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ARTICLE INFO ABSTRACT

Keywords: Mixed bedrock-alluvial channel beds are common in mountain rivers. It is well-known that in such system the
Bedload transport balance between sediment supply and transport capacity defines either the level of the exposure of bedrock (in
Bedrock

the riverbed) or its coverage by alluvial material. We investigate whether applying the representation of the
energy losses (caused by macro-roughness) developed for alluvial channels improve the capacity of bedload
transport equations to predict the bedload transport in a mixed bedrock-alluvial stream. Therefore, the purpose
of this study was to evaluate the performances of five bedload equations against field measurements, while
considering the effects of macro-roughness on the equations and the limited availability of mobile sediment. We
analyzed the data collected in a stream located in southern Brazil, which has a 2.3% gradient and mixed bed
conditions. Optimal results in estimating the bedload transport rate were obtained when using the reduced shear
stress (7’) and reduction factor of the available bed material (Frm) together in the five tested equations. Analyzing
the two approaches separately, the implementation of 7 proved to be more critical for improving the perfor-
mance of the equations than using Frm alone. Among all the equations, Recking (2013) presented the best result
for the case in which 85.2% of the estimates fell within one order of magnitude of the measured transport rates
(0.1 < r > 10.0); this was followed by the Recking (2010) (70.4% of estimates within one order of magnitude)
and Meyer-Peter and Miiller (1948) (37% of estimates within one order of magnitude) equations. In conclusion,
we observed that even by implementing flow resistance and with the limited availability of mobile sediment, the
equations overestimated the bedload transport rate in the studied river reach, indicating an underestimation of
energy loss in the flow resistance equations of mixed bedrock-alluvial channels.

Macro-roughness

Bedload rating curve
Flow resistance

Limited sediment mobility

1. Introduction exposure of bedrock in a riverbed or its alluvial material cover, and if the
bedload transport capacity of the river exceeds its bed sediment supply,

Mixed bedrock-alluvial channel beds are common in mountain the bedrock will eventually be exposed (Ferguson et al., 2017b).
rivers and are characterized not only by patches of exposed bedrock but The sediments in bedrock rivers are generally transported across
also by the degree of alluvial cover (Turowski et al., 2008). The balance alluvial and bedrock surfaces (Hodge et al., 2011), presenting a pattern
between sediment supply and transport capacity determines the and depth of sediment cover that vary over time (Zhang et al., 2015).

Abbreviations: GSD, grain-size distribution; DGPS, differential global positioning system; Qp,, Bedload transport rate; d/D, relative flow depth; Cfa, humid sub-
tropical climate; B, Boulder; bC, boulder-Cobble; bcG, boulder-cobble-Gravel; cG, cobble-Gravel; G, Gravel; gbC, gravel-boulder-Cobble; gS, gravel-Sand; sG, sand-
Gravel; Q, water discharge; A, flow area; W, flow width; P, wetted perimeter; R, hydraulic radius; d, mean flow depth; v, mean flow velocity; h, stage; VPE, variable
power equation; Ferg2007, VPE from Ferguson (2007); RR2011, Rickenmann and Recking (2011); WC-2003, Wilcock and Crowe (2003); MPM-1948, Meyer-Peter
and Miiller (1948); Rn-2001, Rickenmann (2001); Rg-2010, Recking (2010); Rg-2013, Recking (2013); gp meas, measured unit bedload transport rate; gp 4, estimated
unit bedload transport rate; r, discrepancy ratio; mr, arithmetic mean of r.
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Several studies that have focused on bedrock incision have used models
to predict bed fractions with alluvial cover (Chatanantavet and Parker,
2008; Hodge and Hoey, 2012; Inoue et al., 2014; Johnson, 2014; Sklar
and Dietrich, 2004; Turowski et al., 2007; Zhang et al., 2015). In these
models, the sediment cover is parameterized in terms of average sedi-
ment supply and transport capacity (Chatanantavet and Parker, 2008;
Sklar and Dietrich, 2004; Turowski et al., 2007) and is controlled by the
bedrock surface roughness (Inoue et al., 2014; Johnson, 2014; Zhang
et al., 2015). As the topographic roughness of the bedrock is intrinsic to
natural channels, its variability affects the extent and pattern of alluvial
cover (Inoue et al., 2014).

Thus, the rate of sediment transport and the sediment grain sizes in
mixed bedrock-alluvial channels are influenced by the surface rough-
ness, the proportion and distribution of alluvial and bedrock surfaces,
and the flow velocity profile of the channels (Hodge et al., 2011). Many
bedload transport equations, originally developed with data from flume
experiments and under uniform bed material, generally overestimate
the rate of sediment transport in streams with coarse bed material and a
high slope by several orders of magnitude (Nitsche et al., 2011; Rick-
enmann, 2001). Thus, it is reasonable to say that the equations applied
to mixed bedrock-alluvial channels should consider the proportion of
alluvial cover and must also consider the estimated bed roughness
height.

Mountain regions feature river channels with longitudinal gradients
>0.2% (Wohl, 2010). These streams have characteristics including wide
grain-size distribution (GSD) of bed material (i.e., from sand to rarely
mobile boulders) (Monsalve et al., 2016; Yager et al., 2012a), reduced
relative flow depth (d/D, where d is the mean flow depth and D is the
characteristic grain size) (Comiti and Mao, 2012), large boulders that
remain immobile even during high flows (Nitsche et al., 2011), and
varying channel widths (Nitsche et al., 2011; Schneider et al., 2015a).
All these features produce resistance due to additional roughness, which
is absent in channels with reduced slopes and which is hardly considered
in laboratory conditions (Nitsche et al., 2011).

