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1 Abstract

Slopes in steady-state soil-mantled landscapes tend to increase downslope
in a way that balances local transport capacity with the sediment supplied
from progressively larger source areas. Most formulations of sediment trans-
port due to hillslope processes scale transport rate with local slope, which
produces convex-up forms that are independent of the properties of the
underlying lithologies. In this study, we document soil-mantled hillslopes
that show variations in slope that mimic the underlying stratigraphy. We
present stratigraphic and soil-thickness measurements, topographic analy-
ses, and numerical models to demonstrate that variations in rock type can
impact the forms of these soil mantled hillslopes if hillslope transport rates
scale with local slope and soil thickness. This demonstrates that hillslope
forms in soil-mantled landscapes can be influenced by the underlying lithol-
ogy through a coupling between the processes that produce soil from rock
and those that transport this soil downslope.

2 Introduction

This study investigates how the geologic substrate impacts landscape forms
on soil-mantled hillslopes. |Gilbert| (1877) proposed that when weathering
can keep pace with rates of erosion a mantle of soil buffers surface mor-
phologies from the structure of the subsurface geology. (Gilbert, (1909) then
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Figure 1: Field photo and shaded slope map illustrate shadow bedding. Map shows
locations of stratigraphic sections, locations of thickness measurements, and a pre-
diction for the location of an easily correlated bed in the stratigraphic section. This
prediction is the intersection of the topography with a plane fit to points surveyed
along the base of that bed and is truncated at a small normal fault in the central
arroyo. Slope map produced from 1m ALSM derived DEM collected and processed
by NCALM. Additional field photos and stratigraphic column are available in the
supplemental material.

reasoned that convex forms characteristic of soil-mantled hillslopes balance
the mass of mobile material produced along them with that transported by
processes whose rates increase with slope. This model of slope-dependent
hillslope transport was later formalized as a hillslope diffusion rule (Geo-
morphic Transport Law, GTL, sensu Dietrich et al., 2003, .
Previous studies have also proposed that transport rates may depend on
slope and soil thickness (Ahnert| |1976; [Braun et al., 2001; |Anderson, [2002;
Roering, [2008; [Furbish et al., |2009) and some empirical evidence supports
this view (Heimsath et al. [2005; [West et al.l [2014). Soil thickness may re-
flect some properties of underlying rocks and rates of erosion ,
because rates of soil production are expected and observed to depend on soil
thickness and lithology (Heimsath et al. [2005). As a result, variations in
underlying rocks may impact soil thickness, and in turn, transport rates.
Therefore, changes in transport rates for a given slope that may accompany
lithologic contacts should be expressed in the form of soil-mantled hillslopes.

If this mechanism is in operation, the proposition of |Gilbert| (1877) that a
soil mantle shields topographic forms from underlying lithologic variations




needs to be revisited.

Hillslopes in the northern Gabilan Mesa (GM), in the central California
Coast Ranges, display the characteristic convex-up morphology predicted by
Gilbert| (1909) and existing GTLs. However, superimposed on largely convex
hillslopes are regular undulations in slope termed ‘shadow beds’: subhorizon-
tal, soil-mantled features that traverse hillslopes and valleys (Dohrenwend,
1974) (Figure[l)). Individual shadow beds seem to correlate with the under-
lying stratigraphy of the Pancho Rico Formation, suggesting that geologic
structure is impacting hillslope forms in this soil-mantled landscape.

We present field surveys of soil thickness, topographic analyses, and
stratigraphic measurements that establish the connection between bedrock
geology and the morphology of a soil-mantled hillslope. Using numerical sim-
ulations of landscapes and modeling field data, we demonstrate that shadow
bedding is consistent with the quasi-equilibrium form of hillslopes travers-
ing rocks with varying resistances to disaggregation given a soil-thickness-
dependent transport rule. We propose a modified rule for hillslope soil flux
that casts flux as the integral of a soil velocity profile that decays exponen-
tially with depth. This velocity profile shows similar dependence on depth
as the activity of a number of processes thought to be responsible for soil
transport.

