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Abstract

Fluvial channels placed in mountain basins show an important decrease in slope when compared with
the immediate upstream torrential reaches, and this fact happens very close to the sediment producing
areas. Consequently, coarse sediment deposits into these reaches. Then, channel bed sediment
typically falls in coarse ranges of grain sizes, being bedload transport very sporadic and occurring with
flow conditions close to the threshold ones. Rivers from NW Spain are defined by this situation,
dropping by 2,000 m in a short path (50 km). In this region, drainage networks with relatively steep
slopes, and where channel bed sediment is typically coarse, develop. Tagged stones were used to trace
bed sediment movement during flood events in River Narcea basin. By this way, bedload transport
rates between 0.2 and 4.0 kg/s were estimated for six flood episodes.

After doing that, nine different transport equations were applied. The bedload discharges estimated
with these formulas were compared with the bedload rates obtained with the tracer experiment. None
of the chosen equations performed adequately: all of them tend to overestimate when compared with
the tracer results, being the Wilcock-Crowe (2003) equation the only exception. We think that the
overestimation is related to the particular geomorphology of coarse bed mountain rivers in humid
environments. These equations assume how the channel will carry the entire load which is able to
transport, without taking into account potential limitations in the supply of sediment. But in these
rivers, armoring and structural arrangements in the bed are ubiquitous; these features, together with a
low sediment supply coming from upstream forested reaches, define a supply-limited condition for
these channels limiting the potential use of bedload equations. Wilcock-Crowe (2003) equation
introduces complex corrections into the ‘hiding fuction’, and considers the effect of sand content on
entrainment; this could explain why it performs better.

Keywords: bedload; bedload formulae; fluvial sediment transport; coarse-bed streams; mountain

rivers; sediment transport equations
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1. INTRODUCTION

Bedload transport represents an important fraction of the total sediment load carried by the fluvial
system. It controls channel morphology and extension of in-channel habitats (Dufour and Piegay,
2009). Consequently, fluvial research and management requires a good definition of the bedload
dynamics. But estimation of bedload transport rates has been revealed as a very difficult task,
particularly in coarse bed rivers: under natural conditions bedload discharge is not a steady process,
and it shows a strong variability -spatial and temporal (Batalla, 1997; Frostick and Jones, 2002).
Numerous sampling devices and field techniques have been developed in order to measure bedload.
Four principal ways of measuring bedload discharge are described in the scientific literature: use of
samplers (Helley and Smith, 1971; Sterling and Church, 2002; Vericat et al., 2006); installation of
sediment traps on the channel (Laronne et al., 1992; Reid et al., 1995; Garcia et al., 2000; Bergman et
al., 2007); the use of tagged clasts as ‘bedload tracers’ (Haschenburger, 1996; Haschenburger and
Church, 1998; Hassan and Ergenzinger, 2003); and finally, new geophysical and acoustic methods (for
example, Rickenman, 1997; Belleudy and others, 2010; Rennie and Villard, 2004).

The proper evaluation of bedload dynamics needs good records of bedload data, but related to the
complexity and time-consuming nature of the methods developed for the study of bedload transport,
obtaining long records of bedload data is expensive. Thus, for many practical purposes bedload
transport is approached by using bedload formulas (L6pez et al., 2013). Several bedload discharge
formulas have been developed during the last decades, based mainly on laboratory data taken in flume
and/or numerical modeling. Few of them were built using field data (Schoklitsch, 1950; Parker et al.,
1982; Bathurst, 2007). The development of these formulae is based on the following premise: a
functional relation should exist between the hydraulic variables, the sedimentological conditions of the
channel and the rates of bedload transport (Gomez and Church, 1989; Batalla, 1997; Lopez et al.,
2013).

Evaluating the different equations developed for predicting bedload discharge in gravel bed rivers, and
comparing its predictions with the bedload discharges measured in natural rivers is strongly
interesting. This is the main aim of the current paper, where the authors compare the results obtained

with nine bedload formulas, and the bedload transport rates measured using tracers in two coarse-bed
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mountain rivers belonging to River Narcea basin (NW Spain). The data of bedload transport rates
measured with tracers were taken from Vazquez-Tarrio and Menéndez-Duarte (2014).

Previous attempts in order to evaluate bedload transport equations were made by other authors, but as
Habersack and Laronne (2002) stated, in many cases they were based on data taken in flumes and/or
on field data taken using samplers whose trap efficiencies were in the range of 40-60 % (Carson and
Griffiths, 1987; Gomez and Church, 1989; Chang, 1994; Reid et al., 1996; Batalla, 1997; Bravo-
Espinosa, 2003).

Other assessments of transport equations using its own field data were made by Garcia and Sala
(1998), using its own measures in River Tordera with a Birbeck-type sampler (Garcia et al., 1999).
Habersack and Laronne (2002) evaluated several equations using field data taken with a Birbeck trap
in the River Drau (Austria), an alpine tributary from the River Danube catchment. Martin (2003) and
Martin and Ham (2005) evaluated several equations using morphological data in the Vedder river and
the lower Fraser river (Canada), respectively. Recking (2010) made a detailed analysis of the
performance of several bedload equations in mountain sand-gravel rivers, but it is based partially in
flume data. More recently, Lopez et al., (2013) assessed several equations in River Ebro (Spain),
which is a large and strongly regulated river that drains to the Mediterranean Sea.

In this work, the performance of these equations is evaluated in two coarse-bed mountain streams
belonging to River Narcea basin (NW Spain). Rivers from NW Spain are typically short and steep
streams. Unlike most of the previous field-based assessments of bedload formulas, climatic conditions
in these rivers are template and humid, and upland areas of river catchments are strongly forested.

During the last decades, land use changes and human works (dams, embankments) are
inducing changes in bedload dynamics of these rivers (Fernandez et al., 2006; VVazquez-Tarrio
etal., 2012),

Despite these, till recent times knowledge about sediment transport in this region was scarce
(Vazquez-Tarrio and Menéndez-Duarte, 2014). In this context, the present work aims not only

to evaluate several bedload equations using field data, but also to increase the comprehension
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of bedload dynamics in mountain rivers placed in humid and template conditions
(particularly, those fluvial systems draining the Cantabrian Mountain Range).

