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Abstract

In tectonically active regions, bedrock channels play a critical role in dictating the pace of landscape evolution. Models of

fluvial incision into bedrock provide a means of investigating relationships between gradients of bedrock channels and patterns of

active deformation. Variations in lithology, orographic precipitation, sediment supply, and erosional processes serve to complicate

tectonic inferences derived from morphologic data, yet most tectonically active landscapes are characterized by these

complexities. In contrast, the central Oregon Coast Range (OCR), which is situated above the Cascadia subduction zone, has

experienced rock uplift for several million years, did not experience Pleistocene glaciation, boasts a relatively uniform lithology,

and exhibits minor variations in precipitation. Although numerous process-based geomorphic studies suggest that rates of erosion

across the OCR are relatively constant, it has not been demonstrated that bedrock channel gradients in the region exhibit spatially

consistent values. Analysis of broadly distributed, small drainage basins (f 5–20 km) in the central OCR enables us to explore

regional variability in bedrock channel gradients resulting from differential rock uplift or other sources. Consistent with previous

studies that have documented local structural control of deformed fluvial terraces in the western portion of our study area, our data

reveal a roughly 20-km-wide band of systematically elevated channel slopes (roughly twice the background value), roughly

coincident with the strike of N–S-trending mapped folds. Although many factors could feasibly generate this pattern, including

variable rock strength, precipitation gradients, or temporal or spatial variations in forearc deformation, the elevated bedrock

channel slopes likely reflect differential rock uplift related to activity of local structures. Importantly, our analysis suggests that

rock uplift and erosion rates may vary systematically across the OCR. Although our calculations were focused on the fluvial-

dominated portion of study basins, our results have implications for upstream areas, including unchanneled valleys that often serve

as source areas for long-runout debris flows. Zero-order basins (or topographic hollows) within the N–S-trending band of elevated

channel slopes tend to be steeper than adjacent areas and may experience more frequent evacuation by shallow landsliding. Thus,

this region of the OCR may be highly sensitive to land use practices and high-intensity rainstorms.
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One goal of the recently emergent field of tectonic

geomorphology is to characterize relationships be-
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tween tectonic deformation and surficial forms and

processes. Of principle interest is the ability to explore

rates and patterns of active deformation directly from

landscape topography (e.g., Ahnert, 1970; Ohmori,

1993; Granger et al., 1996; Hurtrez and Lucazeau,

1999; Kirby and Whipple, 2001; Finlayson et al.,

2002; Montgomery and Brandon, 2002; Kirby et al.,

2003). The development of geomorphic transport laws

is critical, enabling quantification of the linkage

between process and form (Dietrich et al., 2003).

Well-tested theories are necessary to derive tectonic

insights from morphology; however, geomorphic

models for different processes are in various stages

of development.

In actively uplifting regions, bedrock channel net-

works transmit the signal of rock uplift, such that

fluvial incision ultimately controls landscape denuda-

tion by limiting the relief structure of drainage basins

and dictating boundary conditions for hillslope pro-

cesses (e.g., Whipple and Tucker, 1999). The ubiqui-

tous nature of bedrock channels in tectonically active

landscapes has led to numerous studies of their

dynamics (e.g., Seidl and Dietrich, 1992; Howard et

al., 1994; Hancock et al., 1998; Whipple and Tucker,

1999; Snyder et al., 2000; Whipple et al., 2000; Kirby

et al., 2003; van der Beek and Bishop, 2003). Fur-

thermore, it has been demonstrated that analysis of

bedrock channel incision provides a powerful tool to

explore rates and patterns of active deformation (e.g.,

Kirby and Whipple, 2001).

Among physically based models of bedrock chan-

nel incision, the stream power (or shear stress) inci-

sion model has been most widely applied towards

assessing the balance between rock uplift and channel

incision in active tectonic areas (Snyder et al., 2000;

Kirby and Whipple, 2001; Kirby et al., 2003). The

stream power model is built on the notion that the rate

of bedrock channel incision (E) is a power law

function of unit stream power or basal shear stress.

Using hydraulic relations, the stream power law can

be cast in terms of drainage area (A) and local channel

slope (S) (Howard and Kerby, 1983):

E ¼ KAmSn ð1Þ

where K is the erosion coefficient, and m and n are

empirically derived constants whose values have been
estimated in several landscapes (see Snyder et al.,

2000, for full derivation).

Numerous studies have applied the model to field

and topographic data (e.g., Howard and Kerby, 1983;

Seidl and Dietrich, 1992; Sklar and Dietrich, 1998;

Stock and Montgomery, 1999; Snyder et al., 2000),

and estimates for the values of K and n vary widely.

Stock and Montgomery (1999) found at least two end-

member incision laws and suggested that K varied

over five orders of magnitude, depending on lithology

and climate. K has also been shown to vary with

orographic precipitation (Roe et al., 2002), and

Snyder et al. (2000) argued for the existence of a

feedback loop such that K varies in concert with uplift

rates via changes in orographic precipitation. Sklar

and Dietrich (1998) argued that downstream changes

in sediment supply may lead to differential bed

armoring and availability of scour tools, significantly

influencing the value of K within a basin.

The slope exponent (n) is thought to be a function

of the dominant erosional process, and Howard and

Kerby (1983) showed that incision rates in rapidly

eroding badlands were well explained by a stream

power model that assumes incision rate is linearly

proportional to bed shear stress (mc 1/3 and nc 2/

3). Whipple et al. (2000) found that erosion by

plucking is consistent with a value of n between

f 2/3 and 1 and that erosion by suspended load

abrasion is consistent with a value of n of f 5/3.

The m/n ratio, however, is thought to be independent

of the dominant erosion process and from a theoretical

standpoint is expected to fall between 0.35 and 0.6

(Whipple and Tucker, 1999). This is consistent with

empirical estimates derived from field data (Howard

and Kerby, 1983) and with estimates derived from

digital topographic data (Whipple and Tucker, 1999;

Snyder et al., 2000; Kirby and Whipple, 2001).

