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ABSTRACT 15 

The first extensive dataset on subaqueous bed material grain size in a large river subject to reduced 16 

sediment supply is investigated alongside bathymetry, modeled flow, and sediment flux.  Results suggest 17 

that following sediment supply decline and a shift to a finer sediment supply, the gravel-sand transition 18 

(GST) in fluvial systems extends and subsequently migrates upstream.  The non-abrupt (~125 km) GST in 19 

the Sacramento River corresponds with a hump in the long profile, indicating recent downstream 20 

redistribution of sediment that impacts grain sizes.  The hump is composed of sediments winnowed from 21 

upstream gravel beds that accumulate downstream where slope declines.  This increases local sorting 22 

values and coarse sediment flux rates in the GST, leading to further gravel loss by burial and net efflux.  23 

Thus, in a transient response to sediment supply changes, whether anthropogenic or natural, the GST 24 

extends upstream as a longitudinally patchy bed modulated by bedload sheet transport that favors the loss 25 

of gravel.     26 

 27 

INTRODUCTION 28 
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Longitudinal grain size in fluvial systems generally declines exponentially downstream (if lateral 29 

sediment sources are insignificant) until fine grains overwhelm gravels in a zone of low shear stress 30 

[Ferguson, 2003].  There an abrupt gravel-sand transition (GST) forms in a fixed position, which has 31 

been identified in worldwide datasets [Gomez et al., 2001; Sambrook Smith and Ferguson, 1995; Yatsu, 32 

1955], in laboratory simulations [Sambrook Smith and Nicholas, 2005], and by numerical modeling [Cui 33 

and Parker, 1998; Ferguson, 2003].  These and other studies confirm the existence and persistence of an 34 

abrupt GST in fluvial systems with constant and/or relatively high sediment supply.  However, other 35 

research investigating the impact of sediment supply on river beds suggests that grain size change is a 36 

first-order response to shifts in magnitude and caliber of supply [Dietrich et al., 1989; Iseya and Ikeda, 37 

1987], which creates internal feedbacks between grain size, sediment transport, and channel morphology.  38 

These factors and simple modeling of GST sensitivity to boundary conditions [Cui and Parker, 1998; 39 

Ferguson, 2003; Paola et al., 1992] imply that the location of the abrupt GST will not persist following 40 

changes to sediment supply [Knighton, 1999].  A fluvial system which is not at grade (i.e., where slope is 41 

not adjusted to sediment supply), may be used to investigate system response to such perturbations [Hoey 42 

and Bluck, 1999].  This paper presents an investigation of a bed material grain size dataset collected in a 43 

river that has undergone major supply decline recently due to anthropogenic activity and therefore serves 44 

as a natural laboratory in which to explore the character and evolutionary processes of the GST following 45 

a recent and dramatic decline in sediment supply.   46 

Prior research presented a new dataset of subaqueous bed material sediment extracted from the 47 

Sacramento River [Singer, 2008a], California and identified patterns in longitudinal grain size that 48 

diverge strongly from other published studies: separate fining trends in median grain size (d50) for gravel 49 

and fines overlap for ~175 km, thus creating longitudinal patchiness in alternating gravel and fine reaches 50 

and consequently, a protracted GST (this study conservatively restricts the GST to 125 km).  This work 51 

was framed within the broader context of grain size adjustment to naturally low sediment supply (due to 52 

basin shape and tectonic setting) that was aggravated in the last 60 years by anthropogenic impacts to the 53 

river basin (e.g., dams, aggregate mining, bank protection) that have mostly reduced the gravel supply.  54 
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This paper interrogates the full bed material dataset from the Sacramento River alongside high-resolution 55 

bathymetry, output from hydraulic modeling, sediment budget calculations, and bed-material flux 56 

estimates to assess the variables controlling longitudinal grain size, as well as the sediment transport 57 

processes and the evolutionary trajectory of the protracted GST.  This work analyzes the first field dataset 58 

capable of addressing a question that has been thus far restricted to flumes and models.  The results have 59 

broad relevance to studies of landscape evolution in response to external forcing, sediment transport 60 

