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ABSTRACT

Landscapes in areas of active uplift and erosion can only remain soil-mantled if the local production of soil equals or exceeds
the local erosion rate. The soil production rate varies with soil depth, hence local variation in soil depth may provide clues
about spatial variation in erosion rates. If uplift and the consequent erosion rates are sufficiently uniform in space and time,
then there will be tendency toward equilibrium landforms shaped by the erosional processes. Soil mantle thickness would
adjust such that soil production matched the erosion. Previous work in the Oregon Coast Range suggested that there may be a
tendency locally toward equilibrium between hillslope erosion and sediment yield. Here results from a new methodology
basedoncosmogenic radionuclide accumulation in bedrock minerals at the base of the soil column are reported. We quantify
how soil production varies with soil thickness in the southern Oregon Coast Range and explore further the issue of landscape
equilibrium. Apparent soil production is determined to be an inverse exponential function of soil depth, with a maximum
inferred production rate of 268 m Ma�1 occurring under zero soil depth. This rate depends, however, on the degree of
weathering of the underlying bedrock. The stochastic and large-scale nature of soil production bybiogenic processes leads to
large temporal and spatial variations in soil depth; the spatial variation of soil depth neither supports nor rejects equilibrium
morphology. Our observed catchment-averaged erosion rate of 117 m Ma�1 is, however, similar to that estimated for the
region by others, and to soil production rates under thin and intermediate soils typical for the steep ridges. We suggest that
portions of the Oregon Coast Range may be eroding at roughly the same rate, but that local competition between drainage
networks and episodic erosional events leads to landforms that are out of equilibrium locally and have a spatially varying soil
mantle. Copyright � 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Hilly and mountainous landscapes around the world are mantled with soil. In regions where external sources
of sediment (e.g. aeolian and glacial deposition) are absent or negligible, the soil mantle is typically produced
from the underlying bedrock. Gilbert (1877) first suggested that the rate of soil production from the
underlying bedrock is a function of the depth of the soil mantle. We term this rate law the soil production
function (Heimsath et al., 1997), defined as the relationship between soil depth and the rate of bedrock
conversion to soil. The soil depth that sets the rate of soil production is a result of the balance between the soil
production and erosion. If local soil depth is constant over time, the soil production rate equals the erosion
rate, which equals the lowering rate of the land surface. Understanding the evolution rates of soil-mantled
landscapes is furthered therefore by quantifying the soil production function (Anderson and Humphrey, 1989;
Rosenbloom and Anderson, 1994; Dietrich et al., 1995; Heimsath et al., 1997). Heimsath et al. (1997, 1999,
2000) reported spatial variation of erosion rates, suggesting that the landscapes were out of the state of
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Figure 1. (a) Site map showing the Coos Bay region as outlined by the rectangle on the state map of oregon. The shaded region labelled
‘Study Area’ is the field area shown in (b). (b) Shaded relief map of the field area in the Oregon Coast Range generated from laser
altimetry elevation data. The two outlines represent a larger area of the landscape similar in morphology to the noses studies in the
Headwall (HW) region and on the nose, Coos3, which are shown in detail for the area within the dashed lines in Figure 4a and b,
respectively. The black triangle near the outlet of the HW catchment shows the location of the stream sediment samples, OR-16 and 17,
from Sullivan Creek. The black diamond on the edge of the eastern subcatchment shows the location of OR-26, the only nuclide sample
not in the HW study area. Adapted from Roering et al. (1999). (c) Oblique aerial photograph showing clear-cut slopes of the field area,
looking due west such that the basin in the lower right corner corresponds to the second basin from the left edge of (b). Note the steep

slopes, the ridge and valley topography, and the consistency of elevation on the main ridge crest
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dynamic equilibrium, as first conceptualized by Gilbert (1877, 1909) and then Hack (1960), where the
landscape morphology is time-independent.

On actively eroding hilly landscapes, characterized by ridge and valley topography, the colluvial soil
mantle is typically thin and is produced and transported by mechanical processes. Tree-throw, animal
burrowing and similar processes, such as freeze–thaw and shrink–swell cycles, convert in-place bedrock to a
mobile, often rocky, soil layer that is then transported downslope by the same actions (Lutz and Griswold,
1939; Lutz, 1960; Hole, 1981; Mitchell, 1988; Matsuoka, 1990; Schaetzl and Follmer, 1990; Norman et al.,
1995; Paton et al., 1995). On steep slopes, shallow landsliding also transports material downslope, and may
play a role in producing soil. While such processes are aided directly, and even accelerated, by chemical
weathering of the bedrock, they are able to produce soil from bedrock irrespective of its weathered state.
Previous quantification of the soil production function focused on low gradient topography developed on
relatively homogenous bedrock, where the geomorphic processes could be characterized by simple rate laws
(Heimsath et al., 1997, 1999, 2000).

In this paper we examine the steep, soil-mantled landscape of the Oregon Coast Range where we observed
that stochastic processes of tree-throw and shallow landsliding may dominate soil production and transport.
We apply the methods of Heimsath et al. (1999) to determine apparent soil production rates under such
conditions, and specifically address the potential effects of these processes on our methods of using in situ-
produced cosmogenic nuclide concentrations as well as the landscape morphology to determine soil
production rates. This paper also seeks to understand the competition between the spatial variation of
processes and topography, which suggests large variations in local erosion rates, and the potential for
dynamic equilibrium for the region, forwarded by Reneau and Dietrich (1991), who found hillslope erosion
and sediment yield to be in an approximate balance over a range of spatial and temporal scales.

