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ABSTRACT

Many high-latitude fl uvial systems are 
adjusting to base-level changes since the last 
glaciation. Channels that experienced base-
level fall may still be incising, often through 
glacial diamictons (tills). These tills can be 
quite competent, behaving more like weak 
bedrock than unconsolidated sediment, and 
erode at a fast pace, thus providing a unique 
opportunity to test models of channel inci-
sion and knickpoint migration in transient 
systems. Here, we integrate light detection 
and ranging (LiDAR) topography, strath 
terrace chronology, and numerical model-
ing to determine knickpoint migration and 
incision history of the Le Sueur River in 
central Minnesota, USA. Results indicate 
that the Le Sueur River is best modeled as 
a detachment-limited channel, with down-
stream coarsening related to lag clasts from 
tills playing a critical factor in longitudinal 
profi le development.

The Le Sueur River meanders as it incises, 
so we coupled the best-fi t incision model to a 
meander model to determine valley excava-
tion history. The excavation history was used 
to determine a natural background erosion 
rate, prior to land-use changes associated 
with settlement and agricultural expansion 
in the mid-1800s. We compared background 
fi ne sediment (silt and clay) erosion rates 
with historic decadal-average annual sus-
pended loads. Results show that modern fi ne 
sediment contributions from sources associ-
ated with valley excavation are three times 
higher than modeled presettlement loads. 
Recent changes in hydrology associated with 

land use and climate change have increased 
fl ows in rivers, leading to higher sediment 
loads, not just from fi eld erosion, but from in-
creased bank and bluff erosion in the deeply 
incised valleys.

INTRODUCTION

Many channels experience a lowering of base 
level, either from tectonic uplift, sea-level fall, 
or local events that trigger channel rerouting or 
incision. The way in which a river responds to a 
base-level fall depends on the rate and pattern of 
the signal, the processes of river incision, and the 
material through which the channel is incising. 
Often, base-level fall is transmitted upstream 
through the propagation of knickpoints, par-
ticularly when incision is occurring through a 
competent substrate (i.e., Bishop et al., 2005; 
Crosby and Whipple, 2006; Berlin and Ander-
son, 2007). Although many studies of incisional 
landscapes have occurred in mountainous envi-
ronments, where rivers incise through bedrock 
driven primarily by tectonic uplift, few have 
been conducted in the vast northern continen-
tal interiors, where base-level fall is driven by 
widespread changes resulting from the end of 
the last glaciation. Many rivers in these interior 
postglacial landscapes are still adjusting to new 
base-level conditions, from deposition or inci-
sion by meltwater and glacial ice. These rivers 
are in transition, as base-level changes propa-
gate upstream and drainage networks integrate 
and expand. Although these landscapes can be 
challenging to model, they can also offer oppor-
tunities to investigate incision and landscape 
evolution in young, transient, evolving systems.

One of the challenges of developing accurate 
models of knickpoint migration and channel 
incision is that of equifi nality: Multiple models 

may yield the same result, especially in a steady-
state system. Predicting transient response is 
more discriminating (Whipple, 2004), yet com-
pared to the abundance of studies that assume 
steady state, there are comparatively few studies 
published that focus on transient profi le evolu-
tion (i.e., Howard and Kerby, 1983; Stock and 
Montgomery, 1999; Whipple et al., 2000; Han-
cock and Anderson, 2002; van der Beek and 
Bishop, 2003; Crosby and Whipple, 2006; Ber-
lin and Anderson, 2007; Finnegan et al., 2007; 
Hilley and Arrowsmith, 2008). If both trans-
port-limited and detachment-limited models 
yield similar results in steady-state conditions, 
then studying a system that is still in a transient 
response remains, as stated by Whipple (2004) 
“the underexploited, critical test.”

The Le Sueur River in south-central Minne-
sota (Fig. 1) is undergoing a transient response to 
the initial carving of what is now the Minnesota 
River valley ca. 13.4 k.y. B.P. (ka) (11,500 14C 
yr B.P.) (Shay, 1967; Clayton and Moran, 1982; 
Matsch, 1983; Lepper et al., 2007; Belmont, 
2011). This well-dated event was a glacial out-
burst fl ood, which led to incision of 65 m near the 
mouth of the Le Sueur River, triggering a knick-
point that has been migrating upstream ever since. 
The knickpoint is now expressed as a knick zone 
covering the lower 35–40 km above the mouth of 
the Le Sueur River and its two major tributaries. 
The record of incision is preserved in individual 
terrace landforms throughout the knick zone on 
these three channels. Because the initial condi-
tions are well known, and the timing and magni-
tude of incision are well constrained, the situation 
is ideal for testing numerical models of channel 
incision and valley evolution for till-based chan-
nels. These models can, in turn, yield insight into 
the history of valley excavation and thus sedi-
ment evacuation in the Le Sueur throughout the 
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Holocene, giving us a natural “presettlement” 
rate of erosion from this basin.

The Le Sueur River and reaches on the lower 
Minnesota River are impaired with respect to 
turbidity, per section 303d of the U.S. Environ-
mental Protection Agency’s Clean Water Act. 

The turbidity impairment is due primarily to 
excess suspended sediment, one of the leading 
causes of water-quality impairments nationwide 
(Palmer et al., 2000; U.S. Environmental Protec-
tion Agency, 2012). One of the challenges facing 
management agencies is determining the portion 

of the fi ne sediment load that is derived from 
human modifi cations of the landscape above 
and beyond the natural geologic rate of erosion. 
Studies of modern sediment sources indicate 
that erosion from channel incision and migration 
dominates the sediment budget in the Le Sueur 
River (Gran et al., 2011b; Belmont et al., 2011b). 
Knowing if (and how) these erosion rates have 
increased over natural background rates is par-
ticularly important for agencies responsible for 
managing water quality in the greater Minnesota 
River basin.

Here, we used a combination of fi eld observa-
tions, digital elevation model (DEM) analyses, 
strath terrace chronology, and numerical model-
ing to explore channel incision and knickpoint 
propagation in the Le Sueur River and to test 
two models of channel incision in an unusually 
well-constrained system. We sought to quan-
tify model sensitivity in the Le Sueur River to 
assumptions about the rate and pattern of chan-
nel meandering as well as to external controls, 
including climate change and stream capture. 
By synthesizing all of the data, we constrain the 
valley evolution and channel incision history of 
the Le Sueur River during the late Pleistocene 
and Holocene, allowing comparison between 
presettlement natural, background erosion rates 
and elevated modern suspended sediment loads.

BACKGROUND

Sudden base-level fall can trigger knick-
points that propagate upstream, transmitting the 
signal of base-level fall to the upper watershed. 
In transport-limited systems, knickpoints tend 
to diffuse as they move upstream, while many 
detachment-limited systems can maintain a 
steeper knickpoint form that moves upstream as 
a kinematic wave (Begin et al., 1980; Gardner, 
1983; Whipple and Tucker, 2002). Although 
these two end members predict different tran-
sient responses to base-level fall, the resulting 
steady-state channel profi les are indistinguish-
able. In incising systems, knickpoint migration 
can be the dominant mechanism of channel ero-
sion (i.e., Seidl and Dietrich, 1994; Wohl et al., 
1994; Stock and Montgomery, 1999; Hasbargen 
and Paola, 2003), and so an understanding of 
what drives knickpoint migration and how the 
channel will respond is critical in understanding 
the evolution of transient systems.

