


Uplift in this tectonically quiescent region is
dominated by isostatic response to erosion, which,
if not constant, only varies over longwavelengths.
However, there may be an additional, relatively
young component of dynamic topography (41).
This dynamic component may create a spatial gra-
dient in U, but this gradient is oriented predom-
inantly northeast-southwest along the Appalachian
crest in the study area (41) and, hence, should not
contribute to discontinuities in c across the main
divide. As with the Taiwan example, we can also
compare more subtle features of the c map and
topography to check for consistency. For exam-
ple, the divides between the Apalachicola River,
the Tennessee River, and the Altamaha River
(Fig. 6) show different values or even signs in
cross-divide c, and in all cases, the contrast is
mimicked by subtle but clear asymmetry in to-
pography. These observations suggest that the
major features of the c map do not arise from
spatially variable K or U.

We also find support for inferred divide mo-
tion in erosion rates derived from cosmogenic
nuclide concentrations in river sediment (10).
Concentrations of 10Be generated by cosmic ray
exposure of quartz, now found as sand in the
modern rivers, have been used to estimate ero-
sion rates in a number of catchments across the
southern Appalachians. We have compiled pub-
lished data from the Great Smoky Mountains of
Tennessee and North Carolina (42) and two seg-
ments of the Blue Ridge escarpment in North
Carolina and Virginia (43) (Fig. 6). Motion of a
drainage divide must ultimately be driven by dif-
ferent erosion rates on opposite sides of the di-
vide. By comparing erosion rates from adjoining
basins, we can estimate the direction of divide
motion and test whether it is consistent with the
direction inferred from the cross-divide difference
in c (see Materials and Methods). We found that
the cross-divide c difference correctly predicts the
difference in erosion rate in 29 of the 34 adjoining
basins we studied, with a strong correlation in
magnitude in addition to predicting the correct
sign (Fig. 6, inset).

Mapping of c is also useful for identifying
discrete capture events, many of which have been
recognized along the Appalachian front. We
present a documented example in Fig. 7 to show
the signature pattern in c. The Savannah River is
proposed to have captured the headwaters of the
Apalachicola River. Evidence for this interpreta-
tion includes the deeply incised Tallulah Gorge
above the capture point and a common fresh-
water fauna in both catchments (39, 44). The spa-
tial distribution of c shows sharp discontinuities
across the Savannah-Apalachicola and Savannah-
Tennessee divides, implying ongoing advance
of the Savannah into both of these catchments
(Fig. 7). In contrast, the Apalachicola-Tennessee
divide is close to equilibrium. A discrete river
capture involves a sudden transfer of drainage
area from one basin to another, whichwill strongly
affect c but not elevation, thereby pushing the
relationship between c and elevation in opposite

directions for the captured and capturing rivers
(Figs. 1 and 2). This is demonstrated clearly in
the Savannah capture region by tributaries to the
upper Savannah, which gained area and therefore
have smaller c than expected for their elevation,
and by the Apalachicola, which lost area and
therefore has larger c than expected for its eleva-
tion (Fig. 7). At present, the upper Savannah is
responding to the increase in its drainage area by
incising rapidly, creating marked features like
the Tallulah Gorge as it lowers its elevation pro-
file back to the regional c-z trend. Similarly, the
Apalachicola is incising less rapidly to raise its
elevation profile back to the regional trend. This
process will continue until both rivers reach equi-
librium or, more likely, another capture occurs.

Another interesting feature of themap in Fig. 6
is the set of chevron-shaped drainage divides

scattered across the coastal plain and Piedmont
from Florida to Virginia, which are highlighted
by consistently higher c values on the coastal
sides of the divides (Fig. 8). The anomalously
high c values in these basins are associated with
anomalously high elevations (Fig. 8), similar to
the area-starved basins in Taiwan (Fig. 5), but in
this case, the topography has relief of only meters
to tens of meters. The coastal basins are losing
area as their headwaters narrow and shorten, and
some may eventually disappear. This appears
to be part of a regional basin reorganization in
which the largeAtlantic-draining basins are widen-
ing and pinching out the smaller, intervening
basins. Such a process is consistentwith northwest-
southeast lengthening of the Piedmont and coastal
plain provinces.River basins exhibit a narrow range
of length-to-width ratios (45), so that lengthening
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Fig. 7. The Savannah and Apalachicola river capture. The Savannah River has captured the
headwaters of the Apalachicola. The white circle marks the capture point. Profiles of elevation against c
(lower panel) are offset from the regional trend in directions consistent with river capture (compare with
Fig. 2). The upper reach of the Apalachicola (victim) has anomalously high c, consistent with area loss,
whereas the upper reaches of the Savannah (aggressor) have anomalously low c, consistent with
area gain.
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in the flow direction can lead to basin reorganiza-
tion, decreasing the number of basins to increase
the averagewidth (17, 18, 46). TheAtlantic coastal
region is lengthening by retreat of the Blue Ridge
escarpment, as well as by seaward advance of
the coastline, as evidenced by uplifted Pliocene
terraces, possibly as a dynamic response to deep
mantle flow (41).