3 Methods

3.1 Theory

Vertically measured soil thickness, H,[L], evolves according to the local in-
put of soil by production, which depends on the surface normal soil thickness,
H[L], and the divergence of the flux of soil per unit width, ¢s[L?t~!] (e.g.,
Dietrich et al., |2003)):

dH, _ Por Wo
dt — ps cos(0)

The first term on the right hand side describes the empirically calibrated
rate of soil production. Wy[Lt~!] is the bedrock lowering rate at zero soil
thickness, a[L~!] is a constant describing the decay in production rate with
increasing soil thickness, py,. and ps[M L~3] are the densities of bedrock and
soil, and @ is the hillslope angle. Theoretical expectations |Ahnert| (1976)
and empirical evidence (Heimsath et al.,[2005) suggest that lithology controls
rates of soil production through Wy, while « is fairly constant across different

climates and rock types, with a value of ~2 m™!. Lithology-dependent
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variations in Wy require different soil thicknesses to achieve equivalent soil
production rates over different lithologies. Adding rock uplift, U[Lt~!], and
solving for the evolution of surface elevations, z[L], gives:
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—0+ (5 -1) e Ve 2

We assume that downslope soil velocities reach a maximum at the sur-
face and decay exponentially with depth throughout the entirety of the soil
column. This is similar to previously developed expressions (Kirkby, 1967}
Anderson, 2002; Roering, |2008; Furbish et al., 2009)), but ignores the possi-
bility of an inactive region in deep soil columns:

V(Rh) = Voe Mde (3)

The surface normal depth at a point in the soil column is h[L], d.[L] is
the scaling depth of the velocity profile, and Vo[Lt~1] is the surface velocity.
Integrating Equation [3] over H yields the flux per unit width:

4s = Vd, (1 — e~ 1/0) (4)

As d. increases relative to H, a greater fraction of the soil column is
present in the high velocity portion of the profile and flux becomes increas-
ingly sensitive to variations in thickness. If d. > H, Equation [4 approaches
a plug flow condition, g; = VoH. By normalizing the flux in Equation 4] as
¢ = qs/(VoH), such that ¢* = D*(1 —e~%/P"), we capture the sensitivity of
flux to soil thickness with the value D* = d./H. As D* increases, variations
in soil thickness increasingly impact the flux at a given slope. We incorpo-
rate Equation [ into simulations of landscape evolution by allowing Vj to
vary as a function of slope and a constant k[Lt~1]:

Vo = —kVz (5)
for the case of thickness-dependent linear diffusion or:

—kVz
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for thickness-dependent nonlinear diffusive transport (Roering, 2008]).
Here, S, [] is a threshold slope, with values commonly ~1 (Roering et al.,
1999)).

Vo= (6)



3.2 Field location and data

We test this theory with observations from an area of the Gabilan Mesa con-
tained within the Pliocene shallow marine Pancho Rico Formation (Durham
and Addicot, 1965). The Pancho Rico Formation comprises beds of mud-
stone with scattered very fine sand; fine sandstone with scattered coarse
sand; and fossiliferous, pebbly conglomerate. Stratigraphy is only exposed
at the heads of recently incised arroyos, where two stratigraphic columns
were measured (Figure [1f).

Soil thickness was measured in soil pits and by driving a rod down to the
soil-bedrock contact. We averaged thicknesses that were measured within
one LIDAR-DEM pixel (1 m), which amounts to 115 measurements from
soil pits and 112 collected with the rod (Figure . The soil-bedrock contact
was reliably identified with the rod in some soils, but the rod occasionally
penetrated easily disaggregated bedrock. Thus, we base our interpretations
and modeling of data only on measurements collected in soil pits. Vertically
measured thicknesses were converted to surface-normal measurements using
local slope.

To compare the above theory with field data, we assume topographic
steady state. Given this, hillslopes should be adjusted to transport the flux
received from upslope (Gilbert, 1909), which should scale linearly with the
upslope area on the landscape. This allows us to compare data from different
hillslope positions according to the drainage area per contour length, a/b.
We calculate a using the D;,¢ algorithm (Tarboton, |1997; Perron, [2010),
and use the 1 m pixel dimension as b. Slope magnitude is calculated using
a second-order, finite-difference kernel in the cardinal directions.

