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Abstract  Relations of bedload transport (QB) and flow competence (Dmax,QB) with water discharge Q are difficult to 
measure or to accurately estimate in steep mountain streams.  To further the understanding of how gravel transport 
and flow competence curves differ among streams, this empirical study relates exponents and coefficients of power 
functions fitted to gravel transport (QB = aQb) and flow competence curves (Dmax,QB = fQg) to watershed, channel, 
and bed material parameters.  Exponents b and g are found to systematically increase with basin area, the bankfull 
width/depth ratio and stream width, and to decrease with the bankfull unit runoff yield per basin area as well as the 
percentage of subsurface fines.  The exponents are non-monotonically (convexly) related to stream gradient, unit 
stream power, relative bankfull depth, and roughness.  A tight linear relation between the b- and g-exponents reveals 
that steep QB curves result when increasing flows find increasingly larger particles to transport, a feature best 
expressed in steep plane-bed streams.  Coefficients a and f are inversely related to the b and g exponents, 
respectively, hence scaling relations positive for exponents are negative for coefficients and vice versa.  Overall, r2-
values of scaling relations are within 0.3 to 0.6 and significant, sufficient to determine the range of expected 
exponents and coefficients, but not tight enough to predict them with certainty.  Scaling relations are tightened, and 
their practical applicability for predicting QB and Dmax,QB curves enhanced, when stream types are segregated based 
stream gradient and basin area.  
 

INTRODUCTION 
 

Particle entrainment and subsequent bedload transport is difficult to predict in steep mountain streams because 
entrainment and transport are caused by complex interactions between flow hydraulics and sediment transport 
dynamics.  Flow hydraulics, including turbulence, scour jets, wake eddies, and secondary circulation, exert 
fluctuating and variable forces on coarse channel beds.  Coarse beds are typically comprised of not only a wide mix 
of particle sizes ranging from sand to boulders, but also contain a variety of structural characteristics that develop in 
response to the interactions between flow hydraulics and sediment supply (Church et al., 1998).  Particles may be 
exposed on top of the bed, embedded firmly in the bed, integrated in steps, particle clusters or stone structures, or 
anchored to other particles, tree roots, or bedrock.  Hence, bed particle entrainability ranges from highly mobile to 
very stable (e.g., Bunte et al., 2013). The variability of flow hydraulics, sediment supply, and channel bed 
characteristics between streams controls the rate at which the quantity and size of gravel in motion increases as 
discharge increases.  As a result, each stream has a specific bedload transport and flow competence relation.  The 
variability of transport and flow competence curves is evident in studies that bring together observations from 
numerous streams (Barry et al., 2004; Bunte et al., 2008, 2013, 2014; Bathurst, 2013; Schneider et al., 2014).  Case 
studies also show that bedload transport and flow competence curves can vary for a given stream in response to 
changes in sediment supply which alter bed material conditions and particle transportability within or between 
events (e.g., Beschta, 1987; Lenzi, et al., Mao et al., 2012; Yu et al., 2009; Hassan et al., 2014).  The complexities of 
flow hydraulics, sediment supply, and bed structure—all of which are difficult to quantify—cannot be accounted for 
in bedload transport equations typically used for estimating transport rates or incipient motion.  To be simple enough 
for practical application, transport equations must be limited to a few parameters (typically flow depth, stream 
gradient, and the median size of bed surface particles).  Those bedload equations therefore cannot capture the 
processes that determine how gravel transport rates and flow competence relate to flow in a specific stream, and 
computed transport rates can deviate from measured gravel transport rates by several orders of magnitude (e.g., 
Bathurst, 2007; Barry et al., 2008; Schneider et al., 2015).   
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Numerous applications in fluvial geomorphology and channel management would benefit from a method to quickly 
and accurately estimate the steepness (exponent) and y-axis intercept (coefficient) of gravel transport and flow 
competence relations from simple field-measured parameters, or more conveniently from parameters quantified 
from maps and areal photographs.  This study uses an empirical approach similar to that used for quantifying 
suspended sediment transport relations (e.g., Asselmann, 1999, 2000; Syvitski et al., 2000; Dodov and Foufoula-
Georgiou, 2005; Yang et al., 2006) and provides a comparison and prediction of exponents and coefficients of 
bedload transport and flow competence curves. Earlier studies that empirically predicted exponents and coefficients 
of bedload transport curves from watershed, flow, channel, and bed material parameters were based on a narrow 
range of b-exponents (Barry and Buffington, 2002; Barry et al., 2004), an artifact of the Helley-Smith samplers used 
(Bunte et al., 2004, 2008), or the empirical studies lacked robustness due to data paucity (Bunte and Swingle, 2003; 
Bunte and Abt, 2003; Bunte et al., 2006).  For this study, we gathered a large dataset from a wide range of coarse-
bedded mountain streams where gravel transport was measured with samplers suitable for gravel bedload to 1) show 
how watershed, flow, channel, and bed material parameters affect exponents and coefficients of bedload transport 
and flow competence curves; 2) to assess which parameters best capture the characteristics of the flow- and bed 
material interactions; and 3) to explore the potential for improving the prediction of bedload transport.  While simple 
watershed, flow, channel morphometry, and bed material parameters are obviously not the direct factors entraining 
or restraining bed particles, this study proposes that those parameters have either provided conditions for actual 
channel processes or been influenced by them and hence serve as easily quantifiable proxies for actual gravel 
transport processes, especially when streams are segregated according to gradient and size.   
 

