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Although equilibrium has long been considered the attractor state for landscapes, the time required 
to reach equilibrium or even the possibility of reaching equilibrium is still debated. Using 10Be-based 
catchment-averaged denudation rates, topographic analysis, and analysis of the basin topology and 
geometry, including its area-channel length scaling relationship, we show that an ancient postorogenic 
dome on the North American Craton, the Ozark dome, is not in a state of equilibrium. The persistent state 
of disequilibrium on the Ozark dome is characterized by nonuniform erosion rates that vary by a factor of 
three, asymmetric drainage divides, and evidence for drainage rearrangement via stream capture. We find 
that planform geometric disequilibrium of river basins and drainage area exchange between adjoining 
basins can hold river networks in a disequilibrium state for potentially hundreds of million years and 
that, when sustained over time, erosion rate differences associated with drainage area exchange can 
lead to transient events such as stream capture and production of relief in the form of elevated, low-
relief surfaces. Our results suggest that landscapes with slowly moving drainage divides might not reach 
equilibrium, and that river basin dynamics may contribute to setting the large-scale morphology of old 
cratonic landscapes.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Owing largely to the manner in which erosion rates increase 
with increasing topographic gradient and relief (Ahnert, 1970;
DiBiase et al., 2010), landscapes naturally evolve towards steady 
equilibrium forms in which rock uplift is balanced by erosion. The 
concept of steady state or equilibrium landscapes as time invari-
ant forms has been central to the development, parameterization, 
and testing of geomorphic transport laws (Dietrich et al., 2003;
Kirkby, 1971) and to interpretations of transient landscapes based 
on deviations from equilibrium forms (Kirby and Whipple, 2012;
Tucker and Whipple, 2002; Whipple and Tucker, 1999). The pos-
sibility of reaching equilibrium depends on the response time of 
a landscape to changes in boundary conditions (Howard, 1982;
Whipple, 2001). The time required to reach steady state after 
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a tectonic or climatic perturbation is commonly equated to the 
timescale for individual basins to adjust river steepness such that 
rates of erosion and rock uplift are equal, which for many land-
scapes is thought to be on the order of millions of years (Pazzaglia, 
2003; Whipple, 2001; Whipple and Tucker, 1999).

Field observations (Prince et al., 2011), analog experiments 
(Hasbargen and Paola, 2000; Reinhardt and Ellis, 2015), numeri-
cal modeling (Goren et al., 2014), and theory (Willett et al., 2014)
demonstrates that planform basin shape and network topology can 
continue to adjust via divide migration and stream capture long af-
ter any perturbation to boundary conditions, which suggests that 
adjustments to basin geometry (Willett et al., 2014) may prolong 
landscape response times. If landscape response times are sub-
stantially prolonged by changing basin geometry, then transient 
landscapes may be more common and long-lived than previously 
thought, relief may be produced in the form of elevated, low-relief 
surfaces as nonuniform erosion rates persist, and the assumption 
that steady state conditions are achievable in all landscapes might 
be invalid. To test the hypothesis that river basin dynamics can 
protract time to steady state, we map and interpret disequilibrium 
in river basins draining the Paleozoic-aged Ozark dome. We show 
that aspects of the morphology of the Ozark dome reflect per-
sistent river basin dynamics and that, although many fluvial lon-
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Fig. 1. Map of the Ozark dome. Hillshade of 90 m digital elevation model pro-
duced from the Shuttle Radar Topography Mission; white lines show major drainage 
divides, blue lines show major rivers, and red contours show structure contours 
mapping the base of the Mississippian limestone adapted from Siebenthal (1915). 
Inset shows mean annual precipitation (MAP) on the Ozark dome. Colors repre-
sent MAP based on 30-year normal data for 1981–2010 downloaded from PRISM 
Climate Group (http :/ /prism .oregonstate .edu /normals/). (For a color version of this 
figure, the reader is referred to the web version of this article.)

gitudinal profiles on the Ozark dome have shapes approximating 
equilibrium forms, the fluvial network as a whole will likely never 
achieve steady state conditions owing to the disparity in timescales 
between geometric adjustment in landscapes with slowly moving 
drainage divides and comparatively rapid fluvial response times.