Global Implications
Our analysis presents and quantifies a dynamic
view of landscapes. Drainage divides migrate or
make discrete jumps; river basins expand, con-
tract, and deform; and this dynamic reorganiza-
tion can persist for hundreds of millions of years,
or perhaps indefinitely in the presence of active
tectonic deformation.

This evidence of shifting drainage divides helps
explain well-known morphologic properties of
drainage basins. Basins in varied geographic set-
tings are observed to take on specific geometric
forms or statistical states (45–47). In particular,
characteristics such as length-area scaling, tribu-
tary junction angles, and fractal dimension appear
to be globally consistent. Models that optimize
local or global energy dissipation reproducemany
of these fundamental network characteristics
(48, 49), although natural basins seem to be slight-
ly suboptimal by these energymetrics. It has long

been suspected that divide migration and river
capture might be mechanisms by which drainage
basins approach statistically uniform geometry
(50). Our numerical models and analyses of natu-
ral landscapes provide evidence that this may, in
fact, be the case, and additionally suggest that
many natural basins are suboptimal because they
have not yet reached an equilibrium configura-
tion. Furthermore, our studies suggest that it is
the geometric characteristics of the channel net-
works and their bounding divides that drive the
system toward equilibrium.

The ability to map disequilibrium in river ba-
sins also has implications for other fields of study.
For example, river profiles are often interpreted
in terms of transient changes in tectonic uplift,
climatic conditions, or sea level. However, our
analysis suggests that many perturbations in river
profiles may instead arise from changes in drain-
age area. Drainage network connections andwater
divides that form geographic barriers affect the
transport of sediment, nutrients, and dissolved el-
ements, including those with important global
biogeochemical functions such as nitrogen and
carbon. Similarly, the migration or diversification
of aquatic species and entire ecosystems depends
on the transport pathways defined by rivers. Our
ability to identify past and ongoing changes in
river networks creates a new opportunity to ex-

plore connections between geological, chemical,
and biological systems.

Materials and Methods

Response of c to a Change in Drainage Area
For the calculation in Fig. 2, we assume that area
and channel length scale according to A = kax

h

with x = 0 at the water divide (51), and to keep
the calculation analytical, we assume that h = 2
and m/n = 0.5. Most other values for the co-
efficients h, m, and n would require numerical
integration, but the results will not change in
character for a reasonable range of these coef-
ficients. Defining a nondimensional length x* ¼ x

xd
,

we obtain an initial distribution of

cinit ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
A0

ka

� �s
∫
1

x*
x−1dx ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffi
A0

ka

� �s
lnðx*Þ ð6Þ

and a steady-state elevation linearly proportional
to cinit. We consider an instantaneous change in
area of DA of this basin, assumed to be the con-
sequence of adding or removing area to the head-
waters of the basin. The change in area can be
positive or negative, but it must occur upstream of
the analysis. The width of the basin downstream of
the area change is unchanged.With the nondimen-
sional area perturbation, A* ¼ DA

kac2d
, following the

area perturbation is defined by

cp ¼
ffiffiffiffiffi
A0

p ∫
x*

1
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kax2 þ A*
p dx ð7Þ

which can be integrated to give

cp ¼ −
ffiffiffiffiffi
A0

ka

r
ln

x* þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx*Þ2 þ A*

q
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ A*

p
0
@

1
A ð8Þ

Plotting cinit against cp (Fig. 2) is equivalent
to showing elevation against c for an instanta-
neous change in area. For a basin losing area,
there is a corresponding decrease in length of the
channel, hence the smaller extent in cp of the
curves in Fig. 2. For the basin gaining area, there
is a corresponding increase in channel length, but
this is not shown in Fig. 2 because the actual
slope and length of this segment depend on the
area distribution of the captured channel. A plot
of channel slope against drainage area shows a
similar perturbation (fig. S1).

