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1. Introduction
Rivers are efficient conduits for the transport of water and sediment through terrestrial
landscapes. In alluvial rivers, the channel bed and banks are made of mobile sediment that allow
rivers to adjust channel dimensions in response to the magnitude and frequency of discharge events
and sediment supply (Wolman and Miller 1960). Thus the shape of these self-formed rivers
depends directly on the properties of the channel banks (Schumm 1963), the basin hydrology
(Ferguson 1986, Leopold and Maddock 1953), the local riparian vegetation (Faustini and Jones
2003, Millar 2000), and the amount and caliber of sediment supplied (Buffington and Woodsmith
2003, Schumm 1960). Developing a process-based understanding of alluvial rivers is relevant to
the design of river restoration projects, to the prediction of sediment transport, and to the prediction
of the effects of natural and anthropogenic disturbances on climatic and sediment supply regimes.
However, predicting downstream variations in sediment transport and channel geometry is often
difficult. In particular, mountain streams present challenges due to the often complex interaction
between sediment supply, basin hydrology, and riparian vegetation (Wohl and Merritt 2005). The
extent to which these factors influence or overwrite alluvial processes depends on the influence of
hillslope processes. In basins where hillslope and stream processes are coupled, sediment supply
is often dominated by non-fluvial processes such as debris flows and landslides. These massmovements contribute unsorted material to river reaches, potentially resulting in systems that lack
alluvial characteristics.
Coupled streams are common in the unglaciated terrain of the Oregon Coast Range (OCR),
where debris flows shape the physical characteristics of riverine landscapes. Numerous studies
within the OCR identify the transition between debris flow dominated and fluvial dominated
channels by analyzing channel slope as a function of drainage area – a surrogate for discharge
(Kobor and Roering 2004, Marshall and Roering 2014, Penserini et al. 2017, VanLaningham et al.
2006). Inflections in this relationship are interpreted as the locations where changes in process
domains occur (Montgomery and Dietrich 1992, Montgomery and Foufoula-Georgiou 1993, Stock
and Dietrich 2003). However, these slope-area plots are unable to distinguish between fluvial and
alluvial reaches and provide no information regarding the significance of sediment supplied by
debris flows. Sediment budgets in western Oregon indicate that the majority of sediment entering
channels in this region originates from debris flows (Swanson et al. 1987). The volume of sediment

2

stored in a single debris fan can be 2-3 orders of magnitude larger than annual suspended or
bedload volumes (Dietrich 1978). These mass wasting processes are also capable of introducing
large amounts of wood into channels (Hassan et al. 2005). As a result, great emphasis has been
place in investigations about the influence of debris flows and large wood on channel form
(Bambrick 2013, Lancaster and Grant 2006, Massong and Montgomery 2000), sediment storage
(Atha 2013, Lancaster and Casebeer 2007, Marston 1982, Montgomery et al. 2003), sediment
supply (Benda and Dunne 1997b, Benda et al. 2005, Miller and Benda 2000), and sediment routing
(Benda and Dunne 1997a).
Discrete inputs of sediment by debris flows vary over space and time and result in
stochastic sediment supply regime (Benda and Dunne 1997a). While the occurrence of debris
flows is difficult to predict, higher debris flow frequencies have been associated to basins underlain
by resistant lithology in the OCR (Marston et al. 1997) and in coastal British Columbia (Sterling
and Slaymaker 2007). Within the OCR, studies have investigated the impact of these large
sediment pulses in terms of sediment and wood loading to low order channels (May & Gresswell,
2004; Miller & Benda, 2000). Indeed, sediment from debris flows that deposit in the valleys of
higher order channels (greater than 3) is typically in storage for around 1,000 years (Dietrich 1978,
Lancaster and Casebeer 2007). The fluvial reworking of punctuated sediment from debris flows
has therefore been hypothesized to result in temporal variations in the alluvial character of streams
(Benda and Dunne 1987, Buffington 2012, Reeves et al. 1995). However, this hypothesis has not
been tested in OCR rivers draining different lithology.
While fluvial processes transport sediment delivered by mass wasting events, lithology
controls the abrasion rates and thus the spatial extent and the caliber of the alluvial cover
(O'Connor et al. 2014). Studies have reported fewer bedrock outcroppings in basalt basins with
90-95% of reaches having alluvial cover compared to 5-60% of alluvial cover in sandstone basins
(Hicks, 1989). This wide range of alluvial cover appears to be related to the time since the last
major input of sediment (Reeves et al. 1995). Although rivers with alluvial character have been
documented within the OCR streams (Massong and Montgomery 2000, May and Gresswell 2004,
Montgomery et al. 2003, Sable and Wohl 2006, Swanson et al. 1987), few studies have quantified
downstream changes in channel and sediment dimensions (Atha 2013, Benda and Dunne 1987,
1997a, Marston et al. 1997) or in sediment transport capacity (Miller and Benda 2000) within these
streams. Meanwhile, studies in alluvial rivers elsewhere have focused on the downstream
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relationships among channel geometry, discharge, slope, and grain size to characterize river
morphology and sediment transport based on one dimensional (1D) formulations (Mueller and
Pitlick 2005, Mueller et al. 2016, Parker 1979, Pitlick and Cress 2002, Pizzuto 1992, Zhang et al.
2017). In most of these efforts, slope is assumed as an independent variable because its adjustments
in response to changes in discharge and sediment supply occur over much longer time scales than
the adjustments in surface grain size, width, and depth (Buffington 2012). Downstream variations
in the remaining variables (grain size and channel geometry) provide insight into the character of
alluvial systems.
Surface grain size in an alluvial channel decrease downstream due to selective transport
(Ferguson et al. 1996, Gomez et al. 2001, Hoey and Bluck 1999), sediment abrasion (O'Connor et
al. 2014, Parker 1991, Schumm and Stevens 1973), and the lithology of the source area (Menting
et al. 2015, Mueller et al. 2016, Pizzuto 1992). Expected fining trends can be interrupted by lateral
inputs of sediment from tributaries or hillslopes (Bigelow et al. 2007, Rice 1998). Fining due to
selective transport can occur rapidly even in resistant lithology (Brierley and Hickin 1985).
However, in weak lithology, such as the sedimentary sandstones of the OCR, abrasion dominates
fining trends, resulting in rapid transitions between bedload and suspended load that ultimately
alter alluvial cover (O'Connor et al. 2014). Reductions in grain size due to abrasion is significant
in alluvial rivers as variations in sediment supply are partly accommodated through adjustments
in surface grain size (Buffington and Montgomery 1999a).
The reorganization of surface and subsurface sediment into a coarse surface layer and a
finer subsurface layer indicate alluvial process are shaping the channel bed in response to the
supplied sediment.

Field studies in the Pacific Northwest (PNW) and other regions have

documented subsurface grain sizes that are finer than the surface layer. Subsurface grain sizes also
tend to remain constant along alluvial river networks even when surface grain sizes experience
downstream fining or coarsening (Brummer and Montgomery 2003, Mueller and Pitlick 2005,
Pitlick et al. 2008). This implies that the response of sediment in the channel to changes in sediment
supply is primarily accommodated through the textural adjustments of surface grains where
abrasion and hydraulic sorting occurs. Flume and field evidence have found a strong relationship
between armor ratios, the ratio between the median surface and subsurface grains size, transport
capacity, and sediment supply (Buffington and Montgomery 1999a, Dietrich et al. 1989, Madej
2001, Mueller and Pitlick 2013, Pfeiffer et al. 2017). These studies indicate that rivers with armor
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ratios greater than one reflect supply limited conditions while armor ratios close to one suggest
transport limited conditions. As the name implies, heavily armored channels limit bedload
mobility. Rivers with low armor ratios contain bedload that is more readily mobile, allowing for
transport rates to increase even with downstream declining shear stresses (Mueller and Pitlick
2005).
Given the self-formed nature of alluvial rivers, the forces acting on the channel boundaries
must maintain a stable channel geometry during the majority of transport events. As such, most
gravel-bed alluvial rivers conform to threshold conditions where forces acting near the banks are
below the critical threshold for motion, while forcers in the channel are above it. Most alluvial
rivers therefore maintain a ratio between the stress acting on the bed during bankfull flow and the
stress required for sediment motion of around one (Parker 1979, Phillips and Jerolmack 2016).
However, in regions with exceptionally high sediment supply, this ratio may be well in excess of
one (Pfeiffer et al. 2017). Thus, given the spatial variability in sediment supply caused by mass
wasting events in the OCR, one might expect to observe variability in transport stage along the
channel network.
The goals of this investigation are to quantify the degree to which hillslope coupled channels
in the OCR display alluvial characteristics and to assess the role of lithology on their spatial extent.
Our approach integrates downstream measurements of bankfull geometry and grain size to
investigate the presence of alluvial processes across an order of magnitude change in drainage area
in two contrasting lithologies. Results from our study indicate that despite the prevalence of masswasting events in the OCR, streams function as alluvial systems with strong relationships between
grain size and shear stress as well as near threshold transport stage conditions throughout most
reaches. Differences in lithology are expressed through variations in the spatial and temporal
extent of alluvial reaches with the alluvial reaches more prevalent in resistant basalt reaches.