METHODS 
 
Compilation of datasets  Of the 45 datasets of gravel bedload transport relations (QB curves) from wadeable, steep 
gravel- and cobble-bed streams worldwide compiled in this study, 29 datasets also include flow competence 
relations (Dmax,QB curves).  Forty percent of the datasets are derived from gravel transport and flow competence 
measured mainly in the Rocky Mountain streams with snowmelt regimes. (Bunte et al., 2004, 2008, 2010a; 
Potyondy et al., 2010).  The other datasets include streams in alpine and arctic pro-glacial environments, densely 
forested watersheds, and high desert environments.  Sediment supply ranges from very high to very low with 
bankfull unit transport rates that extend over ten orders of magnitude from 1E-4 to 1E6 g/m·s.  Study sites span a 
wide range of basin areas (1-260 km2), bankfull stream widths (1-20 m), stream gradients (0.007-0.136 m/m), and 
bed surface sizes (D50 of 20 - 200 mm, D84 of 33-360 mm).  Gravel transported in the study streams was collected 
either with bedload traps, vortex, net-frame, basket, and pit samplers (see references in Ryan et al. (2005a) and 
Bunte et al. (2013) for those samplers), as well as with hanging baskets, including those that deploy automatically 
(Rickenmann et al., 2012), or was quantified from continuous, automated surveys of an accumulating debris pile 
volume (Lenzi et al., (1999, 2004, 2006).  Bedload data from pressure difference samplers were not included in this 
compilation because they yield QB and Dmax,QB curves that are significantly flatter that those from bedload traps 
(Bunte et al., 2004, 2008, 2010b) and are not thought to accurately represent the transport-discharge relation.  Also 
not included are steep streams in which wedges of fine-grained sediment build up low-gradient sections between log 
steps (Green et al., 2014).  Most of the gravel bedload datasets used in this study are described in Bunte et al. (2014), 
and many of the flow competence data are summarized in Bunte et al. (2013).   
 
Fitted bedload transport and flow competence curves  The increase of transport rates QB with water discharge Q 
(QB curves) is typically (and admittedly somewhat simplistically) described by power functions in the form QB = a  
Q b, where a and b are empirically determined (e.g., Barry et al., 2004; Bunte et al., 2008, 2014).  Exponents b, 
which refer to flow quantified by Q in this study, are lower than exponents of bedload transport curves obtained 
when water flow is quantified by flow depth d (or shear stress).  Exponents b are independent of the units used to 
quantify QB and Q, while a-coefficients are unit-dependent.  All the a-coefficients in this study are based on QB units 
of g/s and discharge in units of m3/s.  Flow competence relations (Dmax,QB curves) are also described by power 
functions as Dmax,QB = f Q g (e.g., Mao, 2012; Bunte et al., 2013), where Dmax,QB is the largest bedload particle size 
collected in a sample, and f and g are empirically determined; Q is quantified in units of m3/s, while Dmax,QB (often 
measured in 0.5 phi increments) is expressed in units of mm.  For some of the study streams, sediment supply 
changed between the rising and falling limbs of flow during a highflow season, or between individually sampled 
years.  When this caused notable differences, two separate QB and/or Dmax,QB curves were fitted.  Mathematically 
complex function types may describe gravel transport or flow competence relations more accurately (e.g., Gaeuman 
et al., 2014), but simple power functions described all of the authors’ QB and Dmax,QB curves.  Power functions are 

 



commonly reported for QB and Dmax,QB curves in other studies, and the empirically quantified exponents and 
coefficients are fully adequate to describe the scaling relations developed in this study.   
 