2. REGIONAL SETTING

2.1. Study site

Rivers from NW Spain are characterized by a short path from headwater areas at roughly
2000 m to its regional base level placed in the Bay of Biscay. Climate in the region is
template and humid. Annual average precipitations are around 1100 mm, and they are
uniformly distributed throughout the whole year. Consequently, high gradient and coarse-bed
streams with a regular flow and a pluvial regime typically develop.

River Narcea is placed there, in the northern watershed of Cantabrian Mountain Range
(Figure 1A). It has got a catchment surface of 1800 km?, which supposes the 9% of the total
surface of the northern watershed of Cantabrian Mountain Range. Bedrock geology of the
basin comprises Paleozoic sedimentary rocks, including limestones, quartzites, sandstones
and shales; in headwater areas some Precambrian metamorphic slates make appearance. This
basement was compressed during the Variscan orogeny, and later it was uplifted in relation to
the Alpine tectonic realm (Alvarez-Marron et al, 1997).

The current regional relief is abrupt, with incised deep river valleys, steeply dipping hillslopes
(average values of slope around 20° and higher), and remaining glacial landforms that are
widely preserved above 1500 m. The highest summits are reached on the southern divide —
around 2200 m. Vegetal cover in the basin is dominated by deciduous forests —mostly beech
and oak forests— in shadow slopes, and bush formations — heather and gorse— in sunny slopes
and elevated areas. Regarding to agricultural and livestock uses, grassland formations are also
common. In general, plant cover is continuous through the whole drainage basin, being only
interrupted in some rocky slopes that are particularly frequent in the most elevated areas of

the basin.
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2.2. Bedload transport rates: previous research

In previous works (Vazquez Tarrio, 2013; Vazquez-Tarrio and Menéndez-Duarte, 2014) bedload
transport rates were estimated in two reaches from River Narcea basin using tagged clasts (painted and
with inserted magnets). The two studied reaches were selected in River Piguefia and River Coto, the
two main tributaries of River Narcea basin (Figure 1B).

In River Piguefia, the study section was chosen on a lateral gravel bar located in the lower part of the
river basin, 1-2 km upstream from the confluence of River Pigiefia with the main channel of River
Narcea (Figure 2A). The surface of the catchment draining to this point is 400 km? Low water
channel has a width of 25 m in this reach, and the bed slope measures 0.007 m/m. The gravel bar
width ranges between 20 and 90 m, and it has got a length of, approximately, 90 m. Surface Ds,
measures 56 mm, while subsurface sediment is finer; subsurface Ds, measures 28 mm. Surface Ds is
then two times coarser than subsurface Dsg, suggesting a good degree of armoring. Mean annual
discharge is 4.4 m®s, while the average minimum and maximum annual discharges are 1.1 and 9.5
m®/s, respectively. Bankfull discharge is 70 m%s. This discharge corresponds to a flood with a
recurrence interval of 1.5 years.

River Coto is placed in a more upstream position in the drainage network than River Piglefia. In River
Coto, the study section was also chosen on a lateral gravel bar (Figure 2B). Surface of catchment
draining this point is 120 km” Low water channel width measures 15 m in this point, and the bed
slope is 0.01. Surface Ds, measures 88 mm and subsurface measures 70 mm. Then, surface Dsg is 1.2
times subsurface Dsg, suggesting again some degree of bed armoring but less conspicuous than in
River Pigilefia. Bankfull discharge takes a value of 17 m?s; it corresponds to the flow with a
recurrence interval of 1.2 years.

In these two gravel bars a total number of 1142 tagged clasts were seeded. During the hydrological
years 2009-2010 and 2010-2011, six flood events with ability to disturb tracer positions were analyzed
—three of them occurring in River Pigliefia and three in River Coto. Table 1 summarizes the main
features of the studied floods (date, time duration, discharge). After these transport events, tracer

displacements were measured along the main longitudinal direction of the channel. Based in Church
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and Hassan (1992) and Haschenburger and Church (1998), the measured displacements were used to
estimate bedload transport rates.

Table 2 collects the bedload transport rates estimated for the studied transport events. Those bedload
rates will be compared further in the text with the results obtained using bedload equtions. Also, a
good fit between the measured bedload transport rates and the shear stresses was found. This
regression equation will be used when evaluating the performance of the different bedload equations,

and it follows the next expression:

" =1216-(r —0,045)**
q 16 (r ,045) (1)

In Vazquez-Tarrio and Menéndez-Duarte (2014), all the details about the measurement of the bedload
transport rates and the tracer experiment are widely explained.

3. METHODOLOGY

3.1 Selection and description of the bedload transport formulaes

We selected nine bedload formulas that have been widely used in coarse-bed streams comparable to
those studied here (Martinez Marin, 2001; Wilcock et al., 2009): Du Boys-Straub (Straub, 1935),
Schoklitsch (1934; 1950), Meyer Peter and Miller (1948), Einstein (1950), Bagnold (1980), Parker-
Klingeman-MacLean (Parker et al., 1982), Parker and Klingeman (1982), Parker (1990) and Wilcock
and Crowe (2003).

The idea behind the development of those equations is that the intensity of bedload discharge is
functionally related to some hydraulic parameter which quantifies the magnitude of flow discharge; in

general, they are functional relations of the following kind:

g=c-(x-x,)"

)

where q is the bedload transport rate, ¢ and b are constant parameters determined empirically, and x is
the parameter which represents flow discharge: discharge, shear stress or stream power.

Following Graf (1971), Gomez and Church (1989) and Habersack and Laronne (2002), the different
equations could be classified in four groups: (i) ‘duBoys type’, based on a shear stress-bedload relation

(DuBoys); (i) ‘Schoklitsch type’ equations, which are based on a discharge-bedload relation
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(Schoklitsch, Meyer Peter-Miiller); (iii) ‘Einstein type’, which consider relative size effects and
statistical constraints; and (iv) ‘Bagnold type’, based on stream power.