Landscape Evolution Model
The numerical model for landscape evolution (Fig.
3) uses the code DAC described by Goren et al.
(21). DAC incorporates numerical and analytical
solutions to represent processes at different scales.
The numerical component solves the conservation
of mass equation with a stream power incision law
(Eq. 1) for a channel network spanning a dynamic,
irregular grid. An analytical solution is used for the
subgrid topography to represent low-order fluvial
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Fig. 8. Disequilibrium basins of the North Carolina coastal plain. The basin at the center of the
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the chevron, has systematically higher elevation and c, indicating progressive loss of drainage area and
slower erosion rate (compare with Fig. 1). A similar feature is visible in the upper right of the map.
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channels and hillslopes. The channel network and
the numerical grid evolve as dividemigration leads
to river capture, abandonment of channels with
insufficient drainage area, or creation of new chan-
nels as hillslopes lengthen. The model in Fig. 3
consists of a 50 × 100–km rectangular domain in
which the four edges are fixed to a constant ele-
vation. Precipitation and rock type are steady and
uniform. An initial topography is generated by
imposing a rock uplift rate that varies linearly from
0.5 mm/year along the lower edge to 5.0 mm/year
along the upper edge. These conditions are run to
steady state. Subsequently, the tectonic gradient is
removed, and uplift rate is set to a constant value
of 1 mm/year. Basin divides on all scales become
unstable and migrate, causing drainage basins to
change their size and shape (see movie S1). c is
calculated from Eq. 3 on the discrete grid, but be-
cause part of the river channel network is contained
in the analytical solution, sections of the uppermost
catchments are not shown in Fig. 3 or movie S1.

Construction of c Maps
Construction of maps of c followed a specific
protocol. Hydraulic attributes of base level, flow
directions, flow paths, and accumulated flow (up-
stream drainage area) were extracted from a digi-
tal elevation model (DEM). For flow direction
and paths, closed basins were filled, and steepest
descent neighbors were found for local flow di-
rection. Any pixel with a contributing area less
than a critical value, Ac, was excluded from the
analysis. The critical area was typically on the
order of 106 m2, although it can vary depending
on the DEM resolution and the drainage density
of the landscape. This value does not affect the
downstream value of c, but it does determine how
high into a catchment we conduct the analysis.
An arbitrary scaling area, A0, and a value for m/n
were selected, followed by integration of Eq. 3 to
determine c for all pixels in the domain.

The concavity, m/n, was selected through an
iterative process. First, we constructed a series of
c plots for individual drainage basins, covering
a range of concavity values, and noted the m/n
value that best reduced the scatter (29, 52). This
was used to construct an initial c map, which
was then interpreted in terms of divide stability.
If divides appeared stable within the basin of in-
terest, the process was complete. However, if there
were large contrasts in cross-divide c, we recon-
sidered the c plots, noting the profiles of channels
that appeared to be gaining or losing area based
on the c analysis, or on independent geologic,
geomorphic, or geochemical data. Because these
c plots are expected to curve up or down (Figs.
1 and 2), we modified our selection of m/n ac-
cordingly. The interpretation of area gain or loss
is partially based on the resultant c map, so is
potentially circular, but the iterative process con-
sistently converged to a single solution. In some
cases, we also applied this method to individual
channel profiles where we could make an a priori
assumption regarding the shape of the c plot. As
a final check, we overlaid the cmap on the digital

topography and checked that predicted cross-
divide c discontinuities were consistent with topo-
graphic features such as asymmetric upper channel
profiles across divides. Figures 5 and 8 are ex-
amples of such comparison.

Loess Plateau
The 90-m resolution DEMderived from the Shut-
tle Radar Topography Mission (SRTM) (53) was
used for the Loess Plateau. Two drainage basins
were extracted and analyzed using a critical area,
Ac, of 0.05 km2 and a scaling area, A0, of 1 m2.
The low value for the critical area reflects the high
drainage density of the area. Interpretation of the
resultant c-elevation plots gave an optimum m/n
of 0.35 (fig. S2).

Taiwan
For Taiwan, we used a 40-m resolution DEM
derived from aerial photographs and available
from the Center for Space and Remote Sensing
Research, National Central University, Taiwan.
A scaling area, A0, of 1 m

2 and a critical area, Ac,
of 1 km2 were used. Plots of c-elevation were
constructed with concavity varying from 0.0 to
0.6. The smallest scatter is obtained for a con-
cavity of 0.3 to 0.4, but we favor a slightly higher
value. Given our finding ofmanymoving divides
and captures, we expect many channels to exhibit
c plots with low slope and high c, as well asmany
channels with kinks in the c-elevation profile in
response to capture. These features become more
obvious with concavities of 0.45 to 0.55 (fig. S3),
so we prefer this value and use a value of 0.5 for
the maps of c. This value was confirmed by com-
parison with topography and imagery, which is
quite marked in Taiwan (Fig. 3 and fig. S4).