Combining the stream power incision model with a

statement of conservation of mass yields an expres-

sion for the rate of change of channel elevation (dz/dt)

as given by the balance between uplift rate (U) and

incision rate (Howard, 1994):

dz=dt ¼ U � E ¼ U � KAmSn ð2Þ

For the case of steady-state landscapes, rock uplift rate

is approximately balanced by the rate of denudation

and dz/dt is equal to zero (Whipple and Tucker, 1999;
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Snyder et al., 2000). In this scenario, given uniform U

and K and constants m and n, Eq. (2) can be solved for

the steady-state channel slope (Sss):

Sss ¼ ðU=KÞ1=nA�m=n ð3Þ

Eq. (3) implies a power law relationship between

channel slope and upstream drainage area with chan-

nel slope described by

S ¼ ksA
�H ð4Þ

The coefficient, ks (often referred to as the steepness

index), and the exponent, H (the concavity index), can

be measured directly by regression of slope and area

data, and data sets approximating this equation have

been observed in regions with diverse tectonic settings

(e.g., Howard and Kerby, 1983; Seidl and Dietrich,

1992; Stock and Montgomery, 1999; Snyder et al.,

2000; Kirby and Whipple, 2001; Kirby et al., 2003).

Eqs. (3) and (4) imply the following relationships:

H ¼ m=n ð5Þ

and

ks ¼ ðU=KÞ1=n ð6Þ

which are valid only under conditions where the river

profile is in steady state with respect to current

tectonic and climatic conditions, and both the uplift

rate (U) and the erosion coefficient (K) are constant

throughout the channel reach.

It is important to note that a well-constrained

power law relationship between drainage area and

slope does not necessarily imply the existence of

steady-state conditions (Sklar and Dietrich, 1998;

Schorghofer and Rothman, 2001). Alternatively, sys-

tematic variation of slope–area data may reflect

transient response to variable sediment supply, local-

ized debris flow erosion, the frequency of storm

events, orographic effects, and variable lithology

and incision mechanisms among others. Most gener-

ally, values of ks and H can vary widely depending on

the assemblage of erosional processes. Despite these

complexities, as expressed by Dietrich et al. (2003),

‘‘uplift undoubtedly steepens rivers and ks should vary

in response.’’ Thus, if the process complexities men-

tioned above can be minimized, Eq. (4) can be a
valuable tool for a reconnaissance-type investigation

of spatially variable uplift rates.

In applying Eq. (4) to quantify variations in tec-

tonic forcing, Kirby and Whipple (2001) concluded

that the ratio of the exponents on area and slope (m/n)

was a useful predictor of spatially variable rock uplift

rates. Kirby et al. (2003) mapped the distribution of

the steepness index along the eastern margin of the

Tibetan Plateau and found a zone of anomalously

steep channels adjacent to the topographic front,

apparently corresponding to a region of high rock

uplift. These and other studies have focused on

deciphering patterns of tectonic forcing in regions

with high rates of deformation (e.g., Snyder et al.,

2000; Kirby and Whipple, 2001; Kirby et al., 2003).

Such areas tend to be subject to variable lithology and

precipitation gradients, which may serve to compli-

cate interpretations of the relationship between bed-

rock incision and tectonic uplift. While some of these

confounding factors have been integrated into Eqs.

(1)–(5) in order to explore their influence on system

behavior (e.g., Roe et al., 2003), few studies have

applied Eq. (1) to landscapes where such complicating

factors are minimal or absent (Stock and Montgomery,

1999). Our motivation here is not to provide a

rigorous test of slope–area analysis of tectonic forc-

ing, but instead to demonstrate how it may be applied

to decipher differential rock uplift in a landscape that

is not significantly influenced by glaciation, variable

rainfall, or lithologic complexities.

Here, we analyze 111 small (f 5–20 km2) tribu-

tary basins in the central Oregon Coast Range (OCR)

to explore relationships between variable rates of rock

uplift and bedrock channel slopes. Although some

studies have revealed varying rates of Holocene

incision and deformed Quaternary fluvial terraces

(Personius, 1993, 1995), analyses of sediment pro-

duction rates (Reneau and Dietrich, 1991; Heimsath et

al., 2001) suggest that erosion rates across portions of

the OCR are relatively constant over a broad range of

spatial and temporal scales. Several studies have used

the evidence for erosional equilibrium to calibrate

process-based transport models or analyze the efficacy

of conceptual models (Roering et al., 1999; Mont-

gomery, 2001), but it has not been demonstrated that

channel networks in the OCR exhibit spatially con-

sistent morphology. Local variations in rock uplift

may be obscured in coarse region-wide analyses of
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channel slopes (Montgomery, 2001). In contrast, sys-

tematic analysis of small drainage basins distributed

across a landscape may reveal the signature of local

tectonic controls allowing direct interpretation of

differential rock uplift.

We analyze our OCR data using Eqs. (1)–(5) to

address the following questions: (i) Are bedrock

channel slopes spatially constant in the OCR and thus

consistent with evidence for constant rates of erosion?

(ii) Are mapped geologic structures manifested in the

morphology of stream channels? And (iii) What are

the implications of variable channel gradients for

erosional processes (specifically debris flows) that

shape mountainous catchments? Our analysis focuses

on the fluvial-dominated portion of relatively small

basins (much of their upstream area is dominated by

debris flow activity as described in Stock and Die-

trich, 2003), as their profiles may adjust rapidly to

rock uplift and manifest the signature of local tectonic

controls.
2. Study site: Smith and Siuslaw basins

The OCR is a rugged belt of deeply dissected,

elevated topography bounded to the west by the

Pacific Ocean and to the east by the Willamette

Valley. Structurally, the central OCR is characterized

by gentle N- and NE-trending folds (Baldwin, 1956;

Wells and Peck, 1961; Snavely, 1987; Walker and

Duncan, 1989). Bedrock consists primarily of Eocene

and Miocene sedimentary rocks with scattered Oligo-

cene intrusives (Wells and Peck, 1961; Walker and

Duncan, 1989). We focus on the Smith and Siuslaw

basins where lithology is very uniform and the Eocene

Tyee Formation accounts for f 90% of the exposed

bedrock (Fig. 1). The Smith Basin drains f 900 km2

of the western OCR and empties into the Umpqua

River near Reedsport, OR. The Siuslaw Basin drains

f 2002 km2 of the western OCR and empties into the

Pacific Ocean near Florence, OR (Fig. 1). These

basins were chosen because they are well situated to

avoid lithologic complexities and they allow for a

range-wide assessment of bedrock channel gradients.