dynamics and their impact on river channel adjustment, sedimentary geology, as well as to engineering 61 

and aquatic habitat in large, managed rivers worldwide.        62 

 63 

METHODS 64 

Extraction of bed material and the field campaign/laboratory analysis to obtain grain size 65 

distributions are described elsewhere [Singer, 2008a; Singer, 2008b].  In summary, point-based surface 66 

samples collected from 1-3 locations (depending on river width) within cross sections spanning ~400 67 

river kilometers were selected between river bends to minimize cross-stream topography.  They were 68 

dried, sieved, weighed, and aggregated to obtain section samples (n=107) that satisfied the criterion 69 

whereby the largest particle comprised <5% of the total mass [Mosley and Tindale, 1985].  The field 70 

campaign was carried out over a two-year period with no intervening high flow events, so the data are 71 

assumed to be representative of low flow conditions, where fine sediments may be marginally more 72 

prevalent due to decreases in high flows by dams.    73 

Long profiles, local bed slope, and bed curvature were obtained for each sampling location by 74 

extracting thalweg elevations from US Army Corps of Engineers (USACE) and California Department of 75 

Water Resources (CDWR) ~0.6-m resolution bathymetric surveys.  Hydraulic data were extracted from 76 

unsteady, 100-year return-interval flood simulations over this bathymetric data conducted by the CDWR 77 

and USACE (http://www.compstudy.net/).  Grain size characteristics were computed by logarithmic 78 

method of moments within GRADISTAT software [Blott and Pye, 2001].   79 
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To obtain local estimates of transport, I used grain size data and hydraulic model output within 80 

the Singer and Dunne [2004] bed material formula, which is a modified form of the Engelund-Hansen 81 

formula calibrated to bedload and bed material data from a range of fluvial environments, acknowledging 82 

that fractional sediment transport is strongly dependent on local bed material grain size: 83 
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84 

where qs is unit transport rate for a particular grain size class (subscript i), ρs is sediment density, U is 85 

velocity, τ* is Shields stress, ρghS/[(ρs - ρ)gd50], whose critical value τ*
C is assumed to be 0.047 (results 86 

from (1) at high shear stresses are insensitive to the chosen value of τ*
C [Singer and Dunne, 2006]), ρ is 87 

water density, g is gravitational acceleration, d is characteristic grain size for a particular size class, h is 88 

flow depth, S is water surface slope, and F is fraction within a grain size class.  α, the calibration 89 

parameter, is computed as a function of local sorting and hiding [Singer and Dunne, 2004].  This method 90 

is sensitive to surface grain size similar to Wilcock and Crowe [2003], but is more responsive to relative 91 

values of sorting and hiding, rather than to the influence of sand percentage on flux.  I calculated 92 

fractional sediment flux at all cross sections for full φ sizes ranging from 0.125 mm to 128 mm, computed 93 

based on their local availability.  I present the results from a 100-year recurrence interval flow simulation, 94 

which represents conditions that reset the bed, though the relative results are not markedly different for a 95 

50-year recurrence interval flow.   96 

 97 

RESULTS  98 

Figure 1 shows that sorting becomes progressively poorer (increases) and peaks over a broad area 99 

that coincides with the GST, as bed slope declines and flow depth rises.  Average sorting (σφ) increases 100 

from 1.4 upstream of the GST to 2.1 within it, and then declines to 0.8 downstream of it (Tab. 1), 101 

highlighting the mixing of two distinct sediment populations in the GST [Singer, 2008b].  Poor sorting in 102 

the GST is also reflected in size distributions that are skewed fineward with low kurtosis, and d10, d50, and 103 
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d90 finer than in upstream sections (Tab. 1).  These indicators are directly related to low pocket angles and 104 

thus ease of transport for a wide range of grain sizes [Buffington et al., 1992], which when coupled with 105 

biomodality promotes the development of patches and sediment transport as bedload sheets [Paola and 106 

Seal, 1995; Whiting et al., 1988].       107 

It has been suggested that concomitant declines in both shear stress (τ) and σφ lead to an abrupt 108 