Accurate modeling of valley evolution dur-
ing base-level fall must account for not only 
channel incision but also lateral migration. Lat-
eral migration rates are commonly argued to 
refl ect the overall ratio between sediment sup-
ply and transport capacity. As sediment supply 
increases, the bed can become covered with 
sediment, decreasing vertical incision rates and 
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Figure 1. (A) Map showing location of Le Sueur River with respect 
to the Minnesota, Mississippi, and St. Croix Rivers and the past 
locations of Glacial Lakes Agassiz and Minnesota. (B) Inset map 
showing the lower Le Sueur River and its two major tributaries, the 
Maple and the Big Cobb Rivers. The Le Sueur joins the Blue Earth 
River just north of the gauge site, ~5 km upstream from where the 
Blue Earth River joins the easterly fl owing Minnesota River. Loca-
tions of terraces where samples were collected for optically stim-
ulated luminescence (OSL) and 14C dating are in white. The star 
marks the location where OSL samples were collected within the 
paleochannel. The gauge at Red Jacket (USGS #05320500) is shown 
as a white circle.
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increasing lateral planation rates, resulting in the 
development of strath terraces (Bull, 1990; Han-
cock and Anderson, 2002; Fuller et al., 2009; 
Wegmann and Pazzaglia, 2009). One of the 
consequences of lateral migration in an incising 
system is that channel migration into hillslopes 
can destabilize those features, trigger failure, 
and increase local erosion rates. Thus, the bal-
ance between vertical incision and lateral pla-
nation not only affects valley morphology and 
strath terrace development, but it also affects 
volumetric erosion rates in the incising system.

Physical experiments of erosional response to 
base-level fall show confl icting results depend-
ing on how base-level fall was accomplished. 
Experiments by Parker (1977) and Hancock 
and Willgoose (2002) showed that mass eroded 
following instantaneous base-level fall starts 
high and then declines rapidly through time. 
Alternatively, experiments by Hasbargen and 
Paola (2000) found the opposite result: Erosion 
steadily increased until it reached steady state, at 
which point, erosion fl uctuated about a constant 
mean. In the fi rst two cases, base-level fall was 
sudden, while in the third case, base-level fall 
was more gradual and continued throughout the 
length of the experiment. As it is widely recog-
nized, base-level signals can evolve and, in par-
ticular, diffuse as they travel upstream. Despite 
a common downstream trigger, parts of a basin 
proximal to the outlet may see relatively rapid 
base-level lowering rates, while distal upstream 
locations may experience more gradual rates. 
Thus, it is diffi cult, a priori, to predict the shape 
of a curve relating sediment fl ux out of a basin 
to base-level fall history.

STUDY AREA

The Le Sueur River watershed in south-
central Minnesota was reset by the last glacia-
tion (marine isotope stage 2). During the Last 
Glacial Maximum, the entire watershed was 
covered by the Des Moines lobe of the Lauren-
tide ice sheet. As the ice retreated to the north, 
an ice-marginal lake formed, known as Glacial 
Lake Minnesota (Jennings, 2007) (Fig. 1). Gla-
cial Lake Minnesota covered the western two-
thirds of the Le Sueur watershed, depositing up 
to 3 m of glaciolacustrine silts and clays on the 
surface and leaving behind a very low-gradient 
surface. Underlying these silts and clays, there 
lie up to 60 m of stacked tills with interbedded 
glaciofl uvial sands (Jennings, 2010). Most of 
the tills dissected by the modern channels were 
deposited by the Des Moines lobe and include 
the Upper and Lower Heiberg Members and 
the Moland Member. Deeper valleys reach into 
older tills, including the Wisconsinan-age Tra-
verse des Sioux Formation, deposited by the 

Rainy lobe, as well as pre-Wisconsinan tills of 
the Good Thunder Formation. Most of these 
till units contain ~35% sand and ~65% silt and 
clay, with a slightly higher sand content in the 
Moland Member and Traverse de Sioux Forma-
tion (Meyer et al., 2012). All of these till forma-
tions contain <10% gravel (Meyer et al., 2012), 
and many are overconsolidated as a result of 
compaction and dewatering from thick glacial 
ice (Boulton, 1976). Isolated outcrops of poorly 
consolidated Paleozoic sandstones are found in 
patches in the lower 8 km of the Le Sueur River, 
overlain by glacial deposits. A paleochannel 
connecting the Le Sueur River directly to the 
Minnesota River (Fig. 1) contains outcrops of a 
Paleozoic dolostone capping the sandstone.

Since the last glaciation, regional climate 
has experienced several major excursions. The 
region was ice free by the early Holocene, but 
still experienced a cooler climate, with cold 
boreal and subarctic conditions (Webb and 
Bryson, 1972). From 8–9 ka to 4–5 ka, a time 
referred to as the mid-Holocene dry period, the 
region became warmer and drier (Chumbley  
et al., 1990; Laird et al., 1996; Dean, 1997; 
Wright et al., 2004; Yu et al., 1997; Dean et al., 
2002; Camill et al., 2003), followed by a return 
to cooler, moister conditions. Over the past 
50 yr, precipitation has increased, including the 
number of days experiencing precipitation and 
the number of intense rainfall events (Kunkel 
et al., 1999; Seeley, 2003). The increase in pre-
cipitation correlates with an increase to stream 
fl ows of the Minnesota River basin (Novotny 
and Stefan , 2007; Lenhart et al., 2011a).

Native vegetation in the Le Sueur water-
shed was primarily prairie and wet prairie 
with hardwood forests lining the river valleys 
and the northeastern corner of the watershed 
(Marschner, 1930; Minnesota Department of 
Natural Resources, 2007). Recent vegetation 
changes have been dramatic: ~86% of the basin 
is now covered by row-crop agriculture (Musser 
et al., 2009), most of it on very low-gradient 
upland terrain.

One of the biggest impacts to this river system 
occurred at the end of the last glaciation, 13.4 ka 
(11,500 14C yr B.P.), when Glacial Lake Agassiz 
fi rst drained through its southern outlet (Shay, 
1967; Clayton and Moran, 1982; Matsch, 1983), 
carving the valley now occupied by the Minne-
sota River. Glacial Lake Agassiz was a massive 
proglacial lake that formed along the Minne-
sota–North Dakota border, eventually covering 
much of south-central Canada (Upham, 1890, 
1895; Thorleifson, 1996). After this initial 
draining of Lake Agassiz, outfl ows occupied the 
valley discontinuously until 12.83 ka (10,800 
14C yr B.P.) and again before 10.62 ka (9400 
14C yr B.P.) (Fisher, 2003).

The initial incision event started knickpoints 
migrating upstream on tributaries fl owing into 
what is now the Minnesota River valley (Gran 
et al., 2009, 2011a; Belmont et al., 2011b). The 
modern longitudinal profi les of the Le Sueur 
River and its major tributaries, the Maple and the 
Big Cobb, show that knickpoints have migrated 
~35–40 km upstream on each channel (Fig. 2), 
creating steep channel gradients in the zone 
below the knickpoints all the way to the mouth 
of the Le Sueur. Channel gradients are twice 
as high in the knick zone (0.0015), and valley 
relief increases, reaching 65 m at the mouth of 
the Le Sueur. In the knick zone on the Le Sueur 
River, bluffs line ~31 km of channel, with an 
additional 46 km of bluffs lining its two main 
tributaries (Day, 2012). Bluffs erode through a 
combination of toe erosion through fl uvial abra-
sion and shear, sapping from groundwater, and 
freeze-thaw processes that weaken till material 
(Day et al., 2013). Many of these tills behave 
like weak bedrock. They are overconsolidated, 
able to maintain near-vertical slopes for tens of 
meters, and can even fail in blocks along frac-
ture planes.

