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[1] The sculpture of valleys by flowing water is widely recognized, and simplified
models of incision by this process (e.g., the stream power law) are the basis for most
recent landscape evolution models. Under steady state conditions a stream power law
predicts that channel slope varies as an inverse power law of drainage area. Using both
contour maps and laser altimetry, we find that this inverse power law rarely extends to
slopes greater than �0.03 to 0.10, values below which debris flows rarely travel.
Instead, with decreasing drainage area the rate of increase in slope declines, leading to a
curved relationship on a log-log plot of slope against drainage area. Fieldwork in the
western United States and Taiwan indicates that debris flow incision of bedrock
valley floors tends to terminate upstream of where strath terraces begin and where area-
slope data follow fluvial power laws. These observations lead us to propose that the
steeper portions of unglaciated valley networks of landscapes steep enough to produce
mass failures are predominately cut by debris flows, whose topographic signature is an
area-slope plot that curves in log-log space. This matters greatly as valleys with curved
area-slope plots are both extensive by length (>80% of large steepland basins) and
comprise large fractions of main stem valley relief (25–100%). As a consequence,
valleys carved by debris flows, not rivers, bound most hillslopes in unglaciated
steeplands. Debris flow scour of these valleys appears to limit the height of some mountains
to substantially lower elevations than river incision laws would predict, an effect absent in
current landscape evolution models. We anticipate that an understanding of debris flow
incision, for which we currently lack even an empirical expression, would substantially
change model results and inferences drawn about linkages between landscape morphology
and tectonics, climate, and geology. INDEX TERMS: 1824 Hydrology: Geomorphology (1625);

1815 Hydrology: Erosion and sedimentation; 3250 Mathematical Geophysics: Fractals and multifractals;
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1. Introduction

[2] The sculpture of Earth’s unglaciated valleys by water
has long been explored to understand both the processes
and rates that create and maintain valleys [e.g., Playfair,
1802; Gilbert, 1877; Davis, 1902; Horton, 1945]. These
early workers recognized that strath terraces bordering
rivers and the adjustment of tributaries to main stems are
evidence that rivers incise valleys. These visible signs of
lowering, and the fascination with river longitudinal profile
shape led to early speculation by nineteenth century work-
ers [e.g., Gilbert, 1877] that rivers cut through Earth’s
crust at rates determined by water discharge and channel
slope (S) for a given substrate (K). The recognition that
valley incision may transmit the effects of climate change
and tectonism throughout the landscape has led to a
renewed interest in the problem of bedrock river incision
and its erosion laws. The first and simplest approach was

to assume that fluvial processes cut most unglaciated
valleys, and that lowering rate was either a function of
boundary shear stress or stream power (w). For instance,
Howard and Kerby [1983] proposed that bedrock incision
rate @z/@t was a power function of shear stress applied to
the bed by a moving fluid so that:

�@z=@t ¼ K1tb ¼ K1 rwgRSð Þb ð1Þ

where z is elevation (positive upward), K1 is a measure of
bed erodibility, t is shear stress, b is unknown, rw is fluid
density, R is hydraulic radius and S is slope. In the spirit of
Bagnold [1966], Seidl and Dietrich [1992] proposed that
bedrock lowering rate was proportional to work/unit time
done on the river bed (i.e., power) so that

�@z=@t ¼ wn ¼ rwgQSð Þn ð2Þ

where n is an unknown exponent and Q is discharge. As
reviewed by many others [e.g., Sklar and Dietrich, 1998;
Whipple and Tucker, 1999], expressions (1) and (2) can be
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parameterized in terms of drainage area and slope using
hydraulic relations, so that they take the form

@z=@t ¼ U� KAm Sn ð3Þ

where U is rock uplift rate, S is slope, and m and n are
exponents whose values are debated but may be calibrated
by direct measurement of erosion rates [e.g., Howard and
Kerby, 1983; Seidl et al., 1994; Whipple et al., 2000] or
longitudinal profile fitting [e.g., Seidl and Dietrich, 1992;
Rosenbloom and Anderson, 1994; Stock and Montgomery,
1999; Snyder et al., 2000; Kirby and Whipple, 2001]. When
rock uplift rate and lowering rate are balanced so that the
valley long-profile is at steady state, the expression leads to
the expectation that

S ¼ U=K½ �1=n A�m=n ð4aÞ

or

log S ¼ log U=Kð Þ1=n�m=n log A ð4bÞ

[3] Availability of topography as DEMs (digital elevation
models) and the desire to invert landforms quantitatively for
erosion rate invites much use of equation (3). The expres-
sion has been used to infer parameters in the stream power
law from area-slope data (see above) and the response of
river profiles to tectonism [Snyder et al., 2000; Lague et al.,
2000; Kirby and Whipple, 2001] or climate change [Tucker
and Slingerland, 1997; Whipple et al., 1999]. Most recent
landscape evolution models use some form of equation (3)
to model valley incision, either by including the possibility
of alluvial channels which require the calculation of the
divergence of sediment transport [e.g., Willgoose et al.,
1991; Howard, 1994; Tucker and Slingerland, 1994; Kooi
and Beaumont, 1996; Howard, 1997; Tucker and Bras,
1998; van der Beek and Braun, 1999] or by assuming that
bedrock river incision is the dominant process shaping
channel long-profiles [e.g., Anderson, 1994; Whipple and
Tucker, 1999; Whipple et al., 1999; Davy and Crave, 2000;
Willett et al., 2001]. This long (yet incomplete) reference list
is a measure of the reliance placed upon area-slope for-
mulations like equation (3) to answer questions of wide-
spread interest, like the response of landforms to climate
change or rock uplift.
[4] Yet, little attention is paid to the extent of the valley

network in which the stream power law is valid. For
instance, in the steeplands of the western United States
we have not observed field evidence for long-term bedrock
river incision (like a strath terrace) above valley slopes of
0.05–0.10, a region below which debris flows rarely travel,
and where well-developed fluvial bed forms like step-pools
occur [e.g., Montgomery and Buffington, 1997]. Nor is it
obvious that the power law trend observed in area-slope
plots of many rivers [e.g., Flint, 1974] can be projected
upstream of the steepest reaches where strath terraces are
commonly observed (e.g., Figure 1b). Upstream lies a steep
valley network whose properties are largely unexplored,
where other processes such as debris flows are capable of
carving valleys (e.g., Figure 2). Here topography is con-
vergent in planform, but valleys lack banks or other fluvial
features that define channels (e.g., Figure 3). Hillslopes

deposit coarse, unsorted material in these valleys, leading
some to call them colluvial valleys [Montgomery and
Buffington, 1997]. The coarsest sediment size is often
meters in dimension, many times the common water flow
depth. In steeplands capable of generating landslides, the
bulk of down valley sediment transport is by debris flows
[e.g., Dietrich and Dunne, 1978; Benda, 1990]. Case studies
in the Oregon Coast Range and other steeplands document
that debris flows are rarely mobile below valley slopes of
0.02–0.05 (Table 1) although confinement, grain-size, fluid
pressure, volume and junction angle also play a role [e.g.,
Hungr et al., 1984; Benda and Cundy, 1990; Iverson, 1997].
The apparent lower limit of 0.02–0.05 in Table 1 corre-
sponds to slopes reported for step-pool bed forms of
Montgomery and Buffington [1997], while higher terminal
slope values above 0.10 are typical of open slopes or fans in
glaciated areas like British Columbia, Switzerland and
Scandinavia. These observations lead to the expectation
that valley network incision above slopes of 0.02–0.05 is
influenced (at least in part) by debris flows.
[5] Perhaps because of the poor resolution of most