Uplift of the OCR began in the Miocene due to

reorganization of the Pacific and Juan de Fuca plates

(McNeill et al., 2000). Presently, the Cascadia Sub-

duction Zone lies 60–100 km west of coastal Oregon,
and ongoing subduction continues to drive rock uplift

in the OCR. Short-term (f 40–70 years) uplift rates

have been estimated using repeated leveling surveys

and tide gauge records. Mitchell et al. (1994) found

that present-day uplift rates vary both longitudinally

and latitudinally, and identified both NE- and SE-

trending axes of uplift. In the region of the OCR

studied here, geodetic rates decrease in a north by

northeast direction from 3 mm/year south of Reed-

sport to 1 mm/year north of Florence. Several studies

document rock uplift in the last f 80–125 ky along

coastal Oregon using uplifted marine terraces as a

datum (e.g., West and McCrumb, 1988; Kelsey, 1990;

Kelsey and Bockheim, 1994; Kelsey et al., 1994,

1996). These terrace uplift rates are generally < 0.4

mm/year, except in locations where late Quaternary

faults displace marine benches; systematic variation in

long-term rock uplift rates appears to be minimal

along our study area’s western margin.

Channels are generally free of thick alluvial man-

tles and are bedrock-dominated due to the mechani-

cally weak nature of the sandstone and the relatively

steep channel slopes (Seidl and Dietrich, 1992). Over

100 years of riparian wood removal and accelerated

shallow landsliding may have also contributed to the

dominance of bedrock (Montgomery et al., 2000).

Persistent strath terraces along most OCR channels

attest to the long-term requirement of OCR streams to

incise bedrock, and evidence of stream capture (Neim,

1976; Baldwin, 1986; Chylek, 2002) and variations in

stream profile form (Rhea, 1993) are likely indicative

of long-term Quaternary rock uplift. Debris flows

generated from unchanneled valleys are often trig-

gered by storm events and periodically scour steep,

low-order channels. These debris flows are the pri-

mary erosional agent in the upper portions of the

basins (Dietrich and Dunne, 1978; Stock and Dietrich,

2003), while in higher order channels fluvial incision

into bedrock dominates.

Sediment yield measurements from undisturbed

basins in the OCR range from 53 to 97 t km� 2 year� 1

(Brown and Krygier, 1971; Beschta, 1978). The

average of these measurements is equivalent to a

bedrock-lowering rate of 0.05 mm/year (Reneau and

Dietrich, 1991). Reneau and Dietrich (1991) utilized

dated deposits in hollows and calculated an average

bedrock-lowering rate of 0.061 mm/year and an

average exfoliation rate of 0.091 mm/year. An analy-



Fig. 1. Generalized geologic map of the Smith and Siuslaw Rivers area, showing locations of basins analyzed in this study (basin numbers keyed

to Table 1). Geologic units and faults after the digitized version of Walker and MacLeod (1991). Folds located from Baldwin (1956).
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sis of cosmogenic radionuclide accumulation in OCR

soils yielded a catchment-averaged erosion rate of

0.12 mm/year (Heimsath et al., 2001). These diverse

data sets span a range of spatial and temporal scales.

The apparent agreement between sediment yield data

and bedrock-lowering rates, in addition to the simi-

larity of sediment yields in basins of varying sizes, has
been used to argue for an approximate erosional

equilibrium in the OCR such that rates of denudation

are spatially uniform (Reneau and Dietrich, 1991;

Heimsath et al., 2001).

Variability in Holocene bedrock stream incision

rates calculated from strath terraces, however, sug-

gests that rates of denudation are variable in the OCR.
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Specifically, relatively high incision rates (f 0.6–0.9

mm/year) were found for the northern OCR and lower

rates (f 0.1–0.3 mm/year) in the central OCR with

the transition occurring near 44j40VN (Personius,

1995). Stream incision data from the Smith and

Siuslaw basins indicates a range of incision rates

between 0 and 0.3 mm/year (Personius, 1995); how-

ever, the paucity of data points makes interpretation of

local patterns tenuous. Personius (1993) documented

anticlinal warping of Quaternary strath terraces along

the Siuslaw River, apparently formed by the growth of

a local fold. The variable Holocene incision rates and

presence of deformed Quaternary features is inconsis-

tent with the concept of erosional equilibrium as

suggested by the sediment yield data. Further study

is needed to look for any systematic patterns to the

distribution of erosion rates in the OCR and to

determine the sources of variability.

Because the Coast Range (i) has experienced rock

uplift for several million years; (ii) remained ungla-

ciated in the Pleistocene; and (iii) features relatively

uniform lithology and precipitation rates over broad

areas, the area appears ideally suited for using slope–

area analysis to identify spatial variations in rock

uplift. In our analysis, we focus on small basins

(f 5–20 km2) because uplift rates are likely to be

less variable within each basin. Additionally, small

basins are more likely to have adjusted their morphol-

ogy to present climatic and uplift conditions (see

Whipple, 2001, for a discussion of the time scale of

response).
Fig. 2. Slope–area plot of Walker Creek basin (No. 7, Table 1) depicting p

indicates the threshold slope value of 0.18 used in this study.
3. Slope–area analysis

Channel networks were extracted from 10-m dig-

ital elevation models (DEMs), and local channel slope

(S) and upstream drainage area (A) were measured

along the channel network. Considerable scatter is

inherent in DEM-derived slope and area data (Snyder

et al., 2000); thus, some smoothing of the data was

required. Similar to other studies (Tarboton et al.,

1991; Montgomery and Foufoula-Georgiou, 1993;

Snyder et al., 2000), we averaged slopes in logarith-

mic bins of drainage area. Linear regression of the

binned channel slope and upstream drainage area data

allows direct measurement of ks and H as shown in

Eq. (4).