In order to facilitate the exposition and the discussion of the results, in this work we have preferred to
classify the different equations in two groups: ‘classical equations’ and ‘modern equations’. ‘Classical
equations’ are those equations which are based on Eq. (2) (Du Boys, Shocklitsch, Meyer Peter-Miller,
Einstein and Bagnold). ‘Modern equations’ are based on the so called ‘similarity collapse’ hypothesis;
they include complex considerations (Parker-Klingeman-MacLean, Parker-Klingeman, Parker and
Wilcock-Crowe) concerning to relative size effects, bed armoring and the influence of sand content.
3.1.1. ‘Classical equations’

Du Boys-Straub (DB-S) represents the first proposed theoretical model for bedload transport (Du
Boys, 1879; Straub, 1935). It is based in the ‘excess shear stress’ concept: the sediment transport will
initiate once the basal shear stress in the channel reaches a threshold value. It was developed to
describe the gravel motion in River Rhone (Gomez and Church, 1989), and it was used later by Straub
(1935) in order to quantify the sediment transport in River Missouri.

The DB-S equation has been used in previous works, as for example Shullits and Hill (1968) and

Gomez and Church (1989). Here, Du Boys equation was used following the formulation suggested by

Straub (1935):

d, =k-7-(r—7,) (3)

Ko 0,01083 @
g . DA

7. =(418-D%%?) —[0,017 - Ln(454 - D)] (5)

where g, is the bedload rate, , k is a coefficient depending on grain size D, t is the shear stress and 7
the critical shear stress for entrainment.

Schoklitsch (SC) (Schoklitsch, 1950) equation is based in discharge, not in shear stresses. It was built
using experimental data taken at the lab (Gomez and Church, 1989). In this work, it was used this

equation in the form proposed in Schoklitsch (1950):

0, =2500-S72 .[Q-0,6-(D” /57%)] (6)
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where S is the cannel slope, Q is the discharge per unit of channel width, and D the representative
grain size for the bed sediment. It has been used the 40" percentile (Do) of the grain size distribution
(Gomez and Church, 1989).

Meyer Peter and Miiller (MP-M) equation (Meyer Peter and Miiller, 1948) probably constitutes the
most widely used equation when estimating bedload transport rates in natural rivers (Church and
Hassan, 2005). This equation was built based mainly on experimental data taken at the lab of ETH
(Zurich, Switzerland), and it was initially based in flow discharge (Garcia and Sala, 1998). Chien
(1954) was able to put this equation in terms of the ‘excess shear stress’. Years after, Chien’s (1954)
approach was improved by Wong and Parker (2006). In the current work it was used the Meyer Peter-

Muiller formulae in the way suggested by Wong and Parker (2006):
q* =3,93- (r* —0.0495)1'5 @)
where q" and 7 are the dimensionless bedload rate and the dimensionless shear stress, which are

defined by means of the Einstein parameter (Einstein, 1950) and the Shields parameter (Shields,

1936), respectively:

g =% ®)
J(s-1-g-D°
* T

" G-DpgD ¥

where s is the specific weight of solid, g the acceleration of gravity, and p the density of the sediment.
Einstein (EI) (equation Einstein, 1950) was one of the most complete and complex theoretical
approaches to sediment transport (Graf, 1971; Gyr and Hoyer, 2006). It is a probabilistic model based
in the stochastic nature of sediment entrainment. With his probabilistic approach, Einstein aimed to
take into consideration the effects of the turbulence, and the effects of particle location in the bed (Gyr
and Hoyer, 2006). The practical application of Einstein (1950) model to real cases was very
complicated (Gomez and Church, 1989; Martinez Marin, 2001), but Parker (1979) proposed an
experimental fit based in shear stress. The latter is the approach followed in the current research:

q =112-(c"f* .[1— 0'93)45 (10)

T
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Bagnold (BA) equation (Bagnold, 1980) is based in the stream power, which Ralph Bagnold
considered a useful parameter when quantifying the geomorphological work made by rivers on the

landscape. The BA equation follows the next mathematical expression:

3

_w. 1% 2 -
A :Si_l.o_m.{wo.;" 0} 6.7 OF go11) a

where s is the specific weight of the bed sediment, w the stream power and w, the critical stream

power. Stream power is estimated using the following function:

=Lf@' 12)

w

where B is the channel width and S the channel slope.
When computing wo, Ferguson (2005) introduced several corrections to Bagnold’s (1980) formula. In
this paper, computations were based in the Bagnold’s equation as suggested by Ferguson (2005):

15 D50
@, =2860-(Dg,)" -Iog(O,ZSS-m) (13)
where Ds, and Dy are the 50" and 90™ percentile of the grain size distribution.
3.1.2. ‘Modern equations’
The different equations classified here as ‘modern equations’ share a common background. Firstly, all
of them are based in the ‘similarity collapse’ hypothesis (Parker and Klingeman, 1982): according to
this hypothesis, the shape of the functional relation between shear stress and bedload discharge is not
dependent on grain size (Parker and Klingeman, 1982; Wilcock et al., 2009). Secondly, these
equations also consider that ‘critical shear stress’ (the shear stress needed for entrainment) should vary
with the grain size following an exponential function called the ‘hiding function’ (Parker and
Klingeman, 1982; Parker, 2008; Wilcock et al., 2009).
Despite these general considerations, each one of the modern equations has its own particularities. For
example Parker, Klingeman and MacLean (P-K-MC) equation (Parker et al., 1982) was developed
using field data taken in Oak Creek (Oregon, USA) and Elbowe River (Canada), and it is based in the

50™ percentile (Ds) of the subsurface grain size distribution. Parker and Klingeman (P-K) equation
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(Parker and Klingeman, 1982) is similar to P-K-MC, but it firstly calculates fractional transport rates
for each size class, and then summarizes for the whole sediment mixture.

Parker (P) equation (Parker, 1990) was also based in the bedload discharge data from Oak Creek. It
was developed from P-K-MC, but it uses the surface grain size distribution in its computations. This
equation excludes sand sediment assuming that during the transport events with ability to displace
gravel sediment, the sand should be carried as suspension load (Wilcock et al., 2009).

