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Abstract 

Anthropogenic alterations to landscapes, such as agriculture, can lead to accelerated erosion in 

incising (or incised) rivers threatening infrastructure and property, and causing unnaturally high 

sediment loads, which threaten ecosystems. Steep bluffs and ravines are characteristic landforms 

in incising river systems, and by understanding erosion on these landforms we can begin to 

mitigate the impacts of the altered landscape.   The Le Sueur River watershed, in southern 

Minnesota, provides an ideal location for studying the impacts of agricultural land-use on erosion 

in an incising river.  Agriculture in this watershed is made possible through the use of tile drains, 

which remove water from the uplands and route it directly into ravines or the river, reducing the 

water that pools on the landscape and increasing flows in the river.  Using terrestrial laser 

scanning (TLS) and aerial photographs, bluff erosion rates in the Le Sueur River were measured 

and used to develop a watershed scale sediment budget. In the Le Sueur River bluffs account for 

56 ± 12% of the 2000-2010 average measured total suspended solids load. These data were also 

used to interpret how changes in land-use and climate have accelerated bluff retreat in this 

watershed. The data collected paired with field observations show that over-steepening at the 

bluff toe drives bluff retreat, yet weakening due to groundwater seeps and freeze-thaw also 

contributes to erosion. The increases in flow rates and volumes brought on by tile drainage in this 

watershed have resulted in increased bluff erosion.  To study ravine response to changing 

overland flow hydrology, brought on by tile drainage, small physical experiments were used to 

measure how changing the delivery rate of a fixed volume of water impacts erosion.  The results 

of these experiments showed that regardless of flow rate the volume of sediment removed 

remained the same, suggesting that the tile drains installed in the Le Sueur River watershed may 

have decreased ravine growth.  Results of each of these projects independently improves our 

understanding of bluff erosion and ravine growth processes, yet combined they provide insight 

into how changing hydrology impacts erosion throughout an incising watershed.  While 

agricultural landscape alterations, especially tile drains, have decreased ravine growth they have 

resulted in increased bluff erosion.  Because bluffs in the Le Sueur River watershed account for 

more than half of the total sediment load, there is a net increase in sediment loads as a result of 

anthropogenic landscape alterations.  
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Introduction: 

 Erosion is a natural process in rivers throughout the world, yet anthropogenic alterations 

in many watersheds have led to accelerated erosion and un-naturally high turbidity (e.g. 

Murgatroyd and Ternan, 1983; Valentin et al., 2005; Shields et al., 2008).  Not only does 

increasing erosion in rivers impact local ecosystems, there also may be a threat to nearby 

infrastructure and property.  This threat is especially common in incising (or incised) rivers where 

tall bluffs and steep ravines are characteristic landforms.  

 Incising rivers are typically responding to a drop in local base level. While shallow 

incision can result from anthropogenic alterations, this research focuses on deeply (10s of meters) 

incised river systems responding to natural base level changes.   Knickpoints form on these rivers 

and propagate upstream carving the river valley.  The knickpoint slope that forms is dependent on 

the relative shear strength of local stratigraphy (Gardner 1983; Frankel et al., 2011).  Steep 

knickpoints develop when either all or the top units of sediment being incised through have a 

shear strength near the shear stress being imposed by the flow, while more gentle knickpoints 

form in more easily eroded material.   On steep knickpoints, plunge pools can form at the base 

and the turbulent flow can cause undercutting and subsequent failure.  Gentle knickpoints are 

expressed more as a zone of steeper gradients rather than a discrete discontinuity.  These 

knickpoints propagate upstream as shear stress is increased locally as a result of steeper slopes 

(Whipple and Tucker 1999).  Along the full continuum of knickpoint slopes one or both of these 

processes may cause knickpoints to migrate upstream.   

As knickpoints move upstream, the newly incised valley is lined with steep bluffs, and 

overland flow forms steep ravines.  Ravines and bluffs continue to erode and evolve even after 

the knickpoint has passed and is no longer having a direct impact in the area.  These steep 

features are sensitive to landscape alterations or climate changes that alter hydrology.  

Understanding bluff and ravine erosion and growth will improve our understanding of landscape 

evolution in incising watersheds. Moreover this is essential to understanding how to slow these 

processes in areas where they threaten infrastructure and property, and mitigate the anthropogenic 

effects that have led to accelerated erosion in many places.   

The broad goal of this research is to improve our understanding of erosion in incising 

river systems and how changing hydrology due to land use changes and climate impact erosion. 

The specific research question addressed in this thesis is: How do changes to hydrology impact 

bluff and ravine erosion, and are the responses different for these different features? Additional 

lines of research include how erosion can be measured at a variety of temporal and spatial scales 
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and later extrapolated, how traditional channel geometry and sediment transport equations can be 

used to describe ravines, and how Terrestrial Laser Scanning can be used to for geomorphic 

change detection in a temperate watershed. 

While this research applies to rivers throughout the world, the Le Sueur River, a tributary in 

the Minnesota River, in southern Minnesota provides an ideal location to address these questions.  

The Le Sueur is an actively incising river with bluffs over 60 meters tall and steep ravines formed 

out of easily eroded till.  Both bluffs and ravines in this channel connect the flat uplands with the 

river, yet they are distinct features because water is concentrated and funneled through ravines. 

Changes in this watershed are occurring quickly, allowing even annual change to be measured.  

 

Study Area: 

The modern Minnesota River flows through the deeply incised glacial River Warren 

valley.  Incision of glacial River Warren began 11,500 radiocarbon years before present (rcbp) 

(13,400 calendar years before present) in response to a series of outburst floods from glacial Lake 

Agassiz (Clayton and Moran 1982; Matsch 1993).  Glacial River Warren incised as much as 70 

meters in the central Minnesota River basin, spawning knickpoints on all major tributaries 

(Thorleifson, 1996; Lowell et al., 2005).  These tributaries are all still in the process of incising to 

meet the local base level set by River Warren resulting in high turbidity and sediment loads in the 

modern and historic Minnesota River.   

Just downstream of where the Minnesota River meets the Mississippi River lies Lake 

Pepin, a naturally dammed lake that acts as a stilling basin for the Mississippi River, capturing 

most of the fine sediment delivered to it (Fig. 1.1).   Cores taken from Lake Pepin provide the 

story of deposition over time on the Minnesota and upper Mississippi Rivers (Engstrom et al., 

2009).  These cores show that while sediment loads from the Minnesota River have always been 

high relative to the upper Mississippi River (Kelley and Nater, 2000), loads increased starting in 

1830s and continuing up to the present (Engstrom et al., 2009) (Fig. 1.2).   Historical evidence 

shows that this increase in sediment load corresponds to European settlement and initial land use 

changes throughout the Minnesota River watershed, and the continued rise in sediment loads  
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Figure 1.1: This map of Minnesota shows the relationship between Lake Pepin, on the 

Mississippi River and the Minnesota River. The Le Sueur River watershed is shown as a grey 

scale DEM. 
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Figure 1.2 This Lake Pepin sediment accumulation curve from Engstrom et al. (2009) and 

updated by Blumentritt et al. (in prep.) shows the significant increase in sediment load to Lake 

Pepin beginning in the 1830s. Sediment loads have since stabilized at rates 8-10 times higher than 

the natural background rates. 
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correspond with the continued draining of the watershed initially through ditching and later 

through tile drains (Mulla and Sekely, 2009). Sediment deposition stabilized after 1960 at rates 

approximately 8-10 times higher than pre-settlement (Engstrom et al., 2009). While deposition 

rates stabilized, the dominant sediment source shifted from upland agriculturally-derived 

sediment to predominantly near-channel sources in the mid-1990s.  This was due to a 

combination of the success of BMPs (Best Management Practices) implemented to reduce field 

erosion coupled with continuing alterations to hydrology (Belmont et al., 2011). In addition to 

anthropogenic alterations, climate change has resulted in increased precipitation, which may also 

result in increased erosion (Kelley et al., 2006). While the integrated effects of these changes to 

hydrology can be documented through the Lake Pepin core samples, identifying the specific 

sources of increased sediment load requires looking upstream at the Minnesota River and its 

tributaries.   

The Le Sueur River is one such incising tributary that flows into the Blue Earth River and 

into the Minnesota River (Fig. 1.1), and contributes a disproportionate amount of the total 

sediment load to the Minnesota River (MPCA et al., 2007; Gran et al., 2009).  The Le Sueur 

River is the site of on-going research to quantify and better understand major sediment sources to 

the Minnesota River, and ultimately Lake Pepin (Gran et al., 2011; Belmont et al., 2011).  While 

this river may not provide insight into sediment transport through the main stem Minnesota River, 

it can provide necessary information regarding upstream sediment sources, and how hydrology 

alterations are affecting the erosional portion of the basin.   Major sources of sediment in the Le 

Sueur River include bluffs, ravines, banks, and low-gradient agricultural uplands (Fig. 1.3).   

Bluffs that reach as high as sixty meters are a significant source of sediment (Sekely et 

al., 2002; Thoma et al., 2005; Gran et al., 2009; Gran et al., 2011; Belmont et al., 2011).  There 

are approximately 31 km of bluffs lining the Le Sueur River and 46 km lining the two main 

tributaries (the Maple and Big Cobb Rivers).  There is strong regional interest in reducing 

sediment loads to improve water quality and aquatic habitat in the Le Sueur River as well as 

downstream in the Minnesota River and upper Mississippi River. In order to develop a mitigation 

plan for these rivers, it is important to understand both the amount of sediment contributed to the 

river from bluffs as well as the dominant processes by which these bluffs erode. 

Glaciolacustrine sediment forms a thin cap overlying much of the Le Sueur River basin. 

Below this glacial lake sediment lie a series of stacked glacial tills (Jennings, 2010). These tills 

are composed of predominantly fine-grained, loamy-textured sediment with varying degrees of  
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Figure 1.3: This DEM highlights features in the Le Sueur River watershed.  Notice the size and 

depth of the ravines. 
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consolidation throughout the basin.  While most tills are normally-consolidated, some are over-

consolidated as indicated by the presence of vertical joints. Over-consolidation is likely a result of 

glaciers advancing over these tills, compacting and dewatering the sediment (Boulton, 1976; 

Kirkaldie and Talbot, 1992; Allred, 1999).  The bluffs composed of over-consolidated tills often 

form very steep slopes that cannot easily support vegetation.  Bluffs composed of normally-

consolidated tills have a wider range of slopes, and many support vegetation ranging from grasses 

to trees. Within the river valley there are also strath terraces that formed as the river incised and 

abandoned a previously active floodplain or river channel.  In these areas the upper units of till 

have been eroded and are covered by an alluvial cap.   This alluvium is typically around two 

meters thick with the upper half being fine-grained alluvium and the lower half coarse-grained 

alluvium overlying a thin gravel unit.  These alluvium-capped bluffs are referred to as terrace 

bluffs.   

Steep ravines are also prominent features on the landscape.  These features connect the 

uplands with the incised river up to 60 meters below and funnel both water and sediment off to 

the channel main stem.  They range in length up to 3340 meters with steep head cuts at the tips of 

the upstream ends. The ravine slope varies throughout the Le Sueur watershed, and results in a 

range of morphologies ranging from step-pool morphology to meandering channels.   These 

features contribute far less sediment than bluffs, yet there is interest in understanding how 

changes to hydrology are impacting the growth and evolution of these features (Belmont et al., 

2011; Gran et al., 2011).  Moreover ravines threaten infrastructure and property, and 

understanding the erosion of these features is an important aspect in slowing their growth.   

 

Bluff Erosion Processes: 

 Bluffs are steep features that line incising or incised rivers.  These features are 

differentiated from river banks by height.  River banks are part of the active channel and are 

capped by active floodplain, while bluffs are any vertical feature that is not overtopped in a flood 

event.  Because bluffs are not capped by active floodplains they are strictly sediment sources 

rather than depositional sinks and do not provide any long-term storage to eroded sediment. 

Differences in height, stratigraphy, and geotechnical properties of bluffs affect the 

processes and rates of erosion.  Undercutting or over-steepening is commonly cited as being the 

most significant erosion process along river bluffs and banks (e.g., Turnbull et al., 1966; 

Brunsden and Kesel, 1973; Harden et al., 2009).  Undercutting occurs when the shear stress of the 

flow exceeds critical at the bluff toe, leading to toe erosion and subsequent failure as the bluff 
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slope becomes over-steepened, ultimately forming a new toe.  How long deposits at the toe 

remain depends on the size of the deposits as well as the magnitude and duration of flows in the 

channel.  The critical shear strength of the bluff toe is controlled by grain size, compaction and 

cohesion.  Bluff strength can be reduced by freeze-thaw cycles, making the bluff more susceptible 

to undercutting by high flows in early spring and subsequent failure (Terzaghi 1962; Kirkby, 

1965).  Groundwater flow or sapping can also reduce the strength of the sediment by increasing 

pore pressure.  Sapping occurs primarily in units with relatively higher permeability compared 

with surrounding units and can result in headward migration in the high permeability units as well 

as erosion of underlying sediment if the flow is great enough to overcome the critical shear 

strength of the sediment (Brunsden and Kesel, 1973; Thorne and Tovey, 1981; Fox et al., 2007; 

Chu-Agor et al., 2008; Lindow et al., 2009).  Similarly, as water levels recede after large storm 

event, pore pressures in the bank are relatively high compared to atmospheric pressure, which 

may cause failure in the recently exposed bluff face (Simon et al., 2000). Pore pressure in bluffs 

can also increase during snowmelt or long-duration rain events and may contribute to failure. 

External factors like aspect can influence the rate of bluff retreat.  Aspect affects pore 

water temperature and thus the number and depth of freeze-thaw cycles (Wynn and Mostaghimi, 

2006; Hall, 2007; Bold et al., 2010).  West and south-facing bluffs experience warmer afternoon 

temperatures leading to a greater number of freeze-thaw cycles (Hall, 2007; Bold et al., 2010).  

Sediment strength is temporarily weakened after each freeze-thaw cycle, in part due to frost 

heaving, and greater numbers of freeze-thaw cycles may lead to greater erosion rates (Wynn and 

Mostaghimi, 2006; Thomas et al., 2009; Van Klaveren and McCool, 2010).   

The effects of vegetation on bluff erosion are different than may be expected.  While 

vegetation has been shown to be an important stabilizing force on low river banks the same is not 

true for tall bluffs (Sidle and Ochiai, 2006; Ghahramani et al., 2011). On river bluffs, where bluff 

erosion is driven primarily by undercutting; even vegetation with extensive root networks can be 

undercut leading to failure (Docker and Hubble, 2008; Cancienne et al., 2008). Because bluffs are 

tens of meters tall, roots from vegetation on the bluff crest cannot cross the failure plane, resulting 

in no additional bluff stability. During low flow, smaller vegetation may be able to become 

established on the bluff toe, and temporarily slow the process of over-steepening, but large 

floods, which can destroy this vegetation, will cause the process of over-steepening to resume.  If 

flow is diverted away from the bluff toe, vegetation that develops on the bluff face will not be 

undercut and will ultimately provide a stabilizing force.  
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Ravine Growth Processes: 

 Ravines, commonly referred to as permanent gullies, are deeply-incised first-order with 

channels depths greater than 0.5 meters (Poesen et al., 2003).  In the Le Sueur River basin, 

ravines can be several km long and tens of meters deep (Fig. 1.3). Some ravines have running 

water year round, but most are ephemeral.  They grow as overland flow or sapping causes steep 

head cuts to propagate upstream (Higgins, 1982; Bennett and Casalí, 2001).    

 Ravine head cuts are a type of knickpoint, and while their growth is primarily due to 

overland flow, the processes by which they erode and expand are similar to those that cause 

knickpoints to propagate upstream in rivers.  As described above, knickpoint slope and 

propagation rate are dependent on the relative shear strength of the local stratigraphy.  Ravine 

initiation is controlled by the ability of the concentrated flow to remove sediment (Knapen and 

Poesen 2010).  In incised river valleys, ravines may be initiated at crenulations in steep bluffs or 

banks, where steep slopes result in high shear stress imposed on the surface by the concentrated 

flow.   

Ravines that grow primarily due to sapping can sometimes be identified by 

“amphitheater” shaped head cuts (Hinds, 1925; Lamb et al., 2006).  These ravines are initiated by 

a concentration of groundwater where sediment above is weakened and underlying sediment is 

eroded due to the shear stress imposed on the sediment by the concentrated flow.  

As with bluffs, ravine head cuts in incising rivers are often too steep or tall to be 

stabilized by vegetation after they are initiated.  Where vegetation may alter ravine growth is 

through a reduction in overland flow or sapping through locally increased evapotranspiration and 

surface roughness (Einstein and Barbarossa 1951; Farres, 1978; Römkens and Wang, 1987; 

Abrahams and Parsons, 1991; Istanbulluoglu et al., 2005; Pierson et al., 2007; Eitel et al., 2011).   

 

Approach: 

There are many unanswered questions regarding the primary factors controlling erosion 

and sediment yield in incising rivers and how changes in hydrology impact erosional processes.  

Through the use of field, remote sensing and laboratory techniques, this thesis sheds light on the 

factors that contribute to bluff and ravine erosion. Moreover the techniques developed through 

this work advance the science of geomorphic change detection.    

 Measuring bluff erosion rates accurately is not an insignificant task.  Traditional methods 

rely on spatially sparse measurements like surveying or erosion pins, or temporally sparse 

measurements from aerial photographs.  Because bluff erosion is highly episodic both in space 
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and time these methods provide little insight on how the bluff is truly eroding and may result in 

incorrect estimation of erosion rates (Resop and Hession, 2010). Terrestrial Laser Scanning 

(TLS), a new surveying technique, overcomes issues of both spatial and temporal resolution.  

Unlike traditional surveying TLS collects cm-scale data across entire bluff surfaces, yet like 

traditional survey methods, TLS is portable and data can be collected and processed quickly 

allowing for measurements with high temporal resolution (Wawrzyniec et al., 2007; Heritage and 

Hetherington, 2007). Traditionally TLS has been used for creating models of small simple 

landforms devoid of vegetation. The techniques developed in this thesis allow TLS data to be 

used for change detection on vegetated landforms. In addition, a detailed error analysis was 

performed to document the level of change that can be accurately detected using this technique. 

 Sites representing a range of bluffs in the Le Sueur watershed were surveyed using TLS 

over four years.  These data were compared to annual flow data over the same period of time in 

order to make comparisons between precipitation and erosion rates.   

 In addition to TLS annual erosion rates, decadal bluff retreat rates were measured on 

aerial photographs. Bluff retreat rates were extrapolated from both the TLS and the aerial 

photograph data sets using multiple techniques.  Detailed error analyses were developed and each 

extrapolation technique was compared.  The final results were compared to the sediment loads 

measured on the Le Sueur River and analyzed resulting in a deeper understanding of bluff erosion 

in the watershed. Moreover, these results were paired with independent measurements of 

additional sediment sources and sinks in the Le Sueur River watershed to develop a sediment 

budget.   

The same techniques used to understand bluff erosion in the field are not useful to 

measure ravine change.  Dense vegetation makes both TLS and aerial photograph analyses 

impossible.  Small scale laboratory-based physical experiments were used to test how varying 

overland flow on a uniform substrate impacted ravine growth. Data were collected using high 

resolution topographic scans making it possible to measure how channel geometry changes in 

response to varied flow rates.  Moreover these data were used to demonstrate how basic sediment 

transport equations might apply to ravine erosion.  These experiments improve our understanding 

of how changes to hydrology impact ravine erosion, allowing us to make interpretations regarding 

the effects of specific land use changes.   
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Chapter Layout:  

 The first chapter entitled “Terrestrial laser scanning methods for change detection” goes 

into detail on the TLS methods developed to measure bluff change.  There is also a detailed error 

analysis for the techniques presented.  The second chapter entitled “Comparing aerial 

photographs and terrestrial laser scanning to create a watershed scale sediment budget” compares 

TLS and aerial photograph analyses for determining bluff erosion rates in a large watershed, with 

a focus on the Le Sueur River watershed.  This chapter has a detailed analysis of extrapolation 

techniques and the associated errors.  Both chapters one and two are in review for publication 

with the journal of Earth Surface Processes and Landforms.  The third chapter entitled “Ravine 

growth experiments to understand effects of changing hydrology” discusses the ravine 

experiments and how changing land use is likely impacting ravine growth.  Finally a conclusion 

summarizes the work presented.   
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Chapter 1: 

Terrestrial laser scanning methods for change detection 

 

Human activities influence watershed sediment dynamics in profound ways, often 

resulting in excessive loading of suspended sediment to rivers. One of the primary factors 

limiting our ability to effectively manage sediment at the watershed scale has been our inability to 

adequately measure relatively small erosion rates (on the order of mm to cm per year) over annual 

and sub-annual time scales on spatially-extensive landforms, such as river banks and bluffs.  

Terrestrial Laser Scanning (TLS) can be employed to address this need.  TLS collects high-

resolution data allowing for more accurate monitoring of erosion rates and processes, and 

provides a new opportunity to make precise measurements of geomorphic change on vertical 

landforms like banks and bluffs, but challenges remain. This research highlights challenges and 

limitations of using TLS for change detection on river banks and bluffs including the presence of 

vegetation, natural surface crenulations, and difficulties with creating benchmarks, and provides 

solutions developed to overcome these limitations.  Results indicate that data processing 

algorithms for change detection can have a dramatic impact on the calculated erosion rates, with 

different methods producing results that can vary by over 100%. The most accurate change 

detection technique compares a point cloud to a TIN along a set of vectors that accommodates 

bluff curvature.  This paper outlines a variety of methods used to measure bluff change via TLS 

and explains the accompanying error analysis that supports these methods.  
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Introduction: 

Throughout the world, changes in land use have caused increased erosion and sediment 

loading within river basins creating concern among property owners and land and water resource 

managers.  Accelerated erosion of vertical features such as banks and bluffs may threaten 

infrastructure and often has a negative impact on water quality and aquatic habitat (Shields et al., 

1995; Soulsby et al., 2001; Kent and Stelzer, 2008).  Slowing erosion of these features and 

reducing the resultant high sediment loads requires a detailed understanding of both erosion rates 

and processes.   Terrestrial Laser Scanning (TLS) is one new tool that can be employed for that 

purpose.  TLS can be used to generate high-resolution (sub-cm grid resolution) topographic 

models over large areas (102 m2 to several km2) in a relatively short time (hours to several days; 

Wawrzyniec et al., 2007; Heritage and Hetherington, 2007).  The technology is rapidly evolving 

to be extremely useful for measuring and monitoring natural systems at a variety of scales 

(Gulyaev and Buckeridge, 2004; Rosser et al., 2005; Wawrzyniec et al., 2007; Milan et al., 2007; 

Alho et al., 2009; Heritage and Milan., 2009; Hodge et al., 2009; Lim et al., 2010; Resop and 

Hession, 2010; O’Neal and Pizzuto, 2011). Monitoring is important as most bluff erosion 

processes are episodic, and thus are not spatially uniform. 

Using TLS to generate models of natural systems is not devoid of difficulties.  Many 

challenges are site-specific, while others are generalizable. Some challenges are environmental.   

For example, eye-safe lasers used with most TLS models are highly sensitive to scatter and 

absorption.  Therefore, the laser beam may be interrupted by water vapor, dust and strong 

variations in air density (e.g., wind) (Wawrzyniec et al., 2007; Heritage and Hetherington, 2007).  

Vegetation can obscure the erosional surface of interest and must be removed in processing to 

generate a model of bare earth topography.  In addition, vegetation and irregular surfaces can lead 

to data shadows.  Many of these difficulties can be overcome through careful data acquisition and 

processing.  Other challenges are technical.  For example, multiple procedures can be used for 

aligning scans collected at different times, and numerous techniques can be employed for 

quantifying change and associated uncertainty.  Methods used at each step can affect accuracy 

and precision of TLS. This paper explores the methods of using TLS, including data processing 

and analysis to examine erosion of bluffs in a river system within a mid-continent temperate 

climate.  The considerations and methods discussed herein are readily portable to measurement of 

bank erosion. 
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Terrestrial Laser Scanning: 

Unlike the more familiar airborne terrestrial laser mapping (ATLM) approach, terrestrial 

laser scanning (TLS), also referred to as ‘ground-based’ or ‘terrestrial’ lidar is a portable tripod-

based light detection and ranging system that can be used to generate digital topography models 

at very high resolution (sub-cm scale).  Because it is set on a tripod, TLS can be easily set up to 

collect data on surfaces often missed by ATLM, such as nearly vertical surfaces like stream banks 

and bluffs.  ATLM surveys require multiple flight line orientations and spacing to capture steep 

or sub-vertical surfaces (James et al., 2007).  In addition, because TLS does not require motion 

compensation correction, the resulting data have precision and accuracy at the mm- to cm-scale 

level, which ATLM simply cannot achieve with existing technology. 

In this study, an Optech ILRIS-36D, ER (Enhanced Range) lidar system from the Lidar 

Lab at Western State College of Colorado was deployed to collect 3D imagery to evaluate bluff 

erosion rates.  The Optech scanner creates a 3D image using the ‘time of flight’ of a series of 

laser pulses that are reflected off the target.  The Optech system has a range gate that can be 

programmed to collect either the first or second pulse in the return signal (Optech, 2011). The 

first pulse represents beam reflection off a near-field or primary target.  If the laser spot strikes 

the edge of a primary target, some of the energy may be reflected from a secondary or far field 

target producing a secondary pulse within the same range gate.  Typically, either the first or the 

last return is recorded. Vegetation growing above the surface of interest may reflect the first 

return.  By collecting the last return, the scanner may be able to collect points through vegetation.   

Other techniques that have been used to study bank and bluff erosion include repeat aerial 

photographs, erosion pins, traditional survey methods with a total station or engineer’s level, and 

photogrammetry. Each of these methods involves logistical problems that make them difficult to 

use in places where surfaces are steep or inaccessible, and none of them provide the high data 

resolution available using TLS.  Aerial photographs can provide a long record of bluff retreat, but 

they can only be used to provide information on the crest of the bluff and in some cases the toe of 

the bluff where it is not blurred by vegetation or shadow effects (Day et al., this issue).  They 

provide little information on the face of the bluff or the processes by which the bluff erodes. In 

addition, to measure change using aerial photographs the magnitude of change must be greater 

than the resolution of the photographs and error introduced by the photo orthorectification and 

alignment algorithms (typically 5 - 10 m for photographs at 1:20,000 scale and scanned at 600 

DPI resolution) (Day et al., this issue).  Erosion pins are also commonly used to measure bank 

and bluff erosion.  These can provide high resolution data (0.5 mm) about the area immediately 
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surrounding the pins at low cost (Couper et al., 2002). Unfortunately erosion pins can only be 

used in areas that are accessible, excluding steep or tall bluffs.  Installation of erosion pins may 

modify surficial and/or internal structure of the target surface and may cause localized scour, both 

of which can increase local erosion, biasing the data. If a pin is lost, there is no record of the 

amount of erosion (or deposition) that took place in that spot (Haigh, 1977; Lawler 1978; Thorne, 

1981; Couper et al., 2002).  Traditional survey methods have many of the same difficulties as 

erosion pins.  All spots measured must be accessible, and while the data are precise at the exact 

points measured, surveys provide little information about areas between measured points.  

Photogrammetry uses photograph stereo pairs to create a three-dimensional image of a surface.  

This technique overcomes accessibility problems on steep bluffs and can provide information 

about a complete bluff surface rather than a series of measured points.  Limitations associated 

with this technique are primarily due to lens distortions and lighting which may produce shadows 

on the surface (Rosser et al., 2005; Matthews, 2008).   

TLS overcomes many of the difficulties associated with these other techniques.  Banks 

and bluffs can be scanned in their entirety at high resolution regardless of accessibility to the 

features themselves as long as the tripod can be set up with a direct line of site.  TLS does not 

disrupt the surface or alter the structure of the landform being scanned, as erosion pins may.  

Because TLS uses an active light source (laser), lighting is never a concern and there are no lens 

or lighting distortions, as there may be using photographic techniques.   

TLS also presents a number of challenges and limitations.  Roughness from vegetation or 

crenulations in the feature being surveyed can create data voids, referred to as shadows (Buckley 

et al., 2008).  In some cases, these shadows can be resolved by scanning the feature from multiple 

angles (Buckley et al., 2008). However, in places where vegetation is dense, other techniques 

(e.g. a traditional survey) may be more effective because no bare-earth pulses can be returned to 

the instrument.  Data processing can also be a challenge.  The datasets are very large (e.g., as high 

as 500 Mb per 100 m2 scanned in this study), sometimes requiring specialized visualization 

software not easily handled by standard 32-bit desktop configurations.  There are a variety of 

different software packages available (e.g. Polyworks, RiScan Pro, Cyclone) and an absence of 

format standards.  Each point cloud processing tool has benefits and limitations, and data are not 

easily transferred between software packages.   

While TLS is new technology it has been used successfully in a number of environments.  

The first environmental research applications were primarily for vegetation studies (Lovell et al., 

2003; Van der Zande, et al., 2006; Strahler, et al., 2008). Since this time, many more Earth 
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science applications have been explored (e.g. Williams et al., 2011; Lim et al., 2010; Resop and 

Hession, 2010; Alho et al., 2009; Hodge et al., 2009; Wawrzyniec et al., 2007; Milan et al., 2007; 

Gulyaev and Buckeridge, 2004).   TLS is especially useful for surveying features that are not 

accurately measured using aerial lidar, such as cliffs (Rosser et al., 2005), and surveying features 

in greater detail than can be achieved with either aerial lidar or traditional survey methods 

(Heritage and Hetherington, 2007).   

Several recent studies have used TLS for change detection in natural systems, typically in 

locations that lack significant vegetation.  These include semi-arid environments such as Arizona 

(Wawrzyniec et al., 2007), highly erosive sea cliffs (Lim et al., 2010; Rosser et al., 2005; Gulyaev 

and Buckeridge, 2004), proglacial environments in Switzerland (Milan et al., 2007).  In each of 

these environments the time scale over which change is being measured is dependent on how 

active the features are.  The time between scans for each of these studies ranges from years 

(Rosser et al., 2005; Gulyaev and Buckeridge, 2004) to months (Wawrzyniec et al., 2007) to days 

(Milan et al., 2007), depending on the rate of change on the surface of the features scanned.  

Use of TLS in fluvial environments is only beginning to be explored.  The biggest 

disadvantage to using this technology in fluvial systems is that it cannot survey through water, 

and has difficulty scanning very wet surfaces.  TLS has been used successfully to measure grain 

size and surface roughness of exposed point bars (Alho et al., 2009; Heritage and Milan, 2009; 

Hodge et al., 2009).  It has also been used successfully to measure erosion on streambanks to 

track erosion over annual timescales (O’Neal and Pizzuto, 2011 and Resop and Hession, 2010).   