Considering the effects of flow resistance caused by the prominent
elements mentioned previously (i.e., macro-roughness), energy losses
are often described using empirical equations based on the measure-
ments of these elements, such as the characteristic grain size Dg4 (84th
percentile of the GSD) (Rickenmann and Recking, 2011), Dgs (65th
percentile of the GSD) (Wilcock et al., 2009), or the dimensions/con-
centrations of boulders and protrusions (Yager et al., 2012a, 2007).
Moreover, in steep streams, the availability of sediments is often limited
due to the presence of coarse grains that have immobile characteristics
in stream beds (Yager et al., 2012a, 2012b). In other words, besides the
availability of finer sediments for transport, the fraction of coarse grains
relative to the amount of permanently immobile sediments and bedrock
determines the availability of coarse grains for transport (Yuill et al.,
2010). Studies using tracers show much greater sediment mobility (and
with no selectivity in size) in bedrock sections and a trend of being less
mobile and more selective from the sediment cover (partial) to the al-
luvial cover (Ferguson et al., 2017b; Hodge et al., 2011).

Recent studies have shown that the performance of bedload equa-
tions for alluvial channels has improved because they now include the
effects of energy losses due to the resistance caused by bed macro-
roughness (Green et al., 2015; Schneider et al., 2016, 2015; Yager
et al., 2007) and the limited availability of mobile bed material (Green
et al., 2015; Yager et al., 2007). Although coarse bed alluvial channels
have characteristics in common with bedrock rivers (Whipple et al.,
2013), we investigate whether the representation of the energy loss
caused by macro-roughness and the limited sediment mobility devel-
oped for alluvial channels can be applied to increase the performance of
bedload transport equations under conditions that contrast with those
applied initially. Thus, we were motivated to perform field measure-
ments of bedload transport under varying flow conditions. This study
evaluated the performance of five bedload equations previously devel-
oped for alluvial streams, considering the macro-roughness effects and
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limited sediment mobility present in a mixed bedrock-alluvial stream.
2. Material and methods
2.1. Study site

We selected the Arroio do Ouro watershed, which is located in the
state of Rio Grande do Sul in Brazil, as the study area (Fig. 1a). The
watershed has a drainage area of 17.17 km?; the elevation varies from
76 to 326 m above sea level, and the area has a mean slope of 13% (0.13
m m 1) and up to 58% (0.58 m m ). The region covers the Pelotas
Batholith (i.e., a plutonic complex that includes granite, gabbro, and
diorite), the geological unit of the Dom Feliciano Belt, and the eastern
portion of the Sul-rio-grandense Shield (Philipp et al., 2016b, Philipp
et al., 2016a). The soils of the Arroio do Ouro watershed are classified
(FAO Taxonomy) as Acrisols and Regosols (FAO, 2014), which are
shallow and predominantly contain sandy loam (35-75% sand) (Bartels
et al., 2016).

According to the Koppen system, the climate in the region is Cfa,
which is characterized by a humid subtropical climate with hot summers
and well-distributed rain throughout the year (Peel et al., 2007). During
the period between 1971 and 2018, annual rainfall was 1400 + 299 mm,
annual reference evapotranspiration was 1077 + 33 mm, and the mean
annual temperature was 18.5 + 0.5 °C. We selected the catchment and
river reach areas as they are considered areas that are representative of
existing natural streams in the region.

2.2. Mapped reach and grain size

We mapped a reach area (in the Arroio do Ouro stream) that was 66
m long and approximately 5.5 m wide, directly upstream from the cross-
section where water discharge and bedload transport rate measurements
were taken. Water discharge (Q) and total bedload transport (Qp) were
recorded. The reach has a bed gradient of 0.023 m m~! (Fig. 1e). We
used a total station and a differential global positioning system (DGPS)
to measure the bed topography (average of 7 points/m?; Fig. 1c) and
mapped the boundaries of all the patches (Fig. 1d) which were visually
identified by observing sharp changes in the GSD of the bed material.
The mapped reach of the river consisted of sediments with wide GSDs
(from large boulders [Fig. 2c] to sand and gravel [Fig. 2a, 2b]) in
addition to bedrock (Fig. 2a, b).

Patches were grouped into eight different classes using the classifi-
cation scheme of Buffington and Montgomery (1999) and were consid-
ered in addition to the bedrock (Fig. 1d). The textural patches are listed
in the order of increasing surface sediment grain sizes, namely, sand (<2
mm), gravel (2-63 mm), cobble (64-256 mm), and boulders (>256 mm)
(Yager et al., 2012). A second or third class was inserted only if the
predominant class presented < 90% of the total, e.g., the boulder—
gravel-Cobble (bgC) group is mainly composed of cobble, followed by
gravel (>5%) and boulders (>5%) (Buffington and Montgomery, 1999).

The bed grain size was mostly determined using a sampling frame
method, in which elastics presented in the grid way interior indicate the
particles that are included in the sample (Bunte and Abt, 2001). How-
ever, in some cases, pebble counts were performed with grains that were
selected during random walks (Wolman, 1954). For these methods, the
b-axis of each particle was directly measured using a gravel template
(gravelometer) with a progressive square aperture of 0.5 phi (Bunte
et al., 2009; Bunte and Abt, 2001), which eliminates possible operating
errors that can occur while measuring grain sizes (Bunte et al., 2009). A
tape was used to measure the sizes of larger grains and bedrock pro-
trusions. A total of 2135 grains were measured, with at least one stan-
dard pebble count (100 grains) conducted for each patch class. As the
protruding bedrock in the stream bed is an immobile flow obstacle, we
considered it in the GSD of the bed material and used it as a parameter of
the measured vertical distance (i.e., from the top of the protrusion to the
average adjacent bed surface) (Fig. 2d). Thus, we included protrusions
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Fig. 1. (a) Location of the study area, Rio Grande do Sul, Brazil; (b) Arroio do Ouro stream reach showing the channel cross-section where water discharge and
bedload transport measurements were taken; (c) bed elevation surveyed from total station and a differential global positioning system (DGPS); (d) map of patches:
Boulder (B), boulder-Cobble (bC), gravel-boulder—Cobble (gbC), boulder—cobble-Gravel (bcG), cobble-Gravel (cG), Gravel (G), gravel-Sand (gS), sand-Gravel (sG),

and; (e) longitudinal profile of thalweg.

into boulder patches (considered here as immobile). In the patch classes
that contained sand (i.e., gS and sG), the surface bed material was
collected and transported to the laboratory where the GSDs were esti-
mated by sieving the material using a progressive mesh of 0.5 phi.