The record of river incision is recorded in ter-
races throughout the valley of the Le Sueur and 
its two major tributaries (Fig. 1). These strath 
terraces are carved into consolidated tills, with a 
thin overlying veneer of alluvium (Fig. 3). The 
alluvial cap is almost uniformly 2–3 m thick 
and typically contains channel deposits over-
lain by fi ner overbank alluvium. The terraces 
are unpaired, suggesting that incision occurred 
steadily, rather than in punctuated intervals, 
through lateral planation and terrace abandon-
ment via river incision (Davis, 1902).

Additional evidence of incision lies near the 
mouth of the Le Sueur River. A 9.4-km-long 
abandoned paleochannel (Fig. 1) connects the 
Le Sueur River valley directly to the Minnesota 
River, bypassing the Blue Earth River, to which 
the Le Sueur is now a tributary. The upstream 
end of the paleochannel is truncated at an eleva-
tion of 264 m, 25 m above the current Le Sueur 
River at that location, indicating that 25 m of 
incision has occurred since the paleochannel 
was abandoned. The incision that followed this 
stream capture event represents a distinct sec-
ond period of local base-level fall early on in the 
incision history of the Le Sueur River.

Within the Le Sueur and Maple River chan-
nels, cross-sectional measurements reveal that 
standard hydraulic geometry applies to channel 
width and depth, with both parameters increas-
ing downstream (Belmont, 2011). However, 
bed grain size also increases in the downstream 
direction, with notable coarsening within the 
knick zone (Fig. 4). The main source of coarse-
grained material (gravel, cobbles, and boulders) 
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in the Le Sueur River is the glacial tills through 
which the river is incising. The greater the valley 
incision depth, the more gravel is available to 
downstream reaches. Thus, upper reaches above 
the knickpoint contain primarily sand, silt, and 
clay, while the median grain size increases to 
22 mm in the lower reaches of the knick zone, 
where incision depths are greatest. Floodplain 
widths are greatest in the upper basin, decreas-
ing sharply within the knick zone to the point 
where the river lacks a true geomorphic fl ood-
plain through much of the lower basin (Bel-
mont, 2011).

METHODOLOGY AND RESULTS

Valley morphology was analyzed from high-
resolution light detection and radar (LiDAR) 
data, with age control on a series of terraces pro-
vided by radiocarbon and optically stimulated 
luminescence (OSL) dating. These data pro-
vide constraints for the two numerical models 
we employ to explore the mechanics of channel 
incision and knickpoint propagation in the Le 
Sueur River valley. We then use the modeling 
results to refi ne the channel incision and valley 
excavation history and compare modeled rates 
of erosion with modern sediment loads. We fi rst 
present the methodology and results of the val-
ley geomorphology and geochronology, and 
then explain the methodology and results from 
the numerical modeling.

Valley Characterization and Age Control

Methods
The Le Sueur knick zone is in Blue Earth 

County, Minnesota, where high-resolution air-
borne LiDAR data from 2005 are available. 

Optimal Geomatics, Inc., acquired the LiDAR 
data for Blue Earth County with a horizontal root 
mean squared error (RMSE) of 1 m and a verti-
cal RMSE of 0.15 m. Most of the geographical 
information system (GIS) analyses detailed here 
utilized a 3 m DEM derived from the LiDAR 

data. Along the main stem Le Sueur River, 
valley-top widths were measured every kilome-
ter from the LiDAR DEM. We also extracted a 
longitudinal profi le of both the Le Sueur River 
and the upland surface along the length of the 
river valley. The upland surface is very fl at here, 
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with elevations varying between 295 and 310 m 
above mean sea level (amsl) along the entire 
40 km length of the lower channel that incises 
into the former Glacial Lake Minnesota bed. 
Outside of the glacial lake bed, upland elevations 
rise slightly in the upstream direction.

We calculated the total volume of material 
eroded from the Le Sueur River valley using the 
LiDAR DEM. Each of the three main river val-
leys (Le Sueur, Big Cobb, and Maple) was sub-
divided into 5 km reaches. Along each reach, the 
average upland elevation was determined. We 
then found the volume missing between that ele-
vation and the modern topography of the valley 
in ArcGIS. These valley volumes were summed 
to obtain a total volume eroded during excava-
tion of the Le Sueur River valley (Gran et al., 
2009). This measure assumes no incision of the 
Le Sueur River valley prior to base-level fall 
from the draining of Glacial Lake Agassiz. In a 
second more conservative estimate, we allowed 
for some incision prior to this event, and calcu-
lated the volume of material eroded from the 
highest terrace to the modern valley bottom 
using the same techniques, but setting the upper 
elevation to be that of the highest terrace along 
each 5 km reach. This provides a minimum vol-
ume of sediment eroded due to valley excava-
tion since base-level fall (Gran et al., 2009).

We wanted to compare long-term valley 
excavation rates to modern sediment loads. 
Because modern suspended sediment loads are 
often determined through measurement of total 
suspended solids (TSS), we recast the volume 
of sediment removed into a mass of fi ne sedi-
ment removed. TSS measurements sample only 
the suspended sediment and washload fractions, 
which are composed primarily of silt and clay 
in the Le Sueur. Thus, we converted volume 
of eroded till into mass of fi ne sediment using 
a bulk density of 1.8 Mg/m3 from bluffs in the 
Blue Earth River basin (Thoma et al., 2005) and 
a fraction silt and clay of 65% determined from 
measurements of tills in the Le Sueur River 
basin (Gran et al., 2011b). We did not include 
the fraction of material >2 mm in size, which 
averaged only 3% by volume for all measured 
till samples (n = 35).

Within the valley itself, we mapped terrace 
remnants using the LiDAR DEM (Johnson, 
2012) and then calculated a terrace height above 
channel as the difference between the mean 
terrace elevation and river elevation averaged 
from the upstream and downstream ends of 
the terrace.

To obtain terrace ages, we collected 22 samples 
from terrace sediments, including nine samples 
of overbank alluvium on terraces, for optically 
stimulated luminescence (OSL) dating, and 13 
samples of freshwater mollusks and gastropods 

for radiocarbon dating. An additional three OSL 
samples were collected from the paleochannel 
near the mouth of the Le Sueur River (Fig. 1) to 
better constrain the timing on the stream capture 
event that led to the abandonment of the channel. 
The Utah State University OSL Laboratory ana-
lyzed the OSL samples, and Beta Analytic, Inc., 
processed the radiocarbon samples.

OSL is a technique that measures the time 
since a quartz or feldspar grain was last exposed 
to sunlight, thus giving a depositional age for 
the sediment. It has been used successfully to 
determine depositional ages of fl uvial sediments 
(Olley et al., 1999; Lian and Roberts, 2006; 
Vandenberghe et al., 2007; Rittenour, 2008). 
At each OSL sampling site, we logged vertical 
stratigraphy, noting contacts between the till, 
channel deposits, and overbank deposits, and 
collected OSL samples from the overbank allu-
vium ~30 cm above a known channel deposit, 
or ~1 m above the till surface. To ensure none 
of the sample was exposed to light, we removed 
the outer 6–8 cm of sediment and inserted a 
30 cm opaque metal conduit into the alluvium 
to collect samples for dating. Additional sam-
ples were collected to measure dose rate during 
analysis and water content at the site.