 

Methods: 

Data Collection: 

Annual bluff TLS surveys were conducted from 2007-2010 to determine the rate and location 

of bluff erosion.  Point cloud survey data were collected using an Optech ILRIS-36D ER 

Terrestrial Laser Scanner.  The technical specifications of this equipment are discussed in 

Wawrzyniec et al. (2007). The scanner was sited in locations with minimal obstructions, which 

typically required placement on low banks or gravel bars lacking large vegetation.  If the bluff 

surface had significant topographic roughness or trees (Fig. 2.1), more than one scanning station 

was used to get a full unobstructed instrument view of the bluff.  Rebar posts were driven into the 

ground to mark the scanner location, and the scanner was placed in the same location each year, 

unless changes in seasonal vegetation or water levels prohibited this.  Benchmarks (stable 

features including infrastructure, trees, large boulders, or installed flagged stakes) in the target 
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Figure 2.1: This bluff has roughness due to vegetation as well as surface topography.  When the 
scanner is set in only one location a significant portion area is in a shadow.  In order to get a 
complete picture of the bluff the scanner is set in multiple locations and aligned when the data are 
processed. 
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scene were used to align the scans between annual scanning campaigns.  Ideally at least three 

benchmarks dispersed evenly across the bluff were scanned at each site.  After setting up the  

scanner, data were collected from the entire surface, though returns were typically not received 

from saturated or wet surfaces because these areas tend to be less reflective and absorb much of 

the laser signal. Data were collected with a spatial resolution of 81,600 – 1,190 points/ m2, with 

coarser resolution for large bluffs to reduce the total scan time and extend the daily life-cycle of 

the batteries. Manufacturer error for the Optech ILRIS-36D ER includes a raw range accuracy of 

7 mm at 100 m a raw angular accuracy of 8 mm at 100 m and a beam diameter of 22 mm at 100 

m Optech, 2012). This scanner has a fully-automated 40˚ look-angle in the vertical and horizontal 

direction and can either be turned manually to continue to survey in other areas of the site or can 

be set to turn automatically to the next area of interest (Fig. 2.2).  When done automatically there 

is a 5% overlap between each individual scan.  When done manually care must be taken to ensure 

that there is at least an equivalent overlap.  

 

Data Processing: 

After the data were collected, they were converted into PTX files using a parser distributed 

by Optech and processed using Polyworks metrology software (InnovMetric, Quebec City, 

Canada).  Polyworks is specifically designed to measure change, either between two TLS scans or 

between a TLS scan and a drawn image. Polyworks is comprised of seven modules, of which we 

used IMAlign, IMMerge, IMEdit, and IMInspect.  The basic functionalities of these modules are 

briefly described below. 

 

Aligning the Scans: 

Each individual scan enters Polyworks unaligned in space regardless of if the scanner turned 

automatically or if manual repositioning was used.  Therefore, IMAlign was used to mesh all of 

the individual scans from a given bluff together into a single image or composite scan.  This 

process is done manually by matching similar features in the overlapping area. Alignment can be 

improved using Polyworks’ automatic alignment algorithm.  The software offers a variety of 

methods to verify the alignment including an RMS value and a histogram, yet visual inspection of 

the alignment also provides good assurance that the alignment was accurate.  A well-aligned scan 

will be displayed as an even mesh of points in the overlapping area, with uniform representation 

from both scans.  
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Figure 2.2: The Optech ILRIS-36D ER Terrestrial Laser Scanner scans a 40˚ swath at a single 

facing.  The size of the area being scanned is dictated by the distance the scanner is from the 

surface of interest.  The scanner can be fitted with a rotating base that rotate to the next facing 

with a 5% overlap.  Each facing makes an individual scan that must be aligned to create a 

complete composite scan.  
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After all scans that comprise a given surface were aligned for each year, the composite scans 

from different years were aligned to a single coordinate system using the stable features in the 

scan (mean error = 0.03m) (Buckley et al., 2008; Wawrzyniec et al., 2007).  It was important here 

that the bluffs were aligned based only on the known benchmarks.  Polyworks has an automatic 

alignment algorithm that can be used to align scans based on all points, but this was not used 

because the bluff face was not a stable surface.  By selecting all points that are not known to be 

stable (i.e. the bluff) and excluding them from the alignment, we used Polyworks’ automatic 

alignment algorithm to align the composite scans based on only the stable features and 

specifically the benchmarks.  Alignment is achieved by minimizing the average alignment error 

or the 3D distance between a point and a 3D surface.  Once the composite scans of individual 

campaigns were aligned using these stable features, ideal alignment of the benchmarks was 

visually confirmed within Polyworks.  As when aligning individual scans, well-aligned 

benchmarks will be displayed as an even mesh of points, with equal representation from both 

scans.  

 

Creating a TIN: 

 After the composite scans were aligned between years, one scan was used to create a 

reference TIN (triangulated irregular network).  The reference TIN provides a modeled surface 

against which the point cloud data from other years can be compared.  Because the locations of 

individual points do not exactly align from year to year, the reference TIN allows the points to be 

compared in the direction of likely change rather than to the nearest point in the second composite 

scan.  While a raster-based digital elevation model (DEM) could be used to achieve a similar 

goal, a TIN retains the 3D nature of the data rather than reducing it to 2D.  This allows natural 

bluff features such as overhanging blocks and natural surface crenulations to be retained in the 

data.  

The reference TIN was generated from the composite scan at a given site that covered the 

largest area and had the least vegetation.  The reference TIN was then imported into IMEdit to fill 

in holes and remove vegetation (vegetation removal technique is the same as described later in 

this paper for point clouds).  Holes exist in the TIN where data were not collected because macro-

scale roughness elements (e.g. vegetation, boulders, and bluff surface roughness) generated 

shadows that were inaccessible to the scanning device, or wet areas of the bluff that did not 

reflect the laser signal.  Typically in our scans, within the measured perimeter of the bluff, 0.2-9% 

of the bluff was missing due to shadowing or saturation.  When considering the bluff edges, 
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which are often obscured by vegetation, the area missing was 6-21%. Holes can be filled 

automatically based on size or manually by selecting holes that should be filled. These holes were 

filled using the flat-filling method whereby the surface was connected using a flat plane to 

connect the points surrounding the hole. All but the largest holes (>10 m long at the longest 

length for this study) were filled in, so that the maximum number of points could be compared. 

Where holes were left unfilled, change was not measured in that area. Further discussion of the 

impact of holes in the data is in the discussion section of this paper.  

 

Deleting Erroneous Data Points: 

Once the reference TIN was complete, it was imported into IMInspect along with all the 

remaining point clouds for that site.  IMInspect was used to clean up the data to account for 

points that lie off of the bare-earth bluff surface.  Most of these irrelevant or “erroneous” data in 

this study were caused by vegetation, but some erroneous points were likely also caused by 

animals or water vapor.  This step of removing these points is essential in calculating an 

appropriate erosion rate. Erroneous data can bias erosion measurements far more than holes in the 

data.  Generally if an area was covered by vegetation, the points were removed, even if this 

resulted in an absence of data in the area. Without a regular, smooth surface, most automated 

algorithms are difficult to implement. In addition, changes in vegetation, or the presence of other 

erroneous data can cause localized erosion or deposition estimates to be incorrect by many 

meters.   Erroneous data were manually removed by visually rotating the data such that the bluff 

was perpendicular to the view of the workstation display, allowing the operator to select and 

delete all points that were positioned above the line of the bluff. (e.g., Resop et al., 2012; Resop, 

2010; Roberts, 2009).   

 

Measuring change: 

After all erroneous points were removed; scans were compared to find the change in volume 

between the reference TIN and a second scan. Many different techniques can be employed to 

compare two data sets; these are discussed further in the error analysis section of this paper.  For 

this study we measured change along a vector normal to the surface of the bluff, or the plane of 

best fit, for the 3D point cloud (Fig. 2.3).  Along curved bluffs, using a single best-fit plane may 

bias erosion estimates, particularly along the edges of the bluff, so curved bluffs were separated 

into multiple (2-4) subsections where the points in each subsection are reasonably approximated 

by a flat plane. The number of subsections was determined by the bluff shape (Fig. 2.4), with a 
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Figure 2.3: A) If only one vector is used to compare a curved bluff the change on the edges will 
be overestimated.  B) When the bluff is broken into nearly planar areas, comparisons can be made 
more accurately.  Three best fit planes are created for the curved sections of the bluff and vectors 
used for comparison are normal to these planes. 



 

 28 

  

 

Figure 2.4: Each line of gray points shows a single slice of a bluff.  The black lines represent 
individual planes that would be used to represent that portion of the bluff.  The stars show where 
the bluff is divided (the beginning and end of each plane).  Vectors are formed normal to the 
plane as the direction change is measured along.  A) A bluff divided into two sections.  B) A bluff 
with greater curvature than A divided into three sections. 
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goal of minimizing the number of subsections necessary to capture the curvature of the bluff. 

Additional planes will minimize error, yet may complicate the details of how the bluff is eroding. 

A plane was fitted to the average bluff surface for each section of the point cloud. This plane 

was not used to determine the amount of change, but rather the direction of change.  In all cases, 

the vector normal to the plane that defines the average bluff surface was used as the change 

direction vector.  The point cloud data were compared to the TIN along the vector direction (Fig. 

2.5), and the magnitude and direction (+ or -) of change were measured between each point and 

the reference TIN.   

From the change data, we calculated the amount of erosion and/or deposition at every point 

on each bluff, and summed them to compute the total volume of sediment removed (or 

deposited), as well as the average rate of change across the entire surface.  These calculations 

were performed in MatLab.  Total change in volume was calculated by summing the length of 

change at each point and multiplying this by the average cell size or the average area represented 

by each point (eq. 2.1): 

;      (2.1) 

Where V= total volume of change (m3); Δx = change in x direction (m); Δy = change in y 

direction (m); Δz = change in z direction (m); cell = cell size (m2); and dir = direction of change 

(+1 or -1). The cell size at each point is calculated as the nearest neighbor distance squared.  For 

the data sets used here the cell size ranges from <1x10-12 to 12.39 m2 and an average size of 

2.09x10-4 m2 with the largest cell size at the scan edges (Table 2.1).  

 Area was calculated based on average cell size and the total number of points compared 

in the scans. The rate of change (R) was calculated by incorporating the time between scans (T) 

(eq. 2.2): 

;          (2.2) 

where A = area (m2). 

 

Validating retreat rates 

 Uncertainties associated with TLS include mechanical error documented for this 

equipment as 10-15 mm at ranges under 50-100 m (Wawrzyniec et al., 2007), error in aligning 

individual scans that comprise a given bluff for a given year, error in aligning annual composite 

scans from year to year, error from creating the TIN, error in removing erroneous points, and 

error in calculating the volume of sediment lost between the sets of annual composite scans.  To 
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Figure 2.5: Change is measured along the predetermined vector direction. The distance 
between each point and the TIN is measured in the direction of the vector.  This 
measurement is multiplied by the area represented by each point to determine the total 
volume of change.  
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Table 2.1: Cell size statistics (m2) 
 

Site 
5th 

Percentile 
Median 

95th 
Percentile 

Maximum Average 

OCTB1 1.37x10-5 2.28x10-4 6.45x10-4 0.735 2.28x10-4 
TrB1 2.30x10-5 2.22x10-4 7.34x10-4 12.4 2.40x10-4 

NCTB1 6.76x10-6 1.80x10-4 9.86x10-4 1.17 2.25x10-4 
NCTB2 3.25x10-5 1.35x10-4 2.89x10-4 1.53 1.42x10-4 
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 quantify net uncertainty, particularly the error associated with the change detection analysis 

methods, we performed two separate experiments. 

Same-day validation analysis was used to quantify error created by data processing and 

analysis steps described above in cases where we were certain that no (or negligible) change had 

actually occurred.  Two sets of scans were generated, one immediately after the completion of the 

other, at each of four different bluffs.   Between each set of scans the scanner was removed from 

the tripod, the tripod was removed and then replaced, and the scanner was reassembled.  These 

scans were processed and compared according to the same procedure outlined above.  Only the 

known stable points were used to align the two sets of scans and the bluff area was excluded from 

the alignment algorithm as was done for the annual scans.  The primary benefit of this validation 

method is that it provides the range of error associated with the range of circumstances present at 

each bluff, including vegetation and other erroneous data points.   

Although the same-day validation analysis gives a measure of error due to 

instrumentation, alignment, TIN creation, and erroneous points, it does not incorporate error 

associated with the method used to measure bluff change.  To examine the possible range of error 

introduced by using different change detection methods, we analyzed six different configurations 

that include change measurements along (a) a single vector; (b) multiple vectors; (c) the shortest 

distance from each point, and; (d) along the axial direction (X,Y,Z) that is primarily normal to the 

bluff. The single and multiple vector analyses measure change along a vector that is normal to 

either the entire bluff surface or a subsection of the bluff. The shortest distance method measures 

change from a given point to the nearest point in any direction.  The last method tested uses an 

existing axial direction that is the most normal to the bluff surface (for many scanners this will be 

the Z direction). Each configuration was evaluated using the same-day validation test sites. 

Change detection results should be zero for these two experiments.  

 

Results: 

 Results of the error tests described above showed that when data are appropriately 

processed total error in our application of this technology is very small, generally at least an order 

of magnitude less than recorded retreat rates for our study sites.  Results for each of the error 

analyses and bluff retreat results from our study site are presented in corresponding sections 

below.     
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Error Analysis Results:  

Using the methods described above including alignment using natural benchmarks, 

manually removing vegetation, and comparing the bluff in multiple subsections, the same day-

validation analysis compares two scans taken such that there is no physical change to the surface 

being measured between scans.  Results of the same-day validation analysis demonstrate that total 

root mean square error (RMSE) integrated across the entire bluff surface is between 0.023 and 

0.086 for the bluffs surveyed (Table 2.2). The greatest error at an individual point is 1-4 meters 

for the bluffs measured, yet typically on 99% of the bluff there is less than 0.25 m error.  This 

analysis sums the various error sources associated with using TLS in the way we present here 

including, error associated with the irregular bluff surface, the presence of erroneous points, 

alignment error, and mechanical error. 

 While the same day validation analysis resulted in a low amount of error, the change 

detection method test demonstrated that the way that change is measured may result in significant 

error (Table 2.3). Dividing the bluff into multiple subsections typically results in the lowest error 

measurements (RMSE: 0.023-0.086).  The largest errors were derived when using the shortest 

distance change detection method (RMS: 0.19-0.86).  This method uses an algorithm built into 

Polyworks that matches up each point with the closest point on the reference TIN.   

 

Bluff Erosion Results:  

 The TLS methods presented here were tested in the Le Sueur River watershed in southern 

Minnesota.  This is an actively evolving watershed with bluffs composed of fine-grained (65% 

mud) till ranging in height from 2 to 60 meters (Gran et al., 2009; Gran et al., 2011; Jennings, 

2010; Day et al., this issue). There are three types of bluffs in the watershed: normally-

consolidated bluffs (NCTB), over-consolidated bluffs (OCTB), and terrace bluffs (TrB).  

Normally-consolidated till bluffs form a wide range of slopes and support vegetation ranging 

from grasses to trees.  Over-consolidated tills form as a result of glaciers re-advancing over the 

till, compacting and dewatering the sediment (Boulton, 1976; Kirkaldie and Talbot, 1992; Allred, 

1999).  The bluffs composed of over-consolidated tills often form very steep slopes that cannot 

easily support vegetation, and can be characterized by the presence of vertical joints. Terrace 

bluffs are strath terraces formed as the river incised and abandoned a previously active floodplain 

or river channel.  On these bluffs the upper units of till have been eroded and are covered by an 

alluvial cap.   This alluvium is typically around two to three meters thick with the upper half 

being fine-grained alluvium and the lower half coarse-grained alluvium overlying a thin gravel 
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Table 2.2: Same-Day Validation Analysis Results  

 

Site name Volume lost 

(m3)+ 

Area 

compared 

(m2) 

Volume lost 

per area 

(m3/m2)* 

OCTB 9.43 729.64 0.044 

TrB 64.81 539.77 0.083 

NCTB2 1.4107 229.54 0.023 

NCTB1 52.73 1170.70 0.087 
+ If there was no error in these measurements the volume lost would be 0 m3. 



 

 35 

Table 2.3: Same-Day Vector Comparison Results+ 

Site Name OCTB1* TrB1* NCTB1* NCTB2* 

Bluff divided into 

sections using multiple 

vectors 

0.044 

(3 vectors)

0.083 

(2 vectors) 

0.023 

(2 vectors)

0.087 

(2 vectors) 

One vector generated 

along best fit plane 
0.046 0.061 0.024 0.099 

Shortest distance 

method 
0.19 0.28 0.86 0.54 

Along axial direction 

into bluff 
0.065 

0.065

 
0.036 0.25 

* All values reported as RMSE. 
+ If there was no error in these measurements the RMSE would be 0. 
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unit.   Of the 480 bluffs in the Le Sueur watershed, 15 representative bluffs were scanned 

annually using TLS.  

 Annual change rates measured on the bluffs throughout the Le Sueur watershed ranged 

from 0.23 m/yr of deposition to 0.95 m/yr of erosion with an average net change of 0.20 m/yr of 

erosion (Table 2.4).  At all sites, change was spatially and temporally variable (Fig. 2.6, Table 

2.4).  Colorized change maps provide a visual representation of spatial variability and can be used 

to interpret bluff erosion processes throughout the watershed (Fig. 2.7).  

 

Discussion: 

Results from the error analyses presented in this paper demonstrate that the methods used 

for this study can be successful at measuring bluff change with a low amount of error, an order of 

magnitude less than the rate of bluff erosion in this location.  These error analyses demonstrate 

that annual scans can be aligned successfully using natural benchmarks such as bridges and trees.  

Results for the same-day validation analysis show that even when the tripod is repositioned, total 

error is an order of magnitude less than the calculated erosion rate (Table 2.2; Table 2.4).   

The experiment testing different change detection methods indicates that the largest 

source of potential error depends on the analysis method used. The shortest distance change 

detection method often resulted in the greatest error. The shortest distance method creates a 

different vector direction for each point based on the direction of the nearest point in the TIN.  

Higher erosion rates were erroneously computed as a result of holes in the TIN, because points 

overlying those holes measured distances to the edge of the hole, which could be several meters 

in places with large gaps in the data due to surface roughness or dense vegetation.  When using 

the shortest distance change detection method, holes resulted in areas where the erosion estimates 

were extremely high, which increased the overall average erosion rate for the entire bluff.  The 

shortest distance change detection method could also obscure study of erosional processes. 

Without having a clear understanding of the direction along which change is being measured it 

may be difficult to identify the type of failure that occurred.    High errors were also generated 

when change was simply measured along an axial direction primarily normal to the bluff.  By 

measuring change along in a direction normal to the average bluff surface, errors are reduced 

substantially. While a single vector is acceptable for small bluffs with low curvature, dividing 

curved bluffs into multiple subsections greatly minimizes error.  This technique is a simple 

method of accommodating bluff curvature, and reduces the occurrence of erroneously high retreat 

rates at bluff edges. The number of subsections the bluff should be divided into depends on the  
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Table 2.4: Bluff retreat results from the Le Sueur River  

 

 0 to 1 year between scans 1 to 2 years between scans 2 to 3 years between scans 

Site 

Average 

Volume Lost 

(m3) 

Average 

Area 

Measured 

(m2) 

Average 

Retreat Rate 

(m/yr) 

Average 

Volume Lost

(m3) 

Average 

Area 

Measured 

(m2) 

Average 

Retreat Rate 

(m/yr) 

Average 

Volume Lost

(m3) 

Average 

Area 

Measured 

(m2) 

Average 

Retreat Rate 

(m/yr) 

NCTB1 18.77 300.73 0.07 19.43 224.46 0.07 35.67 198.14 0.07 

NCTB2 583.44 2777.00 0.22 203.55 2145.90 0.07 422.76 1837 0.08 

NCTB3 2655.55 6996.80 0.44 2125.70 7892.45 0.26 2593 2901.35 0.38 

NCTB4 39.87 353.86 0.14 -64.73 341.91 -0.16    

NCTB5 17.25 147.04 0.17 55.70 138.19 0.28 84.82 106.54 0.29 

NCTB6 8.37 210.17 0.05 43.86 105.40 0.22 21.86 25.78 0.26 

NCTB7 -42.41 960.89 -0.06 1419.55 1092.34 0.84    

OCTB1 59.14 742.19 0.10 318.23 705.60 0.32 554.01 618.90 0.27 

OCTB2    177.65 591.42 0.25 571.45 550.85 0.43 

OCTB3 0.72 189.04 0.005 1.02 182.79 0.06    

OCTB4 253.82 423.56 0.72 81.53 506.83 0.11 171.90 558.68 0.12 

TrB1 73.75 624.67 0.14 211.11 687.59 0.20 433.87 576.11 0.23 

TrB2 1.34 29.47 0.05 8.03 71.75 0.07    

TrB3    54.15 160.73 0.26 133.43 165.99 0.33 

TrB4 27.49 151.68 0.18       
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Figure 2.6: A) The cumulative erosion at each of the four bluffs normalized to the total erosion. 
B) The cumulative deposition normalized to the total deposition.  In both cases area is normalized 
to total area. A 1:1 line would indicate that erosion or deposition is evenly distributed across the 
entire surface of the bluff.  Erosion is most localized on OCTB and most evenly distributed on 
TrB.  Deposition is most localized on NCTB1 where sediment collected at the toe of the bluff. 
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Figure 2.7: Color maps show change on individual bluffs.  A) A terrace bluff, TrB, where the 
upper portion of the bluff is composed of alluvium.  A thin gravel unit separates the upper 
alluvium from the lower tills, and is a source of seeps in this type of bluff. Change from 2007-
2008 shows a 2 meter rotational failure in the alluvium at this site. B) An over-consolidated till 
bluff, OCTB, with vertical jointing that is indicative of this type of bluff. Change from 2008-2009 
shows that erosion occurred primarily along the joints.  C) A normally-consolidated till bluff. 
Change from 2007-2009 shows erosion at the top of the bluff and deposition at the toe.  Typically 
toe deposition is removed quickly and these scans capture a moment when this hasn’t yet 
occurred.  
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bluff curvature. It is important that a plane can be used to represent most points in each 

subsection of the bluff.  This process of dividing the bluff into subsections can be done simply by 

visual inspection.  In figure 2.4, for example, a single plane can be fitted to a subsection with this 

low curvature without resulting in exceptionally high error values.   

Using the methods proposed in this paper, the presence of holes in the data sets due to 

surface roughness or areas of vegetation that must be removed are not a concern.  While data 

holes can result in high errors when using the shortest distance change detection method as 

discussed above, we recommend that this change detection method is not used. Holes can be 

thought of as the areas between data points that occur when using coarse resolution data sets like 

bank pins or traditional surveys. Depending on the specific research questions being addressed, 

and the nature of the surface being measured, it is possible to interpolate across these data holes 

or simply leave the holes empty and focus only on known areas.  Because TLS generates very 

high resolution data sets there are fewer holes to be concerned with, and the size of these holes 

can be highly variable across the bluff surface.  We found error to be reduced when we 

interpolated between small holes (less than 10 m measured along the longest axis for this study), 

while leaving large holes in the TIN unfilled.  Filling small holes in the TIN maximizes the area 

of the bluff surface that can be compared from year to year.  Leaving all holes unfilled would 

have reduced the compared area in most scans by approximately 30% (Fig. 2.8).  For our study 

the larger holes were of little concern, as these areas were simply excluded from our 

consideration.  Moreover, because many of the holes were in areas where vegetation was 

removed from the bluff surface, it is likely that these areas underwent less change over the annual 

time scales we measured (Day et al., this issue).   

Vegetation continues to be a concern for the use of TLS in natural environments.  

Manually removing vegetation can be tedious and potentially subjective, but we had little success 

applying automated algorithms to this process. Natural surface variations of bluff features make it 

impossible to assume a smooth surface that represents the bluff.  Techniques that have been 

successfully applied to aerial lidar data processing cannot be used with the same success for TLS 

data. For example, in processing aerial lidar the assumption is often made that the last return 

represents the ground surface. This assumption is less effective using TLS (Sharma et al., 2010).  

In some cases automated techniques or last returns can provide a good first pass at removing 

vegetation and other erroneous points, but manual removal makes it possible to remove any 

remaining vegetation points. We suggest being aggressive with vegetation removal to ensure 

these erroneous points are removed. While this may result in a greater number of data holes, error 



 

 41 

  

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 2 4 6 8 10

Pe
rc

en
t o

f u
n-

fil
le

d 
ar

ea
 re

pr
es

en
te

d 
by

 
ho

le
s l

es
s 

th
an

 1
0 

m
 in

 le
ng

th

Maximum Hole Length (m)

OCTB1

TrB1

NCTB2

 

Figure 2.8: In this study we filled holes where the maximum length of the hole was less than 10 
meters.  Not filling these holes would have reduced the measurable bluff area by approximately 
35%.  This chart shows the percent area filled at each hole size for a maximum of a hole that is 
less than 10 meters long.   
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produced by vegetation changes is greater than the error produced from holes for the reasons 

discussed above.  Care should also be taken by collecting data at the appropriate time of year to 

minimize vegetative cover.  In many areas this may mean scanning in the late fall or early spring 

during leaf off, or in the winter if snow cover is not an issue.   

On average, total error is only 30% of the retreat rates measured at our study site on the 

Le Sueur River. In addition to measuring retreat rates over the complete bluff surface we were 

able to use the data generated to identify bluff erosion processes and measure the spatial 

variability of bluff erosion. On the sites we studied, over 50% of the erosion or deposition 

occurred on only 10-30% of the bluff surface (Fig. 2.6).   Most other traditional change detection 

techniques would likely have missed much of this detail causing change estimates to be 

overestimated or underestimated (Resop and Hession, 2010).  Given the spatially variable nature 

of bluff erosion, if the selected points measured using traditional surveying or erosion pins were 

in an area of high erosion, resulting estimates for bluff erosion volume or rate could be 

erroneously high. In places where we observed very high erosion rates, the depth of material 

removed (>1 meter) would likely have resulted in loss of the bank pins in those locations. 

The distribution of erosion can be observed in detail using colorized change maps (Fig. 

2.7).  These maps can be used to interpret the dominant bluff erosion mechanisms at each bluff 

site. The location and shape of the failure at each of the sites shown in figure 2.6 demonstrate a 

different erosion process important to the Le Sueur watershed including, over-steepening at the 

bluff toe, failure due to moisture-saturation associated with seeps, and failure due to weakening 

by freeze-thaw. The relative importance of the different bluff erosion processes is impacted by 

bluff material properties.  

 

Conclusion 

 Accurate bank and bluff erosion estimates are essential for improving our understanding 

of near-channel sediment dynamics.  Conventional tools for measuring bank and bluff change, 

such as banks pins or total station surveys provide very coarse resolution and potentially biased 

data (Resop and Hession, 2010).   Further, these techniques are limited to locations where the 

surface of interest is directly accessible.  TLS overcomes these difficulties by relying on a time of 

flight system that collects data at mm - cm scale resolution.  The methods outlined in this paper 

demonstrate one method that can be used to overcome some of the difficulties inherent with using 

this technology in a riverine environment including the presence of vegetation, natural surface 

crenulations, difficulties with re-establishing the same spot annually, and difficulties with 
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creating benchmarks on inaccessible surfaces.  We have evaluated techniques for processing and 

interpreting change detection data using Polyworks metrology software, which is a publicly-

available software capable of processing large point cloud data sets that can be used to compare 

scans collected at different points in time.  

 Error analyses presented here demonstrate the low possible error that can be achieved 

using TLS for change detection.  Potential sources of error inherent with this technology include 

error associated with the irregular surface of the bluff, the presence of erroneous points, 

alignment error, mechanical error, and the error associated with the change detection method 

used. While vegetation introduces challenges for using TLS in natural settings, removing it from 

the scan during data processing can significantly reduce the associated error.  In some cases 

removing the vegetation from the scans can result in data holes.  As noted in the discussion these 

holes are similar to areas with no data that occur when using bank pins or total station surveys.  It 

is possible to interpolate between holes or to simply not measure change in the holes.  In this 

paper we interpolated between the smallest holes, while we ignored the largest holes and left 

them out of the change measurements.  This method maximized the data without relying on 

significant interpolation, which otherwise would have increased error.  

 These methods for measuring change using TLS can be applied to river bluffs and banks 

throughout the world.  The level of detail achieved using TLS allows us to not only measure 

retreat rates, but can also help us gain insight into the processes and drivers of erosion. While 

additional research is needed to ensure that the highest data quality is being generated each time 

we use TLS, the benefits of the technology are clear.  The ability to rapidly collect high resolution 

data across an entire bluff surface is not achieved in any other way, and while there is a steep 

learning curve associated with using the technology and processing the data, the equipment and 

software is rapidly becoming more user friendly.   
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Chapter 2: 

Comparing aerial photographs and terrestrial laser scanning to create a watershed 

scale sediment budget 

Effectively managing and reducing high suspended sediment loads in rivers requires an 

understanding of the magnitude of major sediment sources as well as erosion and transport 

processes that deliver excess fine sediments to the channel network.  Tall bluffs were identified as 

a source of fine sediment on the 2880 km2 Le Sueur watershed, Minnesota, USA.  To better 

understand erosion rates on these near-vertical features, we coupled analyses of seven decades of 

aerial photographs with four years of repeat terrestrial laser scanning (TLS). Together, these 

datasets provide decadal-scale retreat rates throughout the entire watershed and high-resolution 

geomorphic change detection on a subset of bluffs to better constrain erosion rates and document 

bluff erosion mechanisms. Here we discuss methods used to measure erosion rates from aerial 

photographs and TLS and extrapolate those measurements to obtain estimates of sediment 

loading from these features throughout the watershed.  The utility of each approach is discussed 

as well as how these data were used in an integrated sediment budget to assist with management 

of high sediment loads in the Le Sueur watershed. We used aerial photographs and TLS to 

extrapolate from 243 and 15 measured bluffs, respectively, to all 480 bluffs in the Le Sueur River 

watershed.  Despite different spatial and temporal measurement scales, the aerial photograph and 

TLS estimates yielded similar results for bluff retreat rate and total mass of sediment derived 

from bluffs.  Bluffs in the Le Sueur watershed yield 135,000 ± 39,000 Mg/yr of fine sediment, 

which comprises 57±16% of the 2000-2010 average measured total suspended solids load. 
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Introduction: 

 Anthropogenic disturbances can have a negative impact on watershed ecosystems (e.g., 

Harding et al., 1998; Bernhardt and Palmer, 2007; Maloney and Weller, 2011).  Often these 

disturbances result in increased erosion leading to high suspended sediment loads (e.g., 

Dotterweich, 2008). Because excess sediment loading comes from widely dispersed nonpoint 

sources, management of high sediment loads is ideally done at the watershed level. Detailed 

sediment budgeting is one tool for watershed assessment wherein all sediment sources and sinks 

are quantified, evaluated, and compared to gauge records throughout the basin for a specified 

period of time.  The sediment budget can then help direct conservation efforts in the watershed 

and focus restoration efforts on the dominant erosional processes and the areas of greatest 

concern. 