We determined the GSD for each patch class as the sum of the area-
weighted pebble counts within that patch class (Table 1). Classes with
predominantly the same grain size (i.e., sG, G, ¢G, and bcG) also had
similar median diameters (Dsg). However, there were substantial dif-
ferences in Dgy4, thereby characterizing the importance of mapping
coarse sediments, even though they had a lower frequency than that
observed in the dominant class (Table 1).

The Dg4/Dsg ratio is indicative of a sorted sediment bed (Millar,
1999). Eight patch classes had ratios between 1.7 and 3.9, and similar
values were found for the same classes in other studies (Monsalve et al.,
2016; Yager et al.,, 2012a). Considering the entire bed (i.e., “Total”
values in Table 1), the Dg4/Ds( ratio was approximately 20, which is
much higher than the ratios found in other studies that considered
coarse beds (Monsalve et al., 2016; Rickenmann, 2018; Schneider et al.,
2016; Yager et al., 2012a, 2012b). This is due to the wide range of grain
sizes present in the bed, i.e., from large boulders to sand and gravel
(Fig. 2). In addition, the classes with sand (i.e., gS and sG) had a pro-
portional area of 34%, and classes with boulders (i.e., B, bC, bcG, and
gbC) were distributed throughout 38% of the entire bed (Table 1). The
similar area-weighted values calculated in different grain sizes resulted
in a less steep curve of the bed material GSD compared to the GSD of the
transported particles (Fig. 3).

2.3. Flow property measurements

We measured 55 discharges from March 2013 to July 2015 using a
traditional current meter (Turnipseed and Sauer, 2010). We used the
flow velocity measured into series of 0.5 m or 1.0 m vertical spacings to
quantify the water discharge (Q), flow area (A), flow width (W), and
wetted perimeter (P) in the cross section. From these data we calculated
the hydraulic radius (R = A/P), mean flow depth (d = A/w), and mean
flow velocity (v = Q/A). Continuous stage records were obtained using a
pressure transducer (Fig. 1).

We constructed stage-discharge rating curves with the stage (h)
varying from 0.29 to 1.45 m, resulting in a discharge interval that varied
from 0.12-14.84 m® s! (Fig. 4a). For a better data fit, the rating curve
was divided into two segments, representing discharges with h < 0.78 m
and flows with h > 0.78 m; both situations presented an excellent fit (%
= 0.99).

The tendencies of the flow velocity and flow depth to increase with
the discharge (in cross section) is well defined in Fig. 4b and c. The rate
of change in flow velocity with discharge was greater than the rate of
change in flow depth. This reflects the flow resistance decrease with
increased discharge because sources of grain and form roughness occupy
a progressively smaller portion of the flow (David et al., 2010a). The
power function fitted by ordinary least squares had exponents of 0.55 for
flow velocity and 0.18 for flow depth. These results are consistent with
other studies of bedrock channels (Ferguson et al., 2017a) and steep
alluvial streams (Comiti et al., 2007; David et al., 2010a).
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Fig. 2. Locations of photographs (P1, P2, P3, and P4): (a) P1 bed with fine sediments (gravel-Sand [gS]) and bedrock; (b) P2 showing a gravel-bed (Gravel [G]) and
bedrock; (c) P3 showing a coarser bed (Boulder [B]) and bedrock protrusion; (d) P4, an example of a bedrock protrusion measurement.

Table 1
Characteristics of textural patches in the mapped reach of Arroio do Ouro
stream.
Class Dso (mm) Dg4 (mm) Dg4/Dso Ap
B Boulder 525 891 1.7 0.14
bC boulder-Cobble 215 374 1.7 0.04
beG boulder-cobble-Gravel 33 128 3.9 0.16
cG cobble-Gravel 21 69 3.3 0.07
G Gravel 19 40 21 0.10
gbC gravel-boulder—Cobble 116 268 2.3 0.04
gs gravel-Sand 0.9 1.9 2.1 0.33
sG sand-Gravel 11 32 2.9 0.01
Bedrock - - - 0.12
Mobile 7 81 10.9 0.74
Total 16 333 20.4 1.00

Dso and Dgy4 indicate the 50th and 84th percentiles in grain diameter, respec-

tively (for each patch class).

A, represents the proportional area of each class in the studied reach.

“Total” represents the entire bed.

2.4. Bedload transport measurement

A total of 27 samples of bedload transport were collected from June
2014 to July 2015, with discharge measurements obtained under
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Fig. 3. Grain-size distribution (GSD) of the surface bed material and trans-
ported particles. The average bedload GSD (blue line) was based on all 27
collected samples (represented by the shaded region). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)



G.K. Bartels et al.

Stage <0.78 m
@) _ 251 2.
Q = 9.405(Stage-0.14) :0.989
__10f 1
E
[0
g
a [ ]
Stage >0.78 m
Q = 8.254(Stage-0.14)>%? r%:0.990
0.1 '
1.0F (b) o
‘TU)
£
>
8
< 01 o® 1
>
® Mean Velocity y=0.230Q%%%° % 0.966
(c)
—~ 10Ff 1
£
c
a
[0
[a)]
® Mean Depth y=0.537Q%"8 (% 0.745
0.1 ; '
0.1 1.0 10.0

Q (m3 s'1)

Fig. 4. (a) Hydraulic relationships between discharge and stage; (b) mean flow
velocity; and (c) mean flow depth of Arroio do Ouro stream cross-section.

varying flow conditions (see Fig. 5). We used a Helley-Smith sampler
(Helley and Smith, 1971) with a 76 x 76-mm nozzle and a bag with
0.25-mm mesh openings. Each sample was measured in 4-8 equidistant
verticals of the cross section, and more verticals were implemented with
increased flow width. The sampler remained on the streambed for 60 s at
each vertical. The bedload transport rate (Qp) was calculated according
to Eq. (1):

- WxM
T Wy xn Xt

(o)) (€D)]

where Q is the measured bedload transport rate (kg s™1), Wis the width
of the section (m), Wys is the width of the Helley-Smith sampler (0.076
m), n is the number of verticals, M is the total dry mass of sediment
collected (kg), and t is the collection time of each sample.

