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ABSTRACT. Whether or not steady-state topography and denudation are probable
states depends on the timescale of system response to tectonic and climatic perturbations relative to the frequency of those perturbations. This paper presents analytical
derivations of algebraic relations for the response time of detachment-limited fluvial
bedrock channel systems both to tectonic and climatic perturbations. Detachmentlimited fluvial erosion is described by the stream-power incision model, and the
derivations are limited to the applicability of that model. All factors likely to influence
system response time that are not adequately captured by the stream-power incision
model will tend to increase the response time. The calculations presented thus provide
minimum estimates of landscape response time and therefore over-predict the probability of attaining and sustaining steady-state topography and denudation. The Central
Range of Taiwan is used as a case study to estimate response times in a landscape often
argued to be in steady state. Model parameters are fit to modern stream profiles by
assuming that the topography represents a quasi-steady-state form. Estimated response
times generally range from 0.25 to 2.5 Ma, depending on the non-linearity of the
incision rule and the magnitude and type of perturbation. Thus it may be reasonably
argued that steady-state topography and denudation are likely to prevail during periods
of climatic stability (response time is sufficiently short compared with plate tectonic
timescales). However, rapid climatic fluctuation in the Quaternary appears to preclude
the attainment of steady-state conditions in modern orogens.
motivation

Steady-state landforms and denudation rates are the natural attractor state under
conditions of invariant rock uplift rates (defined relative to a fixed baselevel), climate,
and lithology (Adams, 1985; Hovius, Stark, and Allen, 1997; Howard, 1994; Moglen
and Bras, 1995; Ohmori, 2000; Willgoose, Bras, and Rodriguez-Iturbe, 1991). Topographic and denudational steady-state is defined as a delicate balance of erosion and
(constant) rock uplift such that a statistically invariant topography and constant
denudation rate are maintained. As indicated above, for topographic and denudational steady-state to hold, the distribution of rock types exposed at the surface must
remain unchanged (that is, there must be no progressive exhumation of more or less
resistant rock types). Thus, the topographic and denudational steady-state discussed in
this paper implicitly assumes that the orogen has achieved exhumational steady state
(see Willett, Slingerland, and Hovius, this issue, p 455). The competing forces of uplift
and erosion naturally tend toward attainment of this balance. For example, as initially
low-relief landscapes are uplifted, erosion rates steadily increase over time in response
to steepening of river profiles and adjacent hillslopes, further enhanced by orographic
precipitation. Eventually erosion rates increase sufficiently to counterbalance the rock
uplift rate, and a steady-state landscape is achieved (for example, Adams, 1985). An
important exception occurs where erosion is so inefficient or rock uplift rate so rapid
that the growth of topography reaches limits imposed by crustal strength (Beaumont
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and others, 1996; Molnar and Lyon-Caen, 1988). Here I will consider only erosionallylimited topographic development.
Because they are a natural attractor state, steady-state denudation and associated
steady-state landforms constitute a powerful concept for the exploration of relationships between the height and relief of mountain ranges and such factors as rock uplift
rate, climate, and lithology (for example, Howard, 1994; Moglen and Bras, 1995;
Whipple and Tucker, 1999a). Similarly, if steady-state or quasi-steady-state conditions
can be demonstrated to hold in particular field areas, morphometric analyses of
landforms can be used to test or constrain certain aspects of landscape evolution
models (Sklar and Dietrich, 1998; Slingerland, 1999; Slingerland, Willett, and Hovius,
1998; Snyder and others, 2000). Denudational and topographic steady state are often
assumed in a wide range of studies: the interpretation of thermochronologic data in
terms of exhumation rates (Gallagher, Brown, and Johnson, 1998), the effect of
topography on observed cooling rates (ridges versus valleys) (Mancktelow and Grasemann, 1997; Stuwe, White, and Brown, 1994), and morphometric studies of landscape
form. However, tectonic and climatic forcing is not constant, and it can be very difficult
to demonstrate steady-state conditions. A critical question then is: how probable are
steady state landscapes? This question fundamentally concerns landscape response
times to a perturbation away from steady state and the frequency of those perturbations.
approach and scope

Simple algebraic relationships are developed that describe to first order the
response time of detachment-limited fluvial landscapes in terms of major controlling
variables. Only the response time of bedrock channels is considered. Any lag time
associated with hillslope response to channel lowering is implicitly assumed to be
negligible. Solutions are given for both tectonic and climatic perturbations (stepfunction changes) away from an initial steady state. The solution for a tectonic
perturbation is generalized from that given in Whipple and Tucker (1999a) to allow
for (1) either an increase or decrease in rock uplift rate and (2) a contemporaneous
change in climate (for example, changing orographic precipitation). The climatic
perturbation solution, presented here for the first time, is valid for both increases and
decreases in precipitation (or more precisely increases and decreases in the erosivity of
the fluvial system). Using drainages in the northern part of the Central Range of
Taiwan as a case study, representative landscape response times are then calculated
and compared to typical timescales of tectonic and climatic change.
The analysis is subject to several important limitations. First, only detachmentlimited fluvial bedrock channel erosion as described by the stream-power incision
model is considered. Transitions to glacial erosion and their impact on landscape
morphology are not discussed. The potential role of sediment flux in modulating river
incision rates and landscape response times is not explicitly treated, although to first
order this effect can be folded into a dynamic adjustment of fluvial erosivity commensurate with changes in denudation rate. Further, the analytical solutions presented are
predicated on the assumption that migrating knickpoints (defined here as abrupt
changes in channel gradient rather than elevation) are maintained as abrupt, discrete
features, and therefore no information is conveyed above the migrating knickpoint.
Any rounding of knickpoints due to diffusive processes (see Rosenbloom and Anderson, 1994) or less-than-instantaneous changes in boundary conditions will, under some
circumstances, result in communication of base-level information ahead of knickpoints, ultimately resulting in considerably longer response times. Thus, because
diffusion of knickpoints may occur in nature (Rosenbloom and Anderson, 1994),
because tectonic and climatic changes are not instantaneous, and because hillslope
response times are often not negligible (Fernandes and Dietrich, 1997), the solutions
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presented here are minimum estimates of actual response time and will over-estimate
the probability that steady-state conditions will be attained in nature. Finally, only
block uplifts with spatially uniform uplift rate are considered here. Extension to more
complex scenarios can readily be achieved in numerical simulations.
theory: response timescale of detachment-limited fluvial systems