5

2. Study Site
The Oregon Coast Range (OCR) is a moderately high mountain range bordering the Pacific
Ocean. Although the average elevation in the OCR is only 460m, the unglaciated terrain is
steep, with slopes approaching 50○ in many basins (Montgomery 2001, Roering et al. 2005).
Previous studies have found that the central OCR is in topographic equilibrium with long-term
erosion rates of around 1 x 10-4m/yr approximately equal to uplift rates (Reneau and Dietrich
1991, Roering et al. 2007). However, over shorter time scales, the prevalence of stochastic mass
wasting events results in spatially variable hillslope erosion rates (Heimsath et al. 2001). Narrow
V-shape valleys are common and associated with hillslope coupled streams that are frequently
impacted by these mass-movement processes (Roering et al., 2005).
Moisture-laden air moving over the OCR from the Pacific results in long and wet winters
producing 1,500 to 2,000 mm of precipitation each year with 75%-80% occurring between
October and March predominately as rainfall (Worona and Whitlock 1995). The large amount of
precipitation supports dense forests of Douglas fir (Pseudotsuga Menziesii) and shade tolerant
hardwood species. The favorable growing conditions for Douglas fir have resulted in widespread
timber harvesting in the region. Historic harvesting methods were often associated with largescale disturbances of the hillslopes and streams. Prior to more stringent regulations, intensive
clear-cut practices and the active removal of large wood from river corridors increased sediment
loads entering channels (Swanson et al. 1987) and promoted the down cutting of channels
(Miller 2010, Swanson et al. 1976). In addition to human disturbance, wildfires have also
influenced the geomorphology and vegetation of the landscape(Roering and Gerber 2005). Long
dry summers have historically been associated with wildfires that partially shaped vegetation
patterns throughout the region (Long et al. 1998). In the last 500 years the mean fire return
interval in the central OCR was 85years with a mean size of 97km2 (Impara 1997). However,
several large stand-replacing events occurred in the 1500s and 1800s covering the entire area of
the two study basins (Impara 1997).
The dominant geologic formation in the OCR is the Tyee, a rhythmically bedded sandstone
dating back to the Eocene period. This unit was formed by the deposition of turbidity currents
derived from uplifted terrestrial sources (Snavely et al. 1966). Volcanic formations formed
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during the Paleocene to middle Eocene intrude sections of the Tyee, producing large outcrops of
igneous rock (Figure 1). These outcrops tend to be more resistant to weathering and erosion than
the surrounding sedimentary deposits (O'Connor et al. 2014). We selected two watersheds
(Cummins Creek and Green River) underlain by these two contrasting lithologic units and
separated by less than 10 kilometers. Given their proximity and size, we assume that climatic
and tectonic differences are negligible within and between the basins (Figure 1).

Figure 1 – Geology of the study basins and location of the surveyed reaches in Cummins Creek
and Green River. The stream network was derived from a 1-m LiDAR based digital elevation
model.

Cummins Creek drains an area of 21 km2 directly to the Pacific Ocean and is underlain entirely
by the aforementioned resistant basalt (Figure 1). The basin has a trellis network structure with a
14 km mainstem. River morphology is primarily characterized as a plane bed and pool-riffle
channel types (Montgomery and Buffington 1997). A narrow valley floor leads to steep
hillslopes showing signs of frequent shallow landslides. Tributaries are perched several meters
above the mainstem with debris flow fans actively confining the channel.
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The second study basin is Green River, located entirely within the Tyee formation. Green River
is a tributary of the Alsea River, draining 24 km2 with a dendritic network structure and two
main forks in the upper reaches (Figure 1). Our study focuses on the north fork of Green River
over its 11 km mainstem. Channel morphology in this basin is predominately pool-riffle
(Montgomery and Buffington 1997). In the headwaters, steep hillslopes lead directly to the
channel with several tributaries contributing coarse sediment from old debris flow fans. At the
downstream reaches, the valley floodplain averages 100 m in width with a highly sinuous
channel eroding fine sand deposits.

Figure 2 – Field photos showing the typical channel morphology in study basins. (A-C) are
Cummins Creek and (D-F) are Green River. Image letters correspond to the labeled points on the
left maps. In F, the yellow circle highlights a fieldworker and the amount of incision in the
downstream reaches of Green River (i.e., sandstone basin).
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3. Methods
3.1 Geospatial Analysis
We used high-resolution Light Detection and Ranging (LiDAR ) laser to characterize variability
in hillslope topography using the TopoToolbox Suite in Matlab (Schwanghart and Kuhn 2010).
We use this information to calculate channel slope in sub basins and tributaries in each basin.
LiDAR data was flown by the Oregon LiDAR Consortium in 2012. Average pulse density for
first returns was 10.57 pulses per square meter, however, in steep slopes with dense vegetation
the density was reduced down to 0.4 pulses per square meter. Ground surface modeling and
classification was performed by consultants of Watershed Sciences Incorporated to create a bare
earth surface of the study region. We use this bare earth raster recognizing its reduced accuracy
in both basins in areas of dense vegetation and steep slopes.
Based on the bare earth digital elevation model (DEM), we created drainage networks using a
steepest descent algorithm (Tarboton 1997) and calculated contributing areas and channel slope.
We identified the forty largest tributaries in each basin and calculated mean basin slope as these
variables have been found to reflect long-term erosion rates, deep-seated landslides, and debris
flows (Montgomery and Brandon 2002, Roering et al. 2005, Stock and Dietrich 2003). With
these data, we investigated lithology driven differences in slope-area plots and valley width
between the two basins. Slope-area plots have been used to investigate transitions in sediment
transport processes in the OCR (Montgomery and Dietrich 1992, Stock and Dietrich 2003).
Distinct kinks in the slope-area plots are often associated to process domains transitions along a
channel network between debris flows and fluvial dominated). The slope of a line regressed
through log transformed area and slope values gives a power law relationship of the form:
S = ksA-ϴ

(1)

where ϴ represents the concavity of the river profile and ks is the steepness index. OCR streams
exclusively within the Tyee formation have typical ks values of ~0.05 and concavity values of
~0.65 (Kobor and Roering 2004). We calculate normalized steepness indices by finding the best
fit to equation (1) using the average concavity value of 0.65.

9

The slope of the main channel network was extracted from the DEM for 150 100-m reaches in
each basin. The contributing drainage area was calculated at the midpoint of each reach. We
found strong agreement between the DEM derived estimates of slope and the slope measured in
the field (Figure 3), thus we combined the two sets of data in the slope-area plots and in the
analysis of transport capacity (section 4.1).
Valley width can influence the degree to which a channel is confined, altering channel
morphology and modulating the likelihood for the impact of mass-movement processes in the
channel (May et al. 2013). We measured valley width based on a map of basin slope derived
from the DEM. The width of the valley was measured following a straight line perpendicular to
the overall valley floor orientation. We determined the valley edges by identifying the transition
from hillslope to valley floor indicated by a strong break in slope. Following the methodology of
May (2013), we avoided reaches impacted by debris flows and landslides.

Figure 3 –Comparison between LiDAR derived and Field estimated Channel Slope in Green
River (circles) and Cummins Creek (squares) including a 1:1 gray line (R2 = 0.92).
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3.2 Channel Geometry and Channel Sediment Size
We measured channel geometry, slope, and surface grain size along the mainstem of each basin
to characterize longitudinal trends in transport capacity. We subdivided the mainstem of each
basin into 100m evenly spaced reaches, which resulted in 145 and 117 reaches in the basalt and
sandstone basins respectively (Table 1). These reaches represent the finest scale of geomorphic
data analysis, which included DEM derived estimates of channel slope and valley width. We
conducted detailed topographic channel surveys in 21 and 20 reaches spaced at ~500 m intervals
in each basin respectively (Figure 1, Table 1) using an auto-level and stadia rod. All selected
reaches were located in relatively straight alluvial river sections with low influence of large
wood and away from major tributaries junctions. At each reach we surveyed 2-3 cross-section
(XS) and a longitudinal profile over 8-10 bankfull widths to characterize bankfull channel
geometry and slope. Bankfull stage was identified by a break slope between the channel and
floodplain and vegetation indicators (Bunte and Abt 2001, Harrelson et al. 1994).
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Table 1 – Geomorphic variables considered at each the study including field measurements and
LiDAR derived metrics.
Variable

Method

Spatial Scale

# Observations
Basalt

Sandstone

Channel geometry

Field

Reaches spanning 10 channel widths
at ~500-m intervals

21

20

Surface grain size

Field

Riffles at ~250-m intervals

41

35

Subsurface grain size

Field

Point bars at ~1000-m intervals

10

10

Slope

Field

10 channel widths, ~500-m intervals

21

20

Slope

DEM

100-m sections

145

117

Valley width

DEM

Perpendicular to the main channel
every 100-m

145

117

Channel width

Field

100-m intervals

100

100

Large wood

Field

100-m intervals

100

100

Subsurface grain size samples were collected to provide insight into the sediment supply regime
within a basin (Buffington and Montgomery 1999a) and the size of the bed load (Parker 1979).
We measured subsurface grain size distributions (Bunte and Abt 2001), in exposed sediment bars
located at every other surveyed reach (~1000 m spacing, Table 1). In the laboratory, the
subsurface samples were dried at 105 oC for 48 hours before sieving in a Ro-Tap shaker. Given
the friability of sandstone, we tested the rate of attrition due to shaking by repeatedly sieving the
same sample in five-minute intervals, finding that the median grain size decreased ~1% percent
for every five minutes of sieving. Based on this experiment, we chose to sieve sandstone samples
for 10 minutes to avoid underestimation of the grain sizes. Given the resistance of basalt to
attrition, we sieved basalt samples for 20 minutes to ensure smaller grain sizes did not stop
before reaching the correct sieve.
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Table 2 – Calculation of Sieving Loss Rates in Sandstone Subsurface samples including the
change in grain size (D32, D50, and D84) with increasing sieving time and the coefficient of
determination between the decrease in grain size and time spent sieving.
Time (min)
5.00
10.00
15.00
20.00
25.00
Loss Rate (mm/min)
R2

D32 (mm)
4.24
4.11
4.08
4.06
4.00
0.01
0.88

D50 (mm)
9.59
9.25
9.23
9.12
9.08
0.02
0.81

D84 (mm)
25.15
24.88
24.46
24.43
23.93
0.06
0.95

In order to explore the contribution of abrasion to downstream grain size fining patterns, we
apply Sternberg’s Law (Sternberg, 1875) for fining:
𝑊 = 𝑊0 𝑒 (−𝛼𝑥)

(2)

where W0 is the initial particle mass, estimated based on the observed D50 assuming a constant
density per lithology and spherical shape grains, α is a loss coefficient, and x is the distance
traveled. We used a loss coefficient of 1.206 for OCR sandstone and 0.046 for basalt (O'Connor
et al. 2014).