DEMs, these valleys are often written about as if they were

Figure 1. (a) Hypothetical topographic signatures for
hillslope and valley processes. Area and slope are measured
incrementally up valley main stem to the valley head. (b)
Area-slope data from hand measurement of 1:24,000
topographic map and field observations of strath terraces,
Deer Creek, Santa Cruz Mountains. Rightmost two data
points are from 1:100,000 scale maps of San Lorenzo River.
The data in Figure 1b appear to require more than one
erosion law because a power law fit has nonrandom
residuals.
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part of hillslopes. For instance, some have found a change
in power law slope (or a scaling break) in area-slope data
from DEMs such that valley slope ceases to change below
a certain drainage area. This has been inferred to represent
a transition to hillslope processes (Figure 1a) [e.g., Ijjasz-
Vasquez and Bras, 1995; Moglen and Bras, 1995; Lague
et al., 2000]. But this scaling break is inferred to occur at
0.1–1 km2, drainage areas at which valleys may occur. By
contrast, others interpret the appearance of a scaling break
as the topographic signature for debris flow valley incision
[Seidl and Dietrich, 1992; Montgomery and Foufoula-
Geourgiu, 1993; Sklar and Dietrich, 1998]. With the
exception of Howard [1998], there are no proposals for
a debris flow incision law or rule. When we started our
investigations, little field evidence had been used to test
either hypothesis. Examples of each are shown graphically
in Figure 1a, from which two focused questions arise:
what is the location of the scaling break (if any) and what
is the form of the area-slope data above it? Since the form
of area-slope data in steeplands could indicate a nonfluvial
incision law, the location of the scaling break could define
the extent of fluvial incision in steeplands. Given the
widespread use of some form of stream power law,
answers to these two questions have substantial implica-
tions for both landscape evolution models and geomorphic
theory.
[6] In this paper we investigate the notion that debris flow

valley incision in unglaciated steeplands has an area-slope

topographic signature distinct from that of bedrock river
incision (Figure 1b). To do so, we avoid collection of data
from hillslopes, and focus exclusively on valleys, which
reflect concentrative erosional processes. We report results
from visits to sites of recent debris flows where we observed
evidence for bedrock lowering along their run out. Using
both high- and low-resolution topography, we examine
area-slope plots to see if they have a common form along
the debris flow run out path. We also measure main stem
area and slope for larger, unglaciated steepland valleys
where the form of area-slope data follow fluvial power laws
at large drainage areas, but may have a different form in the
valley headwaters where we have mapped older debris flow
deposits. We ask if the down valley disappearance of debris
flow deposits and appearance of strath terraces (where
present) has a consistent signature, such as a scaling break,
that might separate fluvial from debris flow valley incision.
Finally, we plot main stem valley slope and area from
United States 1:24,000 and global 1:50,000 maps to inves-
tigate the generality of such signatures, and by inference the
generality of debris flow valley incision in unglaciated
mountain ranges.

2. Site Selection

[7] To investigate if debris flows imprint a topographic
signature on valley longitudinal profiles, we visited sites of
recent (<1 year-old) and historically recorded debris flows

Figure 2. Debris flow valley network in an Oregon Coast Range clear-cut. The combination of elevated
water pressure during a 1996 storm and reduced root strength initiated landslides at valley heads that
mobilized as debris flows, scouring sediment and Tyee sandstone (white areas) along the runout. Road at
top right indicates scale.
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in the western United States (Table 2). Although these sites
were selected opportunistically, they span a wide range of
climates and erosion rates from soil-mantled sandstone
terrain lowering at 0.1 mm/yr (Oregon Coast Range), to
semi-arid, bedrock-dominated gneissic terrain eroding at �1
mm/yr (San Bernardino Mountains). In these valleys (num-
bers 1–16 in Table 2) we measured area and slope from

laser altimetry (Sullivan, Scottsburg and Roseburg) or
1:24,000 USGS topography, and walked the run out of
debris flows looking for evidence of bedrock erosion. In
Table 2 we report deposition slopes measured in the field
over the last 10 m of run out, or from high-resolution
topography. These slopes tend to be higher than values from
1:24,000 maps for the same reach. Deposition slopes for

Figure 3. View of bedrock valley bottom of Sullivan 1 (see Figure 5) in the Oregon Coast Range
several months after scour by a debris flow. Note the surface parallel fractures in the Tyee Formation,
some of which have been removed by the debris flow in the valley axis. In nearby untorrented valleys,
unsorted hillslope deposits cover the bedrock.
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historic debris flows in the Wasatch Range are from fan
slopes on 1:24,000 maps.
[8] With the goal of distinguishing river-cut valleys from

those cut by debris flows, we selected river basins from
steeplands with a range of rock uplift rate and climate
including the San Gabriel Mountains, California Coast
Range, King Range, Oregon Coast Range and Taiwan
(valleys referred to in footnote d in Table 3). In these
basins, we mapped the down-valley extent of existing debris
flow deposits, and strath terraces to contrast fluvial with
debris flow valley profiles. At all of the above sites, we
compared the extent of the debris flows as judged from field
mapping or historical accounts to area-slope plots of the
same valley to look for a common topographic signature in
the overlap. We also selected basins from unglaciated
mountain ranges with reported debris flows in the United
States, and from unglaciated steeplands around the world
(Table 3). We constructed area-slope plots for these latter
basins to explore the commonality of a potential topo-
graphic signature for debris flows.
[9] For sites of recent or historic debris flows, wemeasured

area and slope from topographic maps along the run out path
and mapped the spatial extent and style of bedrock erosion
where present. We identified the downstream-most debris
flow deposits along the valley main stem and compared area-
slope data above and below this point to contrast the area-
slope signature of debris flow basins with the proposed
stream power law of fluvial basins. Although debris flows
can stop on steeper slopes, we focused on the lowest gradients
at which debris flows are commonly mobile because these
reaches define the maximum potential influence of debris

flow incision by larger events. We defined the main stem as
the valley with the larger drainage area at each tributary
junction. We selected valleys of relatively uniform geology
that contained both lower gradient rivers, and steeplands
known to have debris flows. We chose main stem profiles
without systematic changes in slope that might reflect deep-
seated landsliding, faulting or lithologic changes. Exceptions
are Marlow and Sullivan Creek, which have significant
knickpoints on them that are not related to lithology. We
included these basins because they have high-resolution
DEMs and many recent debris flows in their catchments.
The choice of main stem rather than tributary allows us to
show the maximum possible extent of fluvial influence. We
then mapped the extent of debris flow deposits and strath
terraces onto 1:24,000 topography by walking the valley
main stem. We used a conservative definition for debris flow
deposits that required the following three observations: (1)
matrix-support of large clasts in diamictons, (2) boulder
berms, and (3) deposits located away from tributary junction
fans. The intent was to avoid identifying coarse-grained
fluvial deposits as debris flow deposits, and not to mistake
small tributary fan deposits for along-valley debris flows.
This means that we will underestimate long-term debris flow
run-out because we do not include older, eroded debris flow
deposits or matrix-poor debris flow deposits.
[10] To survey the commonality of a potential topo-

graphic signature for debris flows, we selected basins from
around the world by (1) identifying a steepland region of
relatively uniform valley density, (2) locating an area of
uniform lithology within that region, and (3) selecting a
basin within the region of uniform lithology with a concave

Table 1. Sampling of Slopes at Debris Flow Deposition

Slope Confinement
Number
of Flows Data Source Location Reference

>0.02 valley/fan summary literature global Costa [1984]
0.02 fan 1 field or 1:24,000 San Gabriels, CA Sharpe and Nobles [1953]
0.02–0.26 fan 14 survey over last 20 m Japan (Yakedake) Suwa and Okuda [1983]
0.03–0.05 valley/fan 1 1:24,000 Arizona Wohl and Pearthree [1991]
0.03–0.11 valley 9 field survey Oregon Coast Range Swanson and Lienkaemper [1978]
0.03–0.14 valley 7 1:24,000 Oregon Coast Range Benda and Cundy [1990]
>0.04 valley/fan many 1:24,000 Appalachians, VA Morgan et al. [1999]
0.04–0.27 valley/fan 26 1:10,000 Calabria, Italy Sorriso-Valvo et al. [1998]
> 0.05 valley/fan 448 field survey British Columbia Fannin and Rollerson [1993]
0.05–0.20 fan 80 1:25,000 Switzerland, alpine Rickenmann and Zimmerman [1993]
0.05–0.37 valley/fan summary literature? Japan Ikeya [1989]
0.05–0.55 valley 46 1:50,000 Oregon Cascades this study, from P. Uncopher mapping
0.05–0.83 valley many 1:24,000 Oregon Coast Range this study, from Oregon Department

of Forestry mapping
>0.07 valley 1? 1:24,000? San Gabriels, CA Scott [1971] as discussed by

