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ABSTRACT

Conventional wisdom holds that the southern Appalachian 
Mountains have not experienced a significant phase of tectonic 
forcing for >200 myr; yet, they share many characteristics with 
tectonically active settings, including locally high topographic 
relief, steep slopes, incised river gorges, and frequent mass-wasting 
events. Two competing hypotheses are commonly used to explain 
their modern topographic expression. One suggests that relief is 
largely controlled by variable lithologic resistance to weathering 
and that their modern form has long persisted in a dynamic 
equilibrium. The second postulates that their relief is a product of 
recent rejuvenation, driven either by climate change or the 
epeirogenic uplift of the land surface driven by mantle forcing. 
Within portions of the Cullasaja River basin of the southern 
Appalachians, we show that relief has increased by >150% since 
the Miocene. Evident within the basin are a set of retreating 
knickpoints that delineate a rugged, actively incising landscape 
from lower-relief relict topography. Constraints on the timing of 
knickpoint entry into the basin suggest that the process of 
landscape rejuvenation began well prior to the late Cenozoic  
(<4 myr) transition to a more oscillatory (glacial-interglacial) 
climate regime. Furthermore, the geomorphology of the Cullasaja 
River basin is difficult to reconcile in the context of a transition to 
a more erosive climatic regime but is consistent with an 
epeirogenically uplifted landscape. Consequently, these 
observations lend new support to the idea that the rugged 
topography of the southern Appalachians has developed in 
response to post-orogenic regional uplift in the Miocene.

INTRODUCTION

Topographic relief exerts an essential control on the rates and 
processes involved in landscape denudation (Ahnert, 1970; 
Montgomery and Brandon, 2002), influencing feedbacks between 
atmospheric, earth-surface and rock exhumation processes, 
variations in sediment flux, and the magnitude and style of 
gravity-driven natural hazards. A long-standing debate in the 
geosciences is centered upon the nature of topographic decay in 
post-orogenic mountain ranges (Davis, 1889; Hack, 1960; Bishop, 
2007). Central to this debate are the still-rugged terrains within 
the modern Appalachians Mountains of eastern North America, 
where the last significant phase of tectonic activity presumably 

ceased shortly after Late Triassic rifting of the Atlantic margin 
(Hatcher, 1989). 

Two hypotheses have been put forth to explain the occurrence 
of locally high topographic relief, steep slopes, incised river gorges, 
and frequent mass-wasting events along the passive margin of the 
southern Appalachians (e.g., Gallen et al., 2011; Wooten et al., 
2008). One suggests that topography has persisted though time in 
a dynamic equilibrium, with relief largely controlled by the 
variable erodibility of rock units (Hack, 1960; Matmon et al., 
2003). The second posits that modern relief is a product of recent 
rejuvenation (Hack, 1982); however, whether the process 
governing this resurgence is climate change (Molnar, 2004; 
Hancock and Kirwan, 2007) or dynamic mantle processes forcing 
epeirogenic uplift (Pazzaglia and Brandon, 1996) is debated. 
Recent results obtained from the application of thermochronology 
(Boettcher and Milliken, 1994) and terrestrial cosmogenic 
radionuclides (CRNs; Matmon et al., 2003; Hancock and Kirwan, 
2007) have not led to a consensus regarding the processes 
governing the evolution of relief within this landscape—a result 
of contrasting interpretations drawn from different datasets. 

We test the competing hypotheses of dynamic equilibrium and 
topographic rejuvenation with a study of the geomorphology of 
the ~300 km2 Cullasaja River basin of the southern Appalachian 
Mountains in western North Carolina (Figs. 1A and 1B). The 
Cullasaja is a tributary to the Little Tennessee River, its waters 
traveling >1500 river kilometers before discharging into the Gulf 
of Mexico (Fig. 1A). The timing and magnitude of changes in 
relief within the basin are quantified through the analysis of a 
6-m horizontal resolution LiDAR elevation dataset. Results 
indicate that the Cullasaja basin landscape has undergone a period 
of rejuvenation, with relief increasing >150% since the Miocene. 
The timing of this rejuvenation and the geomorphic expression of 
the Cullasaja basin landscape, however, suggest that climate 
change is not the fundamental driving process (cf. Molnar, 2004). 
Rather, observational evidence favors a model where relief 
develops as the landscape is epeirogenically uplifted.