3.4 Bedload Transport Capacity
The channel geometry and grain size measurements were used to analyze longitudinal trends in
transport stage — the ratio of available to critical Shields stress ( 𝜏 ∗ /𝜏𝑐∗ ) — and sediment
transport capacity in each river system. Bankfull shear stress (𝜏) was calculated assuming
normal flow conditions with the depth-slope product:
𝜏 = 𝜌𝑔𝑅𝑆

(3)

where ρ is water density, g is gravitational acceleration, R is the bankfull hydraulic radius, and S
is the water surface slope. We calculated 𝜏 ∗ for the D50:
𝜏∗ =

𝜏
(𝜌𝑠 −𝜌)𝑔𝐷50

(4)
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where ρs is the sediment density, assumed to be 2650 kg/m3 for sandstone and 2850 kg/m3 for
basalt. 𝜏 ∗ captures the force available to mobilize sediment while 𝜏𝑐∗ represents the critical
condition for incipient motion. Previous studies have found that 𝜏𝑐∗ varies systematically with S.
We estimated 𝜏𝑐∗ in two ways. The first (equation 5) uses a power law to describe the relationship
between 𝜏𝑐∗ and slope (Pitlick et al. 2008). The second method uses a constant threshold of 0.045
typical of gravel bed rivers.
𝜏𝑐∗ = 0.36𝑆 0.46 (5)
For alluvial rivers 𝜏 ∗ /𝜏𝑐∗ is often around one, reflecting threshold channel conditions where fluid
forces on the bed are just in excess of the force required to mobilize the median gran size.
We estimated dimensionless transport rates using the surface relation of Recking (2013) based
on the D84. Recking (2013) assumes that the the movement of this coarse grain size is associated
with the mobility of the finer fraction under partial mobility conditions typical of many gravelbed rivers. As a result, the transport of the finer fractions is a function of the mobility of the D84
grain size. The Shields stress associated with the transition from partial to full mobility is
approximated as:
𝐷

∗
𝜏𝑚
= (5𝑆 + 0.06) (𝐷84 )4.4√𝑆−1.5
50

(6)

∗
∗
Using 𝜏𝑚
and 𝜏84
we estimated a dimensionless transport rate (q*) and volumetric bankfull

sediment transport capacity per unit channel width (Qt):
𝑞∗ =

∗
14 𝜏84

2.5
4

𝜏∗
[1+( 𝑚⁄ ∗ ) ]
𝜏84
𝜌

(7)

3
𝑄𝑡 = 𝑞 ∗ √( 𝜌𝑠 − 1) 𝑔𝐷84

(8)
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4. Results
4.1 Process Domains: Slope-Area Relationships
Based on the derived DEM from the 1m LiDAR we found that both basins exhibit gradually
varying concave up profiles typical of equilibrium rivers (Sinha and Parker 1996). The profiles
of both channels lack major irregularities or knickpoints (see inset plot of Figure 4). The reaches
in the sandstone basin start at an elevation of ~400m while headwater streams in the basalt basin
start at an elevation of ~600m. We investigated the differences in the profile shapes and the
steepness based on slope-area plots (Figure 4). The concavity coefficient, equivalent to the slope
of the power relation between drainage area and slope (considering the survey measurements) is
0.72 for the basalt basin and 0.88 for the sandstone basin (Figure 4), consistent with previous
observations in the OCR and other streams in the Pacific Northwest (Massong and Montgomery
2000, Schanz and Montgomery 2016). In both basins, the greatest variability in slope occurs for
drainage areas above 10 km2. The basalt basin (Cummins Creek) is on average 2.5 times steeper
than the sandstone basin and thus has a higher steepness index (0.1 versus 0.046). This difference
is likely related to contrasting erodibility and grain size (discussed later) between the two
catchments.
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Figure 4 – Slope-Area plots based on the main channel of each study basin. The equations for
the best power-law fits for the basalt (a) and the sandstone (b) basins are included. The inset
image in the lower left corner shows the river profiles for the basalt (a) and sandstone (b) basins
derived from a 1-m resolution LiDAR derived DEM.
Even though the data presented in Figure 4 indicates relatively similar patterns in both basins
(i.e., similar concavities) slope-area plots derived from a 1-m DEM for the main steams and
tributaries revealed interesting differences (Figure 5). In the basalt basin, a clear kink occurs in
the slope-area plot at a drainage area of ~0.8 km2. The break (Figure 5a) can be interpreted as
indicating a transition from a debris flow domain to a fluvial process domain (Stock and Dietrich
2003). In contrast, no break is evident in the slope-area plot for the sandstone basin (Figure 5b).
In the upper reaches of the basalt basin, we observed numerous debris flow fans from tributaries
directly impacting the channel (Figure C3) consistent with previous studies in the basalt basin
(Atha 2013, Marston et al. 1997, Massong and Montgomery 2000). Evidence for debris flows in
the sandstone basin was less frequent, especially as valley width increased.
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Figure 5 – Slope-Area plots based on the LiDAR derived data for the main channel and
tributaries of each study basin. Darker colors indicate the mainstem while the lighter colors
reflect data from the tributaries of (a) Cummins Creek and (b) Green River. Inset maps provide a
spatial context. The dashed line in (a) provides an estimate of the distance at which a process
domain transition takes place.
4.2 Channel Geometry and Valley Width
Field channel geometry measurements are summarized in Table 3. Bankfull width ranges from
3m to 10m in the sandstone basin and from 3m to 15m in the basalt basin. The slope of the
power relation between drainage area (DA) and width (B) in the basalt basin is 0.46 (Table 3)
and close to the common scaling exponent of 0.5 for alluvial rivers (Leopold and Maddock
1953).
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Table 3 – Geomorphologic data collected at each survey location. Bankfull dimensions: width
(B), cross sectional area (A), and hydraulic radius (R), slope (S), and grain size fractions for the
median (D50) and 84th percentile (D84)
Drainage
Reach

# XS

Downstream

Area

R

Slope

D50

D84

code

Surveyed

Distance1 (km)

(km2)

B (m)

A (m)

(m)

(m/m)

(mm)

(mm)

GR013

2

0.65

0.37

3.25

0.82

0.19

0.08069

34.43

85.00

GR025.5

3

1.28

0.88

3.43

0.78

0.21

0.04084

37.95

87.94

GR032

3

1.60

1.22

4.47

1.11

0.23

0.02551

22.93

69.77

GR042

3

2.10

2.94

5.13

1.22

0.24

0.01460

42.51

68.98

GR061

2

3.05

4.73

5.25

1.34

0.23

0.01687

52.33

102.46

GR071

3

3.55

5.49

6.37

1.64

0.24

0.01690

55.59

91.96

GR087

3

4.35

7.15

8.00

2.21

0.27

0.00634

34.85

69.30

GR100

2

5.00

8.35

8.45

2.33

0.27

0.00868

27.77

45.99

GR116

2

5.80

9.10

7.70

1.89

0.24

0.00414

27.08

40.73

GR125

2

6.25

9.50

8.20

2.58

0.28

0.00622

24.72

38.94

GR135

2

6.75

17.34

7.95

4.66

0.54

0.00209

20.43

30.91

GR142.5

3

7.13

17.52

9.07

3.73

0.39

0.00584

35.94

79.60

GR161

3

8.05

18.22

7.73

3.66

0.45

0.00325

21.91

39.17

GR166

3

8.30

18.41

10.23

5.84

0.55

0.00191

24.65

39.80

GR197

2

9.85

20.92

8.60

5.42

0.58

0.00305

12.61

26.38

GR216

3

10.80

21.66

10.50

6.21

0.56

0.00314

14.80

26.89

GR220

3

11.00

21.89

7.78

5.46

0.63

0.00406

19.02

33.87

GR234

3

11.70

24.57

9.00

4.85

0.49

0.00324

16.31

32.00

CR270

2

1.00

0.65

2.68

0.71

0.24

0.14572

37.45

107.96

CR260

2

1.50

1.38

3.33

0.60

0.17

0.08399

40.41

156.52

CR250

2

2.00

2.32

5.30

1.73

0.31

0.04308

46.76

109.05

CR240

2

2.50

2.53

4.77

1.55

0.31

0.04062

41.16

99.05

CR230

3

3.00

4.08

7.46

1.78

0.24

0.02520

52.33

111.18

CR220

3

3.50

4.66

7.89

2.45

0.30

0.02611

60.57

124.88

CR210

2

4.00

5.58

6.65

2.54

0.34

0.02169

45.80

84.92

CR203

3

4.35

6.25

7.69

2.12

0.26

0.02438

52.81

123.57

CR191

3

4.95

8.63

6.60

2.97

0.41

0.01715

77.64

151.27

CR180

3

5.50

9.95

7.25

2.83

0.37

0.01930

63.38

142.75

CR170

2

6.00

10.95

6.96

2.70

0.36

0.01346

38.24

96.78

CR160

3

6.50

13.64

8.66

3.53

0.39

0.01807

51.87

96.31
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Table 3 – Continued
Drainage