We focus on nonlinear relations between slope and flux, as hillslopes tend
to become more planar downslope, with slopes below ~0.5 (Figures [1| &
A). A new GTL prediction of flux is presented in each of the three rows
of plots shown in Figure These relationships show a nonlinear function
of slope (Figure [2| A) (Roering et al., [1999); the product of soil thickness
and a nonlinear function of slope (representing transport due to plug flow;
Figure [2| C) (Heimsath et al. 2005); and the result of combining Equations
and |§| (Figure [2| E) (e.g., Roering, [2008)). Plotted against a/b are the
components of each GTL that should vary smoothly as a function of a/b.
Modeled values for these parameters, shown as dashed lines, were computed
by least-squares minimization between observed data and a prediction based
on the relevant GTL and the steady state assumption (e.g., Roering et al.,
1999, justification in supporting material). For GTLs that depend on soil
thickness, we use the mean soil thickness from our observations to develop



this single prediction. In the right column of plots we test if deviations from
the modelled predictions correlate with soil thickness.

3.3 Simulating landscapes

To illustrate the variable role lithology may play in shaping landscapes as
a function of D* we numerically integrate Equations [1] and [2| through the
application of Equations 4] and [5| from a flat initial topography in 1D. The
model domain was subjected to uniform uplift except at the boundaries,
whose elevations were held fixed. To approximate a situation such as that
in the GM, we assume that lithology controls Wy and let this vary with
the amount of exhumation that has occurred at a point. Here, modeled
topography is incising through laterally continuous oscillations between 2.5
m thick “recessive” and “resistant” beds; we specify these as having values
of Wy 50% greater or less than a mean value, respectively. The cyclic values
of Wy are advected upward by U, causing the model to evolve to a state in
which relief oscillates around a mean value. To ensure initial topographic
conditions were eliminated, we ran the model for 4 x 10% model years, a
total uplift of >10x the total basin relief.

4 Results

4.1 Soil thickness and topography

For a given a/b, slopes are higher above thin soils (Figure [2 A & B). This
is seen as a negative bias in the residuals as a function of soil thickness
(Figure [2| B). Bias increases for the case that a soil thickness, slope product
relates soil thickness to transport rate at a given slope (Figure [2 C & D).
The velocity-profile-based prediction does not eliminate the noise present
in the data (Figure 2| E). However, with a d. of 12 c¢m, the segregation of
points at a particular value of a/b based on thickness (e.g., Figure 2] A & B)
is no longer present. This is reflected in the residuals, which are generally
centered near zero for all but the thinnest soils (Figure [2[ F).

4.2 Modeling

In Figure 3| A, we plot ¢* as a function of D* to reference each of the
simulation results shown. Variations in H arise from the variations in Wj
in these simulations. As a result there are steady-state values of D* for
resistant (low D*) and recessive (high D*) layers; bars in Figure |3| B show
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Figure 2: GTL predictions plotted against a/b (A,C,E) and the residuals between
models fits based on these predictions and data (B,D,F). Residuals are reported
as the difference between observed and predicted slopes, S, and S, or observed
and predicted functions of slopes and thickness, f, and f,, and normalized to the
mean observed value. Large circles are color-coded by soil thickness, small dots are
points measured with the rod and were not used in any analysis. Dashed lines in B,
D, and F show a linear regression with 95% confidence intervals. Spearman’s rank
correlation coefficient, ry, and a p-value estimate for the no-correlation hypothesis
are also reported in each plot.



the range of these values within each simulation. We scale k£ in Equation
so that flux remains relatively constant for a given slope and soil thickness,
which reduces fluctuations in relief as d. varies.