STUDY AREA

The Cullasaja River basin contains the geomorphic features 
required to reconstruct its paleo-relief, including numerous active 
river knickpoints—sharp convexities in an otherwise concave-up 
longitudinal river profile—and a preserved relict landscape 
“surface.” The study area lacks evidence of late Pleistocene 
glaciation and because of its distance from the maximum extent 
of late Quaternary ice sheets (Thelin and Pike, 1991), the Cullasaja 
basin experienced little, if any, glacial isostatic response (Fig. 1A). 
This is supported by studies using decade-long continuous GPS 
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and satellite gravity surveys to estimate vertical motions due to 
glacial isostatic adjustments and marine flooding of the North 
American continental shelf. These datasets demonstrate that the 
southern Appalachians are either a null region or are slowly 
subsiding at rates <0.3 mm yr−1 (Sella et al., 2007; Wu et al., 2010). 

The Cullasaja basin is a detachment-limited geomorphic system 
with bedrock channels flowing across mostly high-grade gneisses 
(Gallen et al., 2011) (Fig. DR1, GSA supplemental data 
repository1). A distinct break in log-log channel slope versus 
upstream drainage area scaling is interpreted to represent the 
transition between debris flow and fluvial-dominated channels 
(cf. Montgomery and Foufoula-Georgiou, 1993; Wobus et al., 
2006). The maximum drainage area where this scaling break was 
observed in the Cullasaja basin is ~1.25 × 105 m2. We choose this 
as the minimum contributing area in defining the fluvial 
network. Three observations suggest that lithologic control on 
hillslope erosion and river incision is relatively uniform 
throughout the basin: (1) most river channels do not follow 
lithologic contacts; (2) channel steepness shows no obvious 
correlation to rock-type; and (3) the observed location of fluvial 
knickpoints is generally discordant with lithologic contacts 
(Gallen et al., 2011) (Fig. DR1B [see footnote 1]).

Tributary knickpoints cluster within five altitudinal bands that 
are coincident with the elevations of five prominent main-stem 

knickpoints (Figs. 1C and 1D). We appeal to a kinematic model of 
active knickpoint retreat (e.g., Niemann et al., 2001), which 
predicts uniformity in vertical velocity for knickpoints resulting 
from a common base level fall. We interpret the knickpoint 
clusters as independent waves of bedrock incision actively 
propagating though the drainage network. The process(es) 
responsible for knickpoint initiation is unknown; however, 
eustatic fluctuations are an unlikely mechanism, as it has been 
shown that such signals do not propagate beyond the lower 
alluvial reaches of the Mississippi River (Schumm, 1993). 
Furthermore, the size of knickpoints identified (gradients ≥0.1, 
dropping >20 m), the total amount of knickpoint relief in the 
Cullasaja basin (>400 m), and the absence of localities for large-
magnitude stream capture events or deep-seated rockslides 
preclude autogenic knickpoint formation (cf. Wooten et al., 2008; 
Korup et al., 2006; Prince et al., 2011). With no obvious 
mechanism for generating the knickpoints, we assess the paleo-
topographic conditions in the basin to test the hypothesis that the 
knickpoints represent a change in geomorphic boundary 
conditions external to the Cullasaja basin and attempt to 
determine when this transition began. In doing so we aim to 
clarify the process(es) driving landscape evolution in the southern 
Appalachians through the generation of these knickpoints. 

DYNAMIC EQUILIBRIUM VERSUS TOPOGRAPHIC 
REJUVENATION 

The highest flight of 11 knickpoints demarcates an important 
topographic transition in the Cullasaja basin; downstream of the 
knickpoints, local relief, hillslope and stream channel steepness, 
and the frequency of landslides all increase significantly when 
compared to the portion of the landscape isolated above the 
knickpoints (>1150 m) (Gallen et al., 2011) (Figs. 2A–2D; Table 
DR1 [see footnote 1]). The occurrence of the knickpoints across a 
spread in drainage areas (1.4 × 105–7.5 × 106 m2) implies that they 
are not stalled at a threshold drainage area, an assumption later 
tested with numerical modeling (i.e., Crosby and Whipple, 2006; 
Berlin and Anderson, 2007). Rather, the highest set of knickpoints 
defines the propagating front of river incision, representing the 
boundary between an upper-relict landscape and a lower-actively 
adjusting zone (Fig. 2D) (Clark et al., 2005). This evidence has two 
important implications: (1) the Cullasaja basin, and probably the 
entirety of the southern Appalachians, is in a transient state of 
adjustment, rather than a dynamic equilibrium (cf. Hack, 1960; 
Matmon et al., 2003), where topography is rejuvenated in the 
passing wake of mobile knickpoints; and (2) the highest 
knickpoints and the relict landscape that they isolate contain 
information about the onset of enhanced incision and the 
temporal evolution of topography in this region. 