Campbell [1975]
0.07–0.09 fan many field or 1:24,000 San Gabriels, CA Morton and Campbell [1974]
0.07–0.17 fan many field survey New Zealand Pierson [1980]
0.08–0.24 open slope/fan 9 field survey Scandinavia Rapp and Nyberg [1981]
0.09–0.16 valley 3 field or 1:24,000 West Virginia Cenderelli and Kite [1998]
0.10 valley 1 field survey Maui this study
0.10 valley 1 1:24,000 Santa Monica, CA Campbell [1975]
0.10–0.35 open slope/fan 9 field survey Scandinavia Larsson [1982]
0.11 valley 1 field survey San Gabriels, CA this study
0.12 fan 1 field or 1:20,000 Italy Berti et al. [1999]
0.13–0.21 fan >4? field survey? Colorado, alpine Curry [1966]
0.14–0.31 valley/fan 7 1:25,000? British Columbia, glacial VanDine [1985]
0.16–0.20 valley/fan 4? ? Swiss Alps Lewin and Warburton [1994]
0.17–0.24 fan 5 field or 1:25,000 British Columbia, glacial Hungr et al. [1984]
0.19–0.40 open slope/fan 9 survey? French Alps Van Steijn et al. [1988]
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up profile that included lower gradient sections beyond the
occurrence of debris flows (e.g., slopes < 0.02). Wemeasured
area and slope alongmain stems, bounded at the lower end by
lakes, oceans, changes in geology or reaches with slopes
below 0.001 where gravel-sand transitions may lead to
longitudinal profile changes [e.g., Yatsu, 1955]. In the United
States we use 1:24,000 topography. We chose 1:50,000 scale
maps for the rest of theworld because they are the largest scale
topographic maps available for many countries. We selected
an average of five basins per continent from Europe, Africa,
Asia, and South America. From North America, we selected
steepland basins from the Appalachians, Oauchitas and the
western United States. All of the basins we sampled are
reported, including those with large amounts of local scatter
in river slope. The quality of geologic and topographic data
outside the United States varies greatly, so we use the global
data primarily to explore the generality of a scaling break,
rather than the formof the area-slope data above it. In one case
(Anghou River, Taiwan), we can evaluate the accuracy of
1:50,000 data becausewehave1:5,000 data for the samebasin
from the Taiwan Department of Forestry. Also included in
Table 3 are estimates of mean annual rainfall, geology and
erosion rate for each of the basins considered. The quality of
these estimates varies and most should be regarded as illus-
trative. The last columnofTable 3 lists sources for erosion rate
data, many of which are from reservoir sedimentation studies
or fission track data, each of which has limitations. The term

‘‘other’’ encompasses techniques like dating of strath terraces
or sediment dating by cosmogenic radionuclides.

3. Site Description

[11] We report field and topographic evidence for bedrock
incision by recent debris flows from 13 sites (Table 2) in the
western United States. At three other sites, older debris flow
deposits lie directly on the valley bedrock floor, indicating the
possibility of a similar erosion process (last 3 sites, Table 2).
In addition, we mapped the locations of the upstream-most
strath terrace and the downstream-most debris flow deposits
at eight basins in the western United States and Taiwan (those
referred to by footnote d in Table 3), and compared this
approximate process boundary to the pattern of area-slope
data. Below, we report site descriptions for these localities in
the order in which they are shown in Tables 2 and 3.
[12] In Oregon, intense rainfall of the 1996/1997 El Niño

storms triggered landslides across the Coast Range, includ-
ing Elliot State Forest near Coos Bay. Here, many landslides
mobilized as debris flows (Figure 2), sweeping sediment
from valley floors to expose sandstones and siltstones of the
Eocene Tyee Formation (Figures 3 and 4). Erosion rates in
the central Oregon Coast Range are thought to be between
0.1 and 0.2 mm/yr on the basis of strath terrace ages
[Personious, 1995], sediment yield [Reneau and Dietrich,
1991] and cosmogenic radionuclides from the Coos Bay site

Figure 4. Removal of Tyee Formation sandstone grains (�0.5–1 mm in diameter) on Sullivan 1 by
abrasion caused by 1996 debris flow (see Figure 5 for location). Moss in the lee of the smaller ledge
indicates abrasion of less than several mm. Ledge in bottom portion of photo corresponds to removal of
fractured slab 7 mm thick.
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in Figure 5a [Heimsath et al., 2001]. We used ground
reconnaissance and maps of debris flows provided by
Oregon Department of Forestry to locate debris flow sites
in or near to Elliot State Forest (numbers 1–8 in Table 2).
High-resolution topography from laser altimetry covers two
sites with recent debris flows (Figures 5a and 5b) near the

northern (Scottsburg) and southern (Sullivan) extremities of
Elliot State Forest. Figure 5a shows a shaded relief image of
Sullivan Creek in which average data spacing was 2.5 m
with �0.3 m vertical resolution; Figure 5b shows a similar
image for Scottsburg in which average data spacing was 4 m
with �0.3 m vertical resolution.
[13] During the winter of 1996/1997, many of the

prominent tributary valleys in Figure 5a experienced debris
flows (dotted lines) that scoured bedrock to the main stem
confluence with Sullivan Creek. We walked debris flow
run outs shown in Figure 5a and mapped the occurrence
and style of bedrock lowering. Although difficult to
quantify systematically, we found that bedrock had been
removed as (1) grooves and lineations at the scale of the
component rock grains and as (2) fracture-bounded blocks
one to several centimeters thick (Figures 3 and 4). We did
not observe fluvial potholes, sorted sediment or strath
terraces along debris flow run out paths. The remaining
basins have not been scoured in the last several years,
except for Sullivan 4 (just west of Figure 6a), which was
largely scoured to bedrock, but was too steep to access.
Figure 5b is a shaded relief image from high-resolution
laser altimetry showing steeplands at the northern edge of
Elliot with a 1996/1997 debris flow (dotted line) that
scoured bedrock along its run out path. We also used
high-resolution laser altimetry (average data spacing was
2.5 m with �0.3 m vertical resolution) from 1997 debris
flow sites in the Tyee Formation near Roseburg (numbers
9–11 in Table 2), which we do not show for space
reasons.
[14] In Utah we visited valleys scoured by debris flows

along the Wasatch front, whose long-term erosion rates in
the vicinity of the Salt Lake City segment are of order 1–2
mm/yr on the basis of fission track and U/Th-He data
[Armstrong et al., 1999]. Just north of Salt Lake City in
Paleozoic gneiss of the Farmington canyon complex, we
walked the lower reaches of two valleys (Steed and Rick’s
Ford, numbers 14–15 in Table 2) scoured to their fans by
debris flows in the early part of the century [Wooley,
1946]. These have largely been refilled with bouldery
debris, and bedrock is exposed only at a few waterfalls.
Adjoining basins that were scoured to bedrock during
1982 debris flows [Williams and Lowe, 1990] also have
only rare exposures of bedrock. Further south, we walked
the run out of a 1997 debris flow (Joe’s Canyon, number
13 in Table 2) that scoured the Mesozoic Oquirrh For-
mation, a quartzite in the foothills of the Wasatch near
Spanish Forks. There we observed decimeter-sized blocks
missing from the jointed quartzite bedrock of the valley
bed, which also had ubiquitous abrasion marks like those
in the Tyee Formation (Figure 4). When we walked the
channel it was dry, and lacked exposures of sorted sedi-
ment, well defined channel banks and fluvial features like
potholes or plunge-pools.
[15] In the San Bernardino Mountains a 1999 debris flow

scoured schists of the Yucaipa Ridge (number 12 in Table
2), before depositing in Valley of the Falls. Here, long-term
erosion rates are estimated to be around 1 mm/yr from U/
Th-He data [Spotila et al., 1999]. Along the run out, we
observed abrasion and block-plucking of the bedrock valley
floor caused by the debris flow, which also removed a
preexisting talus cover at valley slopes mostly above 0.10.

