events which flow and sediment yield data were available.  In this 

study, coarse sediment yield refers to the amount of sediment evacuated out of the Lucky 

Hills watershed while primarily traveling as bed load within the channel system. The 

Powell formula was excluded from this analysis because initial trials vastly over 

predicted observed values. The WC formula was used to calculate sediment transport for 
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each grain-size fraction measured on the channel bed. Sediment transport was calculated 

using the Parker formula by disregarding bed material grains less than 2.0 mm. 

Therefore, it was only used to compute sediment yield of grains equal or greater than 2.0 

mm. The MPM and Bagnold formulae calculate total bed load transport which would 

include a grain-size fraction smaller than that retained by the pit trap (< 1.0 mm). To 

calculate a sediment yield comparable to that retained within the pit trap, it was assumed 

that the sediment yield predicted by both the MPM and Bagnold formulae had the same 

GSD as that predicted by the WC formula. This assumption is adequate for the purposes 

of this study as the GSD predicted by the WC formula approximated that of the sediment 

retained in the pit trap (i.e. Figure 3). The fraction of the total yield predicted less than 

1.0 mm in grain-size was removed from the total modeled yield mass and disregarded 

from further analysis for the WC, MPM, and the Bagnold formulae. 

 

 The coarse sediment yield was predicted for each event by dividing the event 

hydrograph into 15 second intervals, the time step in which the discharge data was 

archived by the US Agricultural Research Service (ARS). For each time interval, a bed 

load discharge rate was calculated using the value of the computed shear stress for that 

interval. The bed load discharge rate was multiplied by the duration of each time interval 

to produce a sediment yield for each time interval. The total event sediment yield was 

computed by summing each interval sediment yield value for the event hydrograph. The 

sediment yield mass was converted to volume by dividing the mass by the estimated 

sediment density (2650 kg m-3) and by assuming a 0.4 porosity. 

161



 

 

3. Results 

 

3.1 Comparison of bed load transport rates 

 The observed bed load transport rates were derived from 77 individual sediment 

samples collected from 21 flow events occurring between 1998 and 2007. Eighty-six total 

sediment samples were available for analysis but 9 samples were rejected due to 

extremely low values (~10 times below the expected value based on the mean 

discharge/sediment concentration relationship) indicating possible instrumentation 

failure. Computed sediment concentrations for grain-sizes larger than 0.5 mm are 

illustrated in Figure 4. The mean concentration for the grain-size fractions 0.5 – 1.0 mm, 

1.0 – 2.0 mm, 2.0 – 4.0 mm, and 4.0 – 8.0 mm were 0.24 % (2449 mg L-1), 0.28 % (2782 

mg L-1), 0.27 % (2661 mg L-1), and 0.35 % (3463 mg L-1), respectfully. The standard 

deviations for the distribution of concentration values for each grain-size fraction were 

0.23, 0.34, 0.35, and 0.56 respectfully. The mean concentration for the composite 

sediment grain-size fraction 0.5 – 8.0 mm was 1.13 % (11355 mg L-1) with a maximum 

value of 8.97 % (89699 mg L-1). 

 

  Figure 5. displays the observed values of bed load transport for the composite 

grain-size fraction 2.0 – 8.0 mm as well as those calculated with the WC, Parker, and 

Powell bed load formulae plotted against boundary shear stress (τ). The observed values 
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of bed load display a wide degree of scatter within this plot. The Pearson correlation 

coefficient calculated for the distribution of observed bed load transport rates and their 

corresponding τ values was 0.33, indicating a mild but statistically significant relationship 

(at 99 % confidence). The sediment transport values calculated using the bed load 

transport formulae were compared to the observed rates by computing the ratio of 

calculated and observed values (C/O) for each of the 77 observed sediment samples. 

Figure 6 summarizes the distribution of the C/O values for the three bed load formulae.  

As displayed in Figure 6, the WC formula produced the most accurate replication of the 

observed values, over predicting by a mean factor of 2.80. The Powell formula over 

predicted by a mean factor of 6.24 while the Parker formula under predicted by a mean 

factor of 0.22. The standard error for the C/O values calculated from the WC, Parker, and 

Powell formulae were 0.22, 0.09, and 0.46, respectively.  

