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A signature of transience in bedrock river incision
rates over timescales of 10*-107 years

Noah J. Finnegan', Rina Schumer? & Seth Finnegan®

Measured rates of river incision into bedrock are commonly inter-
preted as proxies for rates of rock uplift (see refs 1 and 2, for example)
and indices of the strength of climatic forcing of erosion over time (see
refs 3 and 4, for example). This approach implicitly assumes that river
incision rates are in equilibrium with external forcings over a wide
range of timescales. Here we directly test this assumption by examining
the temporal scaling of bedrock river incision from 155 independent
measurements of river incision compiled from 14 sites. Of these sites,
11 exhibit a negative power-law dependence of bedrock river incision
rate on measurement interval, a relationship that is apparent over
timescales of 10*-10” years and is independent of tectonic and geo-
morphic setting. Thus, like rates of sediment accumulation®, rates of
river incision into bedrock exhibit non-steady-state behaviour even
over very long measurement intervals. Non-steady-state behaviour
can be explained by episodic hiatuses in river incision triggered by
alluvial deposition, if such hiatuses have a heavy-tailed length distri-
bution®. Regardless of its cause, the dependence of incision rate on
measurement interval complicates efforts to infer tectonic or climatic
forcing from changes in rates of river incision over time or from
comparison of rates computed over different timescales.

Unglaciated topography is shaped by competition between tectonic
uplift and bedrock river incision’. The potential for rivers to grow steeper,
convey more water via orographic precipitation and thus become more
erosive with higher rates of tectonic uplift suggests that rates of surface
erosion should evolve to match rates of rock uplift in actively uplifting
ranges®. At the same time, climate-driven changes in sediment supply
and water discharge to rivers are thought to modulate rates of vertical
river incision into rock over geologic time*'°. These arguments imply that
measured rates of bedrock river incision can constrain active tectonic
processes as well as temporal variability in the strength of climate forcing
of erosion.

Measured rates of land-surface change in aggradational (formed by
sediment deposits) settings, in contrast, exhibit a negative power-law
dependence of accumulation rate on measurement interval that is not
directly attributable to tectonic or climatic forcing''. This ‘Sadler effect’
arises when the duration-frequency distribution of hiatuses between
intervals of accumulation has a heavy-tailed distribution®. Such dis-
tributions emerge from a variety of stochastic sediment accumulation
models®. Over measurement intervals smaller than the longest hiatus,
sedimentary sequences incorporate longer hiatuses at longer time-
scales and thus average accumulation rates tend to decline with mea-
surement interval. It is unclear whether information about external
climatic or tectonic forcing can then be recorded®. For example, an
analysis of clastic coastal and continental shelf deposits indicates that
only for measurement intervals exceeding 10*-10°years do rates of
sediment accumulation cease declining and therefore begin to reflect
tectonic subsidence rates®. This measurement interval corresponds to
the longest recorded hiatus.

A bedrock river is commonly conceptualized as an alluvial river bed
overlying a bedrock channel bed that is incised only when the stripping
of deposited alluvial material exposes bedrock to processes of abrasion,

weathering and plucking". Hiatuses in incision begin when the alluvial
bed aggrades and end when its elevation returns to that of the bedrock
channel, for example following flood scour™ (Fig. 1a, b). If the long time
series of alluvial bed elevation can be described as a stochastic process*'?,
then the return time to bedrock will follow a power-law frequency dis-
tribution in the long time limit®. This is true whether aggradation and
scour events follow a simple random walk process", a long-range corre-
lated random process, or a random walk marked by power-law periods
between deposition or erosional events'. Under this model, bedrock
incision rate will decline with measurement interval according to a nega-
tive power-law relationship (Fig. 1c). The measurement interval over
which a system exhibits negative power-law rate scaling is related to
the longest physically possible hiatus duration in the period of record.
Only over timescales exceeding the duration of the longest possible hiatus
can changes in river incision rate be confidently interpreted in terms of
tectonic or climatic forcing.