The stream power incision model is only

intended to represent fluvial incision into bedrock;

thus, it is necessary to isolate the slope–area data

associated with this process. A gradual change in

the regression slope with decreasing area has been

interpreted by many workers to correspond with the

transition between debris flow-dominated and flu-

vial-dominated channel incision (Fig. 2) (Seidl and

Dietrich, 1992; Moglen and Bras, 1995; Lague et

al., 2003; Stock and Dietrich, 2003). This change

in the power law scaling also appears to corre-

spond to the location of preserved debris flow

deposits in several study areas (Stock and Dietrich,

2003). Seidl and Dietrich (1992) found that this

transition occurs between slopes of 0.2 and 0.3 in

the OCR. Stock and Dietrich (2003) obtained a
rocess domains of debris flow scour and fluvial incision. Dashed line



Fig. 3. Method to extract power law portion of the data applied to Dogwood Creek basin (No. 65, Table 1), showing variation in m/n (E) and ks
(.) while larger drainage areas are successively pruned. Values converge around a drainage area of 0.1 km2 (dashed line).
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more liberal estimate of the extent of debris flow

influence and found the transition to fluvial pro-

cesses to occur at slopes approximately equal to

0.1 in the OCR.

In order to determine the extent of the fluvial

domain in our data sets, we used the method

described by Stock and Dietrich (2003) of succes-

sively pruning the smallest drainage area data point

and tracking both the slope and y-intercept of the

resulting power law fits; the idea being that sys-

tematic changes in slope are indicative of data that
Fig. 4. Slope–area plot illustrating the effects of variable lithology on slope

uniform lithology is shown for comparison: Oat Creek (No. 54, Table 1,
is not accurately described by a single power law.

Fig. 3 indicates that the value of m/n stabilizes

around a drainage area of 0.1 km2. The value of ks
is strongly dependent on the value of m/n, and ks
also stabilizes at a drainage area of f 0.1 km2.

Channel slopes at this particular drainage area are

on the order of 0.11–0.26. In order to generate

sufficient data and be conservative in our estimate

of the fluvial domain, we used data with gra-

dients < 0.18 (Fig. 2). Although this approach may

capture a portion of the channel network that
–area data: San Antone Creek (o). Slope–area data for a basin with

E).



Table 1

Slope–area statistics of basins analyzed in this study

Basin

ID no.

Basin

namea
Drainage

area

ks H R2

Siuslaw Basins

1 UN NF Siuslaw River 9.01 0.041 0.54 0.77

2 Peterson Creek 7.45 0.028 1.03 0.92

3 Hanson Creek 3.07 0.047 0.74 0.82

4 David Creek 10.45 0.048 0.47 0.78

5 Porter Creek 8.41 0.030 0.86 0.89

6 Elma Creek 6.30 0.043 0.80 0.87

7 Walker Creek 5.71 0.046 0.63 0.92

8 McLeod Creek 23.30 0.041 0.70 0.93

9 Maria Creek 10.97 0.045 0.76 0.86

10 UN Indian Creek 10.46 0.039 0.72 0.91

11 UN Sweet Creek 11.01 0.022 0.75 0.96

12 Thompson Creek 7.00 0.064 0.57 0.65

13 Elk Creek 5.21 0.036 0.76 0.86

14 UN Hadsall Creek 3.28 0.070 0.67 0.76

15 Herman Creek 6.63 0.028 0.76 0.94

16 UN Taylor Creek 4.70 0.041 0.71 0.93

17 Velvet Creek 4.66 0.042 0.69 0.89

18 Brush Creek 5.08 0.074 0.54 0.77

19 UN Knowles Creek 5.00 0.068 0.61 0.91

20 UN Misery Creek 10.51 0.036 0.76 0.93

21 UN Deadwood Creek 8.22 0.070 0.66 0.90

22 UN Deadwood Creek 17.20 0.039 0.67 0.89

23 Barber Creek 12.50 0.055 0.56 0.93

24 Hollo Creek 4.91 0.068 0.61 0.76

25 UN Whittaker Creek 4.70 0.046 0.59 0.85

26 Waite Creek 6.82 0.051 0.56 0.82

27 Almasie Creek 3.91 0.045 0.55 0.86

28 Bounds Creek 5.38 0.048 0.66 0.89

29 UN Esmond Creek 3.42 0.036 0.72 0.93

30 UN Deadwood Creek 5.46 0.044 0.67 0.83

31 UN Bear Creek 7.03 0.065 0.70 0.90

32 Rock Creek 4.57 0.056 0.46 0.57

33 UN Deadwood Creek 8.22 0.077 0.86 0.79

34 UN Greenleaf Creek 4.30 0.070 0.36 0.65

35 Mill Creek 4.61 0.039 0.67 0.91

36 UN Siuslaw River 4.77 0.054 0.62 0.76

37 UN Fawn Creek 2.21 0.043 0.65 0.94

38 Pugh Creek 3.47 0.041 0.66 0.88

39 Haskins Creek 3.79 0.039 0.66 0.64

40 Knapp Creek 8.67 0.040 0.61 0.93

41 Pontius Creek 3.68 0.032 1.07 0.95

42 Saleratus Creek 6.82 0.061 0.77 0.91

43 North Creek 3.22 0.038 0.68 0.88

44 Clay Creek 5.22 0.047 0.55 0.79

45 Cattle Creek 5.34 0.066 0.54 0.82

46 Haynes Creek 5.87 0.046 0.64 0.91

47 Bierce Creek 4.61 0.044 0.73 0.85

48 UN Lake Creek 3.47 0.080 0.81 0.77

49 Oxbow Creek 9.53 0.043 0.62 0.88

50 UN Fish Creek 4.85 0.068 0.65 0.84

51 Bear Creek 6.04 0.035 0.69 0.88

Table 1 (continued)

Basin

ID no.