 

 The computed U values for each distribution of bed load values predicted by the 

WC, Parker, and Powell bed load formulae in relation to the observed values indicated 

that the formulae did not adequately replicate the observed values because they exceeded 

the predefined threshold value, 0.50. The WC formula proved most accurate, producing a 

U value of 0.51 while the Parker and Powell formulae produced U values of 0.72 and 

0.86, respectfully. 

 

 Each of the three bed load formulae are composed of a set of non-linear 

equations; however, their output as illustrated in Figure 5 was accurately simplified into a 
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single power-law for the range of shear stresses associated with the majority of sampled 

sediment transport, 10 to 50 N m-2. These power-laws are defined in Table 2 as well as 

the best-fit power-law derived for the observed values. The value of the power-law 

coefficient (α) is the predicted initial sediment transport rate at a shear stress value of 1.0 

N m-2.  The power-law exponent (β) describes the power relation between a unit of 

boundary shear stress in relation to a corresponding unit of sediment transport rate. As 

determined from the representative power-law fitted to the predicted WC values, the WC 

formula’s over prediction of the observed values was likely due to the relatively high 

exponent (2.73) as compared to that derived from the observed data (2.47). The 

representative power-law fitted to the Parker values has a much higher exponent (4.13) 

relative to that observed but the effect of its low coefficient (3.0 X 10-8) as compared to 

that observed (0.0001) proved to be the dominate influence as it under predicted transport 

for the range of flow sizes modeled. In contrast, the power-law representing the Powell 

values has a slightly smaller exponent (2.35) than that observed but its slightly larger 

coefficient (0.0008) resulted in a tendency to over predict the observed transport. For the 

range of transport rates predicted and observed, differences in the magnitude of the 

coefficient played a more influential role than the differences in the magnitude of the 

exponent for the representative power-laws analyzed in this study. 

 

 Barry et al. (2004) investigated the environmental influences on the magnitude of 

both the coefficient and exponent of power-law relationships for flow discharge and bed 

load transport. The power-law values were computed from a large sample of observations 
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in gravel bed channels in Idaho. They found that the exponent scaled with the degree of 

channel armoring and sediment supply-limitations. This finding may explain the high 

value of the Parker power-law exponent relative to the others defined in this study as it 

was derived from the only dataset with significant channel armoring. 

   

3.2 Analysis of the C/O trends using the Wilcock and Crowe (WC) formula. 

 Further analysis was performed on the predicted values of the WC formula 

because of its stated applicability to sand-gravel channels. This analysis revealed that the 

WC formula had a tendency to over predict the observed bed load transport with 

increasing shear stress (Figure 7). The tendency for over prediction was also dependent 

on grain-size, increasing on average with decreasing grain-size (Figure 8).  

 

3.3 Comparison of coarse sediment yield. 

 The coarse sediment yield was modeled for 7 flow events (Table 3) using the WC, 

Parker, MPM, and Bagnold bed load formulae. Figure 9 displays the model results as 

well as the observed sediment yield measured by the pit trap at the watershed outlet as 

functions of total flow volume. The predicted yield by each model was well described as 

a power-law with the flow volume for the range of flows analyzed (Table 4.). Sediment 

yield values predicted by the array of bed load formulae span two orders of magnitude for 

any individual flow event. Table 5 illustrates the C/O values for predicted sediment yield 

values.  The Parker formula drastically under predicted the observed sediment yield 
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values. The WC formula over predicted the sediment yield for each event, performing 

more accurately for small events than those larger. The WC formula did reproduce GSD 

values similar to the observed sediment yield but it increasingly overestimated the 

relative contribution of smaller grain-size fractions for larger flow events (Figure 10). 

The MPM formula predicted very similar yield values as the WC formula. The Bagnold 

formula calculated yields most similar to those observed on average. However, because 

the Bagnold formula predicts transport based on stream-power rather than shear stress, it 

is more difficult to employ because it requires knowledge of flow velocity and the critical 

stream power required to entrain sediment grains within the channel bed. 