 Rivers in agricultural landscapes are commonly cited as having unnaturally high 

sediment loads (Montgomery, 2007; Wilkenson and McElroy, 2007).   Anthropogenic changes in 

these landscapes are not limited to the changes in vegetation. Fields are commonly tilled and left 

unvegetated for some portion of the year, leaving them susceptible to erosion from runoff and 

wind (Lobb et al., 1995).  Hydrology is often altered through irrigation and/or artificial surface 

and subsurface drainage, an effect that may lead to high erosion on fields and nearby channels 

(e.g. Blann et al., 2009; Hirt et al., 2011; Belmont et al., 2011). Determining whether the 

dominant sources of sediment in agricultural landscapes are upland erosion or near-channel 

erosion remains a significant challenge (De Vente et al., 2007; Smith et al., 2011).  This is 

primarily due to difficulties associated with adequately constraining sediment transport and 

storage dynamics within the landscape and channel floodplain network.   

Watershed erosion and sediment transport processes are complex, and linking landscape 

erosion with river sediment loads is not a straightforward problem.  Trimble (1999) demonstrated 

that sediment yield from Coon Creek, in southwestern Wisconsin, remained relatively constant 

over the past two centuries, despite extraordinary changes in upland erosion, because much of the 

eroded sediment remained stored in the landscape and channel-floodplain system.  Similarly, 

Walter and Merritts (2008) demonstrated that modern sediment loads of many streams throughout 

the mid-Atlantic United States are primarily controlled by historic erosion of the landscape and 

storage of sediment in milldams, both anthropogenic effects.  In both of these cases detailed 

measurements of near-channel erosion would provide critical information for making predictions 

about sediment yield in the river. 
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 Belmont et al. (2011) synthesized multiple independent measurements of sources and 

sinks into an integrated sediment budget for the Le Sueur River, south-central Minnesota, USA. 

Sediment sources included agricultural uplands, ravines, bluffs, and streambanks.  The dominant 

source of sediment was tall bluffs that line the incised, lower 40 km of the Le Sueur River and its 

two main tributaries the Maple and Big Cobb / Little Cobb Rivers (referred to jointly as the Cobb 

River). This is consistent with results found on nearby rivers with a similar evolution and geology 

(Sekely et al., 2002; Thoma et al., 2005).  These bluffs, and the methods used to constrain the 

sediment loads derived from them, are the focus of this paper.  

Constraining bluff erosion requires measurements of bluff extent and retreat rates through 

time.  In this study, bluff erosion was measured over annual to semi-annual time scales using 

terrestrial laser scanning (TLS) (Day et al., this issue) and over decadal scales using historic 

aerial photography.  This paper focuses on the methods used both for measuring bluff retreat rates 

and for extrapolating these rates to all bluffs throughout the entire Le Sueur River watershed to 

determine the role of bluffs on the total sediment budget.  Results show the estimated range of 

sediment loads derived from bluffs using multiple extrapolation techniques and how these 

sediment loads compare to the total sediment load measured at gauging stations throughout the 

watershed.  Because bluffs contribute the majority of the fine sediment load in the Le Sueur 

River, making an accurate estimate of bluff erosion is critical both for compiling a sediment 

budget and determining potential effectiveness of various management options to reduce excess 

sediment loading.  The measurement techniques are demonstrated on bluffs in the Le Sueur River 

watershed yet they could easily be used for similar features, including river banks.   

 

Study Area: 

The Le Sueur River is a 2880 km2 watershed in south-central Minnesota (Fig. 3.1), that 

contributes a disproportionate amount of fine-grained (silt and clay) sediment to the turbidity-

impaired Minnesota and Upper Mississippi Rivers. Sediment loads in the Le Sueur River are 

naturally high because it is a young, actively incising river (Gran et al., 2009; Gran et al., 2011).  

The Le Sueur River watershed is evolving in response to rapid incision by glacial River Warren 

beginning 11,500 radiocarbon years before present (rcbp; 13,400 calendar years before present) in 

response to outburst floods from glacial Lake Agassiz (Clayton and Moran 1982; Matsch 1983; 

Gran et al., 2009; Belmont, 2011).   A series of floods punctuated by periods of quiescence 

incised glacial River Warren as much as 70 meters (Thorleifson, 1996; Lowell et al., 2005), 

spawning knickpoints on all major tributaries.  The modern Minnesota River Valley now  
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Figure 3.1: Inset shows the portion of the Le Sueur River watershed that is within Blue Earth 
County Minnesota, including the entire knick zone, the upper extent of which is indicated by the 
black solid line.  White circles show locations of water and sediment gauging stations.   
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occupies the channel carved by glacial River Warren. The Minnesota River is listed as impaired 

for turbidity under the US Clean Water Act due in part to the still actively-evolving tributaries 

(including the Le Sueur River) within its watershed.  

The Le Sueur River is incising through a series of stacked fine-grained tills, deposited 

over several glacial cycles, interbedded with glaciofluvial sands and gravels.  Throughout most of 

the basin tills are capped by glaciolacustrine silts and clays.  Tills in the watershed are generally 

fine-grained (< 1% gravel and boulders) and range in their degree of consolidation from 

normally-consolidated to over-consolidated (Fig. 3.2) (Jennings, 2010; Belmont et al., 2011). 

Because the Le Sueur River is carving through mechanically weak glacial sediments, the 

knickpoint has not maintained steep face, but instead has laid back forming a diffuse knick zone 

(Gardner, 1983; Belmont, 2011).  The top of the knick zone, which we will refer to as the 

knickpoint is located approximately 40 km upstream on the Le Sueur, Cobb and Maple river 

networks (Fig. 3.1) (Gran et al., 2009). The knickpoint is migrating upstream at a rate of 3.0-3.5 

m/yr and incising at a rate of 2.6 mm/yr resulting in the formation of tall bluffs and steep ravines 

in the valley downstream (Finnegan et al., 2010). 

The Le Sueur River was selected for a detailed study because it contributes ~24-30% of 

the total sediment load to the Minnesota River yet only makes up 7% of the watershed area 

(Minnesota Pollution Control Agency [MPCA] et al., 2007).  The Le Sueur River watershed has 

the added benefits of having high-resolution aerial lidar data available throughout the incised 

portion of the watershed and an extensive network of gauging stations.  

The Le Sueur River and its two main tributaries, the Maple and Cobb Rivers, are all 

gauged, with a total of 8 water and sediment gauges, each monitored for three to eleven years 

(Water Resources Center [WRC] and MPCA, 2009). Gauge data available over the past decade 

indicates that sediment yields increase significantly within the knick zone.  On each of the three 

main branches of the Le Sueur River there are at least two gauges bracketing the knick zone (Fig. 

3.1). Analysis of annual TSS load at the mouth of the Le Sueur over the period of 2000-2010 

shows that an average of 225,000 Mg/yr reaches the mouth, with 60% derived within the knick 

zone, an area covering less than 30% of the watershed, and much of this sediment is derived from 

near-channel sources that make up less than 1% of the watershed area (Gran et al., 2011).  In 

2006, for example, TSS yield on the Maple Rivers increased from 9.9 to 25.4 Mg/km2 as the river 

flowed through the knick zone, while yields on the Cobb River increased from 11.8 to 45.4 

Mg/km2 (Gran et al., 2009).  The vast majority of ravines and bluffs exist below the upper gauges 

on each branch within the knick zone.  Above this point, the river has not incised significantly, 
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Figure 3.2: Only bluffs in direct contact with the river were considered for this analysis.  Pictures 

show a selection of bluffs in the watershed that demonstrate different bluff types discussed 

throughout the paper.  A) Terrace bluffs have a 2 meter thick unit of alluvium overlying in situ 

till. A coarse gravel unit forms the base of the alluvium.  B) Over consolidated till bluffs appear 

jointed, rarely support vegetation and can form vertical faces and overhanging blocks of 

sediment. C) Normally consolidated till bluffs have a massive appearance, can support vegetation 

on their face and are often lower angle.   
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and ravines and bluffs have not been formed except in a few locations where the river has 

meandered into higher-standing topography.   

 

Primary Bluff erosion processes in the Le Sueur: 

Near-channel sediment sources include stream banks, bluffs, and ravines.  Bluffs are tall 

features, reaching as high as 70 m in the deeply-incised lower part of the Le Sueur River valley.  

Bluffs are distinguished from stream banks because they are composed of parent material 

(primarily glacially-derived till) and also because they exceed the height of the floodplain and are 

thus hydraulically-disconnected from the modern channel.  Many bluffs are also valley walls, 

extending as much as 70 m from the elevation of the modern river all the way up to the flat 

upland surface above.  Other bluffs within the incised valley are strath terraces and are composed 

of till capped by alluvium.   

The three main processes that drive bluff erosion in the Le Sueur River watershed are 

undercutting (or over-steepening), sapping, and freeze-thaw.  The type of erosion is often dictated 

by bluff stratigraphy and consolidation state.  At most sites, undercutting is a significant 

contributing factor to erosion, as commonly seen in other field locales (e.g., Turnbull et al., 1966; 

Brunsden and Kesel, 1973; Harden et al., 2009).  Undercutting occurs when the shear stress of the 

flow exceeds critical at the bluff toe, leading to toe erosion and subsequent failure as the bluff 

slope becomes over-steepened.  The critical shear strength of the bluff toe is controlled by grain 

size and cohesion.  Bluff strength can be reduced by freeze-thaw cycles, making the bluff more 

susceptible to undercutting by high flows in early spring (Terzaghi 1962; Kirkby, 1965).  

Groundwater flow or sapping can also reduce the strength of the sediment by increasing pore 

pressure.  Sapping occurs primarily in units with relatively higher permeability compared with 

surrounding units and can result in failure of sediment where sapping is located as well as erosion 

of underlying sediment if the flow is great enough to overcome the critical shear strength of the 

sediment (Thorne and Tovey,1981; Fox et al., 2007; Chu-Agor et al., 2008; Lindow et al.,2009).   

External factors that influence the rate of bluff retreat include aspect and vegetation.  

Aspect affects pore water temperature and thus the number and depth of freeze-thaw cycles (Hall, 

2007; Wynn and Mostaghimi, 2006; Bold et al., 2010).  West and south-facing bluffs experience 

warmer afternoon temperatures leading to a greater number of freeze-thaw cycles (Hall, 2007; 

Bold et al., 2010).  Sediment strength is temporarily weakened after each freeze-thaw cycle, in 

part due to frost heaving, and greater numbers of freeze-thaw cycles may lead to greater erosion 

rates (Wynn and Mostaghimi, 2006; Thomas et al., 2009; Van Klaveren and McCool, 2010).   
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Vegetation stabilizes sediment where the roots pass through the potential failure plane.  

On hillslopes, vegetation has been shown to allow steeper slope formation and protect against 

shallow landslides (Montgomery et al., 2000).  Areas with no vegetation are also more 

susceptible to erosion from overland flow and seepage (Sidle and Ochiai, 2006; Ghahramani et 

al., 2011).  On river bluffs, vegetation has not shown to be a significant long-term stabilizing 

factor, especially in areas where bluff erosion is driven primarily by undercutting; even 

vegetation with extensive root networks can be undercut leading to failure (Docker and Hubble, 

2008; Cancienne et al., 2008).  The influence of vegetation and aspect on bluff retreat rates are 

discussed below.  

 

Methods: 

 This paper describes methods used to evaluate bluff retreat using aerial photographs and 

TLS.  In addition, we detail the methods used to evaluate error associated with using aerial 

photographs to measure change.  The methods section of this paper is divided into individual 

subsections highlighting the techniques used for each of these analyses. 

 

Aerial photograph methods and extrapolation: 

Aerial photographs are available on a decadal basis for the Le Sueur basin beginning in 

1938.  Photographs from 1938 and 1971 with a scale of 1:20,000 were scanned at 600 dpi to be 

analyzed digitally.  The scanned images have a ground pixel size of 95 cm and were aligned to 

photographs from 2005 using the ArcGIS georeferencing tool.  The 2005 photographs were taken 

with a ground pixel size of 15 cm and orthorectified by Optimal Geomatics in Huntsville, 

Alabama.  The ArcGIS Georeferencing Tool aligns the photographs using user-selected control 

points, present in both sets of photographs, such as roads, houses, or stable fence lines.  A 

minimum of eight control points were used to align each photograph, followed by a first-order 

polynomial transformation.  Because the river is the feature of interest we selected photographs 

where the river was near the center and used control points at road intersections and bridge 

crossings near the river wherever possible. These techniques were used to minimize 

georefrencing error (Hughes et al., 2006).  

Bluffs were mapped from a 3m-resolution digital elevation model (DEM) derived from 

airborne lidar topographic data (15cm vertical RMS error and 1m horizontal RMS error) collected 

in 2005.  Bluffs were identified automatically using an algorithm that selected any feature with 

greater than three meters of relief in an 81 m2 window. The three meter threshold was determined 
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from field observations, which suggested that features shorter than this are inundated by the river 

during high flow events, making these shorter features floodplains, by definition. This algorithm 

was used to select all bluffs in the watershed, including bluffs that are immediately adjacent to the 

river as well as bluffs that are separated from the river by a floodplain or terrace. Bluffs that are 

separated from the river were excluded from erosion analysis because field observations indicate 

that these features are relatively stable and it is unlikely that any sediment eroded from these 

features is transported to the river, across intervening floodplains and terraces.  

To track bluff retreat and estimate multi-decadal sediment contributions from these 

features, each bluff crest was traced in both 1938 and 2005 photographs based on changes in 

vegetation and shadows from the flat upland surface to the steep bluff face.  Characteristics used 

to distinguish the transition between the bluff face and upland surface were field checked at 

various sites throughout the watershed.  Using the aerial lidar DEM, the exact location of the 

bluff crest in 2005 could be verified (at 10 bluffs the 2005 crest lines were compared with the 

DEM and it was found that on average the lines were within 0.44m of each other), yet to be 

consistent with the 1938 delineation, the 2005 bluff crests were mapped using the aerial 

photographs.   To calculate average bluff retreat distance, the area between crests in 1938 and 

2005 was divided by the river length along the bluff.  The area was calculated by adding together 

areas of positive retreat (the 2005 crest line is further from the river than the 1938 crest line) and 

negative retreat (the 1938 line is further from the river than the 2005 crest line) (Fig. 3.3).  In 

reality, there are no physical processes that cause negative retreat at bluff crests, which indicates 

that perceived negative retreat is a byproduct of error from the photograph alignment and/or 

manual tracing of the bluff crest.  Assuming that both sources of error are non-systematic/ non-

directional, summing the areas of positive and negative retreat minimized the effect of these 

errors.  Retreat distance was divided by the time between the photographs (67 years) to determine 

an average annual bluff crest retreat rate.    

To calculate the volume of sediment removed, V, the 3m DEM was used to calculate 

bluff height as the difference between average bluff crest elevation and average river elevation 

along the bluff.  It was initially assumed that bluff retreat was parallel (Fig. 3.4), thus 

         (3.1) 

where R is the bluff retreat rate, H is the bluff height and L is the river length along the bluff.   

Over long time scales the assumption of parallel retreat is reasonable, as evidenced by the 

consistently steep faces of bluffs of all ages distributed throughout the knick zone. However, over 
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Figure 3.3: Variations in bluff shape can influence the measured length of the bluff crest; 

therefore the length of the river in direct contact with the bluff is used as the bluff length.  

Because there is no physical reason that the bluff crest should move toward the river, areas of 

negative bluff retreat are subtracted from areas of positive retreat to reduce error associated with 

tracing the bluff crest and georeferencing the photographs. 
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Figure 3.4: A) Parallel bluff retreat, where the bluff retreat rate is assumed to be equal at all 

points on the bluff surface. B) Retreat of the bluff toe is computed using the river meander 

migration rate, rather than assuming equal retreat at all points on the bluff surface. 
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decadal timescales bluff crest and toe may not always retreat at the same rate.  Equation 3.1 was 

thus refined to account for the difference between the bluff crest retreat rate and the average river 

migration rate along each bluff toe.  River migration rates were calculated using the Planform 

Statistics Tool developed by Lauer and Parker (2008) and available online as part of the National 

Center for Earth-surface Dynamics Stream Restoration Toolbox 

(http://www.nced.umn.edu/content/tools-and-data).   This ArcGIS-based tool interpolates a 

channel centerline from manually digitized bank lines and calculates river migration rates as the 

difference in river center lines between two points in time.  To perform this calculation we 

discretized the channel centerlines every 10 m. 

The river migration rate provides an estimate of the average retreat rate at the base of the 

bluff (Fig. 3.4).  By combining the river migration rate with the bluff crest retreat rate we can 

determine if individual bluffs are laying back (i.e., crest is retreating faster than the toe) or 

becoming steeper (i.e., toe is retreating faster than the crest).  Where the river is migrating away 

from the bluff we assume zero migration of the bluff’s toe.  Field observations suggest that 

typically any colluvial deposition at the base of the bluff is quickly removed by the river.  Also, 

migration away from the bluff may be artificial due to higher water levels when the 2005 

photographs were taken.  Where one edge of the river is lined by a bluff, the higher water level in 

the 2005 aerial photograph causes the river’s center line to appear closer to the opposite bank.  

The final calculation for finding the volume of sediment removed from each bluff (V) is :  

      (3.2) 

where M is the river migration rate.  

Both equations 3.1 and 3.2 compute the total volume of sediment eroded over a given 

time.  The primary concern in this watershed is fine sediment, so the volumes calculated are 

modified to reflect the fine sediment load alone using a bulk density of 1.8 Mg/m3 (Thoma et al., 

2005) and an average grain size distribution for the tills of 65% silt and clay (Gran et al., 2009).   

In many places vegetation or poor photograph quality obscures the bluff crest.  All bluff 

crests visible in both 1938 and 2005 were traced on the Maple and Le Sueur Rivers; of the 354 

bluffs mapped from the 3m DEM, 183 were traced.  To calculate the bluff sediment loading from 

the entire watershed, it was necessary to extrapolate from all traced bluffs to the remaining 171 

bluffs.  Because the height (H), length of the river along the bluff (L), and the meander migration 

rate (M) were all measured independently, the only unknown variable for the non-traced bluffs 
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was the crest retreat rate.  To extrapolate the retreat rate for the non-traced bluffs, bluffs were 

binned based on aspect and vegetation cover attributes, as these may affect bluff erosion rates.   

To extrapolate the measured retreat rate to each of the non-traced bluffs using aspect, 

bluffs were binned into eight groups, each representing 45˚ (Table 3.1).  Average retreat rate was 

calculated for each bin, and this rate was the applied to all non-traced bluffs in that aspect bin.  A 

second technique extrapolated retreat rates based on vegetation and location.  Bluffs were 

separated into six groups based on vegetated/ un-vegetated surfaces and location with respect to 

the gauging network (which also delineates the knick zone) (Table 3.2). Average retreat rate was 

determined for each of the six groups, and applied to all non-traced bluffs in that group.   

 

Terrestrial laser scanning methods and extrapolation: 

Terrestrial laser scanning (TLS), also referred to as ground-based or tripod-based lidar, is 

a laser-based topographic measuring system.  Like aerial lidar, TLS relies on time-of-flight laser 

pulse returns to measure topography, but because TLS is tripod-based it can be used to measure 

vertical features like bluffs.  For this project we used an Optech ILRIS 36D lidar system rented 

from the Lidar Lab now at Western State College of Colorado.  This equipment has centimeter-

scale resolution with an accuracy of 7mm in the direction parallel to the laser (Gulyaev and 

Buckeridge, 2004; Rosser et al., 2005;  Wawrzyniec, 2007; Milan et al., 2007; Resop and 

Hession, 2010; Lim et al., 2010; Optech, 2011; Day et al., this issue). While this technique 

provides high resolution data on the surveyed bluffs, significant data collection and processing 

time (approximately 2 days per site per year) make it impossible to collect data at all 482 bluffs in 

the watershed.   

TLS data were collected annually for four years (2007-2010) at fifteen sites and 

processed based on the procedures outlined in Day et al. (this issue).  The scans were aligned 

using stable features and vegetation was removed from the scan data.  Sites were selected to 

represent a range of stratigraphies and locations.   Eight sites were scanned on the Le Sueur 

River, six within the knick zone and two upstream.  On the Maple and Cobb Rivers, two and 

three sites, respectively, were scanned within the knick zone and zero and one, respectively, 

upstream of the knickpoint (Fig. 3.1).  Data from these fifteen sites were used to estimate bluff 

erosion throughout the basin.   

Two different extrapolation analyses were performed to determine sediment loads from 

bluffs between 2007-2010.   For both extrapolation analyses, the height and length measurements 

of the bluffs were the same as those used for the aerial photograph analysis.  For each  
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Table 3.1: Bluff data for groups based on aspect  

 Le Sueur River Maple River Cobb River 
 Total 

# 
bluffs 

# 
Traced 
Bluffs 

Measured 
retreat rate 
(m/yr) 

Total 
# 
bluffs 

# 
Traced 
Bluffs 

Measured 
retreat rate 
(m/yr) 

Total 
# 
bluffs 

# 
Traced 
Bluffs 

Measured 
retreat rate 
(m/yr) 

0˚-45˚ 33 14 0.18 8 5 0.04 16 11 0.23 
45˚-90˚ 28 12 0.10 13 7 0.09 6 4 0.22 
90˚-135˚ 29 9 0.05 19 15 0.03 25 12 0.24 

135˚-180˚ 36 16 0.09 17 11 0.07 20 8 0.11 
180˚-225˚ 33 18 0.14 14 10 0.19 20 9 0.04 
225˚-270˚ 30 9 0.18 18 10 0.21 9 3 0 
270˚-315˚ 19 10 0.16 23 15 0.20 7 1 0 
315˚-360˚ 25 15 0.24 9 7 0.09 23 12 0.13 
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Table 3.2: Bluff data for groups based on vegetation  

  Le Sueur River Maple River Cobb River 
  Total 

# 
Bluffs 

# 
Traced 
Bluffs 

Measured 
retreat 
Rate 
(m/yr) 

Total 
# 
Bluffs

# 
Traced 
Bluffs 

Measured 
Retreat 
Rates 
(m/yr) 

Total 
# 
Bluffs 

# 
Traced 
Bluffs 

Measured 
Retreat 
Rates 
(m/yr) 

   
  V

eg
et

at
ed

 Above  
Gauges 

22 5 0.10 24 14 0.12 33 12 0.08 

Between 
Gauges 

96 32 0.09 60 40 0.18 26 9 0.13 

Below  
Gauges 

56 22 0.15 14 6 0.14 1 1 0.22 

U
n

ve
ge

ta
te

d
 Above 

Gauges 
16 6 0.05 

 
3 3 0.24 1 1 0.25 

Between 
Gauges 

85 60 0.20 42 34 0.20 79 35 0.24 

Below  
Gauges 

34 23 0.17 6 5 0.21 5 1 0.15 
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extrapolation analysis we used the erosion rate calculated over the longest time span measured.  

In most cases this was approximately three years (9 bluff sites), but some sites were not measured 

either the first or last year, so the time span is shorter. The first extrapolation technique simply 

averaged the rates measured at all sites and applied that rate to all the bluffs in the basin. This 

method gives equal weight to all bluffs regardless of their characteristics.  The second method 

extrapolated rates based on an empirical relationship between mass erosion rate (Mg/yr) and the 

surface area (m2), similar to Sekely et al., (2002).  A linear regression was plotted through these 

points and forced through the origin.  The slope of this line is the bluff retreat rate in Mg/m2·y. 

Because the TLS data preferentially measure the unvegetated portions of the bluffs, rates were 

applied exclusively to the unvegetated bluff length measured from the 2005 aerial photographs.   

For comparison, the same analysis was done using the entire bluff area.  In both cases, bluffs that 

displayed no retreat during the 67 year aerial photograph record were assumed stationary and 

were not included in the extrapolation analysis. 

 

Validation and Error Analysis: 

 There are many possible sources of error in using aerial photographs for change 

detection.  While methods are not standardized, many aspects of how these analyses should be 

done and what range of errors can be expected have been evaluated by other authors (Hughes et 

al., 2006; Walter and Tullos, 2010).  To evaluate the specific range of error associated with the 

methods presented here, some of these tests were repeated and some were expanded.  The aspects 

of this analysis that were tested include tracing error, georeferencing error, and extrapolation 

error. 

 

Tracing Error: 

One significant source of error in the aerial photograph analysis comes from manually 

tracing bluff crests.   In some cases the bluff crest is easily defined, yet in other places vegetation 

obscures the bluff crest, making it necessary to rely on shadows.  Photograph quality can also 

vary greatly, affecting one’s ability to locate bluff crests.  To quantify error associated with 

tracing bluff crests, ten bluffs were traced ten times each in both the 1938 and 2005 photographs.  

Selected bluffs represent the range of bluff types and photograph quality observed throughout the 

basin.  To reduce bias, traces were not done consecutively, but instead several hours or days 

passed between each of the ten traces.  Retreat rate was calculated for each bluff trace using the 

methods outlined above and the volume lost was calculated using equation 1. The consistency of 



 

 64 

the volume measurements was evaluated at each individual site.  This test determines the tracing 

error at a single bluff.  

 

Georeferencing Error and Intermediate Photograph Test: 

 Georeferencing aerial photographs can introduce a range of errors based on the type of 

control points and the specific polynomial transformation used.  For first-order polynomial 

transformations, Hughes et al. (2006) found the georeferencing error to be approximately 5m for 

photographs of the same scale, scanned and processed in the same way, as the photographs used 

here. A similar analysis for our study indicated error between 3 to 6 meters on each photograph.   

A georeferencing error of 5 meters corresponds to a retreat rate error of ±0.07 m/yr for our study 

comparing photographs from 1938 and 2005.  For a first order polynomial transformation, it is 

likely that the error is not random but shifts the picture in one direction.  Because a single 

photograph contains many bluffs, shifting the image in one direction would increase rate 

estimates for some bluffs, while decreasing rate estimates for others. For this reason, the actual 

error in average crest retreat rates is likely much lower than ±0.07 m/yr, and the overall retreat 

rates used are more robust than retreat rates measured at individual bluffs.   

We tested the combined georeferencing and tracing error using an intermediate set of 

photographs to determine how significantly these errors impact the total average volume eroded 

from bluffs.   The intermediate photograph test was performed on the Maple River bluffs using 

photographs from 1971, which are at the same resolution and were aligned in the same way as the 

1938 photograph set.  The same bluff crest tracing analysis described above was performed on 

these photographs.  If the georeferencing and tracing errors are low, essentially becoming random 

noise when using a large data set, then the sum of the area between the crest lines from 1938-

1971 and the area between the 1971-2005 lines should equal the area between the crest lines from 

1938-2005.  From this data set we can also evaluate if retreat rates changed between these two 

time intervals. 

 

Extrapolation Error: 

In the Le Sueur basin it was impossible to trace every bluff crest as some of them were 

heavily vegetated or the image quality was poor.  To evaluate how many bluffs are needed to 

achieve a desired level of accuracy in estimating the total volume of sediment contributed to the 

river by bluffs, we performed a jackknife analysis (Miller, 1974).  For the Le Sueur, Maple, and 

Cobb Rivers, traced bluffs were compiled and the total volume of sediment lost from those bluffs 
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was calculated using measured retreat rates for each bluff.  Using a random number generator, 

bluffs were then selected and the corresponding retreat rate data removed, one at a time.  The 

average retreat rate for the remaining bluffs was calculated and assigned to all removed bluffs.  A 

new volume was then calculated and compared to the original volume measured.  We recorded 

how many bluffs could be removed from the original dataset before the error was greater than 10, 

15 and 20%.  This calculation was performed 100 times for each river.  In addition, we recorded 

the percent error generated from removing one bluff to identify the potential importance of 

individual bluffs. The rate from each bluff was removed one at a time and replaced by the average 

of the remaining bluff rates.  The new volume was calculated and compared to the original 

measured volume.  

 

Summation of Error: 

 All of the errors discussed above must be combined to determine the total uncertainty in 

retreat rate of a single bluff and the uncertainty associated with calculation of the final volume of 

sediment eroded from bluffs in the watershed. Due to the non-systematic nature of the 

georeferencing and tracing errors, we would expect that the uncertainty will be much larger for a 

single bluff than for the total volume calculation.  However, while georeferencing and tracing 

errors are minimized as additional bluffs are considered, the final bluff calculation relies on 

extrapolation to non-traced bluffs resulting in an additional source of error.  

 A conservative approach to determining the total uncertainty would be to simply add 

each source of error. This approach assumes that each source of error is completely independent 

of the other errors. In this study the errors are nested such that the test used to determine the 

magnitude of one error relies on the assumption that there are no other sources of error.  For 

example, when considering a single bluff, the test used to measure the tracing error assumes 

accurate georeferencing.  As tracing error becomes very large, the accuracy of the georeferencing 

becomes less important. The percent total uncertainty at a single bluff (Utot-single) is summed as 

                                                  (3.3) 

Where EG-single is the percent georeferencing error at a single bluff and ET-single is the percent 

tracing error at a single bluff less than 100%.  Where ET-single is greater than 100% the error is 

dominated by that component.  

For the total volume calculation we use the results of the intermediate photograph test, 

which pairs the georeferencing and tracing errors.  Again we have a nested error scenario where 
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the extrapolation error assumes the accuracy of the georeferencing and tracing. The percent total 

uncertainty for the complete volume calculation (Utot-volume) is summed as 

                                          (3.4) 

Where EGT-volume is the combined percent tracing and georeferencing error of the final volume 

calculation and EE-volume is the percent extrapolation error of the final volume calculation less than 

100%.  Where EE-volume is greater than 100% the error is dominated by that component. 

 

Benefit of Additional Data: 

Ideally extrapolating would be minimized and the actual crest retreat rate and river 

migration rate of each bluff could be measured using the methods described above. However, in 

the Cobb River, many of the 1938 photographs are unavailable, making it impossible to perform 

the analysis as it was done for the Le Sueur and Maple Rivers. Therefore we used the Cobb River 

to measure how additional data improves the estimated sediment load.  Using the aerial lidar, 

bluffs were identified using the same algorithm as was used on the Maple and Le Sueur Rivers.  

The length, height, and aspect of each bluff were also measured using the lidar.   

We performed four tests progressively adding data beginning with only the aerial lidar 

data.  The first test assumed no aerial photographs were available along the Cobb River.  For this 

test we used the retreat rates measured from the Maple River and applied them to the Cobb River 

based on aspect alone, because this characteristic could be measured without aerial photographs.  