Incision of rivers into bedrock under detachment-limited conditions is often
described by the stream-power (or similar shear-stress) model (Howard, 1994; Howard
and Kerby, 1983; Howard, Seidl, and Dietrich, 1994; Moglen and Bras, 1995; Rosenbloom and Anderson, 1994; Snyder and others, 2000; Stock and Montgomery, 1999;
Tucker and Slingerland, 1996; Whipple, Kirby, and Brocklehurst, 1999). Where river
incision is described by the stream-power model, a channel profile evolution equation
can be written as:
dz
⫽ U ⫺ KA m S n
dt

(1)

where dz/dt is the rate of change of channel bed elevation, U the rock uplift rate
relative to baselevel, A upstream drainage area (a proxy for discharge), S stream
gradient, K a dimensional coefficient of erosion reflecting both rock strength and the
erosivity of the fluvial system, and m and n are positive constants that reflect the
mechanics of the erosion process, basin hydrology, and channel geometry (Howard,
Seidl, and Dietrich, 1994; Whipple and Tucker, 1999a). The slope exponent (n) has
been argued to depend on the dominant erosion process and to vary between ⬃2/3
and ⬃5/3 (Whipple, Hancock, and Anderson, 2000). Because Whipple and Tucker
(1999a) have stressed the importance of the slope exponent (n) in determining
landscape response time, in the analysis of the Taiwanese landscape I will allow n to
take values from 2/3 to 2. Note that depending on the relationship between sediment
flux and the coefficient of erosion (see Sklar and Dietrich, 1998; Slingerland, Willett,
and Hennessey, 1997; Slingerland, Willett, and Hovius, 1998), K may be a function of
both space and time. This potentially important complication is only considered here
in a highly simplified manner.
At steady state river incision rate perfectly counterbalances rock uplift rate such
that elevations along the channel profile are unchanging in time (dz/dt ⫽ 0). Under
this condition, eq (1) can be solved for the steady-state channel-head elevation (z(xc)ss)
(Whipple and Tucker, 1999a):

冉

z共x c 兲 ss ⫽ z共L兲 ⫹ ␤ U 1/n K ⫺1/n

␤ ⫽ k a⫺m/n 1 ⫺

hm
n

冊

⫺1

共L 1⫺hm/n ⫺ x c1⫺hm/n 兲;

␤ ⫽ k a⫺m/n ln 共L/x c兲;
A ⫽ k ax h

hm
⫽1
n

(2A)
hm
⫽ 1
n

(2B)
(2C)
(2D)

where xc is the distance from the divide to the channel head (Montgomery and
Dietrich, 1992), L is total streamwise channel length (from the divide), and ka and h
describe the relation between downstream position and upstream drainage area (h is
the inverse of the Hack exponent) (Hack, 1957). Because the ratio m/n is determined
by the downstream rates of increase in discharge and channel width (Whipple and
Tucker, 1999a), ␤ in eq (2A) is entirely a geometric term and will not vary significantly
in response either to tectonic or climatic perturbations. Expected variations in
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Fig. 1. Definition sketch for derivation of channel response time. A “rising state” transient is shown such
as might follow either an increase in rock uplift rate or a decrease in the coefficient of erosion. A migrating
knickpoint separates an upstream segment that has been uplifted but not yet steepened from a downstream
segment that has been steepened to the new steady state gradient. Because the gradient at the channel head
remains unchanged until the knickpoint has swept through the entire system, the rate of channel head
elevation change is constant as indicated for either tectonic or climatic perturbations. Figure 1 is modified
from Whipple and Tucker (1999a).