For pebbles < 16 mm, we used the sampling efficiency of one unit for
the Helley-Smith sampler as indicated by Emmett (1980). The
maximum sampled diameter was 12.5 mm (only for discharge > 2.3 m®
s71). As this diameter is five times smaller than that of the sampler
nozzle, it satisfied the minimum condition indicated by Vericat et al.
(2006) for the use of the Helley—Smith sampler. Thus, the GSD of the
transported particles was not considered to be a limiting factor for the
quality of collected samples.

An electromagnetic stirrer equipped with sieves with a progressive
mesh of 0.5 phi was used to determine the GSD of the transported par-
ticles. The bedload granulometry was finer than the GSD of the bed
material (Fig. 3). Bedload samples collected during the monitored events
presented a mean Dsp of 1.4 mm (0.8 mm < Dsg < 1.9 mm) and a mean
Dg4 of 2.7 mm (1.9 mm < Dg4 < 4.2 mm).
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Fig. 5. Upstream view of Arroio do Ouro reach observed in: (a) low flow
(approximately 0.1 m® s and (b) high flow (approximately 6.3 m?s™1). Note
the exposed bedrock protrusion and immobile boulders.

2.5. Flow resistance equations

Flow resistance relationships may be used to predict the mean flow
velocity when direct measurements are not possible or available
(Schneider et al., 2015b). The total flow resistance is traditionally
described using the Manning, Chezy, and Darcy-Weisbach equations:

/3
& \/E:cmz 8gdS

P T (2)

where v is the flow velocity, n is the Manning coefficient, C is the Chezy
coefficient, fy, is the Darcy—Weisbach friction factor, d is the flow depth
(or hydraulic radius [R] for narrow channels), S is the energy slope (or
the channel bed slope), and g is the gravitational acceleration (m s_z).
Most equations were derived for f;,; because they are dimensionless
coefficients (Ferguson, 2007; Rickenmann and Recking, 2011).

Using a dataset of 2890 field measurements, Rickenmann and
Recking (2011) evaluated the variable power equation (VPE) developed
by Ferguson (2007) and found that it has the best performance among
several other flow resistance equations. Ferguson (2007) developed a
single resistance equation that combined the roughness-layer formula-
tions for shallow flows and the Manning—Strickler for deep flows. Thus,
the VPE considers the friction factor (f;,,) as the sum of two components
(i.e., grain friction and bedform effects) which are both present in coarse
streambeds:
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ayay (Dxa)

3

22 ®
al + az Dg4

where u* is the shear velocity (u* = [gdS]o'E) and d/Dgy is the relative
flow depth. We used the empirical constant values a; = 6.5 and az = 2.5,
as suggested by Ferguson (2007) and Rickenmann and Recking (2011).

Flow resistance equations are more reliable for streams with low
roughness (d/Dg4 > 4) as proposed by Bathurst et al. (1981) because
flow turbulence is strongly affected by large bed elements (cobbles,
boulders, and bedrock protrusion) observed in channels with more
roughness (Rickenmann and Recking, 2011). Alternatively, regarding
approaches using relative flow depth and f,y, dimensionless hydraulic
geometry relationships have been proposed to represent the flow ve-
locity in steep streams (Comiti et al., 2007; Ferguson, 2007; Rickenmann
and Recking, 2011). Thus, the flow velocity can be nondimensionalized
as follows:

sk

vi=kg ", ©)
where

v** is the dimensionless velocity v** = v/ (gSD84)0'5;

g** is the dimensionless discharge ¢ = q/(gSD} 4)

q is the unit discharge ¢ = Q/W, and;
k and m are empirical constants.

Several studies have consistently demonstrated that predictions
based on unit discharge provide better estimates of flow velocities in
rough streams than the traditional approaches that adopt relative flow
depth and fi, (Comiti et al., 2007; Rickenmann and Recking, 2011;
Schneider et al., 2015b; Zimmermann, 2010). Rickenmann and Recking
(2011) transformed the original VPE based on relative flow depth (Eq.
(3)) to an equivalent g-based form as shown in Eq. (5).

g )0.82]4 —0.2435
43.78

P SV P "6{1+(
(gSDg)?

Based on the performance of the equation for the predicted flow
velocity (see Section 3.1) and the consistent results reported in the
literature (Nitsche et al., 2011; Rickenmann and Recking, 2011;
Schneider et al., 2015b), we used dimensionless hydraulic geometry
relationships (Eq. (5)) of Rickenmann and Recking (2011) in the flow
resistance partitioning approach (see Section 2.6).

()

2.6. Flow resistance partitioning

Owing to the presence of macro-roughness elements (i.e., boulders
and bedrock protrusion), we combined the flow resistance equation with
bedload transport equations by using a reduced energy slope which is
based on flow resistance partitioning instead of the actual channel slope.
The total flow resistance (f;r) can be considered as the sum of base-level
resistance (f,) and additional resistance (fyqq = 1 — fior) caused by large
roughness elements (Nitsche et al., 2011). Previous studies of bedload
transport rates have used the reduced energy slope (Srq) in steep
streams (Heimann et al., 2015; Nitsche et al., 2011; Rickenmann, 2012;
Schneider et al., 2016, 2015a) as the relationship between the stream
gradient, and the Darcy-Weisbach friction factor in the following way:

Syt = S< ;-) ‘ ®)

where S is the bed slope (m m™1). The exponent e varies from 1 to 2, and
we used a fixed value of e = 1.5, as established in a previous study
(Nitsche et al.,, 2011). Based on predicting flow velocity using
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dimensionless variables, which provides the optimal results, we calcu-
lated the partitioning between f, and f,; as proposed by Rickenmann and
Recking (2011) using the following equation:

f;) B V(q) 1.5
for (w(g)) ’ ™

where v is the flow velocity obtained by Eq. (5) and v, is the equivalent
velocity that corresponds to the base-level resistance (v, =
3.074q"%4[gSDg4)%®) (Rickenmann, 2012; Rickenmann and Recking,
2011).

We used a reduced energy slope (Eq. (6)) to calculate the reduced
shear stress (', [Eq. (8)]) or the dimensionless reduced shear stress (¢
[Eq. (9)]), which are functions that are typically described in bedload
transport equations.