Finally, Wilcock and Crowe (W-C) model (Wilcock and Crowe, 2003) was developed based in
experiments carried out in flumes with mixed sand-gravel sediment. Sand is explicitly considered in
this model based in Wilcock et al., (2001), who observed how in recirculating flumes sand sediment
increases gravel mobility.

3.2 Performance, comparison and evaluation of bedload formulas

In this work the different bedload equations were performed following different procedures. Firstly,
they were calculated the bedload discharges corresponding to each one of the flood events described in
section 2.2, and studied with tracers. Using the hydraulic parameters (discharge, shear stress)
corresponding to each one of those flood events (Table 1), the bedload discharges were computed
using the different equations. In the case of ‘modern equations’, the calculus was accomplished using
BAGS, a PC-based software developed to compute bed load transport in gravel-bed streams (Pitlick et
al., 2009; Wilcock et al., 2009).

After carrying out the flood event-computation, it was constructed the bedload rating curve for each
equation. The bedload rating curves plot bedload transport rates as a function of shear stress.

DB-S, MP-M and EI equations are based in the shear stress; then, these curves were built directly
assigning values to shear stress in the equations. With modern equations it was used the bedload rating
curve built with BAGS. BAGS uses in its computations an algorithm based in the Keulegan’s
resistance formulae and the Manning-Strickler equation (Pitlick et al., 2009; Wilcock et al., 2009).
Furthermore, BAGS algorithms work with the partition between grain and form resistance when
computing bed shear stress, using the following formula which is derived from the Manning-Strickler

equation:
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' =17-(S-Dyy)* U2 (14)

where U is the flow velocity; it is calculated using the Keulegan resistance formula:

U
B —25. Ln(ll- %j (15)

where R is the hydraulic radius, and ks the equivalent roughness that was calculated as two times the
65" percentile of the grain size distribution (2Degs).
The shear stress calculated using Eq. (14) is used by BAGS when performing P-K-MC, P-K, P and
W-C equations.
Finally, SC and BA equations are based in the discharge (stream power could be calculated from the
discharge). We use the topographical channel section built with Total Station in order to compute the
relation between hydraulic radius, and the wet surface of the channel cross-section. Then, using
Keulegan equation it was computed the relation between hydraulic radius and the mean flow velocity.
Finally, based in the hydraulic radius-slope product for shear stress, and the wet surface-flow velocity
product for discharge, it was constructed the relation between shear stress and discharge for the two
studied streams. After that, it was possible to build the bedload rating curve.
Then, the bedload discharges computed with the different equations were compared with the bedload
rates obtained with the tracer experiment. By this way, we proceeded to evaluate the bedload formulas.
The comparison was made in two different ways:
- By means of a “discrepancy index’ (r), which could be defined as the ratio between the

calculated (with equation) and the observed (with tracers) bedload rates.

That index is similar to the one used by Batalla (1997) or Habersack and Laronne (2002) in

their assessment of bedload transport equations. Following Habersack and Laronne (2002), it

was also computed the geometric mean of those indexes, using the following expression:

P=(r-r,-...r,)"'" (16)
where n is the number of data.
- By comparing the bedload rating curve built using Eq. (1) with the rating curve built for each

equation.
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4. RESULTS

In tables 3 and 4 they are summarized the results obtained with each equation, and also the
discrepancy indexes obtained when comparing the bedload rates calculated with each equation with
those bedload rates obtained through the tracer experiment. Bedload rates estimated with the equations
are, in general, higher than the bedload rates measured with tracers. The bigger discrepancies are
obtained in River Coto, but in River Piguefia differences are also important; particularly, when
performing the classical equations.

The same statistical indexes applied for the set of formulae, were obtained for Eqg. (1) too, and they are
also included in tables 3 and 4. This equation represents a regression fit derived from our own data in
the study reach, and then it is not comparable with the rest of formulae. Despite this, those indexes
were calculated in order to facilitate the comparison between the equations and the bedload rates
determined with the tracer experiment.

Figure 3 shows the comparison between the bedload rates estimated with the different equations, and
the bedload rates obtained with tracers. Only the 4% of our estimations are in range of 2 of the tracer
measures, and only the 13% are in a range of 10. P-K-MC represents the equation which provides
better results for River Coto, while W-C is the equation which provided the better results for River
Piglefa.

DB-S equation is the one with a higher discrepancy index (close to 20000 in River Coto). SC, MP-M
and El discrepancy indexes are also high. In River Pigliefia, bedload rates obtained with P-K, P and
W-C are closer to the bedload rates obtained with tracers, being the discrepancy index lower for the
January and June (2010) transport events. In the case of W-C equation, discrepancy index is close to 1
for these two transport episodes; that means, bedload rates estimated with the W-C equation and rates
measured with tracers are almost the same. In River Coto, discrepancy indexes are high, even with the
modern equations: the lowest discrepancy index (12.5) was obtained with B equation.

In Figure 4 and 5 the rating curves built with each equation are compared with the rating curves
derived from Eq. (1), for River Pigiefa and River Coto respectively. Several equations overestimate
or overpredict bedload rates for all the range of shear stresses: DB-S, El, BA and P. In the case of P

equation in River Piglefia, both curves are very close at shear stresses around 50-70 Pa, which
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correspond to frequent floods. On the other hand, SC, MP-M and P-K-M equations underestimate
bedload rates with low shear stresses, and strongly overestimate with moderate and high shear stresses.
Finally, in the case of W-C equation both rating curves are very close in River Pigliefia, while in River
Coto the W-C curve strongly differs from the experimental rating curve.

5. DISCUSSION

When comparing the bedload discharges computed using the bedload equations, and the bedload
transport rates measured with tracers it is always showed the same trend: overestimation of bedload
transport rates with the equations, with the only exception of W-C equations in River Pigiiefia.

Our results show how the results given by the different equations are far from those obtained with
tracers. Moreover, the results strongly differ when comparing the different equations one with each
other. ‘Classical equations’ give bedload discharges which are strongly higher than the bedload rates
obtained with tracers. On the other hand, the ‘modern equations’ give results closer to the transport
rates obtained with tracers, while they are still higher.