2. Testing for equilibrium and drainage divide motion in a 
tectonically-stable cratonic landscape

The Ozark dome is well-suited to studying the effects of river 
basin dynamics on landscape evolution owing to long-term tec-
tonic stability in a continental interior (Arne et al., 1990; Hudson, 
2000), large areas of uniform, gently-dipping sedimentary strata, 
relatively uniform mean annual precipitation (Fig. 1 and Fig. A.1), 
and a river network composed primarily of bedrock-floored rivers 
and mixed alluvial-bedrock beds (Adamski et al., 1995; Keen-
Zebert et al., 2017). The region was uplifted in the fore-bulge of 
the Ouachita Orogen in the late Paleozoic (Hudson, 2000). Offsets 
on faults in the Ste. Genevieve fault zone indicate that the Ozark 
dome tilted as a block to the southwest as the Illinois basin sub-
sided (Nelson and Lumm, 1984). Subsidence of the Illinois basin 
occurred in pulses during the Ouachita Orogeny, with the last sub-
sidence event dated to the Middle Mississippian (Heidlauf et al., 
1986). The most recent geologic events recorded in the rock record 
were the formation of the Mississippi Embayment and the devel-
opment of the Mississippi drainage system on the eastern side 
of the Ozark dome in the late Cretaceous (Cox and Van Arsdale, 
2002). Although there has been historical seismicity around the 
dome in the New Madrid seismic zone (Arsdale and Cupples, 2013)
and in the Ste. Genevieve fault zone (Yang et al., 2014; Fig. A.2), it 
is thought that with tectonic loading rates near zero, seismicity in 
stable continental interiors represents a short-lived release of en-
ergy from a prestressed lithosphere (Calais et al., 2016), and hence 
is unlikely to produce long-lived rock uplift.

Apatite fission track cooling ages from Precambrian granites on 
the northwest portion of the dome indicate exhumation rates of 
∼10 m/Ma over the last ∼200 Ma (Arne et al., 1990). The modern 
river network draining the Ozark dome runs primarily perpendicu-
lar to the structure contours at the base of Mississippian limestone 
(Fig. 1), suggesting that the primary structure of the river net-
work formed in response to the Paleozoic deformation field. The 
Ozark dome and surrounding region remained above sea level dur-
ing the Mesozoic (Stoeser et al., 2005). The region is also south of 
the southernmost extent of the Laurentide ice sheet and south of 
significant glacial isostatic adjustment (Hammond, 2015). Although 
eustatic sea-level fluctuations and changes in sediment flux oc-
curred during the Quaternary, the frequency of glacial–interglacial 
cycles is likely too high to affect fluvial profile evolution (Goren, 
2016). Given the tectonic and climatic stability of the region, the-
ory predicts that the Ozark dome should have reached a modified 
erosional steady state in which relief and erosion rate are steady 
and uniform (Montgomery, 2001).

3. Methods

3.1. Catchment-averaged erosion rates from cosmogenic nuclides

To test whether erosion rates are uniform across the Ozark 
dome as would be expected in an equilibrium landscape, we mea-
sured basin-averaged denudation rates using 10Be in 0.25–0.5 mm 
quartz grains from recent fluvial deposits in 16 basins that com-
prised 8 pairs in which each pair share a common divide (Fig. 2a). 
Samples were collected in streams at drainage areas of ∼10 km2

with paired basins that travel through similar lithologies to mini-
mize effects from heterogeneous lithology. We converted the con-
centration of 10Be to basin-averaged denudation rates using the 
CAIRN model (Mudd et al., 2016), which calculates production 
rates and shielding at each gridcell to account for intra-basin 
variations in elevation, latitude, slope, aspect, and quartz con-
tent. Assuming a uniform denudation rate, the CAIRN model then 
uses Newton iteration to calculate the denudation rate that results 
in the closest match to the observed basin-averaged cosmogenic 
nuclide concentration (Mudd et al., 2016). Production rates are 
based on the time-independent air pressure scaling schemes of 
Lal and Stone (Lal, 1991; Stone, 2000) and conversion of elevation 
and latitude to air pressure (Balco et al., 2008). Denudation rates 
were converted to erosion rates by assuming a uniform density of 
2650 kg/m3. We used a 90 m resolution DEM for these calcula-
tions and eliminated gridcells with non-quartz-bearing lithologies. 
We considered limestone to be the only non-quartz-bearing lithol-
ogy; although the limestone in this region is chert-bearing, we did 
not analyze any chert. We considered the Ordovician dolostone of 
the Ozark dome (Fig. A.1) to be quartz-bearing because sandstone 
underlies the dolostone in these formations (Stoeser et al., 2005). 
Samples were prepared and analyzed at PRIME National Laboratory 
with standard procedures and 07KNSTD was used as the 10Be stan-
dard. See Table A.1 for detailed results and basin-averaged data for 
each sample. Error bars in Fig. 2c reflect total uncertainty whereas 
error bars in Fig. 2b reflect only internal uncertainty because each 
pair of basins were close enough in proximity to assume minimal 
variation in production rate.