Figure 5. Shaded relief image of high-resolution airborne
laser altimetry from Oregon at (a) Coos Bay and (b)
Scottsburg. Dotted lines indicate 1996/1997 debris flows, as
mapped in the field. Arrows in Figure 5a bracket knickpoint
on Sullivan Creek. Hillslopes draining to Sullivan Creek
from the top portion of the image are likely deep-seated
failures (as judged by the lack of larger valleys), so we
chose not to use them for analysis. Deep-seated landslides
also occur in the northeast quadrant of Figure 5b, and are a
process whose occurrence in this region is in part
structurally controlled [Roering et al., 1996].
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Figure 6. Valley networks with drainage areas greater than 4500 m2 using laser altimetry (red) and
USGS 30-m grids (green) at (a) Coos Bay and (b) Scottsburg. Profiles were selected to avoid regions with
deep-seated failures. The 30-m data poorly represents the valley network because it results in many
artifactual valleys located on hillslopes and has spurious valleys like that crossing a ridge in Scottsburg
(center left, cross symbol). Numbers refer to drainage basins used for area-slope analysis.
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[16] We visited a basalt basin (Aa, number 16 in Table 2)
in East Maui and mapped debris flow deposits to its
confluence with the main stem Iao Valley. Bedrock near
the junction was largely buried with diamicton, and only
exposed in a roadcut.
[17] Bear River in the San Gabriels cuts Mesozoic gran-

odiorites at long-term erosion rates of �1 mm/yr [Blythe et
al., 2000]. Its headwater valley is filled with coarse talus,
and several debris flows occurred in its tributaries the day
before we visited, running out to slopes of 0.11 (Table 1).
Below these recent debris flow deposits, boulder fields fill
the valley for several hundred meters until the first wide-
spread bedrock exposure occurs with potholes and runnels.
[18] In the Santa Cruz Mountains, Deer Creek (Table 3)

cuts Neogene arkoses at rates that range from 0.2–0.3 mm/
yr, as estimated from sediment yield [Brown, 1973] and
cosmogenic radionuclide analysis of sediment [Perg et al.,
2000]. The headwaters of this valley are filled with coarse
colluvium with rare exposures of sandstone cliffs. At around
0.10 valley slope we found a field of boulder berms
containing auto tires from historic debris flows. Down-
stream of these recent deposits we found cascades of
boulders and isolated patches of older diamicton. Strath
terraces begin further downstream in pool-riffle reaches.
[19] Honeydew, Elder and Noyo rivers in the northern

California Coast Range cut Mesozoic greywackes of the
Franciscan Formation and strath terraces are common up to
slopes of �0.05. Projection of marine terrace rock uplift
rates from Merritts and Vincent [1989] inland to these
basins yields approximate rock uplift rates of 4.0, 0.7, and
0.4 mm/yr, respectively. Headwater reaches in these valleys
share the features of Deer Creek, although deep-seated
failures occur in the Noyo basin.
[20] Finally, Anghou River drains the Eastern side of

Taiwan, cutting sand- and siltstones of the Miocene Lushan
Formation at rates estimated to be 1–2 mm/yr by fission
track analysis [Liu et al., 2001]. Its downstream braided
reaches transition to step-pool bed forms near the end of
recent debris flow boulder berms.

4. Methods

[21] The handwork involved in collecting area and slope
from paper contour maps is labor intensive and slow. We
tested the possibility that we could extract similar data
quickly from 30-m USGS DEMs by comparing them to
hand-collected data from their source 1:24,000 maps, and to
laser altimetry in Figure 5b. We used a common threshold
drainage area of 4500 m2 (five 30-m grid cells) to extract a
valley network from DEMs, and looked for mismatches in
the network position, and resulting area-slope graphs.
[22] Figure 6 reveals substantial errors in both the posi-

tion and extent of the network as estimated from the USGS
30-m DEM in green, compared to laser altimetry in red. The
upper branches of the 30-m network are largely artifacts
(e.g., feathering [see Montgomery and Foufoula-Georgiou,
1993]), and include portions of hillslopes rather than just
valley floors (which are commonly between 3 and 6 m
width). In some places, the 30-m valleys are entirely
artifacts, like the valley in the center left panel of Figure
6b that cuts through a ridge (marked as a cross). In addition,
30-m DEMs poorly resolve small valleys compared to the
original 1:24,000 contour maps. For instance, Figure 7

compares hand-measured area-slope data with 30-m DEM
data for a steep basin in the King Range, California. We
removed sinks from the source 30-m data by increasing the
elevation of such cells in 0.1 m increments. We extracted
the valley network with a threshold drainage area of 5 or
more cells, and removed cells that were influenced by sinks.
Although the derivative 30-m data are similar to the contour
data in some respects (m/n values are almost within one
standard error), the scatter of the 30-m data obscures the
region in which the data change trend. It is this region that
defines the extent of fluvial power law relations, and there-
fore 30-m data are not adequate to resolve this issue.
Although averaging by log-binning smoothes noise, it does
not recreate the original data pattern.

4.1. Techniques for Hand Extraction of
Area-Slope Data

[23] We conclude that network extraction from 30-m
DEMs in steeplands where valley bottoms are substantially
less than 30 m wide introduces noise to the source data.
Therefore, except for the laser altimetry, we measured main
stem valley area and slope by hand from contoured
1:24,000 or 1:50,000 scale topographic maps. To make
area-slope plots for valleys in the laser altimetry coverage,
we extracted the valley network using a simple threshold
drainage area of 1000 m2, which approximates the valley
network that we observe in the field here. We used a
maximum fall algorithm for slope with a forward difference
of two grid cells, extracted the profile data, and binned and
averaged values over 10-m increments to smooth slope
variations from thick-bedded sandstone cliffs. For all other
sites we measured slope and drainage area at a point
equidistant between elevation contours for every contour
crossing of the valley. We enlarged steep areas with closely
spaced contours 200% on a photocopier. Where contours
are closely spaced, we sampled area at every other contour
interval, measuring slope between adjacent contours. We
calculated slope as the contour interval divided by the valley
blue-line distance, or if these are absent, the shortest
distance along valley between adjacent contours. We stop-
ped collecting data near the drainage divide at the valley
head, which we defined as the last segment where the
contour direction angle from one side of the valley to the
opposite changes by �150� or less. This is a crude approx-
imation for the actual hollow location, but we found it to be
a rough measure of valley head location based on compar-
ison of 1:24,000 maps to field observations of hollows in
Figure 5. We used a polar planimeter to measure drainage
area, resulting in a precision of ±0.001 square inches (e.g.,
3.7 	 10�4 km2 for 1:24,000 maps). Using a ruler to
measure horizontal distance between contours results in a
precision of ±0.25 mm (6 m for 1:24,000 maps, 3 m for the
200% enlargement). Corresponding point uncertainties in
slope range from small fractions of a percent in the lowlands
to 50% in the steepest parts of the profile, although practical
uncertainties appear less than 20% on the basis of field and
laser altimetry comparison to contour maps.

4.2. Techniques to Extract Power Law Portion of Data

[24] We used three methods to identify potential fluvial
power law segments of main stem area-slope plots. All three
assumed that valleys carved by fluvial processes have area-
slope data fit best by a power law, although we recognize

ESG 1 - 12 STOCK AND DIETRICH: VALLEY INCISION BY DEBRIS FLOWS



that systematic variations in lithology, rock uplift rate
[Kirby and Whipple, 2001], sediment supply [Sklar and
Dietrich, 1998; Sklar and Dietrich, 2001], orography [Roe
et al., 2002] or grain size can influence this pattern.
Although we assume that power laws approximate the
lower portions of valley profiles, we are not able to
demonstrate this over more than 2–3 log cycles because
the gravel bedded rivers that we examine are commonly
bounded by dams, oceans or the gravel-sand transition at
0.001 slope. Many of the data that we present have
substantial scatter when compared to area-slope plots often
presented in the literature because we do not smooth data
by averaging it.
[25] Our first two methods used successive pruning of

data starting at the top of the profile and proceeding down
valley until a specific criteria for linearity was met. For
instance, in the first method we fit a power law to all of the
data and recorded its slope. We then pruned the smallest
drainage area data point and refit the power law to get a new
slope. When this process is repeated, regression slopes tend
to increase as successively larger drainage areas are
removed, indicating that the data do not follow a single
power law. We found that regression slopes stopped increas-
ing systematically where the remaining data included only
low valley slopes and large drainage areas, consistent with a
power law in the fluvial region. A complementary method

used the same pruning procedure but fit log-log quadratic
curves to data until the t statistic of the quadratic term was
judged to be negligible and remaining data were well
represented by a single power law.
[26] A third approach is to fit a function to the data which

approaches valley head slopes (s0) at small drainage area,
and curves toward a linear power law scaling (a1A

a2) at
large drainage area:

S ¼ s0

1þ a1Aa2ð Þ ð5Þ

Equation (5) provides an empirical fit to the curved debris
flow valley data with a minimum number of parameters. In
it, s0 represents the slope at the valley head, a1 is inversely
proportional to curvature [and has units 1/(length2)a2], and
a2 tends toward a power law slope at large drainage areas.
The second derivative of (5) can be written:

f 00 Að Þ ¼ s0

2 a1a2A
a2�1ð Þ2 � a1a2 a2 � 1ð ÞAa2�2 1þ a1A

a2ð Þ
h i

1þ a1Aa2ð Þ3
ð6Þ

which has units of 1/length4. We infer that data follow a
power law in the region of the plot where this second
derivative has a marginally small value (marginal curvature

Figure 7. Comparison of USGS 30-m grid and hand extracted 1:24,000 data for Honeydew valley in
the King Range, California. Sinks and adjacent points are omitted from profile, slopes calculated using
forward difference, maximum fall algorithm over 2 cells. Scatter of 30-m data compared to its 1:24,000
source data indicate derivation errors leading to differences in slope and intercepts of power law
regressions (shown for data below apparent scaling break at �0.4 km2). Binning the data by log cycle and
averaging it further alters the slope of the source data and obscures its curvature.
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technique) for parameter values from the fit to the full data
set.
[27] The first two methods have the disadvantage that

endpoints (particularly those that are downstream) exert a
tremendous leverage on both m/n values in equation (4) and
quadratic curvature. Even small deviations from linearity on
a single downstream end point can lead to transition slope
values well downstream of debris flow run outs (e.g.,
<0.02). Therefore these methods can only be applied to
data that follow a power law exceedingly well. The third
method has the advantage of being very robust to scatter in
data, but requires a judgment of the threshold curvature at
which the function is well approximated by a line. There-
fore we use a combination of these three techniques. We
used m/n and t statistics on data sets with well-defined
linear portions as judged by R2 values greater than 0.9 (bold
m/n values in Table 3). Where m/n stopped increasing
monotonically and the t statistic indicated that there was
little significance to a quadratic fit parameter (jtj < 1), we
inferred a single power law. We then used these results to
choose a curvature value at which the second derivative of
equation (5) was judged to be vanishingly small, so that the
remaining data approximate a power law. We call the
upstream-most data point on the power law the river valley
head.
[28] For instance, Figure 8 shows all three methods

applied to Deer Creek, for data spanning its headwaters to

near the mouth of the main stem San Lorenzo at the Pacific
Ocean (Figure 1b). The m/n value stops increasing system-
atically where the t statistic approaches �1 at a drainage
area of �4 km2. The third line indicates curvature derived
from a Levenberg-Marquardt nonlinear fit to the data using
equation (5) with inverse slope weighting. Curvature values
of �10�3 correspond to the transition to linearity as judged
by the previous two techniques. We fit (5) to each full data
set, and where its second derivative reaches 10�3 we infer
the beginning of a single power law. To characterize the
curvature of the data above the power law, we refit (5) to
data above the threshold curvature value. For both fits, we
weight each data point by the inverse of its slope, which is
equivalent to weighting each data point by the valley length
over which its slope is evaluated. Thus the more frequent
data from steeper portions of the profile have proportionally
less weight and do not bias the fit. This is comparable to
weighting each DEM pixel equally along a profile, and
reduces the influence of knickpoints or other short-length
scale features on the fit.

5. Results

5.1. Curvature of Area-Slope Data

[29] In steepland valleys of the western United States we
have observed sediment removal and bedrock lowering
along the entire run out of 13 recent debris flows in Oregon,

Figure 8. Plot of three methods to extract power law portion of area-slope plot for Deer Creek (see text).
The m/n value is the slope of a power law regression applied to the data when successively larger drainage
areas are pruned away for each fit. Values converge when there is no systematic curvature in the data, so
that it approximates a single power law. The t statistic is a measure of the significance of a quadratic term in
a nonlinear fit to the data using the same pruning. It falls to negligible magnitude (below 1) where m/n
values converge (vertical dashed line) and where the curvature of equation (5) reaches 10�3. Together,
these criteria indicate that Deer Creek has a single power law at drainage areas larger than �4 km2.
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California and Utah (Table 2 and Figures 2–4). The
lithologies, long-term erosion rates and climatic histories
of these field sites are diverse (Table 2), yet all share
evidence for bedrock lowering by block-plucking and
grain-scale scour during the debris flow. These features
are illustrated for Oregon field sites in Figures 3 and 4, and
we have observed them where debris flows cross quartzites
in Utah (number 13 in Table 2) and schists in southern
California (number 12 in Table 2). Area-slope data from
along all of these scoured run out paths appear nonlinear in
log-log space (Figure 9) and cannot be fit with a single
power law without nonrandom residuals. Area-slope data
from basins with historic or prehistoric debris flows to their
terminuses in Utah and Maui are also curved, although in
these basins bedrock exposure along the old run out path is
rare. This is consistent with rapid mantling of the bedrock
surface by coarse colluvium following exposure by the
debris flow. Valleys in Figure 5a that were scoured to
bedrock in 1997 by debris flows were largely infilled with
colluvium or vegetation when we revisited them in 2001.
Although each data set in Figure 9 could be decomposed
into an arbitrary number of linear segments, these would not
correspond to any process transition that we observed while
walking these profiles.
[30] Laser data sets in Figure 9 have substantially denser

data spacing than 1:24,000 contour data, and show greater

scatter, despite averaging to 10-m increments. Although the
coarser 1:24,000 data capture area-slope curvature seen in
laser altimetry, they do not replicate its exact form. For
instance, basin number 1 has higher curvature in the laser
altimetry than the 1:24,000 data, leading to different a1 and
a2 values in Table 2. Basin number 5, by contrast, has
similar curvature values, but a higher valley head slope in
the 1:24,000 data. Some of the basins have curves that are
largely indistinguishable from each other (e.g., Scottsburg
numbers 5, 6 and 7). Amongst the rest there is substantial
variation in the shape of the curvature, sometimes between
adjacent basins (e.g., Sullivan and Roseburg). Variations in
lithology, catchment size and transient conditions are all
possible sources for different curve shapes. For instance,
curvature sometimes decreases as catchment size increases
(e.g., number 4 versus number 3; number 9 versus number
10) and sandstone cliffs are more frequent in some catch-
ments (e.g., number 1).

5.2. Scaling Break at ��0.10 Slope

[31] Along eight valleys in the western United States
and Taiwan we walked from the valley headwaters past
the downstream-most debris flow deposits into fluvial
reaches. We found that the lowermost main stem debris
flow deposits terminate at 0.04–0.12 slope, and strath
terraces (if they occurred) began several hundred meters

Figure 9. Area-slope data from valleys in Oregon, Utah, and California where we mapped bedrock
lowering of the valley floor along the runout path of recent debris flows. Curvature in area-slope space
along this runout path appears to be a signature for valley incision by debris flows. Data from Sullivan
Creek, Scottsburg, and Roseburg are from high-resolution laser altimetry in Oregon; Joe’s Canyon,
Marlow 1, Silver Creek, and Yucaipa data are from 1:24,000 topography in Oregon, Utah, and California.
A diamond in the top left panel identifies the approximate location of bedrock lowering shown in
Figure 4. Also shown are data from 1:24,000 maps for basins with historic debris flow activity along their
entire profile (Steed and Rick’s Ford in Utah, and Aa in Maui). See Table 2 for fit parameters.
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down valley from these deposits (Figure 10). Area-slope
data up valley from these mapped terminal debris flow
deposits (open symbols) are curved in the same manner as
data from basins where we recorded bedrock scour from
debris flows (e.g., Figure 9). For instance, Figure 11b
shows residuals from two power law fits to Deer Creek
shown in Figure 11a, the entire data set and a subset of
slopes greater than 0.10 (location of recent debris flow
deposits). For both fits, positive residuals occupy the
middle of the plot, negative residuals the ends. Neither
the whole plot, nor the steep portion where we have
mapped modern debris flows can be fit with a single
power law.
[32] Valley slopes downstream of the first strath terrace