In principle, we could interpret these discrepancies in two opposite ways. On the one hand, we could
attribute the discrepancies to the lack of reliability in the estimations made by the equations. On the
other hand, the discrepancies could be attributed to inaccuracies or uncertainties in the measurement of
the bedload rates with the tracer experiment.

The bedload rates measured with the tracer experiment described in VVazquez-Tarrio and Menéndez-
Duarte (2014) are in the same order of magnitude as those bedload rates obtained in comparable
coarse-bed streams from other regions of the word (Haschenburger and Church, 1998; D’ Agostino and
Lenzi, 1999; Batalla et al., 20053, b). Instead, the bedload discharges reported by the equations are two
or three orders in magnitude higher than those bedload rates obtained with tracers, and at the same
time they show important discrepancies between them. Then, while it is true that some uncertainty in
the exact value of the bedload rates is unavoidable, we think that the main source of the discrepancy
lies in the inaccuracy of the estimates made with the bedload equations.

With the results obtained here, DB-S equation does not seem to be useful for the studied channels.
According to Gomez and Church (1989) and Martinez Marin (2001), that equation was developed

using finer sizes, and it is based in a very simplistic model of sediment transport based in the sliding of
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several layers of sediment within the river bed. These conditions could not be assumable in coarse bed
streams as those studied here.

In some works, good results have been reported for the SC equation (Garcia and Sala, 1998;
D’Agostini and Lenzi, 1999). However, in the current research it does not seem to provide good
estimations. The same could be said about MP-M equation.

El equation shows similar behavior to the previous formulas. This equation was developed based in
flume data taken with sediment finer than the studied channel, and that fact should be taken into
account. Probably, the grain size of the bed sediment in the studied reaches is very coarse in order to
apply El equation.

Regarding BA equation, previous authors have found that this equation, as well as other mathematical
models founded on the stream power concept, do better predictions of bedload transport rates (Gomez
and Church, 1989; Martin and Church, 2000; Martin, 2003). Nevertheless, the differences between
bedload discharges computed in this work using BA equation, and the bedload transport rates
measured with tracers are still important. So, despite BA equation provides better estimations than the
other ‘classical equations’, it did not give us results good enough.

In general, the ‘modern equations’ do better estimations. The rating curve built using P-K-M equation
underestimated bedload transport rates at low shear stresses. In this sense, it should be taken into
account that this model was developed to be used for shear stress with ability to break bed armoring,
when bed sediment reaches equal mobility conditions (Wilcock et al., 2009). This fact could explain
the underestimation of bedload rates at low shear stresses.

Parker equation also showed lower discrepancies in River Piglefia, but not in River Coto. When
developing this equation, Parker (1990) did not consider the sand sediment content. This could explain
the discrepancies observed here, because sand sediment plays an important role in bedload transport in
coarse bed rivers. Finally, W-C gives very good results in River Piguefia, but not in River Coto, where
it still overestimated the bedload rates by one order of magnitude. In summary, ‘modern equations’
giver better results, being the W-C equation in River Piguefia the one who provided the best

gstimations.
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Discrepancies between the estimates made with bedload equations, and the real measurements of
bedload rates (using either field as flume data) were also found by other authors. Gomez and Church
(1989) in an analysis made over 12 bedload equations developed for gravel bed river found that any
equation was able to do general predictions of bedload transport rates. They found how the equations
based in stream power gave better results when there is no enough hydraulic data available, and how
El and P equations provided better results with good hydraulic data.

Batalla (1997) observed how MP-M and Ackers-White equations provided better results in a mountain
mixed sand-gravel river placed in Costero-Catalan Range. Also, Reid et al (1996) found that MP-M
equations gives better results than BA and P in an ephemeral gravel bed stream from Israel (Nahal
Yatir). According to Garcia and Sala (1998), in the latter case the river has not a surface armoring,
then the sediment availability was not conditioned by armoring and sediment mobility was only
controlled by the stream capacity. Then, Garcia and Sala (1998) observed how with bed armoring, P-
K-M is the equation which provided better results using its own data obtained in River Tordera.

Hoey and Sutherland (1991) evaluated BA equation and found that in equilibrium or aggrading rivers,
this equation overestimated bedload rates; otherwise, in degrading channels this equation
underestimated bedload rates. Nevertheless, in the channels studied here there are no evidences of
aggradation and the equations still overestimate.

Martin and Ham (2005) evaluated several bedload formulas using field evidence and a morphological
approach in the Vedder river, and they found that any particular equations is consistently preferred.
Rascher et al. (2012) assessed 16 equations in a mountain river placed in Bavaria, using bedload rates
measured with a Helley-Smith sampler. They found how, in general, the bedload equations
overestimated bedload rates. In some cases they obtained values 100 times higher than the measured
bedload rates. Furthermore, they observed how some of the evaluated equations overestimate during
moderate to high flow, while underestimate during low flows. This is similar to what Recking (2010)
found using field and flume data.

More recently, Lépez et al. (2013) evaluated various bedload equations using data obtained from

flushing floods studied during 2003 and 2004 in the River Ebro, a large regulated river from the
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Mediterranean watershed of Spain. They found in many cases discrepancies indexes of 2 to 10
between bedload equations and measured rates.

When compared our results with the estimations made by these previous authors, our average
percentage of bedload estimations not exceeding in a range of 2, 5 and 10 the observed rates are in
general lower (Table 5). However, our results are very close to those obtained by Rascher et al.
(2012) in a comparable alpine stream. We think that our low percentages are partially related to the
fact that some of the ‘classical’ equations (DB-S, SC, El, BA) evaluated here were not assessed by the
previously cited authors. In fact, when we do not consider those ‘classical’ equations, our percentage
of ‘agreement’ increases; the same happens with Rascher et al. (2012) results (Table 5). Despite this,
results from Rascher et al. (2012), and our results, are still low. We think it could be related in some
way to the particular conditions of the rivers studied by Rascher et al. (2012) and us: mountain rivers,
with steep slopes, very coarse beds, and a regular flow discharge along the whole hydrological river.
Recking et al. (2012) outlined the following facts in relation to the applicability of theoretical
equations when used to estimate bedload transport rates in coarse-bed rivers: 1) There is no theoretical
model with ability to make general predictions of bedload transport rates in gravel-bed streams
(Gomez and Church, 1989); indeed, theoretical models are only acceptable in the short range of
conditions for what they were defined. 2) During low to medium intensity flow conditions, equations
show the worst results (Barry et al., 2004; Rascher et al., 2012). 3) In coarse bed rivers, errors could
attain several orders of magnitude (Garcia and Sala, 1998; Barry et al., 2004; Bathurst, 2007; Rascher
et al.2012). Furthermore, different authors got different conclusions because the range of data used by
every author was different (Recking et al., 2012).