T’ :pgRSred ) (8)
7
T = ©)]
(ps - p)ng

where p is the water density (kg m~3),p; is the sediment density (kg
m™>), and Dy is the grain size for which x percent of the material is fine

(m).
2.7. Limited availability of mobile sediment

The reach of the Arroio do Ouro stream was partially covered with
sediment classified as immobile and bedrock (Fig. 1; Table 1). Consid-
ering that these large elements of roughness were not available for
transportation, we applied a reduction factor to the available bed ma-
terial (Frm) in the bedload transport equations. This reduction factor has
also been implemented in other bedload transport models (Yager et al.,
2007) and is expressed as follows:

A
Frm =", (10)
Af(l)‘

where A is the total bed area and A,, is the bed area with mobile
sediment.

2.8. Bedload transport equations

We evaluated the effects of macro-roughness and the limited avail-
ability of mobile sediment on the performance of the five equations,
which were developed and previously applied in streams with sand or
gravel beds (Heimann et al., 2015; Lopez et al., 2014; Recking et al.,
2016, 2012; Schneider et al., 2016, 2015a; Vazquez-Tarrio and
Menéndez-Duarte, 2015). To assess the effect of macro-roughness and
the limited availability of mobile sediment separately, as well as
together, all equations were analyzed in four ways (Fig. 6): I- original
equations, II- modified equations (z and Frm), III- modified equations
(only 7°), and IV- modified equations (r'and Frm). The equations
described below consider the effects of macro-roughness and the limited
availability of mobile sediment (i.e., IV- modified equations). The
original and II- and III- modified equations are available in the supple-
mentary material.

The equation of Wilcock and Crowe (2003) (WC-2003) is based on
the fractional dimensionless transport rate W;" (Eq. (11)) as a function of
reduced shear stress (7°) and reference shear stress (7,;) (Eq. (12)).

o (5= 1)&quivor

W, =2 Bl 11
Fiu")? an

where s is the relative sediment density (s = p,/p), p, is the sediment
density (2650 kg m~3),p is the water density, gpivor is the volumetric
fractional bedload transport rate per unit width (m® s™ m™1), F; is the
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Fig. 6. Schematic overview of five bedload transport equations employed in four experiments. In the experiments, the same shape characterized total (z) or reduced
shear stress (7'), and the same hatch color described whether the mobile sediment proportion (Frm) was used.

proportion grain size class i obtained from the GSD of the bed surface,
and u* is the shear velocity with the reduced shear stress

(u" =1 /p1%).

0.002(z /7,)° (¢ /7,:) < 1.35

14(1 - %) | (t'/tq) > 1.35

Wi = (12)

The reference shear stress (7,;) of each grain-size fraction (D;) was
determined as a function of the median grain size (D5p) and the reference
shear stress of the mean grain size(zpy ), as shown in Eq. (13) and by the
exponent b in Eq. (14).

b
D;
Tri = Trpm | 75—
DS[)

0.67
1+ exp(l.S - D%’ﬂ)

We used the 7,5, value calculated from the dimensionless reference
shear stress (z";pm = 0.03). This value has already been adopted in other
studies, and additional resistance was considered due to macro-
roughness (Schneider et al., 2016, 2015a). The total unit bedload
transport rate is the sum of the fractions of each of the classes i (Eq.
(15)):

D)

where gy is the total unit bedload transport rate (kg s~ m™1).

13

b= a14)

(15)

The equation of Meyer-Peter and Miiller (1948) (MPM-1948) has a
constant dimensionless critical shear stress (7", = 0.047) in its original
formulation. To consider the effects of macro-roughness ('), we used
the same method as Heimann et al. (2015) and Rickenmann (2018),
combining the empirical equation of Lamb et al. (2008) with the
reduction factor (¢ = [0.155%2%]S,4/S). The MPM-1948 equation
was as follows:

AN L 1 A
qb:8/)”/g(x71)D503{(;) T —7 C:| (A ),

tot

(16)

where

n is the reduced roughness coefficient (Manning coefficient consid-
ering Sreq), n was estimated by the equation (n = S,eq'/?R?/3 /v);
n’ represents the grain roughness, n’ was calculated using the equa-

tion from Strickler (1923) (n' = Dgo'/®/26), and; v is the mean flow
velocity (m s’l).

The equation of Rickenmann (2001) (Rn-2001) was developed using

data from 252 laboratory experiments and had bed slopes from 0.0004

t00.2mm™ L.

Do\ = e 1
@, =3.1(22) Vi -7 )Fr a7
Dy s—1
@, = qbvol . (18)
(S — l)gD50‘
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Am
@ = Govapy\/ (s — 1)gDso’ (A ) (19)

tot

In Egs. (17)-(19):

@, is the dimensionless bedload transport rate;

Dgp and D3 are the diameters with 90% and 30% of the gran-
ulometry of the finer bed surface, respectively;

qbvol is the volumetric bedload transport rate per unit width (m
m™b), and;

Fr is the Froude number (Fr =v/,/gR).

3 s—l

The equation of Recking (2010) (Rg-2010) was developed to esti-
mate the total bedload transport rate using data from 84 river reaches
obtained from laboratory and field experiments. The equation Rg-2010
uses Dg4 to calculate the dimensionless reduced shear stress (7" g4)and
the dimensionless reduced critical shear stress (7" cg4).

D —0.93

7" g4 = (1.328,0g + 0.037) (ﬁ> (20)
D5

—4.445/S0q
= 12,53 <%) (z" ) (21)
Dso
- T
AT L — (22)
" (ps — P)gDss

() <) (1)

() () (2)

C18y/Srd s N\ 65
0.0005 (ﬁ) (T s )
P, = Dso T o84

14(1*'84)2.45

(23)

b = Govap,\/ (s — 1)gDss’ (::m> (24)
tot

where (f'm) corresponds to the intersection between Egs. (23.1) and
(23.2), providing a transition between partial transport and full mobility
(Recking, 2013).

The model developed by Recking (2013) (Rg-2013) differs from
Recking (2010) as the former combines Egs. (23.1) and (23.2) into a
single continuous function (Eq. (25)).