Stream parameters  Four stream parameters were quantified for the study datasets:  
 basin area (A),  
 bankfull unit runoff yield (qbf/A) where bankfull flow Qbf was field-determined or based on the 1.5-year 

recurrence interval flood (Castro and Jackson 2001), and bankfull unit flow is qbf = Qbf/wbf,  
 stream gradient (S), and  
 the percentage of subsurface sediment < 8 mm (%Dsub<8) (not available for all the bedload dataset in this study). 
 
Study stream grouping  The progression from step-pool to plane-bed morphology in mountain streams is generally 
concomitant with an increase in basin area.  However, the lower gradient plane-bed streams with occasional riffle-
pool sequences occur in small drainages <10 km2 as well as in large drainages of 60 - 260 km2.  Similarly, some 
step-pool streams in this study have small basin areas of only a few km2, while others have areas up to 27 km2.  To 
reflect the different sizes of streams with similar gradients, study reaches were first categorized into three stream 
gradient classes to denote the basic channel morphology (Montgomery and Buffington, 1997):  
 step-pool,  
 steep plane-bed with low, narrow steps but no pools, and  
 low gradient plane-bed with occasional pool-riffle sequences, especially forced around sharp channel bends.   
 

The three channel types were then segregated into those with small and large basin areas along a cutoff value of 15 
km2 (Table 1) which is slightly less than the dataset’s geometric mean drainage size.  Those group thresholds are 
somewhat arbitrary and are reflective of conditions encountered among the study streams and could shift if more 
data sets become available for this line of analyses.   
 

Table 1  Stream type grouping based on basin area size and stream gradient. 
 
Stream type Drainage 

area (km2) 
Gradient range 

(mm) 
Secondary morphological 

features 
Abbreviation 

Small step-pool  < 15 small s-p 
Large step-pool > 15 

0.040 – 0.136 
rare, short plane-bed 

reaches large s-p 
Small steep plane-bed 1)  < 15 small steep p-b 
Large steep plane-bed  > 15 

0.016 – 0.038 
some low, narrow steps, no 

plunge pools large steep p-b 
Small plane-bed < 15 small p-b w/p-r 
Large plane-bed > 15 

0.007 – 0.014 
forced or occasional pool-

riffle sequences large p-b w/p-r 
1) not encountered among the study streams 
 
Regression analyses  Exponents b and g as well as coefficients a and f from all datasets and for the stream groups 
delineated in Table 1 were regressed against the various watershed, channel, and bed material parameters.  Power 
functions in the form of b = α1·X

1, a  = α2·X
2,  g  = α3·X

3, and f  = α4·X
4 generally obtained the best fit, where X 

denotes a watershed or streambed parameter;  and  are empirically determined.   
 

RESULTS AND DISCUSSION 
 

Scaling relations of exponents from QB and Dmax,QB curves with watershed, channel, flow, and bed material 
parameters  The steepness of the QB and Dmax,QB curves compiled in this study differed widely between streams.  
Exponents b covered a seven-fold range from 2.6 to 18.2, while exponents g spanned a 20-fold range from 0.27 to 
5.5.  These exponents vary systematically with watershed, flow, channel, and bed material parameters.  Exponents b 
and g are both positively, moderately, but nevertheless significantly related to basin area size A with r2-values of 
0.32 and 0.40 (Figure 1a).  Exponents b and g decrease with unit bankfull runoff yield (qbf/A) (Figure 1b), a parame-
ter that indicates the flow per drainage area available to supply and transport bedload.  Scaling relations are likewise 
negative with %Dsub<8 (Figure 1c).  An abundance of subsurface fine gravel and a well-developed armor in coarse 
bedded streams typically suggest that a large supply of fine gravel is transported.  The negative scaling relations 
(Figure 1b and c) are moderately well-defined (r2 of 0.20 to 0.43) and likewise significant, and they confirm that QB 
(and Dmax,QB) curves are flatter in streams with higher sediment supply and more bed mobility (Dietrich et al., 1989; 
Laronne and Reid, 1993; Lisle, 1995; Reid and Laronne, 1995; Laronne et al., 2001; Hayes et al., 2002; Lisle and 