The Utah State University Luminescence 
laboratory analyzed OSL samples using the 
single-aliquot regenerative-dose procedure 
(Murray and Wintle, 2000, 2003; Wintle and 
Murray, 2006) on small aliquots of quartz sand 
(see Supplemental Data for more information1). 
One major assumption in OSL dating is that the 
luminescence signal is reset by exposure to light 
prior to deposition, which may be problematic 
in fl uvial environments (e.g., Wallinga, 2002). If 
sediment has incomplete zeroing, referred to as 
“partial bleaching,” then the age may be over-
estimated due to the incorporation of residual 
signal from the previous burial history. As a 
number of samples displayed evidence of partial 
bleaching, we used a minimum age model for 
each sample (Galbraith et al., 1999) to calculate 
the OSL ages.

Thirteen radiocarbon samples were pretreated 
with an acid etch prior to analysis via accelera-
tor mass spectrometer (AMS) at Beta Analytic, 
Inc., with one sample large enough to analyze 
with standard radiometric techniques. We col-
lected samples from channel deposits on terraces 
at the base of the overbank alluvium, containing 
primarily bivalve mollusks with some fresh-
water gastropod shells. Samples were sieved, 
and shells were handpicked with tweezers and 

washed with deionized water. On two terraces 
(TV and TW), we collected two samples: one 
from the channel deposits and one higher up in 
the overbank alluvium. For modeling purposes, 
we used the older ages as terrace ages.

We calibrated radiocarbon ages to calendar 
yr B.P. (yr B.P.) using the Pretoria calibra-
tion procedure (Talma and Vogel, 1993) with 
the INTCAL09 calibration database (Reimer 
et al., 2009). Because 14C ages before present 
are relative to 1950 and OSL ages are rela-
tive to 2010, we shifted all of the 14C ages to 
be relative to 2010 instead by adding 60 yr 
to each of the calendar yr B.P. ages. The new 
calibrated 14C data are all reported as B.P.2010 for 
clarity. On four terraces, both 14C and OSL data 
were available, and the results were averaged. 
Uncertainties were calculated as the square 
root of the sum of the squares of individual 
uncertainty ranges.

Results
The Le Sueur River valley rim is up to 1200 m 

wide near the mouth, decreasing in width 
upstream, with a width of 400 m just above the 
knickpoint. Width narrows near the mouth of 
the channel, downstream of the paleochannel in 
a reach that contained some of the only bedrock 
outcrops in the basin (area between the mouth 
and 8 km upstream). Likewise, relief is highest 
at the mouth (65 m), decreasing with distance 
upstream (Fig. 4). Estimates of the volume of 
sediment removed from the Le Sueur River val-
ley range from 3.3 × 108 to 7.2 × 108 m3 (mini-
mum: volume removed below the highest local 
terrace; maximum: volume removed below the 
local upland elevation of 300–310 m amsl; Gran 
et al., 2009). Combining all three main tribu-
taries of the Le Sueur watershed gives a total 
erosional volume of 5.6 × 108 to 1.3 × 109 m3 
(Gran et al., 2009).

In the lower Le Sueur, Big Cobb, and Maple 
River valleys, 512 terrace remnants were mapped 
(Fig. 2). The vast majority of these terraces are 
along the knick zone. There has been <11 m 
of incision of the valley above the knickpoint 
resulting in terrace creation in the upper basin.

Dated terrace ages range from 1.21 ± 0.40 
k.y. B.P.2010 to 13.27 ± 1.59 k.y. B.P.2010, with 
heights between 2.0 m to 25.9 m above bankfull 
channel elevations. Elevation data from which 
heights are extracted have a vertical accuracy of 
±0.15 m, but estimates of height above the chan-
nel have an increased uncertainty, estimated at 
±1 m, given variability in both channel and 
terrace surface elevations. Terrace ages, eleva-
tions, and locations are given in Table 1, with 
additional information on 14C and OSL results 
in a supplemental data repository (Tables DR1–
DR3 [see footnote 1]). There is a weak linear 

1GSA Data Repository item 2013327, supple-
mental OSL and 14C data, is available at http://www
.geosociety.org/pubs/ft2013.htm or by request to 
editing@geosociety.org.
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relationship between terrace height above the 
modern channel and terrace age (Fig. 5), with 
considerable scatter. Interesting details lie in the 
scatter. For instance, there are six terraces that 
lie between 5 and 6 k.y. B.P.2010 in age, at a range 
of heights above the channel. A comparison of 
Figure 5 with Figure 2 shows that these terraces 
are spread over a distance of 20 km along the 
channel, indicating that incision rates are not 
steady through time along the entire knick zone.

There are two “gaps” in the vertical distribu-
tion of terrace elevations that are noteworthy 
(Fig. 2). The fi rst is at the top of the section, in 
the lower valley. The fl at upland surface lies at 
an elevation of 300–305 m throughout the lower 
20 km of channel, yet the highest preserved ter-
races in this reach are only 280 m in elevation, 
representing a gap of ~20–25 m. The second gap 
in preserved terraces is present only along the 
lowermost 10 km of channel. No terraces are 
preserved between ~10 and 20 m height above 
the channel (Fig. 2). The terraces above this gap 
have two dates, 13.27 k.y. B.P.2010 and 11.52 k.y. 
B.P.2010, while the highest dated deposit below 
this gap has an age of 8.10 k.y. B.P.2010 (Figs. 2 
and 5). No terraces were preserved in the gap. 
A longitudinal profi le of the upper terraces 
correlates well with the upstream end of the 
abandoned paleochannel (Fig. 2). Three OSL 
samples collected from within this paleochan-
nel have an average burial age of 10.95 k.y. 
B.P.2010, suggesting the paleochannel was active 
from 13.5 k.y. B.P.2010 to 10.95 k.y. B.P.2010, after 

which it was abandoned (Belmont et al., 2011a). 
The implications of this paleochannel on the 
history of valley excavation are explored in 
the discussion section.

Numerical Modeling

Methods
To better understand the dominant pattern 

and style of channel incision in the Le Sueur, we 
used two different numerical models to simulate 
incision from the time of base-level fall 13.5 k.y. 
B.P.2010 to the present. The system is very well 
constrained. The timing of initial base-level fall 
is well dated. We have ages on 19 terraces that 
help constrain channel location throughout the 
past 13.5 k.y., and the modern long profi le gives 
us the location of the channel now. The initial 
channel is set at the elevation of Glacial Lake 
Minnesota (300 m amsl) at the mouth and given 
a slope equivalent to the slope of the channel 
above the knick zone.

We fi rst simulated channel evolution with a 
one-dimensional (1-D) numerical model using 
two different approaches, per Howard (1994). In 
the fi rst approach, we modeled the channel as a 
detachment-limited system, in which bed-load 
sediment fl ux is less than capacity. Here, erosion 
occurs in proportion to stress above a critical 
threshold required to initiate motion of coarse 
sediment armoring the river bed. The critical 
threshold is thus higher than critical values for 
noncohesive sediment transport:

 dz/dt = k(τ∗ – τc∗), τ∗ > τc∗, (1)

τ∗ is the Shields stress, τc∗ is the critical Shields 
stress, z is elevation, t is time, and k is a con-
stant. The Shields stress (Shields, 1936) was 
calculated as

 τ∗ = τ /(ρs – ρ)gD50, (2)

where ρs is the sediment density, ρ is water den-
sity, g is gravity, τ is the shear stress, and D50 is 
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Figure 5. Terrace height above the channel 
vs. depositional age as recorded by either 
optically stimulated luminescence (OSL) or 
14C. The correlation coeffi cient is 0.88 ( p < 
0.000001), with R2 = 0.78 for a linear regres-
sion forced through the origin.