14(z" )25
o, = AT (25)
T 84
D\ 5V 13
N . —_— F
o= (5Syea + 0.06) (Dw) or gravel 26)
0.045 For sand
AIYI
@b = qovaipy\/ (s — 1)gDss’ (A ) 27)
tot

2.9. Evaluation of bedload transport equation performances

We compared the measured (qp meqs) and computed (qp ¢q1) unit bed
load transport rate. A graphical method and index based on the
discrepancy ratio were used to evaluate the performances of the equa-
tions (7 = gp cal/qb meas)- The index r was then grouped into two intervals
in which the gy o values fell within one order of magnitude (0.1 <r <
10) and within two orders of magnitude (0.01 < r (100) about gy meqs
values. This methodology is widely used to evaluate the performance of
bedload transport equations (Habersack and Laronne, 2002; Lopez et al.,
2014; Recking, 2010; Recking et al., 2012; Schneider et al., 2016, 2015a;
Vazquez-Tarrio and Menéndez-Duarte, 2015). Additionally, the
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arithmetic mean of r (mr) was calculated according to Eq. (28):

1 N
mr = X Zi:lri7 (28)

where N is the number of data points and r; is the ith value of r. This
interval varies from 0 to +oco, with values close to 1 indicating less
discrepancy.

Finally, in graphical form, the relationship between qp .t and gp meas
was evaluated, and the index discrepancy (r) was used to analyze the
distribution for each equation using a boxplot.

3. Results and discussion
3.1. Flow resistance analysis

The flow resistance laws described in the Section 2.5 (and many
others not mentioned here) were developed for flow conditions in al-
luvial channels. For better analysis, we compared the measured data
from the reach of Arroio do Ouro (mixed bedrock-alluvial channel) to an
extensive compilation of alluvial channel data obtained by Rickenmann
and Recking (2011) and to the data measured by David et al. (2010b) in
steep mountain streams (Fig. 7). The prediction equations developed by
Rickenmann and Recking (2011) (Eq. (5) and Eq. (21b) in Rickenmann
and Recking, 2011) and the original VPE (Eq. (3)) are also shown in
Fig. 7.

The Arroio do Ouro data plots below the limit of the observed range
of alluvial flow resistance was overlaid with the data presented by David
et al. (2010b) in the mountain stream reaches (Fig. 7a). The high pro-
portion of boulder patches in this reach (14%; see Table 1) added to the
bedrock protrusion (see Fig. 2) is important because flow resistance
mainly results from macro-roughness, including the drag that occurs
around large boulders (Nitsche et al., 2012). This was indicated by
Ferguson et al. (2017a), who verified that a reach of bedrock with 70%
alluvial cover and 11% of boulder density was also below the limit of (8/
ftot)°'5 that is observed for alluvial channels. It is evident that the
equations developed for coarse-bed alluvial channels underestimate the
measured flow resistance in the reach of Arroio do Ouro (Fig. 7a).

Similarly, as observed by the Darcy—Weisbach relationships (Fig. 7a),
the Arroio do Ouro data plot is below the limit of the data compiled by
Rickenmann and Recking (2011) when expressing the relationship using
flow velocity (v**), which is dimensionless, and unit discharge (g**)
(Fig. 7b). The small prefactor k (Eq. (4)) value implies a higher flow
resistance (additional roughness sources) that was not considered when
Rickenmann and Recking (2011) developed Eq. (5). Even data collected
by David et al. (2010b) in alluvial channels had the sources of additional
roughness, resulting in behavior similar to our data. As woody debris is
present in many reaches, as measured by David et al. (2010b), it can be
assumed that the high flow resistance could be influenced by the
increasing wood load. In the studied reach, we observed that large
borders and bedrock protrusion were important for flow resistance; in
contrast, woody debris was unimportant as a source of roughness (see
Fig. 2).

As expected from the analysis of Fig. 7, the Rickenmann and Recking
(2011) equations and the original VPE equation (Ferguson, 2007)
strongly overestimated the flow velocity (Fig. 8). Despite this, the
dimensionless hydraulic geometry approach provides better flow ve-
locity predictions than the Darcy—Weisbach relationships. This was also
observed when the power-law equations were fitted to data (Fig. 8).

3.2. Bedload transport rating curves

The measured bedload transport rate in the Arroio do Ouro stream
ranged between 0.05 and 3.63 kg s~! for the observed discharge range of
1.6-14.8 m® s ! (Table S1, supplementary material). The shear stress (z)
presented range values of 91.6-219.7 Pa, while the reduced shear stress
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Fig. 7. (a) Relationship between flow resistance and relative flow depth; (b) dimensionless velocity related to dimensionless discharge. Grey dots represent Rick-
enmann and Recking (2011) data. Orange dots represent David et al. (2010b) data. Rickenmann and Recking (2011) equations are shown by black dashed lines. The
thick red line shows the variable power equation (VPE) given by Ferguson (2007). Black lines show power-law equations as fitted to the data (black dots). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Measured flow velocity (Vmeas) compared to velocity predictions (vpeq) based on relative flow depth and dimensionless discharge. Black line indicates a
perfect fit. Eq. (3) is a variable power equation VPE from Ferguson (2007) (Ferg2007) and Eq. (21b) and (5) were developed by Rickenmann and Recking (2011)
(RR2011). Power-law equations, fitted for the Arroio do Ouro data and given in Fig. 7, are included.

(t')values represent a mean reduction of approximately three times
(11.3-95.3 Pa) compared to 7. The difference between 7 and 7 increases
as the mean flow depth decreases because the resistance caused by the
macro-roughness is represented by a function of the relative flow depth
(d/Dg4) (Rickenmann and Recking, 2011). During the measurements,
the relative flow depth presented reduced values (1.25 < d/Dgy < 3.1)
(Fig. 7a), highlighting the importance of considering large elements
(such as boulders and bedrock protrusion) in determining the GSD of
bed material.

The adjustment curve between the bedload transport rate (Qp) and
discharge (Q) was described by a power function (Q, = aQ®) with an
exponent b (b = 2.149) (Fig. 9; Eq. (29)). In this power function, the
exponent indicates the steepness of the curve. Steeper curves have a

higher rate of increase in the transport rate with increasing flow (Bunte
et al., 2006).