 



Church, 2002; Barry et al., 2004; Ryan et al., 2005b; Bunte et al., 2006; Gran et al., 2006; Hassan et al., 2008; 
Diplas and Shaheen, 2008).   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1  Scaling relation of b- and g-exponents with the four stream parameters from the 44 datasets show a 
positive trend with A (a), negative trends with qbf/A and %Dsub<8 (b, c), and a non-monotonic, convex trend  
with S (d).  Yellow symbols denote b-exponents of QB curves and purple symbols denote g-exponents of  

Dmax,QB curves.  All relations are significant. 
 
Exponents non-monotonically related to stream type  Among the study streams, the highest exponents coincide 
with streams that are moderately steep (S of 0.016 to 0.039 m/m), moderately rough (D84/dbf of 0.03 to 0.04), 
moderately deep (dbf/D50 6 to 8) and moderately powerful (bf of 7 to 11 kg/m·s) (Figure 1d).  Those reaches have 
steep plane-bed channels with occasional low, narrow steps, but no plunge pools.  Exponents are lower in the lower 
gradient study reaches where S 0.014 m/m, D84/dbf <0.03, dbf/D50 >8, and stream power <7 kg/m·s.  Those condi-
tions are typical of the lower gradient plane-beds with occasional or forced riffle-pool sequences.  The trend of 
rating curve flattening for lower gradient streams is attributed to higher sediment supply with less transport capacity 
and competence (see above).  This study identifies a second, opposing trend:  Compared to the steep plane-bed 
reaches, exponents are about half as large in the steepest streams where S >0.04 m/m.  These channels are coarse, 
rough, and shallow; they have high stream power, and exhibit step-pool morphology.  As a result of two opposing 
trends, exponents b and g have non-monotonic (convex) relations with S (Figure 1d).   
 
Occurrence of the steepest QB curves in steep plane-bed streams is attributed to the combination of two bed material 
conditions: The inundated bed surface harbors minimal fine gravels, and their scarcity keeps transport very low early 
in the highflow season.  Transport is still relatively low at moderate flows, but at flows above bankfull, coarse gravel 
and cobbles on the upper surface of bar deposits—inaccessible at moderate flows—become available for transport.  
The large difference between very low transport rates of small gravels early in a highflow season and cobble trans-
port at above bankfull flow may span 7-8 orders of magnitude and causes steeply increasing QB and Dmax,QB curves 
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in steep plane-bed streams.  By contrast, flat QB curves result in step-pool streams where small gravel pockets pro-
vide ample bedload supply early in the highflow season, but flows above bankfull do not produce cobble transport 
because bar deposits are scarce and bed particles are restrained by structural bed stability.  Low gradient plane-bed 
streams take an intermediate position.  The low flow sediment supply is moderate, and an increase in QB and Dmax,QB 
at the highest flows may be slowed if moderate flows have already transported all but the very largest bed particles. 
 
Scatter around the scaling relations  Scaling relations in Figure 1 provide suitable estimates of the range of 
exponents to be expected for QB and Dmax,QB curves for a given parameter value.  However, even for the best-
developed scaling relations, measured b- and g-exponents vary by a factor of about 2 around the predicted value.  
Much of this variability is attributed to natural inter-annual variability in QB and Dmax,QB curves that is not related to 
or not yet reflected in watershed, channel, runoff, or bed material parameters.  Variability in exponents also arises 
from less than optimally measured QB and Dmax,QB relations due to sampling errors which may include a low number 
of field samples, a narrow range of measured flows, poor quantification of the lowest or highest QB, unfortunate 
timing of samples within the high-flow season, or a poor fit of measured data to a power function.  The remainder of 
the variability reflects the suitability of a watershed, channel, flow or bed material parameter to serve as a proxy for 
processes that cause gravel transport, and the parameter’s ability to provide or respond to the specific conditions that 
supply, entrain, or restrain particles and determine gravel transport.  
 