 

4. Discussion  

 

4.1 The Applicability of bed load formulae to sand-gravel, ephemeral channels. 

 The WC formula replicated observed values of bed load transport rates more 

accurately than the Parker or Powell formula; however, it was unable to reliably predict 

sediment yields within an order of magnitude. A notable difference between the field 

conditions of this study and the laboratory conditions in which the WC formula was 

derived was the GSD of the channel bed material. Lucky Hills had a wider range of 

grain-sizes represented within the bed matrix, including a higher percentage of sand 

(ranging from 10 to 90 % of the total matrix locally with a channel average value near 50 

%). The WC formula was derived with sediment mixtures containing between 6 and 34 % 

sand, preventing the formula from capturing the effects of the additional sand content 
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found in finer channels like Lucky Hills. Further, the natural flows within the field site 

were very unsteady (i.e. flashy) which produce a wide range of boundary shear stresses 

and sediment transport rates for each flow event while the WC formula data was derived 

under steady flow conditions.  

 

 The tendency of the Powell formula to predict higher transport rates than that 

observed was likely a result of the field data from which it is derived. Bed load 

measurements within the Nahal Eshtemoa displayed some of the highest rates of bed load 

transport per unit stream power in literature (Reid and Laronne, 1995). The inaccuracy of 

the Parker formula was also likely attributable to the difference between the field site 

from which it was derived and that of this study. The Parker formula was derived to 

account for the specific bed load mechanics of an armored, coarse gravel bed river. Any 

general increase of bed mobility added by sand within the bed matrix in Lucky Hills 

would not be accounted for by this formula. The Parker formula was previously shown to 

have under predicted bed load transport rates in semiarid channels in both ephemeral 

(Reid et al., 1996) and perennial flow (Duan et al., 2006) regimes.  

 

 The influence of environmental factors on the relationship between flow and bed 

load transport may be better understood by referencing Figure 11 and Table 6. Figure 11 

displays the relationship between the observed maximum non-dimensionalized sediment 

transport rate and the causal Shields stress value for 10 bed load transport data sets 

including that reported in this study. Non-dimensionalized sediment transport rate (qb*) is 
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defined as qb* = qb / ρ[gD50
3(B – 1)]0.5, where qb is the bed load transport rate in units 

mass per time interval per unit width and B is the specific gravity of sediment grains (~ 

2.65). Shields stress (τb*) is defined as τb* = τ / (ρs -  ρ)g D50, where ρs is the density of a 

sediment grain (~ 2650 kg m-3). Non-dimensionalizing transport rate and shear stress 

values allow direct comparison of sediment transport in channels with varying calibers of 

channel substrate. In Figure 11, each dataset value is labeled by the river name from 

which it was calculated except ‘WC’ which was computed using laboratory data. Table 4 

defines the drainage area, D50, channel slope, and the regional hydrology at the field site 

where the measurements were recorded. The highest values of qb* were reporting in the 

Rahaf, Qanna’im, and Yatir which are located in relatively arid regions of Israel. The 

sites with the finest bed material, East Fork, Goodwin Creek, and the WC flume dataset 

each define a similar ratio of qb* and τb* as that reported for Lucky Hills. Oak Creek and 

the Toutle River are the only perennial river systems shown. The dataset for the Toutle 

River reports some of the highest bed load transport rates measured for a perennial river 

and was collected during a period of flooding flows. In contrast, the Oak Creek dataset 

was recorded under a relatively steady flow regime. For Oak Creek, both the values of 

the reported qb* and τb* values, as well as the ratio of the two values together, are much 

smaller than the values of the seasonal and ephemeral channels. These differences likely 

promote the contrasting bed load values predicted by the Parker formula which was 

derived from the Oak Creek dataset and that observed in Lucky Hills. The three datasets 

from which the WC, Parker, and Powell formulae were derived have maximum τb* 

values less than half that observed in Lucky Hills. The high relative τb* values in Lucky 
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Hills were due to its high channel slope and fine substrate,  traits common in other low-

ordered, ephemeral channels in semiarid regions. While steep slopes are common to low-

order watersheds independent of climate, more humid regions often have a relatively 

depressed sediment supply which coarsens the channel bed. The coarser beds could be a 

factor in the bed load formulae’s inability to replicate sediment transport in Lucky Hills.  