Soil thickness varies in all the simulations, but small values of D* (Figure
i) decouple soil production and transport in a way that prevents variations
in soil thickness (and hence lithology) from being expressed in the modeled
topography. For larger values of D*, balancing upslope sediment supply
requires that Vp (and thus slope) must change to compensate the changes
in H that arise at lithologic boundaries. D* values of ~1 (Figure (3] ii)
produce weak correspondence between slope and soil thickness, an effect
that becomes progressively more pronounced as D* increases (Figure [3|iii &
iv).

5 Discussion

Beds in the Pancho Rico stratigraphy can be traced from exposures in ar-
royos to laterally continuous undulations in slope on soil mantled hillslopes
(Figure . Soils tend to be thinner in steep portions of these shadow beds
than in low slope sections (Figure 2] A & B). A linear relationship between
soil thickness and transport overestimates transport through thick soils, sug-
gesting transport does not occur at equivalent rates throughout the soil col-
umn (Figure [2 C & D). A prediction of flux based on Equation 3| accounts
for variations in transport with depth in the soil column, and produces a
balanced estimate of sediment flux along the length of the hillslope when d.
is 12 cm (Figure 2| E). This prediction results in some bias in the residuals of
the thinnest soils toward negative values (Figure 2| F), perhaps related to an
underestimation of high slopes on gridded data or the fact that the proposed
velocity profile is an oversimplification (Kirkby, 1967} |Lewis, [1976). What
remains to be demonstrated is that Wy varies with the lithologies present
and that the proposed velocity profile (Equation [3) matches velocity profiles
from the GM.

Numerical modeling (Figure [3|ii-iv) demonstrates that landscape forms
influenced by subsurface lithology can occur if rates of soil transport, gs,
depend on soil thickness and slope (Equation — @ and if different lithologies
require different soil thicknesses to achieve equivalent soil production rates
(Ahnert| [1976; Heimsath et al., 2005). Shadow beds form in simulations of
hillslopes crossing lithologic contacts, represented with values of Wy, when
soil is transported with the proposed velocity profile as long as H is small
relative to d. (Figure|3|iii and iv).



Soil transport is commonly related to the disturbance of soils yielding a
net-downslope flux (Davis|, [1892;|Culling;, |1960; Roering et al.,[1999). The ve-
locity profile we model could alternatively reflect a decrease in the frequency
of soil-disturbing events with depth. We use the term ‘activity’ to refer to
some measure of the soil disturbance accomplished by a range of processes.
Ground-squirrel burrows and drying cracks in soils suggest that burrowing
and shrink-swell processes are two important agents in soil disturbance in
the GM. Data on the depth dependence of these and other soil disturbing
processes suggest that their activity commonly declines with depth (Figure
A). This suggests that the upper portions of the soil consist of rapidly
mobilized material, while deeper portions may be disturbed less frequently.
In thin soils the high-activity zone may include the entire mobile layer (e.g.,
high D*), generating a tight coupling between soil production and landscape
form. In thick soils, transport may be decoupled from deep portions of the
soil column and landscape forms may be less sensitive to soil production
processes.

How common is lithologic control on hillslope form? Our simulations of
1D landscapes evolving by linear, depth-dependent transport indicate that
the sensitivity of soil-mantled landscapes to thickness occurs when ¢f >~
0.5 —0.7 (Figure [3| B), which occurs when D* >~ 1— ~ 2. Given a hillslope
where soil thickness has adjusted so that soil production rates match rock
uplift rates, D* can be calculated as:

d —ad,
D= -¢—___—7¢ 7
H o n(%529) ")