drainage density and thus xc (Montgomery and Dietrich, 1992), associated with
tectonic or climatic change (Howard, 1997; Rinaldo and others, 1995; Tucker and
Bras, 1998) may involve dramatic short-term fluctuations in sediment yield (for
example, Tucker and Slingerland, 1997) but will generally have only minor influences
on ␤.
As first suggested by Whipple and Tucker (1999a), response time (T) of the
detachment-limited channel system is given by the change in channel-head elevation
between initial and final steady states divided by the time-integrated rate of channel
head elevation change:
T⫽

z f 共x c 兲 ss ⫺ z i 共x c 兲 ss
1
T

冕冉 冊
T

0

dz
dt

(3)

d
xc

where subscripts f and i refer to final and initial conditions, respectively, and  is a
dummy integration variable for time. An instantaneous step-function change in either
tectonic or climatic conditions will initiate an upstream propagating knickpoint – an
abrupt change in channel gradient from the initial steady-state gradient upstream of
the knickpoint and the final steady-state gradient downstream (Whipple and Tucker,
1999a). Assuming no rounding of knickpoints (and therefore no change in the shape
of the migrating waveform), no information propagates upstream of the migrating
knickpoint, and the rate of channel-head elevation change ((dz/dt)xc) is constant if
uplift is constant (fig. 1). This follows because the gradient at the channel head does
not change until the knickpoint has swept through the entire channel system. The final
steady-state form is achieved at this instant.
The rate of channel-head elevation change in general depends on the transient
imbalance between uplift and erosion at the channel head. Before the perturbation
the erosion rate is everywhere equal to the initial rock uplift rate (Ui), and the transient
rate of channel head elevation change can be readily defined (fig. 1):
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⫽ U i 共f U ⫺ 1兲

共tectonic兲

(4A)

⫽ U共1 ⫺ f K 兲

共climatic兲

(4B)

共both tectonic and climatic兲

(4C)

⫽ U i 共f U ⫺ f K 兲
xc

where fU and fK are the fractional change in uplift and erosion coefficient, respectively,
and are defined as
fU ⫽

Uf
Kf
;f ⫽
Ui K Ki

(5)

Both fU and fK are by definition greater than unity for an increase in uplift rate and an
increase in the coefficient of erosion, respectively. By substituting eqs (2A) and (4) into
(3) as appropriate, response times for systems subjected to step-function changes in
uplift rate (U), climate (K), or both can be derived.
Tectonic forcing.—Fluvial response time to a step-function change in uplift rate with
no change in erosion coefficient was derived by Whipple and Tucker (1999a) for the
case of an increase in uplift rate. A generalized form of this solution can be written to
include either increases or decreases in rock uplift rate (substitute eqs (2A) and (4A)
into (3)):
T U ⫽ ␤ K ⫺1/n U 1/n⫺1
共f U1/n ⫺ 1兲共f U ⫺ 1兲 ⫺1 ; f U ⫽ 1
i

(6)

Note that for the commonly assumed linear case (n ⫽ 1) system response time is
independent of both the initial uplift rate and the fractional change in uplift rate.
Surprisingly, eq (6) indicates that for n ⬎ 1 response time decreases for both greater
initial uplift rates and greater fractional increases in uplift rate. The converse is true for
n ⬍ 1. If starting from the same initial steady-state profile, response time is in all cases
greater for lower values of the slope exponent (n). Graphical examples are given in the
following section for the specific case of the Central Range of Taiwan.
Climatic forcing.—Fluvial response time to a step-function change in the coefficient
of erosion—meant to represent system response to a change in climate (for example, a
change in precipitation or the sediment flux delivered to channels from hillslopes)—is
given by substituting eqs (2A) and (4B) into (3):
T K ⫽ ␤ K ⫺1/n
U 1/n⫺1 共f K⫺1/n ⫺ 1兲共1 ⫺ f K 兲 ⫺1 ; f K ⫽ 1
i

(7)

This expression has a form similar to eq (6) but exhibits a notably different behavior.
Whereas lower values of n still give the longest response times, for all values of n
response time is predicted to decrease monotonically with the fractional change in K
for fK ⬎ 1 and increase monotonically with the fractional change in K for fK ⬍ 1.
Combined climatic and tectonic forcing.—Slightly more complex scenarios than
described by eqs (6) and (7) can also be handled analytically. A change in rock uplift
rate, for instance, may be accompanied by a commensurate change in the coefficient
of erosion. Such a change in K might be expected from a change in orographic
precipitation, a change in the sediment flux carried by the river (Sklar and Dietrich,
1998), or an adjustment of channel width. Indeed, Snyder and others (2000) have
found evidence for such a dynamic change in K in coastal streams in northern
California that are responding to a recent increase in rock uplift rate.
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Two idealized scenarios can be envisioned: (1) the coefficient of erosion changes
everywhere along the profile (as might be expected for a change in orographic
precipitation, here assumed for simplicity to occur at the instant of the change in rock
uplift rate), or (2) the coefficient of erosion only changes downstream of the migrating
knickpoint (as might be the case if a change in channel width or sediment flux is
important). In the first case, system response time to contemporaneous tectonic and
climatic perturbations is given by substituting eqs (2A) and (4C) into (3):
T U,K ⫽ ␤ K ⫺1/n
U 1/n⫺1
共f K⫺1/n f U1/n ⫺ 1兲共f U ⫺ f K 兲 ⫺1 ; f U ⫽ f K
i
i

(8)

In the second case, system response time to a step-function change in rock uplift rate
and an adjustment of the fluvial erosivity downstream of the migrating knickpoint is
given by substituting eqs (2A) and (4A) into (3) and noting that zf(xc)ss (only) is
affected by the change in K:
T U,K ⫽ ␤ K ⫺1/n
U 1/n⫺1
共f K⫺1/n f U1/n ⫺ 1兲共f U ⫺ 1兲 ⫺1 ; f U ⫽ 1
i
i

(9)

