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Landslide erosion controlled by hillslope material

Isaac J. Larsen’, David R. Montgomery’ and Oliver Korup?®

Steep hillslopes in mountain belts are eroded by landslides,
and landsliding is ultimately driven by the topographic
relief produced by fluvial and glacial erosion™. Landslide
erosion rates are derived from estimates of landslide volume
and can help to appraise landscape responses to tectonic,
climatic and anthropogenic forcing. However, the scaling
relationships—power-law equations that are used to estimate
the volume of the landslide from the area of the failure—are
derived from a limited number of measurements, and do not
discriminate between bedrock and soil landslides. Here we
use a compilation of landslide geometry measurements from
4,231 individual landslides to assess the relative volume-area
scaling of bedrock and soil landslides. We find that shallow,
soil-based landslides can be approximated by an exponent of
y = 1.1-1.3. In contrast, landslides that involve the failure of
bedrock have a deeper scar area, and hence larger volume, and
are characterized by y =1.3-1.6. On the basis of observations
that soil residence times in uplifting mountains can be as low
as a few centuries®, we suggest that both deep bedrock and
frequent, shallow soil landslides can erode steep hillslopes at
rates commensurate with even rapid tectonic uplift.

Quantifying rates of landslide erosion is essential for under-
standing links between physical erosion, chemical weathering and
atmospheric CO, consumption”®, the transport of organic car-
bon from the terrestrial biosphere to ocean basin sinks”!?, cou-
pling among tectonic, atmospheric and surface processes'!, the
productivity and sustainability of soil resources'? and the fore-
casting of landslide hazards'?. However, landslide erosion and
the associated transport of soil, rock and biogeochemical con-
stituents are difficult to quantify, in part because regional in-
ventories contain hundreds to thousands of landslides, making
it impractical to measure the depth of each landslide scar for
determination of eroded volume. Hence, landslide volume and
erosion estimates rely on scaling relationships based on relatively
few field measurements>'*1%, where the predicted volume V of
a given landslide area A depends on a scaling exponent y and
intercept « such that V = «A”. Such a model was first pro-
posed over four decades ago'’. Among the many subsequent
studies of landslide scaling, limited data from New Zealand? were
used to propose that landslide scar depth scales with landslide
width. The resulting self-similar scaling with y = 1.5 has been
widely used outside New Zealand to estimate landslide volumes
and erosion rates”!>1318=21 Recently, scaling with y = 1.45 was
proposed on the basis of 677 landslide measurements?, leading
to conclusions that V—-A scaling is not significantly influenced
by the geomorphic or mechanical properties of the failed soil
or bedrock and that y may vary with landslide size. Although
these results draw on several landslide studies emphasizing V-A
scaling, V' is generally calculated as the product of A and mean
landslide depth D, which introduces strong V—A covariance. More-
over, the tacit generality of these y-values remains untested, or
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Figure 1| Effect of the volume-area scaling exponent y on predicted total
landslide volume (V7). The total volumetric prediction is expressed as the
ratio V7, =1.5)/ Vr(y) for three synthetic power-law distributed inventories
(black lines) and four empirical landslide inventories (grey lines) of
landslide area A. The grey shaded area encompasses factor of two
under-/over-estimates. The boxes and whiskers show ranges of volumetric
prediction for 30 randomly generated inventories of A for a fixed y.
Volumetric estimates from any two inventories with the same size range
and scaling parameters generally vary by less than a factor of two, with the
variance of the error increasing with y, which is generally smaller than
errors introduced by even small differences in y. See Supplementary
Methods for data sources.

inferred from sample sizes constituting small fractions of published
landslide inventories?.