In the case that a~! and d.. are similar and @ is small, the equilibrium D*
only depends on U and Wj. In this situation, values of D* will exceed ~1,
and fluxes will be sensitive to soil thickness, when the ratio of U to Wy is
greater than ~ e~! (~0.4). For a value of Wy around ~0.1 mm/yr (Dietrich
et al., 2003)), and assuming Wy and U are uncorrelated, soil mantled land-
scapes where uplift (or mean erosion rates) are greater than 0.04 mm/yr are
likely to be sensitive to variations in soil thickness (and therefore lithology).
This suggests that a broad range of soil-mantled hillslopes may encode some
signature of the underlying rock type. However, the dominance of nonlinear
hillslope transport (Roering et al., [1999)) in steep terrains may allow small
changes in slope to compensate for potentially large variations in Wy. Ulti-
mately, nonlinear hillslope transport may limit features such as shadow beds
to landscapes with large variations in Wy and in which base-level lowering
is rapid enough to produce thin soils, but slow enough (and with hillslopes
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Figure 3: A) Dimensionless flux as a function of D*. Inset plots i-iv show hillslope
simulations with flux calculated by Equation [4 and [5] black line is the land surface,
gray line is the soil bedrock contact. Black bars show the D* values for the range
of thicknesses that arise over resistant (R) and recessive (1) layers. B) Variability
in the activity of agents thought responsible for soil disturbance with depth. All
values are normalized to the maximum reported value of each. Normalizing values
and type of measurements are given in the supplementl. Heavy dashed

a velocity profile (Equation [3)) with a d. of 33 cm. Data from: 1-4 Danjon et al.

line is

1999)); 5-6 Danjon et al. (2008); Roering et al.|

2010); 8|Grinnell and Dixon

(1918]);

9 [Kolb| (1985)); 10 Miller| (1957); 11 Yensen et al.

(1991); 12-16 [Fleming and Johnson|

(1975)); 17-20 (1967); 21-25 [Lewis| (1976

; 26 Moeyersons| (1988)).

short enough) to maintain slopes well below their critical values.
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7 Supporting material

7.1 Assumption of steady state soil flux

For a 1-dimensional, non-linear thickness independent transport rule, topo-
graphic steady state predicts that:

S Por
L CTEAG) ¥

Where S [] is the topographic slope, z [L] is the distance from the divide,
and all other parameters are defined in the main text. Similar expressions
can be derived to calculate slope for linear and thickness-dependent trans-
port rules as well. Non-linear equations (e.g., Equation @] and can be
solved iteratively for S to predict how slope varies as a function of x, while
equilibrium slopes can be calculated directly for linear equations (e.g., Equa-
tion . To develop a continuous prediction for slope along our hillslopes
(as shown in Figure , we minimize the sum of the squared errors between
the equilibrium assumption (defined above) and topographic data. In two
dimensions we use the drainage area per contour length, a/b, in place of x
(Roering et al., [1999), where the contour length is specified as the grid cell
width (1 m). This accounts for convergence and divergence of flux due to
planform curvature. Drainage area was calculated using the D;,; algorithm
(Tarboton, [1997; Perron, 2010).

Many of the hilltops in the Gabilan Mesa are characterized by a low-relief
surface defined by the Paso Robles formation, suggesting that, on the whole,
this landscape is not at topographic equilibrium and that this approach may
not be valid. To assess the quality of our assumption of steady state, we
present results of simulations of one dimensional evolving topography. With
these we demonstrate that while the hillslope studied is not likely to be in
steady state, the current slopes are still likely to vary with distance in a
similar manner to those predicted by the steady-state approximation.

To compare our simulated landscapes to the real landscape of the Gabi-
lan Mesa, we define a dimensionless number that compares the minimum
amount of exhumation (‘min|E|" in Figure |5)) that has occurred on a hills-
lope to the current relief on the hillslope. For a simulation evolving due to
fixed base levels and uplift of an initially flat topography this is expressed
as:

Ut

Zcrest

B = (9)
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Where t[t] is the total time that has elapsed in the simulation such
that U[Lt™1] is the rate of uplift or base level lowering and Z.,es¢[L] is the
elevation at the crest of the hill. Due to the preservation of the Paso Robles
surface in the Gabilan Mesa we can also define an equivalent quantity for
our field site:

* Rsm‘f
E R (10)

Where R[L] is the relief and the subscripts sur f and hs denote the relict
land surface and hillslope, respectively. We define relief as the difference
in elevation between the base of hillslopes and the Paso Robles surface and
hill crest, respectively. The development of some subtle topography on this
surface indicates that even where best preserved this surface has likely been
lowered slightly. The crest of the hillslope studied here is approximately 20
- 30 m below this low-relief surface and has ~100m of relief, suggesting it
has an E* value of 1.2.