For this analysis we assumed parallel retreat (equation 1).  The second test used all available 

photographs.  We measured the crest retreat rate on 48% of the bluffs and extrapolated using both 

vegetation and aspect.  For this test we again used parallel retreat to calculate the mass of 

sediment lost.  The third test included migration rate data from the Maple River.  On both the 

Maple and the Le Sueur Rivers the river is migrating toward 50% of the bluffs at an average rate 

of 0.18 m/yr.  We applied this average migration rate to 50% of the bluffs on the Cobb River and 

assumed zero migration for the other 50% because, as stated above, river migration away from 

the bluff may be a result of higher water levels in the 2005 photographs, rather than deposition at 

the toe.  The total load was calculated using equation 2. The final test used migration rates 

measured on the portions of the river where the 1938 aerial photographs were available. At 72% 

of the bluffs we were able to measure the migration rate and we applied the average migration 

rate on the Cobb to half of the remaining bluffs and zero migration to the other half. 
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Results: 

The results presented here show the effects of time between measurements, how the 

methods of extrapolation impact results, and how the extrapolated rates compare with measured 

TSS loads in the Le Sueur River watershed.  These results also demonstrate the value of aerial 

photographs for measuring retreat over a large area and TLS for measuring bluff erosion in detail 

at individual sites.   

 

Overview: 

Regardless of the method of measurement and extrapolation used, bluff erosion rates in 

the Le Sueur River watershed are high and account for a large percentage of the total fine 

sediment load in the rivers. Based on the analyses described above, an average of approximately 

135,000 ± 39,000 Mg/yr of bluff-derived fine sediment passes the Le Sueur River mouth gauge, 

which is 57±16% of the average total measured TSS load at that gauge between 2000 and 2010.  

An additional 17,100±14,000 Mg/yr enters downstream of the mouth gauge from a single bluff 

Pairing aerial photographs and TLS demonstrates the effect of different time-averaging intervals 

on estimated retreat rates.  Averaging time-intervals is an important consideration in estimating 

rates of stochastic processes (Ganti et al., 2011) because measurements must be of sufficient 

duration to average out variability.  In our case, the four-year TLS study and 67-year aerial 

photograph measurements converge on similar rates, suggesting that the four years we performed 

TLS scans, and the range of flows the river experienced, were sufficient to average out much of 

the variability in this watershed. 

 

Bluff retreat results: 

 The episodic nature of bluff retreat makes it essential to measure bluff erosion over 

multiple time scales (Day et al., this issue).  When only one year of change was measured using 

TLS, erosion rates ranged from -0.17 m/yr (deposition occurring at the toe) to 1.01 m/yr with an 

average rate of 0.19 m/yr.  Retreat rate depends on the bluff type and magnitude of the flow 

throughout that year.  Data integrated over two years from 2007-2009 had a more narrow range of 

retreat rates, from -0.17 m/yr to 0.21 m/yr with an average rate of 0.08 m/yr.  Key pieces of 

information can be obtained at both timescales. While the longer timescale provides a more 

accurate constraint on average bluff erosion rates throughout the watershed, the annual and sub-

annual measurements provide insight regarding erosional mechanisms and responses to specific 

environmental conditions. 
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Average annual retreat rates measured from TLS data correspond well with the 

magnitude of the peak flows. Flow rates in 2009 were very low compared to the multi-decadal 

average, while in 2010 a rapid snow melt paired with significant spring rainfall, resulted in a 

record peak discharge.  The average bluff retreat measured at the fifteen sites between spring 

2009 and spring 2010 was 0.43 m/yr.  The three-year average erosion rate from 2007 – 2010 was 

0.20 m/yr.  When longer time periods between scans were considered, the effect of a single event 

was reduced and retreat rates approached the 67 year average measured using aerial photographs 

(Fig. 3.5). This three-year average is more similar to the multi-decadal retreat rate measured from 

aerial photographs of 0.14 m/yr.  The longer aerial photograph record averages over wet and dry 

years, reducing the impacts of an individual large storm event.  

Retreat rates measured from aerial photographs for individual bluffs range from 0 to 0.96 

m/yr, averaged over 67 years.  For extrapolation, bluffs were grouped in two different ways, 

based on aspect and vegetation/location as described above. Retreat rates averaged within each 

group were used to extrapolate to the non-traced bluffs within each group (Tables 3.1, 3.2).   The 

total mass of sediment derived from bluff retreat in the watershed when aspect and 

vegetation/location were used for extrapolation is 158,000±33,000 Mg/yr and 182,000±38,000 

Mg/yr, respectively.   

Results from the fifteen TLS sites were also used with two different extrapolation 

methods to estimate total sediment mass derived from bluffs.  The two extrapolation analyses 

performed using the TLS data resulted in total fine sediment mass estimates ranging from 

105,000±53,000 to 129,000±64,000 Mg/yr when only the unvegetated bluffs were measured and 

255,000±128,000 to 315,000±157,000 Mg/yr when the entire bluff area was used (Table 3.3).  

Using a simple average from the 15 sites measured with TLS, the mean erosion rate is 0.20 m/yr, 

or 0.23 Mg/m2·yr (using a bulk density of 1.8 Mg/m3 and percent of silt and clay of 65%), which 

yields the lower mass estimates given above.  Average bluff erosion rate measured using linear 

regression between the bluff surface area and mass erosion rate is 0.25 m/yr, or 0.29 Mg/m2·yr 

(Fig. 3.6).   

Both TLS and aerial photograph data show a weakly increasing trend in the downstream 

direction, in mass of sediment removed from each bluff, as indicated by the increasing slope of 

the cumulative mass curves (Fig. 3.7).  On the Maple River this increase is most pronounced.  

After passing the upper gauge and entering the knick zone (40 km from the mouth) only 1 of the 

45 eroding bluffs contributes < 10 Mg/yr of fine sediment, and all the bluffs that contribute >1000 

Mg/yr of fine sediment are downstream of this point.  On the Le Sueur River, bluffs with low 
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Figure 3.5: Higher peak discharge results in a higher retreat rate while time averaging reduces the 
importance of an individual flow event.   The hydrograph shows flow over the entire study 
period.  Horizontal lines indicate the average retreat rate measured on the fifteen bluffs scanned 
using TLS over the interval they cover on the x axis.  Bluff retreat over short (annual) time 
intervals  respond strongly to the flows during that period.  Retreat rates over longer intervals 
begin to approach the four year average (0.20m/yr).  
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Table 3.3: Results from TLS up-scaling  

  Linear 
Regression 
All bluffs 
(Mg/yr) 

Linear Regression 
Un‐vegetated 

bluffs 
(Mg/yr) 

Average 
All bluffs 
(Mg/yr) 

Average 
Un‐vegetated bluffs

(Mg/yr) 

Maple 
Below Gauges 
Between Gauges 
Above Gauges 

 
22,000 
47,000 
8,000 

 
7,000 
23,000 
1,700 

 
18,000 
38,000 
6,500 

 
5,800 
18,000 
1,400 

Total  77,000  32,000  62,000  26,000 

Le Sueur  
Below Gauges 
Red Jacket to Hwy 8 
Hwy 8 to St Claire 
Above Gauges 

 
21,000 
64,000 
54,000 
12,000 

 
2,800 
22,000 
24,000 
4,200 

 
17,000 
52,000 
44,000 
9,500 

 
2,300 
18,000 
20,000 
3,400 

Total  150,000  53,000  122,000  43,000 

Cobb 
Below Gauges 
Between Gauges 
Above Gauges 

 
27,000 
60,000 
760 

 
21,000 
23,000 
110 

 
22,000 
49,000 
620 

 
17,000 
19,000 
90 

Total  87,000  44,000  71,000  36,000 

Total from all  315,000  129,000  255,000  105,000 

Total at mouth 
gauge  294,000  126,000  238,000  103,000 
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Figure 3.6: The relationship between the average annual mass lost and the surface area for the 
fifteen sites measured with TLS.  The slope of the line is the average retreat rate in Mg/m2·yr and 
is used to scale to all bluffs in the watershed.  
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Figure 3.7: Cumulative Distribution of the mass of sediment contributed from bluffs to the Maple 
(top), Le Sueur (middle), and Cobb (bottom) Rivers. Slope of the mass curves increases in the 
downstream direction, indicating that the larger bluffs found in the lower parts of the channel 
network contribute disproportionately more sediment. Gauges are delineated with vertical dashed 
lines. 
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erosion volumes exist along the entire length of the river, yet those bluffs with the highest erosion 

volumes (> 1500 Mg/yr) are all concentrated at the furthest downstream portions of the river in 

the lower portion of the knick zone and where the knickpoint has already passed (< 25 km from 

the mouth). This is consistent with higher erosion rates measured in the downstream reaches of 

the river below the gauges (Table 3.4) as well as larger bluffs being present downstream where 

the relief is greater.  This result occurs regardless of the extrapolation method used.   

 

Error Evaluation: 

The sources of error using aerial photographs to measure bluff retreat include tracing 

error, georeferencing error, and extrapolating error.  Each of these was evaluated through a series 

of tests. These errors were evaluated for individual bluffs, in which case extrapolation error is not 

applicable, but georeferencing and tracing errors are maximized, as well as for multiple bluff sites 

where the non-systematic errors like georeferencing and tracing are minimized, but extrapolation 

error must be considered.  

At a single bluff, error averages 86% when both georeferencing and tracing errors are 

considered and combined using equation 3.  This average error will vary for each bluff based on 

the actual georeferencing error for the photograph, the bluff’s specific retreat rate, and visibility 

of the bluff crest.  As discussed in the methods section, georeferencing error at a single bluff is 

±0.07m/yr or 50% of the average bluff retreat rate, 0.14 m/yr.  At a given site the tracing error 

may also be quite high.  The signal-to-noise ratio (SNR) at a single site ranges from 20- 140%, 

where the average SNR is 72%.  The greatest tracing error (averaging 97%) is associated with 

bluffs where the bluff crest is heavily vegetated or the photograph quality is poor.  This error is 

much greater than the average 55% error at non-vegetated bluffs.    

Despite this high georeferencing and tracing errors at individual bluffs the errors are 

significantly reduced as more bluffs are considered.  The combined georeferencing and tracing 

error of the total volume calculation was found using the intermediate photograph test. In addition 

to the 1938 and 2005 photographs that were used to trace bluffs throughout the watershed, 1971 

photographs were used on the Maple River.  Results show that the sum of the area between the 

crest lines from 1938-1971 and 1971-2005 is within 3% of the area between the crest lines 

encompassing the entire period (1938-2005), indicating that georeferencing and tracing error are 

quite low when considering all traced bluffs together. 
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   Table 3.4: Mass of sediment (Mg/yr) calculated from bluffs assuming three scaling methods  

Vegetation Aspect TLS* 

Maple       
Below Gauges 10,400 9,520 6,500 
Between Gauges 18,900 18,800 21,000 
Above Gauges 2,710 2,700 1,600 
Total 32,100±3,800 31,000±3,600 28,600±14,300 

Le Sueur  
Below Gauges 26,600 22,300 2,500 
Red Jacket to Hwy 8 40,700 35,400 20,000 
Hwy 8 to St Claire 20,800 21,300 22,000 
Above Gauges 4,960 5,520 3,800 
Total 93,100±18,000 84,500±17,300 48,100±24,100 

Cobb 
Below Gauges 20,000 16,000 19,000 
Between Gauges 37,000 25,000 21,000 
Above Gauges 320 410 100 
Total 57,000±12,000 42,000±7,000 39,800±19,900 

Total from all 182,000±38,000 158,000±33,000 117,000±58,000 
Total at Mouth Gauge 156,000±33,000 135,000±28,000 113,000±56,000 

*TLS numbers for unvegetated bluff area only 
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 A jackknife analysis was used to calculate the total extrapolation error and determine if 

there are ever individual bluffs that have characteristics that make them more important to 

measure accurately compared to the others. The jackknife analysis indicated that only 30-40% of 

bluffs must be traced to keep extrapolation error below 20%.  If 65-70% of bluffs are traced, the 

error is reduced to 10%.  This analysis also showed that some bluffs are more important than 

others.  Very large bluffs can contribute a disproportionately large amount of sediment and 

should be traced if at all possible.  For example, replacing the measured retreat rate with the 

average retreat rate on a highly active 380 meter long bluff on the Maple River resulted in a 10% 

difference in total mass of sediment.  

At the watershed scale, error associated with tracing and georeferencing is 3%, and the 

remaining error is due to extrapolation and is dependent on the number of bluffs traced on each 

river. Along each river, 44-66% of bluffs were traced, which results in an extrapolation error of 9-

18% based on a linear trend between the error and the number of bluffs traced (Fig. 3.8).  Using  

equation 3.4, we find 11 - 20% error in the total volume of sediment calculated from aerial 

photographs.   

Total error in the sediment mass estimate derived from TLS data is 50%.  TLS 

measurement error is 30% (Day et al., this issue).  An important factor in the large total error 

associated with the TLS estimates is a result of extrapolation, which is much higher (28%) 

relative to extrapolation error associated with aerial photograph analysis because only a small 

proportion of bluffs in the watershed were scanned.  TLS error was summed using equation 4 

where the measurement error is used as EGT-volume.  

 

Benefit of additional data: 

The Cobb River was used to evaluate the benefit of additional data.  Using all available 

data, the total fine sediment load ranges from 40,000-57,000 Mg/yr based on extrapolating the 

crest retreat using aspect and vegetation/location, respectively (Table 3.5). These are the target 

numbers we compare to as data are removed and extrapolated from other sources.  The data 

available included 48% of bluff crest retreat rates and river migration rates at 72% of bluffs.  

When parallel retreat using the crest retreat rate measured on the Cobb River bluffs was used for 

calculating bluff volume lost, the total fine sediment loads for extrapolation using aspect and 

vegetation/location were 58,000 and 67,000 Mg/yr respectively.  When migration rates from the 

Maple River were applied, estimated loads dropped considerably to 45,000 and 56,000Mg/yr.  

Based on results of the error analyses described above, the total uncertainty associated with 
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Table 3.5: Results from “value of additional data” test using the Cobb River  

  Aspect for up‐scaling 
Total fine sediment 

(Mg/yr) 

Vegetation for up‐scaling 
Total fine sediment 

(Mg/yr) 

Parallel retreat*  
All values from Maple River  41,000   

Parallel Retreat 
Crest retreat measured on Cobb River  58,000  67,000 

With Migration 
Crest retreat measured on Cobb River
Migration values from Maple River  45,000  56,000 

With Migration 
Crest retreat measured on Cobb River
Migration measured on Cobb River  40,000  57,000 

 

*The first test assumes no aerial photographs are available and all values are extrapolated from 

the Maple River.  With no aerial photographs vegetated bluffs cannot be identified and therefore 

there is no value for the total load using vegetation fro up-scaling where all values are assumed 

from the Maple River retreat rates. 
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Figure 3.8: A linear regression is used to determine the error due to extrapolation for each of the 
rivers based on the percentage of bluffs traced. 
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tracing bluffs, georeferencing photographs, and extrapolating rates in the Cobb River is 18%. 

When applying this uncertainty to bluff load calculated measured using all available data only the 

value calculated using the crest retreat rates measured on the Cob bluffs as parallel retreat rates 

and using aspect to extrapolate were outside the uncertainty bounds.  The retreat rates on the 

Cobb were not much greater than the rates on the Maple, yet they were distributed differently 

resulting in a large increase in total measured sediment load when these data were used.  When 

river migration information was included in the calculation, the total mass of sediment was much 

lower, regardless of whether the migration rate used was the average rate measured on the Maple 

River or the actual migration rate measured along Cobb River bluffs.  The average migration rate 

toward bluffs on the Cobb was 0.16 m/yr which is approximately 89% of the average migration 

rate on the Maple.  In addition, as observed on the Maple and Le Sueur Rivers, 50% of Cobb 

River bluffs displayed river migration toward the bluff rather than away.  

 
Role of bluffs in sediment budget: 
  Calculated sediment loads from bluffs were compared to gauging records at multiple 

locations throughout the watershed (Fig.3.2).  Gauging records are available beginning in 2000 at 

the mouth gauge and 2006 or 2007 for all other locations (WRC and MPCA, 2009).  To develop 

an average load from 2000-2010 annual loads at each gauge were interpolated using mouth gauge 

data.    At the upper gauges, bluffs account for 12±3%, 7±2%, and 4±1% of the average measured 

TSS load on the Maple, Le Sueur, and Cobb Rivers respectively (Table 3.6).  At the mouth of the 

Le Sueur, average bluff loads from the three extrapolation methods accounts for 57±16% of the 

average TSS load measured from 2000 – 2010, which equals 238,000 Mg/yr (Table 3.6).  When 

all additional sediment sources are considered (i.e. ravines, upland fields, and streambanks), 

bluffs account for 46-54% of the total estimated decadal load (Belmont et al., 2011; Gran et al., 

2011). 

Gauge data from 2007-2010 are compared directly to the TLS results (Table 3.7).  The 

results of this comparison are similar to the decadal comparison made using the bluff loads from 

all extrapolation techniques.  Using the TLS results and the 2007-2010 gauge data bluffs account 

for 52±11% at the mouth of the Le Sueur (Table 3.7).  

 

Discussion: 

Bluffs line 32% of the river and can be up to 60 m tall in the Le Sueur watershed.  They 

are exclusively sediment sources with only temporary storage of sediment at the bluff toe, in  
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Table 3.6: 2000-2010 gauge data  

Gauge 
Average TSS load       

2000‐2010 (Mg/yr)* 
Average Bluff Erosion 
Volume (Mg/yr)+ 

Percent decadal TSS 
due to bluff erosion 

Upper Maple  18,884  2,340  12% 

Lower Maple  68,607  21,900  32% 

Upper Cobb  7,460  280  4% 

Lower Cobb  32,003  27,900  87% 

Upper Le Sueur  67,715  4,760  7% 

Lower Le Sueur  88,168  26,100  30% 

Le Sueur Mouth  238,329  135,000  57% 
 

*2000-2010 average based on available gauge data and scaling from Le Sueur River mouth gauge 
for missing data (Belmont et al., 2011; Gran et al., 2011) 
 
+ Bluff erosion volume calculated as average of results from aerial photograph analysis and TLS. 



 

 80 

Table 3.7: 2007-2010 Gauge Data  

Gauge 

TSS Load 

Average 
TSS load     
2007‐2010 
(Mg/yr) 

Average Bluff 
Erosion 
volume 

measured 
from TLS 
2007‐2010 
(Mg/yr) 

Percent TSS 
due to Bluff 
erosion 
using TLS  
results      

(2007‐2010) 

2007  2008  2009  2010 

Upper 
Maple* 

18,001  6,215  8,217  23,397  13,958  1,600  11% 

Lower 
Maple* 

51,366  22,898  11,702  212,352  74,580  22,200  30% 

Upper 
Cobb* 

5,982  3,139  3,723  9,667  5,628  100  2% 

Lower 
Cobb* 

29,578  15,007  15,025  53,044  28,164  21,100  75% 

Upper   
Le Sueur* 

57,200  22,974  10,209  50,474  35,214  3,800  11% 

Lower   
Le Sueur* 

101,144  43,882  31,906  142,782  79,928  26,000  33% 

Le Sueur 
Mouth 

184,874  88,495  62,610  533,168  217,287  114,000  52% 

 
*TSS Loads only measured seasonally. Values reported here are scaled to annual load using data 
from mouth gauge.  
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contrast to river banks, which serve as both sources and sinks for sediment.  Based on their size 

and abundance alone it is not surprising that this study shows that bluffs contribute a significant 

portion of the total sediment load in the Le Sueur River watershed.  Using the methods presented 

in this paper we found that bluffs account for 57±16% of the TSS load measured at the mouth of 

the Le Sueur River. Sediment yield from each bluff generally increases in the downstream 

direction because taller bluffs occur in the downstream reaches of the river where the knickpoint 

has already passed.   

While aerial photographs and TLS measure bluff erosion over very different spatial and 

temporal scales, the total annual mass of sediment estimated from each technique are within 36% 

of each other.  This suggests that the TLS data collected annually from 2007-2010 do a good job 

at representing the multi-decadal average measured using aerial photographs from 1938 and 

2005.  It is only through collecting data over multiple years, representing the wide range of flows 

experienced by this river, that we approached the average decadal sediment yield. Low to average 

flows from 2007-2009 resulted in lower than average retreat rates, yet high flows in the early 

spring of 2010 led to rapid erosion. Similar ranges of yields measured from TLS and aerial 

photographs also suggest that the TLS data were collected from a range of bluff types that 

accurately reflect bluffs throughout the watershed. This study benefited from careful site 

selection, where bluffs were selected to represent those that appeared to be rapidly eroding and 

those that appeared to be relatively stable.  In addition, bluffs were selected to be distributed 

throughout the watershed and along each of the three main rivers.  

 Extrapolating TLS data using only the unvegetated portion of the bluffs is the preferred 

method of extrapolation. The terrestrial laser scanning system collects data from the first surface 

it comes in contact with.  To ensure that we are not measuring change in vegetation, all points 

that are believed to represent vegetation are removed (Day et al., this issue).  While some erosion 

may occur on vegetated areas of the bluff it is likely a relatively insignificant amount of erosion 

when compared to the unvegetated portion of the bluff.  The stability of these vegetation patches 

from year to year suggests that vegetation is important for stabilizing bluffs over short time 

intervals. 

Even though vegetation is an indicator of short-term stability, aerial photographs show 

that multi-decadal erosion rates are not well correlated with vegetation cover.  Crest retreat rates 

measured on aerial photographs from vegetated and unvegetated bluffs (in 2005) were similar on 

all rivers. This counter intuitive results prompted an air photo study of intermediate years 

between 1938 and 2005 (1950,1958,1964,1971) found that no bluff connected to the channel was 
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vegetated over the entire 67 years of record, and also that bluffs likely eroded when they were 

unvegetated. This apparent contradiction on the importance of vegetation cover demonstrates the 

importance of time scale; over decadal time scales vegetation cannot stabilize the bluffs, but the 

presence of vegetation does demonstrate short-term stability.  This highlights a fundamental 

difference between bluffs and shorter streambanks where roots can pass through the failure plane; 

vegetation on bluffs can be undercut and thus cannot stabilize the slope long-term (Docker and 

Hubble, 2008; Cancienne et al., 2008).     

 While vegetation didn’t play a significant role in bluff retreat rates, aspect does correlate 

well with bluff erosion.  Higher retreat rates on west facing bluffs in the Le Sueur and Maple 

Rivers suggest that the increased number of freeze-thaw cycles contribute to higher erosion rates 

(Fig. 3.9).  In Minnesota, west facing bluffs typically experience a greater number of thawing 

events in winter than do east-facing bluffs (Miller and Buell, 1956).  Freeze-thaw and frost heave 

can disrupt the structure of the till fabric and therefore make it more easily erodible. In contrast, 

however, our results from the Cobb River bluffs indicate that east-facing bluffs have the highest 

retreat rates.  This finding suggests that while these processes clearly contribute to bluff erosion 

in the Le Sueur watershed, they are not the primary drivers.  It should be noted that we have very 

few data for west-facing bluffs (aspect 225˚-315˚) on which to base this finding and additional 

data are needed to support or refute this suggestion.  Nevertheless, it is potentially an important 

insight for predicting how bluff erosion rates may respond to future climate change. 

TLS data paired with field observations suggest that undercutting and toe erosion drive 

bluff retreat (Day et al., this issue).  Bluffs maintain steep faces and do not lie back over time 

suggesting that the river quickly removes any material deposited at the toe of the bluff.  A 

positive relationship between peak flows and average erosion rates measured using the TLS data 

provide further evidence that bluff retreat is driven by erosion at the bluff toe.  High spring flows 

in 2010 resulted in high erosion rates measured between 2009 and 2010.  Relatively low flows in 

2007 and 2009 caused the retreat rate in those years to be much lower (Fig. 3.5).   

 To put the contribution of sediment derived from bluffs into the context of the total 

sediment load in the Le Sueur watershed, it is essential that we understand the error associated 

with both the data processing and extrapolation. Aerial photograph error is derived from tracing 

bluff crests, georeferencing photographs, and extrapolating rates.   

Validation tests show that total error due to georeferencing and tracing a single bluff 

using aerial photographs to measure retreat rate is ~86%, but errors decrease for watershed-

average retreat rates and total volumes of sediment contributed to each river.  Georeferencing  
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Figure 3.9: Retreat rate appears to be strongly correlated with aspect.  In both the Maple and the 
Le Sueur Rivers west facing bluffs have the greatest retreat rates, while the retreat rates measured 
from the Cobb River are completely out of phase, reaching a maximum on east facing slopes.  
The results from the Cobb River are likely due to the small number of west facing bluffs 
measured on that river.   
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could shift an individual bluff such that average georeferencing error for that bluff is 50%, yet 

because bluffs are randomly distributed on both sides of the river in each photograph, the error is 

off-set for the group as a whole.  The intermediate aerial photographs from 1971 strongly support 

this argument.  The sum of the area between crest lines from measured bluffs between the time 

period 1938-1971 plus the area between crest lines from 1971-2005 is within 3% of the sum of 

the area between the crest lines from 1938-2005.  This result demonstrates that because the 

orientation of the bluffs is non-systematic, as more retreat rates are measured, the georeferencing 

error is reduced.   With a greater number of bluffs traced this error may be reduced further, but to 

be conservative, we use 3% of the total load as the error due to georeferencing and tracing in this 

paper. 

Error from the TLS data is different from the aerial photograph error in that the TLS 

extrapolation error is much greater as a result of extrapolating from the 15 bluffs scanned using 

TLS to all 480 bluffs in the watershed.  Error associated with TLS data processing is thoroughly 

covered in Day et al. (this issue), which concludes that TLS measurement and processing error 

combined is 30% for this study.   

 Results on the Cobb River demonstrate the value of additional data.  While the additional 

data presumably improves our estimate, most calculated volumes are within the error associated 

with measuring the Cobb River bluffs.  This suggests that while additional data can be beneficial, 

reasonable values from nearby rivers can allow us to get within the range of the error estimates if 

necessary. 

 

Evaluation of TLS vs. aerial photography as a change detection tool: 

 Based on the results of this study, the best method for measuring bluff erosion is highly 

dependent on the type of information required.  For many stream restoration projects it may be 

important to not only understand the total sediment loads but also erosion processes; in these 

cases TLS provides valuable information that can direct restoration efforts.  Aerial photographs 

capture bluffs at oblique angles and over decadal time scales, making it difficult or impossible to 

infer the processes that drive erosion.  Using three-dimensional TLS data, specific bluff erosion 

processes can be interpreted even in a small area (Day et al., this issue).  When only retreat rates 

are required, aerial photographs can provide the necessary data set at a much lower cost.  Aerial 

photographs also provide greater spatial coverage, making it possible to make measurements 

throughout a watershed rather than in a few select areas.    
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Time is also an important consideration in many restoration projects.  TLS requires the 

ability to conduct repeat scans at a time interval determined by the typical rates of change for the 

area of interest.  In addition, measurements should be made multiple times in order to capture the 

episodic nature of the change.  Thus, the time interval needed to obtain useful TLS data may 

range from days to decades. Because the Le Sueur River watershed is a rapidly evolving system, 

annual time scales sufficed, yet in many areas change rates are much lower and will therefore 

require longer intervals. In river systems it may also be important to capture change over a variety 

of flow conditions, as the processes of erosion may be different in high or low flows as compared 

with average flows.  Aerial photographs record integrated change over many years making it 

difficult to identify when the change took place, but reducing the necessary time investment for 

the study.   

 

Conclusion: 

 Pairing aerial photographs with TLS provides the watershed context that is necessary to 

create a sediment budget with the feature-scale detail that enables us to understand the processes 

that cause bluff erosion (Belmont et al., 2011; Day et al., this issue).  With four years of TLS 

data, retreat rates measured using both methods approached a common mean, providing validity 

to the measurements and indicating that the four years of TLS data, over a range of high and low 

flow events, were adequate to average over the episodic nature of bluff erosion at these sites.   

We have highlighted how both methods can be used to measure bluff retreat, and 

presented an analysis of error associated with each.  The sources of error associated with using 

aerial photographs to measure bluff retreat include error from tracing bluff crests, georeferencing 

photographs, and extrapolation of rates.  Each of these errors is reduced by measuring a larger 

number of bluffs and by focusing on the most clearly visible bluffs in the watershed.   

These techniques are not exclusive to this watershed and could be applied to measure 

change on other features, including banks and ravines.  As the number of turbidity-impaired 

watersheds continues to grow and the number of stabilization projects increases it is necessary to 

have tools that can be applied to create robust sediment budgets.  Aerial photographs provide a 

useful tool to measure watershed-scale decadal changes of a variety of features.  Watershed 

managers and researchers who are interested in modern changes over a large scale can use aerial 

photographs to quantify change, yet must be aware of the errors outlined in this paper.  TLS data 

provide significant insights to understanding the details of erosion, including the rates and 



 

 86 

processes among a few select features.  TLS also provides a more accurate assessment of erosion 

on an individual bluff.   

High bluff erosion rates are only part of the story in the Le Sueur basin.  A significant 

amount of additional research and an extensive gauge network has allowed us to create a 

complete sediment budget (Belmont et al., 2011; Gran et al., 2011; Gran et al., 2009).  The total 

sediment budget shows that bluff erosion accounts for approximately 46 - 54% of the total 

sediment load in the watershed.  Rapid bluff erosion is not unexpected in this young actively 

evolving watershed, yet these rates have likely been intensified as a result of anthropogenic 

changes to the vegetation and hydrology.   

Pairing aerial photographs and TLS further informs the sediment budget by showing that 

the erosion rates measured on bluffs today are consistent with the 70-year average. The 

combination of these data sets show that although vegetation may indicate short-term bluff 

stability, over decadal time scales even fully vegetated bluffs eventually fail.   
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       Chapter 3:     

Ravine growth experiments to understand effects of changing hydrology 

 

 Ravines grow as the head cut propagates upstream in response to overland flow.  Altered 

hydrology can impact the rate at which ravines grow. Using a set of small physical experiments 

we tested how changing overland flow rates for a fixed volume of water alters the total volume of 

erosion and the ravine morphology.  We tested ravines in both detachment-limited and transport-

limited systems, and found that in both cases the total volume of erosion was independent of the 

flow rate.  The dominant hydrologic alteration that accelerates ravine growth is the volume of 

water entering the ravine, where a greater water volume results in greater erosion.  This response 

is not typical when compared to pre-existing channels where higher flow rates result in greater 

erosion.  Ravines do not respond like pre-existing channels because channel morphology 

including channel slope can adjust more quickly in these systems in response to changing flows.   
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Introduction: 

Ravines (or permanent gullies) are 1st order deeply incised ephemeral streams with steep 

head cuts.  Ravines evolve as the head cut propagates upstream due to overland flow or sapping.  