FIELD SITE

The study area shown in Figure 1 is an intensely studied, humid-temperate, soil-mantled and hilly landscape.
Extensive research was conducted in the region to understand the hydrologic and geomorphic processes

Figure 1. Continued
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operating on the hillslopes (e.g. Dietrich and Dunne, 1978; Dietrich et al., 1986; Reneau and Dietrich, 1990,
1991; Montgomery et al., 1997; Roering et al., 1999). The bedrock underlying the region is a relatively
undeformed, thick sequence of arkosic and lithic Eocene turbidite sandstone and siltstone called the Tyee
Formation (also called the Flourney Formation) (Snavely et al., 1964; Lovell, 1969; Heller et al., 1985).
Bedrock outcrops on some of the steeper ridge crests and in the first-order tributaries are coherent and
relatively unweathered. Bedrock exposed by numerous road cuts along the ridges is extensively weathered
and fractured, often as a saprolite that has developed in places for several metres (Figure 2). Anderson (1995)
showed that while the bedrock can be weathered and mechanically weak, the weathered condition may be
associated with relatively minor chemical alteration. The study site is typical of the Oregon Coast Range,
where the steep landscape was densely forested with Douglas fir, other large conifers and mixed hardwoods.
Parts of the study area and the adjacent hillslopes were clear-cut in 1987 and replanted exclusively with
Douglas fir in 1989.

Rainfall in the region falls primarily over the winter months and averages about 200 cm a�1 (Haagen,
1989). The site elevation is about 300 m along the first major ridgeline inland from the Pacific Ocean. While
the region is directly above the Cascadia subduction zone, the uplift rates have been variable both in the

Figure 2. Photograph of a cross-section shown in a road cut in the study area. The material labelled and roughly delineated with dashed
lines is typical of the Oregon Coast Range soil to bedrock profiles. Note that the coherent bedrock in this profile is similar to the

bedrock exposed on strongly divergent ridge crests
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Quaternary (West and McCrumb, 1988; Kelsey, 1990; Kelsey and Bockheim, 1994) and over the last 20–30
Ma (Orr et al., 1992). Rock uplift rates are estimated between 30 and 230 m Ma�1 by dating marine terraces
in the central Coast Range, just north of the study area (Kelsey and Bockheim, 1994; Kelsey et al., 1994).
Personius (1995) estimated similar rates of 100–300 m Ma�1 for the central Coast Range (also north of the
study area) by dating strath terraces along many of the rivers draining the Coast Range. There have been
studies measuring sediment yield from Oregon Coast Range streams (e.g. Brown and Krygier, 1971; Beschta,
1978), but the data could reflect contemporary land-use patterns of the area. Despite this concern, such
sediment yield studies estimating basin-wide denudation rates of 50–80 m Ma�1 agree roughly with the
average bedrock lowering rates of 70 m Ma�1 determined by Reneau and Dietrich (1991) for undisturbed
basins, leading to their suggestion that the landscape is in approximate large-scale equilibrium.

The convex-up ridges are thinly mantled (0–1�5 m) with an organic-rich, colluvial soil. The low density
(0�8–1�2 g cm�3), silt-sand soil matrix supports rock clasts derived from the underlying bedrock, or
transported from upslope. Thinner soils (�50 cm) are generally on the side slopes and the narrower noses;
they are rocky, and can be hard to distinguish from the underlying fractured bedrock. The fractured bedrock
retains some of the rock structure of the massive sandstone, while the colluvial rocks are haphazardly
distributed. Deeper soils tend to have a much lower proportion of colluvial rocks at depth and typically mantle
a mechanically weak saprolite. Saprolite retains the relic rock structure of the sandstone yet is significantly
more susceptible to mechanical weathering (it was easily penetrated by a hand auger or rock hammer). The
soil–bedrock boundary on the saprolite is distinguishable by the change in colour from dark brown soil to
light tan, orange saprolite, and by the change in texture to the more sandy saprolite with little to no organic
content.

The appearance and spatial variation of the weathered profile in the study can be divided into five layers:
(1) soil, (2) saprolite, (3) pervasively oxidized but competent rock, (4) fractured, partially oxidized rock and
(5) unweathered sandstone (Figure 2) (Anderson, 1995). Massive, relatively unweathered sandstone is
common at the base of hollows evacuated by recent debris flows and along some of the more sharply convex
ridge crests. The spatial distribution of the coherent, unweathered bedrock appears to play a role in
determining the soil production and transport processes as neither tree roots nor burrowing mammals can
easily penetrate it as readily as they can the saprolite.

SOIL PRODUCTION AND TRANSPORT

Soil appears to be produced primarily by the mechanical disruption of the underlying bedrock caused by root
penetration and burrowing animals. While the roots of virtually all species of vegetation were observed to
penetrate the fractured bedrock beneath thin soils (Schmidt, 1999), the impact of a mature Douglas fir tree
falling over is likely to be the most significant soil-producing mechanism. Mature trees can have root-wads
that are on the order of 3–5 m in diameter and the pits left when such trees fall can be greater than 1 m deep
(examples from other field areas: Stephens, 1956; Denny and Goodlett, 1957; Lyford and MacLean, 1966;
Schaetzl and Follmer, 1990; Norman et al., 1995). If, for an example from the upper end of field observations,
a tree-fall creates a 5 m diameter pit that extends 50 cm into the underlying bedrock, the effective lowering of
that part of the landscape is 50 cm. To put the effect of such a process into context, note that the average
bedrock lowering rate calculated by Reneau and Dietrich (1991) was 70 m Ma�1, which suggests that 0�5 m
of vertical lowering caused by a single tree-fall accounts for about 7000 years of local soil production.