3.2. χ maps and χ profiles

Bedrock erosion scales with either unit stream power (Howard, 
1994; Siedl and Dietrich, 1992) or shear stress (Howard and Kerby, 
1983), with both relationships resulting in the following model for 
detachment-limited river incision into bedrock in which the eleva-
tion of a point along a stream, z, varies with time, t , and distance 
along the stream, x, according to:

∂z(x, t) = U (x, t) − K (x, t)Am

∣∣∣∣∂z(x, t)
∣∣∣∣
n

(1)

∂t ∂x
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Fig. 2. Drainage basin disequilibrium. a, Map of χ across the Ozark dome with black dots showing locations of erosion rate samples. White lines delineate river basin 
boundaries. Black arrows show predicted divide migration direction. Inset shows location of the study site in central USA. b, Plot of the cross-divide difference in basin-
averaged erosion rate, �E , against the cross-divide difference in mean channel-head χ , �χ . c, Plot of basin-averaged erosion rate, E , against mean basin slope. d, Plot of 
cross-divide difference in mean basin slope, �S , against �χ . Measurement locations are shown in Fig. A.4. E, Hillshade derived from 1 m lidar overlain by a χ map showing 
an asymmetric divide (large �E , �S , and �χ ). (For a color version of this figure, the reader is referred to the web version of this article.)
where U is rock uplift rate, K is an erosional constant that incor-
porates rock erodibility, climate, and sediment flux, A is drainage 
area, which serves as a proxy for discharge, and m and n are em-
pirical constants. Under steady-state conditions, a perfect balance 
between rock uplift and incision results in time-invariant topogra-
phy (∂z/∂t = 0). A solution for the steady-state elevation of a river 
channel as a function of stream length (x) above base level zb(xb)

can be obtained via separation of variables:

z(x) = zb +
(

U

K Am
o

) 1
n

χ (2)

where

χ =
x∫ (

A0

A(x′)

)m
n

dx′ (3)
xb
and A0 is an arbitrary scaling area that gives χ units of length 
(Perron and Royden, 2013). If U and K are uniform, they can be 
brought outside the integral as shown in equation (2). χ depends 
only upon the modern distribution of drainage area, not on topog-
raphy.

To map the degree of river network disequilibrium on the Ozark 
dome, we calculated the integral of one over drainage area along 
the river network, χ . For steady, uniform river incision and rock 
erodibility, χ scales linearly with elevation (equation (2)) and thus 
can be used as a proxy for the steady-state elevation of the river 
network (Willett et al., 2014). Willett et al. (2014) demonstrated 
that disequilibrium in river basin geometry can be recognized by 
differences in channel-head χ for channels originating on a com-
mon divide.

We calculated flow direction and accumulation using a steepest 
descent flow algorithm on a 3 arc-second (∼90 m) digital elevation 
model produced from the Shuttle Radar Topography Mission and 
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downloaded from Open Topography (http :/ /opentopography.org/). 
We then mapped χ assuming uniform U and K with a concavity, 
θ , value of 0.45 (Fig. 2). We chose 0.45 because at this value main-
stem rivers were relatively straight (Fig. A.2) and χ -plots were 
pulled above or below the equilibrium line in a direction consis-
tent with independent morphological evidence of area gain or loss 
(Fig. A.3). We used a scaling area, A0, of 1 m2 and a base level 
of 161 m, the elevation of the confluence of the Osage and Mis-
souri Rivers, which is the lowest possible base level that isolates 
rivers on the Ozark dome. We defined channel heads using a criti-
cal drainage area, Ac , of 0.5 km2.