In studies of ravines worldwide, ravines have been found to account for 10-94% of the total 

sediment yield in a watershed (Poesen et al., 2003).  Ravine head-cuts can propagate quickly (as 

fast as 10 m/ yr) depending on sediment type, climate, and land-use (Poesen et al., 2003; 

Sidorchuk 2006).  For this reason, in many parts of the world ravines pose a risk to agricultural 

production or infrastructure, and may pose a hazard to people who live nearby or use the area for 

recreation (Verstraeten and Poesen, 1999; Boardman, 2001; Poesen et al., 2003).   Like all aspects 

of fluvial systems, ravine growth is affected by changes to hydrology resulting from development 

of agricultural or urban areas as well as climate change (Poesen et al., 2003Istanbulluoglu et al., 

2005).   

 Hydrology is altered through changes to the volume and/or rate at which water enters 

river networks as overland flow, groundwater flow, or pipe flow (commonly pipe flow is 

anthropogenically derived, but caves or lava tubes may be considered as natural pipe flow).   

Agricultural development often requires direct modification of hydrology either in the form of 

irrigation in dry climates and sandy soils or drainage in highly impermeable soils.  Irrigation has 

little direct impact on overland flow as much of the water is transpired (Haddeland et al., 2005).  

However agricultural drainage can have a strong impact on overland flow.  Tile drains (and 

ditches) are designed to accelerate the rate at which water leaves fields. Tile drains are perforated 

pipes that are buried approximately 1 meter beneath the surface.  When water enters the pipe it is 

quickly routed into a nearby river, ravine, or ditch, thereby allowing for continuous infiltration. 

By increasing the infiltration capacity of the sediment, tile drains decrease the volume of overland 

flow entering ravines by 29 to 65% depending on specific soil, topography, climate and 

vegetation (Bengtson et al., 1984; Schwab et al., 1985; Kladivko et al., 2001).  In addition to 

decreasing runoff volumes, if overland flow is generated in these areas the peak overland flow 

rates are reduced by 15-30% (Schwab et al., 1985; Kladivko et al., 2001).   

Another indirect hydrologic modification takes place on most fields when crops are 

harvested and fields are left bare for a portion of the year (1-6 months).  This leads to a significant 

drop in evapotranspiration, which can lead to increased volume of overland flow particularly if 

the ground is frozen and infiltration cannot occur (Pierson et al., 2007). In addition, the removal 

of roughness elements when fields are bare can lead to increased rates of overland flow entering 
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ravines (Einstein and Barbarossa 1951; Farres, 1978; Römkens and Wang, 1987; Abrahams and 

Parsons, 1991; Eitel et al., 2011).    

 Here, the focus is on ravine growth due to overland flow and the effects of agricultural 

hydrology alterations.  Using a small experimental basin we measured how changing overland 

flow rate affects erosion volumes in ravines.  Two different experimental substrates were used, 

which allowed us to measure the effects of changing flow rates on both detachment-limited and 

transport-limited erosion in ravines. These two types of erosion represent a continuum, where the 

volume of sediment carried out of the system is controlled by the ability of the flow to dislodge 

sediment from the substrate vs. the ability of the flow to carry easily eroded sediment.  

Commonly “detachment limited” is used to describe bedrock rivers, while “transport limited” is 

used to describe alluvial rivers.  

Experiments, like the one we discuss here, offer a setting where most variables can be 

controlled and time scales for channel evolution are greatly reduced.  Moreover, using 

experiments allows us to make measurements at a high spatial and temporal density to ensure that 

much of the variability in the system is captured.  Such experiments are not intended as scale 

models; rather, they are small systems in which scale-independent processes can be studied under 

controlled conditions (Paola et al., 2010). Here we focus on a single basic question: how does 

changing the rate of delivery of a fixed quantity of water change the total volume of sediment 

removed and the form of the resulting ravine? 

 

Methods: 

The experiments were performed at the St. Anthony Falls Laboratory at the University of 

Minnesota, in Minneapolis, Minnesota.  The primary goal of these experiments is to test how 

different overland flow rates affect erosion and ravine growth.  To ensure that a range of natural 

ravines were represented, we used two different substrates.   The main variable between the two 

substrate materials was cohesion.  The more cohesive material was 12 μm ceramic spheres (i.e. 

mud), and the non-cohesive material was 96 μm quartz sand.   The experimental basin size varied 

for each material type;  the basin used with the mud substrate was  1x1m, while the basin filled 

with the sand substrate was 2x4m.  For both substrates, the water flowed out through a 76 mm 

wide notch at the downstream end of the basin (Fig. 4.1).  To initiate each run, the notch was 

dropped to 0.14 m below the surface of the substrate, thus creating a single abrupt base level 

drop.  During each run a knickpoint developed at this notch and propagated upstream, carving a 

deep ravine in the substrate.   
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The substrate material was mixed with water and smoothed into the basin to create a flat 

bed.   Experiments began with a saturated bed to ensure that water flowed over the surface rather 

than infiltrated into it.  We determined that the bed was at saturation and no longer over-saturated 

when there was no longer water on the surface of the sediment and water was no longer flowing 

out the downstream outlet.  Determining when the bed was at saturation was done by visual 

inspection rather than waiting a standard length of time because changes to humidity and 

temperature affected evaporation rates.   Beginning with a saturated substrate allowed us to make 

the assumption that the net flow was relatively constant in the cross channel direction and no 

water was lost to saturate the sediment. 

 For each experimental run, water flowed over the uniform substrate as overland flow. An 

even sheet flow was generated by allowing water to flow over a broad crested weir as water was 

added to an upstream settling basin (Fig. 4.1).  The flow rate of the water entering the settling 

basin was controlled by a constant head tank, which received water from a tank with a 

predetermined volume of water (190 or 380 liters). The flow rate was held constant through the 

entire run when only 190 liters of water were used.  When 380 liters of water were used, the flow 

rate was held constant for the first 190 liters, then increased and held constant for the second 190 

liters.  Flow rates varied from 4 to 311 ml/sec in the mud substrate and 55 to 262 ml/sec in the 

sand (Table 4.1; Fig. 4.2). 

 Topographic data were collected before, during, and after each experimental run using a 

fully automated topographic scanner at 2 x 2.5 cm point spacing and approximately 0.5 mm 

vertical resolution.  For each experiment 2-5 topographic scans per 190 liters of water were 

collected.    

Topographic data were gridded to form a Digital Elevation Model (DEM).  To determine 

the total volume of sediment removed during each experimental run the DEM of the last scan was 

subtracted from the DEM created from the initial scan over the flat initial surface.  At each cell 

the length of change was multiplied by the area of the cell.  The total volume of change was  



 

 96 

 

Figure 4.1: The experimental set up shown here allows water to flow from a settling basin over an 
erodible substrate and out through a 7.6 x 14 cm notch.  The flow rates entering the basin range 
from 4 to 311 cm3/s and are controlled by a constant head tank.  For each run a constant volume 
of water either 190 or 380 liters is run over the erodible substrate.  This figure shows the set up 
for the mud substrate, but the sand substrate set up was similar yet the erodible substrate was 
larger.



 

 97 

Table 4.1: Experimental Run Parameters  
Run Substrate Water 

Volume 
(gallons)

Time 
(min) 

Flow 1st 
190 liters 
(cm3/s) 

Flow 2nd 
190 liters 
(cm3/s) 

1 Mud 190 60 52.58  
2 Mud 190 32 98.58  
3 Mud 190 16 197.16  
4 Mud 190 21.25 148.45  
5 Mud 190 11 286.77  
6 Mud 190 872 3.62  
7 Mud 190 10.13 311.40  
8 Mud 190 21.5 146.72  
9 Mud 190 15.5 203.52  
10 Mud 380 91.5 71.69 66.41 
11 Mud 380 65 73.36 143.39 
12 Mud 380 54.5 76.94 233.67 
13 Sand 190 25.25 124.93  
14 Sand 190 56.5 55.83  
15 Sand 190 13.5 233.67  
16 Sand 190 12 262.88  
17 Sand 190 20.25 155.78  
18 Sand 380 56 80.88 185.56 
19 Sand 380 71.5 55.34 217.55 
20 Sand 380 89 42.06 225.32 
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Figure 4.2: These hydrographs show the range of flow rates tested.  Each set of curves is for a 

separate set of experimental runs.  A) 190 liters of water over the mud substrate.  B) 380 liters of 

water over the mud substrate.  C) 190 liters of water over the sand substrate. D) 380 liters of 

water over the sand substrate. 
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summed for each experimental run.   The volume of sediment eroded was also calculated at 

intermediate scans to measure sediment flux over time.  Because these data only provide coarse 

measurements of sediment flux, for experimental run 11 samples were also taken every minute to 

measure sediment flux at higher resolution.   

The DEMs were also imported into ArcGIS to measure channel characteristics such as 

width and slope.  Both channel width and slope were measured using the profile tool in the 3D 

analyst toolbox.  Channel width was measured as the distance between the channel banks on a 

cross section.  In the mud substrate channel width was roughly equal to the valley width along the 

full channel length.  In the sand substrate, channels meandered so channel width was measured in 

the most upstream portion of the channel where migration had not yet occurred, and the valley 

width was equal to the channel width.  Slope was measured along the channel profile.  In the mud 

substrate channel slope was measured three ways: along the bed, along the knickpoint, and the 

average channel slope along the complete channel.   Where there was more than one knickpoint, 

the bed slope and knickpoint slope were measured for each section and averaged.  Average 

channel slope is a function of channel length as elevation change for each channel is essentially 

the same.   Only one slope measurement was made on channels formed in the sand substrate.  The 

average channel slope was the only measurement, because the knickpoint and bed slope could not 

be distinguished. The channel length was also measured and used to approximate the knickpoint 

retreat rate.  In both substrates the channel length was measured from the outlet to the break in 

slope at the flat upland surface.  

 

Results and Analysis:  

The most important outcome of the experiments is that the total eroded volume shows no 

consistent trend with rate of delivery of the water.  For all 190 liter experimental runs the volume 

of sediment removed ranges from 8 – 25 cm3 with no clear trend (Fig. 4.3).  This result was the 

same for both the sand and the mud substrate.  Similarly there is no trend in the volume of 

sediment removed in the 380 liter runs, yet the volume of sediment is greater (28-40 cm3) than for 

the 190 liter runs (Fig. 4.3).  Put another way, the sediment discharge is linearly related to water 

discharge.  For a natural system this implies that in a given storm event the amount of sediment 

removed is proportional to the amount of precipitation rather than the storm intensity.     
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Figure 4.3: The results from these experiments show that the total volume of sediment removed is 

not dependant of flow rate (A) or that sediment discharge is linearly related to water discharge 

(B).  These charts also show that while sediment discharge is the same for the 380 liter runs as it 

is for the 190 liter runs at a given discharge, the total volume of sediment removed is greater in 

the 380 liters runs. 
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Channel morphology: 

While the volumes of sediment removed are roughly the same in the mud and sand 

channels, there are differences in how they erode.  Channels in the mud substrate erode primarily  

via head cut propagation.  In contrast channels in the sand substrate erode due to head cut 

propagation as well as lateral channel migration. In addition to demonstrating the importance the 

total volume of flow has on erosion volumes, the 390 liter runs reveal how increasing flow rates 

affect channel geometry.  In the cohesive mud substrate higher flows in the second half of the 

experiment formed a wider channel upstream of the already eroded ravine, yet the pre-existing 

channel was not altered (Fig. 4.4).  Channel widths before the increased flow ranged from 0.16 to 

0.38 m for a flow rate of 73-77 ml/sec and increased to 0.28 to 0.61 m for flow rates ranging from 

143 to 234 ml/sec.  The channel formed in the sand substrate responded differently; these 

channels widened along the entire channel length when flow was increased (Fig. 4.4).  In the sand 

channels widths varied from 0.14 to 0.19 m for initial flows which varied from 42 to 81 ml/sec 

and the full channel width increased to 0.24 to 0.43 m for the higher flows ranging from 88 to 113 

ml/sec (Table 4.2).  There was also a trend relating channel width and discharge in the 190 liter 

experiments (R2 = 0.40 in mud substrate and 0.86 in sand substrate).  Generally higher flows 

resulted in wider channels, which were also shorter to maintain a constant erosion volume (Table 

4.2).  

As mentioned above, channel slope in the mud run was measured along the bed, along 

the knickpoint, and as the average channel slope along the complete channel.  The average 

channel slope is the only slope measurement that shows a trend with discharge.   As suggested by 

the width variations, higher discharge results in shorter channels with a greater average slope 

(Table 4.2).  Both the knickpoint and bed slopes appear to be unrelated to discharge (Fig. 4.5).    

In the sand channels the slope is poorly correlated with discharge (Fig. 4.5).   

Using the topographic data collected during the intermediate scans the change in 

sediment flux can also be measured.  During the 190 liter runs there is no distinct trend that all 

runs follow, yet generally there appears to be a sediment flux peak followed by a reduction in 

sediment flux (Fig. 4.6).  This is trend is further supported by sample data taken every minute 

during the first 190 liters of Run 6 (Fig. 4.7).  During the 390 liter runs there was an increase in 

erosion as the flow rate was increased.  Similar to the 190 liter runs, after this second peak, in 

most cases the sediment flux dropped (Fig. 4.8).  
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Figure 4.4: These DEMs show how changes in flow impact channel width.  In the mud runs (A) 

the width changed only in the newly formed channel, while in the sand runs (B) the channel width 

was altered along the entire channel length. 

A) 

B) 
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Table 4.2: Experimental Results  

Run* Volume 
Sediment 
Removed 
(cm3) 

Average 
Slope 

Bed Slope Knickpoint 
Slope 

Width 1st 
190 liters 
(cm) 

Width 2nd 
380 liters 
(cm) 

M-1 11.92 0.17 0.06 1.19 22  
M-2 24.51 0.20 0.04 0.60 48  
M-3 17.94 0.21 0.04 0.36 24  
M-4 13.78 0.27 0.03 0.62 43  
M-5 10.38 0.29 0.04 1.22 26  
M-6 14.90 0.12 0.10 0.27 13  
M-7 8.91 0.42 0.11 0.71 38  
M-8 13.91 0.37 0.06 0.67 43  
M-9 18.65 0.22 0.07 0.58 52  
M-10 39.05 0.15 0.05 0.81 40 49 
M-11 30.16 0.14 0.05 0.56 16 28 
M-12 35.53 0.16 0.03 0.29 38 61 
S-13 17.76 0.06   20  
S-14 18.65 0.07   13  
S-15 23.80 0.06   28  
S-16 16.59 0.06   27  
S-17 23.57 0.06   29  
S-18 31.17 0.07   19 39 
S-19 30.59 0.06   14 43 
S-20 28.03 0.06   15 24 
* M indicates run in the mud substrate, and S indicates run in the sand substrate. 
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Figure 4.5: Channel slope between each run is not well related to discharge for either the mud (A) 

or the sand (B) runs. 
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Figure 4.6: The sediment flux over time in the 190 liter runs appears to peak than later decrease 

for both the mud (A) and the sand (B) runs.   
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Figure 4.7: Samples collected every minute during the first 190 liters of run 11 show a decrease in 
sediment load with time after an initial peak.
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Figure 4.8: In the 380 liter runs sediment flux initially peaked for the first 190 liters and then 
underwent a second peak when flow was increased for the second 190 liters. This trend can be 
seen in both the mud (A) and the sand (B) runs, where the increase in discharge is indicated with 
a hollow marker. 
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 As stated above, both slope and width changed in response to discharge.  Hydraulic 

geometry equations are commonly used to describe how channel width (W), depth (h) and 

velocity (v) vary with discharge (Q) (Leopold and Maddock, 1953).   

          (4.1) 

          (4.2) 

          (4.3) 

where a, b, c, f, k, and m are constants. In these experiments we did not measure channel depth or 

flow velocity so we will focus on how channel width and discharge are related. 

For each of these hydraulic geometry relationships a range of empirically-derived 

exponents has been measured.  For equation 4.1 the range of values reported for b is between 0.3 

and 0.5 derived from field measurements of both bedrock and alluvial streams (Leopold and 

Maddock, 1953; Knighton, 1998; Montgomery and Gran, 2001; Whipple, 2004).  

To test how well these field-measured values describe our experimental channels we 

calculated width using the reported values for b and iterated to find the best fit for a.  In addition 

we also iterated to determine what b value most accurately describes the trend in our 

experimental data.   The root mean square error (RMSE) was calculated for each data set between 

the known and modeled values and is reported as a percentage of the average measured value.  

Using the field-derived exponents ranging from 0.3-0.5 the RMSE is 32-39% of the 

average measured width in the mud substrate.  The best fit for the experimental data results in a b 

value of 0.18 and an RMSE of 31% (Fig. 4.9).   In the sand substrate the best fit for the data falls 

within the range of field-derived exponents.  The error is minimized when b is 0.40 resulting in a 

percent RMSE of 11% (Fig. 4.9).   

 

Role of Cohesion: 

   The use of two different substrate materials allowed us to test how sediment with 

different cohesion responded to different flow rates.  Cohesion is an important factor in the 

distinction between detachment-limited and transport-limited systems in nature.  Currently there 

are no measured topographic distinctions between transport-limited and detachment-limited 

erosional systems and therefore distinguishing between the two systems is done by comparing  
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Figure 4.9: Channel width can be modeled using the hydraulic geometry relationship.  In both 
plots the solid black line is a 1:1 line A) The relationship measured in the channels formed in the 
mud substrate has a constant b value that is less than the values commonly observed in nature.  B) 
The relationship measured in the channels formed in the sand substrate has a constant b value of 
0.4, which in the intermediate range of the commonly proposed constants.  
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calculated and actual sediment loads (Pelletier, 2011).    To test if the cohesion of the mud 

substrate was strong enough to distinguish it from the sand and form a detachment-limited system 

we compared the expected sediment transport calculated using the Engelund and Hansen (1967) 

formula with the actual measured sediment transport (equations 4.4-4.7).   

          (4.4) 

          (4.5) 

       (4.6) 

        (4.7) 

where τ is shear stress, D50 is the median grain size, h is the flow depth, qs is the volumetric unit 

sediment flux,  and ρs and ρ are sediment and water density. Because the exact water depth was 

not measured a range of possible water depths between 0.5 and 3 cm was used based on 

observations during the experiments.  

The results of this analysis show that the expected qs is at least one order of magnitude 

greater than the measured sediment flux for the mud when the knickpoint slope or the average 

channel slope is used, and qs is still greater than the measured sediment flux when the lowest 

measured slope, the bed slope, is used at the lowest water depth considered (Fig. 4.10).  The 

results of equations 4.4-4.7 in the sand substrate were within the range of measured values and 

indicate that this is indeed a transport-limited system (Fig. 4.10).   

 

Modeled Sediment Transport: 

 While the absence of a relationship between sediment yield and discharge appears to 

conflict with standard sediment transport relationships, even very simple sediment transport or 

erosion equations relate sediment flux to both discharge and slope.  

Commonly erosion in detachment-limited systems is modeled by the stream power 

incision model (Howard and Kerby, 1983): 

           

         (4.8) 

Where k, md and nd are constants, dz/dt is vertical erosion rate, and Sk is the knickpoint slope. In 

the detachment-limited mud substrate, all erosion took place at the knickpoint and therefore we  
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Figure 4.10: Using common sediment transport equations we can define the mud and sand 
substrates as detachment or transport limited.  In both plots the solid black line is a 1:1 line A) 
The results of this analysis from the mud substrate even at a low water depth (0.5 cm) 
demonstrate that the channels are detachment limited.  Note results are plotted on a semi-log plot.  
B) The channels formed in the sand substrate are transport limited.  A water depth between 0.5 
and 0.75 cm accurately predicts the range of eroded sediment volumes.   
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consider only knickpoint retreat rate.  Because this rate is a horizontal rather than vertical retreat 

rate we must convert equation (4.8) appropriately: 

          (4.9) 

         (4.10) 

where U is the knickpoint retreat rate. The exponents md and nd have been derived for a variety of 

natural environments.  Typically the m/n ratio is approximately 0.35-0.6 (Whipple and Tucker, 

1999; Baldwin et al., 2003).  The exponent nd ranges between 2/3 and 5/3 depending on the 

erodability of the substrate where more easily eroded sediment has a lower value for the exponent 

nd (Foley 1980; Howard and Kirby 1983; Whipple et al., 2000).   The exponents md and nd for 

uniform detachment limited landscapes (ie. badlands) reported by Howard and Kerby (1983) are 

4/9 and 2/3 respectively.  While the m/n ratio (concavity index) is slightly higher than reported 

elsewhere, we used these values to model erosion in our experiments because, like the badlands, 

our experimental set-up was spatially homogeneous and easily eroded.  RMSE was measured 

between the calculated U and the measured U and minimized by modifying the coefficient k.  The 

RMSE was 22% of the measured average knickpoint retreat rate (Fig. 4.11). 

 Sediment loads from the sand substrate were modeled with the transport limited equation 

(Pelletier, 2011): 

          (4.11) 

Where k, mt and nt are constants and qs is the volumetric unit sediment flux.  This equation can be 

derived from the Engelund and Hansen (1967) equation where both mt and nt equal 5/3. Engelund 

and Hansen (1967) is the ideal equation to use because it does not have an incipient motion 

threshold as many other sediment transport equations do. Here again the RMSE was measured 

between the measured and calculated qs and minimized using the coefficient k.  The RMSE was 

34% of the average volumetric unit sediment discharge (Fig. 4.12).   

Both equations (4.10) and (4.11) were applied to both the sand and the mud substrates.  

This provided a secondary test to check that the mud substrate is detachment limited and the sand 

substrate is transport limited.  The detachment-limited relationship clearly fit the mud substrate  
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Figure 4.11: Modeling the channels in the mud substrate as detachment limited can accurately 
predict the measured erosion rate (knickpoint retreat rate).  The solid black line is a 1:1 line. 
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Figure 4.12: Modeling the channels formed in the sand substrate using the transport limited 

sediment flux equation with constants derived from Engelund and Hansen (1967) accurately 

predicts the sediment flux measured.  The solid black line is a 1:1 line.
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data better than the transport-limited relationship, as was predicted.  In the sand substrate both 

relationships fit the data well, yet the RMSE was lower for the transport-limited relationship.     

 

Discussion: 

 These experiments demonstrate that, over a range of experimental conditions, the 

sediment volume eroded during ravine growth under application of a fixed volume of water is 

independent of the rate at which the water is supplied. Thus sediment discharge is linearly related 

to water discharge in both detachment limited and transport limited systems, which is surprising 

because erosion in each of these systems is thought to occur differently.  These results are also 

unexpected compared to results for many pre-existing streams where changing flow intensity has 

resulted in increased erosion volume (ie. Ma et al., 2010; Naik and Jay, 2011; Boateng et al., 

2012).   

 The documented response that pre-existing streams show a non-linear increase in 

sediment discharge with increased water discharge may not be directly applicable to ravines, 

because ravines are undergoing active head-ward erosion in response to overland flow. We 

hypothesize that because ravines are actively evolving to a given hydrology, the channel 

morphology that develops reflects that hydrology with erosion balanced by altering channel slope 

and width.  This is supported by sediment transport equations (4.10) and (4.11), which when 

applied to the mud and sand substrate, respectively, are able to predict the measured sediment 

discharges.  In pre-existing channels where channel slope may take tens of thousands of years to 

adjust to changing flows, both of these equations would predict a non-linear increase in sediment 

discharge with increasing water discharge.  Ravine slopes evolve more rapidly in response to the 

imposed discharge and can balance erosion by altering channel slope.  

Moreover our findings suggest that anthropogenic changes to discharge regime could 

affect channel morphology, without changing sediment input derived from ravines.   It is also 

important to note that there was an increased sediment discharge when discharge was increased in 

the 390 liter runs, but the channel quickly evolved to the new discharge.  In natural pre-existing 

streams channels adjustments in response to changes in discharge occur over long time intervals.      

The effects of changing hydrology on newly evolved channels are difficult to study in 

nature, but numerical models can be used to examine long-term channel evolution under a range 

of conditions.   In one numerical study, Istanbulluoglu et al. (2005) tested the effect of changing 

rain intensity while storm volume was held constant.  The modeled results of this study showed 

an increase in the volume of sediment eroded as intensity increased.  This result is in direct 
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conflict with our results, yet there are many distinctions between the two studies that may explain 

this discrepancy.  The Istanbulluoglu et al. (2005) model assumed gully erosion due to slab 

failure in a detachment-limited system.  While the mud substrate in our physical experiments was 

also detachment limited, erosion occurred grain by grain rather than as large blocks.  Once these 

grains were detached, the flow was easily able to carry them through the channel and there was 

no measurable deposition in any of the experimental runs.  In contrast, erosion in the slab failure 

model occurred in response to pore pressure build up in tension cracks resulting in large failures.  

This model does not require that the flow be able to carry the detached sediment and often 

resulted in deposition at the toe of the knickpoint, which increases resistance to future failure.    

 It is likely that both slab failure and grain by grain knickpoint propagation occur in 

ravines throughout the world.  The relative importance of each process is dependent on sediment 

type and the knickpoint slope.   Tension cracks develop behind steep slopes where shrinkage 

occurs due to desiccation and horizontal tensile stresses generated in large part by gravity are 

greater than the tensile strength of the sediment (Darby and Thorne, 1994). Cracks like this are 

likely to form on the landscape above steep ravine head cuts in cohesive sediment, between storm 

events.  If we had modeled individual storm events rather than a constant overland flow it is 

likely we would have also developed tension cracks in the cohesive mud substrate.  Because this 

was outside of the scope of these experiments it is difficult to form accurate conclusions on how 

the development of tension cracks and the subsequent failure events would have altered our 

results, but an analogous study that encouraged erosion by slab failure would be a useful follow-

on to our work.   

 The results of these experiments follow the hydraulic geometry relationship for width in 

equation (1) although with lower exponents than usually measured in field studies.  While this 

relationship is typically applied to describing width or discharge changes in a single channel, it 

works here for these separate channels because each comparable channel is carving through the 

same substrate.  In the mud substrate the empirical exponent b for these data is much lower than 

has been derived for natural channels.  This may be a result of the steep channel walls developed 

in these experiments; in natural ravines where near vertical channel walls are less common, we 

expect that this exponent would be closer to the reported values.  In the sand substrate where 

steep channel walls could not develop the empirical exponent b is 0.40 which is only slightly 

lower than the range typically considered for alluvial channels (Rodriquez-Iturbe and Rinaldo, 

1997).    
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Based on the results of this study and the comparison with pervious ravine studies it is 

important to consider a wide range of variables when mitigating ravine erosion.  The results from 

these experiments suggest that increasing overland flow rates will not result in increased sediment 

yield, if the volumes of water delivered are not changed.  Moreover, while sediment loads are not 

affected by changing flow rates, channel morphology is.   Another important variable to consider 

is the mode of head cut retreat.  The experimental results apply in environments with steep slopes 

where erosion is grain-by-grain. In places where tension cracks develop, the slab failure 

mechanism highlighted by Istanbulluoglu et al. (2005) might apply.  If this failure mechanism is 

the dominant process of head cut retreat, flow rates and storm intensity may become more 

important than in this study.  

The results presented here can be applied to reducing ravine growth to protect property 

and infrastructure or reduce sediment loads.  The primary goal should be to reduce total annual 

overland flow volume entering ravines.  In many areas this can be done most effectively by 

increasing evapotranspiration.  A reduction in overland flow can also be achieved through tile 

drainage, yet the downstream effects of this should also be considered. River banks and bluffs are 

often eroded due to over-steepening as the river removes sediment from the base of these features 

(Brunsden and Kessel, 1973; Turnbull et al., 1996; Harden et al., 2009; Day et al., in review).  

The increased channel flow rates and volumes brought on by tile draining can lead to accelerated 

over-steepening and increased river bank and bluff erosion.  Where river bank and bluff erosion 

are a concern in addition to ravine tip growth it is essential that we consider the cumulative effect 

of increasing infiltration capacity through tile draining.  

 

Conclusion: 

 Ravine erosion is a concern in throughout the world where propagating head cuts threaten 

infrastructure and property.  In many places land-use changes have altered hydrology which may 

contribute to erosion.  The experiments we report on here suggest that water volume, rather than 

discharge, controls the volume of erosion.  Moreover, this result holds true for both transport and 

detachment limited systems.   

While flow rate does not appear to contribute significantly to the volume of erosion, it 

does affect channel geometry.  In both substrates, variations in channel width were described by 

the well-known hydraulic geometry relationship proposed by Leopold (1953), and wider channels 

formed in response to higher discharge.  To balance the removed sediment volume wider 

channels were also typically shorter.   
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The sediment transport in both the sand and mud substrates was well described by the 

transport limited sediment flux equation and the detachment-limited stream power equation, 

respectively.  It appears that indirect effects of changing discharge on channel morphology (width 

and slope) compensate for the direct effects of discharge on erosion rate to result in a constant 

volume of erosion.   

The effects of changing flow measured in these experiments can be applied to 

understanding ravine evolution and growth.  It is unlikely that these results directly translate to 

pre-existing channels undergoing changes in discharge, because they lack the free parameter in 

slope that headcuts can adjust quickly.   
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Synthesis 

Thesis Results: 

 The findings reported in this thesis advance our understanding of erosion in 

incising/incised rivers. The focus on bluffs and ravines targets features that are common in 

incised rivers and also features that raise concern from land owners and managers.  Both bluff 

erosion and ravine growth have been reported to threaten property and infrastructure throughout 

the world.  The Le Sueur River watershed in southern Minnesota provides an ideal location for 

studying these features. 

 High bluff erosion rates in the Le Sueur River watershed make annual change 

measurements possible.  Traditionally change is measured with coarse spatial resolution that 

cannot accurately measure the episodic change bluffs undergo.  The high point density Terrestrial 

Laser Scanning (TLS) provides makes it possible to capture even highly localized change.  

Unfortunately due to the nature of the technology, TLS has traditionally been used in places with 

sparse vegetation and typically change is measured only on small features.  The techniques 

developed through this work extend the benefits of TLS to regions with large features and 

vegetated areas.  In addition the error analyses performed address the total error for the technique 

rather than the point by point error which is more commonly cited.  These techniques were tested 

and utilized to examine bluff change in the Le Sueur River basin.  

By pairing 4 years of TLS data  on 15 bluffs with 67 years of aerial photograph data on 

243 of 480 mapped bluffs  in the Le Sueur River basin, bluff retreat was measured over 

contrasting temporal and spatial scales.  The measured rates were then extrapolated to calculate 

the total volume of suspended sediment derived from bluffs in the watershed.  Remarkably the 

volumes calculated from both the aerial photograph and the TLS data sets were approximately the 

same.  In total, bluffs account for approximately half the total suspended sediment load measured 

in the Le Sueur watershed and retreat at an average rate of 14-20 cm/yr.  These data emphasize 

how important it is to understand bluff erosion in incising rivers.  Not only do high rates of retreat 

threaten infrastructure and property, the high sediment loads threaten riverine ecosystems.   