 

 In the calculation of sediment yield, the Bagnold formula preformed most 

accurate as compared to the other tested bed load formulae (as observed in Figure 9), 

under predicting the observed measurements by a mean factor of 0.5 (Table 5).  The 

factor of under prediction decreases at higher flow volumes until approximately 125 m3, 

after which point the Bagnold formula over predicts with increasing flow volume.  The 

WC and MPM formulae produced similar values of sediment yield despite the differences 

in their derivation.  

 

 No bed load formula reliably predicted sediment yield for the full range of 

observed flows within an order of magnitude. The power-law relationship between 

sediment yield and flow volume for the modeled values produced slopes (i.e. exponents) 

nearly twice that of the observed relationship, indicating the sediment yield scales at a 

smaller rate with flow volume than predicted by the bed load formulae. This phenomenon 

may have been due to an increased presence of supply limited conditions occurring in 

larger flows events. Field observation of the channel bed after large events have found 

areas scoured of alluvium indicating that supply limited conditions occur locally. Also, 
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due to the design of the sediment yield sampling instrumentation, there is risk of 

measurement failure at the higher discharges associated with the large flow events. A 

greater percentage of the smaller grain-sizes (1.0 – 4.0 mm) of the sediment yield may 

have been carried over the pit trap walls by overtopping flow during the larger 

discharges, altering the pit traps effectiveness by relative discharge. However, the 

observed GSD of the sediment yield was similar to that predicted by bed load formulae 

(as observed in Figure 3) and there was little field evidence of substantial sediment loss 

(nearby sediment deposits) after flow events.   

 

4.2 Prediction of coarse sediment yield over time. 

 Modeling the coarse sediment over an 8 year time span (between 1999 – 2007) 

(Figure 12), the Bagnold formula predicted cumulative yield very well, over-estimating 

the value predicted by the observed flow volume/sediment yield power-law by 3.8 % 

(729 kg). The wellness of fit is attributed to the mean flow volume of the study period 

(101 m3). This is the approximate size of the flow event in which bed load transport was 

most accurately predicted by the Bagnold formula. The mean error calculated between 

the Bagnold and observed relationship was 12.35 kg for each flow event while the 

standard deviation of the distribution of errors was 291. 

 

 Sedimentation management concerns (reservoir and culvert sediment aggradation, 

channel bank erosion) often relate to the volume of sediment involved rather than the 

mass. The Bagnold formula only over predicted sediment yield volume by 0.5 m3 while 
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the WC and MPM formulae over predicted by approximately 50 m3. The Parker formula 

under predicted volume by 11 m3. The tolerance for error in sedimentation engineering 

scales with the project size and expected lifespan (Julien, 1998). In small, low-order 

watersheds, the deposition or erosion of tens of square meters of sediment beyond that 

expected at timescales less than a decade and confined to local areas (stock ponds, 

culverts, irrigation canals) would likely significantly alter the performance of engineering 

projects. For such projects in semiarid low-order watersheds, it is likely unwise to rely on 

current bed load formulae to estimate sedimentation. 

  

Conclusions 

 The primary conclusions of this study are summarized below: 

1. The Wilcock and Crowe (2003) bed load formula most accurately predicted rates of 

coarse material transport for which sediment transport data are available, producing a 

mean C/O value of 2.80 and a coefficient of inequality (U) of 0.51. The mean C/O value 

for the Powell et al. formula was 6.24 and the mean value for the Parker (1990) formula 

was 0.22. The WC formula over predicted fractional transport rates at higher values of 

boundary shear stress. The over prediction tended to increase with decreasing grain-size.  

 

2. The Bagnold (1980) bed load formula most accurately predicted the coarse fraction of 

the watershed sediment yield for 7 flow events, producing a mean C/O value of 0.5. 

Despite under predicting sediment yields for flows less than 125 m3 and over predicting 

yields for those greater, the Bagnold formula produced a 10 year cumulative yield value 
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within 3.8 % of that predicted by a power-law model derived from field observations. 

The accuracy was likely due to the fact the Bagnold formula proves most accurate for the 

most frequently occurring range of flow volumes. 

 

3. No bed load formula consistently predicted accurate sediment yields through the array 

of experienced flow volumes. The exponent in the power-law best describing the 

observed flow volume/sediment yield relationship was nearly half of the value for that 

produced by bed load formulae. Observed coarse sediment transport increased at a slower 

rate than that predicted by the underlying assumptions of the bed load formulae. This 

may have been due to the onset of sediment supply limiting conditions at high discharges 

within the watershed. 