3.3. Analysis of cross-divide differences in erosion rate, slope, and χ

To test whether geometric disequilibrium and divide migration 
direction are correctly inferred from the χ map and profiles, we 
compared cross-divide differences in χ , �χ , with local metrics of 
divide motion: cross-divide difference in erosion rates, �E , and 
cross-divide topographic asymmetry, which we measured using 
cross-divide difference in mean basin slope, �S (Fig. 2). Whipple 
et al. (2017) demonstrated that local metrics of cross-divide differ-
ences in erosion rate are better predictors of instantaneous divide 
motion, whereas cross-divide differences in χ reveal the long-term 
divide motion that needs to occur to decrease the degree of geo-
metric disequilibrium (Willett et al., 2014). Where erosion rates 
were measured, we calculated �E and �χ for each pair of basins 
by subtracting both the erosion rate and the mean channel-head χ
of the basin with a lower erosion rate from the basin with a higher 
erosion rate. To test the correlation between cross-divide difference 
in χ and topographic asymmetry, we measured �χ and �S in 
paired basins with drainage area ∼10 km2 along all major divides 
on the Ozark dome (see Fig. A.4 for locations). To calculate �χ
and �S , we subtracted both the mean channel-head χ and mean 
basin slope of the basin with lower slope from the basin with 
higher slope. Locally lower χ should indicate a steeper basin, such 
that where χ correctly predicts topographic asymmetry a negative 
cross-divide �χ should correspond to a positive cross-divide �S . 
We used cross-divide difference in mean basin slope as a measure 
of instantaneous divide migration, although using cross-divide ksn
would have produced a similar result (Fig. A.1).

3.4. Estimates of timescales of fluvial profile adjustment and basin 
geometric adjustment

Whipple et al. (2017) proposed that two timescales are impor-
tant for understanding landscape evolution under the condition 
of mobile divides: 1) the fluvial profile response time, defined 
as the timescale for a fluvial profile to return to an equilibrium 
form following a drainage area change perturbation; 2) the divide 
migration timescale, defined as the timescale for basin geometry 
to reach to an equilibrium shape following some external forcing 
that perturbs basin geometry. To compare these two timescales for 
channels on the Ozark dome, we calculated fluvial response times 
numerically and analytically and estimated the divide migration 
timescale for a simple divide migration scenario.

To estimate the erodibility, K , which is needed to calculate the 
fluvial profile response time, we used the channel steepness of 
quasi-equilibrium channel profiles. χ scales with channel eleva-
tion according to the channel steepness, ksn = ( U

K Am
o
)1/n (Perron 

and Royden, 2013). Using this equation and assuming n = 1, we 
calculated the erodibility coefficient, K , for the mainstems of the 
Gasconade and White Rivers (the largest rivers draining the north 
and south sides of the dome, respectively) from the slopes of the 
χ -elevation profiles (profiles 2 and 14 in Fig. A.2) and by assum-
ing uplift is equal to the average erosion rate we measured for the 
dome, U = 8 m/Ma. We used a concavity of θ = 0.45 as described 
in section 3.2 (Fig. A.3). Estimated values for K are 3.1e–6 and 
6.7e–7 m0.1/yr for the Gasconade and White Rivers, respectively.

Assuming uniform U , n = 1, removing A0, and including K in 
the integral for χ gives χ units of time, which represents the flu-
vial response time, τ (Whipple and Tucker, 1999; Goren et al., 
2014):

τ =
x∫

xb

1

K (x′)

(
1

A(x′)

)m

dx′ (4)

Using the values for K estimated for the Gasconade and the Mer-
amec Rivers, m = 0.45, and numerically integrating equation (4)
using a 90 DEM, we calculated fluvial response time for rivers 
draining the Ozark dome.