In Figure [5| we present comparisons between the equilibrium slope and
actual slope for values of E* of 1.1, 1.2, 1.5, and ~4 for linear (Figure
B) and non-linear (Figure [5| C) simulations of evolving hillslope profiles.
Equilibrium slopes are plotted on the y-axis, slopes at different stages of E*
are shown on the x-axis of each plot, and points are color coded for different
E* values. Dashed lines are contours of current slopes being 100%, 80%,
and 60% of equilibrium slopes.

In the range of E* values similar to those of the study area, slopes are
only 60 - 80% of steady state slopes. However, they are relatively consistent
about this value (particularly in the non-linear case) along the length of the
hillslope. That is, when using slope to solve for flux in these transient set-
tings, the degree of misestimation of flux is similar along the length of the
hillslope. In Figure 2| we are not trying to calibrate erosion rates or fluxes
specifically; rather we are simply trying to use the current topography to
model slopes as a continuous function of topographic position. For this rea-
son we feel justified that the modeled slopes shown in Figure 2] provide a
reasonable, continuous prediction for slopes along the hillslope from which
we can measure residuals. Additionally, because the fluxes calculated from
these modeled fits are not likely to be true steady-state fluxes, the parame-
ters calibrated by minimizing the error between actual and predicted slopes
are irrelevant and therefore not reported.
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7.2 Colluvial hollows

An interesting feature of shadow bedding is that it appears to be crosscut
by soil accumulations in colluvial hollows. That is, the oscillations in slope
that define shadow bedding are truncated in areas of convergent hillslope
topography. Figures [I] and [7] A and B highlight an example of a colluvial
hollow cross cutting shadow bedding in a photograph and slope map of the
same hillslope. Beneath the yellow star (and on the north end of Figure
m B) is an area of planform concavity on an otherwise convex to planar
hillslope. Shadow beds can be traced continuously along this hillslope until
encountering this concavity, where they are terminated and reappear again
on the opposite side at an equivalent topographic position.

In the main text we argue that shadow bedding arises such that vari-
ations in slope balance variations in soil thickness to yield a uniform flux
given a thickness-dependent soil flux rule. An end-member alternative to
this equilibrium hypothesis is a purely transient one. Rather than reflecting
thickness-dependent transport, perhaps shadow bedding is a remnant fea-
ture that has yet to equilibrate to the expected smooth, convex topographic
forms characteristic of soil mantled hillslopes. Specifically, hillslopes in the
Wildhorse Valley may still be responding to some episode in the past that
thinned or stripped soils and produced a stepped bedrock or thinly soil-
veiled topography. We argue here that the observation of soil accumulations
in colluvial hollows that crosscut shadow bedding precludes this hypothe-
sis. Specifically, that diffusion-like behavior of purely slope dependent soil
transport (Culling, 1960, |1963)) will act to smooth high-frequency topogra-
phy before accumulating soil preferentially in colluvial hollows. To test this
we present results of simulations from a two-dimensional hillslope model
identical to the one presented in the main text (Figure (7] C).

We evolve these simulations from an initially stepped topography for
~15 ka model years given a thickness-independent transport rule (Culling,
1960, 1963)) and the integrated soil velocity profile presented in Equations
and [5] of the main text. The initially stepped topography consists of slopes
that oscillate between different lithologies. A uniform, thin mantle of soil
(5 cm) is applied to the model, so that fluxes are non-zero at the start of
the simulation. We represent different lithologies as having values of Wj
which vary 50% about a mean value. We introduce plan form curvature
into the topography to represent colluvial hollows. The base of the model
(y-Distance = 0) is fixed at 0 elevation; all other boundaries are periodic.
We do not uplift the model or continually lower base level, as this would
ultimately have the effect of removing the planform curvature - which is the
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feature we are fundamentally interested in observing.