TABLE 1. TERRACE AND PALEOCHANNEL DEPOSITIONAL AGES

Terrace name

Distance 
upstream

(km)
Terrace height 

(m)

Terrace 
elevation*

(m) Sample type

Conventional 
radiocarbon age†

(k.y. B.P.)
Calibrated age†

(cal k.y. B.P.2010)
OSL age§

(k.y. B.P.2010)
Final age#

(k.y. B.P.2010)
95.1±72.3195.1±72.31LSO4.7629.5253.41-CT-SL

LS-16-00  9.74 9.10 256.9 14 21.0±48.521.0±48.550.0±30.5C
04.0±12.104.0±12.1LSO3.1520.235.111-ZT-SL

LS-08-01 12.43 9.90 259.8 14 21.0±05.721.0±05.750.0±15.6C
LS-TV-1** 15.42 7.7 261.5 OSL, 14C 3.09 ± 0.04 3.36 ± 0.09  3.94 ± 0.47  3.65 ± 0.24

64.0±91.264.0±91.2LSO7.7528.355.511-YT-SL
LS-TR-1 15.95 16.5 270.5 OSL, 14C 7.63 ± 0.05 8.51 ± 0.09  7.68 ± 0.66  8.10 ± 0.33
LS-22-06 16.00 2.30 256.4 14 31.0±15.531.0±15.550.0±17.4C

63.0±13.363.0±13.3LSO2.4628.950.611-XT-SL
LS-22-04 18.08 5.30 262.4 14 12.0±13.512.0±13.550.0±85.4C
LS-90-05 20.73 24.06 283.8 14 32.0±25.1132.0±25.1160.0±59.9C
LS-90-03 23.69 11.71 276.1 14 31.0±25.731.0±25.770.0±85.6C
LS-90-01 23.92 3.89 268.6 14 71.0±47.271.0±47.250.0±26.2C
LS-TW-1** 24.38 5.83 270.8 OSL, 14C 2.33 ± 0.04 2.38 ± 0.15  2.49 ± 0.56  2.44 ± 0.29
LS-41-10 26.63 10.19 279.4 14 02.0±13.502.0±13.550.0±75.4C
LS-TP-1 28.18 7.54 279.1 14 01.0±99.401.0±99.440.0±33.4C

06.0±03.506.0±03.5LSO6.88268.3137.921-KT-SL
LS-41-01, LS-TL-01 30.10 15.21 290.3 OSL, 14C 5.26 ± 0.07 6.14 ± 0.18  5.70 ± 0.61  5.92 ± 0.32
Paleo1 15.1±73.1115.1±73.11LSO
Paleo2 41.1±37.0141.1±37.01LSO
Paleo3 02.1±57.0102.1±57.01LSO

Note: Data are modifi ed from Johnson (2012).
*Terrace tread elevations.
†Conventional and calibrated radiocarbon ages are reported with 2σ uncertainty. Calibrated ages are adjusted to B.P. 2010 (before present, adjusted with present = 

calendar year 2010).
§OSL—optically stimulated luminescence ages, with respect to calendar year 2010 (see Data Repository for details [text footnote 1]).
#When both OSL and 14C ages were measured, the fi nal age reported is the average between OSL and 14C ages.
**Terraces ‘V’ and ‘W’ had two units dated using the radiocarbon technique. The upper unit was used to assign a terrace age.
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gdS by combining hydraulic geometry relation-
ships developed for the Le Sueur for depth, d, 
with channel slope, S, output from the model. 
Sediment density was assumed to be 2650 kg/m3.

In the second approach, we modeled the 
channel as an alluvial transport-limited system, 
in which erosion is proportional to the diver-
gence of the downstream sediment fl ux (e.g., 
Howard, 1994):

 dz/dt = i(–dQt/dx) (3)

Here, i is an intermittency factor that 
de scribes the proportion of the year during 
which transport occurs, and x is distance along 
the channel. Sediment fl ux is approximated with 
the relationship for bed-load sediment transport 
capacity per unit width of channel, Qt, following 
Fernandez-Luque and van Beek (1976).

In both incision equations, we used grain 
size and hydraulic geometry data derived from 
55 (26 Maple and 29 Le Sueur) fi eld-surveyed 
cross sections (Belmont, 2011). Modern hydraulic 
geometry relationships for fi eld-measured width, 
w, and depth, d, were developed as a function of 
upstream drainage area, A, and assumed constant 
throughout the Holocene.

 w = 1.02A0.50 (4)

 d = 0.53A0.21 (5)

We recognize that this is an oversimplifi ca-
tion that does not take into account climate 
change that occurred during this time period. 
Bankfull discharges on the Upper Mississippi 
River likely dropped by as much as 30% dur-
ing the mid-Holocene dry period, with stormier 
periods increasing discharge 10%–15% (Knox, 
1985). However, we start with the simplest case 
and later incorporate some of the major climatic 
shits to determine their importance on overall 
patterns and rates of valley evolution.

Currently, channel-bed grain-size distribu-
tions show a nonlinear downstream-coarsening 
pattern (Fig. 4). As the channel incises through 
glacial sediments and erodes perched terraces, 
coarse material becomes available for down-
stream reaches. For the modeling efforts, we 

used two different grain-size assumptions. In the 
fi rst, we assumed grain size was spatially and 
temporally steady at the current average median 
grain size, or D50, of 10 mm. For the second sce-
nario, grain size coarsened with increased inci-
sion, per the following equation:

 D50 = kd(z0 – z), (6)

where kd is a constant related to the concentra-
tion of coarse material in the till, z0 is the initial 
elevation, and z is the elevation of the river at a 
point in time and space. Grain size started with 
a D50 of 2 mm, as the Le Sueur River is cur-
rently a sand-bedded channel above the knick 
zone, and evolved through time, leading to the 
downstream coarsening evident today.

We ran four initial sets of simulations, using 
both the detachment-limited model and the 
transport-limited model, with either constant 
grain size or evolving grain size (Table 2). 
The runs were conducted using a Monte Carlo 
approach to determine the parameters that best 
fi t (1) terrace age–elevation history and (2) the 
current river profi le. In general, for a combi-
nation of either k and kd or i and kd, there is a 
straightforward linear relationship between the 
variables, such that for a given k or i, there is 
a given kd that minimizes the misfi t in the pre-
dicted terrace age–elevation history and a differ-
ent linear relationship that minimizes the misfi t 
in the fi nal river elevation profi le. Combining 
these two relationships allowed us to fi nd a 
unique combination of k or i and kd that mini-
mized the misfi t for both the terrace age–eleva-
tion history and the fi nal river elevation, thus 
yielding the best-fi t kinematic model for the Le 
Sueur River.

The best-fi t kinematic model derived here 
assumes that external controls like climate 
remain stationary throughout the Holocene. 
However, the well-documented mid-Holocene 
dry period affected much of the region, caus-
ing warmer and drier conditions in the Le Sueur 
watershed. The resulting decrease in discharge 
during the mid-Holocene dry period could 
potentially have affected longer-term channel 
evolution in the Le Sueur. To assess the role 

of this climatic excursion on valley excava-
tion, we modeled the mid-Holocene dry period 
by decreasing channel depth 25% during the 
period 9 k.y. to 5 k.y. B.P.2010. This time frame 
covers a range of published dates on the tem-
poral extent of the mid-Holocene dry period in 
this region (Chumbley  et al., 1990; Laird et al., 
1996; Dean, 1997; Wright et al., 2004; Yu et al., 
1997; Dean et al., 2002; Camill et al., 2003). 
Fewer studies have examined the hydrologic 
impact of this climatic excursion, but Knox 
(1985) found that bankfull fl oods in the Upper 
Mississippi River decreased by 20%–30% dur-
ing the mid-Holocene dry period, so we chose to 
model our depth reduction at 25%.