3.4.1. Analytical method for calculating fluvial response time to step 
changes in drainage area

Changes in drainage area are necessarily accompanied by 
changes in channel length and basin shape. If we assume drainage 
area change occurs via divide migration along the entire perimeter 
of the basin such that geometric similarity is maintained, K is uni-
form, n = 1, and hm �= 1, the response time to a change in drainage 
area TdA can be found analytically by substituting Hack’s Law for 
drainage area in equation (4) and evaluating the integral from the 
fluvial channel head at a distance xc from the drainage divide to 
base level:

TdA = β f /K (5)

where β f = k−m
a (1 − hm)−1(L1−hm

f − x1−hm
c ) is a geometric pa-

rameter for the new, post divide migration basin geometry, h is 
the inverse Hack exponent, ka is the inverse Hack coefficient, and 
L f is the streamwise length of the basin post divide migration. 
This can be thought of as a minimum fluvial response time as 
it assumes divides move instantaneously around the full perime-
ter of the basin in order to maintain a geometry consistent with 
Hack’s Law. This is a limited expression of the area change feed-
back (Willett et al., 2014) in that basin widening is included as 
a response to basin lengthening but there is no additional basin 
lengthening in response to basin widening. Equation (5) differs 
from that presented in Whipple et al. (2017) in that they neglected 
changes in channel length when increasing drainage area.

To estimate values of the geometric factor, β , we fit a power 
function to distance-drainage area data for the White River and the 
Gasconade River to obtain an inverse Hack exponent of 1.75 (1.74 
and 1.76 for the White and the Gasconade Rivers, respectively) and 
an inverse Hack coefficient of 0.85 (0.80 and 0.93) with R2 values 
of 0.98 for the model fits for both rivers. To calculate fluvial re-
sponse times using equation (5), we used the average length of 
the dome from the structural axis to the Mississippi Embayment 
(150 km) for L f , a critical hillslope length that defines the chan-
nel heads, xc , of 300 m, and both estimated values for K (for the 
White River and the Gasconade River) discussed above.

3.4.2. Divide migration rates and timescale
To estimate the timescale for river basins to reach geometric 

equilibrium, τdm , we calculated divide migration rates for a range 
of cross-divide erosion differences and slope angles characteristic 
of divides between asymmetric victim basins and their aggres-
sors on the Ozark dome, such as the Bourbeuse River basin and 
the Meramec River basin (Fig. 6). For simplicity, we assume that 
the degree of disequilibrium between adjoining basins is changing 
slowly such that the divide geometry and cross-divide difference 
in erosion rate are approximately constant in time. There are, how-
ever, scenarios in which the degree of disequilibrium can increase 

http://opentopography.org/
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Fig. 3. Cross-divide profiles. A–f, χ -plots (top) and longitudinal profiles (bottom) of paired basins with drainage divides ranging from asymmetric (a) to symmetric (f). These 
profiles reflect only the fluvial network. Hillslopes in the region typically comprise <3% of the total relief shown and thus are not be visible at the scale shown. Locations 
where profiles were taken are shown in Fig. A.4. (For a color version of this figure, the reader is referred to the web version of this article.)
or decrease with time such that cross-divide differences in ero-
sion rate can also increase (Willett et al., 2014) or decrease with 
time (Whipple et al., 2017). For a drainage divide with planar, 
time-invariant slopes, it follows that the rate of divide migration is 
given by:

dxd

dt
= Ėα − Ėβ

tanα + tanβ
(6)

where Ėα and Ėβ are erosion rates on either side of a divide, α
and β are the slope angles on opposite sides of the divide, and xd
is the divide position. To compare the timescale of geometric net-
work adjustment with the timescale of longitudinal profile adjust-
ment, a length scale is necessary to convert divide migration rate 
to time. We used a divide migration length, L, of 10 km because 
inspection of Fig. 2 indicates that divide migration distances of that 
order would bring many divides to approximate equilibrium. The 
divide migration timescale, τdm , can then be estimated as:

τdm = L

dxd/dt
(7)
4. Results and discussion

4.1. Erosion rates on the Ozark dome

Erosion rates on the Ozark dome range from ∼4–15 m/Ma (Ta-
ble A.1), with a mean of 8 m/Ma, which is similar to the exhuma-
tion rate over the last 200 million years (Arne et al., 1990) and 
similar to or lower than other postorogenic landscapes (Portenga 
and Bierman, 2011), including the Blue Ridge province of the Ap-
palachian Mountains (Duxbury et al., 2015; Matmon et al., 2003), 
numerous locations in Australia (Heimsath et al., 2010), and the 
Cape Mountains of South Africa (Scharf et al., 2013). On the Ozark 
dome, similarity between erosion rates derived from 10Be, aver-
aged over the last ∼100 Ka, and exhumation rates averaged over 
the last ∼200 Ma (Arne et al., 1990) suggests an equilibrium land-
scape. However, variability exists locally between small contiguous 
basins (Fig. 2b) by up to a factor of two (Table A.1). This local 
variability in erosion rates indicates disequilibrium and that the di-
vides separating these basins are actively migrating as cross-divide 
differences in erosion rates are ultimately what moves divides 
(Gilbert, 1877; Mudd and Furbish, 2005).
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Fig. 4. Evidence of stream capture across scales. (Left) Hillshades overlain by χ maps. White lines show river basin boundaries, solid arrows indicate predicted divide 
migration direction, arrows with a dashed stem indicate inferred pre-capture drainage direction, and dark grey areas delineate inferred captured drainage area. (Right) 
χ -plots for the corresponding victims (red) and aggressors (blue). a, b, 1 km2 capture of the Bourbeuse River by the Meramec River. c, d, 30 km2 capture of Flat Creek by 
the White River. e, f, 1000 km2 capture of the Arkansas River by the White River. Inset in b shows the characteristic signature of recent drainage area gain via stream capture 
in a χ -plot. See Fig. 2 for capture locations. (For a color version of this figure, the reader is referred to the web version of this article.)
4.2. Disequilibrium in river basin geometry drives persistent divide 
migration on the Ozark dome

The χ map of the Ozark dome (Fig. 2a) reveals large differences 
in χ across many of the main divides, suggesting that the river 
network draining the Ozark dome is not in geometric equilibrium 
and that the river network must reorganize through divide migra-
tion and stream capture to attain a stable basin geometry. Changes 
that perturb a basin away from steady-state can be recognized by 
deviations from linearity in χ -plots (Willett et al., 2014). χ pro-
files of the rivers draining the Ozark dome are nearly linear and 
of similar steepness (Fig. A.2). However, χ profiles on the Ozark 
dome deviate from linearity systematically and in a manner con-
sistent with drainage area exchange predicted by cross-divide dif-
ferences in channel-head χ (Fig. 3 and Fig. 4). Thus, we argue that 
the rivers on the Ozark dome are in a state of quasi-equilibrium, 
defined as river basins in which the time since the last major per-
turbation to boundary conditions exceeds one fluvial response time 
such that there is an approximate balance between rock uplift and 
erosion, but that they have not reached a perfect steady state be-
cause the basin geometry is still out of equilibrium and drainage 
divides are still mobile.

In the eight paired basins in which we measured erosion rates, 
the cross-divide difference in erosion rate indicates the divide is 
migrating in a direction consistent with differences in the chan-
nel network geometry as represented by χ (Fig. 2b). Similar to 
observations made elsewhere (DiBiase et al., 2010; Portenga and 
Bierman, 2011), erosion rates on the Ozark dome scale with mean 
basin slope (Fig. 2c) and fluvial steepness, ksn (Fig. A.1), confirm-
ing that both are proxies for erosion rate and hence are good local 
metrics for divide motion. Cross-divide difference in mean basin 
slope, �S , suggests the divides are migrating in a direction con-
sistent with �χ in paired basins except in cases where the chan-
nels have not reached a quasi-equilibrium state owing to recent 
perturbations such as stream capture (Fig. 2d). In paired basins 
where recent perturbations have occurred, long-term divide mo-
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Fig. 5. Stream captures in different stages of equilibration on divides of the Bourbeuse River basin. (Left) Hillshades overlain by χ maps. White lines show drainage divides, 
arrows indicate the predicted divide migration direction, and dark grey areas delineate captured drainage area inferred from anomalous topology. (Right) χ -plots for the 
corresponding victims (red) and aggressors (blue). Inset in b shows the characteristic signature of recent capture in χ -plots. River basins shown highlight the transient 
nature of river incision following stream capture with topography in the captured basin that ranges from unadjusted to the new base level (a) to nearly adjusted to the new 
base level (e). See Fig. A.4 for capture locations. (For a color version of this figure, the reader is referred to the web version of this article.)
tion is dictated by �χ , which may or may not be consistent with 
predictions of divide motion based on local metrics (Fig. 2d). Ad-
ditionally, correlation between cross-divide difference in channel-
head χ and divide asymmetry is evident both in hillshade images 
(e.g. Fig. 2e) and in comparisons between χ -plots and their cor-
responding longitudinal profiles (Fig. 3). Under quasi-equilibrium 
conditions, cross-divide difference in channel-head χ correlates 
with cross-divide differences in ksn , mean basin slope, and erosion 
rate and thus, in quasi-equilibrium river basins, all four metrics are 
measures of divide motion. In total, the metrics analyzed indicate 
the Ozark dome has not reached a steady state because of disequi-
librium in river basin geometry, which implies that time to reach 
steady-state could exceed 100 Ma.