0, =0.0170*'%r* = 0.73 (29)

where Qp (kg s 1) is the measured bedload transport rate, Q (m3 s’l) is
the discharge rate, and 2 is the coefficient of determination.

An exponent of approximately 2.15 represents less steep rating
curves and is often related to the particle sizes and the type of sampler
used. High rating curve exponent values were observed in rivers which
transport coarser grains such as gravel and small cobbles. Schneider
et al. (2016) also found a high exponent value (6.3) in a mountain
stream in Switzerland, considering only bedload transport with D > 4
mm. As noticed by Bunte et al. (2008), when the Helley—Smith sampler
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Fig. 9. Power function rating curve between the measured bedload transport
rate (Qp) and discharge (Q).

was used to estimate the transport in rivers with gravel bed material, it
reproduced much higher transport rates during low flows, and the
increased discharge generated less steep curves with exponents of 2-4
(Bunte et al., 2008).

3.3. Performance of equations using the four tested approaches

When we considered the macro-roughness effects (calculated from
the reduced energy slope [Sq4] and the limited availability of bed
sediment [A;,/Awel), all five equations showed improved performance in
predicting the bedload transport rates (Table 2; Fig. 10). The perfor-
mances of the five tested equations for each of the 27 measurements of
bedload transport are provided in the supplementary material
(Table S2).

Table 2

Statistical index values used to assess bedload transport equations.
Equation r (0.1-10)" (%) r (0.01-100)" (%) mr (-)°
1 - Original equations
MPM-1948 (Eq. S7) 0.0 100.0 30.2
Rg-2013 (Eq. S13-S15) 0.0 55.6 146.9
Rg-2010 (Eq. S8-512) 0.0 44.4 188.3
Rn-2001 (Eq. S16-S18) 0.0 0.0 450.9
WC-2003 (Eq. S1-S6) 0.0 0.0 6989.6
11 - Modified equations (z and Frm)
MPM-1948 (Eq. S20) 11.1 100.0 22.3
Rg-2013 (Eq. S22) 0.0 66.7 108.7
Rg-2010 (Eq. S21) 0.0 59.3 139.3
Rn-2001 (Eq. S23) 0.0 11.1 333.6
WC-2003 (Eq. S19) 0.0 0.0 5172.1
III - Modified equations (z°)
Rg-2013 (Eq. S32-S33) 77.8 100 7.5
Rg-2010 (Eq. S28-S31) 63.0 100 9.7
MPM-1948 (Eq. S27) 18.5 100 189
WC-2003 (Eq. S24-526) 0.0 77.8 73.4
Rn-2001 (Eq. S34) 0.0 70.4 75.4
IV — Modified equations (z* and Frm)
Rg-2013 (Egs. (25)-(27)) 85.2 100.0 5.6
Rg-2010 (Egs. (20)-(24)) 77.8 100.0 7.2
MPM-1948 (Eq. (16)) 37.0 100.0 14.0
Rn-2001 (Egs. (17)-(19)) 0.0 92.6 55.8
WC-2003 (Egs. (11)-(15)) 0.0 88.9 54.3

# 0.1 < r < 10, the percentage of the estimated transport rate that does not
exceed 10 times (one order of magnitude) higher than the observations.

> 0.01 < r < 100, the percentage of estimated transport rate that does not
exceed 100 times (two orders of magnitude) higher than the observations.

¢ Mean of r; the closer to 1, the smaller the discrepancy.

10
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Table 2 describes the statistical indices, considering the original
equations and the three analyzed modifications. We classified the values
in an ascending order of increasing discrepancy between the total bed-
load transport rate estimated by the equations and those measured in the
field. As we used a constant reduction factor of the available bed ma-
terial (Frm = 0.74), this represents a 26% reduction in the bedload
transport rate calculated from the original equations. We also observed
that using reduced shear stress (') was much more significant for
improving the equations (i.e., resulting in an average reduction in the
bedload transport rate by 80%).

Thus, for the Arroio do Ouro reach, the implementation of 7 proved
to be more critical for improving the performance of the equations than
the use of only Frm. It should be noticed that in mixed bedrock-alluvial
channels, the proportion of alluvial cover in the bed varies in different
reaches (Ferguson et al., 2017a; Hodge et al., 2011). In addition, to
consider the use of Frm in bedload transport equations, temporal dy-
namics may be important. Extreme flood events cause the changes in
both the GSD and the availability of bed material that can be transported
(Turowski et al., 2013).

We obtained optimal results for estimating the bedload transport rate
when we used 7'and Frm together in the equations (see IV- modified
equations; Table 2). Even though we presented the two approaches
separately, we were unable to dissociate their analysis in the scenarios of
mixed bedrock-alluvial channels. Recent studies based on experimental
measures have shown that hydraulic resistance changes with the degree
of alluviation (Fernandez et al., 2020) and that bed roughness is an
essential factor in controlling alluvial cover (Mishra and Inoue, 2020).

In general, the accuracy of bedload transport equations depends to a
great extent on whether the energy losses due to macro-roughness are
considered (Figs. 10 and 11). However, all our results indicate that this
energy loss (considered by flow resistance equations) was under-
estimated for the flow characteristics of mixed bedrock-alluvial chan-
nels (Figs. 6 and 7). This was also observed by Ferguson et al. (2017a) in
a reach that has some exposed bedrock and many boulders.

Alternative methods may be applied to investigate other approaches
to estimate the bed roughness height. By analyzing an extensive dataset
compiled from flume experiments and field measurements, better results
were obtained in predicting the flow velocity using the standard devi-
ation of bed elevation (6,) as a roughness descriptor in gravel bed
streams (Chen et al., 2020). Ferguson et al. (2019) also presented
promising results using oz as the roughness height in a small bedrock
reach with negligible sediment cover. However, was analyzed the use of
o, for a relatively smooth rock bed, there is a gap in the research con-
ducted in instances wherein the bed conditions are irregular (Ferguson
et al., 2019), as observed in the Arroio do Ouro reach. In addition to o,
other parameters related to surface roughness can be considered more
appropriate for evaluating flow resistance than the grain size of bed
material. Similarly, grain protrusion proved to be adequate for assessing
the stability of a gravel bed (Hodge et al., 2020).