We think that the previous three observations are applicable to our data. We did not find any model
with ability to do satisfactory predictions of bedload rates. We think that there are three main reasons
which could explain the strong overestimation found here: 1) We performed these equations averaging
the flow conditions for the whole channel section and the whole duration of the transport episode,
which involves assuming steady and uniform flow conditions; 2) Limitations in the definition of the

parameters requested by the equations; and 3) Limitations inherent to the equations.
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Firtsly, in relation to point (1), Gomez and Church (1989), based in De Vries (1973) and Csoma
(1973), found that a realistic comparison between measured bedload rates, and estimates obtained
using bedload equations, could be made if it were compared with the measurement of an average
bedload rate which absorbs all the uncertainties linked to short-term fluctuations. That would be
possible if the number of samples, and the time interval of sampling are large enough to cover all the
range of fluctuations (both temporal and spatial) in transport rates.

We think that the use of tracers satisfy these requirements. Instantaneous velocities or local rates are
not measured with tagged clasts. Rather than this, this technique allows us to determine average
velocities of bedload (the virtual velocity of Hassan et al., 1992), and based in data obtained with
tracers dispersed across a wide surface of the channel section. In this sense, the observed transport
rates are averaging bedload transport during the whole transport episode and across the whole width of
the channel section. Following Gomez and Church (1989), we could consider that tracers are masking
the effect caused by the fluctuations and unsteady behavior of bedload transport, allowing us to
obtained average bedload rates. Thus, we think that the main discrepancy found in this work is not
related to point (1).

Right after, in relation to point (2), Recking et al., (2012) outlined several sources of uncertainty when
applying the bedload equations: slope should be energy slope and not average bed slope (Meirovich et
al., 1998); discharge should be measured locally, not using average values; and finally, grain size
distribution should be properly measured.

According to these authors, all these facts result in the accuracy dependence on the time interval
considered when performing the equations: when bedload equations are used to estimate bedload rates
for very short time-scales (instantaneous bedload rates), uncertainty is huge; however, that uncertainty
decreases when the equations are used to calculate sediment transferences at longer time-scales (for
example, annual loads). They linked this to the fact that, at longer time scales, temporal fluctuations in
the different parameters (slope, discharge, grain size) are averaged.

Then, following what was pointed out in the previous paragrepahs, we could consider that tracers
averaged the temporal and spatial fluctuations occurred during the transport episode, at least partially.

Furthermore, as Habersack and Laronne (2002) stated, although the formulas theoretically require
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local rather than average cross-sectional hydraulic data (Gomez and Church 1989), for the derivation
the originators of the equations used average cross-sectional data, straightforwardly available in
practical situations.

On the other hand, when talking about the representative grain size introduced in the equations, Bravo
Espinosa et al., (2003) argued that transport conditions vary between the different grain-sizes. Thus,
they stated that estimate bedload transport rates using a unique grain size to represent the whole bed
sediment mixture is not suitable. These authors defined three transport conditions for the different
grain sizes of the bed sediment: those grain sizes that show supply limited transport; those that show
capacity-limited transport; and finally, those grain sizes that show partial capacity-limited transport.
Then, they observed how some equations seem to be more appropriate for each transport condition.
For example, they observed how in capacity-limited conditions, P-K-MC (1982) equation shows better
results. This fact could be contributing in some way to the discrepancies observed here.

Finally, in relation to point (3), it should be highlighted that using bedload equations in order to
predict bedload rates involves assuming at least two tacital premises. Firstly, the application of a
bedload formula implies assuming that during the transport event, not only flow conditions, but also
bed material and bedload sediment remain without changes: equations describe bedload as a steady
process (Batalla, 1997). On the other hand, bedload formulas assume ‘capacity-limited’ conditions:
they compute the maximum load that the river channel is able to carry, and they do not take into
account possible limitations in sediment supply, that are common in natural systems (Wilcock et al.,
2009).

The first assumption (steady bedload transport) is not realistic when talking about natural rivers. Not
only because of the spatial and temporal fluctuations in flow conditions, but also in relation to the way
through bedload transport actually takes place. At event scale, bedload transport shows pulses
(Gomez, 1991; Frostick and Jones, 2002) linked to the migration of bedforms and clusters of particles.
Also, transference of clasts from bed material to bed load follows a stochastic behavior (Kirchner et
al., 1990). Moreover, at a particular moment during a transport episode, not all the water discharge is
available for the transport (Gomez and Church, 1989). Furthermore, not all the bed surface is being

involved in the active transport at every moment during the course of a transport episode; rather than
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this, in every moment different portions of the bed could be activated or inactivated, in relation to the
evolution experienced by the texture of the bed, the structural arrangements and the grain size of the
bed load. All these facts impose a chaotic and non-linear nature to the bedload dynamics at event
scale, which seems very difficult to be considered or included into a deterministic single equation.

In relation to the capacity-limited transport assumption, we think that this is the main reason of the
discrepancies found in the current research. We consider that bedload equations estimate not real
bedload rates, but transport capacity (Bravo-Espinosa et al., 2003; Wilcock et al., 2009).

However, in coarse-bed rivers transport capacity could not be attained if there is no enough
availability of sediment in the channel (Hicks and Gomez, 2003; Yager et al., 2007; Yager et al.,
2012). A wide variety of intrinsic (bed resistance linked to bed texture and bed forms, bank resistance
to erosion and/or bed armoring) and extrinsic (runoff efficiency and magnitude of erosive processes at
the whole catchment scale) elements of the channel could combine and limit the sediment supply to
the channel.