GST [Ferguson, 2003].  The Sacramento data reveal that σφ does not decline with τ in the GST, but in fact 109 

increases as τ declines between river kilometers (RK) 345 and 280 (Fig. 2).  This increase in sorting is 110 

spatially consistent with longitudinally patchiness, as fines intermittently depress d50 into the sand range.  111 

This alternation of gravel and fines is consistent with observations of pulsed sediment transport in 112 

‘transitional’ reaches [Iseya and Ikeda, 1987], and suggests that small areas convey large proportions of 113 

the total bed load, which is expected in sediment-poor channels with low mobility [Lisle et al., 2000].  114 

Fig. 2 also shows that while τ is correlated with reach-averaged net sediment flux (i.e., erosion for 115 

constant τ and deposition for declining τ), σφ does not exhibit such coupling, indicating non-hydraulic 116 

factors control grain size in the GST.    117 

  Figure 3(A) shows that local bed slope declines monotonically with distance until RK 390, where 118 

it flattens upstream of the GST.  Throughout the GST, average local slope is less than half the value of 119 

upstream sections (Tab. 1) and declines 3-fold within the GST.  This is more clearly exhibited as a 120 

marked increase (~104) in local bed curvature between RK 340 and 240 (Fig. 3B and Tab. 1), which slows 121 

the fining rate [Inoue, 1992].  The GST can be characterized topographically by three segments: RK 345-122 

280 is concave (up); RK 280-260 is increasingly convex; and RK 260-240 is a zone of maximum 123 

curvature.  Curvature is echoed (with a small phase shift) by a rise in τ* beginning near RK 270, and by an 124 

abrupt decrease in width (Fig. 3C & D), perhaps associated with a loss of gravel bars.  The rapid changes 125 

in width and τ* are spatially correlated with a progressive decline in gravel flux, which is otherwise 126 

uncharacteristically high through the GST (Fig. 3E).  The stepwise, yet gradual increase in τ* across the 127 

GST is new in that the value is usually assumed to be bimodal in rivers (e.g., ~0.1 for gravel v. ~1-2 for 128 

sand beds).  Flux rates for fines and gravel are far higher within the GST than outside it, and the ratio of 129 
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fine to coarse sediment flux is ~103 upstream of the GST, but only ~101 within it.  Critically, fine 130 

sediment flux (qsF) is very high in coarse sections upstream of the GST, indicating a process of 131 

winnowing that is supported by local erosion up to 3.5m observed over the last few decades (Fig. 2).  132 

Coarse sediment flux (qsC) is highest in fine sections, consistent with the idea that gravel flux is 133 

augmented by the presence of fines [Wilcock and Crowe, 2003].          134 

 135 

DISCUSSION 136 

The results presented here describe a transient fluvial system, wherein a change in boundary 137 

condition (sediment supply) leads to internal instability (protracted GST).  An overall reduction and a 138 

fineward shift in sediment supply over the last ~60 years due to anthropogenic impacts have led to 139 

upstream winnowing, which coarsened upstream beds relative to their downstream counterparts (Tab. 1) 140 

and created sedimentary congestion (<30% fines, Fig. 4).  The fine material evacuated from these beds 141 

combines with small and relatively fine bed material loads from tributaries [Singer and Dunne, 2004] to 142 

create fine deposits downstream, where net aggradation results in a topographic hump (Fig. 3, Tab. 1).  143 

This accumulation of fine material disrupts downstream trends in surface grain size, fills in the interstices 144 

of gravel (Fig. 4) and accelerates its evacuation [Iseya and Ikeda, 1987] through increases in near-bed 145 

velocity and drag on coarse particles [Sambrook Smith and Nicholas, 2005].  The presumed formerly 146 

abrupt GST (i.e., RK 260-220) is punctuated by a short congested (<30% fines) gravel reach (RK 280-147 

260) at its upstream end and by a smooth (>50% fines) reach downstream.  It becomes obscured by fine 148 

accumulation between RK 345 and 280, which creates a transitional (30-50% fines) reach of gravel and 149 

sand sections (Figs. 2 & 4).  These are accompanied by order-of-magnitude local bed slope oscillations 150 