1

Reach

# XS

Downstream

Area

R

Slope

D50

D84

code

Surveyed

Distance1 (km)

(km2)

B (m)

A (m)

(m)

(m/m)

(mm)

(mm)

CR129

3

8.05

15.52

9.99

3.98

0.39

0.00909

53.20

112.94

CR120

3

8.50

17.22

10.13

4.64

0.43

0.00792

50.61

96.67

CR089

2

10.05

18.87

10.16

5.14

0.49

0.01014

56.38

111.78

CR072

2

10.90

19.66

14.07

4.73

0.35

0.01300

50.79

117.62

CR060

2

11.50

20.08

12.31

4.89

0.40

0.01987

63.49

107.08

CR043

2

12.35

20.60

12.26

5.83

0.47

0.01014

42.51

85.74

CR035

3

12.75

20.79

11.07

2.87

0.26

0.01374

74.29

119.36

CR022

3

13.40

21.11

15.31

6.50

0.41

0.01355

72.73

117.34

CR010

3

14.00

21.38

13.43

10.11

0.71

0.01171

57.70

118.40

from the alluvial channel head.

In contrast, the slope of this DA-B relation in the sandstone basin has a slope of 0.32. This
difference indicates that width is increasing at a slower rate when compared to the basalt basin
and in the lower end of observed scaling exponents for most rivers, which varies between 0.3 and
0.6 (Leopold and Maddock 1953). When channel widths are directly compared, the headwaters
of both basins have similar widths of around 2.5m, (Table 2) however the downstream reaches in
the basalt basin are consistently wider than the reaches in the sandstone basin (Figure 6). Closely
related to this observation are downstream trends in the hydraulic radius.
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Figure 6 – Drainage area versus bankfull hydraulic radius and width at each survey location. (a)
is the width and (b) is the hydraulic and (c) shows data from this study compared to a regional
data set from Pfeiffer et al. (2018).
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Hydraulic radius in the basalt basin increases consistently from 0.2m in the headwaters to ~0.5m
in the lower reaches. In stark contrast, hydraulic radius in the sandstone river abruptly increases
downstream of the confluence with the North and South Forks of Green River at approximately 6
km downstream. In the reaches upstream of the confluence, hydraulic radius remains nearly
constant at 0.2m. Downstream of the confluence, hydraulic radius of surveyed reaches increases
to 0.6m and we observed incision of sand deposits covering fluvial sorted gravel of up to 2m in
some locations. These gravel lenses typically occur at the same elevation as the bottom of the
contemporary channel bed (Figure C11).
Table 4 – Scaling exponents from power law fits of drainage area versus channel radius, channel
width, and valley width where a represents that intercept and b represents the slope.
Location

All Reaches

Feature

River
Valley

Basalt
Width
a
b
2.75 0.435
11.55 0.584

Sandstone
Radius
Width
a
b
a
b
0.223 0.214 3.52 0.301
17.31 0.570

Radius
a
b
0.215 0.28
-

In coupled systems, valley width is an important link between hillslope and channel processes.
Valley width in the sandstone basin increases at a significantly faster rate than the channel width,
with a scaling exponent of 0.57. Likewise, valley width in the basalt basin also scales at a faster
rate than channel width, though the difference in scaling exponents between the valley and
channel is smaller in the basalt basin than the sandstone basin (Table 4). Similar relationships
between valley width and channel width have been observed in other OCR streams (May et al.
2013). When comparing valley width across basins we find that the valley width scales at a
similar rate in both basins despite differences in basin lithology. This finding is in contrast with
work in Western Washington that found wider valleys in sandstone lithologies (Schanz and
Montgomery 2016).
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Figure 7 – Drainage area versus channel and valley widths in each basin. (a) Basalt basin, (b)
Sandstone basin.
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4.3 Channel Grain Size
Surface and subsurface grain sizes show significant variation between and within basins driven
by both alluvial and hillslope processes. In general, the basalt basin is coarser (D50=53mm) than
the sandstone (D50=30mm) and does not exhibit downstream fining. However, in headwater
reaches, downstream variations in surface grain size are similar with D50 t coarsening in both
basins (Figure 8). Coarsening extends downstream for ~5km in the basalt basin with D50
increasing in size from ~40mm to ~65mm. In the sandstone basin, coarsening in the headwaters
is also evident extending downstream for 4km with grain sizes increasing from ~40mm to
~55mm. After the initial phase of coarsening, the basalt basin shows no significant fining trend
with D50 sizes varying between 40mm and 80mm. In contrast, the sandstone basin experiences
significant downstream fining with abrupt local coarsening at 7km and 8km away from the
headwaters, associated with sediment inputs from mass-movement events (Figure 8). Between
kilometers 3.5 and 6 from the headwaters, D50 decreases from 55mm to < 20mm due to the rapid
breakdown of sandstone during transport.
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Figure 8 – Comparison of measured and predicted D50 based on an abrasion model using
calibrated mass-loss coefficients of 0.013 and 0.1206 for the basalt and sandstone basins
respectively (O'Connor et al. 2014). We divided the observed fining trend in the sandstone basin
into two regions separated by a segment of the mainstem heavily impacted by a large landslide
(a) and a debris flow (b).
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In order to explore the contribution of abrasion to downstream fining patterns, we apply
Sternberg’s Law for fining using loss coefficients specific to the OCR presented by O'Connor et
al. (2014). Excluding lateral inputs of sediment, the predicted fining trend explained a significant
amount (R2 = 0.8, p < 0.05) of the overall variation in measured D50 for the sandstone basin.
Downstream fining starts at ~3.5km and continues until large mass-movements interrupt the
fining trend. Reaches impacted by these mass-movements contained coarse surface sediment
(35-45mm D50). Downstream of the mass-movements, downstream fining continued to follow
the same abrasion model. In the basalt basin, the abrasion model captures the general trend of the
observed fining pattern, however, significant scatter exists in the field measurements (Figure 8).
Unlike the sandstone basin, we were unable to directly link increases in grain size with debris
flow or landslide deposits.

4.4 Subsurface Grain Size
The organization of surface and subsurface grain sizes into separate layers reflects an alluvial
response to the prevailing hydraulic conditions and sediment supply regime (Buffington and
Montgomery 1999b, Dietrich et al. 1989, Parker and Klingeman 1982, Pfeiffer et al. 2017).
Within both basins, subsurface grain size measurements show no significant fining trends
(Figure 9 (d) and (e)). D50s averages 27mm in the basalt basin compared to 11.7mm in the
sandstone basin. Subsurface values in the basalt basin are typical of subsurface grain sizes in
many gravel bed rivers, while subsurface values in the sandstone basin fall slightly above the
lowest percentile of compiled subsurface grain sizes presented by Pitlick et al. (2008).
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Figure 9 – Comparison of subsurface and surface grain size distributions. Surface and
subsurface percent finer grain size distributions are shown in (a). Surface and subsurface grain
sizes are compared in (b) and (c) respectively. Downstream trends in surface and subsurface
grain size for the basalt (d) and sandstone (e) basin.
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Despite differences in surface grain size patterns, both beds are armored, a feature typical of
alluvial gravel bed rivers (Pitlick et al. 2008). Armor ratios in the basalt basin range between 1
and 3.3 while the sandstone basin maintains armor ratios of 1.5 and 4.3. Consistent with the
observed fining trends in the sandstone basin, armor ratios are highest in the headwaters before
rapidly decreasing as the surface layer fines. Likewise, constant surface and subsurface grain
sizes result in a stable armor ratio along the mainstem of the basalt basin. The armor ratios found
in this study match the armor ratios presented by O'Connor et al. (2014) for western Oregon
streams where the majority of streams exhibited armor ratios between 1 and 3.

4.5 Shear Stress, Transport Stage, and Transport Capacity
In alluvial rivers, the relationship between surface grain size and shear stress reflects the
hydraulic sorting of sediment supplied to reaches. When excluding the reaches where grain size
coarsens (upper 5 and 4 km for Cummins Creek and Green River respectively), boundary shear
stress is correlated (p < 0.05) with surface grain size in both basins (Figure 10). In these reaches,
shear stress in the basalt basin is systematically higher than shear stress in the sandstone basin.
Despite this difference in shear stresses, the rate at which surface grain size increases with
increasing shear stress is similar for both basins. Linear relationships between shear stress and
surface grain size have been documented in mountain streams of Idaho (Mueller et al. 2016),
Colorado (Mueller and Pitlick 2005), and the Pacific Northwest (Brummer and Montgomery
2006). The correspondence between shear stress and surface grain size is also reflected in the
dimensionless Shields stress.
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Figure 10 - Scaling of the surface grain size (D50 and D84) with bankfull shear stress (τ) for all
reaches excluding those less than 5km and 4km downstream in the basalt and the sandstone basin
respectively, in which we observed downstream coarsening. Relationships are significant at the
0.05 level with the associated R2 values shown above the line of best fit.