In the thickness-independent model (Figure [7]i-iii), the initially stepped
topography quickly begins to diffuse, and by 10 ka remnants of the initially
stepped topography are present, but strongly subdued. By 15 ka there is
no record of the initially stepped topography in the hollows or on the con-
vex hillslopes. By contrast, in the thickness-dependent model (Figure [7]iv
- vi), the initially stepped topography does not diffuse as quickly (as soil
thicknesses and therefore fluxes are low), preserving the initially stepped
topography in both the simulated hollows and convex portions of hillslopes.
However by 15 ka, accumulations of soil in hollows has resulted in differential
preservation of the formerly stepped topography. While subdued steps are
still present on the convex portions of the slope, they are absent from the hol-
lows. This occurs because accumulations of soil thickness push the hollows
to low values of D*, causing flux to be relatively insensitive to fluctuations
in depth (Figure [3| B & i). While no results are shown here, when perform-
ing identical simulations with a plug-flow flux rule (e.g., ¢ = kHVz), the
lithologic undulations are equally preserved in both the convex and concave
portions of the landscape. Unlike in the integrated velocity profile (Figures
m iv-vi), with the plug-flow rule variations in the thickness of soils require
variations in slope to balance fluxes, regardless of soil thickness.

These simulations support our hypothesis of thickness-dependent soil
flux, and in particular a transport rule that accounts for the decay in downs-
lope soil velocities with depth in the soil column. Even in the case that hill-
slopes are equilibrating from a past event that produced stepped, bedrock
topography, the observation that colluvial hollows cross cut shadow bedding
requires a thickness-dependent transport rule.

8 Figures and tables
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ID Publication Maximum
Value
Trees Measurement Species
ID
1 Danjon et al., 1999 Oak 1 Sessile oak Quercus pe- 2.81E+03 cm?
traea
2 Oak 2 Sessile oak, Quercus 6.59E+02 cm?
petraea
3 Oak 3 Sessile oak, Quercus 2.59E+02 cm?
petraea
4 Pine (30 trees) Mean of 30x Maritime 1.91E+02 cm?
pine, Pinus pinaster
5 Danjon et al., 2008 Tree D White oak, Quercus 1.11E+03 cm?
alba
6 Tree S White oak, Quercus 2.83E+02 cm?
alba
7 Roering et al., 2010 Pine Douglas fit, Pseudot- 5.30E-03 Root-soil
suga menziesit area ratio
Burrowers Measurement
type
8 Grinnell and Dixon, Burrow Area (from  Ground squirrel, Oto- 6.21E+403 cm?
1918 3 sketches) spermophilus beecheyi
9 Kolb, 1984 Burrow Area (from  European rabbit, 7.23E402 cm?
sketch) Oryctolagus cuniculus
10 Miller, 1957 Burrow Volume Pocket gopher, Tho- 5.23E4+05 cm?
momys umbrinus
11 Yensen et al., 1991 Burrow Area (from  Ground squirrel, Sper-  9.12E+02 cm?
sketch) mophilus brunneus
Soil Measurement Measurement inter-
Creep ID val
12 Fleming and Johnson, S11 1.17 yrs 3.76E4-00 cm
1974
13 S12 1.18 yrs 1.67E+00 cm
14 S18 1.14 yrs 1.02E4-00 cm
15 S19 0.89 yrs 9.14E-01 cm
16 S20 1.14 yrs 1.02E+00 cm
17 Kirkby, 1967 Bluff 1-2 yrs 1.33E-01 cm yr—1
18 Peat 1-2 yrs 1.10E-01 cm yr—!
19 Rock 1-2 yrs 3.13E-01 cm yr—!
20 Till 1-2 yrs 1.54E-01 cm yr—1
21 Lewis, 1976 Marimonte 5.4 yrs 2.50E+01 cm
22 Infiernillo 4.4 yrs 1.70E4-01 cm
23 Coama 5.4 yrs 2.54E401 cm
24 LaPaguera 4.4 yrs 1.50E4-01 cm
25 Piedra 4.4 yrs 1.34E4-01 cm
26 Moeyersons, 1987 4 yrs 1.50E+00 cm