(Fig. 3A) and suppression of τ* that slowly increases in the GST (Fig. 3D) in contrast to previous work 151 

[Parker et al., 2007].  This transitional reach of the river is the most poorly sorted and therefore the least 152 

adjusted in terms of slope to sediment supply [Paola and Seal, 1995] (Fig. 2), where fine-grained 153 

longitudinal patchiness is aided by relatively high channel width (Fig. 3C) [Toro-Escobar et al., 2000].  154 

Here pulsed sediment transport corresponds to changing availability of bed materials induced by 155 
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longitudinal sorting [Iseya and Ikeda, 1987] and flux occurs as bedload sheets (Fig. 4, based on d90/d10 > 4 156 

[Nelson et al., 2009]), preferentially depleting this reach of gravel that is not replenished from upstream.  157 

Similar processes occur in the former GST (RK 260-220), but the two regions are separated by a 158 

congested reach where sediment flux is low (Fig. 3E).   159 

Effectively, these factors have extended the GST upstream to RK 345 (from ~40 to ~125 km).  160 

However, this is not expected to last.  As long as relatively low gravel supply persists, the fines delivered 161 

from upstream will replace the remaining gravels and will smooth the long profile.  Ultimately, the fines 162 

accumulating in the transitional reach (RK 345-280) will migrate downstream and further encroach on the 163 

congested gravel reach (RK 280-260) until the two fine regions are linked and the long profile is 164 

smoothed, facilitating transport that re-segregates gravel and fines longitudinally.  At this point, the GST 165 

will have shifted upstream by tens of kilometers, though its precise delineations and the timing of its 166 

coalescence are subject to speculation.            167 

Ferguson [2003] has described the abrupt GST as an emergent phenomenon in fluvial systems 168 

that is not dependent on initial or boundary conditions.  Although this may be true, changes in boundary 169 

conditions apparently lead to transience that obscures the GST and has the potential to shift its location.  170 

Indeed, Ferguson [2003] anticipated this by demonstrating the GST forms farther downstream with larger 171 

d50 of sediment supply and Knighton [1999] presented a downstream shift associated with sediment 172 

supply increase.  Research on the impact of sediment supply on the interplay between bed state and 173 

transport has identified discontinuities in longitudinal grain size and flux rates [Iseya and Ikeda, 1987] 174 

and the development of bedload sheet (or grain-size segregated) sediment movement associated with 175 

patches [Nelson et al., 2009].  However, instead of coarse patch expansion compared with fine, mobile 176 

ones in response to supply reduction [Dietrich et al., 1989], the data presented here suggest that as the 177 

grain size distribution shifts fineward with supply reduction, fine patches may expand disproportionately 178 

with gravel burial and net gravel efflux. 179 

These new observations suggest that the character of the GST may change in a transient way, 180 

depending on changes in factors exogenous to the drainage basin, including sediment supply (natural or 181 
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anthropogenic) and/or climate, which in turn may affect the caliber of sediment supply.  This occurs as a 182 

loss of GST coherence and its subsequent reforming at a new location, wherein hydraulics and slope also 183 

readjust to the imposed supply.  Thus, detection of the character and behavior in the GST may be 184 

diagnostic of basin-scale perturbations that impact long profile development, basin-scale sediment 185 

budgets, depositional environments, aquatic habitat, and flood risk.      186 

ACKNOWLEDGMENTS 187 

Financial support came from NSF (BCS-0521663) and the NRC, logistical support from CDWR, data 188 

from USACE.  I thank Doug Jerolmack and Chris Paola for helpful review comments and suggestions 189 