Eqs (8) and (9) describe the reduction in predicted response time associated with an
increase in erosivity in concert with an increase in rock uplift rate. Again, graphical
examples are given in the following section for the specific case of the Central Range of
Taiwan. In eq (9), predicted response time goes to zero if fK ⫽ fU. This unrealistic result
derives from the implicit assumption that there is no time lag between the passing of
the migrating knickpoint and the ensuing increase in fluvial erosivity (for example, in
the case of increasing sediment flux, the response of all side tributaries and hillslopes is
assumed to be instantaneous).
In all cases (eqs 6-9), it is interesting to note that the dependence of response time
on system size (L) is considerably less than linear (see eqs 2B and 2C). Although
response time does increase monotonically with basin size, the dependence is weaker
than one might have intuited and depends directly on the hm/n ratio that importantly
influences the concavity of streamwise longitudinal profiles (see eq 2 and Whipple and
Tucker, 1999a).
Limitations.—As mentioned earlier, derivation of eqs (6-9) is predicated on the
assumption that no rounding of knickpoints (here defined as abrupt changes in
channel gradient) accompanies their upstream migration. If a migrating knickpoint is
rounded such that there is a continuous change in channel gradient, then progressive
changes in the waveform (Weissel and Seidl, 1998; Royden and others, 2000; Royden,
Clark, and Whipple, 2000) will in some cases cause progressive rounding and dissipation of the knickpoint such that changes in channel gradient occur upstream of the
otherwise expected knickpoint position, resulting in temporal variation in the rate of
channel-head elevation change. When this occurs, generally much longer response
times result. For the linear case (n ⫽ 1), no such effects occur, and eqs (6-9) are always
valid. For sub-linear erosion processes (n ⬍ 1), progressive rounding of knickpoints
and the propagation of signals ahead of knickpoints occur in “rising state” transients:
an increase in uplift rate or a decrease in the coefficient of erosion. Conversely, for
supra-linear erosion processes (n ⬎ 1), these effects are expected in “declining state”
transients: a decrease in uplift rate or an increase in the coefficient of erosion. In these
cases, a precise response time is difficult to define as the new steady-state condition will
be only asymptotically approached. Response time is considerably longer in all such
cases than predicted by eqs (6-9). These behaviors are seen in finite-difference
numerical solutions (that is, in standard landscape evolution models) due to the
rounding of knickpoints caused by numerical diffusion (Baldwin and Whipple, 1999)
and are borne out in newly developed analytical solutions to the channel profile
evolution equation (Royden and others, 2000; Royden, Clark, and Whipple, 2000).
Thus, the response times calculated here are minimum estimates.
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case study: central range of taiwan

A case study of the Central Range of Taiwan is used here to assess whether natural
systems are likely to achieve and sustain a condition of steady-state denudation. The
Central Range of Taiwan has long been upheld as an example of a steady-state orogen
in which erosion balances rock uplift (Hovius and others, 2000; Teng, 1990). A
combination of modern sediment yields, offshore sedimentation rates, marine terrace
uplift rates, and thermochronologic data have been used to argue that long-term rates
of rock uplift are balanced by erosion (Li, 1976; Liew, Hsieh, and Lai, 1990; Liu, 1982;
Wang and Burnett, 1990). Whether or not steady-state landscapes are a probable state,
however, depends precisely on the relative timescales of catchment response and
tectonic and/or climatic forcing. Only where response time is short compared with the
timescale of external forcing can steady-state conditions be expected to prevail.
In order to explore this critical issue, I have computed representative catchment
response times for the Central Range of Taiwan. In Taiwan denudation is dominantly
by landsliding (Hovius and others, 2000), and it is reasonable to assume that hillslope
response is geologically instantaneous. Thus, the fluvial response times given by eqs
(6-9) should be representative of landscape response time. To constrain these calculations, the various model parameters in eqs (6-9) can be fit to Taiwanese stream profiles
by making the assumption that the modern landscape approximates a steady-state
form. This calibration process only serves to provide ballpark values of key parameters
to allow calculation of response times representative of a narrow, rapidly uplifting
mountain range eroded by fluvial processes. Potential deviations from the assumed
steady, uniform conditions (Slingerland, 1999) are unlikely to impact significantly the
predicted system response times.
The trunk stream of the typical east-side drainage basin in the northern part of the
Central Range of Taiwan is 20 to 50km long (L), with a drainage area of 108 – 109 m2
(fig. 2A; table 1). The critical drainage area at which fluvial processes become
dominant is roughly estimated at 105 m2 based on the break in scaling in the slope-area
relationship (fig. 2A inset; Montgomery and Foufoula-Georgiou, 1993; Snyder and
others, 2000). Regression of drainage area against downstream distance yields welldefined Hack’s law relationships (ka ⬃ 1; h ⬃ 1.9) (fig. 2B; table 1). Using Hack’s law,
the critical drainage area estimated above gives xc ⫽ 450 m.
Longitudinal profiles of bedrock streams are often observed to follow a power-law
relationship between channel gradient and drainage area (for example, Flint, 1974;
Tarboton, Bras, and Rodriguez-Iturbe, 1989):
S ⫽ k sA ⫺

(10)

Such power-law scaling is well defined for the Taiwanese river profiles analyzed (fig.
2A). At steady state where the coefficient of erosion and rock uplift rate are spatially
uniform, channel steepness index (ks) and concavity () are related to model parameters according to the relations (Moglen and Bras, 1995; Sklar and Dietrich, 1998):
k s ⫽ 共U/K兲 1/n

(11A)

 ⫽ m/n

(11B)