Sediment transport by tree-throw is an important factor as well (e.g. Lutz and Griswold, 1939; Lyford and
MacLean, 1966; Dietrich et al., 1982; Paton et al., 1995). When a tree falls it creates a pit and not all of the
uprooted sediment moves downhill: some may return to the pit and some will spread to the sides. Norman et
al. (1995) report detailed findings on pit and mound volumes as functions of topographic slope and found that
on progressively steeper slopes tree-throw became an increasingly important component of mass wasting.
They found that for tree-throw mounds above 47 ° slopes almost all the uprooted sediment is transported
downslope rather than returning to the pit. Additionally, the pit resulting from tree-throw creates a significant
change in local slope, disrupting the continuity of sediment transport from uphill, and creating a sink for
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sediment. The tendency is for tree-throw pits to fill relatively rapidly with soil from the surrounding slopes
such that the hillslope returns to its pre-tree-throw form (e.g. Lutz, 1940; Stephens, 1956; Schaetzl and
Follmer, 1990). Estimates based on the Schaetzl and Follmer (1990) study and those of Stephens (1956), Lutz
(1960), Lyford and MacLean (1966) and Norman et al. (1995) suggest that tree fall densities may have been
about 15–20 per cent of the area prior to logging. The result is that soil depth can be extremely variable
depending on the stochastic nature of tree-throw.

Tree-throw is not the only cause of soil production and transport on the hillslopes of the field area.
Mountain beaver (Aplodontia rufa) colonies are prevalent except on the sharply convex ridge crests where
bedrock outcrops. Their burrows can be as wide as 50 cm and are commonly observed near fallen trees. While
their burrowing tends to be in soil, evidence of burrowing was observed in the saprolite and fractured bedrock
exposed in soil pits. Piles of fresh material outside their burrows typically contained fractured sandstone
clasts, although these could also be the colluvial stones from the soil column. The high density of mountain
beavers in the field area, and the ease with which the fractured bedrock and saprolite could be mobilized into
the soil column suggests that their role in soil production is significant. They are certainly primary
transporters of soil as their burrowing is a continuous process while they search for fresh roots to chew on for
their source of moisture and food intake (e.g. Beier, 1989; Bleich and Racine, 1991; Fitts, 1996).

Shallow landsliding and debris flows also play important roles in transporting sediment off the steeper
slopes of the Oregon Coast Range and out of the colluvial hollows (e.g. Pierson, 1977; Yee and Harr, 1977;
Dietrich and Dunne, 1978; Dietrich et al., 1986; Johnson and Sitar, 1990; Benda and Dunne, 1997). Debris
flows may be the primary mechanism for sediment removal from the steep headwater catchments and they
can commonly excavate the first-order colluvial-filled hollows and transport the sediment well into the third-
order catchments. While shallow landsliding does occur on the steep, planar slopes found near the base of the
hillslopes, it is a rare process on or near the convex ridge crests. Importantly, shallow landsliding and debris
flows commonly expose the underlying bedrock and make it more susceptible to ravelling, wetting–drying,
and freeze–thaw processes.

CONCEPTUAL FRAMEWORK

Field observations of the biogenic activity in the Oregon Coast Range suggested that the dominant soil
production processes act perpendicular to the ground surface. Tree roots grow parallel to the surface and the
mountain beavers appear to burrow approximately normal to the surface (observed where slopes are relatively
steep). It may also be likely that smaller biota, such as gophers, earthworms and understorey vegetation,
favour the shortest distance between the ground surface and the soil–bedrock boundary, which is the slope-
normal depth, H (Figure 3). Previously, the theoretical framework of Dietrich et al. (1995) was developed by
Heimsath et al. (1997, 1999) to examine the relationship between soil production, topographic curvature and
soil thickness (see also Kirkby, 1967; Kirkby, 1971; Ahnert, 1987; Anderson and Humphrey, 1989). The
continuity equation for a vertical column of soil, h, neglecting mass loss to solution, was written as:

�s
�h
�t

� ��r
�zb

�t
�� � �qs �1�

where the vertical lowering rate of the soil–bedrock boundary, ��zb/�t, at any point on the landscape is
equivalent to the slope-normal soil production rate, �(H), observed here, multiplied by the secant of the slope
angle, � (for moderate slopes sec (�) � 1) (Heimsath et al., 2000). Bulk densities of soil and rock, respectively,
are �s and �r. Early work, proposed by Davis (1892) and Gilbert (1909) and then initially modelled by Culling
(1960, 1963), Kirkby (1967) and Hirano (1968) and many others subsequently, suggested that convex
landforms were formed by sediment transport processes where the mass flux is linearly proportional to slope:

�qs � ��sK�z �2�
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where K is analogous to a diffusion coefficient with dimensions L2T�1, and z is the ground surface elevation.
If local steady-state conditions apply, that is assuming that soil thickness at any point is constant (i.e. �h/
�t = 0), then Equation 1 reduces to a simple relationship between vertical soil production and the divergence
of sediment transport:

��r
�zb

�t
� �� � �qs �3�

When the linear sediment transport law (Equation 2) is substituted into Equation 3, the familiar relationship
between soil production (or, more commonly, erosion) and topographic curvature is obtained:

� �zb

�t
� � �s

�r
K�2z �4�

Heimsath et al. (1997, 1999, 2000) used measurements of soil depth and topographic curvature to report that
curvature (a proxy for soil production by Equation 4) declined with increasing soil thickness, thus empirically
defining the form of the soil production function. Field measurements of curvature and depth were
complemented with soil production rates determined from in situ-produced cosmogenic nuclides (described
below) such that the soil production rates, �(H), were found to be well defined inverse exponential functions of
soil depth,