 The results of the bluff retreat analysis have also increased our understanding of the 

impacts of hydrology on bluff erosion.  The four years of TLS data were compared to 

corresponding gauge and precipitation data to reveal that large erosion events commonly occur in 

years where large precipitation events resulted in high flows.  Moreover the TLS data showed that 

over long time scales individual events are less significant and retreat rates converge on the 
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average.  Interpretations of the TLS data also reveal important information on bluff erosion 

processes.  Additional future research may be able to demonstrate specific timing of bluff failure, 

including seasonal response and the response to individual storm events.    

 Extending this line of analysis, using TLS and aerial photographs, to ravines in the Le 

Sueur watershed proved to be impossible.  To advance our understanding of ravines, small scale 

physical experiments were used to examine how changing flow rates impact erosion.  The results 

of this work show that erosion volume in ravines is not related to overland flow rate, but rather 

overland flow volume.   Moreover channel width in both detachment-limited and transport-

limited substrates was described by common channel geometry relationships.  The total sediment 

load measured from both substrates was also described using sediment transport equations where 

sediment discharge is a function of both flow and channel slope. These findings could be used to 

mitigate ravine growth in anthropogenically-altered landscapes.  Based on these results a 

reduction in overland flow volume could result in decreased ravine erosion.  Additional research 

is needed to understand downstream effects where overland flow is reduced through increased 

drainage and direct routing of water into the river.   

Discussion: 

 The individual results of each study outlined in this thesis advances our understanding of 

bluff and ravine erosion, yet the combined results help advance our understanding of how 

changes to hydrology alter erosion system wide.  In the Le Sueur River basin tile drains have 

been used to increase the infiltration capacity of the sediment, and reduce standing water on the 

upland surface.  As infiltration capacity is increased, both overland flow and evapotranspiration 

are reduced.   As shown in chapter three the reduction in overland flow likely slows ravine 

growth.  The downstream effects of reducing overland flow and evapotranspiration include 

greater peak flows and greater flow volumes. The effect of these flow alterations on bluff erosion 

must also be considered.  Results highlighted in chapter one and two emphasize the importance of 

over-steepening on bluff retreat rates, which is driven by erosion at the bluff toe. Additional 

results from chapter two show a positive relationship between river stage and bluff retreat rate. 

While these data are not available from before drainage was pervasive on the landscape, it is 

likely that increased peak flows and flow volumes, brought on by tile drains, are accelerating the 

rate of bluff retreat.  

 Results from the pre-settlement and modern sediment budgets support the hypothesis that 

bluff retreat has accelerated in the past 150 years by showing that modern bluff erosion volumes 

exceed pre-settlement average annual total loads (Gran et al., 2011).  Anticipating that the 



 

 125 

sediment flux had not been consistent throughout the entire Holocene, Johnson (2012) used data 

collected through optically stimulated luminescence and carbon dating to inform a river evolution 

and channel migration model.  Results from this model showed that sediment flux peaked shortly 

after incision began and decreased to a near steady-state (Gran et al., 2011; Finnegan et al., 2011).   

This model further suggests that the observed increase in sediment load between pre- and post-

settlement is not a natural trend, and sediment loads would have remained at steady-state had the 

landscape not been dramatically altered.   

 Results found by Gran et al., (2011) follow a similar sediment flux trend to that reported 

in chapter three.  This trend, where sediment flux peaks shortly after a sudden base level fall and 

then decreases reaching a steady-state, was also measured by Parker (1977).  In each of these 

cases incision was occurring in response to a single sudden base level fall.  This has important 

implications to river managers and in the case of the Le Sueur River (and other rivers responding 

to a single base level drop) suggests that a recent increase in sediment is not natural.   

Future research: 

 The research presented in this thesis has contributed to the research on TLS, bluff 

erosion, ravine growth, and the effects of anthropogenic land use, yet there is additional research 

that should be pursued.  In each chapter there are many lines of research that will advance our 

understanding of the specific goals of reported in the introduction. Three of these potential lines 

of research are highlighted below. 

 In chapter one, the TLS methods presented can be used in field settings to improve 

change detection in both erosional and depositional environments.  To use these techniques in 

temperate climates it is essential that vegetation is removed.  Here we suggest manually removing 

vegetation by angling the bluff surface so that points measured on vegetation can easily be 

selected and deleted.  There is certainly room for improvement on this technique.  Ideally 

vegetation would not simply be removed yet rather could be registered as a point of vegetation 

rather than a rock point.  This would allow multiple scientists interested in either the sediment or 

the vegetation to utilize a single data set. By using color and intensity data available on many new 

TLS scanners this process may be automated, and made to be more user-friendly.  

 In chapter two, bluff erosion rates were measured in the Le Sueur watershed using TLS 

and aerial photographs.  This research should be expanded into other watersheds to improve our 

understanding of specific bluff erosion processes. The measured rates should also be compared 

with geotechnical data of the different till types.  By adding these additional data it may be 

possible to determine what characteristics cause some bluffs to erode more rapidly than others.  
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These results paired with event scale change research can be used to better understand bluff 

erosion processes including toe erosion, freeze-thaw, and sapping. Ultimately these data could be 

combined to develop a predictive model of bluff erosion, which could inform hazard mapping to 

protect property.    

 Finally the experiments used in chapter three to understand ravine growth and the effects 

of changing flow rates should be expanded to improve our understanding of erosion in pre-

existing channels.  By understanding if channel bluff and bank erosion is predominantly driven 

by the magnitude of flows or the flow volume, land managers may be able to better direct efforts 

to reduce erosion.   
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Appendix A: List of Variables 
 
A   area  
a  constant 
b  constant 
c  constant 
cell   cell size  
D50  median grain size 
dir  direction of change (+1 or -1) 
EE-volume extrapolation error for the final volume calculation 
EG-single georeferencing error at a single bluff 
EGT-volume tracing and georefencing error for the final volume calculation 
ET-single tracing error at a single bluff 
f  constant 
H   bluff height  
h  channel depth  
k  constant 
L   bluff length  
M  meander migration rate  
m  constant 
md  constant 
mt  constant 
nd  constant 
nt  constant 
Q  discharge  
qs  volumetric sediment flux 
R   rate of change  
R   bluff retreat rate  
Sk   knickpoint slope 
T   time between scans  
U  knickpoint retreat rate 
Utot-single total uncertainty at a single bluff 
Utot-volume uncertainty for complete volume calculation 
V  total volume of change  
V  volume of sediment removed  
v  channel velocity    
W  channel width  
ρ  water density 
ρs  sediment density 
τ  shear stress   
Δx  change in x direction  
Δy  change in y direction  
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Δz  change in z direction  
dz/dt  vertical erosion rate 
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Appendix  B: Terrestrial Laser Scanning Results 
 

Site 
Scan 1 
date 

Scan 2 
Date days years 

Number 
of 
vectors 

number 
of 
points 

Volume 
Lost 
(m3) 

Area 
(m2)  

Retreat 
Rate 
(m/yr) 

volume 
lost 
(m^3/yr) 

H90LS 9/5/2008 5/7/2009 244 0.67 3 2500088 -36.2476 960.8892 -0.05647 -54.26
H90LS 5/7/2009 6/1/2010 390 1.07 3 4197265 1446.3 1338.6 1.01189 1354.516
H90LS 9/5/2008 6/1/2010 634 1.74 3 2178743 980.2803 846.0811 0.667482 564.7435
BOM2 8/17/2007 9/5/2008 385 1.05 3 4170177 41.7774 702.1824 0.056444 39.63427
BOM2 8/17/2007 5/20/2009 642 1.76 3 5196580 84.3593 734.3487 0.065356 47.99413
BOM2 9/5/2008 5/20/2009 257 0.70 3 5537289 47.3857 757.834 0.088865 67.34485
BOM2 8/17/2007 9/5/2008 385 1.05 3 3670132 66.2924 843.6259 0.074549 62.89169
BOM2 8/17/2007 5/20/2009 642 1.76 3 3608126 122.5682 836.1478 0.083397 69.73214
BOM2 9/5/2008 5/20/2009 257 0.70 3 4289999 53.7116 726.5383 0.105067 76.33526
BOM2 5/20/2009 6/2/2010 378 1.03 3 4926486 464.5507 600.4054 0.74763 448.8813
BOM2 9/5/2008 6/2/2010 635 1.74 3 4649531 465.9292 663.8435 0.403711 268.001
BOM2 8/17/2007 6/2/2010 1020 2.79 3 4824733 473.517 618.9038 0.27397 169.5609
JQLS 5/5/2008 5/16/2009 376 1.03 4 6255066 926.4767 9810.3 0.091739 899.9883
JQLS 8/7/2007 5/5/2008 272 0.74 4 2926349 2269.7 6996.8 0.435602 3047.823
JQLS 8/7/2007 6/6/2010 1034 2.83 4 2323363 3334.9 4769.7 0.24698 1178.02
JQLS 5/16/2009 6/7/2010 387 1.06 4 5294116 2707.2 5974.6 0.427652 2555.051
JQLS 5/5/2008 6/8/2010 764 2.09 4 9521629 1098.9 1033 0.508575 525.3576
H83LS 5/6/2008 5/11/2009 370 1.01 2 3715323 65.2963 613.0349 0.105146 64.45804
H83LS 5/6/2008 6/3/2010 758 2.08 2 5195507 488.4222 550.8547 0.427247 235.3512
H83LS 5/11/2009 6/3/2010 388 1.06 2 3409008 238.3704 569.8018 0.39381 224.3938
WWP 7/7/2007 5/14/2009 677 1.85 2 523084 7.2134 78.8282 0.04937 3.89172
WWP 7/7/2007 5/14/2009 677 1.85 2 449038 9.8111 80.592 0.065679 5.293212
WWP 4/30/2008 5/14/2009 379 1.04 3 189698 5.21 63.7811 0.078722 5.020983
WWP 7/7/2007 4/30/2008 298 0.82 2 70992 1.1425 29.4687 0.047519 1.400329
WWP2 7/10/2007 4/30/2008 295 0.81 2 738679 35.0025 186.1629 0.232795 43.33784
WWP2 7/10/2007 4/30/2008 295 0.81 2 745788 11.9881 117.1905 0.126656 14.84289
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Site 
Scan 1 
date 

Scan 2 
Date days years 

Number 
of 
vectors 

number 
of 
points 

Volume 
Lost 
(m3) 

Area 
(m2)  

Retreat 
Rate 
(m/yr) 

volume 
lost 
(m^3/yr) 

WWP3 9/4/2008 5/14/2009 252 0.69 2 1386115 0.6178 189.0351 0.004737 0.895442
WWP3 7/10/2007 5/14/2009 674 1.85 1 1554749 -59.5831 185.9711 -0.17362 -32.2889
WWP3 7/10/2007 9/4/2008 422 1.16 1 1255990 61.3216 179.6054 0.29551 53.07515
H16BC 8/1/2007 4/28/2008 271 0.74 3 546034 21.4864 106.1752 0.272748 28.95907
H16BC 8/1/2007 9/6/2008 402 1.10 3 572447 21.70202 103.7848 0.18999 19.71807
H16BC 4/28/2008 9/6/2008 131 0.36 3 666082 2.4281 165.6986 0.040857 6.769951
H16BC 4/28/2008 9/6/2008 131 0.36 3 611799 9.4498 202.5063 0.130108 26.34763
H16BC 9/6/2008 5/12/2009 248 0.68 3 809994 16.8005 150.8316 0.164047 24.74348
H16BC 4/28/2008 5/12/2009 379 1.04 3 850274 15.6696 218.9055 0.068985 15.10111
H16BC 8/1/2007 5/12/2009 650 1.78 3 620699 40.9204 119.3218 0.192707 22.99412
H16BC 4/28/2008 5/12/2009 379 1.04 3 999960 30.3853 206.681 0.141682 29.28293
H16BC 5/12/2009 5/22/2010 375 1.03 3 708612 83.5743 147.4988 0.551878 81.40137
H16BC 4/28/2008 5/23/2010 755 2.07 3 709072 84.5522 134.764 0.303525 40.90423
H16BC 9/6/2008 5/23/2010 624 1.71 3 558851 68.8215 107.5715 0.374483 40.28374
H16BC 8/1/2007 5/23/2010 1026 2.81 3 523635 60.4406 78.3217 0.27472 21.5165
BOM 5/1/2008 5/20/2009 384 1.05 1 829232 16.8206 207.3811 0.077149 15.99928
BOM 8/15/2007 5/20/2009 644 1.76 1 513584 21.4622 106.8607 0.11391 12.17247
BOM 5/1/2008 6/2/2010 762 2.09 1 937647 114.0397 165.9898 0.329314 54.66273
BOM 5/20/2009 6/2/2010 378 1.03 1 906331 100.5644 167.9392 0.578616 97.17235
H16BC2 8/2/2007 9/6/2008 401 1.10 4 124004 6.4829 39.6129 0.149066 5.904936
H16BC2 8/2/2007 5/12/2009 649 1.78 4 113053 6.2112 35.0052 0.099859 3.495594
H16BC2 9/6/2008 5/12/2009 248 0.68 4 1202007 14.0798 230.8467 0.089828 20.73648
H16BC2 5/12/2009 5/22/2010 375 1.03 4 1251667 83.7704 204.7055 0.398584 81.59237
H16BC2 9/6/2008 5/22/2010 623 1.71 4 953867 53.4825 142.2884 0.220366 31.35551
H16BC2 9/6/2008 5/12/2009 248 0.68 4 1720258 0.2318 189.4903 0.001802 0.341391
H16BC2 8/2/2007 5/22/2010 1024 2.80 4 64416 18.6857 25.7799 0.258534 6.664992
BOBC 8/14/2007 5/1/2008 261 0.71 1 1431217 216.9394 423.5555 0.716767 303.5905
BOBC 5/1/2008 5/13/2009 377 1.03 1 2471147 19.3292 450.0265 0.041613 18.72676
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Site 
Scan 1 
date 

Scan 2 
Date days years 

Number 
of 
vectors 

number 
of 
points 

Volume 
Lost 
(m3) 

Area 
(m2)  

Retreat 
Rate 
(m/yr) 

volume 
lost 
(m^3/yr) 

BOBC 5/1/2008 5/27/2010 756 2.07 2 9017784 169.1923 754.0843 0.1084 81.74271
BOBC 5/13/2009 5/27/2010 379 1.04 2 8816324 106.7335 709.8631 0.144903 102.8612
BOBC 8/14/2007 5/13/2009 638 1.75 1 1140336 82.9842 360.5983 0.131747 47.5078
BOBC 8/14/2007 5/27/2010 1017 2.78 2 1175217 124.6489 363.2831 0.123229 44.76697
H22LS 5/2/2008 5/11/2009 374 1.02 2 433351 -55.3215 341.9067 -0.15802 -54.0272
H22LS 9/7/2008 5/11/2009 246 0.67 2 706668 34.0767 353.8604 0.142982 50.59559
LSH8 7/6/2007 5/8/2009 672 1.84 3 4921656 182.186 1638.8 0.060424 99.02297
LSH8 5/4/2008 5/8/2009 369 1.01 3 6350899 60.4743 2541.6 0.023552 59.85972
LSH8 7/6/2007 5/4/2008 303 0.83 3 5664939 501.0302 2779.9 0.217261 603.9646
LSH8 7/6/2007 5/4/2008 303 0.83 2 5659257 496.2978 2774.1 0.215659 598.26
LSH8 7/6/2007 5/23/2010 1052 2.88 3 5041426 417.9575 1460.6 0.099352 145.1131
LSH8 5/4/2008 5/23/2010 749 2.05 3 6153380 304.7156 2213.4 0.067134 148.5946
LSH8 5/8/2009 5/23/2010 380 1.04 3 6555961 279.2546 2257.3 0.11891 268.4151
H16LS 8/3/2007 5/17/2009 653 1.79 4 2145126 189.8821 518.0013 0.205036 106.2089
H16LS 9/3/2008 5/17/2009 256 0.70 4 2093658 63.0321 624.6656 0.143967 89.93154
H16LS 5/17/2009 5/28/2010 376 1.03 4 3976826 170.9941 857.173 0.193783 166.1053
H16LS 8/3/2007 5/28/2010 1029 2.82 4 3430468 370.8329 576.1138 0.228478 131.6295
H16LC 8/2/2007 5/1/2008 273 0.75 2 1076132 16.041 300.7289 0.071365 21.46145
H16LC 5/1/2008 5/13/2009 377 1.03 2 1563823 3.1887 243.0096 0.012713 3.089317
H16LC 8/2/2007 5/13/2009 650 1.78 2 935994 18.2652 255.0888 0.040236 10.26364
H16LC 5/1/2008 5/13/2009 377 1.03 2 1217509 11.0892 207.1987 0.051852 10.74358
H16LC 8/2/2007 5/21/2010 1023 2.80 2 855494 28.7816 156.7314 0.065565 10.27613
H16LC 5/1/2008 5/21/2010 750 2.05 2 1155501 32.1866 239.5437 0.065436 15.67487
H16LC 5/13/2009 5/21/2010 373 1.02 2 1056563 24.4077 193.2008 0.123708 23.90057
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Appendix C: Bluff data from aerial photographs 

River ID Bank 

Distance 
From 
Mouth 

River 
Length 
along 
Bluff 

Vegetated 
Length Height 

Average 
Aspect 

Migration 
Rate 

(m/yr) 
negative #s 

indicate 
deposition 

1938-
2005 
top 

area 
lost 

(m^2) 
Total 

1938-
2005 
top 

area 
gained 
(m^2) 
Total 

1938-
2005 
top 

area  
(m^2) 

Traced 
rate 

(m/yr) 
Vegetated 

Traced 
rate 

(m/yr) 
Un-

Vegetated 

Traced 
rate 

(m/yr) 
Le Sueur 30 L 400 1030 890 69.39 105 0.48 NA NA NA NA NA NA 
Le Sueur 180 R 1880 210 140 34.10 224 0.00 NA NA NA NA NA NA 
Le Sueur 57 L 1930 50 50 4.28 42 -0.17 NA NA NA NA NA NA 
Le Sueur 59 L 1980 80 80 4.46 37 -0.17 NA NA NA NA NA NA 
Le Sueur 60 L 2060 40 0 3.57 38 -0.16 NA NA NA NA NA NA 
Le Sueur 181 R 2150 100 100 34.50 241 -0.21 NA NA NA NA NA NA 
Le Sueur 65 R 2320 130 60 4.76 298 -0.34 NA NA NA NA NA NA 
Le Sueur 66 L 2330 280 280 11.55 94 0.23 391 475 -84 0.00 0.00 0.00 
Le Sueur 182 R 2820 300 300 23.38 173 0.20 543 176 366 0.02 NA 0.02 
Le Sueur 69 R 3150 50 50 4.06 260 -0.33 NA NA NA NA NA NA 
Le Sueur 183 L 3470 260 260 38.70 85 0.25 2579 373 2206 0.13 NA 0.13 
Le Sueur 184 R 3850 140 140 22.37 215 -0.04 1904 130 1774 0.19 NA 0.19 
Le Sueur 83b L 3850 30 30 3.32 55 0.08 NA NA NA NA NA NA 
Le Sueur 83 L 3930 100 60 2.54 55 0.11 896 0 896 0.05 0.27 0.13 
Le Sueur 185 L 4210 250 110 26.93 81 0.28 NA NA NA NA NA NA 
Le Sueur 91 L 4470 30 30 4.37 47 0.13 NA NA NA NA NA NA 
Le Sueur 187 R 4620 110 110 39.33 213 -0.16 NA NA NA NA NA NA 
Le Sueur 186 R 4740 100 100 26.34 228 -0.31 NA NA NA NA NA NA 
Le Sueur 94 L 4860 380 250 18.34 77 0.34 NA NA NA NA NA NA 
Le Sueur 102 L 5300 30 30 4.61 340 0.86 NA NA NA NA NA NA 
Le Sueur 98 L 5440 60 60 4.45 324 -0.04 NA NA NA NA NA NA 
Le Sueur 107 L 6320 110 110 6.30 196 -0.10 1429 0 1429 0.19 NA 0.19 
Le Sueur 109 L 6510 180 180 6.16 202 -0.05 2984 0 2984 0.25 NA 0.25 
Le Sueur 108 L 6800 260 150 7.64 151 0.13 3246 335 2911 0.12 0.23 0.17 
Le Sueur 115 L 7390 80 80 3.81 46 0.00 0 1246 -1246 0.00 0.00 0.00 
Le Sueur 117 L 7480 80 80 3.50 66 0.00 0.00 0.00 0.00 NA NA 0.00 
Le Sueur 127 L 7590 20 20 4.93 55 0.33 NA NA NA NA NA NA 
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River ID Bank 

Distance 
From 
Mouth 

River 
Length 
along 
Bluff 

Vegetated 
Length Height 

Average 
Aspect 

Migration 
Rate 

(m/yr) 
negative #s 

indicate 
deposition 

1938-
2005 
top 

area 
lost 

(m^2) 
Total 

1938-
2005 
top 

area 
gained 
(m^2) 
Total 

1938-
2005 
top 

area  
(m^2) 

Traced 
rate 

(m/yr) 
Vegetated 

Traced 
rate 

(m/yr) 
Un-

Vegetated 

Traced 
rate 

(m/yr) 
Le Sueur 129 L 7620 40 40 7.50 57 0.37 NA NA NA NA NA NA 
Le Sueur 188 L 7660 30 30 16.30 44 0.41 NA NA NA NA NA NA 
Le Sueur 133 L 7700 360 290 29.55 44 0.32 NA NA NA NA NA NA 
Le Sueur 138 L 8060 140 140 14.37 337 0.18 2260 0 2260 0.24 NA 0.24 
Le Sueur 137 L 8200 130 130 9.94 333 0.58 2755 0 2755 0.32 NA 0.32 
Le Sueur 224 R 8570 640 260 59.40 191 -0.05 7750 1868 5882 0.00 0.24 0.14 
Le Sueur 135 L 9380 80 0 3.61 110 0.44 192 19 173 NA 0.03 0.03 
Le Sueur 157 L 10670 40 40 1.97 150 0.04 5.96 17.44 -11.47 0.00 0.00 0.00 
Le Sueur 152 L 10730 510 260 61.46 110 0.14 NA NA NA NA NA NA 
Le Sueur 164 L 11240 140 60 3.15 359 0.00 NA NA NA NA NA NA 
Le Sueur 161 R 11560 140 140 10.07 149 1.53 NA NA NA NA NA NA 
Le Sueur 162 R 12240 250 250 7.50 221 -0.18 318 1695 -1377 0.00 0.00 0.00 
Le Sueur 166 L 12670 180 150 3.53 63 -0.01 4841 0 4841 0.43 0.25 0.40 
Le Sueur 165 L 13010 80 0 3.01 332 0.31 3029 0 3029 NA 0.57 0.57 
Le Sueur 190 L 13090 190 140 14.17 273 -0.03 1719 143 1576 0.20 0.00 0.12 
Le Sueur 163 L 13290 50 0 3.59 220 0.14 193 0 193 NA 0.06 0.06 
Le Sueur 154 R 13590 450 330 17.18 130 0.16 1692 1376 317 0.00 0.18 0.01 
Le Sueur 189 R 14050 70 20 23.46 138 -0.20 NA NA NA NA NA NA 
Le Sueur 158 L 14220 80 0 5.80 38 0.49 1666 0 1666 NA 0.31 0.31 
Le Sueur 145 R 14640 120 50 39.03 117 0.15 NA NA NA NA NA NA 
Le Sueur 191 L 15370 150 40 23.78 336 0.16 9630 0 9630 0.68 1.06 0.96 
Le Sueur 141 R 15660 270 270 21.26 141 -0.13 NA NA NA NA NA NA 
Le Sueur 227 L 16090 120 120 3.10 318 0.27 2578 0 2578 0.32 NA 0.32 
Le Sueur 139 R 16200 70 70 5.90 117 -0.44 NA NA NA NA NA NA 
Le Sueur 192 R 16290 140 0 11.74 92 -0.21 NA NA NA NA NA NA 
Le Sueur 126 R 16480 30 0 5.90 120 -0.18 NA NA NA NA NA NA 
Le Sueur 125 R 16520 20 20 5.16 156 -0.12 NA NA NA NA NA NA 
Le Sueur 119 R 16540 80 0 4.13 147 0.01 405 0 405 NA 0.08 0.08 
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River ID Bank 

Distance 
From 
Mouth 

River 
Length 
along 
Bluff 

Vegetated 
Length Height 

Average 
Aspect 

Migration 
Rate 

(m/yr) 
negative #s 

indicate 
deposition 

1938-
2005 
top 

area 
lost 

(m^2) 
Total 

1938-
2005 
top 

area 
gained 
(m^2) 
Total 

1938-
2005 
top 

area  
(m^2) 