The dimensionless Shields stress represents the ratio of available forces to mobilize sediment to
the weight of a given grain size. When excluding the final three surveys in the sandstone basin in
which channel incision was evident in nearby reaches, downstream changes in Shields stress
between the two basins are similar (Figure 11), with scaling exponents of 0.55 for the basalt
basin and 0.57 for the sandstone basin. In drainage areas less than 10km2, slope has a
disproportionate influence on the downstream variation in Shields stress. For these drainage
areas, the slope in both basins changes by a full order of magnitude (0.14 – 0.01 in the basalt
basin and 0.08 – 0.06 in the sandstone basin) compared to the relatively moderate changes in
hydraulic radius and grain size described in the previous sections. For drainage areas greater than
3km2, the Shields stress is relatively constant. This is consistent with the threshold channel
theory presented by Parker (1979) and field data from alluvial rivers in other mountain regions
(Phillips and Jerolmack 2016).

28

Figure 11 –Dimensionless bankfull Shields stress as a function of drainage area. Hollow markers
indicate 4 reaches in the sandstone basin that were excluded when fitting the data with a power
law. Equations a) and b) give the best fit line of a power law relationship for the basalt and
sandstone basins respectively.

Despite lithology driven differences in grain size and slope, both basins generally maintain
transport stages scattered around a value of one, indicative of threshold alluvial channels (Parker
1979). An exception occurs in headwater reaches where transport stages exceed a value of two
before rapidly decreasing to near threshold values (Figure 12). When using a constant critical
Shields stress of 0.045, typical of low gradient gravel bed rivers (Miller et al. 1977), transport
stage values are well in excess of one at drainage areas less than ~2.5km2. These reaches are
steep with slopes greater than 2% and exhibit channel morphologies typical of headwater
systems such as step-pools (Montgomery and Buffington 1997). The critical Shields stress has
been observed to increase with slope as the channel morphologies associated with steep slopes
typically have larger form roughness that reduces the available energy to mobilize sediment
(Lamb et al. 2008). Using a slope dependent critical Shields stress reduces the high transport
stage values in the headwaters by approximately a factor of three but values are still higher than
one. Possible explanations for this observation are considered in the discussion. At larger
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drainage areas, the constant and slope-dependent critical Shields stress result in remarkably
similar transport stages, especially in the basalt basin. In the sandstone basin, the last three
downstream reaches have transport stages of around three when using the slope dependent
critical Shields stress. These three reaches differ from the rest by having higher than expected
slopes, given the contributing drainage area and grain size (Table 3). These reaches also
correspond to a transitional segment of the sandstone basin where the sand fraction rapidly
increases, bedrock outcrops become more frequent, and incision occurs in nearby reaches
(Appendix C).

Figure 12 –Downstream trends of transport stage using a slope dependent and constant critical
Shields stress. The dashed line indicates the transport stage associated with threshold channels
(~1.1). Open red symbols indicate that 𝜏𝑐∗ was calculated using a constant value of 0.045. and
filled symbols indicate 𝜏𝑐∗ calculated based on (Pitlick et al., 2008).
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The similarity of transport stage values in both basins results in our estimates of transport
capacity collapsing along a single curve with values spread over five orders of magnitude.
Transport capacity is similar in both basins despite differences in lithology, slope, and grain size.
(Figure 13). We compare our estimates of transport capacity with data collected in other alluvial
rivers. The data collected in our study falls well within the spread of a national data set presented
by Pfeiffer et al. (2017). Furthermore, our estimates are similar to rivers in the Rocky Mountains
and the East Coast contradicting the observation by Pfeiffer et al. (2017) that West Coast rivers
maintain elevated transport rates. The similarity in transport capacity estimates between our
measurements and these datasets suggests that there is as much variation in transport capacity
within a single river as there is across rivers in the entire United States (Figure 13).

Figure 13 – Transport stage versus volumetric flux per unit width with comparison to regional
trends in North America. Filled circles are reaches in the basalt while filled squares are reaches
in the sandstone basin. Gray markers are data compiled by geographic region across more than
300 sites in the U.S. (Pfeiffer et al. 2017).
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5. Discussion
We found strong evidence for alluvial processes shaping channels within hillslope coupled
streams of the Oregon Coast Range. Contrasts in lithology between the two study basins resulted
in different surface and subsurface grain sizes, channel slopes, and potential differences in
sediment supply from tributaries and hillslopes. Despite these differences, both systems had
characteristics typical of alluvial systems, such as armored channel beds and strong relationships
between shear stress and grain size. In addition, both channel networks adhere to the threshold
theory of alluvial channels with transport stages of around one throughout the basin. Given the
differences in basin and stream properties imparted by lithology, the similarity in transport stage
indicates alluvial processes are an important control of channel adjustments and sediment
transport at the basin scale, even in these hillslope coupled systems.

5.1 Differences in Sediment Supply
Slope-area plots indicate that survey locations in both basins are within the fluvial process
domain. The precise extent of the fluvial domain may not be perfectly captured by slope-area
plots, however, they provide a first order approximation of where the transition occurs (Brummer
and Montgomery 2003, Pike et al. 2010). Slope-area plots of the tributaries (Figure 5) suggest
debris flows are a more active process in the basalt basin than the sandstone basin. Previous
work done in the same region (including Cummins Creek) found twice as many debris flows in
basalt basins as compared to sandstone basins (Marston et al. 1997). This finding is also
consistent with the higher rate of deep-seated landslides limiting slopes within the sandstone
lithology of the Tyee formation (Roering et al. 2005). The higher occurrence of debris flows
suggests more frequent supply of coarse sediment in the basalt channel. Considering the basalt
basin contains steeper channels, a trellis network structure, and the slope-area signature of debris
flow processes, we suspect a greater supply of coarse sediment in this basin as mass-movement
events are more likely to occur and interact with the channel. Major flooding in 1996 triggered
numerous debris flows across much of Western Oregon and likely accounts for the last major
sediment supply event introduced into OCR streams (Robison et al. 1999). We therefore assume
both basins experienced increased debris flow activity during, or right after, the 1996 flood. We
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illustrate the influence of a large pulse on the alluvial character and sediment transport processes
using a conceptual diagram (Figure 14). In this diagram, the response of a channel to a pulse of
sediment is different depending on the underlying lithology. High sediment supply keeps streams
in basins similar to Cummins Creek transporting at capacity or transport limited. Green River,
and likely other sandstone basins of the Tyee formation, experience a cycle of transport
conditions ranging from supply limited, transporting at capacity, and transport limited due to the
overwhelming effects of abrasion.
A)

C)

D)

B)

Figure 14 – Conceptual model of how a sediment pulse influences the alluvial function of a
stream. Box A) reflects a channel with low attrition rates. A large pulse disrupts the alluvial
character of the system by contributing unsorted sediment to the channel network. Over time that
sediment is reorganized within the channel with little loss in sediment caliber due to attrition, and
alluvial conditions are thus restored. B) reflects a channel with high attrition rates. Like in the A
the large sediment supply pulse gradually results in an alluvial reach but only for a certain
amount of time. Attrition eventually reduces the available alluvial material and non-alluvial
conditions once again emerge as the channel losses alluvial cover. The diagrams to the left of A)
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and B) describe the emergence of an alluvial river through C) the development of an armor layer,
and D) establishing of threshold channel conditions.
5.2 Surface Grain Sizes – Evidence of Alluvial Processes
Our measurements indicate that the size of both the surface and subsurface sediment are strongly
influenced by the underlying lithology in the basins but, overall, display similar trends. We
observe two distinct trends occurring in both systems a) coarsening in the headwaters suggesting
the influence of non-fluvial processes (Brummer and Montgomery 2003) and b) downstream
fining trends in grain size consistent with alluvial abrasion and/or selective transport (Ferguson
et al. 1996, O'Connor et al. 2014). We found that the surface grain size increased within the
headwaters of both basins reaching a maximum grain sizes at a drainage area of approximately
5km2. The downstream coarsening of fluvial sediments has been observed in other studies and
attributed to changes in the lithologic distribution of channel sediment due to abrasion (Mueller
et al. 2016) and the coarse grain size delivered by mass-movement events to channel networks
(Attal et al. 2015, Brummer and Montgomery 2003). Given that both Green River and Cummins
Creek are underlain by a single lithology, abrasion is not likely the physical mechanism for
coarsening. In these reaches, valley width is only three to four times the channel width making
channels highly coupled with their hillslopes. As a result, coarsening in the headwaters likely
reflects the direct contribution of coarse sediment from debris flow and landslide processes. In
other words, the alluvial character of these headwater reaches has been overwhelmed by nonfluvial sediment inputs. We also observe that the rate of coarsening and grain sizes was similar in
both basins. If the observed coarsening trend is indeed driven by hillslope processes, this result
suggests similar grain size distribution in the coarse material supplied by hillslopes that is
independent of lithology.
Downstream fining in surface grain sizes is only evident in the sandstone basin, where
abrasion effects likely dominate over selective transport. This finding is in contrast with previous
studies of both basalt and sandstone basins in the OCR that found no distinguishable fining
trends in surface grain size (Atha 2013, Marston et al. 1997). Empirically derived loss
coefficients (O'Connor et al. 2014) accurately predict the observed downstream fining trend in
the sandstone basin. The agreement between field and predicted grain sizes suggests that
abrasion is the primary mechanism responsible for fining trends in this basin. Fining trends in the
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basalt basin are not evident in our field measurements. While this result is consistent with the
abrasion model of O'Connor et al. (2014), we also expect that selective transport processes occur
given the smooth concave up elevation profile (Figure 4). Despite the apparent lack of a
downstream fining trend, we found that the surface grain size was correlated to reach average
shear stress (Figure 10), corroborating the alluvial character of both systems.