Thus m/n is given by the slope of the gradient-area relationship in a log-log plot, and
for any given value of the slope exponent (n) an appropriate coefficient of erosion (K)
can be calculated from the intercept (logks) of a regression of log gradient against log
drainage area, provided the rock uplift rate is known (fig. 2A; table 1).
Power-law regression of channel gradient against drainage area for the trunk
streams of two typical drainage basins yields mean estimates of steepness index (ks) and
concavity () of 126 and 0.43, respectively (fig. 2A; table 1). Owing to the considerable
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Fig. 2(A) Normalized longitudinal stream profiles from the northern part of the Central Range of
Taiwan (dark gray: profile A; light gray: profile B) shown in comparison to the best-fit steady-state profile
(black; fit to profile A). Jagged, stair-step nature of the profiles is an artifact of the 90-m resolution DEM.
Inset shows a log-log plot of channel gradient against drainage area (m2) (diamonds: profile A; crosses:
profile B). (B) Log-log plot of drainage area (m2) versus downstream distance (m) (diamonds: profile A;
crosses: profile B). Fits to slope-area and area-distance relations are given in table 1.

Table 1

Model parameters
L
Drainage [km]

xc
ka
[m] [m0.1]

Profile A
Profile B

450
450

46.6
21.5

0.77
1.05

h

m/n*

ks
[m0.84]

K (n ⫽ 2/3)**
[m0.72a⫺1]

K (n ⫽ 1)**
[m0.16a⫺1]

K (n ⫽ 2)**
[m⫺0.68a⫺1]

1.93
1.89

0.42
0.43

123
130

2.03E-04
1.97E-04

4.10E-05
3.90E-05

3.36E-07
3.04E-07

* For assumed steady, uniform conditions  ⫽ m/n.
** K calculated from eq (11) assuming U ⫽ 0.005 ma⫺1.
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scatter in pixel-by-pixel channel gradients derived from digital topographic data,
channel gradients were binned in equal increments (0.5) of the logarithm of drainage
area (m2) and averaged prior to regression (Tarboton, Bras, and Rodriguez-Iturbe,
1989). Estimates of remaining critical model parameters (K, m/n) are determined by
assuming – for the purpose of response time calculations – that (1) these channel
profiles are in a quasi-steady state, (2) the rate of rock uplift and the coefficient of
erosion are spatially uniform, and (3) the rate of rock uplift is adequately constrained
at 5 mma-1 (Hovius and others, 2000; Liew, Hsieh, and Lai, 1990; Teng, 1990; Wang
and Burnett, 1990). These values can then be used in eqs (6-9) to compute approximate channel system response times.
The results of these calculations are presented in figure 3. All calculations are
based on parameters fit to profile A (table 1). Response time in all cases is on the order
of 1 Ma (roughly 0.25 – 2.5 Ma for the range of conditions considered). Response times
for the shorter channel (profile B, L ⫽ 21.5 km) are approx 30 percent less than those
for profile A (L ⫽ 46.6 km), reflecting the relatively weak dependence on basin size (eq
2B and C). Figure 3A shows the predicted response time to a step-function change in
rock uplift rate alone (eq 6) as a function of the fractional change in uplift rate (fU).
For a doubling of rock uplift rate (fU ⫽ 2), predicted response times are 1.18, 0.64, and
0.27 Ma for n ⫽ 2/3, n ⫽ 1, and n ⫽ 2 respectively. Figure 3B shows the reduction (for
fK ⬎ 1) in response time from these values should the coefficient of erosion vary in
concert with rock uplift rate due to a narrowing in channel width, an increase in
sediment flux, or an increase in orographic precipitation (eq 9). Finally, figure 3C
shows predicted response times to a step function change in climate (more precisely
the coefficient of erosion), with response times ranging from 0.25 to 2.5 Ma for 0.5 ⱕ
fK ⱕ 2 (eq 7).
discussion