A second potentially important external con-
trol involves a channel capture related to the 
paleochannel linking the lower Le Sueur River 
directly to the Minnesota River (Fig. 1). From 
our OSL dating, we know the paleochannel was 
abandoned after 10.95 k.y. B.P.2010, when the 
Blue Earth River captured the Le Sueur. The 
base-level fall associated with this capture event 
should have led to a renewed burst of incision 
on the main stem Le Sueur River. Thus, perhaps 
base-level fall on the lower Le Sueur River is 
best modeled as a two-phase event rather than 
a single episode of base-level fall. To test this 
idea, we conducted an additional series of runs 
simulating base-level fall as two discrete drops 
in elevation rather than one. In this case, the 
fi rst drop of 36 m occurred at 13.5 k.y. B.P.2010, 
and the remaining 29 m drop occurred at 10.3 
k.y. B.P.2010 (based on a preliminary age for the 
paleochannel, later revised to 10.95 k.y. B.P.2010).

The next modeling challenge was to transform 
the 1-D incision results into 3-D valley excava-
tion estimates to constrain the evolution of sedi-
ment fl ux through the Holocene. Results of the 
1-D model were used to determine the incision 
history, but the incision model is not necessar-
ily a good indication of the 3-D excavation of 
the valley. Consider that as the Le Sueur incises, 
it also meanders and therefore widens its valley. 
As the Le Sueur valley widens, the river is less 
likely to encounter bluffs. However, as the val-
ley deepens, the bluffs become taller, and thus 
the amount of sediment generated when the river 

TABLE 2. ONE-DIMENSIONAL (1-D) MODEL RUN PARAMETERS AND RESULTS

stluseRsretemarapnuR

rehtOezisniarGepytlennahC

Long profi le
RMSE

(m)

Terrace
RMSE

(yr)
Detachment-limited Downstream coarsening  2.4 1995
Detachment-limited Constant 10.9 2821
Transport-limited Downstream coarsening  4.3 2698
Transport-limited Constant  5.0 2797
Detachment-limited Downstream coarsening Mid-Holocene dry period (9–5 k.y. B.P.2010), depth reduced 25%  2.2 2122
Detachment-limited Downstream coarsening Two-phase incision, 36 m at 13.5 k.y. B.P.2010, 29 m at 10.3 k.y. B.P.2010  3.7 2397

Note: RMSE—root mean square error.
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does encounter a bluff increases. In addition, the 
rate of meandering itself may increase with local 
shear stress and thus the slope of the incising 
channel (Finnegan and Dietrich, 2011). In this 
case, as the knickpoint propagated into the Le 
Sueur catchment, it could have increased chan-
nel migration rates. However, because the knick 
zone appears to have lengthened as it propagated 
upstream, the local slopes within the knick zone 
should have decreased through time. Thus, we 
expect a tradeoff between the length of chan-
nel with enhanced migration rates and the mag-
nitude of this enhancement. All of this makes 
it challenging to translate results from the 1-D 
incision model to predictions of sediment fl ux.

In order to explore the sensitivity of the valley 
excavation history to both the effi ciency and pat-
tern of channel meandering on the Le Sueur, we 
coupled a kinematic model for river meander-
ing (Howard and Knutson, 1984) to the best-fi t 
vertical incision model described earlier using 
the approach of Finnegan and Dietrich (2011), 
but with lateral migration rates coupled to local 
channel slope. This allowed us to model an incis-
ing, meandering system like the Le Sueur River. 
The way in which the strength of the migration 
rates is coupled to slope and the effi ciency of 
lateral erosion affects both the total widening of 
the valley and the magnitude of the increase in 
widening downstream of the knickpoint. We did 
not exhaustively explore this parameter space, 
but instead sought parameters that generated 
downstream increases in valley width that were 
similar to what is observed on the Le Sueur.

Currently, meander migration rates are ~2–3 
times higher below the knickpoint than above 
(Gran et al., 2011b), roughly consistent with 
the slope difference across the knickpoint. This 
indicates that an assumption of a linear relation-
ship between bend migration rate and slope is 
reasonable. That said, we found that using a 
linear relationship between slope and τ or τ∗ 
resulted in valleys that widened downstream 
far more than is observed on the Le Sueur. 
We found through trial and error that coupling 
migration rates to τ∗1/4 resulted in downstream 
valley widening comparable with the Le Sueur 
(Fig. 6). Although this is ad hoc, we emphasize 
that our goal here is primarily to create a gen-
eralized geometric model for the excavation of 
the Le Sueur, and not to simulate the details of 
lateral erosion processes. That said, we note that 
there can be a strong connection between weath-
ering and lateral erosion (Montgomery, 2004). 
Thus, a possible explanation for the weaker than 
expected coupling between channel stress and 
lateral erosion on the Le Sueur may arise from 
the role that weathering (and thus not channel 
hydraulics) plays in rendering the till detachable 
by fl uid stresses.

Ten simulations were run with the full 3-D 
kinematic meandering model. In all 3-D simula-
tions, we used the 1-D elevation profi les gen-
erated by the best-fi t 1-D model to determine 
the elevation coordinates for the meanders. 
Thus, we implicitly assumed that the process of 
meandering itself, although locally capable of 
either increasing or decreasing vertical incision 
rates (Finnegan and Dietrich, 2011), neverthe-
less did not infl uence the evolution of the long 
profi le on the scale of the entire modeled reach. 
In addition, because the best-fi t 1-D model was 
the detachment-limited model, our approach 
implicitly assumed detachment-limited ero-
sion. There is no feedback between the height 
of eroded bluffs and the rate of lateral migra-
tion, as might be expected in a system where 
signifi cant bed load is added to the river during 
lateral channel motion. Observations on the Le 
Sueur indicate that, volumetrically, the majority 
of eroded bluff material goes quickly to sus-
pended or wash load. Coarse material liberated 
through incision and migration into glacial tills 
affects modeling solely through an increase in 
D50 of the bed.

Results

The best-fi t 1-D model from the four base 
options was the detachment-limited model with 
downstream coarsening (Table 2; Fig. 7). Both 
elements were important in matching both the 
modern long profi le and the measured terrace 
ages. The transport-limited model incised too rap-
idly at the start of the simulation and too slowly 
toward the end of the simulation and was unable 
to maintain a discrete knick zone, while the 
detachment-limited model without downstream 
coarsening ended up with too steep of a knick 
zone moving upstream as a kinematic wave. 
Table 2 shows RMSE values associated with the 
fi t of both the modern long profi le and the mea-
sured terrace ages. The detachment-limited model 
with downstream coarsening had the lowest 
RMSE in both cases.

The best-fi t 1-D incision model was then used 
for two runs that included additional external 
forcings. Neither adding in the mid-Holocene 
dry period nor the two-stage incision pattern 
improved the RMSE fi t of the detachment-lim-
ited, downstream-coarsening model signifi cantly  
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Figure 7 (on following page). Results from the one-dimensional (1-D) incision models and 
comparison between predicted and measured terrace ages, with a 1:1 line for reference for 
detachment-limited system with downstream coarsening (A) and with constant grain size 
(B). (C–D) Resulting longitudinal profi les at 1000 yr increments for the same two sets of 
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limited systems with downstream coarsening (E, G) and for transport-limited systems with 
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(Fig. 7; Table 2). Such changes led to predomi-
nantly worse fi ts to the data. Thus, we believe 
these external forcings are second-order effects, 
and we proceeded using the detachment-lim-
ited, downstream-coarsening, single-incision-
event model as the base incision model in our 
3-D modeling effort.