Scaling relations for exponents segregated by stream type and stream size  Prediction of b- and g-exponents is 
improved when scaling relations in Figure 1 are segregated by stream type.  The discussion here is limited to b-
exponents because the effects of stream-type segregation are very similar for b- and g-exponents, but b-exponents 
have richer datasets.   
 
For scaling relations of b with A (Figure 2a), step-pool and steep plane-bed streams follow the same positive trend, 
irrespective of stream gradient.  However, a secondary stratification by S occurs in the low-gradient plane-bed 
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Figure 2  Scaling relations for b-exponents shown in Figure 1 segregated by stream type. 
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streams and describes a scaling relation with a flatter trend.  The same segregation patterns hold true for scaling 
relations of b with qbf/A (Figure 2b), which are better defined than for A and make qbf/A a better predictor of b.  The 
non-monotonic trend of b-exponents vs. S (Figure 2d) is not further segregated by basin area.  However, gradient 
and basin area act together and define three distinct scaling relations for b with the %Dsub<8 (Figure 2c).  The b-
exponents for step-pool and steep plane-bed streams are clearly differentiated by stream size, such that large, steep 
plane-bed and step-pool stream define a scaling relation of b with subsurface fines that is notably higher than that for 
small step-pool streams.  The low-gradient plane-bed streams follow a flatter scaling relation, but again with higher 
exponents for larger, and slightly lower exponents for smaller streams.  Segregation by stream type is especially 
effective for the parameter %Dsub<8 as it narrows the range of b-exponents to a factor of about 2 for a given %Dsub< 8 
and stream type, rendering %Dsub<8 a parameter suitable for the prediction of b.   
 
Interrelatedness of steepness and coefficients of QB and Dmax,QB curves   
Exponents with exponents and coefficients with coefficients  The a-coefficients and b-exponents of QB curves as 
well as the f-coefficients and g-exponents of Dmax,QB curves are strongly related.  Exponents b and g increase in 
direct proportion with a well defined linear relation (r2 = 0.91) as shown in Figure 3a.  This proportionality explains 
the almost parallel trend of the scaling relations for b- and g-exponents shown in Figure 1 and lets g be computed 
from b and vice versa.  The tight, positive relation between b- and g-exponents is not segregated by stream types and 
clearly shows that the steepness of QB curves depends on whether increasing flows find increasingly larger particles 
to entrain and transport.  If that is the case, Dmax,QB and QB curves steepen.   
 
 
 
 
 
 
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3  Interrelatedness of QB and Dmax,QB curves: among the two exponents (a), among  the two coefficients (b), 
and among coefficients and exponents (c and d). 
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Inherent inverse relations between exponents and coefficients  Power function coefficients represent not only the 
y-axis intercept for x = 1 but are also inversely related to the function’s steepness.  Negative relations between 
exponents and coefficients are a general feature of power functions.  Consequently, all positive scaling relations for 
exponents (Figure 1) become negative for coefficients and vice versa.  For the study stream QB curves, an increase 
of b-exponents by 1 is met by a 1 to 2 order of magnitude decrease in a-coefficients (Figure 3c); f-coefficients of 
Dmax,QB curves decrease less, by about half an order of magnitude as g-exponents increase by 1 (Figure 3d).  
Coefficients are also directly controlled by the magnitude of bedload transport rates.  For example, a doubling in 
transport rates for all Q doubles the coefficient.  The two-fold control of coefficients (by exponent steepness and by 
transport rates) complicates a comparison of coefficients among streams: A QB curve with a coefficient 10 times 
larger than that of another QB curve at a specified parameter x-value does not mean that transport rates of the two 
curves differ by a factor of 10.   
 
Values of a- and f-coefficients from fitted QB and Dmax,QB curves extend over about 10 and over 4 orders of 
magnitude, respectively.  Nevertheless, the negative relation between a-coefficients and b-exponents is fairly well 
and significantly described by an exponential function (r2 of 0.61) (Figure 3c), as observed for suspended sediment 
(Syvitski et al. 2000; Yang et al. 2007).  The relation between a-coefficients and b-exponents is clearly affected by 
stream type.  Segregation by stream gradient raises the correlation for large, steep, plane-bed streams to an r2 of 0.80 
and to an r2 of 0.85 for large, low-gradient plane-bed streams with occasional riffles and pools (Figure 3c).  Hence 
for the large study streams, segregation by S narrows the range of a-coefficients for a given b-exponent from 10 to 
about 6 orders of magnitude.  Stream size segregates the a-b relation for step-pool streams;  large step-pool streams 
have a steep relation, while small step-pool streams have a flatter one.  Stream gradient segregates the a-b relation 
between small streams with higher a-coefficient for small step-pool streams than for small, more gently sloped 
plane-bed streams.   
 