and Tom Lisle for comments on a previous version.     190 

REFERENCES 191 
Blott, S. J., and K. Pye (2001), Gradistat: A grain size distribution and statistics package for the analysis 192 
of unconsolidated grains, Earth Surface Processes & Landforms, 26, 1237-1248. 193 
Buffington, J. M., W. E. Dietrich, and J. W. Kirchner (1992), Friction angle measurements on a naturally 194 
formed gravel streambed - implications for critical boundary shear-stress, Water Resources Research, 195 
28(2), 411-425. 196 
Cui, Y., and G. Parker (1998), The arrested gravel front: stable gravel-sand transitions in rivers Part II: 197 
General numerical solution, Journal of Hydraulic Research, 36(2), 159-182. 198 
Dietrich, W. E., J. W. Kirchner, H. Ikeda, and F. Iseya (1989), Sediment supply and the development of 199 
the coarse surface layer in gravel-bedded rivers, Nature-letter, 340, 215-217. 200 
Ferguson, R. I. (2003), Emergence of abrupt gravel to sand transitions along rivers through sorting 201 
processes, Geology, 31(2), 159-162. 202 
Gomez, B., B. J. Rosser, D. H. Peacock, D. M. Hicks, and J. A. Palmer (2001), Downstream fining in a 203 
rapidly aggrading gravel bed river, Water Resources Research, 37(6), 1813-1823. 204 
Hoey, T. B., and B. J. Bluck (1999), Identifying the controls over downstream fining of river gravels, 205 
Journal of Sedimentary Research, 69(1), 40-50. 206 
Inoue, K. (1992), Downstream chnage in grain size of river bed sediments and its geomorphological 207 
implications in the Kanto Plain, Central Japan, Geographical Review of Japan, 65B, 75-89. 208 
Iseya, F., and H. Ikeda (1987), Pulsations in bedload transport rates induced by a longitudinal sediment 209 
sorting: A flume study using sand and gravel mixtures, Geografiska Annaler, 69A(1), 15-27. 210 
Knighton, A. D. (1999), The gravel-sand transition in a distributed catchment, Geomorphology, 27, 325-211 
341. 212 
Lisle, T. E., J. M. Nelson, J. Pitlick, M. A. Madej, and B. L. Barkett (2000), Variability of bed mobility in 213 
natural, gravel-bed channels and adjustments to sediment load at local and reach scales, Water Resources 214 
Research, 36(12), 3743. 215 
Mosley, M. P., and D. S. Tindale (1985), Sediment variability and bed material sampling in gravel-bed 216 
rivers, Earth Surface Processes and Landforms, 10, 465-482. 217 
Nelson, P. A., J. G. Venditti, W. E. Dietrich, J. W. Kirchner, H. Ikeda, F. Iseya, and L. S. Sklar (2009), 218 
Response of bed surface patchiness to reductions in sediment supply, J. Geophys. Res., 114. 219 
Paola, C., and R. Seal (1995), Grain size patchiness as a cause of selective deposition and downstream 220 
fining, Water Resources Research, 31, 1395-1407. 221 
Paola, C., P. L. Heller, and C. L. Angevine (1992), The large-scale dynamics of grain-size variation in 222 
alluvial basins, 1: Theory, Basin Research, 4, 73-90. 223 