Basin

namea
Drainage

area

ks H R2

Siuslaw Basins

52 UN Lake Creek 3.70 0.065 0.72 0.89

53 Layne Creek 6.83 0.046 0.70 0.77

54 Oat Creek 11.60 0.039 0.60 0.95

55 Camp Creek 6.36 0.036 0.81 0.90

56 Grenshaw Creek 6.78 0.034 0.67 0.84

57 UN Lake Creek 3.30 0.048 0.90 0.88

58 Conger Creek 4.78 0.036 0.68 0.88

59 Doe Hollow Creek 4.87 0.041 0.61 0.74

60 UN Swartz Creek 6.95 0.069 0.45 0.75

61 Fryingpan Creek 4.78 0.042 0.56 0.80

62 Holland Creek 3.12 0.038 0.59 0.77

63 Swamp Creek 10.47 0.031 0.61 0.94

64 Buck Creek 14.70 0.038 0.69 0.91

65 Dogwood Creek 12.50 0.041 0.71 0.96

66 Bottle Creek 5.83 0.042 0.69 0.75

67 UN Panther Creek 16.10 0.026 0.59 0.92

68 Doe Creek 12.70 0.045 0.70 0.94

69 Fawn Creek 8.42 0.043 0.65 0.94

70 Douglas Creek 12.50 0.036 0.69 0.93

Mean 0.047 0.67 0.85

Smith Basins

71 UN Smith River 8.48 0.017 0.81 0.94

72 Joyce Creek 12.20 0.047 0.57 0.83

73 Otter Creek 16.13 0.028 0.90 0.83

74 Eslick Creek 11.50 0.056 0.53 0.89

75 Murphy Creek 9.41 0.051 0.70 0.90

76 Sulpher Creek 4.15 0.061 0.55 0.77

77 Perkins Creek 5.01 0.071 0.42 0.62

78 Railroad Creek 6.62 0.065 0.70 0.93

79 Georgia Creek 5.21 0.064 0.53 0.75

80 Taylor Creek 3.16 0.067 0.67 0.94

81 UN NF Smith River 14.32 0.062 0.59 0.95

82 UN Wasson Creek 7.02 0.080 0.49 0.78

83 Cedar Creek 9.02 0.057 0.61 0.96

84 Spencer Creek 20.11 0.058 0.63 0.92

85 UN Wasson Creek 3.01 0.065 0.60 0.65

86 UN Bear Creek 2.87 0.067 0.52 0.75

87 UN MF Smith River 3.86 0.046 0.62 0.90

88 UN Johnson Creek 14.89 0.047 0.68 0.86

89 Buck Creek 9.02 0.063 0.88 0.89

90 UN WF Smith River 4.45 0.037 0.73 0.96

91 Beaver Creek 7.86 0.034 0.64 0.91

92 UN Vincent Creek 4.99 0.052 0.78 0.94

93 Coldwater Creek 3.52 0.051 0.58 0.88

94 UN Beaver Creek 4.87 0.055 0.55 0.87

95 UN Big Creek 3.21 0.055 0.73 0.96

96 UN North Sister Creek 6.20 0.048 0.57 0.94

97 UN North Sister Creek 5.25 0.042 0.68 0.82

98 Mosetown Creek 13.15 0.047 0.75 0.92

99 Devils Club Creek 4.16 0.053 0.66 0.92

100 UN North Sister Creek 3.56 0.042 0.64 0.78
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Table 1 (continued)

Basin

ID no.

Basin

namea
Drainage

area

ks H R2

Smith Basins

101 UN South Sister Creek 4.94 0.048 0.72 0.95

102 Halfway Creek 19.97 0.044 0.63 0.86

103 Johnson Creek 3.41 0.052 0.64 0.90

104 Cleghorn Creek 13.21 0.048 0.64 0.92

105 Little South Fork 11.03 0.037 0.74 0.93

106 Panther Creek 13.77 0.033 0.68 0.93

107 Salmonberry Creek 4.36 0.030 0.61 0.72

108 Elk Creek 3.80 0.029 0.60 0.78

109 Beaver Creek 6.60 0.034 0.64 0.91

110 Summit Creek 4.62 0.031 0.61 0.81

111 Sleezer Creek 3.73 0.038 0.68 0.79

Mean 0.049 0.65 0.86

a UN refers to unnamed channels which are tributary to the

channel whose name follows.
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experiences debris flow deposition (Stock and Die-

trich, 2003), our goal here is not to differentiate

zones of process dominance but instead systemati-

cally document variation in channel gradient across

our study area.

Because we use relatively small basins in this

study and a significant portion of the drainage

basins are debris flow-dominated, the data used in

our analysis represent a relatively small portion of

the total channel length in each individual catch-

ment. By this approach, we are attempting to strike

a balance between the quantity of slope–area data

used in each study basin and the spatial resolution

of variation in ks. The analysis of small basins

enables us to better characterize spatial variations

in channel gradient across the central OCR. Based

on our results, data with slopes < 0.18 tend to be

well represented by a power law function and do

not show significant curvature that would affect the

power law exponent (Fig. 2). Importantly, the

choice of a particular threshold slope does not have

a significant influence on our results, as over the

range of published debris flow–fluvial transition

slopes in the OCR from 0.3 to 0.04, recalculated

values of ks vary by < 15%.