Response times estimated here for the actively uplifting Central Range of Taiwan
imply that attainment of steady-state denudation is plausible during periods of climatic
stability but unlikely during periods characterized by climatic instability, such as the
Quaternary. Particularly in an orogen subjected to rapid erosion, it seems reasonable
to expect that tectonic convergence rates and thus rock uplift rate may be relatively
steady over intervals considerably longer (⬎ 5 Ma) than estimated response times. The
Central Range of Taiwan, the Southern Alps of New Zealand, and the Himalaya all
show evidence of long-term persistence of tectonic rock uplift (Hodges, 2000; Teng,
1990; Walcott, 1998). Rapid erosion is required to ensure that the topography is
erosionally limited and that the principal structures accommodating uplift and exhumation are persistent and stable, such that the orogen does not steadily grow in width
by a forward stepping of thrust faults, for instance (Beaumont and others, 1996;
Willett, 1999). Thus topographic and denudational steady state may reasonably be
expected in rapidly eroded landscapes in periods of climatic stability.
Steady-state conditions (with respect to tectonic perturbation) are even more
likely where feedbacks associated with orographic precipitation or internal adjustments (channel width, sediment flux) dampen landscape response to tectonic forcing
and reduce system response time (eqs 8 and 9; fig. 3B). The King Range on the
northern California coast serves as a case in point. In this field setting Snyder and
others (2000) have presented evidence that the trunk streams of small coastal drainages (4-20 km2) have already adjusted to an ⬃8-fold increase in rock uplift rate that
occurred only about 100,000 yrs ago (Merritts and Bull, 1989). Response times for
these coastal drainages are short not only because of their small size compared to the
drainages of the Central Range of Taiwan but also because of a strong apparent
enhancement of fluvial erosivity (K) in the zone of high uplift rates. Snyder and others
suggest that the apparent increase in K likely reflects some combination of orographic
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Fig. 3. Predicted fluvial response timescales. All parameters used are listed in table 1. (A) Response time
to a step function change in rock uplift rate (relative to erosional baselevel) (eq 6). Note log scale on
abscissa. Heavy dashed line indicates that response times are not defined for fU ⫽ 1. Note that response time
is the same for any magnitude of tectonic perturbation if n ⫽ 1. Interestingly, response times are predicted to
decrease with greater fractional increases in rock uplift rate for the case n ⫽ 2. (B) Modulation of tectonic
response time for a contemporaneous change in the coefficient of erosion (K) as a function of the fractional
change in K (fK) computed for the case fU ⫽ 2 (see 3a) (eq 9). Note that response time increases for fK ⬍ 1. (C)
Response time to a step function change in erosivity (K) as a function of the fractional change in K (fK)
(eq7). Heavy dashed line indicates that response times are not defined for fK ⫽ 1. Unlike the case for
tectonic perturbations, response time to climate changes decreases monotonically with fractional increases
in K for all values of n.
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enhancement of precipitation, an increase in sediment flux, a decrease in channel
width, and an increase in the frequency of debris flows. Response times predicted for
this landscape are on the order of 100 ka, consistent with the observation that the
channels appear to have adjusted to the recent increase in rock uplift rate. However,
this does not necessarily imply that the King Range is an example of a landscape in
topographic and denudational steady state (Snyder and others, 2000). This follows
because hillslope response has lagged behind channel response and because Quaternary climate change has affected these basins on a 10 ka timescale.
Steady-state topography and steady-state denudation (that is, erosion in balance
with rock uplift rate) are less likely to be attained and sustained during periods of
climatic instability. The Quaternary, for instance, has been marked by dramatic
climatic fluctuations on a timescale of 40 to 100 ka or less (Imbrie and others, 1984).
Thus the timescale of recent climatic forcing is considerably shorter than the system
response times determined above (fig. 3C). Possible deviations from ideal steady-state
profile forms in the Taiwanese rivers (Slingerland, 1999) may be an indicator of the
expected disequilibrium, although several other interpretations (for example, spatial
variations in uplift rate or lithologic erodibility) are equally plausible. Indeed, given
that the timescale of climatic forcing is so short compared with system response time, it
may reasonably be expected that rapid climatic fluctuations would have negligible
impact on landscape form despite significant short-term fluctuations in denudation
rate of the type that have been observed in the field (Bull, 1991) and in landscape
evolution models (Tucker and Slingerland, 1997). This follows because in such cases
there will be insufficient time to alter significantly channel profiles and associated
catchment relief (Whipple, Kirby, and Brocklehurst, 1999; Whipple and Tucker,
1999a) before the climate returns to its previous state. However, there are many
interesting complications and further study of landscape response to oscillatory
changes in climate are clearly warranted.
As discussed above, a significant limitation of the present work is the strict
application to purely detachment-limited channels. If channels are transport- rather
than detachment-limited, or if a transition from one channel type to another occurs in
response to changing slope and sediment flux, system response times to both tectonic
and climatic perturbations are significantly longer than that predicted by eqs (6 - 9)
(Baldwin and Whipple, 1999; Whipple and Tucker, 1999b). A manuscript currently in
review (Baldwin, Whipple, and Tucker, submitted to Journal of Geophysical Research)
will address the impact of a transition from detachment-limited to transport-limited
erosion on the timescale of post-orogenic topographic decay. The present interpretation that steady state conditions are unlikely in the Quaternary climatic regime,
however, is conservative in that the calculations presented above provide a minimum
estimate of system response time and thus over-estimate the likelihood that steady-state
conditions can be sustained. Conversely, considerably longer periods of tectonic
stability may be required to attain steady-state topography where channels are transportlimited.
conclusions

Calculations of the timescale of channel response to tectonic perturbation show
that steady-state topography and denudation are plausible under stable climatic
conditions – the timescale of tectonic perturbation is sufficiently long compared to
landscape response time. Quaternary climate fluctuation, however, is too rapid to
allow for true steady-state conditions to hold for any modern landscape. Despite this
disequilibrium in denudation rate, quasi-steady state landscape forms may persist in
modern landscapes as Quaternary climate fluctuations have been so rapid that
significant morphologic adjustment may not have time to occur on the drainage-basin
scale during any given climatic oscillation. On the other hand, the Quaternary period
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has been sufficiently long that actively uplifting and eroding modern landscapes such
as the Central Range of Taiwan have likely been able to adjust to mean Quaternary
climatic conditions. Thus it is not surprising that quasi-steady-state channel profiles
characterize the mountainous landscape of Taiwan, but it is surprising that modern
suspended sediment records appear to yield erosion rate estimates that balance
estimates of the long-term rock uplift rate (Hovius and others, 2000; Li, 1976; Liew,
Hsieh, and Lai, 1990; Liu, 1982).
acknowledgments