ESTIMATING RATES OF EROSION

Ahnert (1970) observed that mean local relief in temperate mid-
latitude drainage basins from tectonically inactive settings scales 
linearly with mean denudation rate. Application of Ahnert’s 
relationship to the Cullasaja basin suggests that erosion rates, 

Figure 1 (A) Shaded relief map of the southern Appalachians of western North 
Carolina and eastern Tennessee, USA. BRE (black dashed line)—Blue Ridge 
Escarpment; GSM (gray dashed oval)—Great Smoky Mountains. Inset map 
shows the location of this region in the context of the eastern continental divide 
(ECD) and the southern limit of glaciation during the last glacial maximum 
(LGL) (Thelin and Pike, 1991). The headwaters of the Cullasaja River basin 
(CRB) are >1500 km from the outlet of the Mississippi River. (B) Shaded relief 
image of the Cullasaja basin with the position of the 44 knickpoints identified in 
this study. (C) Histogram of knickpoint elevations in 25 m bins. Yellow stars 
denote the elevations of the trunk channel knickpoints identified in D.  
(D) Longitudinal river profiles of 52 streams showing the location of 44 
knickpoints, relict reaches, and the approximate transition between fluvial and 
colluvial/debris flow–dominated channels that occurs at drainage areas ≥1.25 × 
105 m2. Red dots—knickpoints; green dots—highest knickpoints. 

1GSA supplemental data item 2013103, extended methods, results, discussion, and figures, is online at www.geosociety.org/pubs/ft2013.htm. You can also request a 
copy from GSA Today, P.O. Box 9140, Boulder, CO 80301-9140, USA; gsatoday@geosociety.org.
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based on calculations of mean local relief, are 27 ± 11 and 6 ± 6 
mm kyr−1 in the active and relict portions of the landscape, 
respectively (Fig. 2E; Table DR1). A slower rate of erosion for the 
relict landscape is supported by a reduction in landslide 
occurrence (Wooten et al., 2008) (Fig. DR1; Table DR1 [see 
footnote 1]) and an increase in mean soil thickness (Thomas, 
1996) relative to the active landscape. These estimates closely align 
with regional 10Be CRN studies; the active landscape erosion rate 
matches basin average rates from the Great Smokey Mountains of 
27 ± 4 mm kyr−1 (Matmon et al., 2003), and the relict landscape 
prediction is consistent with West Virginia bedrock summit 
lowering rates (6 ± 3 mm kyr−1) (Hancock and Kirwan, 2007), 
indicating that they are reasonable values. 

PALEO-RELIEF RECONSTRUCTIONS

To estimate the magnitude of paleo-relief in the Cullasaja basin, 
we first determined the paleo–base level of the relict surface using 

the channel segments above the highest flight of knickpoints. 
Equilibrium longitudinal river profiles of the relict channel 
reaches are reconstructed using the empirically derived scaling 
law that relates local channel slope (S) to drainage area (A) 
through the channel parameters of steepness (k

s
) and concavity 

(θ) (e.g., Flint, 1974): 

	 S = k
s
A−θ.	 (1) 

Of the 11 reaches analyzed, eight had sufficient data to determine 
estimates of channel steepness and concavity (Fig. DR2; Tables 
DR2 and DR3 [see footnote 1]). To avoid geomorphic and 
hydrologic complications introduced at a smaller drainage area, 
channel steepness indices (k

sn
) were normalized using the mean 

concavity (θ
ref

) of the eight reaches (Table DR3) (Clark et al., 2005; 
Wobus et al., 2006). 