� �zb

�t
� ��H�sec� � �0e��H �5�

where �0 is the soil production rate under zero soil depth. Substituting Equation 5 in Equation 4 suggests that

Figure 3. The conceptual framework as used by Heimsath et al. (1997) for vertical soil depth, h, showing how the slope-normal depth,
H, is equal to the vertical depth multiplied by the secant of the slope angle. The change in soil mass in a column of soil with time is
equal to the vertical production of soil from the underlying bedrock minus the divergence of sediment transport. Note that z = e � H
sec� and that the vertical lowering rate of the soil–bedrock interface is equal to the normal soil production multiplied by the secant of

the slope angle. This is a bedrock-fixed coordinate system with h �� the scale of landscape elevation set by the total relief
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there should be an exponential relationship between curvature and soil depth:

��2z � �0

K
�r

�s
e��H �6�

which was supported by the data of Heimsath et al. (1997, 1999). Heimsath et al. (2000) report a clear linear
relationship between curvature and depth from a different field area, suggesting that a simple diffusive
transport law is not always adequate.

While there was some field support for the linear transport law on low to moderate gradients (Schumm,
1967; McKean et al., 1993), recent studies (e.g. Kirkby, 1985; Anderson, 1994; Howard, 1994, 1997; Roering
et al., 1999) suggested that sediment transport depends non-linearly on slope, especially on steeper gradients,
such that Roering et al. (1999) write:

�qs � Knl�z

1 � 	�z	
Sc

� �2 �7�

where Sc is the critical hillslope gradient and the non-linear diffusivity, Knl, is not necessarily the same as K.
Substituting Equation 7 in Equation 3 for steady-state conditions leads to:

E � �Knl

�r

�s

�2z

1 � 	�z	
Sc

� �2 �
2 zx

2zxx � zy
2zyy � 2zxzyzxy

� �
Sc

2 1 � 	�z	
Sc

� �2
� �2

�					


������ �8�

where E = ��zb/�t, and suggests that local erosion rates for the non-linear sediment transport equation can be
calculated using topographic derivatives alone with estimates of Knl and Sc. Roering et al. (1999) assume
equilibrium conditions for the landscape, such that every point is lowering at the same rate, C0, to calibrate
their model and deduce optimal values for Knl and Sc.

To evaluate the implications of this conceptual framework for a landscape that might be in dynamic
equilibrium, the hypothetical equilibrium lowering rate (m Ma�1) is defined as:

C0 � � �z
�t

�9�

which equals Equation 4 or 5 if local soil depth is constant over time, such that:

E0e��H � C0 cos��� �10�

Solving Equation 10 yields the following expression for the equilibrium normal soil depth as a function of the
natural log of the slope angle, �:

H � � 1
�

ln
C0

�0
cos �

� �
�11�

Equation 11 states simply the expected relationship between normal soil depth and slope given that the
vertical lowering rate, C0, must be the same everywhere on the landscape. That is, thinner normal soil depths
on steeper slopes driving higher surface-normal soil production.
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These analytical expressions thus define a field-testable series of hypotheses that will help determine the
soil production function as well as provide a test for landscape equilibrium. Namely, high-resolution
measurements of soil depth and the land surface elevation will define the form of either Equations 6 and 8 (by
plotting soil depth against topographic derivatives) or Equation 11 (plotting depth against slope).

Cosmogenic nuclides

The above conceptual framework can lead to the form of the soil production function, but cannot lead to
determining the rates of landscape evolution without an independently determined value for K, or values for
Knl and Sc. Here we use concentrations of the cosmogenic nuclides, 10Be and 26Al, produced in situ in
bedrock, saprolite and quartz grains extracted from sediments to determine rates of erosion (see reviews in
Lal, 1991; Nishiizumi et al., 1993; Bierman, 1994; Cerling and Craig, 1994) and soil production (Heimsath et
al., 1997, 1999). Nuclide concentrations measured from quartz are dependent on the production and decay
rates of the nuclide, as well as the erosion rate of the sample, such that they reflect the exposure history of the
sample (Lal and Arnold, 1985; Lal, 1988; Nishiizumi et al., 1986, 1991). As shown by Lal (1991), and
neglecting production due to muons, the nuclide concentration, C, depends on the production of the nuclide as
an exponential depth function of the surface production rate, P0, and its disintegration constant, �:

dC
dt

� P0e��zx � �C �12�

where zx is mass depth below the ground surface, � is the absorption coefficient (equal to material density
divided by the mean attenuation length for cosmic rays, �, where � 
 165 g cm�2), and � = ln 2/t1/2, where
t1/2 = 1�5 � 106 a for 10Be and t1/2 = 7�01 � 105 a for 26Al. Values of P0 for 10Be and 26Al are 6 and 36�8 atoms
g�1 a�1 at sea level, respectively (Nishiizumi et al., 1989), corrected for latitude and altitude (Lal, 1991). If
erosion, �, of the target material is assumed to be constant over the exposure history of the sample, Equation
12 can be solved analytically, such that at secular equilibrium, when t �� (�� ��)�1 we get (Lal, 1991):

C � C0e��t � P�H � �� 1
�� ��

� �
�13�

where P(H, �) is the nuclide production rate (atom g�1 a�1) at the soil–bedrock boundary under slope-normal
soil depth, H, on a landsurface with local slope, �, and C0 is the initial concentration of the nuclide. P(H, �) is
calculated as a factor of the surface nuclide production rates (Dunne et al., 1999). When the initial nuclide
concentration is assumed to be zero, as is commonly the case for exposure histories of rock emerging under
continuous processes of erosion, Equation 13 can be simplified and solved for the erosion or soil production
rate;

� � 1
�

P�H � ��
C

� �
� �

�14�

Under steady-state conditions, erosion equals the vertical rate of lowering of the soil–saprolite interface,
��zb/�t, which equals the slope-normal soil production rate, �(H), multiplied by the secant of the slope angle.