Coarse-bed mountain rivers with perennial flow regimes are featured by the development of bed
armoring and packing. Moreover, structural arrangements and several kind of bed forms (imbrications,
patches, clusters) are not uncommon (Wittenberg and Newson, 2005; Venditti et al., 2008). All of
these structural and textural features locally increase hydraulic roughness and bed resistance,
increasing the threshold stresses for incipient motion (Bathurst, 2007; Yager et al., 2012). These facts
could strongly limit the availability of in-channel sources of sediment (Yager et al., 2007; Recking,
2012).

Furthermore, in forested basins the upstream supply of sediment coming from debris flow and
hillslope processes in headwater areas is irregular and sporadic, and this fact could also contribute to
the lack of sediment in the channels (Dietrich et al., 1989; Yager et al., 2007). Particularly, in rivers
draining the Cantabrian mountain range it has been described a slow degrading trend related to land
use changes during the last century (loss of cropping areas, forestation of upland basins), which could
limit the supply of sediment to the high-order channels (Fernandez et al., 2006; Fernandez and

Anadon, 2010; Vazquez-Tarrio and Menéndez-Duarte, 2014).
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The previous considerations (low sediment availability, unsteady and non-uniform nature of bedload
transport) could explain why the bedload formulas fail when estimating bedload discharge in the
studied rivers.

The ‘modern equations’, like Wilcock-Crowe or Parker-Klingeman-MacLean, are based in well-
defined experimental data taken in coarse bed channels (field and/or flume data). They introduce
complex formulations which take into consideration the bed armoring and its break-up during the
transport episodes (Recking et al., 2012). They also take into account the effect of sand content in the
sediment mixture (Wilcock, 1993; Wilcock and Crowe, 2003), and they make use of hiding functions
in order to catch the dependence of bedload rates on grain size (Parker and Klingeman, 1982; Parker et
al., 1982; Parker, 1990, 2008; Wilcock and Crowe, 2003; Wilcock et al., 2009). Thus, this explains
why those equations provide better results than the ‘classic’ ones.

Nonetheless, these equations still do not match the measured bedload rates. In the current research,
with the only exception of the Wilcock-Crowe model in River Pigiiefia, the rest of tested equations
showed discrepancies ratios higher than 4 or 10. Other authors (Lo6pez et al., 2013) also found
discrepancies with these modern equations.

It seems as this ‘modern equations’ are not picking in its formulation all the features governing
bedload transport in coarse bed rivers. Perhaps, it could happen that some of the tacital assumptions
implicit to the ‘similarity collapse hypothesis’ are only approximated. The ‘similarity collapse
hypothesis’ states that effects of grain size in entrainment are only related to the relative position of
each particle in relation to its neighbors. This assumption is gathered in the form of ‘hiding functions’,
involving that grain size only influences in the scale, but not in the shape of the bedload functions
(Parker, 2008; Wilcock et al., 2009).

However, it could happen that other phenomena, apart from relative size effects, could be influencing
clast entrainment. In that sense, Kirchner et al. (1990) pointed out the following: more important than
single shear stresses for each grain size, it would be more correct using distributions of entrainment
probabilities for each grain size, if we aimed to properly consider all the phenomena linked to
fluctuations in turbulence and instantaneous shear stresses; this statement made by Kirchner et al.

(1990) is not considered in the equations tested in the current paper.
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Then, even the ‘modern equations’ require of some assumptions. In common to the classic equations,
the ‘modern’ formulas are still empirical correlations; of course, more complex than the classical ones,
and scaled by the flow and fitted to different bed conditions.

Summarizing, we think that the use of bedload equations for predicting bedload rates needs of
equilibrium channels, availability if in-channel sources of sediment and a well-defined channel
geometry and bed texture. Far from this situation, strong discrepancies between real rates and
predicted ones are expectable.

6. CONCLUSIONS

In this work, we tested nine bedload discharge equations using bedload transport rates obtained with
tracers during six flood episodes occurred in River Piglefia and River Coto, two mountain coarse bed
streams placed in NW Iberian Peninsula.

With the only exception of W-C equation in River Piglefia, none of the assessed equations provided
good estimations. All of them overestimated the bedload transport rates; in the case of the classical
equations, they overestimated in a range of 2 or even 3 orders of magnitude.

We think that the origin of these overestimations lies in the particular geomorphological conditions of
mountain coarse bed streams in humid conditions: the occurrence of bed armoring and structural
arrangements in the bed, together with a low upstream sediment supply (linked to the forested
condition of upland basin areas), determine a supply-limited sediment regime which makes not
applicable the tested equations.
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CAPTIONS

Figure 1. (A) Location of River Narcea drainage basin in the northern Cantabrian Range
watershed. (B) Location of the studied reaches (Rivers Pigiiefia and Coto) and gauge stations
along the River Narcea basin.

Figure 2. A) River Piglefia lateral bar B) River Coto channel and lateral bar.

Figure 3. Comparison between bedload rates estimated through the different equations (y-axis),
and the bedload rates derived from tracer experiment (x-axis). The 9 plots show the results
obtained with each one of the 9 bedload equations assessed here: Du Boys-Straub (DB-S);
Schoklitsch  (SC); Meyer Peter-Mdller (MP-M); Einstein (El); Bagnold (BA); Parker-
Klingemann-McLean (P-K-MC); Parker-Klingemann (P-K); Parker (P); Wilcock-Crowe(W-C).
Figure 4. Bedload rating curve built using each theoretical equation, compared with the bedload
rating curve derived from the experimental fit (River Piglefia): Du Boys-Straub (DB-S);
Schoklitsch (S); Meyer Peter-Miller (MP-M); Einstein (EI); Bagnold (BA); Parker-
Klingemann-McLean (P-K-MC); Parker-Klingemann (P-K); Parker (P); Wilcock-Crowe(W-C).
Dotted lines show the values which represent a ratio of 10, 100, 1000...times the results
obtained with the experimental fit.