Singer, ‘Transient response in grain size to reduced sediment supply’    9 
 

Parker, G., P. R. Wilcock, C. Paola, W. E. Dietrich, and J. Pitlick (2007), Physical basis for quasi-224 
universal relations describing bankfull hydraulic geometry of single-thread gravel bed rivers, Journal of 225 
Geophysical Research-Earth Surface, 112(F4). 226 
Sambrook Smith, G. H., and R. I. Ferguson (1995), The gravel-sand transition along river channels, 227 
Journal of Sedimentary Research, A65(2), 423-430. 228 
Sambrook Smith, G. H., and A. P. Nicholas (2005), Effect on flow structure of sand deposition on a 229 
gravel bed: Results from a two-dimensional flume experiment, Water Resources Research, 41(10), 12. 230 
Singer, M. B. (2008a), A new sampler for extracting bed material sediment from sand and gravel beds in 231 
navigable rivers, Earth Surface Processes and Landforms, 33(14), 2277-2284. 232 
Singer, M. B. (2008b), Downstream patterns of bed-material grain size in a large, lowland alluvial river 233 
subject to low sediment supply, Water Resources Research, 44, W12202, doi: 10.1029/2008WR007183. 234 
Singer, M. B., and T. Dunne (2004), Modeling decadal bed-material flux based on stochastic hydrology, 235 
Water Resources Research, 40, W03302, doi: 03310.01029/02003WR002723. 236 
Singer, M. B., and T. Dunne (2006), Modeling the influence of river rehabilitation scenarios on bed 237 
material sediment flux in a large river over decadal timescales, Water Resources Research, 42(12), 14. 238 
Toro-Escobar, C. M., C. Paola, G. Parker, P. R. Wilcock, and J. B. Southard (2000), Experiments on 239 
downstream fining of gravel. II: Wide and sandy runs, Journal of Hydraulic Engineering-Asce, 126(3), 240 
198-208. 241 
Whiting, P. J., W. E. Dietrich, L. B. Leopold, T. G. Drake, and R. L. Shreve (1988), Bedload sheets in 242 
heterogeneous sediment, Geology, 16, 105-108. 243 
Wilcock, P. R., and J. C. Crowe (2003), Surface-based transport model for mixed-size sediment, Journal 244 
of Hydraulic Engineering, 129, 120-128. 245 
Yatsu, E. (1955), On the longitudinal profile of the graded river, Transactions, American Geophysical 246 
Union, 36(4), 211-219. 247 
 248 
FIGURE CAPTIONS 249 

Figure 1. σφ and elevation v. distance.  GST is indicated by gray rectangle (for Figs. 1-3).   250 

Figure 2. d50, τ, and σφ v. distance.  Gaps in τ are due to a flattening or negative value of S.  Reach-251 

averaged erosion/deposition from Singer and Dunne [2004].  General trends in τ shown in dash lines. 252 

Long-term change at USGS gauges (black dots) obtained from http://waterdata.usgs.gov/nwis/.  253 

Figure 3. Channel bed slope (A), curvature (B), width (C), τ* (D), d50 and sediment flux (E) v. distance.  254 

Smoothed curves obtained by robust LOWESS fits in Matlab (span = 0.25).  Gaps in E indicate no flux 255 

based on grain size and hydraulics.   256 

Figure 4. d90/d10 and % fines v. distance.  257 
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TABLE 1. GRAIN SIZE, CHANNEL CHARACTERISTICS, HYDRAULICS, AND SEDIMENT FLUX†

Cross Section d50 (mm) d90 (mm) d10 (mm) σφ Skew Kurtosis Fines (%) Width (m) Slope Curvature τ (N/m2) τ* qsF (kg/m/s)§ qsC (kg/m/s)#

GST (all) (n=39) 13.35 42.13 2.79 2.09 0.75 7.2 38.1 120.4 3.68E-04 -5.24E-10 28.6 1.33 3.10240 0.32330

Non-GST (all) (68) 24.81 54.79 9.09 1.12 1.31 14.4 47.7 113.5 4.15E-04 -9.95E-10 38.9 0.80 4.80260 0.00570

GST (fine) (15) 0.55 17.93 0.21 2.03 -0.54 8.2 75.6 112.3 5.27E-04 -6.19E-08 30.3 3.50 0.07940 0.86810

Non-GST (fine) (32) 0.42 1.75 0.22 0.78 0.29 13.4 94.6 104.2 5.22E-05 4.45E-09 11.4 1.53 0.00072 0.00140

GST (coarse) (24) 20.51 55.69 4.23 2.13 1.47 6.7 17.2 125.0 2.79E-04 3.39E-08 27.6 0.11 4.79530 0.01820

Non-GST (coarse) (36) 46.49 101.94 16.96 1.41 2.22 15.2 6.0 121.7 7.56E-04 -6.28E-09 64.9 0.12 9.07090 0.00950
† values determined from distributions use mean as the measure of average (since they are already nonparameterized); all others are median values reflecting their non-normality
§ fine (d < 2mm) sediment flux is computed fractionally based on local grain size distribution and hydraulics 
# coarse (d ≥ 2mm) sediment flux is computed fractionally based on local grain size distribution and hydraulics

Singer, Table1.pdf
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