The elevations of the reconstructed tributary and trunk channel 
profiles fall within error at their confluences and are therefore 
graded to the same paleo–base level that is ~480 m higher than 
the present-day river mouth (Figs. 3 and DR2). Assuming that the 
ridge line erosion rates determined in West Virginia (Hancock 
and Kirwan, 2007) are regionally applicable to the southern 
Appalachians implies that the vertical distance between the ridge 
lines and the relict landscape of the Cullasaja basin has remained 
approximately the same through time. Paleo-relief in the relict 
landscape is thus determined to be ~300 ± 25 m by differencing 
the elevations of the reconstructed river profile from the modern-
day drainage divide (Fig. 3). This estimation suggests that relief in 
the Cullasaja basin has increased 163% ± 24% since the highest 
knickpoints entered the mouth of the Cullasaja River (Fig. 3). 

TIMING OF TOPOGRAPHIC RESURGENCE 

The time that the highest trunk channel knickpoint, Highland 
Falls, passed the mouth of the Cullasaja basin represents a 
minimum age for the relict landscape and hence the initiation of 
newly imposed geomorphic boundary conditions. To our 
knowledge, there are no preserved fluvial terraces related to the 
upper-most knickpoints in the Cullasaja basin, eliminating more 
conventional methods for determining their age and propagation 
rates. Instead, a simple yet novel approach is used to constrain the 
timing of knickpoint entry into the basin. Assuming that 
knickpoint propagation proceeded as a kinematic wave, the travel 
time of the highest knickpoints from the river mouth to their 
current position is the same as the time required to erode the rock 

Figure 3. Modern and reconstructed paleo-river 
profiles with the modeled elevations of tributary-
trunk channel junctions projected to the paleo 
profile. The 2σ elevation errors are from the 
normalized steepness indices and are based on 
linear regressions through log-log channel slope-
drainage area data (Fig. DR2 [see text footnote 
1]). The amount of paleo-relief in the Cullasaja 
River basin is based on the assumption that the 
ridge lines have eroded at a rate commensurate 
with the mean denudation rate of the relict 
surface (6 ± 6 mm kyr−1).

Figure 2. Topographic and fluvial metrics and characterization of relict 
surface. (A and B) Maps of local (A) slope and (B) relief for the Cullasaja River 
basin. (C) Normalized channel steepness (k

sn
) averaged every 100 m along each 

stream reach. (D) Perspective view of the Cullasaja River basin highlighting the 
relict reach (shaded) preserved above the highest flight of knickpoints. (E) Plot 
showing Ahnert’s (1970) global relationship between mean relief and mean 
denudation and the estimated mean denudation rates of the active and relict 
portions of the Cullasaja River basin with 1s errors as determined in mean 
local relief calculations.
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volume “missing” from the active landscape (Fig. 4A) (Norton et 
al., 2008). The knickpoint travel time (t

k
) is estimated by:

	 ,	 (2)

where A
c
 and V are the area below the knickpoint elevation 

contour and volume, respectively, and  is the average erosion rate 
within the active landscape (Fig. 4A). A minimum estimate of the 
volume of rock eroded from beneath the highest knickpoints is 
found by differencing the basin topography with a sloping surface 
fit to the modern drainage divide, and a maximum estimate is 
determined by differencing the basin topography with a 
horizontal surface defined by the elevation contour at the top of 
Highland Falls (Fig. 4B). 

Using estimates of the basin average erosion rate for the active 
landscape between 16 and 38 mm kyr−1 (Figs. 2E and 4C), 
Highland Falls would have entered the mouth of the river 
between 17.6 and 4.6 Ma. Applying the mean denudation rate  
and average volume of eroded rock, the entry time becomes  
ca. 8.5 Ma (Fig. 4C). It is, however, unlikely that these 
knickpoints were formed at the mouth of the Cullasaja basin. 
Even if the Cullasaja River was not incising (0 mm kyr−1), while 
the Little Tennessee River cut down at 600 mm kyr−1 (estimated 
from the fastest rates of river incision measured in Appalachian 
draining rivers by Reusser et al., 2004), such conditions would 
need to be sustained >150 kyr to form the largest Cullasaja basin 
knickpoints (>100 m). The long-term persistence of such 
conditions is unrealistic; rather, the knickpoints likely formed 

some distance down the Little Tennessee River by some other 
mechanism. This 17.6–4.6 Ma time range therefore provides an 
extreme minimum value for the age of the relict surface, and thus 
the onset of modern relief production in the southern 
Appalachians almost certainly pre-dates the transition to 
significant orbitally driven climate unsteadiness beginning 4 to  
3 Ma (Peizhen et al., 2001; Molnar, 2004). 