METHODS

Soil production from morphometry

To test the relationship between soil depth and slope curvature (a proxy for soil production by Equation 4),
we surveyed two different areas (Figure 4) at a high resolution (�3 m) and used the methods described in
Heimsath et al. (1999) to calculate topographic curvature by gridding the digital elevation data (by Kriging
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Figure 4. Close-up topographic maps from the same digital elevation data that generated Figure 1b. Contour intervals are 2 m for the
area maps and downhill is toward the top of the figures (north). (a) Soil pit locations for the study area in the Headwall (HW) region
outlined by the dashed lines in Figure 1b. Soil depth was measured normal to the ground surface in all the pits where the soil–bedrock
boundary was clearly defined and continuous over the scale of the pit. A selection of these pits were used to sample the underlying
bedrock for the nuclide analyses, indicated by the open squares around the black dots. (b) Soil pit locations and topographic close-up of
the Coos3 nose, outlined by the eastern dashed line rectangle on Figure 1b. Contour intervals on the inset map are 1 m. Soil pit locations

on both (a) and (b) as well as the topography for Coos3 were surveyed using a total laser survey station
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(Cressie, 1991) using Surfer� software) and using the eight nearest elevation values. We measured soil depth
normal to the ground surface in 150 soil pits dug past the soil–saprolite interface. Curvature, the non-linear
erosion rates from Equation 8 using Roering et al.’s (1999) calibrated values for K (0�0032 m2 a�1) and Sc

(1�25), and slopes are plotted against soil depths measured at each soil pit to evaluate the hypotheses outlined
above.

Cosmogenic nuclides

Soil pits across the full range of observed soil thickness on the divergent noses were used to collect samples
from the soil–saprolite boundary, and each sample was taken from the top 5 cm of the continuous layer of
saprolite. We selected pits used to collect nuclide samples carefully to avoid any observable effects of recent
processes of tree-throw or shallow landsliding. Bulk densities of the saprolite and the overlying soil at
selected sites were measured with a cylindrical corer of known volume. Soil thickness was relatively constant
within each pit and was measured normal to the slope. Samples of channel sand were collected from Sullivan
Creek, immediately downstream of the study area (sample location shown on Figure 1b), to estimate the
catchment-averaged erosion rate for the region.

Figure 5. Apparent soil production rates (m Ma�1) calculated from the in situ-produced radionuclides, 10Be and 26Al, extracted from
bedrock samples versus the observed normal soil depth, H, in cm. The soil production function (Equation 15) is the variance-weighted
least-squares fit to the soil production rates under soil depths greater than 15 cm (black squares). Soil production rates for the shallower
samples and the exposed bedrock samples (open squares) were not used to determine this function, as discussed in the text. The average
erosion rates for the catchment from nuclide concentrations in stream sediments are plotted with open squares to the right of the soil
depth axis. All rates are calculated from the concentrations of both nuclides with a few exceptions (Table I). Error bars are 1	
propagated from Accelerator Mass Spectrometry (AMS); Atomic Absorbtion (AA), bulk density, absorption mean free path and soil

depth uncertainties
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About 500 g of bedrock, saprolite or sediment from each sample were crushed, sieved to separate particles
less than 1 mm size, and chemically purified following the procedure of Kohl and Nishiizumi (1992) to yield
about 40 g of quartz from which Be and Al were extracted. Additional samples were collected and processed
for 26Al analyses alone from seven pits as duplicates. We spiked the samples for 10Be measurement with a
9Be carrier solution calibrated by Nishiizumi’s Be atomic absorption standard that differed by less than 2 per
cent from the Be carrier used for the Nishiizumi et al. (1989) analyses. We measured concentrations of 10Be
and 26Al at the LLNL-CAMS facility (Davis et al., 1990) and normalized the measurements to the ICN (ICN
Biomedical, Inc.) 10Be and the NBS (National Bureau of Standards, presently the National Institute of
Standards and Technology, NIST) 26Al standards.

Production rates for 10Be and 26Al in quartz were based on the sea level and high latitude production rates
of 6 and 36�8 atoms g�1 a�1 respectively (Nishiizumi et al., 1989), and were corrected for latitude and altitude
effects (Lal, 1991) as well as for the slope and shielding of the sample (Nishiizumi et al., 1989; Dunne et al.,
1999; Masarik and Vanya, in press). Here we use these production rates for consistency with previous reports
of erosion rates, despite the growing debate over production rates (e.g. Clark et al., 1995; Nishiizumi et al.,
1996; Stone et al., 1998a; Dunai, 2000) and the likely contribution of muons to nuclide concentrations under
moderate and high erosion rates (e.g. Brown et al., 1995; Stone et al., 1998b; Granger and Smith, in press).

The apparent rates of erosion or soil production were calculated using Equation 14 from both 10Be and 26Al
concentrations, where applicable, assuming that the initial nuclide concentration was zero (Table I)
(Heimsath et al., 1997, 1999; Small et al., 1999) and that the observed local soil depth has been relatively
constant over the exposure history of the samples. Observations of the active processes on the landscape
suggest, however, that local soil depth is likely to have varied and we discuss the implications of this variation
below.