 

4. Sedimentation modeling using bed load formulae is often associated with a range of 

error. Much of the error is dependent on the similarity of the site in which the model is 

applied and the fluvial environment in which it was initially derived. Ephemeral channels 

in semiarid regions are quite different than the perennial, gravel bed channels for which 

most formulae are designed to replicate sediment transport. In this study, a few bed load 

formulae predicted transport with accuracy approximate to studies in perennial or humid 

environments (e.g. Gomez and Church, 1989; Batalla, 1997;  Duan et al., 2006) in 

specific applications; however, no formula reliably predicted transport for the full range 

of applications examined. Until a better understanding of the underlying physics of bed 

load transport is known, the application of generalized predictive models to relatively 
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unique fluvial environments, such as semiarid low-ordered watersheds will likely 

produce a high degree of error.  
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Tables  

 

 

 

Table 1. Summary information for the 5 bed load transport formulae considered in this 
study. 
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Table 4. Power-law equations defining the relationship between flow volume (Qv)[m3] 
and sediment yield (Y)[kg] in the form; Y = α (Qv)β. These relationships are derived from 
data in Figure 9. 
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Table 5. Observed sediment yield measured at the watershed outlet and the associated 
C/O values produced by selected bed load functions. 
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Table 6. Regional hydrology, drainage area, channel bed substrate (D50), channel slope, 
and database source information for field sites from which 9 bed load transport databases 
have been collected. The information for the WC database lists the surface-water slope 
rather than the channel slope. 
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Figures 

 
 

 
 
 
Figure 1. Map of the Lucky Hills 104 watershed. The hill shade map was created from a 
2005 1.0 m digital elevation model (DEM). 
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Figure 2. The mean computed grain-size distribution (GSD) of the channel bed material.  
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Figure 3. Comparison of the GSD of the total coarse sediment yield predicted by the 
Wilcock & Crowe function (observed) and that measured from the pit trap at the 
watershed outlet (modeled) after 7 flow events. 
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Figure 4. Sediment concentration measured at the Lucky Hills watershed outlet for four 
coarse grain-size fractions. 
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Figure 5. Observed rates of coarse material transport (open circles) and that predicted by 
three bed load functions (dashed lines) for grains 2.0 – 8.0 mm. The estimated value of 
boundary shear stress associated with each value of transport is labeled on the x-axis. The 
solid line is a best-fit power law that describes the observed values. 
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Figure 6. Summary of the distribution of the C/O values predicted by three bed load 
functions in Lucky Hills. The observed values are the same as those displayed in figure 5. 
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Figure 7. The mean C/O values of bed load transport for the highest half and lowest half 
of the observed/modeled shear stress values. The WC function was used to compute the 
calculated transport rates. The error bars are the standard error in each distribution.  
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Figure 8. The C/O values of bed load transport for four grain-sizes. The WC function was 
used to compute the calculated transport rates. The logarithmic trend line for the 
distribution of values in each box is shown for reference. 
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Figure 9. The coarse sediment yield versus flow volume for 7 flow events as measured at 
the watershed outlet and modeled by four bed load transport functions. Shown are the 
exponential trend lines computed for each set of values. 
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Figure 10. Comparison of the GSD of the coarse sediment yield predicted by the Wilcock 
& Crowe function (observed) and that measured from the pit trap at the watershed outlet 
(modeled) for each of the 7 flow events. 
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Figure 11. Non-dimensionalized bedload transport (qb*) versus Shields stress (τb*)  for 
multiple bed load transport datasets. Plotted values represent the maximum reported qb* 
and its’ associated τb* value. The bold labels represent datasets from which bed load 
functions were derived used in this study. The Lucky Hills value only reliably reports bed 
load grains less than 8.0 mm, the other values report the full range of grain-sizes 
transported as bed load. Based on the range of bed load GSDs modeled using the WC 
function, the LH value underestimates the full bed load rate by 8 – 12 %. The figure was 
based on Table 4 from Cohen and Laronne (2005). 
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Supplemental Information on the bed load formulae employed in this study. 