4.3. Persistent drainage area exchange generates discrete, transient 
geomorphic events

Despite quasi-equilibrium conditions on the Ozark dome, per-
sistent drainage area exchange has generated discrete, transient 
geomorphic events such as stream capture and the formation of el-
evated, low-relief surfaces through area-loss feedback. Stream cap-
tures change channel network topology and cause transient per-
turbations to sediment flux and erosion rates (Goren et al., 2014). 
With evidence in the form of unadjusted topography in the cap-
tured reach, anomalous network topology, and characteristic cap-
ture signatures in χ -plots, examples of stream captures on the 
Ozark dome show that capture has occurred across scales, with the 
inferred captured drainage area ranging from 1–1000 km2 (Fig. 4). 
As topography adjusts to a new base level following stream cap-
ture, the geomorphic evidence and the characteristic signature in 
the χ -plot diminish. Different stages of adjustment in stream cap-
tures on the same divide illustrate that divide migration has been 
persistent (Fig. 5).

When sustained for tens to hundreds of millions of years, even 
small cross-divide differences in erosion rate generated by geo-
metric disequilibrium can give rise to elevated, low-relief surfaces. 
Basins that lose drainage area and experience a concomitant de-
crease in erosional power may undergo positive area-loss feedback 
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Fig. 6. Persistent, nonuniform erosion rates create elevated, low-relief surfaces. a, 1 km wide swath profile across the Bourbeuse River basin from west to east (profile 
location shown by pink dashed line in d). b, Map of relief calculated at each gridcell by subtracting the minimum elevation from the maximum elevation within a 500 
m moving window showing that the locally low relief is contained within the Bourbeuse River basin. c, Geologic map showing that much of the Bourbeuse River Basin is 
not capped by a resistant lithology, but rather by relatively erodible shale. d, χ map centered on the Bourbeuse River basin. White lines show river basin boundaries and 
arrows indicate the predicted divide migration direction. Pink dashed line shows the location of swath profile shown in a. e, χ -plot of paired basins, tributaries to either the 
Bourbeuse River (red interior rivers) or the Meramec or Gasconade Rivers (blue exterior rivers). (For a color version of this figure, the reader is referred to the web version 
of this article.)
whereby reduced erosion rates lead to a relative increase in ele-
vation and increased susceptibility to further drainage area loss, 
thus preventing the basins from reaching geometric equilibrium 
(Willett et al., 2014; Yang et al., 2015). When the area-loss feed-
back is sustained over time, victim basins will increase in elevation 
while simultaneously decreasing in relief because of the local re-
duction in erosion rate combined with loss of drainage area on the 
perimeter of the basin (Willett, 2017).