It is widely recognized that mass-wasting triggers rapid and deep
alluvial bed aggradation in bedrock channels following earthquakes'?,
fires's and large storms'”. Additionally, both rapid scour and deposition
of alluvium occurs during floods in bedrock channels. Given the stoch-
astic nature of these processes governing alluvial bed elevation change'®,
the potential exists for a negative power-law dependence of bedrock river
incision rates on measurement interval. Although numerical modelling
suggests that steady-state bedrock incision arises over relatively short
measurement intervals (10° years) despite stochastic forcing of sediment
supply"?, a review of bedrock incision records in the southeastern USA™
observed a negative scaling of bedrock incision rates with measurement
intervals of 10°~10 years. Another study observed negative rate scaling
for a variety of erosion processes over similar timescales™. Therefore, the
fidelity of the process of bedrock river incision as a recorder of external
climatic and tectonic forcing remains uncertain.

To test for a dependency of bedrock river incision rate on measure-
ment interval, we compiled 14 bedrock river incision data sets that
each span at least one order of magnitude in time (see Methods and
Supplementary Table 1). To avoid the spurious correlation that arises
from plotting a rate against its own denominator (measurement interval),
we computed the power-law relationship between cumulative bedrock
incision and measurement interval for each of the 14 data sets (see
Methods). The temporal scaling of cumulative bedrock incision can then
be related to the temporal scaling of bedrock incision rate by subtracting
one from the cumulative incision versus measurement interval power-
law exponent, herein referred to as § (Fig. 1c)>. Of the 14 data sets, 11
exhibit values of f§ that are less than one, implying a negative power-law
dependence of incision rate on measurement interval (Fig. 2; Extended
Data Table 1). For the entire data set, the mean power-law exponent
relating cumulative river incision and measurement interval is about
0.8 (implying a rate versus measurement interval exponent of about
—0.2). In addition, we find that the apparent negative power-law depend-
ence of incision rate on measurement interval persists over four orders of
magnitude in time (10*-10” years) (Fig. 3). Because tectonically inactive
rivers tend to preserve longer incision records than tectonically active
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Figure 1 | The connection between stochastic alluvial bed elevation change,
cumulative bedrock incision and incision rate scaling. a, Random-walk
simulation of alluvial bed elevation (black line) and cumulative bedrock
incision (dashed green line), assuming incision rate is constant when the bed is
unburied. b, Bedrock canyon evolution implied by simulation. ¢, Plot of the
logarithm of cumulative incision (dashed green line) and the logarithm of time-
averaged incision rate (solid blue line) versus the logarithm of the measurement
interval calculated from the synthetic incision record in a. Adjacent to each
curve is the form of the power-law relationship of that variable (cumulative
bedrock incision or time-averaged bedrock incision rate) to measurement
interval in terms of the power-law exponent relating cumulative incision to
measurement interval, .

rivers, it is impossible to completely de-convolve measurement interval
and tectonic setting. Nevertheless, we see no evidence to suggest that the
observed scaling is strongly influenced by tectonic setting (Fig. 3; Extended
Data Table 1). Lastly, we note that a negative power-law dependence of
incision rate on measurement interval is apparent regardless of the par-
ticular landform used to constrain river incision (Extended Data Table 1).
Because preservation of paired strath terraces is promoted by channel
narrowing, which is a common response to accelerating incision®, it is
conceivable that the terrace record could be biased towards settings with
accelerating incision and hence negative power-law rate scaling. However,
a negative power-law dependence of incision rate on measurement inter-
val is also recorded in unpaired terraces, caves and incised volcanic depos-
its, which should not be subject to the same preservation bias because they
do not require valley narrowing for preservation. Consequently, it is un-
likely that our findings simply reflect a preservation bias.

Rates of bedrock incision recorded during floods* and over short mea-
surement intervals™ are usually too large to be sustained over geologic ti-
mescales, implying that long hiatuses must separate intervals of incision.
Evidence that such hiatuses have a power-law distribution in time (and
are therefore probably stochastic in origin) is supported by the negative
power-law dependence of incision rate on measurement interval that we
observe over 10°-10 years. Physical evidence for extremely long incision
hiatuses in bedrock exists in the Himalayas, where valley fills can persist
for over 10° years (ref. 24). Therefore it is possible that stochastic forcing
from processes of sediment transport and delivery may be recorded in
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Figure 2 | Cumulative bedrock incision as a function of measurement
interval. Log-log plot of cumulative incision versus measurement interval for
the 14 data sets. Best-fit lines reflect the mean slopes and intercepts derived
from the error analysis. Dashed lines indicate slopes (that is, f§) greater than or
equal to one. Solid lines indicate slopes less than one.

rates of bedrock incision even over measurement intervals exceeding
10° years.