1. Wilcock and Crowe (2003) 
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where 
 
qi = is the volumetric sediment transport rate per unit width for grain-size fraction of 
which the transport rate is being calculated (m2 s-1 m-1) 
R = specific weight of a sediment grain in water (1.65) 
g = acceleration due to gravity (9.81 m s-1) 
Fi = is the fraction of the bed sediment composed of sand 
Di = is the diameter of the grain-size the transport rate is being calculated for 
Dm =  is the mean grain size of the grain-size distribution of the surficial channel bed 
sediments 
u* = the instantaneous shear velocity of flow 
 
Source citations: 
 
Wilcock, P.R., Crowe, J.C., 2003. Surface-based transport model for mixed-size 

sediment. Journal of Hydraulic Engineering-ASCE 129(2), 120-128. 
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2. Parker (1990) 
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where  
 

)(),( 00 sgosgo   are strain functions defined in tables within Parker (1990). 

qi = is the volumetric sediment transport rate per unit width for grain-size fraction of 
which the transport rate is being calculated (m2 s-1 m-1) 
R = specific weight of a sediment grain in water (1.65) 
g = acceleration due to gravity (9.81 m s-1) 
Di = is the diameter of the grain-size the transport rate is being calculated for 
Dm =  is the mean grain size of the grain-size distribution of the surficial channel bed 
sediments 
u* = the instantaneous shear velocity of flow 
 
Source citations: 
 
Parker, G., 1990. Surface-based bed load transport relation for gravel rivers. Journal of 

Hydraulic Research 28(4), 417-436. 
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3. Powell et al.  
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where 
 
qi = is the volumetric sediment transport rate per unit width for grain-size fraction of 
which the transport rate is being calculated (m2 s-1 m-1) 
R = specific weight of a sediment grain in water (1.65) 
g = acceleration due to gravity (9.81 m s-1) 
Di = is the diameter of the grain-size the transport rate is being calculated for 
D50 =  is the median grain size of the grain-size distribution of the surficial channel bed 
sediments 
u* = the instantaneous shear velocity of flow 
 
Source citations: 
 
Parker, G., 2007. Transport of gravel and sediment mixtures. Garcia, M.H. (Editor), 

Sedimentation Engineering: Processes, Management, Modeling, and Practice. 
ASCE manuals and reports on engineering practice; no. 110. American Society of 
Civil Engineers: Reston, VA, 165-253. 

Powell, D.M., Reid, I., Laronne, J.B., 2001. Evolution of bed load grain-size distribution 
with increasing flow strength and the effect of flow duration on the caliber of bed 
load sediment yield in ephemeral gravel bed rivers. Water Resources Research 
37(5), 1463-1474. 
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4. Meyer-Peter & Muller (Wong and Parker (2006) formulation) 
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where 
 
qb = is the total volumetric sediment transport rate per unit width (m2 s-1 m-1) 
R = specific weight of a sediment grain in water (1.65) 
g = acceleration due to gravity (9.81 m s-1) 
Dm =  is the mean grain size of the grain-size distribution of the surficial channel bed 
sediments 
u* = the instantaneous shear velocity of flow 
 
Source citations: 
 

Meyer-Peter, E., Muller, R., 1948. Formulas for bed load transport, Proceedings of the 
2nd meeting, IAHR, Stockholm, Sweden, pp. 39-64. 

 

Wong, M.G., Parker, G., 2006. Reanalysis and correction of bed-load relation of Meyer-
Peter and Muller using their own database. Journal of Hydraulic Engineering-
ASCE 132(11), 1159-1168. 
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5. Bagnold (1980) 
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where 
 
qs = bed load transport rate by immersed mass per unit width (kg s-1 m-1) 
Y = mean flow depth 
D = the mode grain-size of the grain-size distribution of the surficial channel bed 
sediments 
U = mean flow velocity 
τ = boundary shear stress 
 
and values with the subscript ‘*’ are reference values. In application they are extracted 
from measured values at a single point of the relationship between stream power (ω) and 
qs for the stream channel modeled. 
 
Source citations: 
 

Bagnold, R.A., 1980. An empirical correlation of bed load transport rates in flumes and 
natural rivers. Proceedings of the Royal Society of London, Series A 372, 453-
473. 
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