For Dmax,QB curves, the trend between f-coefficients with g-exponents is likewise fairly well and significantly 
described by a negative exponential function (r2 of 0.62) (Figure 3d).  Segregation by stream gradient improves r2 
from 0.62 for all data to 0.69 for large steep plane-beds, and to 0.80 for large low-gradient plane-bed streams with 
occasional riffles and pools.  However, a further segregation of step-pool streams by size or small streams by 
gradient is not evident.  
 
Scaling relations of QB and Dmax,QB curve coefficients with watershed, channel, flow, and bed material 
parameters  Coefficients of the QB and Dmax,QB curves are negatively related to basin area A (Figure 4a).  A negative 
relation of a with A was also reported by Barry et al. (2004) for streams in Idaho.  Following the inherent inverse 
relation between exponents and coefficients, coefficients are positively related to qbf/A (Figure 4b).  A positive 
scaling relation had also been expected for the bed material parameters %Dsub<8 (Figure 4c) but is not revealed by 
the data.  Similarly, the convex non-monotonic scaling relations observed for exponents with stream gradient does 
not turn into concave a non-monotonic relation for coefficients.  Instead, coefficients display poorly to moderately 
well-developed positive trends with S (Figure 4d).  
 
Predictability of coefficients  Scaling relations for coefficients with the parameters A and qbf/A (Figure 4a, b) are 
significant and tend to yield higher r2-values than scaling relations for exponents (Figure 1a-b), but that does not 
render coefficients more predictable.  Scatter around the fitted regression function is large, about  1 order of mag-
nitude for coefficients of the Dmax,QB curves and  4 to 5 orders of magnitude for QB curves, which might preclude a 
meaningful prediction of QB coefficients from watershed and channel parameters.  
 
Fitting QB and Dmax,QB curves with unit discharge q = Q/w instead of total Q does not narrow the scatter in the 
scaling relations for coefficients.  Compared to a, the range of aq-coefficients obtained from QB curves with q 
instead of Q extend over a range about one order of magnitude wider than a, and neither the general trends of 
scaling relations (Figure 4), nor the patterns observed for individual stream groups change in a significant way 
between a and aq.   
 
Coefficients a of QB and f of Dmax,QB curves, like exponents, show a strong positive correlation (r2 = 0.90) (Figure 
3b), corroborating that gravel transport and flow competence increase in unison.  The relation of f- vs. a-coefficients 
is not differentiated by stream type. 
 
 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

 
 
 
 
 

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

10 100

Percent subsurface fines <8 mm

C
oe

ff
ic

ie
nt

s

y = 58186x-5.64

R2 = 0.54

y = 328x-1.377

R2 = 0.57

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.1 1 10 100 1000

Basin area (km²)

C
oe

ff
ic

ie
nt

s

y = 1E+07x5.76

R2 = 0.47

y = 1679x1.47

 
Figure 4  Scaling relations for a- and f-coefficients with the four stream parameters showing a negative trend with A 
(a), a positive trend with qbf/A (b), a poorly defined positive trend with %Dsub<8 (c) and a non-monotonic trend with 

S (d).  Yellow symbols denote a-coefficients and purple symbols f-coefficients of Dmax,QB curves. 
 