5.3 Subsurface Grain Size and Armor Ratios
Armoring of the channel bed provides compelling evidence for the presence of alluvial processes
in both basins. Subsurface grain sizes are constant in both basins, though the basalt basin is
significantly coarser. Constant subsurface grain sizes have been associated with alluvial channels
(Brummer and Montgomery 2003, Pitlick et al. 2008). The coarser subsurface grain size in the
basalt basin results in a lower armor ratio compared to the sandstone basin, especially in
headwater reaches. Despite the difference in armor ratios, both rivers exhibit armoring
throughout the fluvial network. This finding suggests alluvial processes are organizing the
channel bed and maintaining consistent armor ratios despite the potential for differences in
sediment supply – as indicated by differences in subsurface grain size and debris flow signatures
in the slope-area plots. The consistency in armor ratios in the basalt basin also implies that bed
load transport is relatively consistent throughout the alluvial network.
Within the sandstone basin, armor ratios are greater than four in the headwaters, suggesting low
sediment supply within these reaches. However, this interpretation may not be valid if nonfluvial processes dominate headwater reaches. Armor ratios in the sandstone basin decrease
downstream as abrasion reduces surface grain sizes and increases the sand fraction of the bed.
Low armor ratios and the presence of sand both enhance bedload mobility, suggesting increased
bedload transport intensity in the downstream reaches of the sandstone basin. However, the
consistent subsurface grain sizes in the sandstone basin, despite the high abrasion rates, may also
reflect the resupply of coarse sediment by hillslopes and tributaries (Sklar and Dietrich 2006).
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5.4 Shear Stress, Shields Stress, and Transport Stage
For reaches where surface grain size is not coarsening, we observe linear relationships between
shear stress and grain size in both basins. These relationships suggest that downstream variations
in surface grain size reflect adjustments in response to varying hydraulic forces. Such a
consistent relationship despite both basins experiencing differences in downstream surface grain
size patterns provides strong evidence that both channels are functioning as alluvial systems. The
relationship between shear stress and grain size does not appear to depend on lithology such that
the grain size for a given shear stress remains consistent across both basins. This consistency is
in contrast to recent findings by Mueller et al. (2016) who found that a study basin underlain by
less resistant lithology had finer surface grain sizes for a given shear stress, reflecting
systematically higher Shields stresses and transport rates in the basin with less resistant lithology.
Thus the similarity reflected in our basins may imply similar transport rates despite dramatic
differences in lithology.
Shields stresses displayed similar patterns in both basins and exhibited two distinct downstream
trends. In the headwater reaches, the Shields stress decreased with increasing drainage area at
identical rates in both basins. This decreasing Shields stress corresponded to the same reaches
that experienced coarsening of surface grain sizes. For reaches that did not experience
downstream coarsening, Shields stresses were similar between the two basins and remained
relatively constant. Similar armor ratios and Shield stresses suggest small differences in transport
intensity across basins despite differences in the underlying lithology. As a result, transport
stages along both basins are clustered around a value of one, consistent with threshold alluvial
theory (Parker 1979). An important exception are the last three reaches of the sandstone basin. In
these reaches, the sand fraction significantly increases, resulting in surface grain patches.
Bedrock outcroppings on the channel bed were also evident in nearby downstream reaches. At
this distance downstream, abrasion has reduced surface grain sizes, increasing the mobility of
bedload and further enhancing the abrasion of gravel. We suspect that these reaches mark the
beginning of the transition to a bedrock river and thus the spatial extent at which the channel can
be considered alluvial. In the steepest reaches, transport stage values are far in excess of one,
likely due to the influence of non-fluvial processes on surface grain size or higher uncertainty in
the equation used to estimate critical conditions. In (Pitlick et al. 2008) slope values used to
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determine equation (5) were all below 0.05. Despite the established relationship between the
critical Shields stress and slope, we found similar transport stage values using a constant value of
0.045. The consistency between a constant critical Shields stress value of 0.045 and the slope
dependent estimates in the downstream reaches of the basalt basin further suggests an alluvial
system. Normalizing the bankfull Shields stress by a slope dependent critical Shields stress
reduces the influence of steeper slopes on values of transport stage. Similar results between the
variable and constant critical Shield stress imply that slope is less influential in these reaches.
However, there is still significant variability in grain size and channel geometry within these
reaches. Obtaining transport stage values so close to the theoretical work done by Parker (1979)
suggest that Cummins Creek adjusts surface grain size and channel geometry to maintain
threshold channel conditions. These observations are also apparent in the sandstone basin,
however, the extent to which a constant critical Shields stress and variable critical Shields stress
produce similar transport stages occurs in fewer reaches. We suspect this reflects the tradeoff
between overwhelming hillslope sediment inputs and the dominant effects of abrasion with
increasing distance downstream. As a result, the sandstone basin functions as a threshold alluvial
channel for just under 60% of surveyed reaches compared to around 80% of basalt reaches. This
suggests that the spatial extent of alluvial reaches is strongly dependent on lithology.
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6. Conclusion
We investigated longitudinal variations in channel geometry, grain size, slope, and transport
capacity in two basins with contrasting lithology in the Oregon Coast Range (OCR). Our results
indicate strong differences in channel size, slope, and sediment texture between the two lithologies.
However, we found that in both systems the available shear stress vary in direct proportion to the
surface grain size displaying threshold like conditions characteristic of alluvial rivers. The
available shear stress is slightly higher than the required stresses to mobilize the median surface
grain in most reaches. The prevalence of such alluvial character was also evident in the longitudinal
variations in surface and subsurface grain sizes that indicated channel bed armoring along both
channel networks except in the headwaters in which surface coarsening is consistent with the
strong influence of sediment inputs from hillslopes.
Despite the prevalence of mass wasting events in the OCR and the geomorphic effects of large
wood, at the basin scale, both streams function as alluvial systems. This was particularly clear in
the basalt basin where the downstream attrition of sediment is low resulting in consistent alluvial
reaches throughout the channel network. For the sandstone basin, the rapid abrasion of sediment
ultimately resulted in a gravel-sand-bedrock transition limiting the spatial extent of alluvial
reaches. If the major floods of 1996 were indeed the last major pulse of sediment from masswasting events, these findings may also suggest that reaches in the basalt basin remain alluvial
longer while the sandstone basin is staring to transition into a supply limited regime. Given the
homogenous lithology of each basin, this suggests that lithology plays an important role on the
spatial and temporal extent of alluvial rivers in the OCR.
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8. Appendices
8.1. Appendix A – Alternative Conceptual Diagram

Figure A1 – Conceptual diagram of how a single pulse alters spatial and temporal distribution of
alluvial reaches. The black square represents the initial location of the sediment pulse. See the
list below for a description of labeled features.
Initially interpreting diagram in Figure A1 is difficult since the diagram reflects a set of
conditions over two dimensions. However, the simple geometry of this diagram can be linked to
different processes and mechanisms that make the diagram useful for generating ideas about how
channels and hillslopes interact. In this case, I have chosen measurements of time and space that,
while not necessarily representing the driving mechanism of a physical process, allow one to
place multiple pulses on the same diagram. For example, instead of distance downstream, slope

46

could be an alternative as both fluvial and hillslope processes differ depending on slope. Another
alternative for time could be the number of channel forming/reorganizing floods since the last
pulse. However using these variables limits the conceptual prodding to one pulse. While this
describes a sediment pulse, this type of phase space diagram could also be used to represent large
wood jams, debris flow jams, or other disturbances that alter the alluvial cover in a stream
(including in the upstream direction). Below we summarize the numbered components (1-7) in
the diagram and the physical meaning of each of them.
1. The height of this line correspond to the amount of the channel initially impacted by the
pulse of sediment. This height change as the sediment wave is dispersed (or reduced)
through the network. Note that this line could extend upstream of the initial pulse if there
are upstream influences due to aggradation.
2. The length of this line correspond to how material is attenuated from the initial pulse
location. For example the amount of sediment stored in a debris fan that is gradually
introduced into the stream network over time.
3. This line reflects the front of the pulse moving downstream with the slope and shape
dictating how the front of pulse moves through the system. There is also a fuzzy
transition as the system takes time to develop alluvial characteristics in response to the
sudden input of sediment.
4. This line reflects the tail of the pulse with the slope/shape reflecting how the pulse is
attenuated as it moves (i.e., storage on the floodplain reducing or delaying the delivery of
alluvial material). There is also a fuzzy transition as alluvial cover is gradually
transported downstream.
5. There is some distance at which the majority of gravel size particles will have been
abraded into suspended load. A flat line is a simplification since in reality there is a
distribution of grain sizes that will travel for varying distances before breaking down.
6. Headwater reaches where sediment transport is dominated by non-fluvial processes
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8.2 Appendix B – Large Wood Volume Estimates
8.2.1 Data Summary
Large wood in streams can force channel morphologies (Bambrick, 2013; Cenderelli and Kite,
1998; D. R. Montgomery et al., 2003) store large quantities of sediment (Marston, 1980;
Massong and Montgomery, 2000), and provide important habitat for aquatic species. In streams
in the Oregon Coast Range (OCR), large wood can enter locally from riparian vegetation or be
introduced during lar&ge mass wasting events. Typically, large wood has the most significant
impact on channel properties in low order channels, though log jams have been documented on
rivers of all sizes. In our study we selected reaches where wood played no observable significant
role, the wealth of literature documenting the role of large wood in OCR streams and elsewhere,
prompted us to estimate the volume of large wood interacting with the active channel in other
reaches. To do so we walked the all the length of the channel network in each basin in order to
capture the influence of large wood and estimated cumulative large wood volume over 100m
intervals following the methodology of Czarnomski, et al. (2008), however, no volume
correction factor was applied though consistency in methods within and between the two basins
allows for relative comparisons. Large wood was visually classified into four diameter classes
and five length classes. We identified logjams, root wads, and log steps separately within each
100 m reach. Restoration efforts between 2005 and 2006 introduced over 500 pieces of large
wood into Green River and a nearby basin (Trask et al., 2007). We identified these artificial
placement wood pieces from those naturally recruited. In addition to large wood estimates, we
collected two to five bankfull width measurements within the same 100 m reaches using a laser
range finder or stadia rod (presented in section 4.2, figure 6). While walking the river we also
made qualitative descriptions of channel morphology, bedrock outcroppings, channel
confinement, vegetation patterns, and debris flow fans. Our data (Table B1) demonstrates no
correlations between large wood and channel wind and grain size (Figures B1 – B3). The lack of
correlations was somewhat expected given the effort taken to avoid collecting channel geometry
and grain size data in reaches heavily impacted by large wood. In both basins, large wood clearly
influenced reaches locally, forcing cutoffs, scour pools, gravel deposits, and wider channels
sections (see pictures in Appendix B, Appendix C). However, our observations indicate that
these impacts may operate at smaller scales.
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Table B1 - Summary of large wood estimates in each basin broken down by diameter and size
classes used during data collection