It has also been argued that gravel aggradation modulated by Quat-
ernary climate changes provides an external mechanism for generating
incisional hiatuses in bedrock channels*'°. In this case, return time dis-
tribution theory would predict a levelling out of incision rates at the
period of the forcing and thus a transition to an exponent of 1 on a plot
of cumulative incision versus measurement interval. For example, in
numerical experiments in which incision hiatuses are driven by gla-
cial-interglacial climate cycles, rates of vertical incision show little change
once averaged over the 10°-year interval that corresponds to the dom-
inant period of late Pleistocene glaciations™. In contrast, we find that the
negative power-law dependence of incision rate on measurement inter-
val persists over four orders of magnitude in time (10°~10” years) (Fig. 3),
and—importantly—over intervals much longer than the period of any
known periodic climate forcing. This suggests that, globally, hiatuses in
river incision into bedrock may not be coupled in a simple linear way to
periodic Pleistocene climate forcing, as has been frequently suggested.

If incisional hiatus length is instead imposed by something intrinsic
to the process that generates hiatuses (for example, maximum landslide
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Figure 3 | Cumulative bedrock incision versus measurement interval
exponent fas a function of incision record length. Data points are the mean
exponent calculated from the error analysis. Error bars represent *1¢ derived
from the error analysis. Data points plotted above the steady-state incision line
reflect rates of incision that increase with measurement interval. Data points
plotted below the steady-state incision line reflect rates of incision that decrease
with measurement interval.
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size), there is no evidence to support the existence of such a limit in the
data examined here. Long-term average rates of bedrock incision are
thus apparently inseparable from the interval over which they are mea-
sured. Before incision rates at different locations can be meaningfully
compared, the rate-measurement interval scaling of each location must
first be quantified and then the incision rates need to be normalized to a
particular measurement interval. The data compiled here also suggest
that comparisons between river incision rates and, for example, ther-
mochronologic ages or geodetic rates of surface uplift may be compli-
cated by the fact that incision rates depend on measurement interval, as
well as tectonics and climate, as also argued by ref. 20. However, to the
extent that stochastic variation in sediment input to channels is region-
ally coherent™, the incision histories of nearby catchments might be
quite similar, even if they do not record tectonic or climatic forcing in a
straightforward way.

Our inference that the dependence of incision rate on measurement
interval reflects the influence of episodic alluvial aggradation is sup-
ported by the observation that bedrock river channels are usually
covered in debris, even in tectonically active settings'****”. The incision
scaling observed on the Blue Nile river®, if it arises from power-law
hiatuses, implies an instantaneous incision of about 0.7 m in 1 year, but
only 116 m after 10° years. Thus, only during 0.2% of a 10°-year-long
record (that is, 166 years) would any channel incision occur. In other
words, as observers, we are far more likely to encounter a channel in a
state of non-incision. This suggests that an understanding of the pro-
cesses that generate incisional hiatuses is arguably more important to
understanding rates of landscape change than is an understanding of the
incision process itself, as has also been argued by ref. 12. Our analysis also
suggests that apparent recent increases in river incision rates should be an
expected consequence of measuring bedrock river incision rates over
measurement intervals that do not incorporate long hiatuses, as argued
by ref. 10.

Do the same issues that complicate the interpretation of river incision
rates also affect landscape-scale erosion rates? A study of sediment yields
in steep, mountainous catchments on decadal measurement intervals
suggests that landscape-scale erosion rates (as opposed to fluvial incision
rates) are biased towards slow rates over short measurement intervals
because of infrequently sampled catastrophic erosion events®. This scal-
ing is the opposite of what we observe in the case of river incision, where
shorter measurement intervals tend to yield higher rate estimates. One
potential explanation for this apparent contradiction is that materials
eroded from hill slopes are subsequently deposited in channels, where
they may cause hiatuses in bedrock channel incision. Infrequent, large
hill-slope erosion events could therefore trigger infrequent but long-
duration hiatuses in bedrock channel incision. That said, in general land-
scape-scale erosion rates show little apparent dependence on measure-
ment interval®, an observation that has been attributed to the averaging
out of local stochasticity with increasing spatial scale of measurement™.
Thus, the influence of locally stochastic erosional processes on temporal
rate scaling may depend both on the specific process in question and on
the spatial scale examined.