We assessed the degree to which variance in y affects landslide
erosion predictions with a sensitivity analysis that estimates the
maximum degree of under- or over-prediction of total landslide
volume (V7), from a given inventory of landslide areas. The
analysis shows that small differences in y lead to substantial
variance in Vr predictions. For example, using y = 1.5 instead
of y = 1.4 overestimates Vr by at least a factor of two (Fig. 1).
Prediction errors become larger with increasing difference in
y, decreasing area—frequency scaling exponents and increasing
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Figure 2 | Landslide geometry scaling. Landslide volume versus area (a) and depth versus area (b). Data are for bedrock landslides (n = 604), soil
landslides (n = 2,136) and undifferentiated landslides (n =1,491). The landslide volume-area data may be described by power-law scaling with log

o =—0.836+0.015 with units [L372")],  =1.3324+0.005 and R = 0.95. Depth-area data may be described by log @ = —1.090 4 0.015 with units
(L9271 3 = 0.42040.005 and R? = 0.50. The soil landslide data include 1,617 and 124 measurements of scar and deposit geometry, respectively. The
bedrock landslide data include 168 and 344 measurements of scar and deposit geometry, respectively.

maximum landslide area, and can easily be one or more orders
of magnitude. The degree of potential over- and under-estimation
of landslide erosion is therefore large enough to warrant caution
when applying any scaling relationship outside the region it was
developed. Inappropriate use of self-similar scaling can lead to
substantial errors in landslide volume predictions, and it follows
that accurate estimation of  may have a hitherto unrecognized role
in quantifying landslide erosion and mass fluxes.

The lack of accurate constraints on y for different hillslope
materials is a key limitation for quantifying material transfer from
uplands to lowlands, particularly as little is known about the relative
contributions of soil (which we consider here as unconsolidated
soil, regolith and colluvium) and bedrock landslides in denuding
mountains. This is a major shortcoming, as on one hand it has
been proposed that bedrock landsliding is the only hillslope process
capable of keeping pace with the rapid, 1-10mmyr~! long-term
rates of river incision and exhumation of mid- to upper-crustal
rocks inferred from studies of uplifting mountains®. This rate
control may be manifest in adjusted frequencies or magnitudes of
landslides on threshold hillslopes (those as steep as can be supported
by their material strength). On the other hand, landslide erosion in
soil-mantled landscapes may be limited by the rate at which bedrock
weathers and is converted to soil**. Conceptual landscape evolution
models hold that a transition from soil to bedrock landsliding
in tectonically active mountains occurs where rock uplift rates
greatly exceed soil formation rates®. Iflandslides dominate hillslope
erosion through stripping of the soil mantle, soil depths should
limit landslide scar depths. We tested the hypothesis that differing
limits to bedrock and soil landslide depths are mirrored in distinctly
different V-A scaling parameters by compiling and analysing
4,231 measurements of scar and deposit geometry for landslides
from around the world, constituting to our best knowledge
the largest database of this kind (Supplementary Table S1). We
demonstrate that scaling parameters vary significantly with material
type, propose a physical basis for this variance and assess whether
erosion by soil landslides is capable of keeping pace with bedrock
uplift in tectonically active mountain ranges.

The documented landslides show power-law scaling over nine
orders of magnitude in A and twelve orders of magnitude in
V, with y = 1.332 £0.005(+10) (Fig.2a). The high scatter
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in D-A data indicates considerable heterogeneity in measured
landslide geometries (Fig.2b). We examine the heterogeneity
in landslide geometry by focusing on V-A scaling exponents
because y facilitates comparison with previous studies. Scaling
exponents for bedrock and soil landslides differ significantly, with
Yiock = 1.3510.01 and 4 = 1.14540.008, which indicates V-A
scaling varies with hillslope material. The combined data set
consisting of all soil failures shows that scar depth or deposit
thickness does not vary with landslide area, whereas the median
depths of soil landslide scars increase by less than one order
of magnitude with increasing landslide area (Fig. 3). In contrast,
bedrock failures tend to become deeper and their deposits thicken
by 2-3 orders of magnitude as landslide areas increase. This trend
holds for the combined data set consisting of all bedrock failures,
as well as data specifically from measurements of scars or deposits.
The depths of small bedrock landslides (<10° m?) are similar to
soil landslides, probably because they occur in weathered or closely
jointed bedrock mechanically similar to soil. Scaling exponents for
global bedrock landslides derived from measurements of deposit
(y = 1.40 £ 0.02) versus scar (y = 1.41 £ 0.02) geometry are
indistinguishable (Supplementary Table S1). Hence, the tendency
for detached landslide masses to increase in volume because of
dilation and entrainment® has not introduced significant errors in
our scaling relationships (Supplementary Fig. S1).