Figure 6. Negative topographic curvature, ��2z (m�1), plotted against normal soil depth, H, measured in the pits shown on Figure 4a
and b. Open diamonds are from pits shown in Figure 4a, the Headwall area, and the black dots are from the pits shown in Figure 4b, the

Coos3 nose. We calculated curvature with the methodology described in Heimsath et al. (1999) using a 5 m grid scale
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THE APPARENT SOIL PRODUCTION FUNCTION

Results from 27 samples (10Be and 26Al) and eight duplicates (26Al only) are reported here to define an
apparent soil production function, hard rock erosion rate, and average erosion rate for the field area (Table I).
Locations for the nuclide samples from the surveyed area are indicated by the open squares on Figure 4a.
Field observations suggested that the bedrock under 15 cm or less soil appeared systematically less weathered
than the bedrock under deeper soils, which agreed with the division proposed by Anderson (1995). Soil
production rates determined from these samples (open squares on Figure 5) are therefore regarded as hard
rock erosion rates and are differentiated from the deeper samples (closed squares on Figure 5). A well-
defined, inverse exponential curve fits through the 19 samples and four duplicates taken from under more
than 15 cm of soil, which were all from fractured and weathered bedrock. The apparent soil production
function is thus defined as the function determined by these samples:

��H� � �268 � 25�e��0�03�0�02��H �15�

where soil production is in m Ma�1 and the normal soil depth, H, is in cm. Hard rock erosion rates (three
samples and one duplicate) and soil production rates (three samples and two duplicates) from less than 15 cm
depth average 160 m Ma�1. An alternative soil production function could therefore be a complex polynomial

Figure 7. The curvature data from the divergent (��2z � 0) areas of Figure 6 converted to soil production rates by Equation 4 using an
independently derived diffusivity of 50 cm2 a�1 (Reneau and Dietrich, 1991) and an observed soil to bedrock bulk density ratio of 0�5,

and plotted with the nuclide-determined soil production rates shown on Figure 5
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one, or ‘humped’ (cf Carson and Kirkby, 1972, pp. 104–106; Cox, 1980) with a maximum soil production rate
of 350 m Ma�1 under 25 cm of soil and a drop to 160 m Ma�1 as the zero depth intercept. There was,
however, little basis for such a function, as the morphologic signature (i.e. extensive bedrock outcropping and
few areas of shallow soils) of the unstable behaviour suggested by Carson and Kirkby (1972) and modelled by
Dietrich et al. (1995) was not observed.

The stream sediment samples (two samples and one duplicate) plotted to the right of the soil depth axis
(Figure 5) yielded a catchment-averaged erosion rate of 117 m Ma�1 (Table I). This rate reflects a much
larger drainage area than the catchment draining the study area, and is likely to represent a well-mixed
average for the region (e.g. Bierman and Steig, 1996; Granger et al., 1996).

MORPHOMETRIC RESULTS

Curvature calculated for each of the 150 soil depth measurements is plotted against the observed slope-
normal depth in Figure 6. The filled circles on Figure 4a and b show pit locations and data from the two
survey areas are distinguished by different symbols in Figure 6. Curvature shows no relationship with soil
thickness for both of the surveyed sites, and while the Headwall region data are slightly more divergent, the
data together show considerable scatter. Sample sites were chosen to stay on the divergent ridges (Figure 4a
and b), but some sample points show local convergence. The nuclide sample locations are all from divergent

Figure 8. Local erosion rates calculated using Equation 8, which is the solution to Equation 3 using Roering et al.’s (1999) non-linear
sediment transport model, Equation 7, plotted against observed normal soil depths across both surveyed areas shown in Figure 4a and b.

These local erosion rates are plotted with the soil production rates shown on Figure 5 for comparison with Figure 7
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ridges, but the curvature–depth relationship for those points shows the same scatter as the data shown together
in Figure 6. The scatter in these data is clearly indicative of the stochastic soil production and transport
processes active at the site and is nearly identical to results reported by Schmidt (1999) for the same field
site.

Previous research by Reneau and Dietrich (1991) determined the diffusivity, K, to be 50 cm2 a�1 for a field
area similar to this site. Roering et al. (1999) and Schmidt (1999) report similar values. We solved Equation 4
by multiplying the curvature values plotted on Figure 6 by this diffusivity, the ratio of soil to rock bulk
densities (0�5) and the cosine of the local slope at each point to compare these data with the apparent slope-
normal soil production rates (Figure 7). There is good agreement between the magnitude of the rates
determined by the two independent methods, even if the morphometric method yields no distinct relation-
ship.

Figure 8 shows similar agreement between the soil production rates from nuclide analyses and the
magnitude of local erosion rates by using Equation 8, which is the solution of Equation 3 using the non-linear
sediment transport model of Roering et al. (1999). While Roering et al. (1999) may have calibrated their
model assuming that all points are lowering at the same rate, the agreement with the nuclide-determined rates
shown here adds further support to their model. Both Figures 7 and 8 show considerable scatter across the full
range of apparent soil production rates and depths, but the agreement in magnitude of the rates from all
methods is encouraging. Roering et al. (1999) report that 70 per cent of the landscape evaluated with a non-
linear transport model has a modelled erosion rate between 50 and 150 m Ma�1, which is in good agreement
with the results we report here irrespective of the transport model used.