1 (1 5m)

Basalt Basin
2 (5 3 (10 10m)
20m)

4 (>
20m)

1 (1 5m)

175
14.583
1.374
0.130

90
7.500
3.534
0.333

43
3.583
3.377
0.319

0
0.000
0.000
0.000

149
12.417

119
9.917

64
5.333

Volume (m3)
m3 / km
Diameter class 3 (>
60cm)
N
# / km

10.532
0.994

42.058
3.968

39
3.250

Volume (m3)
m3/ km

Diameter class 1
(10 - 30 cm)
N
# / km
Volume (m3)
m3 / km
Diameter class 2
(31-60 cm)
N
# / km

Sandstone Basin
2 (5 - 3 (10 10m)
20m)

4 (>
20m)

241
22.736
1.893
0.179

170
16.038
6.676
0.630

49
4.623
3.848
0.363

2.000
0.189
0.314
0.030

6
0.500

134
12.642

104
9.811

88
8.302

45.239
4.268

8.482
0.800

9.472
0.894

36.757
3.468

62.204
5.868

40
3.774
56.54
9
5.335

40
3.333

34
2.833

12
1.000

26
2.453

31
2.925

17
1.604

11.027

56.549

96.133

67.858

7.351

43.825

48.066

1.040

5.335

9.069

6.402

0.694

4.134

4.535

22
2.075
124.4
07
11.73
7
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Figure B8 – Downstream variations in the estimated large wood volume in a) the basalt basin
and b) the sandstone basin.
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Figure B9 –Relationship between estimated large wood volume and channel grain size and
width in the sandstone basin.
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Figure B10 – Relationship between estimated large wood volume and channel grain size and
width in the sandstone basin.
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8.2.2 Photos – Cummins Creek

Figure B11 –A large log jam in Cummins Creek developing into a new floodplain. The main can
be seen at the top of the image.

Figure B12 –A recently fallen Sitka Spruce near the outlet of Cummins Creek
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Figure B13 –A recent log jam in Cummins Creek resulting in significant geomorphic
adjustments and aggradation.

Figure B14 – Typical size and orientation of large wood in the headwaters of Cummins Creek
coming directly from hillslopes.
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8.2.3 Photos – Green River

Figure B8 –Bedrock pool forced by artificially placed large wood in Green River (~9km
downstream)

Figure B9 – Artificial Large wood placement at the confluence of the and South fork in Green
River, leading to large gravel deposits.
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Figure B10 –A small accumulation of large wood in the alluvial reaches of Green River
upstream of the confluence between the North and South Forks

Figure B11 - Old wood jam in the headwaters of Green River that led to upstream aggradation
upstream of the jam.
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8.3 Appendix C – Photo Log of Study Reaches in Cummins Creek and Green River
8.3.1 Cummins Creek

Figure C1 - Typical Alluvial Reach surveyed in Cummins Creek Located at ~6km downstream

Figure C2: Typical Alluvial Reach in Cummins Creek Located at ~ 10.5 km downstream.
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Figure C3 – Old debris flow deposit being re-worked by Cummins Creek

Figure C4 – Debris Flow incoming from a second order tributary directly entering the mainstem
of Cummins Creek at ~ 8 km
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Figure C5 –Looking upstream at debris flow deposits of tributary to Cummins Creek

Figure C6 –Recently reworked floodplain in Cummins Creek demonstrating the degree of
channel and floodplain connection and the influence of large wood at smaller scales.
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Figure C7 –A channel avulsion within Cummins Creek likely reflecting a high sediment supply.
Only a couple braided channel segments were evident.
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8.3.2 Green River

Figure C8 –Scoured colluvial reach in a headwater tributary of Green River suggesting a recent
debris flow though no depositional fan was identified.

Figure C9 –Gentle step-pool formation in the headwaters of Green River (1.6km)
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Figure C10 –Typical gravel reach in the upper reaches of Green River (~3km)

Figure C11 –Exposed gravel lense in the lower reaches of Green River occurring at
approximately the same level as the contemporary channel. (~9km)
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Figure C12 –Example of increasing sand fraction on the channel bed in Green River (~11km).
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8.4 Appendix D – Regional Data Compilation
Downstream hydraulic geometry relations reflect adjustments of width (w), depth (d),
and velocity (v) in response to changes in discharge. Alluvial rivers over a wide range of
physiographic regions have been observed to adjust channel geometry with discharge following
simple power functions:
w = aQb
d = cQf,
v = kQm
where, on average, b = 0.5, f = 0.4 and m = 0.1 (Leopold and Maddock, 1953). These values
offer a baseline for how river size typically vary due to changes in discharge. In general, changes
in discharge are mostly accommodated through adjustments to width, followed by depth, and
minor adjustments to velocity
Ideal downstream hydraulic geometry measurements incorporate sufficient data from a single
river network to characterize how geometry, slope, and surface grain size interact to
accommodate gradual changes in discharge and/or sediment supply (Church and Rood, 1974).
Results from my own work show that variations in transport capacity along a single channel
network are comparable to the variability in transport capacity across the contiguous United
States (Figure 8). In this appendix we aim to extend work focusing on the influence of lithology
on two coastal rivers in Oregon to incorporate additional rivers in the Pacific Northwest,
Colorado, and the Northeast. Several datasets of downstream channel geometry and surface
grain-size measurements from previous studies (Table 1) were incorporate in this preliminary
analysis. These additional datasets allow for the evaluation of downstream relationships in
transport capacity and channel geometry over a wider range of tectonic, climatic, and geologic
conditions. With these additional datasets, this projects aims to investigate if the downstream
variability in transport capacity over a range of climatic and geologic conditions.