3.4. Analyses of bedload transport equations

Optimal performances (considering the effects of macro-roughness
and the limited availability of mobile sediment) were obtained using
the equations of Recking (2013, 2010), followed by the equation of
Meyer-Peter and Miiller (1948) (Table 2). In these equations, the pre-
dicted bedload transport rate did not exceed two orders of magnitude
and overestimated the bedload transport rate by up to 14 times (Table 2;
Fig. 10). The other two equations (Rickenmann, 2001; Wilcock and
Crowe, 2003) presented lower performances with arithmetic mean of r
(mr) values > 50 indicating over-predictions of the bedload transport
rate.

When we analyzed the original equations or considered only the Frm,
the Meyer-Peter and Miiller (1948) equation best estimated the bedload
transport, with 100% of the values in the range of 0.01 < r < 100. The
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Fig. 10. Comparison between unit bedload transport rates (i.e., measured [qp meqs] and estimated [gp q1]), calculated using five different equations tested in four
experiments. The parallel solid line represents a perfect fit (r = 1), dashed lines correspond to the interval 0.1 < r < 10, and dash-dotted lines represent the interval

0.01 < r < 100.

other equations overestimated the bedload transport rates by mean of
two (Rg-2013, Rg-2010, and Rn-2001; Table 2) to three orders of
magnitude (WC-2003; Table 2) in both situations. The good perfor-
mance of the original MPM-1948 equation may be associated with a
method that partitions the shear stress (n'/n; ratio of particle roughness
n’ to total roughness n), which corrects the total boundary shear stress to
the skin friction stress (Barry et al., 2004; Recking, 2010; Recking et al.,
2012). Testing 10 bedload transport equations in the Ebro River, Lopez
et al. (2014) verified that the MPM-1948 equation exhibited an unreli-
able performance because it overestimated the bedload transport rate.
According to them, this may have occurred because of the use of the
plane-bed hypothesis (n'/n = 1). However, we did not use this hypoth-
esis and the n'/n values were < 1, with n calculated using Manning’s
equation and n’ calculated using Strickler’s equation (1923).

When energy losses were neglected (Figs. 10a and 11a and b), the
Wilcock and Crowe (2003) equation exhibited the lowest performance
among all the equations used in this study. A poor performance was also

11

observed by Schneider et al. (2015a) when using the Wilcock and Crowe
(2003) equation without considering macro-roughness in an extensive
field dataset. In two reaches of a mountain stream in Switzerland, the
WC-2003 equation overestimated the bedload transport rate by more
than six orders of magnitude when the energy losses due to macro-
roughness were neglected (Schneider et al., 2016). Similar to the pre-
sent study, Schneider et al. (2015a, 2016) found significant improve-
ments in the bedload transport rate estimates when WC-2003 was used
with reduced shear stress (7’).

The predicted bedload transport rates calculated using the equation
of Rickenmann (2001) (Rn-2001) exceeded one order of magnitude
when considering the macro-roughness effects and the limited mobility
of the sediments, and, on average, exceeded the original equations by
two orders of magnitude (Figs. 10b and 11a). By analyzing bedload
transport in two streams in southern Columbia Mountains in Canada,
Green et al. (2015) observed that the Rickenmann (2001) equation also
had a poor performance, overpredicting transport rates by up to two
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orders of magnitude. Even though the Rn-2001 equation has lower
applicability than the other equations tested in this study, the over-
estimation in the Rn-2001 equation is reduced by approximately eight
times when macro-roughness and reduced bed mobility are considered.
The equation was developed from experimental laboratory data using
uniform sediment cover, thereby overestimating the bedload transport
rates in the mixed bedrock-alluvial channel.

The Recking (2013) and Recking (2010) equations obtained the most
accurate estimates among all the equations used in this study. The au-
thors elaborated on the equations using a large set of field and labora-
tory data for sand and gravel-bed rivers with slopes of 0.0002-0.08 m
m! (Recking, 2010). Recking et al. (2012) obtained a good perfor-
mance (i.e., 78% in the range of 0.1 < r < 10) using the Rg-2010
equation. Both equations (Rg-2013 and Rg-2010) use Dg4, because this
diameter is used with bed roughness in flow resistance equations
(Rickenmann and Recking, 2011) and because the mobility parameter
(" m; Egs. (21) and (26)) can be considered as the transition between full
mobility and partial transport of the sediment mixture (Recking et al.,
2012).

4. Conclusions

We analyzed the bedload transport rate and the performances of five
bedload equations in a mixed bedrock-alluvial stream in Southern
Brazil. To consider the energy loss effects caused by the macro-
roughness of large elements (such as boulders), we combined the flow
resistance equation with bedload transport equations that used a
reduced energy slope. We also applied a reduction factor of the available
bed material in the bedload transport equations because the reach
investigated in the study was partially covered with large elements of
roughness that were not available to be transported. The bedload
transport was limited to particles with fine granulometry (from fine-
grained sand to medium-sized gravel), as evidenced by the magnitude
of the exponent “b” (2.15) that described the ratio of the discharge to the

bedload transport rate.

All five equations showed improved performances in predicting
bedload transport rates when the macro-roughness effects calculated
from the reduced energy slope and the limited availability of bed sedi-
ments were considered. The best performance was obtained using the
Recking (2013) equation, in which 85.2% of the bedload transport rate
estimates did not exceed one order of magnitude (r < 10) relative to the
observed data. By analyzing the equations separately, we conclude that
the implementation of reduced shear stress proved to be more critical for
improving the performance of the equations than the use of the pro-
portion of mobile sediments.

It is important to highlight that even when combining flow resistance
equations with the available bed material, the equations overestimated
the bedload transport rate in the studied reach. This indicates that the
energy loss considered in flow resistance equations is underestimated for
the flow characteristics of mixed bedrock-alluvial channels. Therefore,
our results provide evidence that energy loss caused by large boulders
and bedrock protrusions should be reviewed in flow resistance equations
in future studies. A valuable addition may be the investigation of
different methods to estimate the bed roughness height.
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