Traced 
rate 

(m/yr) 
Vegetated 

Traced 
rate 

(m/yr) 
Un-

Vegetated 

Traced 
rate 

(m/yr) 
Le Sueur 118b R 17100 90 90 9.05 154 0.03 NA NA NA NA NA NA 
Le Sueur 118 R 17190 110 0 6.06 154 0.06 245 57 188 NA 0.03 0.03 
Le Sueur 120 R 17340 40 0 3.34 214 -0.09 572 0 572 NA 0.21 0.21 
Le Sueur 123 R 17380 10 0 4.06 226 -0.01 NA NA NA NA NA NA 
Le Sueur 194 L 17790 150 150 8.28 44 0.17 25 364 -339 0.00 0.00 0.00 
Le Sueur 193 R 18150 520 360 51.40 199 0.10 NA NA NA NA NA NA 
Le Sueur 195 L 18790 400 400 41.34 44 0.28 4395 1262 3132 0.12 NA 0.12 
Le Sueur 144 L 19190 40 40 6.56 243 -0.47 NA NA NA NA NA NA 
Le Sueur 225 R 19710 60 60 9.65 108 0.11 NA NA NA NA NA NA 
Le Sueur 121 R 19790 200 200 11.97 183 -0.12 344 478 -134 0.00 0.00 0.00 
Le Sueur 134 L 20100 180 0 3.91 51 0.29 892 0 892 NA 0.07 0.07 
Le Sueur 140 L 20330 90 0 2.86 22 0.42 455 0 455 NA 0.08 0.08 
Le Sueur 131 L 20660 50 10 5.05 249 0.76 NA NA NA NA NA NA 
Le Sueur 114 R 20870 150 0 11.29 97 0.21 NA NA NA NA NA NA 
Le Sueur 122 L 21330 120 0 3.94 25 0.38 1626 0 1626 NA 0.20 0.20 
Le Sueur 122b L 21450 30 30 9.62 44 0.27 NA NA NA NA NA NA 
Le Sueur 112 R 22040 270 0 9.98 202 0.09 2304 293 2012 NA 0.11 0.11 
Le Sueur 89 R 22370 770 320 28.95 125 0.05 3282 2656 625 0.00 0.04 0.01 
Le Sueur 106 L 23590 270 30 12.54 315 0.19 6593 0 6593 0.36 0.36 0.36 
Le Sueur 196 R 24470 110 70 15.07 164 -0.15 NA NA NA NA NA NA 
Le Sueur 95 L 24630 100 0 2.68 324 0.21 1735 0 1735 NA 0.26 0.26 
Le Sueur 90 L 24870 230 0 6.13 305 0.12 4084 0 4084 NA 0.27 0.27 
Le Sueur 88 R 25060 70 0 4.13 115 -0.93 NA NA NA NA NA NA 
Le Sueur 86 L 25190 70 0 2.55 291 0.10 1186 0 1186 NA 0.25 0.25 
Le Sueur 84b L 25270 100 0 15.29 230 -0.10 NA NA NA NA NA NA 
Le Sueur 84 L 25370 190 190 6.41 230 -0.02 67 580 -513 0.00 0.00 0.00 
Le Sueur 85 R 25630 80 0 1.98 39 0.58 2707 0 2707 NA 0.51 0.51 
Le Sueur 79 L 25860 120 90 7.60 109 0.15 NA NA NA NA NA NA 
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Le Sueur 197 L 26110 150 0 9.11 316 0.34 1007 146 861 NA 0.09 0.09 
Le Sueur 198 L 26320 230 90 28.74 250 0.00 1460 742 718 0.02 0.07 0.05 
Le Sueur 70 R 26720 40 0 2.41 71 0.37 NA NA NA NA NA NA 
Le Sueur 63 L 27080 100 0 3.01 300 0.15 850 0 850 NA 0.13 0.13 
Le Sueur 61 R 27190 20 20 4.13 277 -0.09 NA NA NA NA NA NA 
Le Sueur 199 L 27210 100 100 18.11 247 -0.12 NA NA NA NA NA NA 
Le Sueur 52 R 27550 80 80 5.62 113 -0.14 NA NA NA NA NA NA 
Le Sueur 51 R 27740 50 0 3.20 124 -0.05 NA NA NA NA NA NA 
Le Sueur 48 L 27780 140 0 2.44 301 -0.02 373 0 373 NA 0.04 0.04 
Le Sueur 44 L 27990 40 10 6.30 247 -0.05 NA NA NA NA NA NA 
Le Sueur 31b R 28100 110 0 14.74 44 -0.15 NA NA NA NA NA NA 
Le Sueur 31 R 28210 290 0 7.61 44 0.26 3165 0 3165 NA 0.16 0.16 
Le Sueur 200 R 28500 60 0 13.49 170 0.30 NA NA NA NA NA NA 
Le Sueur 32 R 28560 80 0 4.71 201 0.20 560 0 560 NA 0.10 0.10 
Le Sueur 38 L 28890 40 40 3.95 33 0.28 NA NA NA NA NA NA 
Le Sueur 27 R 29360 300 250 9.74 127 0.02 NA NA NA NA NA NA 
Le Sueur 24 R 29700 290 70 6.20 209 0.15 4735 62 4673 0.03 0.31 0.24 
Le Sueur 34 L 30210 40 0 3.15 75 0.09 345 0 345 NA 0.13 0.13 
Le Sueur 201 R 30370 150 30 20.54 270 0.06 NA NA NA NA NA NA 
Le Sueur 42 L 30580 320 230 33.91 44 0.01 NA NA NA NA NA NA 
Le Sueur 47 L 30580 290 290 14.71 51 0.10 NA NA NA NA NA NA 
Le Sueur 39 R 31110 450 450 9.78 166 -0.04 1358 1473 -115 0.00 0.00 0.00 
Le Sueur 49b L 31950 210 110 9.62 315 0.14 NA NA NA NA NA NA 
Le Sueur 49 L 32170 110 30 5.73 315 0.10 2771 0 2771 0.19 0.45 0.38 
Le Sueur 35 R 32500 280 110 31.79 104 -0.03 1357 266 1091 0.01 0.09 0.06 
Le Sueur 202 L 32770 180 30 6.15 15 0.08 1864 24 1840 0.00 0.18 0.15 
Le Sueur 37 R 32980 110 110 8.41 182 0.03 NA NA NA NA NA NA 
Le Sueur 40 L 33150 160 60 26.66 31 0.18 2339 53 2286 0.20 0.22 0.21 
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Le Sueur 226 L 33750 20 0 1.90 336 0.08 290 0 290 NA 0.22 0.22 
Le Sueur 203 R 33920 90 90 15.62 159 0.12 NA NA NA NA NA NA 
Le Sueur 28 R 34530 30 0 4.11 139 0.23 391 0 391 NA 0.19 0.19 
Le Sueur 205 L 35070 160 160 27.78 74 0.13 NA NA NA NA NA NA 
Le Sueur 204 R 35310 40 40 5.87 150 -0.02 NA NA NA NA NA NA 
Le Sueur 206 L 35390 130 130 21.79 44 0.08 NA NA NA NA NA NA 
Le Sueur 45 L 35510 90 90 16.78 327 0.01 186 215 -29 0.00 0.00 0.00 
Le Sueur 207 R 36250 80 80 19.77 171 0.23 NA NA NA NA NA NA 
Le Sueur 208 L 36490 80 0 10.69 21 -0.04 572 0 572 NA 0.11 0.11 
Le Sueur 25 R 36670 70 70 6.89 158 0.32 596 0 596 0.13 NA 0.13 
Le Sueur 209 L 36900 70 0 6.34 340 0.05 749 40 709 NA 0.15 0.15 
Le Sueur 22 R 37070 60 60 11.14 150 0.48 NA NA NA NA NA NA 
Le Sueur 21 R 37180 90 90 10.37 175 0.18 77 214 -137 0.00 0.00 0.00 
Le Sueur 210 L 37380 70 0 14.41 37 0.19 1342 0 1342 NA 0.29 0.29 
Le Sueur 12 L 37990 330 60 20.02 283 -0.17 NA NA NA NA NA NA 
Le Sueur 10 R 38320 270 130 21.04 44 0.23 NA NA NA NA NA NA 
Le Sueur 211 R 39440 60 0 5.58 94 0.18 334 0 334 NA 0.08 0.08 
Le Sueur 3 R 39510 160 120 16.75 167 -0.06 NA NA NA NA NA NA 
Le Sueur 11 L 39610 170 40 6.73 326 -0.03 525 42 483 0.01 0.05 0.04 
Le Sueur 5 L 39800 70 20 7.30 284 -0.10 NA NA NA NA NA NA 
Le Sueur 0 R 39950 260 200 9.78 118 0.14 1547 213 1334 0.08 0.06 0.08 
Le Sueur 2 L 40330 250 250 9.03 44 0.11 NA NA NA NA NA NA 
Le Sueur 1 R 40740 140 0 6.84 158 0.07 1098 0 1098 NA 0.12 0.12 
Le Sueur 4 R 41020 40 0 4.08 242 0.26 1017 0 1017 NA 0.38 0.38 
Le Sueur 6 R 41090 50 50 5.20 285 -0.14 NA NA NA NA NA NA 
Le Sueur 8b L 41140 270 260 19.61 44 -0.13 NA NA NA NA NA NA 
Le Sueur 8 L 41410 190 60 13.78 44 0.06 1481 197 1284 0.01 0.14 0.10 
Le Sueur 9 R 41780 100 60 5.44 105 0.15 NA NA NA NA NA NA 
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Le Sueur 7 R 41880 120 110 3.91 180 0.18 2258 0 2258 0.06 2.75 0.28 
Le Sueur 13 R 42350 40 0 3.65 259 0.03 444 0 444 NA 0.17 0.17 
Le Sueur 212 L 42440 110 50 11.22 60 -0.05 1055 0 1055 0.22 0.08 0.14 
Le Sueur 14 R 42620 110 0 5.79 201 0.05 1831 0 1831 NA 0.25 0.25 
Le Sueur 15 L 42820 110 110 9.64 110 0.08 NA NA NA NA NA NA 
Le Sueur 18 L 42950 70 0 4.82 48 0.08 438 38 400 NA 0.09 0.09 
Le Sueur 17 R 43080 30 30 3.94 147 0.09 NA NA NA NA NA NA 
Le Sueur 16 R 43300 50 0 2.85 240 0.24 1664 0 1664 NA 0.50 0.50 
Le Sueur 19 R 43400 30 30 4.90 331 0.01 NA NA NA NA NA NA 
Le Sueur 20 L 43510 50 50 4.42 132 0.08 NA NA NA NA NA NA 
Le Sueur 26 R 43590 30 30 3.39 318 -0.01 NA NA NA NA NA NA 
Le Sueur 23 L 43620 120 100 7.79 142 0.02 NA NA NA NA NA NA 
Le Sueur 29 R 43780 90 90 5.95 257 0.07 NA NA NA NA NA NA 
Le Sueur 36 L 44020 70 30 5.62 26 0.01 NA NA NA NA NA NA 
Le Sueur 33b R 44140 140 110 8.57 248 -0.04 NA NA NA NA NA NA 
Le Sueur 33 R 44220 160 0 6.57 246 -0.02 875 34 841 NA 0.08 0.08 
Le Sueur 41 L 44450 60 60 5.04 147 0.03 NA NA NA NA NA NA 
Le Sueur 43 L 44530 90 50 7.56 142 -0.01 NA NA NA NA NA NA 
Le Sueur 46 R 44670 60 60 6.47 258 0.01 NA NA NA NA NA NA 
Le Sueur 50 L 44830 170 40 7.87 126 0.01 NA NA NA NA NA NA 
Le Sueur 53 R 45210 110 110 5.47 240 0.15 NA NA NA NA NA NA 
Le Sueur 54 R 45340 70 40 4.77 207 -0.05 NA NA NA NA NA NA 
Le Sueur 58 L 45480 100 0 5.34 324 -0.05 502 13 490 NA 0.07 0.07 
Le Sueur 55 L 45630 120 0 6.07 217 -0.03 543 0 543 NA 0.07 0.07 
Le Sueur 214 L 45760 70 70 9.26 136 -0.25 426 2629 -2203 0.00 0.00 0.00 
Le Sueur 213 R 45970 230 80 9.18 283 0.00 3358 480 2878 0.49 0.02 0.19 
Le Sueur 64 L 46230 70 70 5.16 147 0.13 NA NA NA NA NA NA 
Le Sueur 68 L 46560 50 0 3.00 338 0.23 1857 0 1857 NA 0.55 0.55 
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Le Sueur 62 R 46720 100 10 14.33 200 -0.10 224 0 224 0.10 0.03 0.03 
Le Sueur 67 R 46860 230 230 15.21 253 -0.01 NA NA NA NA NA NA 
Le Sueur 72b R 47090 30 30 7.76 309 0.07 NA NA NA NA NA NA 
Le Sueur 72 R 47120 50 0 5.55 309 0.00 371 0 371 NA 0.11 0.11 
Le Sueur 71 L 47240 170 170 6.96 148 -0.11 376 1189 -813 0.00 0.00 0.00 
Le Sueur 74b R 47550 80 80 16.11 250 0.09 NA NA NA NA NA NA 
Le Sueur 74 R 47590 50 0 6.79 250 0.18 707 6 700 NA 0.21 0.21 
Le Sueur 77 R 47850 250 250 17.29 296 -0.08 NA NA NA NA NA NA 
Le Sueur 82 R 48130 80 0 6.17 32 0.15 1214 0 1214 NA 0.23 0.23 
Le Sueur 82b R 48210 30 10 11.13 44 0.15 NA NA NA NA NA NA 
Le Sueur 78 L 48460 50 50 3.88 244 -0.08 NA NA NA NA NA NA 
Le Sueur 76 L 48560 30 0 3.94 231 0.10 NA NA NA NA NA NA 
Le Sueur 73 L 48620 140 140 9.44 185 0.09 300 97 203 0.02 NA 0.02 
Le Sueur 75 L 49090 260 260 19.52 147 0.06 NA NA NA NA NA NA 
Le Sueur 80 R 49370 50 0 3.85 223 0.29 NA NA NA NA NA NA 
Le Sueur 81 R 49420 20 20 5.21 256 0.07 NA NA NA NA NA NA 
Le Sueur 92 L 50230 70 70 10.29 92 0.28 63 167 -104 0.00 0.00 0.00 
Le Sueur 93b R 50640 140 110 12.35 224 0.04 NA NA NA NA NA NA 
Le Sueur 93 R 50710 290 290 9.76 231 0.02 4235 0 4235 0.22 NA 0.22 
Le Sueur 97 R 51070 30 30 4.28 315 0.04 NA NA NA NA NA NA 
Le Sueur 96 L 51140 70 40 3.93 134 0.11 907 0 907 0.17 0.22 0.19 
Le Sueur 96b L 51210 20 20 4.12 134 -0.04 NA NA NA NA NA NA 
Le Sueur 100 R 51310 30 0 3.69 328 0.03 NA NA NA NA NA NA 
Le Sueur 99 L 51410 230 110 5.11 67 0.08 1570 320 1250 -0.04 0.19 0.08 
Le Sueur 101 R 51780 140 0 4.58 173 0.14 2808 0 2808 NA 0.30 0.30 
Le Sueur 103 R 51930 40 40 4.08 266 -0.08 NA NA NA NA NA NA 
Le Sueur 104 R 51970 30 30 3.66 277 -0.18 NA NA NA NA NA NA 
Le Sueur 105 L 52010 30 0 4.38 114 0.13 NA NA NA NA NA NA 
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Le Sueur 111 L 52170 40 40 4.97 33 0.00 NA NA NA NA NA NA 
Le Sueur 110 R 52330 40 10 4.94 210 0.58 NA NA NA NA NA NA 
Le Sueur 113 R 52590 70 70 5.40 294 -0.09 NA NA NA NA NA NA 
Le Sueur 215b R 52830 40 40 10.30 288 -0.05 NA NA NA NA NA NA 
Le Sueur 215 R 52860 60 30 3.87 288 -0.08 677 0 677 0.14 0.19 0.17 
Le Sueur 116 R 53290 120 70 14.45 155 0.05 NA NA NA NA NA NA 
Le Sueur 124 R 53670 140 60 8.18 205 0.01 2950 0 2950 0.21 0.39 0.31 
Le Sueur 128 S R 53670 90 0 8.01 222 -0.03 954 0 954 NA 0.16 0.16 
Le Sueur 128 N R 53920 100 100 8.01 318 -0.09 471 687 -216 0.00 0.00 0.00 
Le Sueur 142 R 54250 30 30 4.80 239 -0.23 NA NA NA NA NA NA 
Le Sueur 143 R 54400 130 130 5.30 230 -0.05 NA NA NA NA NA NA 
Le Sueur 150 L 54610 50 50 1.92 58 0.00 0 257 -257 0.00 0.00 0.00 
Le Sueur 151 L 54720 70 70 5.07 68 -0.01 NA NA NA NA NA NA 
Le Sueur 156 L 54870 50 0 4.96 59 -0.14 NA NA NA NA NA NA 
Le Sueur 153 L 56150 60 0 2.93 53 -0.26 36 499 -464 NA 0.01 0.00 
Le Sueur 159 L 56150 110 110 9.40 321 -0.17 58 12 46 0.00 0.00 0.01 
Le Sueur 216 R 56540 120 70 7.48 53 0.00 NA NA NA NA NA NA 
Le Sueur 155 L 56850 40 40 2.33 14 0.00 0 128 -128 0.00 0.00 0.00 
Le Sueur 217 R 57010 240 240 9.07 219 0.22 NA NA NA NA NA NA 
Le Sueur 218 R 59610 100 50 18.00 141 0.10 690 16 674 0.14 0.06 0.10 
Le Sueur 218b R 59700 60 60 16.15 169 0.11 NA NA NA NA NA NA 
Le Sueur 219 R 59910 110 0 16.41 196 0.14 NA NA NA NA NA NA 
Le Sueur 167 L 61750 160 160 8.88 56 -0.02 NA NA NA NA NA NA 
Le Sueur 168 L 61910 30 0 8.08 315 -0.03 NA NA NA NA NA NA 
Le Sueur 169 L 61940 50 30 9.79 315 -0.04 NA NA NA NA NA NA 
Le Sueur 170 L 62230 140 100 13.46 65 0.16 NA NA NA NA NA NA 
Le Sueur 220 R 63030 60 60 11.99 192 0.35 NA NA NA NA NA NA 
Le Sueur 171 L 63660 370 360 11.65 42 -0.01 NA NA NA NA NA NA 
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Le Sueur 172 R 64340 340 50 15.79 202 0.19 NA NA NA NA NA NA 
Le Sueur 221 L 64960 50 30 15.39 116 0.28 NA NA NA NA NA NA 
Le Sueur 174 L 65720 240 180 15.61 44 0.11 NA NA NA NA NA NA 
Le Sueur 222 R 66150 90 30 10.37 177 0.10 1590 0 1590 0.32 0.24 0.26 
Le Sueur 223 L 66520 90 50 11.71 44 0.13 NA NA NA NA NA NA 
Le Sueur 173b R 66740 70 70 14.77 200 0.20 NA NA NA NA NA NA 
Le Sueur 173 R 66810 80 0 12.71 199 0.15 284 206 79 NA 0.01 0.01 
Le Sueur 175 L 67270 160 50 10.38 166 -0.02 NA NA NA NA NA NA 
Le Sueur 176 R 67990 120 120 9.84 231 -0.03 399 247 151 0.02 NA 0.02 
Le Sueur 177 R 69520 40 40 9.07 216 0.00 NA NA NA NA NA NA 
Le Sueur 178 L 69820 230 230 15.45 54 0.11 NA NA NA NA NA NA 
Le Sueur 179 L 70050 190 120 16.02 54 0.01 NA NA NA NA NA NA 

Maple 0 L 346 430 NA 7.048 150.988 0.14 123 2629 -2507 0.00 NA 0.00 
Maple 1 R 406 250 250 12.8 310.047 -0.19 NA NA NA NA NA NA 
Maple 2 R 916 300 300 12.928 274.811 -0.18 NA NA NA NA NA NA 
Maple 3 L 1046 230 230 17.475 247.474 -0.06 NA NA NA NA NA NA 
Maple 4 L 1046 230 NA 9.986 103.402 0.15 0 642 -642 0.00 NA 0.00 
Maple 5 R 1316 310 310 14.47 88.223 -0.01 NA NA NA NA NA NA 
Maple 6 L 1656 660 450 35.986 82.000 -0.08 10556 1506 9050 0.33 0.00 0.20 
Maple 7 R 2846 490 120 45.477 226.526 -0.03 11160 1737 9423 0.00 0.45 0.29 
Maple 8 R 3776 130 100 13.687 290.773 -0.01 942 187 755 0.05 0.20 0.09 
Maple 9 R 3926 110 110 14.646 268.908 -0.13 NA NA NA NA NA NA 
Maple 10 L 4586 630 630 18.353 134.599 -0.36 9023 2212 6811 0.16 NA 0.16 
Maple 12 L 5496 60 NA 7.245 56.371 -0.13 34 134 -100 0.00 NA 0.00 
Maple 13 R 5586 240 240 11.084 233.084 0.06 NA NA NA NA NA NA 
Maple 14 R 5826 470 260 35.453 297.109 -0.07 NA NA NA NA NA NA 
Maple 15 L 6396 130 130 7.782 170.322 0.14 NA NA NA NA NA NA 
Maple 16 L 6526 340 NA 10.107 83.455 0.09 93 224 -131 NA NA 0.00 
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Maple 17 L 7096 310 190 7.091 315.000 -0.21 3604 47 3557 0.12 0.25 0.17 
Maple 18 R 7386 460 NA 31.544 252.127 0.03 502 1996 -1493 0.00 0.00 0.00 
Maple 19 L 7916 150 NA 5.452 114.385 0.36 40 305 -265 0.00 NA 0.00 
Maple 20 L 8536 120 70 10.45 179.964 0.46 839 133 707 0.14 0.02 0.09 
Maple 21 R 8986 310 0 19.821 252.704 0.01 1112 738 374 NA 0.02 0.02 
Maple 22 R 9296 100 0 7.296 332.670 0.01 NA NA NA NA NA NA 
Maple 23 L 9536 70 NA 5.568 212.507 0.38 0 331 -331 0.00 NA 0.00 
Maple 24 L 9726 190 NA 29.863 110.365 0.15 388 640 -252 NA 0.00 0.00 
Maple 25 R 10206 40 0 9.388 263.273 0.16 840 0 840 NA 0.31 0.31 
Maple 26 R 10246 40 0 6.812 242.200 0.44 NA NA NA NA NA NA 
Maple 27 R 10856 140 10 13.187 201.127 0.19 2390 0 2390 0.27 0.25 0.25 
Maple 28 L 11386 50 50 5.94 138.485 -0.21 NA NA NA NA NA NA 
Maple 29 R 11686 80 NA 5.885 44.000 0.48 4 206 -202 NA 0.00 0.00 
Maple 30 L 11996 180 100 12.9 121.100 -0.08 1736 678 1058 0.24 0.00 0.09 
Maple 31 R 12836 490 50 32.914 315.000 -0.04 3069 621 2447 0.00 0.10 0.07 
Maple 32 R 14076 70 0 6.947 270.759 -0.15 NA NA NA NA NA NA 
Maple 33 R 14576 380 0 29.289 242.340 0.02 9643 43 9600 NA 0.38 0.38 
Maple 34 R 15346 60 60 11.421 282.336 0.53 NA NA NA NA NA NA 
Maple 35 R 15796 110 40 12.53 294.310 0.09 4498 0 4498 0.67 0.57 0.61 
Maple 36 L 16386 90 90 14.864 144.075 -0.11 NA NA NA NA NA NA 
Maple 37 L 16716 50 10 20.609 146.552 -0.01 915 0 915 0.29 0.27 0.27 
Maple 38 L 17726 360 NA 21.8 104.496 0.14 26 2144 -2118 NA 0.00 0.00 
Maple 39 R 18306 170 20 12.12 197.953 0.26 2622 0 2622 0.24 0.23 0.23 
Maple 40 R 18706 280 0 19.14 217.566 0.14 4579 1835 2744 NA 0.15 0.15 
Maple 41 L 19136 60 0 3.564 144.899 0.29 100 24 76 NA 0.02 0.02 
Maple 42 L 19466 80 0 6.906 46.574 0.24 1965 0 1965 NA 0.37 0.37 
Maple 43 L 19836 230 0 6.405 85.924 0.05 900 0 900 NA 0.06 0.06 
Maple 120 R 20216 150 30 3.908 216.365 0.08 2552 0 2552 0.58 0.17 0.25 
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Maple 121 R 20426 120 20 19.03 309.240 -0.16 3447 0 3447 0.54 0.41 0.43 
Maple 44 L 21596 300 130 17.509 187.478 0.00 3136 1657 1478 0.00 0.26 0.07 
Maple 45 R 22396 60 60 8.871 289.937 -0.24 NA NA NA NA NA NA 
Maple 46 R 22456 90 0 6.923 306.878 -0.11 504 156 348 NA 0.06 0.06 
Maple 47 R 23126 280 0 10.149 241.488 -0.13 10836 0 10836 NA 0.58 0.58 
Maple 48 R 25356 140 0 12.547 288.079 0.09 1942 0 1942 NA 0.21 0.21 
Maple 49 R 25766 170 170 16.764 27.645 0.10 328 57 271 0.02 NA 0.02 
Maple 50 L 26396 80 0 13.044 181.297 0.03 NA NA NA NA NA NA 
Maple 51 L 27016 100 NA 5.682 146.877 0.01 18 835 -817 0.00 NA 0.00 
Maple 52 L 27726 90 NA 15.702 118.061 -0.03 0 483 -483 0.00 NA 0.00 
Maple 53 R 28296 280 0 10.014 216.030 -0.07 2727 0 2727 NA 0.15 0.15 
Maple 54 R 28796 100 0 12.75 281.205 -0.04 2123 29 2094 NA 0.31 0.31 
Maple 55 L 29416 80 80 13.81 97.660 0.40 NA NA NA NA NA NA 
Maple 56 R 30466 100 100 11.375 151.133 -0.05 573 58 514 0.08 NA 0.08 
Maple 57 R 30886 120 120 18.943 223.153 0.26 1859 0 1859 0.23 NA 0.23 
Maple 58 R 31606 180 180 11.741 252.836 -0.03 426 0 426 0.04 NA 0.04 
Maple 59 R 31866 230 230 12.806 312.683 -0.06 3019 690 2328 0.15 NA 0.15 
Maple 60 L 32236 260 260 10.328 148.889 -0.02 1372 0 1372 0.08 NA 0.08 
Maple 61 L 32526 110 110 12.665 120.509 0.07 NA NA NA NA NA NA 
Maple 62 L 32726 300 300 15.718 101.040 -0.06 3056 15 3041 0.15 NA 0.15 
Maple 63 L 33076 140 140 16.66 315.000 -0.26 1149 0 1149 0.12 NA 0.12 
Maple 64 L 33496 110 30 7.993 44.000 -0.18 1097 0 1097 0.09 0.17 0.15 
Maple 65 R 34056 60 30 11.23 227.928 -0.16 1108 0 1108 0.31 0.24 0.28 
Maple 66 R 34396 200 200 16.628 220.390 0.08 NA NA NA NA NA NA 
Maple 67 L 35446 240 0 12.646 157.961 0.10 NA NA NA NA NA NA 
Maple 68 L 35686 160 100 15.921 102.307 0.06 720 203 517 0.10 0.00 0.05 
Maple 69 L 35846 90 30 14.053 80.720 -0.08 NA NA NA NA NA NA 
Maple 70 R 37026 280 NA 14.202 282.430 -0.08 166 763 -597 0.00 NA 0.00 
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River ID Bank 

Distance 
From 
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River 
Length 
along 
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Rate 
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(m^2) 
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rate 

(m/yr) 
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Traced 
rate 

(m/yr) 
Un-

Vegetated 

Traced 
rate 

(m/yr) 
Maple 71 L 37496 480 NA 12.214 132.583 -0.01 899 1530 -632 0.00 NA 0.00 
Maple 72 L 37986 50 50 12.224 42.362 -0.29 NA NA NA NA NA NA 
Maple 73 R 38846 50 0 6.469 166.898 -0.02 311 90 221 NA 0.07 0.07 
Maple 74 R 39596 70 NA 10.609 297.336 -0.44 14 94 -80 0.00 NA 0.00 
Maple 75 R 39626 110 110 10.594 315.000 -0.29 NA NA NA NA NA NA 
Maple 76 L 39976 40 40 8.549 155.557 0.01 NA NA NA NA NA NA 
Maple 77 L 40016 190 NA 10.566 138.275 -0.01 195 661 -465 0.00 NA 0.00 
Maple 78 L 40486 210 NA 11.462 58.210 -0.32 840 1815 -974 NA 0.00 0.00 
Maple 79 R 40846 270 270 9.605 205.865 0.01 749 268 482 0.03 NA 0.03 
Maple 80 R 41516 60 60 12.965 238.975 -0.02 NA NA NA NA NA NA 
Maple 81 R 41576 90 90 12.284 277.166 -0.14 1531 0 1531 0.25 NA 0.25 
Maple 82 R 41706 130 130 13.624 44.000 -0.15 NA NA NA NA NA NA 
Maple 83 R 42636 90 90 10.087 300.233 -0.03 NA NA NA NA NA NA 
Maple 84 R 42776 140 140 12.414 297.168 -0.14 1493 0 1493 0.16 NA 0.16 
Maple 85 R 42936 100 100 8.979 311.606 -0.13 NA NA NA NA NA NA 
Maple 86 L 43186 300 300 11.673 133.307 -0.03 802 574 228 0.01 NA 0.01 
Maple 87 L 43796 50 NA 10.97 122.095 -0.09 0 394 -394 NA 0.00 0.00 
Maple 88 L 44446 80 80 11.552 90.548 -0.09 345 214 131 0.02 NA 0.02 
Maple 89 L 44546 160 110 10.614 74.962 -0.07 NA NA NA NA NA NA 
Maple 90 L 44836 250 250 6.998 310.842 -0.07 4051 82 3969 0.24 NA 0.24 
Maple 91 R 45346 650 600 9.976 158.215 -0.05 4305 520 3785 0.09 0.01 0.09 
Maple 92 R 46506 300 300 9.439 204.682 0.03 NA NA NA NA NA NA 
Maple 93 R 48386 170 170 8.927 299.762 -0.16 2352 0 2352 0.21 NA 0.21 
Maple 94 R 49066 70 0 9.564 113.034 -0.09 NA NA NA NA NA NA 
Maple 95 R 50336 60 60 5.025 247.205 0.14 877 0 877 0.22 NA 0.22 
Maple 96 L 50736 80 20 6.188 114.348 -0.12 66 62 4 0.03 0.00 0.00 
Maple 97 L 51036 70 NA 6.827 69.984 -0.19 61 188 -128 NA 0.00 0.00 
Maple 98 L 51106 50 50 7.549 43.809 -0.23 NA NA NA NA NA NA 
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River ID Bank 

Distance 
From 
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(m/yr) 
Un-

Vegetated 

Traced 
rate 

(m/yr) 
Maple 99 L 51326 70 NA 8.625 27.916 -0.15 84 176 -92 0.00 NA 0.00 
Maple 100 R 51706 10 10 5.684 142.899 0.17 NA NA NA NA NA NA 
Maple 101 L 52326 50 NA 9.68 93.067 -0.12 0 118 -118 0.00 NA 0.00 
Maple 102 L 52486 150 150 6.105 315.000 -0.19 776 50 726 0.07 NA 0.07 
Maple 103 L 52486 NA 11.93 315.000 -0.06 328 882 -554 0.00 NA 0.00 
Maple 104 L 53776 110 50 6.579 275.469 -0.32 2487 0 2487 0.30 0.37 0.34 
Maple 105 L 56566 60 60 6.515 29.847 -0.29 237 162 75 0.02 NA 0.02 
Maple 106 R 58566 370 70 7.749 196.414 -0.16 13090 0 13090 0.23 0.60 0.53 
Maple 107 R 61226 30 30 7.847 247.180 -0.08 NA NA NA NA NA NA 
Maple 108 R 61286 430 NA 7.642 248.594 -0.20 1533 2628 -1095 0.00 NA 0.00 
Maple 109 L 62366 570 570 9.306 61.011 0.10 NA NA NA NA NA NA 
Maple 110 L 63236 230 230 6.907 315.000 -0.15 1649 235 1415 0.09 NA 0.09 
Maple 111 R 63856 550 270 8.097 175.787 -0.11 3684 1561 2123 0.11 0.01 0.06 
Maple 112 L 64716 480 480 9.689 315.000 -0.32 3869 286 3583 0.11 NA 0.11 
Maple 113 R 65716 180 180 7.337 185.879 -0.24 NA NA NA NA NA NA 
Maple 114 R 65936 140 140 7.003 278.748 -0.15 490 307 183 0.02 NA 0.02 
Maple 115 R 66086 50 50 6.179 244.161 0.45 NA NA NA NA NA NA 
Maple 116 L 69606 80 80 7.451 89.272 -0.25 NA NA NA NA NA NA 
Maple 117 R 76536 70 70 5.059 245.670 -0.28 NA NA NA NA NA NA 
Maple 118 L 76756 60 60 6.655 86.195 -0.02 NA NA NA NA NA NA 
Maple 119 R 76916 170 170 4.763 124.416 0.01 NA NA NA NA NA NA 

Big Cobb 1 L 260 60 0 6.62 83.74 -0.11 NA NA NA NA NA NA 
Big Cobb 2 L 470 220 0 54.76 15.00 -0.07 4000 423 3577 NA 0.21 0.21 
Big Cobb 2 L 650 70 40 54.76 15.00 0.13 NA NA NA NA NA NA 
Big Cobb 4 R 1010 350 0 28.33 226.13 -0.10 5051 7698 -2647 NA 0.00 0.00 
Big Cobb 5 L 1530 60 0 7.26 149.48 0.28 191 0 191 NA 0.05 0.05 
Big Cobb 6 L 1720 140 0 30.37 15.00 -0.11 3941 0 3941 NA 0.42 0.42 
Big Cobb 6 L 1860 60 0 30.37 15.00 0.37 NA NA NA NA NA NA 
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River ID Bank 

Distance 
From 
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River 
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Un-