In the best-fi t 1-D model, incision rates aver-
aged over the lower 80 km of channel showed a 
rapid decline from 8 mm/yr to 4 mm/yr in the 
fi rst 700 yr. Subsequently, the decline in inci-
sion rate was fairly steady down to 1.3 mm/yr 
at present (Fig. 8A). Runs designed to incorpo-
rate a stream capture event at 10.3 k.y. B.P.2010 
showed a sharp increase in incision rates fol-
lowing both base-level fall events, but there was 
little change in modern incision rates compared 
to the best-fi t 1-D model with a single base-level 
fall (Fig. 8B). Because the rate of change in inci-
sion rate was low after a rapid adjustment period 
immediately post–base-level fall (<1 k.y.), the 
difference between both scenarios was minimal 
by the end of the run, over 10 k.y. later.

To convert incision rates to valley excavation 
rates, results from the 3-D incision and meander-
ing model were compiled. The model was run 
until valley width patterns in the numeri cal 
model matched those found in the Le Sueur 
River valley (Fig. 6). Figure 9 shows the result-
ing elevations due to incision and lateral migra-
tion along a 40-km-long valley for three model 
runs. Ten runs were completed, all showing a 
rise in volume excavated over the fi rst 3.5 k.y., 
followed by a slow decline over the Holocene 
(Fig. 10). Volumes were tracked nondimension-
ally in the model and then converted back to 
actual volumes based on the average volumetric 
erosion rate over the 13.5 k.y. history. Remark-
ably, the model-predicted volumetric erosion 
rate from valley excavation after 13.5 k.y. of run 
time (40,000 m3/yr) is within 5% of the average 
volumetric erosion rate over the entire 13.5 k.y. 
period (42,000 m3/yr) as determined from 
LiDAR analyses. This model prediction can be 
viewed as an estimate of the natural background 

rate of erosion from valley excavation, averaged 
over century time scales, and excluding addi-
tional forcings from land-use change or recent 
climate change. This volumetric erosion rate is a 
conservative estimate, incorporating the volume 
of sediment removed from the highest terrace to 
the modern fl oodplain along the length of the 
knick zone.

DISCUSSION

Long Profi le Evolution

The Le Sueur River is incising and evolving as 
a detachment-limited system. The 1-D numeri-
cal models show that an alluvial-based trans-
port-limited approach simply cannot capture 

the morphology of the modern long profi le, and 
the channel is best simulated as a detachment-
limited system. The transport-limited model 
is based on fl ux divergence, which is strongest 
at the slope break at the top of the knick point, 
where incision is overestimated. The result is a 
channel that evolves too quickly and loses the 
distinctive slope break at the knickpoint still 
visible today. The detachment-limited model 
focuses incision instead in areas of high slope 
rather than in areas with rapidly changing slopes. 
The end result is that a distinct knickpoint can be 
maintained much longer.

The detachment-limited nature of the Le 
Sueur comes both from consolidated glacial 
till that occupies the valley walls and bed of the 
channel in the knick zone as well as the coarse 
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Figure 8. (A) Incision through time as predicted by the best-fi t one-
dimensional (1-D) incision model with detachment-limited, down-
stream-coarsening conditions. (B) Incision through time as modeled 
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glacial gravels and boulders that erode out of 
the till, becoming relatively immobile clasts 
that must be “detached” before the bed beneath 
them can mobilize. The nature of the less mobile 
clasts varies from reach to reach. Some reaches 
are covered with immobile boulders, while 
others  have gravel armor that is likely mobilized 
during high fl ows.

Another striking result to come out of the 1-D 
numerical modeling is the importance of down-
stream coarsening on the evolution of the valley. 
Figure 7 shows the difference in the resulting 
long profi le for model runs with and without 
downstream coarsening. In the detachment-
limited model without downstream coarsen-
ing (Fig. 7D), the knick zone remains steep, 
progressing upstream as a kinematic wave. 
Once downstream coarsening is added, the bed 
becomes more diffi cult to mobilize, slowing 
erosion in downstream reaches. Faster incision 
rates on the fi ner-grained upstream end versus 
the more-armored downstream end of the knick 
zone allow the knick zone to lengthen and pre-
vent the knickpoint from maintaining a steeper 
face as it migrates upstream (Fig. 7C).

These two fi ndings have implications well 
beyond the Le Sueur River basin. Many rivers in 
glaciated terrains in the Upper Midwest and cen-
tral Canada are till-bedded and incising. These 
rivers are relatively young, occupying valleys 
that were either carved or re-excavated since the 
glaciers retreated only 10,000–20,000 yr ago. 
Because till is usually less cohesive than well-
lithifi ed bedrock, however, both vertical inci-
sion rates and lateral planation rates can be quite 
high. In addition, any terraces in these young 
systems were formed during the time period in 
which radiocarbon dating can be applied, so age 
constraints can be readily available. Those who 

seek to study detachment-limited incision in 
transient systems may want to turn their atten-
tion to these young, till-bedded channels.

Role of Base-Level History and 
Climate Forcings

In addition to the base-level fall, several other 
factors infl uenced the evolution of the Le Sueur 
River valley, including a signifi cant stream cap-
ture event after 10.95 k.y. B.P. The paleochan-
nel profi le projects to the upper suite of terraces 
upstream from its point of entry into the current 
Le Sueur River valley (Fig. 2), and ages from 
two terraces dated on or above that elevation all 
predate the potential capture time. One of the 
last meltwater pulses from Glacial Lake Agas-
siz down the Minnesota River valley occurred 
around 10.3–10.6 ka (Blumentritt et al., 2009; 
Fisher 2003), which may have helped trigger the 
stream capture event. Sometime between 10.95 
k.y. B.P.2010 and 8.1 k.y. B.P.2010, the Blue Earth 
River appears to have captured the Le Sueur 
River, stranding the paleochannel and initiat-
ing more incision on the Le Sueur River. The 
absence of terraces below the upper suite of ter-
races near the mouth may be the result of faster 
incision rates following the capture event (Fig. 
8B). Generally, a high vertical incision rate will 
preclude the formation of lateral strath terraces, 
since channels do not spend enough time at a 
given elevation to carve a strath surface. Once 
incision rates declined enough, terrace forma-
tion could resume through lateral meander 
migration.

Although this stream capture event played 
an important role in the history of the Le Sueur 
River and the geometry of the lower valley, it 
was fairly insignifi cant in the fi nal valley profi le 

morphology and modern incision rates. Results 
of the 1-D incision modeling found no better fi t 
between model and data when the system was 
modeled with a two-stage incision event similar 
to the initial base-level fall followed by a stream 
capture 3000 yr later. The lack of a signifi cant 
difference in the modern incision rate between 
one-stage and two-stage incision models illus-
trates how quickly the incisional signal diffuses. 
The temporal scale is long enough for the signals 
to converge into a solution that is indistinguish-
able within the range of uncertainty here. Thus, 
for modern incision rates specifi cally, the stream 
capture event is of secondary importance.

Likewise, although climatic conditions pre-
sumably did change appreciably in the basin 
during the mid-Holocene dry period, it appears 
they played a secondary role in controlling the 
overall pattern of incision within the context 
of incision and knickpoint migration. The mid-
Holocene dry period was modeled through a 
reduction in shear stress and discharge equiva-
lent to a 25% reduction in fl ow depth from 9 k.y. 
to 5 k.y. B.P.2010. This was not a strong enough 
perturbation to substantially change the way the 
system responded to the initial incision event.