Moreover, it is difficult to explain the geomorphology of the 
Cullasaja basin in the framework of climate change. A transition 
to a cooler, wetter, and rapidly fluctuating climate should 
enhance regional erosional efficiency (Molnar, 2004), but it 
would need to be locally absent in order to preserve a relict 
surface, which is highly unlikely in the Appalachians. A change 
to a more erosive environment also is predicted to reduce channel 
steepness (Whipple and Tucker, 1999; Wobus et al., 2010), not 
increase it as is observed in the Cullasaja basin. Collectively, the 
timing of topographic rejuvenation and geomorphology of the 
Cullasaja basin eliminates late Cenozoic (<4 myr) climate change 
as the fundamental driver of the enhancement of relief in the 
southern Appalachians.

TESTING KEY ASSUMPTIONS

We numerically model the spatial distribution of the 11 highest 
knickpoints in the Cullasaja basin to test the assumptions that the 
knickpoints are: (1) genetically related and (2) verify that they are 
still actively propagating and not stalled. Testing these 
assumptions is important because it will show that the uppermost 
knickpoints originated from a single source and are currently 
moving through and dissecting the relict landscape. Further, 
modeling will support the age constraints from above if 
knickpoint velocity is determined to be reasonable (e.g., within 
measured values). To this end, a generic knickpoint celerity model 
is used (Crosby and Whipple, 2006):

	 ,	 (3)

where dx/dt is the upstream knickpoint migration rate in m yr−1,  
C is a dimensional coefficient of erodability in units m(1–2p) yr−1, A 
is contributing drainage area, and p is a non-dimensional constant 
reflecting knickpoint celerity dependence on drainage area, a 
proxy for discharge. A brute-force two-parameter search is used to 
find the best-fitting C and p parameters that minimize the misfit 
between the observed and modeled knickpoint positions (Crosby 
and Whipple, 2006; Berlin and Anderson, 2007). 

Using the results from the volume-for-time substitutions (eq. 2), 
we consider a suite of 28 model runs with knickpoints entering the 
Cullasaja basin between 4.5 to 18 Ma (0.5 myr intervals). Each 
model run worked equally well, with <2% difference in the sum of 
the least squares residual between the observed and modeled 
knickpoint positions for any given travel time (Figs. DR3 and DR4 
[see footnote 1]). These models predict the position of the 11 highest 
knickpoints remarkably well (Figs. 5A and 5B), implying that the 
knickpoints do behave as a kinematic wave. Present-day minimum 
knickpoint velocity varies between 0.13 and 2.25 mm yr−1 for the set 
of modeled travel times, confirming that the knickpoints are mobile 
and dissecting the relict landscape. Best fitting p parameters 
ranging from 0.51 to 0.54 are consistent with a square root of area 
scaling (Berlin and Anderson, 2007) (Fig. DR3). The erosional 

Figure 4. Conceptual model and results of volume-for-time substitutions. (A) 
Cartoon illustrating the idealized evolution of a drainage basin experiencing 
base-level lowering brought on by the propagation of a knickpoint as a 
kinematic wave. The final time step (t

2
) identifies the volume of eroded 

material (V) and area of the active landscape (A
c
), which are the parameters 

used to calculate the time since a knickpoint entered the mouth of a drainage 
basin using equation 2. (B) Schematic cross section illustrating the two 
methods used to estimate “missing” volume below the elevation of the highest 
trunk channel knickpoint. (C) Plot of the estimated time since the Highland 
Falls knickpoint entered the mouth of the Cullasaja River basin. The vertical 
black line is the mean basin average erosion rate determined for the active 
portion of the Cullasaja River basin predicted by the Ahnert (1970) trend (27 ± 
11 mm kyr−1) and matches that of the nearby Great Smokey Mountains 
(Matmon et al., 2003; 27 ± 4 mm kyr−1).
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coefficient C, however, adjusts over nearly an order of magnitude 
to accommodate the modeled knickpoint travel time (Figs. DR3 
and DR4). Nonetheless, the maximum and mean knickpoint 
velocity predicted by the numerical modeling are within the range 
of measured knickpoint propagation rates (Loget and Van Den 
Driessche, 2009) (Fig. 5C), suggesting that calculated knickpoint 
travel times are reasonable. Independent support for reasonable 
knickpoint travel times comes from estimates of river incision 
that are within the range of measured long-term (104–106 yr) 
valley incision for Appalachian-draining rivers (Mills, 2000; 
Reusser et al., 2006) that, based on our longitudinal profile 
reconstructions (Fig. 3), fall between 24 and 140 mm kyr−1.