Southeastern United States
For the analysis of the southeasternUnited States,
we used the 90-mCGIARSRTMDEM, analyzed
with a critical area, Ac, of 0.3 km2 and a scaling
area, A0, of 1 m2. We constructed c-elevation
plots for individual drainage basins (identified in
fig. S5) in the study area for a range ofm/n values
(figs. S6 to S9). We found very dynamic divides
in the region with examples of basins that were
dominantly growing and others that were dom-
inantly shrinking. The minimum variance in the
c-elevation plots was found for values ofm/n from
0.25 to 0.35, but to match the c-elevation plot
concavity to our interpretation of growing and
shrinking basins, we required a largerm/n value of
0.4 to 0.5.We also conducted a similar analysis on
individual rivers where geological or geomorphic
evidence permitted an a priori assessment of cap-
ture or a moving divide. This exercise also gave
m/n values of 0.4 to 0.5 (for example, fig. S10).
Maps in this paper were constructed using anm/n
of 0.45, though other values were constructed to
test sensitivity to m/n (fig. S11), which revealed
that the features described in this paper were
robust over a large range of m/n values.

Map construction on the western side of the
Appalachians is complicated by the need to in-

clude the drainage area of the entire Mississippi
River basin. To avoid integrating the alluvial lower
Mississippi, we initiated the c integration at the
confluences between the westward draining riv-
ers and the Ohio River. This required selecting a
c-elevation pair for each river. To calculate these
values, we used the regional c-elevation trend for
the lower Tennessee River and lower Kanawha
River. This resulted in an initial point of 8 m in c
and 100 m in elevation for the Tennessee River
and 10 m in c and 148 m in elevation for the
Kanawha River.

Differential Erosion Rates Estimated from
Cosmogenic Radionuclide Concentrations
We used published concentrations of the CRN
10Be in quartz river sand to estimate differential
erosion rates in select river basins. We used pub-
lished data from Portenga and Bierman (10) in
three areas within the southern Appalachians:
two locations along the Blue Ridge escarpment,
and one in the Great Smoky Mountains (Fig. 6).
Original studies are in (42, 43). We selected lo-
cations with CRN measurements in adjoining
basins where the difference in erosion rate can be
compared to the cross-divide contrast in c. To
estimate differential erosion across a divide, we
differenced the basin-averaged erosion rates of
adjoining basins and assigned the resulting dif-
ferential erosion rate, DE, to the divide segment
common to both basins. We then calculated the
mean Dc across the shared divide segment by
differencing pairs of adjoining channel heads in
the same direction. This procedure was carried
out for all primary divide segments between ba-
sins with comparable size. We did not analyze
nested sub-basins. We also excluded one basin
from the Great SmokyMountains location, which
appeared to have anomalous 10Be concentrations
associated with an unusual intrusive igneous unit
(figs. S12 to S14 and table S1).

In the two Blue Ridge locations, there were
few basins with CRN data directly adjoining one
another. In these locations, we calculated an av-
erage differential erosion rate across the escarp-
ment itself. We divided the escarpment into three
segments (two segments as shown in fig. S14 and
one segment shown in fig. S13) that had erosion
rate measurements on each side. We then deter-
mined the mean erosion rate of each side of the
escarpment by taking the mean erosion rate of
basins proximal to the escarpment, but draining
in opposing directions.We differenced thesemean
erosion rates to calculate an escarpment-averaged
DE. We then calculated the mean Dc across each
escarpment segment by differencing, in the same
direction, the mean channel head c values along
the escarpment segment. The results from all three
study areas were normalized by dividing DE and
Dc by their respective mean E or c for the two
basins being compared (Fig. 6, inset).

We also tested how much of the overall var-
iance in the CRN erosion rate data could be ex-
plainedby the cross-dividec gradients.Wecalculated
an average cross-divide Dc for a basin by
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integrating the difference of channel head c
across the exterior perimeter of each basin. This
provides an aggressivity metric, in which positive
values indicate basins that are likely growing at the
expense of their neighbors, whereas basins with
negative values are victims that are likely to be
shrinking. These aggressivity indices are compared
with basin-wide erosion rates in fig. S15.

Data Archive. Chi maps for each region can be
downloaded in kml format from www.sciencemag.
org/content/343/6175/1248765/suppl/DC1. Data
details are given in table S2.
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