Stratifying landslide data by region and dominant material
confirms the trend in the combined, global data set and shows
that for bedrock landslides ¥, ranges from 1.3 to 1.6, whereas for
soil landslides yyoi = 1.1-1.4 (Fig. 4). Self-similar scaling captures
the central tendency in empirical y-values for data sets consisting
primarily of large bedrock landslides, but the large error bars do not
allow us to resolve how generally self-similar scaling applies. The
systematically lower y -values show that self-similar scaling does not
characterize soil landslides. We argue that the variation in y for soil
landslides reflects regional differences in soil thickness that limit
landslide scar depths. For example, the lowest y-values are from
landscapes in British Columbia subject to Pleistocene glaciation and
the semi-arid Transverse Ranges of southern California where soils
tend to be thinner than in temperate-humid climates.

Systematic offsets in the peaks of estimated probability densities
for global soil landslide and soil depths (Fig. 5a) support the notion
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Figure 3 | Box plots of landslide scar depth and deposit thickness as a function of landslide area for soil and bedrock landslides. Landslide areas are
binned at one order of magnitude intervals. The horizontal line defines the median, for n > 3 the box defines the inter-quartile range, and for n > 9 the
whiskers delineate the 10th and 90th percentiles and the circles delineate the 5th and 95th percentiles.
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Figure 4 | Scaling exponents (y) from the landslide data sets used in this study, previous empirical studies and previous models. Landslide inventories
are classified on the basis of the dominant landslide type. The circles are mean or reported values and the error bars denote one standard error or reported
errors. The data sources are listed in Supplementary Table ST and the associated intercept («) values are shown in Supplementary Fig. S2.
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Figure 5 | Soil and landslide depths. a-d, Gaussian kernel density estimates of landslide scar and soil depths for global soil landslides (n =1,617; truncated
at 6 m) and global soils (n = 83) for slope angles >20° (a), Redwood Creek, California (b), San Gabriel Mountains, California (¢) and Oregon Coast Range
(d). The black (grey) lines show landslide scar (soil) depth. The box plot shows the percentage of landslide depths that are less than the indicated value.
The maximum soil depth in the global database and the 95th percentile soil landslide depth are both ~3 m. e, Soil depth (black) and rate of soil formation
(grey) versus time since landsliding for landslide scars in Tairawhita?” (upper curves) and Taranaki?8, New Zealand (lower curves).

that scar depths of shallow, primarily soil landslides are limited by
soil thickness, and explain systematic differences between soil and
bedrock landslide scaling. Regional data from the western US show
consistently that modal landslide scar depths are several decimetres
less than modal soil depths (Fig. 5b—d). The limiting factor of
soil thickness indicates soil landslides on soil-mantled hillslopes
characterized by y < 1.3 are transport-limited in the short-term if
detaching less than the maximum soil depth, but supply-limited
in the long-term as soil formation rates dictate the availability
of detachable material®®. If soil formation rates fail to match
erosion rates, then bedrock failures with y > 1.4 will characterize
hillslope erosion, independent of soil cover or formation. The depth
distributions for soil and bedrock landslide scars thus provide a
physical explanation for variations in y and we argue that y is a
metric capable of differentiating between these first-order material
controls on hillslope erosion, thereby delimiting a transition that is
central to understanding the production, transport and loss of soil
and the resulting biogeochemical fluxes from mountain landscapes.
The view that only bedrock landslides can match river incision
and exhumation rates in rapidly uplifting mountains® is supported
by observations that bedrock-landslide inventories are dominated
volumetrically by fewer, but larger failures more than are inven-
tories of mixed or shallow landslides®. However, soil production
rates decline exponentially as soil depth increases®, so conversely,
soil production should commensurately accelerate after landsliding
removes the soil. Consequently, episodic soil landslides that reduce
soil depths will increase rates of bedrock weathering in proportion
to their frequency’. More frequent landslides will result in enhanced
weathering’ and we propose that bioturbation caused by root
penetration into weathered and tectonically fractured bedrock
drives rapid soil production in humid mountain belts. Indeed, soil
residence times in rapidly uplifting, but soil-mantled landscapes
can be as low as 100-200yr (ref. 6). Rates of soil formation on
landslide scars can increase to many times the long-term landscape
erosion rates, reaching rates of 5-20mmyr~' in the century
following failure?”?® (Fig. 5¢). Although some soil in landslide scars
may derive from upslope soil erosion*”®, such colluvial material
helps accelerate soil production by providing substrate for rapid
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vegetation re-establishment®. Our data set lacks temporal infor-
mation needed to assess volume—frequency relations for soil versus
bedrock landslides, but recent modelling suggests smaller landslides
(which tend to be soil failures) may occur frequently enough to
contribute equally to denudation as larger failures?'. We propose
that rapid bedrock weathering and soil formation following soil
landsliding may allow adjustments in landslide frequency to offset
rock uplift without widespread, deep-seated bedrock failures by
occurring at commensurately higher frequencies to counterbalance
their lower volumetric contributions for a given failure area.