To evaluate the potential for equilibrium conditions we plot soil depth against local slope and use Equation
11 to plot the expected equilibrium relationship between soil depth and slope (Figure 9). Equation 15

Figure 9. Soil depth plotted against topographic slope from both surveyed areas shown in Figure 4a and b. The symbols are the same as
on Figure 6 and the dashed line is the relationship expected if equilibrium lowering conditions applied to the landscape as expressed by
Equation 11 in the text. Open squares show binned and averaged values for soil depth and slope with the error bars showing the 1	

standard deviation
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determines an � of 0�03, an �0 of 268 m Ma�1, and the catchment-averaged erosion rate of 117 m Ma�1 from
nuclide concentrations in stream sediments is used here as the potential equilibrium lowering rate, C0, of the
landscape, which agrees well with the average lowering rate of 100 m Ma�1 by Reneau and Dietrich (1991).
The observed depth–slope relationship neither supports nor rejects the equilibrium relationship because of the
scatter in the data, but because �, P0 and C0 were determined independently, the match in values is as
important as the comparisons on Figures 7 and 8 for suggesting the comparability of the field methods.
Binning the data at different intervals of slope supports more closely the proposed equilibrium relationship
(open squares on Figure 9).

DISCUSSION

Soil production and transport processes at the Coos Bay field site are dominated by the mechanical disruption
caused by burrowing animals and root penetration by Douglas fir trees. The stochastic nature of these large-
scale processes (compared to, for example, invertebrate soil production and root penetration by understorey
vegetation) led to large variations in local soil thickness on the divergent noses. There were no observed
relationships between curvature (as a proxy for soil production using a linear transport model) and soil depth
as observed by Heimsath et al. (1997, 2000), or between erosion calculated from a non-linear transport model
(e.g. Roering et al., 1999) and depth. Despite these variations in processes, however, there was a well-defined
relationship between soil production rates from the radionuclide analyses and soil depth that we term here the
apparent soil production function (Figure 5, Equation 15) because of the assumption of steady-state local soil
depth used to determine the function. This discrepancy between the two methods highlights an interesting
paradox that is not immediately resolvable.

The first implication of the stochastic conditions observed here on the cosmogenic nuclide method is that
the soil depths observed in the field might not represent the long-term average soil under which the observed
nuclide concentrations accumulated. The second implication is that the nuclide concentrations measured
from the underlying bedrock might not represent the effect of the long-term average soil production rate at
any given location. Both implications would suggest that results from the nuclide analyses would show
considerably more scatter than observed here. Instead, if the observed depths do represent a local average
depth, then the apparent relationship suggests that there is a strong tendency for soil production rates to
decline with depth. The well-defined inverse exponential apparent soil production function is similar to the
findings reported for northern California (Heimsath et al., 1997, 1999) and for southeastern Australia
(Heimsath et al., 2000), from field areas without large-scale disturbances of the soil and soil–bedrock
interface.

The only possibility of an artifactual relationship lies in the factor applied to correct the nuclide production
rates for the slope and the shielding of the overlying soil thickness. If, for example, the central tendency for
the weathered bedrock is to be eroding at some equilibrium rate (discussed below) irrespective of the
overlying soil thickness, then nuclide concentrations measured in all samples would show some scatter
around a mean value. Interpreting the nuclide concentrations using Equation 14 requires accounting for the
shielding of the soil mantle and would lower the nuclide production rates for increasing soil depths. Lowering
the nuclide production rates would lower the inferred soil production rates by Equation 14, thus potentially
introducing an artifact due to the observed depth. An artifactual relationship would have a slope of about
�0�008 (=�s/�, assuming an average moist soil density of 1�4 g cm�3), which is four times less steep than the
slope of Equation 15, suggesting that the apparent soil production function reported here is not an artifact.

The potential effects of the non-steady-state erosion on the observed nuclide concentrations have been
modelled numerically in several studies (Lal, 1991; Bierman and Steig, 1996; Small et al., 1997. Each of
these models integrated their equivalent of Equation 12 under episodic (Lal, 1991; Small et al., 1997) and a
step-function of (Bierman and Steig, 1996) erosion rates. While Lal (1991) modelled a very specific scenario
where a rock erodes at a constant rate before and after a 50 cm thick ‘chip’ is removed instantaneously, Small
et al. (1997) present a model applicable here. Their finite-difference model evaluates the potential error of
determining erosion rates from nuclide concentrations that have accumulated under episodic erosion events
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that remove different amounts of rock at different time intervals. In all modelled cases they calculate the
magnitude of error incurred by using the non-steady-state nuclide concentrations to infer steady-state erosion
rates. By their modelled conditions the steady-state soil production rates that we report here would have
between a 20 and 30 per cent error if the stochastic soil production processes remove 50 cm of bedrock at a
time. The error would be larger (up to 200 per cent) if we sampled relatively recently after an episodic
disturbance.

None of these models, however, accounted for the potential variation in a soil mantle shielding the sample.
Heimsath and Barnes (unpublished data) have developed a similar numerical model that builds on the results
of Bierman and Steig (1996) and Small et al. (1997) to add an analysis of the uncertainty caused by a variable
soil mantle such as we faced here. Their results suggest that the episodically varying soil mantle could
introduce an additional 10–20 per cent error into the inferred soil production rates, with the uncertainty
increasing if a large event recently preceded the time of sampling. The conclusions reached, however, agree
with both Bierman and Steig (1996) and Small et al. (1997), as well as with previous discussions by Lal
(1991): the in situ-produced radionuclide method depends explicitly on the samples having a steady-state
erosion history. Deviations from such a condition could lead to incorrect modelling of the exposure history
and therefore incorrect interpretations of the radionuclide concentrations. In the absence of accurate
knowledge of the exposure histories of samples, the best that can be done is to sample from locations that
appear free from large-scale perturbations as we have done here. This remains an important point to make as
further geomorphic applications are being tackled with radionuclide measurements.