This research was supported by grants from NSF: EAR-9614970 (Continental
Dynamics) and EAR-9725723 (Geology and Paleontology). I am indebted to G.
Tucker, E. Kirby, J. Baldwin, N. Snyder, and L. Royden for insightful discussions during
the development of the ideas presented here. Comments by reviewers N. Pinter and
R. Slingerland improved the original manuscript. Thanks also to special editors
P. Knuepfer and F. Pazzaglia.
References
Adams, J., 1985, Large-scale tectonic geomorphology of the Southern Alps, New Zealand, in Morisawa, M.,
and Hack, J. T., editors, Tectonic Geomorphology: Winchester, Massachusetts, Allen and Unwin,
p. 105-128.
Baldwin, J. A., and Whipple, K. X., 1999, Implications of the stream-power erosion model for the decay
timescale of erosional orogens: Eos, Transactions, American Geophysical Union, v. 80, p. 473.
Beaumont, C., Kamp, P., Hamilton, J., and Fullsack, P., 1996, The continental collision zone, South Island,
New Zealand: Comparison of geodynamical models and observations: Journal of Geophysical Research,
v. 101, p. 3333-3359.
Bull, W. B., 1991, Geomorphic Responses to Climate Change: New York, Oxford University Press, 326 p.
Fernandes, N. F., and Dietrich, W. E., 1997, Hillslope evolution by diffusive processes: the timescale for
equilibrium adjustments: Water Resources Research, v. 33, p. 1307-1318.
Flint, J. J., 1974, Stream gradient as a function of order, magnitude, and discharge: Water Resources
Research, v. 10, p. 969-973.
Gallagher, K., Brown, R., and Johnson, C., 1998, Fission track analysis and its applications to geologic
problems: Annual Reviews of Earth and Planetary Science, v. 26, p. 519-572.
Hack, J. T., 1957, Studies of longitudinal stream profiles in Virginia and Maryland: United States Geological
Survey Professional Paper, v. 294-B, p. 97.
Hodges, K. V., 2000, Tectonics of the Himalaya and southern Tibet from two perspectives: Geological Society
of America Bulletin, v. 112, p. 324-350.
Hovius, N., Stark, C. P., and Allen, P. A., 1997, Sediment flux from a mountain belt derived by landslide
mapping: Geology, v. 25, p. 231-234.
Hovius, N., Stark, C. P., Chu, H. T., and Lin, J. C., 2000, Supply and removal of sediment in a landslidedominated mountain belt: Central Range, Taiwan: Journal of Geology, v. 108, p. 73-89.
Howard, A. D., 1994, A detachment-limited model of drainage basin evolution: Water Resources Research,
v. 30, p. 2261-2285.
–––––– 1997, Badland morphology and evolution: Interpretation using a simulation model: Earth Surface
Processes and Landforms, v. 22, p. 211-227.
Howard, A. D., and Kerby, G., 1983, Channel changes in badlands: Geological Society of America Bulletin,
v. 94, p. 739-752.
Howard, A. D., Seidl, M. A., and Dietrich, W. E., 1994, Modeling fluvial erosion on regional to continental
scales: Journal of Geophysical Research, v. 99, p. 13,971-13,986.
Imbrie, J., Hays, J., Martinson, D., McIntyre, A., Morley, J., Pisias, N., Prell, W., and Shackleton, N., 1984, The
orbital theory of Pleistocene climate support from revised 18O record, in Berger, A., Imbrie, J., Hays, J.,
Kukla, G., and Saltzman, B., editors, Milankovitch and Climate: Dordrecht, Reidel, p. 269-305.
Li, Y. H., 1976, Denudation of Taiwan island since the Pliocene epoch: Geology, v. 4, p. 105-107.
Liew, P. M., Hsieh, M. L., and Lai, C. K., 1990, Tectonic significance of Holocene marine terraces in the
Coastal Range, eastern Taiwan: Tectonophysics, v. 183, p. 121-127.
Liu, T. K., 1982, Tectonic implications of fission track ages from the Central Range, Taiwan: Geological
Society of China Proceedings, v. 25, p. 22-37.
Mancktelow, N. S., and Grasemann, B., 1997, Time-dependent effects of heat advection and topography on
cooling histories during erosion: Tectonophysics, v. 270, p. 167-195.
Merritts, D., and Bull, W. B., 1989, Interpreting Quaternary uplift rates at the Mendocino triple junction,
northern California, from uplifted marine terraces: Geology, v. 17, p. 1020-1024.
Moglen, G. E., and Bras, R. L., 1995, The effect of spatial heterogeneities on geomorphic expression in a
model of basin evolution: Water Resources Research, v. 31, p. 2613-2623.
Molnar, P., and Lyon-Caen, H., 1988, Some simple physical aspects of the support, structure, and evolution
of mountain belts: Geological Society of America Special Paper 218, p. 179-207.

how plausible is steady-state denudation?