approximate a linear power law (solid symbols) as judged
by a marginal curvature technique. For instance, strath
terraces in Deer, Noyo, Honeydew and Elder Creeks map
downstream of the beginning of the power law. In Bear,
straths are absent, but the beginning of the power law region
corresponds to the appearance of large potholes and runnels
in the granite-floored channel. The extension of power law
scaling above this transition region substantially over-pre-
dicts valley slope at low drainage areas (Figure 10) and is

therefore a poor approximation for steeper valley slopes.
Marlow and Sullivan Creek basins are smaller than our
other examples and may not have enough data to define a
power law, particularly with knickpoints that obscure poten-
tial trends. Curvature for these basins is lower than higher-
resolution laser altimetry indicates for adjoining basins, but
still present in 1:24,000 data.
[33] Above the end of the power law and the upstream-

most strath terraces of the valleys in Figure 10, we observed
evidence that reaches transition from fluvial to debris flow
activity over several hundred meters or more. In them, we
observed fluvial bed forms (commonly step-pools) and fill
terraces, but also occasional debris flow deposits. In
Anghou, Deer, Honeydew, Elder and Bear, step-pools and
rare debris flow deposits of the transition reaches gave way
upstream to boulder cascades that filled the valley. In some
basins, the slopes of these transition reaches are smaller than
those found further downstream (e.g., Noyo, Deer, and
Honeydew basins) but increase rapidly upstream once
debris flow deposits become common. Valleys upstream
of the transition region are straight or broadly curved in
planform, but lack the repetitive meandering seen in rivers.
If present, fill terraces were commonly bouldery debris flow

Figure 10. The extent of debris flows along the main stem as estimated by preserved deposits (open
symbols) mapped in the field onto 1:24,000 topography. The zone of departure from the fluvial power
law lies near the downstream end of existing debris flow deposits and upstream from last observed strath
terrace. Extension of single power law (shown by lines) substantially overestimates valley slope at low
drainage areas (see text for methods used to define linear portion of data). Data for each basin is bounded
at its downstream end by presence of the ocean (Noyo, Taiwan, Deer, Honeydew, Marlow, and Sullivan)
or dams (Bear). Sullivan and Marlow Creeks lack defined power law scaling because of a combination of
knickpoints and small drainage areas. They illustrate the importance of using sufficiently large basins to
define fluvial trends.
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deposits that had been partially incised. Bedrock exposures
along the valley floor were restricted to a few waterfalls.

5.3. Extension to Other Steeplands

[34] The scaling break that we observe in Figure 10 also
occurs in steepland basins in the United States (Figure 12a)
and around the unglaciated world (Figure 12b). At larger
drainage areas, the slopes of many of these basins approx-
imate a power law (e.g., Djemaa, Vistula, Golema, Deer,
Noyo, Bear, Indian and Honeydew basins). Although there
is significant scatter in some of the basins (e.g., Nam Se,
Trapachillo, Simbolar), projection of power laws to small
drainage areas would not predict valley head slopes sub-
stantially in most cases (e.g., Figure 10). The sole exception
is a mudstone basin from Italy (Marecchia) that may have
badlands dominated by overland flow in its headwaters (M.
Casedei, UCB Earth and Planetary Science, personal com-
munication, 2002).
[35] We extracted the power law portion of the data for

most of the basins in Figure 12 (except Marecchia, Marlow
and Sullivan) using marginal curvature techniques with

equation (6) and then fit nonlinear data up valley (usually
including transition reaches discussed above) with equation
(5). Table 3 summarizes parameters from fluvial power law
fits including the slope (m/n) and intercept {[(�@z/@t)/K]1/n},
as well as parameters from the fit of equation (5) to data
above the power law region. Also shown are the approx-
imate slopes and drainage areas at the transition, elevations
of valley and river valley heads on the source contour map,
and the fraction of valley relief within the debris flow
region.
[36] This fraction is defined as elevation difference

between valley head and scaling transition point (river head)
divided by the elevation of drainage divide. We used the last
drainage area in the debris flow region, and the first in the
power law region to bracket the drainage area of the scaling
transition. We estimated the slope values at the transition by
using the lowest debris flow slopes and the highest river
slopes around the transition. Where rivers have locally steep
slopes (e.g., Simbolar, Jellamayo) or debris flows have
locally low slopes (e.g., Knawls, Indian), these values are
included, leading to substantial ranges.
[37] We found that valley slopes begin to fall system-

atically below the fluvial power law prediction as they
approach values from 0.03–0.10 (see scaling transitions
column in Table 3), similar to results from Figure 10. Just
above the river head, there is commonly a short region
where slope increases more rapidly than anywhere else on
the plot (e.g., Honeydew, Deer, Djemaa, Nam Se, St.
Germain, Ter, and Simbolar). This occurs where the
curved data do not join the power law fluvial trend
asymptotically. Above this high curvature region, there is
commonly a more gentle curvature as the valley head is
approached. The magnitude of curvature (approximated by
a1 in Table 3) varies widely among basins. Grouping the
basins by map scale, and by lithology and erosion rate can
reduce the variation. For instance, for the last 12 U.S.
basins dominated by sedimentary rocks in Table 3, a plot
of erosion rate against a1 in log-log space shows a rough
correlation (R2 = 0.77) with curvature increasing with
erosion rate. Global data in basins of sedimentary rock
(excluding the Marecchia and basins with combinations of
clastics and metamorphic rocks) show a similar relation,
although they are more scattered (R2 = 0.70). Basins with
crystalline rocks on the other hand tend to have lower
curvature for similar erosion rates. For instance, at erosion
rates between 0.1–0.3 mm/yr, Djemaa and Toplodolska
basins cut in sedimentary rocks have lower a1 values (thus
higher curvature) than Simbolar, Chasong-gang and Jella-
mayo basins, which are cut in granites and gneisses.
Because a1 trends with erosion rate and lithology are weak
enough to be challenged, and the erosion rates for many of
the basins have large but unquantifiable uncertainties, a
more focused effort is required to evaluate these correla-
tions with lithology and erosion rate.
[38] Figure 12 and s0 values in Table 3 illustrate that these

valleys heads approach slopes of 0.3–1, and more com-
monly slopes of 0.4–0.5, over a wide range of lithology and
erosion rates. Comparison of 1:50,000 to 1:5,000 data for
the same basin (upper-left panel in Figure 12b) indicate that
coarser topography captures a smoothed version of finer-
resolution data, so curvature from 1:50,000 scale maps is
not an artifact of coarse scale.

Figure 11. (a) Plot of Deer Creek, Santa Cruz Mountains.
Extension of a fluvial power law to steep valleys is
inappropriate, as shown by nonrandom residuals. Also note
that the trend at small drainage areas is nonlinear.
Catchment bedrock is sandstone, erosion rates are 0.15–
0.3 mm/yr (see text for details). (b) Absolute values of
differences between predicted and observed slopes in Figure
11a show a nonrandom pattern indicating that only the
lower fluvial section is linear.
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[39] Below the scaling break, the exponents of the power
law regression vary substantially, from near zero values to
1.4 (Table 3). Basins with power law fits whose R2 is
greater than 0.9 are shown in bold, and those with R2 less
than 0.7 are italicized. The former have m/n values from
�0.7 to 1.0 for sedimentary and metamorphic lithologies.
Basins with intermediate R2 values have a greater range of
m/n, from �0.5–1.4. Many low R2 values result from local,
steep down valley reaches that disrupt a power law trend
(e.g., Big Creek, Sandymush and Toplodolska) or pervasive
scatter so that linear trends are less obvious (e.g., Nam Se,
Simbolar, Jellamayo, and Trapachillo). Power laws fits to
the latter basins have low slopes whose upstream projec-
tions intersect data above the river valley head, but do so in
regions where data actually curve.