While our observations and those of Schimdt (1999) show very clearly that stochastic and large-scale
processes are occurring across the field area, we remain optimistic that our careful selection of nuclide
sampling sites may have avoided the local effects of recent stochastic processes. Conversely, our sampling
strategy for measuring soil depth for the morphometric analyses was to measure depths in a rough grid across
the divergent parts of the landscape, seeking only to avoid any obvious disturbances on the landsurface, which
therefore captured the uncorrelated variation of soil depth across the landscape. The scatter in our
morphometric data is very similar to that observed by Schmidt (1999), although his estimates of colluvial
production rates from morphometric analyses shows a weak inverse relationship.

Ahnert (1987) presents a compelling argument for how spatial variation of rock resistance to soil
production can lead to variable soil depths on a one-dimensional landscape that tends toward equilibrium. His
model posits a lower maximum soil production rate, �0 in Equation 5, for more resistant rock and evolves to a
state where the exposed harder rock is lowering at the same rate as the soil-mantled, more easily erodible
rock. Our nuclide results (Figure 5) suggest that such a scenario might help explain some of the depth
variation, but the large variation in soil production rates for the more easily erodible rock suggests a more
complicated interaction between hillslope processes and form. An important step toward resolving the
paradox between morphometric observations and the apparent soil production function would be to quantify
the role of bedrock strength and its resistance to mechanical weathering. Similarly, measurements to
determine how the depth of the saprolite layer varies (e.g. Anderson, 1995), combined with correlating rock
strength to soil production rates, would help link chemical weathering to soil production processes.

Many factors, from climate to tectonics, influence the evolution of a landscape. At a hillslope scale, the
sediment production and transport processes directly influence the way a landscape changes. Most landscape
evolution models simulate hillslope erosion as a steady-state process using a linear diffusion model, but
Roering et al. (1999) present evidence that a non-linear transport model is appropriate for this field area.
Morphometric analyses reported here cannot distinguish between the two models, but we specifically avoided
the planar and steep slopes to remain out of the region where the non-linear model may predict sediment flux
more closely than the linear model, as suggested by Roering et al. (1999). Irrespective of the transport law
most applicable to the landscape – and it appears likely that a single transport law cannot adequately capture
the processes (Heimsath et al., 2000; Braun, Heimsath and Chappell, 2001) – the evidence from Oregon is of
a landscape shaped by the continuous interaction between stochastic hillslope processes and the driving
forces of stream incision and tectonic uplift. Reneau and Dietrich (1991) suggest that this interaction
approaches equilibrium tendencies at the landscape scale. Here, the apparent soil production function coupled
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with the observed variation in soil depth supports a state of local hillslope disequilibrium as discussed in
Heimsath et al. (1997, 1999). The lack of morphometric relationships suggests, however, that the differences
in soil production rates may act across the hillslope toward a uniformity of hillslope lowering rates over long
time scales.

CONCLUSIONS

Here we report an apparent soil production function for a well-studied field site in the Oregon Coast Range.
The well-defined exponential decline of soil production rates with increasing soil depths is similar to the
functions reported elsewhere from field areas under very different climatic, tectonic and lithologic conditions
in Marin County, California and southeastern Australia. This agreement suggests that there is a universal
tendency for soil production rates to depend on the overlying soil thickness across hilly landscapes. As we
have discussed before, and numerous recent models have applied, this relationship provides critical
constraints for the processes of landscape evolution. The maximum soil production rate is, for example, the
bound between transport-limited (soil-mantled) and weathering-limited (bedrock-dominated) landscapes and
thus quantifies the maximum erosion rate under which a landscape can remain soil-mantled. This has
important management implications in a landscape such as the Oregon Coast Range, where human land-use
might be increasing erosion rates.

Morphometric analyses here did not yield the form of the soil production function, but provided evidence
for the stochastic and large-scale nature of the soil production and transport processes. Field observations on
the nature of soil production and removal show episodic processes of tree-throw, animal burrowing and
shallow landsliding operating across the landscape. These processes lead to highly variable local soil depths
over time and measurements of soil depth may only reflect an instantaneous snapshot of the soil depths across
the landscape, rather than the long-term, steady-state soil thickness assumed for our nuclide interpretations.
Stochastic processes also lead to highly variable erosion rates at the hillslope scale. Despite these variations,
we conclude that the apparent soil production function reported here provides a valid and crucial
quantification for the Oregon Coast Range landscape.

The study area is a small part of a landscape that is being shaped by a wide variety of processes. The
catchment-averaged erosion rates determined by nuclide analyses here agree well with the rates determined
by other methods across temporal and spatial scales for the Oregon Coast Range and suggest that there may
be a tendency for uniformity of erosion at a large scale as suggested by Reneau and Dietrich (1991).
Similarity in landscape form at the catchment scale supports this conclusion, while the highly variable
hillslope processes highlight the local variation in erosion rates. While there may be some average erosion
rate that applies to similar topography across the Oregon Coast Range, it is clear that local hillslopes are far
from conditions of uniform lowering rates. The determination of an apparent soil production function for the
region suggests that different parts of the landscape are lowering at rates that differ by over an order of
magnitude depending on the thickness of the local soil mantle, and are therefore evolving in a highly dynamic
manner.
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