.
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Transport Capacity
Transport capacity represents the total amount of sediment a stream is able to transport. The
capacity of a river to transport sediment principally depends on discharge, which is in turn a
function of channel geometry and velocity. Alluvial rivers are thought to adjust hydraulic
geometry, slope, and surface grain sizes in response to fluctuations in flood frequency and
magnitude and sediment supply. Related to transport capacity is the concept of a threshold
channel. As described by Parker (1979), a threshold channel represents a natural condition where
forces acting near the bed of a channel are slightly in excess of the forces required for mobilizing
sediment while forces on the banks are below the critical value needed to erode banks. This
condition allows gravel bed rivers to transport sediment as bedload while still maintaining stable
channel geometries. The driving forces required to mobilize sediment can be expressed as a
function of slope, hydraulic radius, and the median grain size:
The critical Shields stress required for incipient motion is more difficult to measure in the
field as small scale; grain-to-grain interactions can strongly influence the forces individual
particles experience (Powell, 1998, Yeager 2012). However, several studies showed that the
critical Shields stress is dependent on slope (Mueller 2005; Lamb et al., 2008). While initially
counter intuitive, these studies found that the critical Shields stress increases with increasing
slope. In the context of threshold channels, a transport stage equal or slightly above one is
indicative of threshold conditions. A number of studies have looked at regional trends in
sediment transport and transport capacity (Pfiefer et al., 2017; Pike, 2007; Phillips, 2016). These
studies evaluated regional trends in the United States. These studies have found that most gravelbed rivers in the United States are at threshold conditions. A key exception are rivers along the
Pacific coast which typically have much higher transport stages due to high sediment supply
(Pfieffer et al. 2017).
Data Collection
A large collection of datasets from different regions in the United States was compiled for this
study. In order to include a dataset, several minimum requirements were necessary (Table D1).
Given that the goal of the study was to investigate how lithological and physiographic properties
impact downstream variability in transport capacity in various climatic and geologic conditions,
datasets were limited to surveys within single basins. All datasets included information regarding
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channel geometry at bankfull discharge. Bankfull discharge (Qbf) in each study was determined
by others during low flow conditions considering distinct breaks in slope between the channel
and floodplain, as well as high water vegetation markers and the presence of perennial
vegetation. The estimation of Qbf likely introduced a significant amount of subjective bias into
the reported channel geometry measurements due to differences field interpretations and
vegetation conditions across such a wide range of river basins. Estimates of bankfull channel
geometry conditions included measurements of channel width, channel depth, and channel slope.
Surface grain size measurements were all conducted using Wolman pebble counts (Wolman,
1954) and must include estimates D50 and D84. All studies included estimates of drainage area for
each survey location. The accuracy of these drainage area estimates varies from study to study
due to the range in dates for when these surveys were conducted. The earliest dataset was
collected in 1964 (Brush, 1964) and relies on USGS topographic maps to approximate watershed
boundaries. Studies that are more recent often obtained drainage areas from higher resolution
digital elevation models.
Several other studies also included estimates of the distance between survey locations. Distance
estimates were not consistent in direction, with some studies reporting distance from divide or a
minimum drainage area and other providing distance estimates from the furthest downstream
confluence. For the considerations of reproducibility, distances from the most downstream
confluence are preferred as they provide an explicit starting point that is likely not to change in
such steep mount streams.
Data Analysis
Hydraulic geometry relationships for each river were developed using drainage area as a
surrogate for discharge. For future studies, a regional analysis of discharge and drainage area
relationships would facilitate the comparison of hydraulic geometry relationships within each
dataset with the expected trends discussed in the introduction. Several studies do include
estimates of discharge at each survey location, however, only a few established discharge
through a regional discharge-area analysis. Thus for the purpose of this study, downstream
hydraulic geometry relationships are reported as a function of drainage area acknowledging that
reported scaling exponents are not directly comparable with classic hydraulic geometry theory.
For each river, hydraulic geometry relationships for width and depth were calculated by finding
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the best fit in a least squares between the log transformed variables of drainage area and width or
depth (Figure 4). Coefficients from the model are transformed back to normal units while R2 and
p-values are reported for each basin.
Preliminary Findings
Comparisons of channel geometry and transport capacity across multiple rivers in the United
States reflects the diverse geographical regions represented in the compiled dataset. Drainage
areas range from less than 1km2 to greater than 800 km2 with the majority of surveys falling
between 10 and 100km2. Width, radius, and surface grain size measurements exhibit log-normal
distributions while slope exhibits a right skewed log-normal distribution (Figure D2, D3).
Consistent with recent regional studies, transport stage values are log-normal distributed around
a mean of approximately one (Paucius et al., 2017).
Downstream hydraulic geometry relationships relative to drainage area show consistent
relationships for width and depth. Grouping rivers by region (Figure D4) results in statistically
significant relationships between drainage area, width, and depth, though significant scatter is
present for all regions. When breaking down by individual rivers, width and drainage area are
positively correlated for each river. Radius and drainage area are also positively correlated for
every river with the exception of St. Vrain Creek in Colorado. R2 values are greater than 0.5 for
all significant relationships but most were greater than 0.8 (Table D2). The relationship between
slope and drainage area is not as consistent across all rivers with several rives in the Mountain
region showing no significant relationship between drainage area and slope. Scaling coefficients
from the power law fit between drainage area and each variable is generally consistent across
basins. The scaling exponent for width ranges between 0.34 and 0.45, with the exception of three
rivers. Depth scaling exponents for statistically significant relationships are even more consistent
with values ranging between 0.2 and 0.3 and only two marginal exceptions. Comparisons of
hydraulic geometry relationships with typical values for alluvial rivers of 0.5 is not possible due
to the unknown relationship between drainage area and discharge for each river.
Unlike width and depth, scaling exponents for slope shows more variability between rivers. In
the Mountain region scaling exponents do not exceed ~0.5. In both the East and West region,
scaling exponents are generally high between 0.7 and 1. Differences in the scaling exponent for
each river are shown in Figures D5 -D7 in order to identify any regional trends. No clear trends
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emerge when looking at the distribution of hydraulic geometry and transport capacity by region.
Width and slope as functions of drainage area appeared to be independent of region and
lithology, as well as the relationship between D50 and shear stress.

Table D1 – Summary of Compiled channel geometry and grain size data in 22 river basins
across the United States
Source
This Project
This Project
Brummer
and
Montgomery,
2003
Brummer
and
Montgomery,
2003
Mueller,
2014
Mueller,
2014
Mueller,
2005
Miller, 1964

State

Area
(km2)

Slope
(m/m)

Width
(m)

Radius
(m)

D50
(m)

D84
(m)

# of
Surveys

OR

11.25

0.0287

8.46

0.37

0.05

0.11

20

OR

11.68

0.0137

7.36

0.38

0.03

0.06

20

Barnes
Creek
Lower

WA

33.67

0.0327

16.67

1.41

0.11

0.25

22

Barnes
Creek Upper

WA

3.31

0.0876

6.19

0.69

0.10

0.20

19

ID

139.83

0.0096

11.17

0.61

0.04

0.11

11

ID

163.86

0.0094

12.25

0.60

0.07

0.16

9

River
Cummins
Creek
Green River

Big Lost
River
Big Wood
River
Halfmoon
Creek
Pecos River

CO

42.69

0.0219

8.12

0.43

0.06

0.13

24

NM

12.09

0.0413

7.11

0.46

0.15

0.32

42

Kelson 1979

Rio Chiquito

NM

35.66

0.0513

2.88

0.23

0.06

0.13

10

Kelson 1979

Rio Hondo
Rio Santa
Barbara
St Vrain
Creek
Williams
Fork
Bald Eagle
Creek
Narraguagus
River
Pleasant
River

NM

17.83

0.0688

5.14

0.35

0.07

0.15

6

NM

4.10

0.0461

5.15

0.40

0.13

0.28

11

CO

110.39

0.0470

11.65

0.49

0.20

0.52

19

CO

186.65

0.0129

16.09

0.65

0.06

0.14

30

PA

169.76

0.0095

16.47

1.02

0.06

0.12

10

ME

163.19

0.0024

19.07

1.08

0.03

0.06

26

PA

174.43

0.0069

18.89

0.83

0.08

0.16

24

Saluda River

SC

54.41

0.0134

16.34

1.12

0.14

0.30

12

PA

57.70

0.0102

9.63

0.79

0.06

0.13

6

PA

148.64

0.0088

16.12

0.84

0.06

0.12

9

Miller, 1964
Wohl, 2004
Segura, 2015
Brush, 1964
Pfieffer,
2017
Pfieffer,
2017
Arrington,
2017
Brush, 1964
Brush, 1964

Shaver
Creek
Standing
Stone Creek
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Figure D1 –Location of rivers included in the compilation dataset over a base map showing the
basic lithologic regions in the United States.

69

Figure D2 –Distribution of channel geometry and grain size measurements for this data
compilation and the dataset represented by Pfieffer et al. (2017).
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Area
2

Width
(m)

Radius
(m)
D50 (m)
D84 (m)

Slope
(m/m)
𝜏𝑏∗
𝜏𝑐∗

Figure D3 –Distributions of channel geometry and grain size subdivided by geographical
region for this data compilation and the dataset presented by Pfieffer et al. (2017).
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Table D2 –Downstream Hydraulic Geometry relationships for each river. Highlighted cells
indicate R2 values greater than 0.5*
Radius
Width
Slope
River
Region State R
a
b
R
a
b
R
a
Bald Eagle
Creek
East
PA
0.857 0.387 0.217 0.995 2.895 0.378 0.880 0.049
Standing Creek East
PA
0.791 0.304 0.219 0.979 1.366 0.515 0.884 0.116
Shaver Creek
East
PA
0.806 0.295 0.264 0.951 2.295 0.378 0.873 0.203
Saluda River
East
SC
0.821 0.259 0.381 0.772 7.417 0.212 0.609 0.226
Williams Fork Mountain CO
0.550 0.279 0.167 0.854 1.635 0.448 0.109 0.036
St Vrain Creek Mountain CO
0.093 0.317 0.090 0.516 3.666 0.252 0.196 0.107
Halfmoon
Creek
Mountain CO
0.784 0.201 0.213 0.858 1.724 0.423 0.557 0.117
Rio Santa
Barbra
Mountain NM 0.522 0.326 0.204 0.807 3.644 0.329 0.064 0.042
Pecos River
Mountain NM 0.493 0.341 0.162 0.850 3.145 0.414 0.715 0.060
Green River
West
OR
0.583 0.213 0.250 0.861 4.299 0.246 0.900 0.038
Cummins
Creek
West
OR
0.681 0.218 0.235 0.888 3.202 0.426 0.890 0.084
Barnes Lower West
WA 0.130 5.195 0.380 0.140 4.352 0.377 0.460 29.688
Barnes Upper
West
WA 0.776 0.449 0.438 0.767 3.929 0.459 0.083 0.063
Compilation** USA 0.367 0.363 0.181 0.586 4.317 0.326 0.343 0.028
* 0.5 is an arbitrary threshold used by Wohl 2004.
** Compilation dataset comes from Pfieffer et al. 2017.

b
0.511
0.773
1.050
0.980
0.259
0.247
0.530
0.132
0.400
0.815
0.685
2.006
0.174
0.374
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Figure D4 –Geographical distribution of drainage area and width relationships. Color gradient
indicates the range in the coefficient of determination for each river (R2).
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Figure D5 – Geographic Distribution of the relationship between slope and drainage area.
Scatter plots show individual surveys for rivers with poor relationships. Colors correspond to the
boxes shown on the map
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Figure D6 - Geographic Distribution of the relationship between D50 and shear stress. Scatter
plots show individual surveys for rivers with poor relationships. Colors correspond to the boxes
shown on the map