325

Montgomery, D. R., and Dietrich, W. E., 1992, Channel initiation and the problem of landscape scale:
Science, v. 255, p. 826-830.
Montgomery, D. R., and Foufoula-Georgiou, E., 1993, Channel network representation using digital
elevation models: Water Resources Research, v. 29, p. 1178-1191.
Ohmori, H., 2000, Morphotectonic evolution of Japan, in Summerfield, M. A., editor, Geomorphology and
Global Tectonics: New York, John Wiley and Sons, Ltd., p. 149-166.
Rinaldo, A., Dietrich, W. E., Rigon, R., Vogel, G. K., and Rodriguez-Iturbe, I., 1995, Geomorphological
signatures of varying climate: Nature, v. 374, p. 632-635.
Rosenbloom, N. A., and Anderson, R. S., 1994, Evolution of the marine terraced landscape, Santa Cruz,
California: Journal of Geophysical Research, v. 99, p. 14,013-14,030.
Royden, L. H., Clark, M. K., and Whipple, K. X., 2000, Evolution of river elevation profiles by bedrock
incision: Analytical solutions for transient river profiles related to changing uplift and precipitation
rates: Eos, Transactions of the American Geophysical Union, v. 82, p. F382.
Royden, L. H., Clark, M. K., Whipple, K. X., and Burchfiel, B. C., 2000, River incision and capture related to
tectonics of the eastern Himalayan Syntaxis: Eos, Transactions of the American Geophysical Union,
v. 81, p. S413.
Sklar, L., and Dietrich, W. E., 1998, River longitudinal profiles and bedrock incision models: Stream power
and the influence of sediment supply, in Tinkler, K. J., and Wohl, E. E., editors, Rivers Over Rock: Fluvial
Processes in Bedrock Channels: Washington, D. C., American Geophysical Union Press, p. 237-260.
Slingerland, R., 1999, Systematic slope-area functions in the Central Range of Taiwan may imply topographic
unsteadiness: Geological Society of America, Abstracts with Programs, v. 31, p. 296.
Slingerland, R., Willett, S. D., and Hennessey, H. L., 1997, A new fluvial bedrock erosion model based on the
work-energy principle: Eos, Transactions of the American Geophysical Union, v. 78, p. F299.
Slingerland, R., Willett, S. D., and Hovius, N., 1998, Slope-area scaling as a test of fluvial bedrock erosion
laws: Eos, Transactions of the American Geophysical Union, v. 79, p. F358.
Snyder, N., Whipple, K., Tucker, G., and Merritts, D., 2000, Landscape response to tectonic forcing: digital
elevation model analysis of stream profiles in the Mendocino triple junction region, northern California: Geological Society of America Bulletin, v. 112, p. 1250-1263.
Stock, J. D., and Montgomery, D. R., 1999, Geologic constraints on bedrock river incision using the stream
power law: Journal of Geophysical Research, v. 104, p. 4983-4993.
Stuwe, K., White, L., and Brown, R., 1994, The influence of eroding topography on steady-state isotherms.
Application to fission track analysis: Earth and Planetary Science Letters, v. 124, p. 63-74.
Tarboton, D. G., Bras, R. L., and Rodriguez-Iturbe, I., 1989, Scaling and elevation in river networks: Water
Resources Research, v. 25, p. 2037-2051.
Teng, L. S., 1990, Geotectonic evolution of late Cenozoic arc-continent collision in Taiwan: Tectonophysics,
v. 183, p. 57-76.
Tucker, G. E., and Bras, R. L., 1998, Hillslope processes, drainage density, and landscape morphology: Water
Resources Research, v. 34, p. 2751-2764.
Tucker, G. E., and Slingerland, R., 1996, Predicting sediment flux from fold and thrust belts: Basin Research,
v. 8, p. 329-349.
–––––– 1997, Drainage basin response to climate change: Water Resources Research, v. 33, p. 2031-2047.
Walcott, R. I., 1998, Modes of oblique compression: Late Cenozoic tectonics of the South Island of New
Zealand: Reviews of Geophysics, v. 36, p. 1-26.
Wang, C. H., and Burnett, W. C., 1990, Holocene mean uplift rates across an active plate-collision boundary
in Taiwan: Science, v. 248, p. 204-206.
Weissel, J. K., and Seidl, M. A., 1998, Inland propagation of erosional escarpments and river profile evolution
across the southeastern Australian passive continental margin, in Tinkler, K., and Wohl, E. E., editors,
Rivers Over Rock: Fluvial Processes in Bedrock Channels: Washington, D. C., American Geophysical
Union Press, p. 189-206.
Whipple, K., Kirby, E., and Brocklehurst, S., 1999, Geomorphic limits to climatically induced increases in
topographic relief: Nature, v. 401, p. 39-43.
Whipple, K. X., and Tucker, G. E., 1999a, Dynamics of the stream-power river incision model: Implications
for height limits of mountain ranges, landscape response timescales, and research needs: Journal of
Geophysical Research, v. 104, p. 17661-17674.
–––––– 1999b, “Mixed” bedrock-alluvial channels: detachment-limited or transport-limited?: Eos, Transactions of the American Geophysical Union, v. 80, p. 473.
Whipple, K. X., Hancock, G. S., and Anderson, R. S., 2000, River incision into bedrock: Mechanics and
relative efficacy of plucking, abrasion, and cavitation: Geological Society of America Bulletin, v. 112,
p. 490-503.
Willett, S. D., 1999, Orogeny and orography: The effects of erosion on the structure of mountain belts:
Journal of Geophysical Research, v. 104, p. 28,957-28,981.
Willett, Sean D., Slingerland, Rudy, and Hovius, Niels, 2001, Uplift, shortening, and steady-state topography
in active mountain belts: American Journal of Science, v. 301, p. ?
Willgoose, G., Bras, R. L., and Rodriguez-Iturbe, I., 1991, A coupled channel network growth and hillslope
evolution model. 1. Theory: Water Resources Research, v. 27, p. 1671-1684.