Although the mid-Holocene dry period did 
not appear to alter the overall valley excavation 
history, it may have played a role in the tim-
ing of sediment evacuation from the basin that 
could not be captured by the models used here. 
Many studies in basins beyond the glacial mar-
gin indicate substantial changes in either chan-
nel geometry or depositional rates during the 
mid-Holocene dry period (Knox, 1985, 2000; 
Beach, 1994; Bettis and Mandel, 2002). These 
nonglaciated watersheds have greater relief and 
drainage density and contain abundant erodi-
ble loess deposits, affecting the magnitude of 
response associated with changes in climate. 
Patterns seen elsewhere include changes in stor-
age associated with climate change (Bettis and 
Mandel, 2002; Hudak and Hajic, 2005; Knox, 
2006), but because the Le Sueur River lacks a 
geomorphic fl oodplain throughout most of the 
incising knick zone (Belmont, 2011), there is 
little room to accommodate changes in storage 
within the main valley. Sediment is mobilized 
rapidly out of the knick zone, dampening any 
effects of climate change on incision rates and 
long profi le evolution.

Implications for Management

Modeling results show a pattern of valley 
excavation where volumetric erosion rates rise 
rapidly for the fi rst 3500 yr, and then decline 
gradually up to the present (Fig. 10). Although 
the actual rates fl uctuated by as much as ±20% 
depending on the model run, the pattern was 
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consistent and the variability quantifi able. The 
pattern of valley excavation leads to a peak 
in the volumetric erosion rate around 10 k.y. 
B.P.2010, which then declines ~20% during the 
Holocene. The tradeoff between less-frequent 
access to valley walls as valleys widen coupled 
with higher and higher valley walls through 
incision led to relatively slow changes in the 
volumetric erosion rates during the Holocene. 
The model-predicted annual volumetric erosion 
rate from valley excavation for presettlement 
conditions is within 5% of the average annual 
rate over the entire 13.5 k.y. time period, or an 
estimated 40,000 ± 6000 m3/yr. Converting this 
to a mass of silt and clay yields 47,000 ± 7000 
Mg/yr of fi ne sediment.

From 2000 to 2010, TSS loads at the mouth 
of the Le Sueur River ranged from 29,000 
Mg/yr to 540,000 Mg/yr, with an average load 
of 225,000 Mg/yr (Gran et al., 2011b; Water 
Resources Center, 2009). These are TSS loads 
calculated for the monitoring season only 
(generally March–November). Annual loads 
are generally not more than 5%–10% higher 
because rivers freeze during the winter months. 
Decadal-averaged modern fi ne sediment loads 
are thus 4–5 times higher than model-predicted 
“presettlement” loads.

Since the estimated presettlement loads 
include only sediment eroded from valley exca-
vation, but not sediment derived from ravines or 
upland agricultural fi eld erosion, we must parse 
out the total historic TSS load into its compo-
nents. A sediment budget by Gran et al. (2011b) 
found that the valley excavation processes of 
bluff erosion, bank erosion, and channel inci-
sion account for 65% of the total fi ne sediment 
budget on the Le Sueur River, or an estimated 
146,000 Mg/yr. Thus, valley excavation rates 
over the past decade are approximately three 
times higher than modeled century-scale pre-
settlement erosion rates from valley evolution.

What would cause valley excavation rates to 
increase threefold over background rates? Most 
observations point toward a dramatic change 
in watershed-scale hydrology (Novotny and 
Stefan , 2007; Belmont et al., 2011a; Lenhart 
et al., 2011a, 2011b; Schottler et al., 2013). 
Since the onset of agriculture in the Le Sueur 
basin, many areas that were internally drained 
have been connected to the channel network, 
thus increasing the total drainage area of the Le 
Sueur basin. At the same time, subsurface drain-
age tiles have been added to most agricultural 
fi elds. These drain tiles act to increase infi ltra-
tion rates into the subsurface, where water is 
more rapidly moved through subsurface fl ow 
via tile drains into ditches and channels, where 
it enters the stream network. Since much of the 
water drained by tiles would have remained in 

the watershed and been lost through evapotrans-
piration, most of the water from tile drainage 
represents a net increase in water volume carried 
by channels (Schottler et al., 2013). Analyses of 
fl ows in the Minnesota River show a dramatic 
increase in fl ows across the hydrograph from 
base fl ows to peak fl ows (Novotny and Stefan, 
2007), consistent with changes in hydrology 
seen in the Le Sueur and other major tributaries. 
Although precipitation also has been increasing, 
it has not increased enough to account for the 
change in discharge measured on the Minnesota 
River (Schottler et al., 2013).

Increased fl ows associated with changes in 
land use have been correlated with greater chan-
nel widths, indicating higher rates of bank ero-
sion (Schottler et al., 2013). Given the increase 
in valley excavation rates, the higher fl ows also 
appear to be increasing shear along bluff toes 
as well, thus allowing bluff erosion to proceed 
at a more rapid rate than presettlement valley 
excavation modeling suggests. The knick zone 
appears to be particularly sensitive to these 
recent changes in hydrology, amplifying the 
effects of hydrologic changes on sediment load-
ing in the channel. The implications for man-
agement of these channels is that focusing on 
sediment sources at the fi eld scale will not be 
suffi cient to dramatically lower sediment loads 
in rivers. Excess water in rivers is now driving 
more rapid erosion of banks and bluffs, and 
management practices need to address delivery 
of water to channels, not just sediment.

CONCLUSIONS

The young, incising channel studied here pro-
vides a well-constrained natural experiment of a 
rapidly evolving, transient, detachment-limited 
system. Because the underlying tills erode like 
relatively weak bedrock, signifi cant changes can 
occur over a short time scale, allowing for good 
constraints on incision rates and patterns of val-
ley excavation. Similar channels elsewhere may 
provide an opportunity for studying transient 
detachment-limited channel evolution.

The Le Sueur River in south-central Minne-
sota provides an example of a till-based chan-
nel that is incising following 65 m of base-level 
fall from the incision of the Minnesota River 
valley 13.5 k.y. B.P.2010. The Le Sueur River is 
best modeled as a detachment-limited system, 
in which downstream coarsening also plays a 
critical role in setting the modern longitudinal 
profi le. Downstream coarsening arises due to 
incision into glacial tills containing gravels that 
accumulate as relatively immobile bed load in 
the channel.

By coupling a 3-D kinematic model of 
meander migration to the 1-D channel incision 

model, we were able to model valley evolution 
in the Le Sueur River. Results show that valley 
excavation rates increased steadily for the fi rst 
3500 yr after base-level fall and then declined 
slowly throughout the Holocene. The model-
predicted valley excavation rate is within 5% of 
the average annual rate over the entire 13.5 k.y. 
Using the results of the 3-D model coupled with 
measurements of grain-size distributions and 
bulk density, we predict the presettlement volu-
metric erosion rate to be 47,000 ± 7000 Mg/yr 
of silt and clay.

This presettlement erosion rate was com-
pared to the decadal-average annual TSS load 
from 2000 to 2010 for the Le Sueur River. Aver-
age TSS loads from 2000 to 2010 are 4–5 times 
higher than presettlement erosion rates. Focus-
ing on the portion of TSS coming from bank 
and bluff erosion and channel incision (i.e., 
valley excavation), the modern loads remain 
three times higher than predicted presettlement 
loads. Thus, not only have land-use changes 
increased sediment derived from fi elds, but ero-
sion rates within the valley itself are increasing. 
The increased fl ows in rivers, driven primarily 
by drainage of the landscape (Schottler et al., 
2013), are creating more erosive rivers, dramati-
cally increasing valley excavation rates within 
the Le Sueur River.
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