An example of an elevated, low-relief surface that may have 
formed through the area-loss feedback is the Bourbeuse River 
basin, which stands >100 m higher than the surrounding ter-
rain and has approximately half of the relief within the basin 
as compared to the surrounding terrain (Figs. 6a, b). While ele-
vated, low-relief surfaces can form because of resistant caprock, 
the surface formation in the Bourbeuse is shale that is more erodi-
ble than other rock types in the basin (Fig. 6c, Fig. A.1). The χ
map indicates the Bourbeuse River should lose area along all di-
vides to attain equilibrium (Fig. 6d), and rivers draining the in-
terior of the basin have χ -plots characteristic of drainage area 
loss whereas rivers draining adjacent basins have χ -plots charac-
teristic of drainage area gain (Fig. 6e). Comparison of the mean 
erosion rate of two streams draining the interior of the basin 
(4.9 ± 0.1 m/Ma) with the mean of the cross-divide streams drain-
ing adjacent basins (7.7 ± 0.2 m/Ma) confirms an erosion differ-
ence between the Bourbeuse River basin and its neighbors, sup-
porting the conclusion of drainage area loss (Figs. 6a, e). If this 
erosion difference were maintained for 35 Ma, differential ero-
sion could generate the 100 m of relief observed between the 
Bourbeuse River basin and the surrounding area. Similar surfaces 
occur across much of the elevation range of the dome (Fig. A.5). 
They vary in relief and are bounded by drainage divides ex-
cept in areas where stream capture has moved the divide to-
wards the basin interior, indicating that they are not preserved 
patches of a former equilibrium landscape (Whipple et al., 2016;
Yang et al., 2015). Thus, we argue that multiple elevated, low-relief 
surfaces on the Ozark dome are not relict uplifted surfaces, but 
rather have formed in situ as a result of long lived area exchange 
between river basins (Yang et al., 2015).

4.4. Long timescales for planform adjustment of river basin geometry in 
landscapes with slowly moving drainage divides

For landscapes to achieve steady-state, both channel longitu-
dinal profiles and the planform geometry of the fluvial network 
must reach equilibrium (Willett et al., 2014; Goren et al., 2014;
Whipple, 2001). The time to steady state is set by the sum of these 
response times. We calculated response time for these two forms 
of adjustment. Both numerical (Fig. A.6) and analytical (Fig. 7a) cal-
culations of fluvial profile response time on the Ozark dome yield 
estimates of tens of millions of years, whereas estimates of plan-
form geometric network adjustment via divide migration are of the 
order of hundreds of millions of years (Fig. 7b). Fluvial response 
times for n = 1 (equation (5)) depend on erodibility and basin ge-
ometry and do not change significantly for typical magnitudes of 
area exchange (Fig. 7a). The timescale of divide migration, how-
ever, varies dramatically across a range of reasonable cross-divide 
differences in erosion rate (Fig. 7b). Thus, ancient postorogenic 
landscapes like the Ozark dome, which have small cross-divide dif-
ferences in erosion rate and slowly moving divides, will have large 
disparities between the timescales of fluvial profile response and 
of geometric network adjustment (Fig. 7c), the latter of which can 
approach billions of years (Fig. 7b).

5. Conclusion

Incision across the Ozark dome may have been initiated by 
Paleozoic tectonic deformation or channel down-cutting through 
variably erodible stratigraphy (Forte et al., 2016; Perne et al., 2017)
or a combination thereof. Regardless of the external forcing that 
induced geometric disequilibrium, the complex system response 
of topologic reorganization and persistent divide migration con-
tinues to shape the large-scale morphology of the Ozark dome. 
We conclude that river basin dynamics in landscapes with slowly 
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Fig. 7. Comparison of fluvial and geometric response times. a, Plot of fluvial response times to a change in drainage area via divide migration against fractional changes in 
drainage area (A f /Ai ) for K values estimated from the White and Gasconade Rivers. Range of area change inferred on the Ozark dome (grey bar) can generate cross-divide 
differences in fluvial response times on the order of 1 Ma, in which basins having gained drainage area and length experience longer response times than before area gain 
and basins losing drainage area experience shorter response times. b, Plot of divide migration timescale against cross-divide difference in erosion rate; calculated using a 
range of slope angles on opposing sides of the divide (α and β) characteristic of Ozark asymmetric divides (Methods). Erosion rate differences measured in this study are 
highlighted with the grey bar. c, Plot of the ratio of fluvial response time with no area change (from (a) where A f /Ai = 1) to the geometric response time of a divide with 
hillslope angles of 1 and 10 degrees (green line in (b) against cross-divide difference in erosion rate). Erosion rate differences measured in this study are highlighted with 
the grey bar.
moving drainage divides can protract time to steady-state to such 
a degree that postorogenic landscapes may never reach equilib-
rium. Persistent divide migration maintains a disequilibrium state 
characterized by nonuniform erosion rates and changing network 
topology. Thus, although landscapes with slowly moving drainage 
divides will likely have quasi-equilibrium fluvial longitudinal pro-
files owing to the discrepancy in timescale between fluvial profile 
adjustment and divide migration, these landscapes are far from 
static time-invariant forms.
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