Differentiation of coefficients by stream type and stream size 
The prediction of a- and f-coefficients from basin area, runoff yield, stream gradient, and the percentage of 
subsurface fines < 8 mm is improved when scaling relations are segregated by stream type; the discussion here is 
limited to a-coefficients for which datasets are richer than for f-coefficients.  Segregation of the data scatter is 
primarily by stream size and indicates steep scaling relations for a-coefficients with all parameters for large streams, 
and flatter scaling for small streams.  The resulting intersection of the two scaling relations for a-coefficients with A 
(Figure 5a) reflects two opposing segregation effects by stream gradient; among small streams, a-coefficients are 
clearly lower for plane-bed streams than for step-pool streams.  The effect of gradient is reversed among large plane-
bed streams; those with low-gradients have higher coefficients than those that are steeper.  These segregation trends 
are not evident for all parameters.  Trends for scaling relations of a-coefficients with A are reversed for the 
parameter qbf/A (Figure 5b) except for the differentiation among gentle and steep-gradient plan-bed streams.  
Secondary stratification by stream gradient is consistent only among small streams and for all four parameters 
(Figure 5 a-d), with higher coefficients for the steeper streams.  Being stratified by stream type in multiple ways 
makes A a better suited parameter for predicting a-coefficients.   
 
 
 

R2 = 0.47

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.001 0.01 0.1 1

Unit bankf.runoff yield (m³/m·s/km²

a) b)y = 1679x 1.47 
R2 = 0.47 

p < 0.0001 

 f

p < 0.0001 

C
oe

ff
ic

ie
nt

s

)

c) 

f) 

y = 4E+08x7.23

R2 = 0.33

y = 2

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.001 0.01 0.1 1

Stream 

282x1.79
d)

a

p < 0.0001 p < 0.0001 

R2 = 0.34

y = 2282x 1.79

R2 4 = 0.3
p = 0.0002 

C
oe

ff
ic

ie
nt

s

p < 0.0001 

gradient (m/m)

 



 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 2E-09x4.61

R2 = 0.54

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

10 100

Subsurface percent fines < 8 mm

a-
C

oe
ff

ic
ie

nt
s

large p-b

lrg.steep p-b

large s-p

small p-b

small s-p

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.001 0.01 0.1 1

Unit bankfull runoff yield (m
3
/m·s·km

2
)

a-
C

oe
ff

ic
ie

nt
s

large p-b
lrg.steep p-b
large s-p
small p-b
small s-p

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.001 0.01 0.1 1

Stream gradient (m/m)

a-
C

oe
ff

ic
ie

nt
s

large p-b
lrg.steep p-b
large s-p
small p-b
small s-p

1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01

1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06

0.1 1 10 100 1000

Basin area (km
2
)

a-
C

oe
ff

ic
ie

nt
s

a) b)

large p-b
lrg. steep p-b
large s-p
small p-b
small s-p

c) d)

 
Figure 5  Scaling relations for a-coefficients shown in Figure 4 segregated by stream type.  Dotted lines indicate 

possible trends. 
 
 

SUMMARY AND CONCLUSION 
 
 Study results demonstrate that exponents and coefficients of QB and Dmax,QB curves are systematically and 

significantly related to four parameters: basin area, runoff yield, stream gradient, and the percentage of 
subsurface fines < 8 mm.  This finding is not reflected in current bedload transport equations and may serve to 
improve their application to gravel-bed rivers in mountain areas. 

 Even though the data scatter is wide and the r2-values are only moderate, the fairly large sample size of the 
study ensures significance and robustness of the scaling relations.   

 The scaling relations of exponents with basin area, unit runoff yield, stream gradient, and percent subsurface 
fines scatter widely; hence a user can confidently determine the range of expected exponents but not accurately 
predict its value.  Scaling relations of coefficients with those four parameters are slightly better correlated and 
likewise significant, but the wide scatter that extends over several orders of magnitude (especially for QB 
curves) appears to preclude any practical prediction of coefficients. 

 Scatter can be narrowed when scaling relations for exponents and coefficients are differentiated by stream types.  
 The specific effects of segregation by stream type on scaling relations differ among stream parameters as well as 

between exponents and coefficients, but segregation is primarily by basin area, and secondarily by stream 
gradient. 

 At this stage of research, an iterative approach is suggested to estimate exponents and coefficients from scaling 
relations; the estimate is initially based on a parameter’s x-value, and then narrowed based on stream type 
group.  After repeating the process for all parameters, estimates are either averaged or weighted based on the 
parameter considered most relevant or reliable. 

 



 Segregation by stream type can improve the r2 of a scaling relation but decreases its significance.  However, the 
lower sample size in data sets segregated by stream type lets an individual data point have influence on a scaling 
relation, hence a larger data base to increase certainty would be desirable. 
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