6. Discussion

[40] Four categories of observations indicate that debris
flows carve the bedrock of some steepland valleys, produc-
ing a distinctive area-slope topographic signature: (1) field
observations of bedrock lowering caused by debris flows,
(2) area-slope curvature in valleys with observed debris
flow bedrock lowering, (3) scaling break near terminal
debris flow deposits, up valley from straths (if they occur),
and (4) scaling break in U.S. and global data near typical
debris flow run out slopes of �0.03–0.10.
[41] First, field observation along recent debris flow run

outs indicates that where bedrock is exposed, there is
evidence for lowering caused by the debris flow. The
lowering is of sufficient magnitude to be geomorphically
relevant (e.g., Figure 4), although its style varies with
lithology. Debris flows appear to be the dominant process
exposing bedrock in steepland valleys whose floors are
often mantled with very coarse particles. Headwater valleys
that have not had recent debris flows (e.g., those in Figure
10) lack or have only rare exposures of bedrock above step-
pool reaches in slope ranges where debris flows occur. The
rapid mantling of valleys in Oregon that were scoured to
bedrock in 1997 also indicates that debris flows here may be
the only process capable of transporting away coarse
material that accumulates rapidly in valley bottoms from
hillslope processes. Although sediment in valleys in Figures
2 and 3 may eventually acquire a thin veneer of fluvially
sorted sediment, it is usually colluvium below the surface
[see also Benda, 1990; Benda and Dunne, 1997]. Transport
of colluvium by concentrated flow following debris flows is
also reported [Larsson, 1982], but we know of no evidence
for bedrock lowering by concentrated flow following debris
flows. Although fluvial incision may be possible in this kind
of circumstance, debris flows appear to be required just to
expose most of the valley floor bedrock.
[42] Second, valleys where we have mapped scour (e.g.,

Figures 5a and 5b) have area-slope plots that curve in log-
log space (Figure 9) throughout the overlapping regions of
observed bedrock lowering and debris flow run out.
Although there is much local scatter in high-resolution
Oregon slope data due to alternation between sandstone

and siltstone beds, linear power laws will not fit the high-
resolution topography of these valleys. This curvature is
also apparent on coarser-resolution data (e.g., 1:24,000 data
in Figure 9), although we suspect that its exact parameter-
ization requires higher-resolution data because Marlow and
Sullivan Creek plots (Figure 9) show different curvature.
We propose that although the valley networks shown in
Figures 2 and 5 closely resemble fluvial networks in plan-
form, they are predominately carved by the entirely different
process of debris flow incision, whose signature is curvature
in log A-log S space.
[43] Third, we find that a scaling break in the 1:24,000

area-slope data occurs approximately where identifiable
debris flow deposits end and strath terraces begin (e.g.,
Figure 10). This transition in process is mirrored in the
topography as a scaling break in valley area-slope data
when plotted in log-log space. We interpret the region
between frequent debris flow deposits and the beginning
of strath terraces as a transition between fluvial bedrock
incision and debris flow incision. Although these reaches
are likely a combination of processes, we include their few
data points in the debris flow region because their up valley
extent is difficult to estimate.
[44] Fourth, analysis of many unglaciated steepland val-

leys in the United States and around the world indicates a
scaling break from data that could be modeled with a single
power law to data that are nonlinear in log-log space (Table
3) near where field observations (e.g., Tables 1 and 2)
indicate that debris flows deposit (slopes > 0.03). Since
many rivers lack strath terraces (e.g., Bear River), there are
substantial uncertainties in the long-term boundary between
fluvial and debris flow valley incision. Therefore the
transition boundaries listed in Table 3 for valleys that we
have not walked should be regarded as illustrative rather
than definitive.
[45] Transient changes in valley long profile or system-

atic variations in rock uplift rate [Kirby and Whipple, 2001]
or lithology may also have their own signature on area-slope
plots. We have tried to minimize these effects by careful site
selection, but we cannot demonstrate that all of our sites
have topography at steady state. Some are likely to be out of
equilibrium at some time or space scale. For instance, basins
whose data are poorly fit with power laws in fluvial regions
(e.g., Nam Se, Simbolar, Jellamayo, and Trapachillo) may
have transient knickpoints that lower m/n values. Although
fluvial power laws do not overestimate some slopes above
river valley heads in these basins, they also do not capture
curvature above the river valley head. What we find con-
vincing is that across a wide range of rock uplift rates and
lithologies, the scaling break takes place at around 0.03–
0.10, the lowest slopes that many field studies indicate that
larger debris flows can reach (e.g., Table 1).
[46] While the evidence that we have acquired points

toward the dominant role that debris flows play cutting
steepland valleys, it does not mean that all valleys greater
than 0.03–0.10 slope are cut solely by debris flows. In
landscapes without mass failures (e.g., some badlands),
overland flow may still predominate. Nor have we estab-

Figure 12. (opposite) Data from unglaciated steepland valleys (a) in the United States (1:24,000) and (b) around the world
(1:50,000). Note that extension of linear power law trends of large drainage areas would tend to overpredict valley slope
above 0.10 across a wide range of climate, rock uplift rates, and lithology. See Table 3 for details.
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lished that fluvial processes play no role in steepland valley
incision. Rather, we find that the tendency for rapid burial
of valley floors after debris flows precludes the widespread
occurrence of fluvial incision along debris flow run outs. In
field areas where sediment cover is absent and flow occurs,
fluvial incision at steep slopes might give rise to a different
signature (e.g., Marecchia).

6.1. Implication of Scaling Transition

[47] Large fractions of valley relief (25–75%) lie above
the scaling break at the river valley head for basins that we
investigated in Table 3, in reaches steep enough to transport
debris flows. Although increasing basin size and distance
from base-level (hence average slope) reduce this fraction, it
is still substantial even for large basins far away from coasts
(e.g., Toplodolska, Vistula, St. Germain). In steep ranges
near the coast (e.g., Honeydew, Franklin, Anghou), debris
flow valleys are the dominant portions of valley relief
(>70%). The location of the transition near the end of debris
flow run outs is consistent with a threshold slope beyond
which debris flows are not mobile and cannot incise valleys
(e.g., Tables 1 and 2). Using 0.10 valley slope as a
conservative estimate for this limit, we find that in steep-
lands like the Oregon Coast Range, most of the valley
network by length, and large fractions of it by relief (Table 3)

are cut by debris flows, not rivers. Figure 13 illustrates this in
the 100-km2 Millicoma basin (from a 10-m DEM kindly
provided by Stephen Lancaster, Oregon State University,
Corvallis, OR), cut in the Tyee Formation of the Oregon
Coast Range. In blue are 10-m valley segments of less than
0.10 slope, a maximum estimate for the extent of fluvial
incision. Nonetheless, the red valley network of >0.10 slopes
occupies nearly 90% of the channel network length, includ-
ing much of the local relief. The image indicates that most of
the hillslopes in this basin have boundary lowering rates that
are set predominately by debris flow incision, not fluvial
lowering, and that much of the landscape relief resides in
valleys cut by debris flows.
[48] Figure 14 shows profiles for three basins where we

have identified process transitions in the field and scaling
breaks on area-slope plots. The scaling break in the area-
slope plots for each basin occurs at the intersection of the
dashed lines with the existing long-profile (solid line). Above
the intersection, the valley has a curved area-slope plot that
we infer represents debris flows incision. For these basins,
debris flow portions of the main stem valley occupy 40–80%
of the main stem relief. The dashed lines represent what the
profile would look like if the fluvial power law scaling of the
lower part of the plots (Figure 10) extended to the valley head
defined by contour direction angle. They indicate the role that

Figure 13. Valley network of the 100-km2 Millicoma basin, Oregon, extracted from a 10-m DEM. At a
drainage area threshold of 1000 m2, 90% of the valley network length is above 0.10 gradients where
debris flows are known to occur.
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debris flows have in controlling existing valley relief,
although other processes like deep-seated landsliding would
probably occur before valleys reached these extreme slopes.
[49] Figure 14 and the fraction of valley relief above river

valley heads (Table 3) illustrate that a debris flow incision law,
as yet unknown, determines much of the main stem relief and
most of the tributary relief for unglaciated steeplands. This
means that there is much yet to be learned about the evolution
of steep escarpments, river valleywalls, and the persistence of
topography in orogens, all of which are commonly charac-
terized by valleys with slopes greater than 0.10. Likewise, the
influence of climate and erosion rate on relief will require
some assessment of the role of debris flows. The transition
zone between fluvial and debris flow valley incision, where
debris flow material accumulates in the short term, also
remains a problematic region aboutwhichweknowvery little.