Comparison of steepness index (ks) values between

drainage basins is complicated by the inherent depen-

dence of the regression intercept on the regression

slope (Sklar and Dietrich, 1998; Kirby et al., 2003).

Normalizing drainage area by a representative drain-
age area (Ar) in the center of the range of data reduces

the dependence of ks on the ratio m/n. Rewriting Eq.

(4) yields a nondimensional coefficient (Sklar and

Dietrich, 1998):

S ¼ SrðA=ArÞ�m=n ð7Þ

where Sr is a representative slope, and

Sr ¼ SðArÞ ¼ ksA
�m=n
r ð8Þ

Because the slope threshold is typically encountered

at a drainage area of around 0.1 km2 and we analyzed

basins on the order of 10.0 km2, we chose Ar as to

occupy the approximate middle of our data sets such

that ks is the average channel slope at a drainage area

of 1.0 km2.

To explore spatial patterns in bedrock channel

form, we calculated an interpolated grid of our esti-

mates of ks. Whereas the analysis of a single channel

profile within a large catchment tends to smooth out

variations in channel slope, our approach enables us to

evaluate variability in ks and explore potential corre-

lations with geologic structure. Importantly, in this

contribution, we did not attempt to test the conceptual

framework of Eq. (1); instead, we used it as a guide

for identifying potential variations in the rate of

tectonic forcing.

In addition to mapping the distribution of chan-

nel gradients across our study area, we applied the

stream power model (Eq. (4)) to estimate how

variability in ks values may translate into differences

in the rate of rock uplift. For this endeavor, we

invoke the steady-state assumption for our local

basins, such that bedrock gradients adjust rapidly

to variations in rock uplift rate. To assess the

magnitude of differential uplift from measurements

of ks, we can use Eq. (6) evaluated for two distinct

drainage basins and calculate the ratio of ks (sub-

scripts 1 and 2):

ks1=ks2 ¼ ðU1=K1Þ1=n1=ðU2=K2Þ1=n2 ð9Þ

Assuming K and n are constant between basins

(which is well supported in our study area):

K1 ¼ K2 ð10Þ
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and

n1 ¼ n2 ð11Þ

Eq. (9) reduces to:

U1=U2 ¼ ðks1=ks2Þn ð12Þ

By solving Eq. (12) using previously calibrated

estimates of n, we can use the ratio ks1/ks2 to

estimate the magnitude of the differential uplift

represented by the pattern of ks.
4. Results

We calculated slope–area data for 111 basins

with uniform lithology in the f 2900-km2 area of

the Smith and Siuslaw watersheds, resulting in an

average point density of 0.038 points/km2. To

explore how nonuniform lithology affects channel

steepness, we also calculated slope–area data for

several basins containing both Tyee Formation and

intrusive igneous rocks. These multilithology data

sets are not described well by a single power law

(calculated values of r2 were consistently less than

0.4) and thus lead to highly variable values of the

concavity index and the steepness index. In some
Fig. 5. Histogram of the steepness index (ks) for Smith a
cases, variable lithology leads to slope–area plots

depicting convex-up basins such as San Antone

Creek (Fig. 4). In the absence of local-scale geo-

logic maps, such a pattern could be interpreted as

evidence for systematically varying rock uplift rate

(o in Fig. 4). In contrast, basins that have only

Tyee Formation as bedrock are universally concave

up and well described by a single power law (e.g.,

Fig. 4, Oat Creek).

Values of ks for the basins with uniform Tyee

lithology ranged from 0.017 to 0.08 (Table 1). The

ks values have a roughly normal distribution (Fig.

5), and the variation by a factor of f 4 reflects

heterogeneity with respect to bedrock channel

slopes. Such variability is not consistent with spa-

tially uniform rates of erosion and rock uplift.

Example slope–area plots for basins with high

and low values of ks in both the Smith and Siuslaw

watersheds are shown in Fig. 6. Values of H for

basins comprised only of Tyee Formation range

from 0.36 to 1.07 (Table 1) but are generally

clustered between 0.5 and 0.8 with a mean value

of 0.66 (Fig. 7). This result is consistent with

reported values from other studies (Howard and

Kerby, 1983; Whipple and Tucker, 1999; Snyder

et al., 2000; Kirby and Whipple, 2001; Kirby et al.,

2003). Although we observed a weakly defined

correlation between H and ks consistent with other
nd Siuslaw tributary basins with uniform lithology.



Fig. 6. Example slope–area plots for basins showing both high and low ks values. (A) Siuslaw tributary basins: Brush Creek (No. 18, Table 1,

E), North Creek (No. 43, o). (B) Smith tributary basins: Taylor Creek (No. 80, E), Summit Creek (No. 110, o). Dashed line indicates the

drainage area value of 1 km2 where ks is calculated.
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studies (e.g., Sklar and Dietrich, 1998), the magni-

tude of covariation is small relative to observed

spatial variability in ks.

Our contoured map of ks (Fig. 8) reveals a

systematic pattern to the distribution of ks through-

out the study area. Values are low (f 0.35) in the

NW and SE portions of the study area, and an

f 20-km-wide belt of elevated values (f 0.65)

trending NE by SW runs through the central portion

of the study area. The orientation of this zone

appears to follow the trend of weakly defined folds

in the Tyee Formation, although the wavelength of
the observed ks variation is much greater than that

suggested by individual folds. Some of the folds

follow the pattern closely (e.g., westernmost anti-

cline in Smith Basin), but others show no obvious

correlation (e.g., westernmost anticline in Siuslaw

Basin). Due to dense vegetation and infrequent

exposure, limited bedrock attitudes, and low dip

angles, structural relationships are difficult to con-

strain (Baldwin, 1956); however, some of the folds

appear to be better defined than others, perhaps

explaining this discrepancy. Most generally, our

results show a consistent band of channel slopes



Fig. 7. Histogram of the concavity index (H) for Smith and Siuslaw tributary basins with uniform lithology.
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that are twice as steep as catchments to the east and

west (Fig. 8).