DRIVING MECHANISM FOR TOPOGRAPHIC REJUVENATION

The proposed timing of the topographic resurgence reported 
here is roughly concurrent with previous studies that 
demonstrate increased sedimentation rates and grain sizes 
delivered from the Appalachians eastward to off-shore basins 
along the Atlantic margin (Poag and Sevon, 1989; Pazzaglia and 
Brandon, 1996) and westward to the Mississippi embayment 
(Potter, 1955) and Gulf of Mexico (Galloway et al., 2011) ca. 16 
to 12 Ma. This coincidence suggests a causative link between the 
process responsible for relief rejuvenation in the Appalachians 
and the flux of sediment to adjacent depocenters and implies a 
regional disturbance to the Appalachians in the Miocene. With 
no obvious surficial process driving the Miocene topographic 
resurgence, what mechanism can be called upon to explain the 
results reported in this paper? The formation of large 
knickpoints, the steepening of river gradients, the ongoing 
dissection of a relict landscape, and the pulse of sediment to 

offshore basins are broadly consistent with a region that has 
undergone uplift; however, the Appalachians generally lack 
evidence of late Cenozoic deformation (Hatcher, 1989). 

Epeirogenic uplift of the southern Rocky Mountains and 
Colorado Plateau (Karlstrom et al., 2012) and the southern 
Sierra Nevada range (Clark et al., 2005) has produced a similar 
geomorphic response to what is reported here. In these settings, 
the uplifted regions also exhibit strong spatial correlations with 
geophysical anomalies in the crust and lithospheric mantle, 
providing insight into the driving mechanism(s). Although 
large-scale geophysical imaging of the tectonically passive 
eastern United States has received relatively little attention 
compared to the western United States, Grand et al. (1997) and 
Ren et al. (2007) have documented fragments of the relict 
Farallon oceanic slab within the mantle beneath the modern 
Appalachians. More recently, Wagner et al. (2012) produced 
receiver function profiles crossing the southern Appalachians of 
North Carolina. They document Moho holes, double Moho 
arrivals, and localized seismic scatters in the lithospheric 
mantle. One interpretation of these results is that portions of the 
over-thickened crust have delaminated (cf. Zandt et al., 2004), 
perhaps driving the uplift and rejuvenation of the southern 
Appalachian landscape. Further testing of this hypothesis is 
possible by continued collaborations between the geomorphic 
and geophysical communities and the arrival of the EarthScope 
USArray seismic observatory experiment to the eastern United 
States in 2013. 

CONCLUSIONS

Our results show that topography in the Cullasaja River basin, 
and likely much of the west-draining southern Appalachians, is in 
a transient state of adjustment to a newly imposed regional base 
level (Gallen et al., 2011), and thus it is not in a dynamic 
equilibrium. Relief has increased here >150% since the Miocene, 
predating the amplification of glacial-interglacial cycles that 
initiated in the Pliocene and continue today. Our results favor the 
hypothesis that some form of dynamic mantle forcing has caused 
epeirogenic uplift of the Appalachians that began in the Miocene, 
because it can explain the generation of knickpoints and the 
preservation of a relict landscape in the Cullasaja basin that are 
difficult to account for in the context of climate change alone. 
Importantly, it appears that this event may be related to the 
increase in grain size and rate of sediments delivered to basins 
both east (Poag and Sevon, 1989; Pazzaglia and Brandon, 1996) 
and west (Potter, 1955; Galloway et al., 2011) of the Appalachian 
mountains, implying that the surface response to relief 
generation in the Cullasaja basin is likely related to a broad, 
regional phenomenon. This research sheds light on a long-
standing enigma in the geosciences; yet, the results presented 
here also bring up new questions and testable hypotheses about 
the geomorphology and late Cenozoic geodynamic evolution of 
the southern Appalachians. 
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(B) Relationship between observed and modeled knickpoint (kp) positions, 
expressed with respect to their distance from the mouth (dfm) of the Cullasaja 
River. (C) Maximum and mean (gray is ±1s error) velocity of the best fitting 
model result associated with each run. 
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