Quantification of the controls on landslide volume—area scaling
highlights the importance of discriminating between soil and
bedrock landslides when estimating erosion rates. Our analysis
shows that soil depth limits the volume of material eroded from
soil landslides and that the potential for rapid soil formation could
allow soil landsliding to keep pace with rock uplift, even in the most
tectonically active mountain ranges. The potential for both soil and
bedrock landsliding to keep pace with rock uplift has important
implications for soil residence times, biogeochemical cycling and
landscape evolution in mountain belts.

Methods

Sensitivity analysis. We created synthetic power-law distributed landslide
inventories (n = 10,000 each) over a pre-defined range of non-cumulative
area—frequency scaling exponents (8 = 1.5, 2.0 and 2.5) and landslide areas

(10> m? < A; < 10° m?), thus encompassing most published inventories. We used
different values of y (with intercept = 0.02m*™%) and computed the ratio of V.
for y = 1.5 over V7 for a range of reported values of y to determine how variation
in y affects total landslide volume for the synthetic landslide inventories. The
range of V(=15 /Vr(y) ratios shown by the boxes and whiskers is for 30 randomly
generated inventories of A (all with 8 =2.5; n=10,000 and 10> m? < A < 10° m?)
for a fixed y. See Supplementary Methods for information on empirical inventories.
Note that the Northridge landslide inventory has 8 = 2.4 only over a limited area
range, hence the slightly higher apparent value of .

Landslide geometry. Measurements of the area, thickness and volume of landslide
scars and deposits were obtained from publications, digitized from published figures
and our own field measurements (see Supplementary Table S1 for data sources).
Data are based on individual measurements and not on extrapolation. Landslide is
defined broadly to include rotational, translational, flow and avalanche failures in
earth, debris and bedrock®. We calculated landslide volume as the product of scar
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area and mean scar depth or deposit area and mean deposit thickness, depending on
the available data. However, for some data sets landslide area was not defined or was
based on the total area disturbed. All data were used to determine the relationship
shown in Fig. 2. We further distinguished: (1) bedrock failures, (2) ‘soil’ failures
within unconsolidated soil, regolith or colluvium and (3) undifferentiated failures
(Supplementary Fig. S3), as well as data based on: (1) the failure scar geometry,
(2) the deposit geometry and (3) other or undefined geometries (Supplementary
Fig. S4). Reduced major axis regression on log-transformed data was used to deter-
mine the scaling parameters y and « for different study regions grouped by dom-
inant landslide material (Supplementary Figs S5-S7). Scaling exponents were con-
sidered to be significantly different if the 95% confidence intervals did not overlap.

Soil depths. The distribution of global soil landslide scar depths (n=1,617)

was compared against 83 global upland soil depth values from slopes >20°
using Gaussian kernel density estimation. Landslide (n = 898) and soil depth
(n=123) distributions were also compared for Redwood Creek, California, where
landslide and soil depth data were available for the same watershed, and for the
San Dimas Experimental Forest, California (n=29) and the Oregon Coast Range
(n=287), where landslide and soil depths were measured at individual failures
(see Supplementary Information for data sources). Soil depths for Redwood Creek
were based on soil pits on slopes >20°. The pits did not always reach unweathered
bedrock and thus, in some cases, soil depths are minimum values.
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