In order to investigate the relationship of this

pattern to mapped structures, we generated two

cross-sections along the central axis of the Smith

and Siuslaw watersheds, roughly perpendicular to

the strikes of folds (see Fig. 8). The resulting cross-

sections demonstrate systematic E–W oriented varia-

tion in ks (Fig. 9). Fig. 9 (A–AV) shows low values of

ks in the western and eastern portions of the Siuslaw

basin and a region of elevated values centered near km

20. Neither of the two anticlines appear to be coinci-

dent with local maxima of ks, instead they appear to

bound the region of high ks, such that large gradients

in ks occur across the folded region. Fig. 9 (B–BV)
reveals a broad pattern of increasing ks to the east,

with a maxima near km 15, and decreasing values

farther east. The anticline appears to be roughly

coincident with maximum ks values; however, the

fold spacing is inconsistent with the observed varia-

tion in ks. These rough correlations suggest that the

distribution of ks may be related to differential uplift

associated with the growth of local folds.

Although a physical explanation of controls on

the value of n in Eq. (4) has yet to be demonstrated,

we used our results to estimate the magnitude of

differential uplift across the central OCR. Using a

range of published estimates of n from 0.66 to 1.0
and Eq. (12), we calculated that rates of rock uplift

in our study area may vary by a factor of 3–4. We

compared the average value of ks in the broad swath

of elevated values (ks equal to 0.065) to average

coastal and inland estimates (ks equal to 0.035). This

calculation suggests that the area represented by the

belt of elevated channel slopes (see reddish colors in

Fig. 8) may be experiencing rock uplift rates 1.5–

1.9 times greater than in the coastal and inland

areas.
5. Discussion

Values of the steepness index are variable across

the studied portion of the central OCR and exhibit low

values in the SE and NW portions of the study area

with a N–S-trending belt of elevated values through

the central portion. Many factors may play a role in

generating this pattern including orographic precipi-

tation gradients, lithologic variations, a transient re-

sponse to tectonic or climatic pulses, and long-term

differential uplift rates.

5.1. Orographic precipitation

Variations in orographic precipitation have been

shown to influence the curvature of steady-state river



Fig. 8. Contour map of ks. Faults after the digitized version of Walker and MacLeod (1991). Folds located from Baldwin (1956). Star indicates

the location of warped fluvial terraces (Personius, 1993). A–AV and B–BV indicate the locations of cross sections plotted in Fig. 9.
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profiles (Roe et al., 2002). This could complicate

analysis of river profile response to spatially variable

uplift rates. Annual precipitation rates from stations at

the coast, in the central portion of the range, and on the

western side of theWillamette Valley (Reedsport, Noti,

and Fern Ridge Dam) are 190, 160, and 100 cm/year,

respectively (NOAA, 1999). Thus, precipitation varies

across the study area by less than a factor of 2, and rates

are generally highest at the coast and decrease inland.

This pattern is inconsistent with our findings that ks is
low in the western and eastern portions of the study area

and elevated in the middle. Thus, our results are not

consistent with variable precipitation generating the

observed pattern of channel steepness.

5.2. Lithology

Variations in erosivity due to lithologic variations

can have a major influence on the value of K in the

stream power incision model. Although all of the



Fig. 9. Transects of ks oriented perpendicular to the strike of mapped

folds (transect locations shown on Fig. 8). A–AV: Siuslaw River,

B–BV: Smith River. A and S refer to the approximate location of

anticlines and synclines respectively.
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study basins analyzed here are exclusively Tyee

Formation, some heterogeneity in the form of variable

sandstone/siltstone ratios is present within the Tyee.

Due to the depositional setting of the forearc basin

(which has been rotated clockwise over 60j since the

middle Eocene), these differences are most pro-

nounced in a N–S orientation (Chan and Dott,

1983; Heller and Ryberg, 1983; Heller and Dickinson,

1985), which is contrary to the predominantly E–W

variations in channel steepness observed here. Rock

mass strength estimates at various locations within the

Smith and Siuslaw basins reveal a narrow range of

values (Personius, 1995). Thus, lithologic variation is

unlikely to generate the observed pattern of channel

morphology.

5.3. Transient response/base level fall

Climatically or tectonically induced changes in base

level may be introduced as discrete pulses near the

coast that propagate up the river network as the system

adjusts to changes in the rate of base-level lowering. In

response to sea-level fluctuation and rock uplift, the
Siuslaw and Smith rivers may transmit pulses of locally

accelerated incision upstream in the form of knick-

points. If such transient pulses contributed to the

pattern of ks values observed here, we might expect

to see a correlation between ks and along-channel

distance from the coast. Our data do not show such a

correlation; instead, we see elevated values at various

locations within each watershed. The consistency of ks
values across the drainage divide between the Smith

and Siuslaw basins also seems contradictory to the

notion of a transient phase in base-level lowering, as we

might expect the two basins to respond independently.

5.4. Sediment flux

Variations in profile gradient may be driven by

fluctuations in sediment flux as the relative abundance

of sediment to abrade the bed should affect incision

rate (Sklar and Dietrich, 2001). In contrast to other

field settings, the configuration of hillslopes and debris

flow source areas is similar across the OCR. We do not

see evidence for systematic variations in sediment

supply across the drainage basins in our study area.

Additionally, our analysis is focused on basins of

similar size and ks does not vary systematically with

drainage area; thus, variations in sediment flux due to

variations in drainage area may be minimal. Nonethe-

less, the influence of sediment supply and grain size on

bedrock channel incision could introduce complex

feedbacks modulating topographic development; such

analyses are beyond the scope of this contribution.