METHODS SUMMARY

We compiled 14 bedrock river incision data sets that span at least one order of
magnitude in time (Supplementary Table 1), encompassing a total of 155 measure-
ments of river incision. We define tectonically active settings as those regions with
documented tectonically driven rock uplift. Each of the tectonically active data sets
was also taken from a paper (see the Extended Methods for citations) that measured
river incision to constrain active tectonic processes. Tectonically inactive settings did
not meet these criteria. We use reported or estimated uncertainties for each mea-
surement of cumulative bedrock incision and measurement interval to define the
uncertainty for each data point in each data set. We performed a Monte Carlo error
analysis for each data set in which we calculated 3,000 linear fits between the
logarithm of cumulative bedrock incision and the logarithm of measurement inter-
val. Measurement interval for a cumulative river incision measurement is equivalent
to the age of the landform used to constrain incision. This is because cumulative river
incision for all data points is computed between the modern channel elevation and

LETTER

the palaeo-channel elevation. We do not calculate incision between dated landforms
because such estimates do not represent statistically independent measurements of
incision. For each model iteration, we assigned incision and age errors by selecting
randomly from a normal error distribution for each data point with a standard
deviation corresponding to the reported or estimated uncertainty in landform age
and elevation. Slope and intercept distributions were created for each data set from
the results of the Monte Carlo simulation to define power-law exponents relating
cumulative incision and measurement interval, as well as corresponding uncertain-
ties. Because our explanatory variable (measurement interval) has significant uncer-
tainty, we use a total-least-squares regression method to quantify slope.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

To test for a dependence of river incision rate on measurement interval, we compiled
14 bedrock river incision data sets, each of which spans at least one order of mag-
nitude in time (Supplementary Table 1), encompassing a total of 155 independent
measurements of river incision. First we describe the incision data sources. Then, we
describe the statistical analyses performed on the data to constrain the relationship
between cumulative bedrock incision and measurement interval for the 14 data sets.
We provide the location and citation for each of the 14 incision data sets used in
the analysis. In addition, we describe how both landform ages and uncertainties
and cumulative bedrock incision values and uncertainties were determined for
each data set. Of the 14 data sets, we identified tectonically active settings as those
regions with documented tectonically driven rock uplift. In addition, each of the
tectonically active data sets was taken from a paper that measured river incision to
constrain active tectonic processes. Areas identified as tectonically inactive did not
meet these criteria.
Middle Gorge of the Indus river, Pakistan. We used the weighted average ages and
corresponding uncertainties and elevations reported in table 2 of ref. 3. Elevation
uncertainty was assigned according to section 3.1 of ref. 3. We ignored point 5 in
table 2 of ref. 3, following the interpretation of the authors.
Clearwater river, Olympic Mountains, Washington (state), USA. We used the
ages and age ranges from figure 4 of ref. 30 to define the ages and age uncertainties
for terraces. We digitized the terrace elevations from figure 4 of ref. 30 and used the
reported elevation uncertainties in table 1 of ref. 30.
Umpqua and Siletz rivers, Oregon Coast Range, Oregon, USA. We used the ages
and elevations along with their corresponding uncertainties as reported in table 1
of ref. 31. We selected only the Siletz and Umpqua River data sets as these span the
longest period of time.
Bidente and Musone rivers, Northern Apennines, Italy. We used the ages and
elevations along with their corresponding uncertainties as reported in tables 2 and
4 of ref. 32.
Yellow river, Linxia basin, eastern Tibetan plateau margin, China. We used the
ages and bedrock elevations reported in table 1 of ref. 33. We assume a 10% un-
certainty for age and a 5m uncertainty in elevation, in keeping with the largest
observed uncertainties in other data sets.
Sierra Nevada caves, California, USA. We used the ages and elevations along
with their corresponding uncertainties as reported in table 2 of ref. 34.
Trachyte creek, Colorado plateau, Arizona, USA. We used strath ages and
corresponding uncertainties reported in table 3 of ref. 35. Strath elevations were
obtained from table 4 of ref. 35. We assigned an uncertainty in elevation of 5 m.
Grand Canyon, Colorado river, Colorado plateau, Arizona, USA. To avoid com-
paring reaches with different rates of tectonic forcing, we selected only data iden-
tified by the authors of ref. 36 as part of the “Western [Fault] Block” of the Grand
Canyon because it is the longest record presented. Ages and uncertainties as well as
strath elevations were obtained from table 2 of ref. 36. Strath elevation uncertainties
were estimated to be half of the maximum pool depth reported in table 2 of ref. 36.
Yellow river, Jinshaan canyon, Oordos plateau, China. Strath ages and uncertain-
ties were obtained from table 1 of ref. 37. Terrace elevations were selected from the
Qilangwo locale in table 2 of ref. 37. Uncertainties in elevation were assumed to
be 5m.
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Grand Canyon of the Nile, Blue Nile river, Ethiopia®®. Ages and elevations were
digitized from figure 5 of ref. 28. Uncertainties of 10% were assumed for age, and
5m uncertainties were assigned to elevations.
Mammoth cave, Green river, Kentucky, USA. Ages and uncertainties were
obtained from table 2 of ref. 38. Elevations were obtained from table 3 of ref. 38.
Uncertainties in elevation were assigned according to the Methods of ref. 38.
Cumberland river, Cumberland plateau, Kentucky and Tennessee, USA. Ages and
uncertainties as well as elevations were obtained from table 1 of ref. 39. Uncertainties
in elevation were assigned to be 2 m, because of the similarity of this study to ref. 38.
We performed a Monte Carlo error analysis for each data set, in which we calcu-
lated 3,000 linear fits between the logarithm of cumulative bedrock incision and the
logarithm of measurement interval. The measurement interval for a river incision
measurement is equivalent to the age of the landform used to constrain incision. This
is because cumulative river incision for all data points is computed between the
modern channel and the palaeo-channel. We do not calculate incision between dated
landforms because such estimates do not represent statistically independent measure-
ments of incision. For each model iteration, we assigned incision and age errors by
selecting randomly from a normal error distribution for each data point with a
standard deviation corresponding to the reported or estimated uncertainty in land-
form age and elevation. Slope and intercept distributions were created for each data
set from the results of the Monte Carlo simulation to define power-law exponents
relating cumulative incision and measurement interval, as well as corresponding
uncertainties. Because our explanatory variable (measurement interval) has signifi-
cant uncertainty, we use a total-least-squares regression method to quantify slope.
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Extended Data Table 1 | Power-law fits, tectonic setting and landform type for each data set