6.2. Interpretation of Curvature

[50] Fits of equation (5) to U.S. and global debris flow
valley profiles have substantial variability, as shown by the
range of parameters in Tables 2 and 3. Some of the variation
is likely a size effect, with smaller catchments having higher
curvature as their longitudinal profiles curve rapidly to join
main stems. This size effect in itself indicates that equation
(5) does not adequately capture all of the relevant effects
controlling curvature.
[51] Other variations in area-slope curvature may reflect

response to boundary lowering rates. For instance, catch-
ments on either side of the knickpoint in Sullivan Creek
have different curvature (e.g., number 1 versus number 2 in

Table 2) that may reflect a transient response. Steady state
responses to rock uplift rates and lithology may also
influence curvature.
[52] For instance, Figure 15 summarizes hypotheses

about valley response to variations in rock uplift rate and
lithology, based on inverse correlation between a1 and
erosion rate that we observe for some basins of similar
lithology in Table 3. Valleys cut by debris flows are shown
as dashed lines and solid lines show river-cut valleys. While
river valleys follow a power law that translates upward with
rock uplift rate, debris flow valley slopes in Figure 15a
converge to an upper limit within the range of slopes
commonly reported for hollows in soil-mantled landscapes.
By visual analogy to the string of a bow, Figure 15 shows
the debris flow curve pulled upwards and toward greater
drainage areas as erosion rates increase, but pinned below
slopes at which landslides initiate. This is consistent with
the observation that in most of the basins in Figure 12,
valley heads reach a limiting slope at vanishingly small
drainage areas that is seemingly insensitive to rock uplift
rate. This value is near the friction angle for many soils, and
is likely set by landslide initiation at hollows, 20–100 m
below the ridgeline in our examples. We cannot say whether
the upper threshold slope is set by material properties, or the
maintenance of slopes above which debris flow incision is
extraordinarily rapid. At the other end of the profile, the
bowstring is pinned by the lowermost slope values at which
debris flows tend to deposit in confined valleys, often slopes
of 0.03–0.10. Here there is occasionally an abrupt increase
in slope at the upstream end of the linear fluvial trend (see

Figure 14. Plot of profiles from Bear, Honeydew, and Deer Creek indicating that much of the valley
relief lies in debris flow region. Shown for comparison are profiles predicted by extending slopes
predicted by river incision law to valley head (defined by planform curvature from topographic maps).
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for instance Deer, Cook, Djemaa) leading to a profile
steepening at the river valley head.
[53] As rock uplift rates increase, we hypothesize that

there is a tendency for lower threshold slopes to migrate to
successively larger drainage areas (e.g., Yucaipa, Honey-
dew). Similar tendencies have been predicted for fluvial
systems by the models of Howard [1997] and Tucker and
Bras [1998]. For debris flow cut valleys, this would focus
both long-profile and area-slope curvature in the remaining
region above the river valley head, resulting in nearly linear
upper long-profiles that curve rapidly concave upwards
approaching the river valley head. This region of response
to rock uplift rates is consistent with the finding by Merrits
and Vincent [1989] that first order channels respond most
sensitively to rock uplift rates, because their blue-line first
order channels occur at drainage areas of �0.1 to 1 km2,
within the highly curved lower section of debris flow area-
slope data where small changes in curvature lead to large
changes in slope. For the purposes of illustrating this
hypothesis, we compare area-slope data from predominately
sandstone basins with erosion rates ranging from �0.01 to
4 mm/yr (Figure 16a). For these basins, area-slope data are
more curved at high erosion rates (e.g., Honeydew Creek)
compared to low erosion rates (e.g., Knawls Creek, West

Virginia). Hypothetical differences between tectonically
active areas and passive ones can also be illustrated by
comparing granite basins with little active tectonism
(Korea) to those with high erosion rates (San Gabriels) in
Figure 16b. Here again there is higher curvature in the
debris flow region where erosion rates are higher.
[54] We hypothesize that there is also an influence of

lithology on valley profile. Figure 17 illustrates that for
roughly equivalent erosion rates, valleys in crystalline
rocks like gneisses and granites may be steeper for a given
drainage area than those cut in sandstones. Valleys in
crystalline rocks or indurated rocks like basalts may also
tend to have lower curvatures in the debris flow region (as
reflected in larger a1 values in Table 3) than valleys in
sedimentary rocks for similar erosion rates (Figures 17a
and 17b).

6.3. Implications for Stream Power Law Exponents

[55] Our comparisons of USGS 30-m data to hand-
extracted 1:24,000 data and to laser altimetry indicate that
scatter in the 30-m data obscure scaling transitions and do
not exactly reproduce source data parameters (e.g., m/n

Figure 16. Apparent effect of rock uplift rates on valley
slope in (a) sandstone basins, Knawls Creek, (West
Virginia) and Deer Creek, Santa Cruz Mountains, and
Honeydew (California), and (b) granitic basins, Chasong-
gang, North Korea, and Bear Creek, San Gabriels,
California. Solid symbols are data that follow a fluvial,
linear power law (see text for details). Open symbols are
curved, reflecting debris flow valley incision. See Table 3
for fit parameters.

Figure 15. Hypothetical response of valley network to
variations in rock uplift rate/rock resistance ratio. As rock
uplift rates increase, river valley slopes (solid lines) increase
as intercept of the power law translates upward. Debris flow
valley slopes (dashed lines) also become steeper resulting in
a more linear long profile.
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values). At low drainage areas (e.g., <10�4 km2) much of the
network may be artifactual, while at larger areas slope scatter
is substantial. Therefore 30-m DEMs used for area-slope
analysis need to be validated by comparing them to the
1:24,000 quadrangle source before they can be used to infer
scaling laws. Great care should be taken to ensure that the data
being fit with power laws are indeed linear in log-log space.
For instance, inclusion of data that curve at low drainage areas
in power law regressions decreases m/n values and increases
intercept [(�@z/@t)/K]1/n values (e.g., Figure 7). This could
lead to spurious correlations between rock uplift rate and
power law slope and intercept. To avoid this problem, head-
water reaches above 0.03 slope should be excluded from
stream power law analysis unless they are demonstrably
influenced by fluvial incision (e.g., presence of strath terraces
or extension of well-defined single power law).
[56] Even m/n values extracted only from fluvial regions

vary substantially in Table 3. For instance, basins that
follow a single power law exceedingly well (R2 values >
0.9) have m/n values that vary from 0.7–1.0 for sedimen-

tary and metamorphic lithologies. Valleys in hard, crystalline
rocks like granites tend to have m/n values (0.4–0.6) lower
than those of valleys in sedimentary rocks, but this might also
be an artifact of the small number of valleys we measured in
granitic rocks. The range of m/n values in Table 3 spans those
reported in the literature, from high values like 1.0 [Seidl and
Dietrich, 1992; Seidl et al., 1994], to lower values like 0.1–
0.5 [Stock and Montgomery, 1999; Snyder et al., 2000]. We
have not established that each basin has uniform lithology or
is at steady state, but this variation in m/n indicates that there
is no single m/n value that can be extracted from topographic
data for a general stream power law.

7. Conclusions

[57] Field observations and map analysis demonstrate that
debris flows that occur in landscapes steep enough to
produce mass failures both erode bedrock and have a
topographic signature in the form of curvature in area-slope
space above 0.03–0.10 slope. Power law plots of slope
versus area, widely used to examine bedrock river incision
laws, begin to over-predict valley slopes just upstream of
the last strath terrace. Above this region, the influence of
debris flows increases rapidly, and is reflected in a curved
relation between slope and area on log-log plots that
corresponds to mapped debris flow run outs. This topo-
graphic signature is consistent with a fundamentally differ-
ent valley incision law by debris flows, whose form we
further explore in a forthcoming paper. Much of the world’s
steepland valleys, similar in planform appearance to fluvial
networks, may be cut by debris flows. Debris flow networks
are relevant to landscape evolution because they are both
extensive by length (>80% of large steepland basins) and
comprise large fractions of main stem valley relief (25–
100%). As a consequence, valleys that are predominately
carved by debris flows, not rivers, bound most hillslopes in
unglaciated steeplands. Debris flows limit the relief of
unglaciated mountain ranges to substantially lower eleva-
tions than river incision laws would predict. Together these
observations demonstrate that a debris flow incision law is
needed to explore mechanistic linkages between tectonics,
climate, and topography in unglaciated steeplands.
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