5.5. Differential rock uplift

The overall pattern of ks throughout the study area

may be reflective of differential cumulative uplift of the

central OCR. Estimates of stream incision rates from

uplifted fluvial terraces in the Siuslaw and Smith

watersheds range from 0.0 to 0.3 mm/year (Personius,

1995), and estimates of bedrock-lowering rates from

dated colluvial deposits range from 0.031 to 0.112 mm/

year (Reneau and Dietrich, 1991). The magnitudes of

these variations are consistent with our findings that

uplift rates vary by a factor of 2–4 in these watersheds;

however, the pattern of the variation is difficult to

compare to the pattern of ks (Fig. 8), owing to the

sparsity of available denudation data at the local scale.

Although our data do not extend to the coast, all of the
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westernmost basins in our study area indicate consis-

tently low values of ks. This result is consistent with the

findings of Kelsey et al. (1996) that uplift rates for the

past f 125 ka along the coast in this portion of the

OCR are relatively constant and f 0.1 mm year� 1.

Mitchell et al. (1994) found that geodetic uplift rates

along a profile extending east from Reedsport varied

from f 2 mm/year at the coast to approximately zero

in the eastern OCR. The magnitude of this variation is

consistent with our findings that uplift rates vary

longitudinally across the study area by a factor of 2–

4. The pattern of geodetic uplift rates is quite different

from the pattern of ks, however. While geodetic rates

are highest along the coast and decrease inland, our

pattern suggests long-term uplift rates are highest in the

central portion of the range and decrease both inland

and toward the coast. Geodetic uplift rates probably

record elastic strain accumulation during interseismic

periods between subduction events (Weldon, 1991;

Mitchell et al., 1994). Because geodetic rates constitute

only a portion of the seismic cycle and may not reflect

the long-term pattern of rock uplift, comparison of

geodetic and long-term uplift rates is difficult.

The origin of variability in ks is difficult to con-

strain. One possible interpretation for the pattern is the

seaward migration of a deformation front that currently

produces rapid (f 4 mm/year) interseismic uplift rates

along the coast of central Oregon. If the pattern of ks is

instead related to the growth of local structures, their

spatial pattern is more easily explained, as geodetic

uplift rates are interpreted to represent subduction-

related deformation, not local structural control. The

correspondence of mapped structures to the location of

large gradients in ks supports this interpretation. This

hypothesis is complicated, however, by the necessity

of accommodating significant shortening associated

with these structures. Folds in the Tyee Formation

exhibit very low amplitudes on the order of 1 km over

20 km (and thus are difficult to define based on limited

structural data) such that long-lived strain along these

structures would have resulted in greater shortening

than observed. Strictly interpreted, this indicates that

folding of the Tyee Formation may be more recent

(Plio-Pleistocene) such that zones of higher uplift are

manifested in channel morphology. This hypothesis is

supported by the presence of multiple fluvial terraces

displaying anticlinal warping near Mapleton (see Fig.

8). The age of these surfaces is inferred to be on the
order of 100 ka (Personius, 1993), consistent with

recent shortening. The uniformity of ks values to the

east and west of the N–S band of steepened channels

supports the interpretation of local structures causing

rock uplift rates to exceed background values.

5.6. Implications for debris flow frequency

Our results have profound implications for debris

flow potential in the central OCR. Elevated channel

gradients in the fluvial portion of basins should

translate to steeper unchanneled valleys at the upper

extent of the channel network (Stock and Dietrich,

2003). These concave regions accumulate thick

(f 1–3 m) soil mantles via transport from surround-

ing hillslopes and are preferential source areas for

shallow landslides that often transform into debris

flows (Dietrich and Dunne, 1978; Montgomery and

Dietrich, 1994; Dietrich et al., 1995). The cyclic

evacuation and infilling of topographic hollows con-

trols sediment production in the OCR (Benda, 1990;

Benda and Dunne, 1997). Simple analyses of slope

stability indicate that all else equal, thinner soils are

required to generate failure in steeper unchanneled

valleys (Dietrich et al., 1995). Thus, steeper source

areas should experience more frequent shallow land-

sliding and be more sensitive to factors that affect

slope stability such as reduction of root strength due

to fire or land management (Schmidt et al., 2001).

Quantitative estimates of how landslide frequency

may vary for given changes in hollow slope require

analysis of soil transport rates and hillslope morphol-

ogy (Roering et al., 1999). Based on field and air

photo-based observations from recent storms (1964,

1996, and 2001), watersheds proximal to Mapleton,

OR (which is located within the band of elevated

channel slopes) have experienced significant shallow

landslide activity (Swanston and Swanson, 1976;

Robison et al., 1999). Evaluation of debris flow

potential in the OCR may benefit from consideration

of broad patterns of channel network steepness as

presented here.
6. Conclusions

Slope–area analysis of 111 small drainage basins

indicates that bedrock channel slopes vary systemat-
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ically, and by a factor of f 4 across the central OCR.

In particular, the spatial distribution of the steepness

index indicates low values in the NW and SE portions

of the study area and a N–S-trending belt of elevated

values running through the central portion of the study

area. Although many factors may have influenced this

pattern, orographic effects, lithologic variations, var-

iations in sediment flux, and transient climatic or

tectonically induced pulses are unlikely candidates.

These findings suggest that rates of rock uplift and

erosion may not be spatially constant throughout the

central OCR, but instead vary systematically.

Differential rock uplift of the central OCR seems

the most plausible explanation for the distribution of

channel slopes, and through the use of the stream

power incision model we find that the uplift rates may

vary by a factor of f 2 across the study area. These

variations may result from the growth of local folds or

from cumulative differential uplift related to subduc-

tion processes. The magnitude of variation is consis-

tent with variations found in both stream incision rate

estimates and in geodetic uplift data. The apparent

correspondence of mapped structures to large gra-

dients in ks supports the hypothesis of local structural

control; however, the necessity of accommodating

significant shortening with low-amplitude folds

remains problematic. The correspondence of water-

sheds experiencing frequent shallow landslides during

historical storms with the region of elevated channel

slopes suggests that the region of elevated channel

steepness may be highly sensitive to land use practices

and high-intensity rainstorms.
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