Figure 5. Bedload rating curve built using each theoretical equation compared, with the bedload
rating curve derived from the experimental fit (River Coto): Du Boys-Straub (DB-S);
Schoklitsch (S); Meyer Peter-Muller (MP-M); Einstein (El); Bagnold (BA); Parker-
Klingemann-McLean (P-K-MC); Parker-Klingemann (P-K); Parker (P); Wilcock-Crowe(W-C).
Dotted lines show the values which represent a ratio of 10, 100, 1000...times the results

obtained with the experimental fit.



Table 1. Main features of the studied transport episodes (Véazquez-Tarrio and Menéndez-

Duarte, 2014).

Date River Main peak time  Maximum mean Maximum peak Basal shear
duration (h) discharge (m3/s) discharge (m?'/s) stress (Pa)

15-18 January River

2010 Pigiiefia 72.00 32.0 103.5 114.8

10-24June 2010 RVver 102.25 80.4 100.0 112.1
Pigliefia

31 October -20 River

November 2010 Pigiiefia 43.00 78.7 107.5 117.6

13-16 Januray River Coto 96.00 26.9 28.4 131.0

2010

11-17 June 2010 River Coto 46.75 27.6 30.1 135.4

6 -8 January 2011 River Coto 44.25 25.4 25.6 130.7




Table 2. Bedload transport rates obtained with the tracer experiment in River Pigiefia and River
Coto (Vézquez-Tarrio and Menéndez-Duarte, 2014). Unit transport rate are the transport rates

per unit of width of channel.

Measured transport Unit transport rates

Flood episode Studied channel rates (kg/s) (kg/m-s)
January 2010 River Pigliefia 4,06 0,10
June 2010 River Pigliefia 2,54 0,06
November 2010 River Pigliefa 1,10 0,03
January 2010 River Coto 0,20 0,01
June 2010 River Coto 0,21 0,01

January 2011 River Coto 0,28 0,01




Table 3. Summary of the results obtained comparing bedload transport rates estimated using the

equations, and the bedload rates obtained in the field with tracers. Results for River Piglefa.

Estimated bedload rates (kg/s) Discrepancy Ratios
January June November January June November  Geometric
2010 2010 2010 2010 2010 2010 mean

Du  Boys-

4526.4 4312.4 4753.9 1116 1696 4337 2017.2
Straub
Schoklitsch 316.4 298.4 335.1 78 117 306 140.9
Meyer
Peter- 481.0 453.5 509.4 118 178 464 213.6
Miiller
Einstein 845.6 789.1 904.7 208 310 824 376.3
Bagnold 88.5 83.6 94.3 22 33 86 39.5
Parker-
Klingeman 100.2 91.1 110.1 25 36 101 44.6
-MacLean
Parker- 32.6 26.6 39.9 8 11 36 14.5
Klingeman
Parker 18.7 15.8 22.2 5 6 20 8.3
Wilcock- 36 3.0 4.3 1 1 4 1.6
Crowe

Eq. (1) 2.2 1.8 2.5 1 1 2.3 0.9




Table 4. Summary of the results obtained comparing bedload transport rates estimated using the

equations and the bedload rates obtained in the field with tracers. Results for River Coto.

Estimated bedload rates (kg/s) Discrepancy Ratios
January June January June January Geometri

2010 2010  January 2011 2010 2010 2011 ¢ mean
Du  Boys-

4101.1 4449.9 4101.1 20725 20876 14907 18614.2
Straub
Schoklitsch 544.1 585.4 541.0 2749 2746 1966 2457.8
Meyer
Peter- 647.6 697.5 643.9 3272 3273 2340 2926.3
Miiller
Einstein 294.4 331.6 291.7 1488 1556 1060 1349.0
Bagnold 18.4 217 12.8 93 102 47 76.1
Parker-
Klingeman 2.4 4.1 2.3 12 19 9 12,5
-MacLean
Parker- 3.9 6.2 3.7 20 19 14 17.2
Klingeman
Parker 63.9 78.3 62.9 323 367 229 300.4
Wilcock- 10.1 12.6 10.0 51 59 36 47.8
Crowe

Eq. (1) 0.2 0.3 0.2 1 1 1 1.0




Table 5. Performance of the formulae compared with a selection of recent studies in gravel bed

streams.

Reference N r(052)°% r(0.25°% r(0.1-10)°%  Observations

Batalla (1997)° 5 50 - - Bed-material load in a sandy, gravel bed river.

Habersack and . .

Laronne (2002) © 13 36 - - Alpine gravel bed river

Martin (2003) f 4 19 a4 75 Annual transport in 10 reaches of a gravel-bed river

Martin and Ham Average annual transport in 13 reaches of a gravel

(2005) &f 3 1 25 47 bed stream

Duan et al. 3 i i 57 Low flow in two reaches of a desert gravel bed

(2006)° stream

Recking (2010)¢ 4 13 27 34 §319 data from 84 rea?ches of sand and gravel bed
rivers, and flume experiments

Rascher (2012)° 16 - - 19 Bedload rates in a coarse-bed river from Bavaria

Rascher (2012)* 7 - - 25 Bedload rates in a coarse-bed river from Bavaria

I(_;)gfz)eet al. 10 19 41 57 Regulated river experiencing cycles of armoring

This study 9 4 7 13 Bedload rates for flows in two mountain coarse bed
streams

This study* 4 3 17 29 Bedload rates for flows in two mountain coarse bed

streams

® Number of formulas tested in the paper.

b 0.5 < r < 2, the average percentage of predicted bed load discharge not exceeding a factor of 2 in relation to the observed

discharge.

€0.2<r<5, the average percentage of predicted bed load discharge not exceeding a factor of 5 in relation to the observed

discharge.

d 0.1 < r < 10, the average percentage of predicted bed load discharge not exceeding a factor of 10 in relation to the observed

discharge.

€ Measurements with a Helley-Smith/basket sampler.

f Annual bedload tields obtained using the morphological approach.

& Assesment accomplish using field data taken from the scientific literature, and their own flume results.

* The average percentages are calculated only for the ‘modern equations’, and not for all the equations assessed in the study.