Table 1: Summary of data compiled and shown in FigureB. ID corresponds
to the legend shown in Figure [3| B. Measurement ID refers to the sample
or location number in the publication. Maximum value gives the units and
value used to normalize each data set. When appropriate, we specify either
the species studied or the duration of the measurement interval over which
creep rates or distances were measured.
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Figure 4: Additional field photos documenting shadow bedding from the
Northern Gabilan Mesa. A) Shadow bedded hillslope with cross cutting
colluvial hollows south of Topo Valley Road. B) Shadow bedding is seen
on hillslopes in the foreground and background of this South Facing Photo.
Pancho Rico Creek forms the valley in the midground of the photo. In
the foreground, shadow bedding is partially highlighted by variations in
vegetation. C) Aerial photograph highlighting that shadow bedding can be
traced for long distances along hillslopes and across valleys. Photo courtesy

of Juan C. Fernandez Diaz 1
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Figure 5: Transient slope evolution of linear and non-linear hillslopes. A)
Depiction of terms used to compare real and modeled landscapes. Solid
line depicts hillslope, dashed line shows the total uplift that has accrued
or, alternatively, an incised landscape surface. E* depends on the degree
to which hillslopes have evolved beyond their initial condition and may be
defined in the field utilizing an incised but relatively continuous geomorphic
surface (the “mesa” of the Gabilan Mesa). The two presented equations for
E* may be used to calculate this value in different circumstances. In the
field, direct measurements of the hillslope relief, Ry, and the incised surface
relief, Ry, f, can be made. In simulations, the equivalent quantities are the
elevation of the hillslope crest, Z...st, and the product of the uplift rate, u,
and the model time, t. Relief is defined relative to the elevation at the base of
the hillslope. The crest of the hillslope studied here is approximately 20 - 30
m below the low-relief mesa surface and has 100m of relief, suggesting it has
an E* value of ~1.2. B and C) Plots of the steady-state slope, Sss, plotted
against the slope at a specified simulation time, .5;, for different values of
E*. In B this is shown for a system evolving according to a linear transport
rule, while in C the simulation was governed by a non-linear transport rule,
as indicated by the titles of each plot. Dashed lines are contours of current
slopes being 100%, 80% and 60% of equilibrium slopes.
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Figure 6: Composite stratigraphic section from two sections measured at
nearly equivalent stratigraphic positions in the Pancho Rico Formation. Sec-
tions were correlated based on the resistant, bioclastic conglomerate unit 16
m from the base of the displayed section. The expected location of this
conglomerate in the landscape is shown in Figure [l and was computed by
least-squares fitting of a plane to the surveyed basal contact of this bed. Dot-
ted outlines of stratigraphy indicate beds that could not be accessed directly
in one section and were partly soil mantled in the other. Measurements of
thickness in these top beds were made from photographs, theodolite, GPS
surveys and grain-size profiles were partly inferred from weathering profiles
and based on limited outcrop access. Grain sizes are reported for the ma-
trix, scale is labelled as mud (md), very-fine lower and upper sand (vfL and
vfU), fine lower and fine upper sand (fL and fU), and medium lower sand
(mL). Shell and rare pebble clasts are seen in beds near the middle of the
section. In the two thin beds between 14 and 16 meters, long axis of clasts
are typically 1-2 cm in diameter. In the thicker bed, fossil clasts are typically
~5 - 10 cm and in some cases even larger.
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Figure 7: Field observations and simulation results of interactions between
colluvial hollows and shadow bedding. A) Photograph of a hillslope high-
lighting shadow bedding and a colluvial hollow. B) Slope map computed
from 1m ALSM derived DEM collected and processed by NCALM. C) Re-
sults of simulations of evolution of stepped topography. Image at far left
shows the slope of initial topography for simulations. Two columns show
the evolution of slopes when soil transport is depth-independent (i-iii) and

when applying the proposed transport law (iv-vi) with the corresponding
flux rules labeled at the top of each column.
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