Cumulative
incision versus
measurement Length of
interval incision Tectonic
Location Reference |exponent(f) |+/-10  [record (kyr) |setting Landform
Middle gorge of the Indus river, Unpaired strath
. 0.67 0.19 65 Active
Pakistan 3 terraces
Paired and
Clearwater river, Olympic 0.49 0.12 150 Active unpaired strath
Mountains, Washington (state), USA |30 terraces
Umpqua river, Oregon Coast Range, Unpaired strath
1.16 0.27 125 Active
Oregon, USA 31 terraces
Siletz river, Oregon Coast Range, Unpaired strath
0.69 0.07 42 Active
Oregon, USA 31 terraces
Paired and
Bidente river, Northern Apennines, ) .
tal 0.76 0.04 800 Active unpaired strath
aly 32 terraces
Paired and
Musone river, Northern Apennines, ) .
Ital 0.65 0.07 775 Active unpaired strath
aly 32 terraces
Yellow river, Linxia Basin, eastern 0.8 0.16 1.660 -
; ; A ctive
Tibetan plateau margin, China 33 Strath terrace
Sierra Nevada caves, California, USA |34 =g 0:28 2400 ligenive Cave
e k. Colorado plat Paired and
rachyte creek, Colorado plateau, . .
. w ¢ 0.88 0.24 267 Inactive  |unpaired strath
Arizona, USA
35 terraces
Grand Canyon, Colorado river, .
X 0.57 0.17 5,500 Inactive .
Colorado plateau, Arizona, USA 36 Miscellaneous
Yellow river, Jinshaan canyon, 0.67 0.15 1410 Inacti
; ; " nactive
Oordos plateau, China 37 Strath terrace
Gorge of the Nile, Blue Nile river, . Dated volcanic
A 0.44 0.01 3,002 Inactive
Ethiopia 28 rocks
Mammoth cave, Green river, i
Kentucky, USA 38 0.79 0.06 3,360 Inactive Cave
Cumberland river, Cumberland
plateau, Kentucky and Tennessee, 0.57 0.15 5,680 Inactive
USA 39 Cave
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