Vegetated 

Traced 
rate 

(m/yr) 
Big Cobb 7 L 2120 260 260 53.99 15.00 -0.21 6740 1280 5460 0.31 NA 0.31 
Big Cobb 8 R 2330 120 120 3.85 209.01 0.62 325 113 212 0.03 NA 0.03 
Big Cobb 9 R 2650 70 70 8.65 204.80 -0.07 235 82 153 0.03 NA 0.03 
Big Cobb 10 L 2760 100 100 24.94 360.00 0.18 6043 0 6043 0.90 NA 0.90 
Big Cobb 11 L 3040 150 0 49.49 15.00 0.15 4171 149 4022 NA 0.42 0.40 
Big Cobb 12 R 3390 270 0 50.48 360.00 0.17 4144 2951 1193 NA 0.07 0.07 
Big Cobb 13 L 4350 100 100 32.83 134.50 -0.02 2392 101 2291 0.34 NA 0.34 
Big Cobb 14 R 4570 50 50 8.28 219.47 -0.23 96 25 71 0.02 NA 0.02 
Big Cobb 15 R 4880 110 0 17.33 235.57 0.02 243 2041 -1798 NA 0.00 0.00 
Big Cobb 16 R 5200 40 40 4.29 141.72 0.01 NA NA NA NA NA NA 
Big Cobb 17 R 551 80 80 9.48 332.83 0.06 NA NA NA NA NA NA 
Big Cobb 18 R 5900 110 110 21.03 207.01 -0.07 NA NA NA NA NA NA 
Big Cobb 19 L 5970 250 250 45.44 155.65 0.00 3902 917 2986 0.18 NA 0.18 
Big Cobb 20 L 6330 160 20 19.94 53.13 -0.08 NA NA NA NA NA NA 
Big Cobb 21 R 7070 180 0 41.11 253.75 -0.10 0 15734 -15734 NA 0.00 0.00 
Big Cobb 21 R 7290 30 50 41.11 253.75 0.03 NA NA NA NA NA NA 
Big Cobb 22 R 7530 240 0 12.04 15.00 0.32 NA NA NA NA NA NA 
Big Cobb 23 R 8170 50 50 4.07 217.77 -0.11 604 0 604 0.18 NA 0.18 
Big Cobb 24 L 8610 70 70 36.36 151.05 0.07 126 1799 -1673 0.00 NA 0.00 
Big Cobb 25 L 8900 60 0 12.91 98.89 0.13 NA NA NA NA NA NA 
Big Cobb 26 R 9240 110 110 37.47 360.00 0.19 22 1094 -1072 0.00 NA 0.00 
Big Cobb 27 R 9660 200 0 35.64 35.00 0.19 0 1175 -1175 NA 0.00 0.00 
Big Cobb 28 R 10390 90 0 35.64 340.00 -0.02 713 0 713 NA 0.12 0.12 
Big Cobb 29 L 1088 80 0 32.49 118.51 0.40 1565 0 1565 NA 0.29 0.29 
Big Cobb 30 L 11220 180 0 30.71 99.79 0.15 NA NA NA NA NA NA 
Big Cobb 31 L 11840 50 50 31.61 53.76 0.40 832 0 832 0.25 NA 0.25 
Big Cobb 32 L 12520 90 0 9.69 360.00 NA NA NA NA NA NA NA 
Big Cobb 33 R 12860 80 33 8.64 181.04 NA NA NA NA NA NA NA 
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Big Cobb 34 R 12910 760 0 29.46 360.00 NA NA NA NA NA NA NA 
Big Cobb 35 L 14210 50 50 4.48 100.68 NA NA NA NA NA NA NA 
Big Cobb 36 L 14670 80 20 26.08 15.00 NA NA NA NA NA NA NA 
Big Cobb 37 L 15480 190 80 11.99 296.81 NA NA NA NA NA NA NA 
Big Cobb 38 L 15710 50 0 3.97 246.56 NA NA NA NA NA NA NA 
Big Cobb 39 L 15980 30 30 3.88 113.05 NA NA NA NA NA NA NA 
Big Cobb 40 R 16280 30 30 5.24 116.24 NA NA NA NA NA NA NA 
Big Cobb 41 L 16500 70 50 5.95 40.21 NA NA NA NA NA NA NA 
Big Cobb 42 R 16910 80 10 9.96 169.95 NA NA NA NA NA NA NA 
Big Cobb 43 R 17370 170 130 21.79 187.35 NA NA NA NA NA NA NA 
Big Cobb 44 R 17520 720 0 22.38 243.19 NA NA NA NA NA NA NA 
Big Cobb 45 L 18330 390 110 17.89 360.00 NA NA NA NA NA NA NA 
Big Cobb 46 R 18820 110 110 21.78 221.23 NA NA NA NA NA NA NA 
Big Cobb 47 R 19200 170 170 20.64 305.89 NA NA NA NA NA NA NA 
Big Cobb 48 L 19560 150 0 4.69 128.59 0.06 3539 0 3539 NA 0.35 0.35 
Big Cobb 49 R 19980 170 170 23.39 209.92 0.11 1181 888 293 0.03 NA 0.03 
Big Cobb 50 L 20400 80 0 6.64 56.90 -0.23 1990 0 1990 NA 0.37 0.37 
Big Cobb 51 L 20820 110 110 11.46 104.82 0.04 2145 0 2145 0.29 NA 0.29 
Big Cobb 52 R 21180 60 0 3.82 285.24 0.04 NA NA NA NA NA NA 
Big Cobb 53 L 21660 550 550 19.53 112.88 0.02 7282 0 7282 0.20 NA 0.20 
Big Cobb 54 L 22800 140 0 15.09 15.00 -0.16 1786 0 1786 NA 0.19 0.19 
Big Cobb 55 R 23260 240 150 11.86 173.11 0.00 2779 0 2779 0.08 0.33 0.17 
Big Cobb 56 L 23860 250 250 15.84 360.00 -0.02 52 1395 -1342 0.00 NA 0.00 
Big Cobb 57 L 24110 50 50 8.62 323.59 0.07 NA NA NA NA NA NA 
Big Cobb 58 R 24540 190 0 13.83 109.34 -0.12 4252 257 3996 NA 0.31 0.31 
Big Cobb 59 R 24890 90 90 15.77 147.76 0.32 NA NA NA NA NA NA 
Big Cobb 60 R 25170 180 180 16.95 139.51 0.11 2452 0 2452 0.20 NA 0.20 
Big Cobb 61 R 25480 290 210 15.72 195.64 -0.03 NA NA NA NA NA NA 
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Big Cobb 62 L 26050 90 20 13.85 52.63 0.00 1538 0 1538 0.31 0.24 0.26 
Big Cobb 63 L 27440 170 170 11.13 121.22 0.04 NA NA NA NA NA NA 
Big Cobb 64 R 28050 120 120 10.68 360.00 0.19 855 0 855 0.11 NA 0.11 
Big Cobb 65 L 28330 260 260 13.82 150.27 -0.06 1938 62 1876 0.11 NA 0.11 
Big Cobb 66 L 29340 420 420 14.70 360.00 0.00 6882 0 6882 0.24 NA 0.24 
Big Cobb 67 L 30020 130 130 11.93 325.24 -0.02 NA NA NA NA NA NA 
Big Cobb 68 L 30230 170 170 6.39 308.73 0.02 NA NA NA NA NA NA 
Big Cobb 69 L 30300 90 90 7.29 318.93 -0.04 520 0 520 0.09 NA 0.09 
Big Cobb 70 R 30600 430 430 15.82 167.29 0.00 2254 825 1429 0.05 NA 0.05 
Big Cobb 71 R 31310 240 240 12.34 217.11 -0.07 NA NA NA NA NA NA 
Big Cobb 72 L 31680 330 330 14.01 91.15 0.03 4508 0 4508 0.20 NA 0.20 
Big Cobb 73 L 32270 150 150 14.92 15.00 0.11 2363 0 2363 0.24 NA 0.24 
Big Cobb 74 L 32550 200 200 15.07 295.69 -0.59 NA NA NA NA NA NA 
Big Cobb 75 R 33100 180 180 9.31 94.59 -0.12 NA NA NA NA NA NA 
Big Cobb 76 R 33350 290 290 13.42 148.33 -0.12 2620 801 1818 0.09 NA 0.09 
Big Cobb 77 R 33690 80 80 14.06 194.89 -0.11 194 245 -50 0.00 NA 0.00 
Big Cobb 78 L 33950 210 210 8.64 15.00 -0.06 3314 0 3314 0.24 NA 0.24 
Big Cobb 79 R 34330 30 30 11.53 214.71 -0.37 197 110 87 0.04 NA 0.04 
Big Cobb 80 R 35500 200 0 10.91 248.03 -0.17 NA NA NA NA NA NA 
Big Cobb 81 R 36000 30 30 5.77 222.34 0.00 NA NA NA NA NA NA 
Big Cobb 82 L 40360 80 80 12.55 303.98 -0.09 0 594 -594 0.00 NA 0.00 
Big Cobb 83 R 40650 270 270 11.34 108.93 -0.43 1736 0 1736 0.10 NA 0.10 
Big Cobb 84 R 40970 50 50 11.86 156.42 0.03 NA NA NA NA NA NA 
Big Cobb 85 L 41450 250 250 10.85 23.17 1.12 317 810 -492 0.00 NA 0.00 
Big Cobb 86 R 42210 130 130 10.75 124.38 -0.75 NA NA NA NA NA NA 
Big Cobb 87 R 42790 190 190 9.50 148.59 0.08 NA NA NA NA NA NA 
Big Cobb 88 L 43170 300 300 6.67 360.00 -0.11 NA NA NA NA NA NA 
Big Cobb 89 R 43560 60 60 7.44 98.15 0.08 NA NA NA NA NA NA 
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Big Cobb 90 R 43670 200 200 10.51 119.37 0.27 2738 0 2738 0.20 NA 0.20 
Big Cobb 91 R 4396 290 290 10.78 207.75 0.01 96 9280 -9184 0.00 NA 0.00 
Big Cobb 92 L 44550 400 400 9.26 360.00 NA 1139 4340 -3201 0.00 NA 0.00 
Big Cobb 92 L 44650 120 120 9.26 360.00 NA NA NA NA NA NA NA 
Big Cobb 93 R 45570 60 60 4.73 211.14 -0.15 NA NA NA NA NA NA 
Big Cobb 94 L 46300 360 360 7.92 360.00 -0.38 774 1946 -1173 0.00 NA 0.00 
Big Cobb 95 R 50140 430 430 10.09 207.91 -0.07 0 7429 -7429 0.00 NA 0.00 
Big Cobb 96 R 50850 200 100 9.69 121.12 -0.09 2738 0 2738 0.16 0.25 0.20 
Big Cobb 97 R 51610 220 220 6.31 163.37 -0.29 NA NA NA NA NA NA 
Big Cobb 98 R 52980 30 30 4.59 55.16 0.21 63 36 27 0.01 NA 0.01 
Big Cobb 99 R 54210 40 40 7.07 168.30 -0.31 NA NA NA NA NA NA 
Big Cobb 100 R 54460 90 90 7.96 207.17 -0.25 NA NA NA NA NA NA 
Big Cobb 101 R 54560 390 390 11.51 245.84 NA NA NA NA NA NA NA 
Big Cobb 102 R 55000 90 90 9.83 360.00 NA 828 62 766 0.13 NA 0.13 
Big Cobb 103 L 55530 130 130 6.55 112.34 NA 1696 0 1696 0.19 NA 0.19 
Big Cobb 104 L 56110 320 320 9.27 94.80 NA 5272 0 5272 0.25 NA 0.25 
Big Cobb 105 L 56510 190 190 10.54 360.00 NA 824 1071 -247 0.00 NA 0.00 
Big Cobb 106 R 57180 130 130 4.89 142.37 NA NA NA NA NA NA NA 
Big Cobb 107 NA 5733 NA NA 5.19 138.04 NA NA NA NA NA NA NA 
Big Cobb 108 R 57390 240 240 8.20 186.33 NA NA NA NA NA NA NA 
Big Cobb 109 L 57850 680 680 9.91 175.77 NA NA NA NA NA NA NA 
Big Cobb 110 R 58660 580 580 10.26 103.10 NA NA NA NA NA NA NA 
Big Cobb 111 R 59280 550 550 7.29 200.32 NA NA NA NA NA NA NA 
Big Cobb 112 L 59870 250 250 8.02 91.57 NA NA NA NA NA NA NA 
Big Cobb 113 L 60490 70 70 4.86 329.24 NA NA NA NA NA NA NA 
Big Cobb 114 R 40 40 6.32 158.89 NA NA NA NA NA NA NA 
Big Cobb 115 L 50 50 3.82 297.28 NA NA NA NA NA NA NA 
Big Cobb 116 R 50 50 4.70 126.28 NA NA NA NA NA NA NA 
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Little 
Cobb 

117 L 1450 390 390 6.55 15.00 -0.31 4615 0 4615 0.18 NA 0.18 

Little 
Cobb 

118 L 8050 50 0 7.99 39.39 -0.33 1241 0 1241 NA 0.37 0.37 

Little 
Cobb 

119 L 9320 90 90 9.62 96.42 0.16 NA NA NA NA NA NA 

Little 
Cobb 

120 L 3170 80 80 9.47 237.44 NA NA NA NA NA NA NA 

Little 
Cobb 

121 L 9820 60 60 7.97 360.00 -0.16 NA NA NA NA NA NA 

Little 
Cobb 

122 L 11190 80 80 7.22 329.23 -0.18 0 377 -377 0.00 NA 0.00 

Little 
Cobb 

123 L 13550 30 30 4.91 139.40 0.11 NA NA NA NA NA NA 
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Appendix D:  Experimental Results 
 
Run 1: 
 

 
Scan 2: 15 min & 4.09cm3 removed   Scan 3: 30 min & 6.57 cm3 removed 

 

 

Scan 4: 45 min & 9.81 cm3 removed  Scan 5: 60 min & 11.92 cm3 removed 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 60 minutes 

Flow Rate = 52.58 ml/sec 

Total Volume Removed: 11.92 cm3 
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Run 1 Final Hypsometry 
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Run 2: 
 

 
Scan 2: 8 min & 5.85 cm3 removed   Scan 3: 16 min & 14.73 cm3 removed 

 

 

Scan 4: 24 min & 19.92 cm3 removed  Scan 5: 32 min & 24.51 cm3 removed 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 32 minutes 

Flow Rate = 98.58 ml/sec 

Total Volume Removed: 24.51 cm3 
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Run 2 Final Hypsometry 
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Run 3: 
 

 
Scan 2: 4 min & 2.59 cm3 removed   Scan 3: 8 min & 7.78 cm3 removed 

 

 

Scan 4: 12 min & 13.33 cm3 removed  Scan 5: 16 min & 17.94 cm3 removed 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 16 minutes 

Flow Rate = 197.16 ml/sec 

Total Volume Removed: 17.94 cm3 
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Run 3 Final Hypsometry 
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Run 4: 
 

 
Scan 2: 6 min & 4.04 cm3 removed   Scan 3: 12 min & 9.08 cm3 removed 

 

 

Scan 4: 18 min & 12.56 cm3 removed  Scan 5: 21.25 min & 13.78 cm3 removed 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 21.25 minutes 

Flow Rate = 148.45 ml/sec 

Total Volume Removed: 13.78 cm3 
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Run 4 Final Hypsometry 
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Run 5: 
 

 
Scan 2: 4 min & 3.30 cm3 removed   Scan 3: 8 min & 7.35 cm3 removed 

 

 

Scan 4: 11 min & 10.38 cm3 removed   

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 11 minutes 

Flow Rate = 286.77 ml/sec 

Total Volume Removed: 10.38 cm3 
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Run 5 Final Hypsometry 
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Run 6: 
 

 
Scan 2: 30 min & 6.38cm3 removed   Scan 3: 60 min & 9.01 cm3 removed 

 

 

Scan 4: 90 min & 10.56 cm3 removed  Scan 5: 120 min & 11.85 cm3 removed 

 

 
Scan 6: 150 min & 12.55 cm3 removed   Scan 7: 360 min & 13.90 cm3 removed 
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Scan 8: 738 min & 14.90 cm3 removed  Scan 9: 872 min & 14.90 cm3 removed 

 

 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 872 minutes 

Flow Rate = 3.62 ml/sec 

Total Volume Removed: 14.90 cm3 
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Run 6 Final Hypsometry 
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Run 7: 

  
Scan 2: 10.13 min & 8.91 cm3 removed    
 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 10.13 minutes 

Flow Rate = 311.40 ml/sec 

Total Volume Removed: 8.91 cm3 
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Run 7 Final Hypsometry 
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Run 8: 
 

 
Scan 2: 6 min & 3.10 cm3 removed   Scan 3: 12 min & 7.38 cm3 removed 

 

 

Scan 4: 21.5 min & 13.91 cm3 removed   

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 21.5 minutes 

Flow Rate = 146.72 ml/sec 

Total Volume Removed: 13.91 cm3 
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Run 8 Final Hypsometry 
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Run 9: 
 

 
Scan 2: 3 min & 2.03 cm3 removed   Scan 3: 6 min & 7.20 cm3 removed 

 

 

Scan 4: 9 min & 11.39 cm3 removed  Scan 5: 15.5 min & 18.65 cm3 removed 

 

D50 = 12 μm 

Total Volume = 190 L 

Total Run Time = 15.5 minutes 

Flow Rate = 203.52 ml/sec 

Total Volume Removed: 18.65 cm3 
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Run 9 Final Hypsometry 
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Run 10: 
 

 
Scan 2: 15 min & 6.88 cm3 removed   Scan 3: 30 min & 15.42 cm3 removed 

 

 

Scan 4: 44 min & 23.16 cm3 removed  
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Scan 5: 59 min & 32.00 cm3 removed  Scan 6: 74 min & 37.95 cm3 removed  

 

 
Scan 7: 91.5 min & 39.05 cm3 removed 

 
 

D50 = 12 μm 

Total Volume = 380 L 

Total Run Time = 91.5 minutes 

1st 190L Flow Rate = 71.69 ml/sec 

2nd 190L Flow Rate = 66.41 ml/sec 

1st Half Total Volume Removed = 23.16 cm3 

Total Volume Removed: 39.05 cm3 
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Run 10 1st Half Hypsometry 

 
Run 10 Final Hypsometry 
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Run 11: 
 

 
Scan 2: 15 min & 10.31cm3 removed   Scan 3: 30 min & 13.90 cm3 removed 

 

 

Scan 4: 43 min & 17.12 cm3 removed  
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Scan 5: 51 min & 22.18 cm3 removed  Scan 6: 59 min & 27.39 cm3 removed  

 

 
Scan 7: 65 min & 30.16 cm3 removed 

 
 

D50 = 12 μm 

Total Volume = 380 L 

Total Run Time = 65 minutes 

1st 190L Flow Rate = 73.36 ml/sec 

2nd 190L Flow Rate = 143.39 ml/sec 

1st Half Total Volume Removed = 17.12 cm3 

Total Volume Removed: 30.16 cm3 
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Run 11 1st Half Hypsometry 

 
Run 11 Final Hypsometry 
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Run 12: 
 

 
Scan 2: 15 min & 10.96cm3 removed   Scan 3: 30 min & 19.17 cm3 removed 

 

 

Scan 4: 41 min & 23.38 cm3 removed  
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Scan 5: 45 min & 26.65 cm3 removed  Scan 6: 49 min & 30.12 cm3 removed  

 

 
Scan 7: 53 min & 33.85 cm3 removed   Scan 8: 54.5 min & 35.53 cm3 removed 
 
D50 = 12 μm 

Total Volume = 380 L 

Total Run Time = 54.5 minutes 

1st 190L Flow Rate = 76.94 ml/sec 

2nd 190L Flow Rate = 233.67 ml/sec 

1st Half Total Volume Removed = 23.38 cm3 

Total Volume Removed: 35.53 cm3 
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Run 12 1st Half Hypsometry 

 
Run 12 Final Hypsometry 
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Run 13: 

 
Scan 2: 6.5 min & 10.02 cm3 removed    Scan 3: 25.25 min & 17.76 cm3 removed 
 
 
D50 = 96 μm 

Total Volume = 190 L 

Total Run Time = 25.25 minutes 

Flow Rate = 124.93 ml/sec 

Total Volume Removed: 17.76 cm3 
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Run 14 Final Hypsometry 
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Run 14: 

         
Scan 2: 10 min & 5.06 cm3 removed    Scan 3: 20 min & 8.77 cm3 removed 

        
 
Scan 4: 30 min & 10.67 cm3 removed    Scan 5: 56.5 min & 18.65 cm3 removed
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D50 = 96 μm 

Total Volume = 190 L 

Total Run Time = 56.5 minutes 

Flow Rate = 55.83 ml/sec 

Total Volume Removed: 18.65 cm3 

 
Run 14 Final Hypsometry 
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Run 15: 

 
Scan 2: 6 min & 14.96 cm3 removed    Scan 3: 13.5 min & 23.80 cm3 removed 
 
 
D50 = 96 μm 

Total Volume = 190 L 

Total Run Time = 13.5 minutes 

Flow Rate = 233.67 ml/sec 

Total Volume Removed: 23.80 cm3 
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Run 15 Final Hypsometry 
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Run 16: 

 
Scan 2: 12 min & 16.59 cm3 removed 
 
 

 

D50 = 96 μm 

Total Volume = 190 L 

Total Run Time = 12 minutes 

Flow Rate = 262.88 ml/sec 

Total Volume Removed: 16.59 cm3 
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Run 16 Final Hypsometry 
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Run 17: 

 
Scan 2: 7 min & 14.59 cm3 removed    Scan 3: 14min & 20.07 cm3 removed 

 
Scan 4: 20.25 min & 23.57 cm3 removed 
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D50 = 96 μm 

Total Volume = 190 L 

Total Run Time = 20.25 minutes 

Flow Rate = 155.78 ml/sec 

Total Volume Removed: 23.57 cm3 

 
Run 17 Final Hypsometry 
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Run 18: 

         
Scan 2: 15 min & 12.21 cm3 removed    Scan 3: 39 min & 19.99 cm3 removed 

        
 
Scan 4: 45 min & 25.08 cm3 removed    Scan 5: 56 min & 31.17 cm3 remove
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D50 = 96 μm 

Total Volume = 380 L 

Total Run Time = 56 minutes 

1st 190L Flow Rate = 80.88 ml/sec 

2nd 190L Flow Rate = 185.56 ml/sec 

1st Half Total Volume Removed = 19.99 cm3 

Total Volume Removed: 31.17 cm3 
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Run 18 1st Half Hypsometry  

 
 
Run 18 Final Hypsometry 
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Run 19: 

         
Scan 2: 26 min & 11.09 cm3 removed    Scan 3: 57 min & 15.66 cm3 removed 

        
 
Scan 4: 64 min & 24.15 cm3 removed    Scan 5: 71.5 min & 30.59 cm3 removed



 

 204 

D50 = 96 μm 

Total Volume = 380 L 

Total Run Time = 71.5 minutes 

1st 190L Flow Rate = 55.34 ml/sec 

2nd 190L Flow Rate = 217.55 ml/sec 

1st Half Total Volume Removed = 15.66 cm3 

Total Volume Removed: 30.59 cm3 
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Run 19 1st Half Hypsometry 

 
 
Run 19 Final Hypsometry 
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Run 20 

         
Scan 2: 25 min & 9.25 cm3 removed    Scan 3: 50 min & 13.68 cm3 removed 

        
 
Scan 4: 75 min & 15.87 cm3 removed    Scan 5: 89  min & 28.03 cm3 remove
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D50 = 96 μm 

Total Volume = 380 L 

Total Run Time = 42.06 minutes 

1st 190L Flow Rate = 55.34 ml/sec 

2nd 190L Flow Rate = 225.32 ml/sec 

1st Half Total Volume Removed = 15.87 cm3 

Total Volume Removed: 28.03 cm3 
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Run 20 1st Half Hypsometry 

 
 
Run 20 Final Hypsometry 
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ABSTRACT 

Although sediment is a natural constituent of rivers, excess loading to rivers and streams is a 

leading cause of impairment and biodiversity loss. Remedial actions require identification of the 

sources and mechanisms of sediment supply.  This task is complicated by the scale and 

complexity of large watersheds as well as changes in climate and land use that alter the drivers of 

sediment supply. Previous studies in Lake Pepin, a natural lake on the Mississippi River, indicate 

that sediment supply to the lake has increased ten-fold over the past 150 years. Herein we 

combine geochemical fingerprinting and a suite of geomorphic change detection techniques with 

a sediment mass balance for a tributary watershed to demonstrate that, although the sediment 

loading remains very large, the dominant source of sediment has shifted from agricultural soil 

erosion to accelerated erosion of stream banks and bluffs, driven by increased river discharge.  

Such hydrologic amplification of natural erosion processes calls for a new approach to watershed 

sediment modeling  that explicitly accounts for channel and floodplain dynamics that amplify or 

dampen landscape processes. Further, this finding illustrates a new challenge in remediating 

nonpoint sediment pollution and indicates that management efforts must expand from soil erosion 

to factors contributing to increased water runoff. 

INTRODUCTION 

Sediment and turbidity are leading causes of impairment in U.S. rivers and streams (1,2) and 

remedial action requires identification of the sources and mechanisms of sediment supply. 

Despite extraordinary efforts, sediment remains one of the most difficult nonpoint-source 

pollutants to quantify for several reasons (3-7).  Erosion is typically episodic and highly localized.  

Erosion mechanisms are strongly nonlinear and their rates are contingent on multiple factors 

including climate, geology and land use history (8,9).  Eroded sediment may exit the watershed 

quickly or be stored for very long periods (10,11). Finally, the accuracy of current methods for 
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estimating sediment yield from agricultural watersheds has been challenged (4,8,12) because 

most estimates are based on empirical models of soil erosion and require a scalar reduction factor 

to estimate sediment yield as a fraction of erosion.  Few studies provide evidence to constrain this 

reduction factor and available observations indicate diverse and highly nonlinear scaling with 

drainage area (7).   

Accurate identification of sediment sources and erosion rates are needed to understand and 

manage the landscape sediment routing system (13) and related biogeochemical processes (14). 

The reliability of sediment source estimates can be improved by using multiple, overlapping 

methods of measurement within the strong constraint of a mass balance, or sediment budget (15).  

A sediment budget is a useful tool for evaluating landscape change and sediment yield (10, 16-

19).  The scope and accuracy of sediment budgets depend strongly on the availability of 

information for earlier conditions in a watershed.  For example, historical information such as 

photos, maps, and field studies have been used to provide reliable information on previous 

conditions  in order to close a sediment budget over a time period long enough to average over 

stochastic temporal variability.  This approach is strengthened by a suite of new research tools 

that allow precise dating of land surfaces, geochemical identification of sediment provenance, and 

high-resolution measurement of topography using airborne and terrestrial lidar (20,21).   

The waters of the Upper Mississippi River (UMR) and its major tributaries have been listed as 

impaired for turbidity by the U.S. Environmental Protection Agency.  Turbidity, eutrophication, 

and sedimentation have been identified as urgent problems for Lake Pepin, a natural lake on the 

Mississippi River of exceptional recreational and popular importance (Figure 1). Coring records 

examining the past 500 years indicate that sedimentation rates in Lake Pepin may have increased 

by as much as an order of magnitude over the past 150 years (22).  Of the sediment delivered to 

Lake Pepin, past and present, 80% to 90% derives from the Minnesota River Basin (MRB), 

despite the fact that the MRB comprises only a third of the drainage area (22,23).  The relatively 

high sediment yield of the MRB stems from a combination of Quaternary landscape history and 

human land and water management. Land cover in the basin has shifted from poorly drained tall-

grass prairie and wetlands (24) to 78% row crop agriculture (25) over the 150 yr period of 

increased sedimentation, suggesting that the change in land use underlies the increase (26).   
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Figure 1: Inset A shows the Lake Pepin (LP) watershed within the upper Midwest, composed of 
the Minnesota (MNR), upper Mississippi (MISS) and St. Croix River (SC) watersheds. Inset B 
shows lidar topography data for the incised portion of the Le Sueur watershed (LS), including the 
locations of gaging stations on all three main branches. 
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The 2880 km2 Le Sueur River watershed produces the highest sediment yield (73.5 Mg/km2) of 

any Minnesota River tributary, accounting for as much as 30% of the Minnesota River sediment 

load (26).  The Le Sueur landscape is naturally primed for rapid geomorphic change and large 

sediment supply. The geologic substrate is a 60 m thick package of semi-consolidated, but soft, 

fine-grained (67% silt and clay, 33% sand, <1% gravel and boulders) tills and glaciofluvial sands 

(27). Glacial Lake Agassiz drained catastrophically through the proto-Minnesota River 13,400 

years ago, incising the Minnesota River valley up to 70 meters near the mouth of the Le Sueur 

(28,29). This incision was experienced by the Le Sueur as a drop in local base level causing a 

knickpoint, or a sharp increase in channel gradient, at the mouth of the Le Sueur.  The knickpoint 

has propagated 40 km up the Le Sueur River network (30,31), leading to rapid vertical incision 

(~5 m/ka) producing valleys with steep river gradients (0.002 m/m), actively eroding bluffs, and 

ravines. We refer to this expanding, incised reach of the channel network as the knickzone, and 

the upstream propagating head of the knickzone where the slope discontinuity is observed as the 

knickpoint (Figure 2).   

Prior to settlement, the landscape was dominated by tall-grass prairie and wetlands (24). Above 

the knickpoint the channel network was poorly connected with many areas that drained internally 

to wetlands and ponds within the watershed. Beginning in the 19th century, an expanding 

network of surface ditches and subsurface conduit has drained the wetlands and uplands, allowing 

development of agriculture (32).  Beginning in the 1940s, changes in technology and markets led 

to consolidation of smaller farms into larger operations. These changes are perceived to have 

initially resulted in more intense and severe agricultural practices, which have more recently 

evolved into more careful and precise agricultural management (33).  However, little quantitative 

information has been collected to constrain the magnitude of these effects on historical erosion 

and sediment delivery. Presently, row crops cover as much as 92% of the uplands in the basin 

(25).    

The investment required to reduce sediment loading and other nonpoint-source water quality 

problems is enormous.  As an indication, a substantial down payment was made in 2008 when 

Minnesotans passed a state constitutional amendment that will raise over $3.5 billion in tax 

revenue over 25 years for the purpose of protecting and restoring water, wildlife, and cultural 
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Figure 2: Longitudinal profiles of the Le Sueur River (red) and its two main tributaries, the Maple 
(blue) and Cobb (green) rivers. The locations of the knickpoint, approximately 40 km from the 
mouth in all three branches, as well as the knickzone, or reach of active incision, are indicated. 
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resources (34). Effective use of the portion of these funds dedicated to reducing sediment 

pollution will require accurate identification of sources and mechanisms of sediment supply.  This 

issue is controversial, particularly in determining the role of historic and contemporary 

agricultural practice versus natural erosion processes (35).  The stakes are high; management 

choices will have political, social, and financial implications, as well as environmental 

consequences. 

In this study, we combine multiple, independent lines of evidence to evaluate sediment sources to 

the UMR.  We use geochemical fingerprinting from Lake Pepin sediment cores to interpret 

erosional history at the landscape scale and to record shifts in the proportion of sediment derived 

from soil erosion vs. near-channel sources.  For the purposes of this paper we use the term ‘soil 

erosion’ to refer to removal of sediment from the vast and relatively flat upland terrestrial surface 

via sheet wash, shallow gully erosion, and wind erosion. The term ‘near-channel erosion’ is used 

to refer to processes of channelized fluvial erosion including incision and undercutting of bluffs, 

banks, and ravines.  We also use a sediment budget for the Le Sueur River, a primary contributor 

of sediment to the Minnesota River, to identify sediment source location and mechanism. We 

compare the sediment budget constrained for the time period 2000-2010 with the same averaged 

over the entire Holocene to provide context for the modern rates under current land use and 

environmental conditions.  The sediment budgets are established for silt and clay (< 62 µm), 

which is the primary contributor to turbidity and deposition in Lake Pepin. Key to our approach is 

the use of multiple, redundant sources of information to constrain each component of the budget, 

including aerial lidar analyses, repeat terrestrial lidar scans, geochemical fingerprinting, 

radiocarbon and optically stimulated luminescence dating, air photo analyses, field surveys, and 

extensive water and sediment gaging. Details on methods and development of the sediment 

budgets are presented in Supplementary Information. 

METHODS 

Sediment Budgets.  

The Holocene sediment budget was primarily constrained through analyses of high resolution (1 

m) lidar topography data and dating of strath terraces. We hand-digitized polygons of the incised 

valley and ravines independently. The upper extent of the modern knickzone was defined by the 

location of discontinuities in log-log plots of local channel gradient versus contributing drainage 
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area for each of the three main tributaries using the Stream Profiler Tool (available for free 

download from www.geomorphtools.org).  Over 600 strath terrace surfaces were mapped from 

aerial lidar and field surveys. Optically stimulated luminescence and Carbon-14 analyses of 

terrace alluvium confirmed the timing of initial incision and constrained rates of incision 

throughout the Holocene.  To compute the mass of material in the incised valley and ravines we 

divided the valley polygons into 3 km sections and assumed a flat surface with an elevation 

consistent with surrounding topography.  Volumes of sediment removed were converted into a 

mass using a bulk density of 1.8 g/cm3 and 67% silt and clay and were divided by 13,400 years to 

obtain the long-term average rate of mass flux from the knickzone (29). 

Each component of the 2000-2010 sediment budget was constrained using multiple lines of 

information. Annual sediment loads were computed by the Minnesota Pollution Control Agency 

for all seven gaging stations in the Le Sueur River basin using US Army Corps of Engineers 

FLUX program. Flow and sediment data were available for all years (2000-2010) for the gage at 

the mouth of the watershed.  Average 2000-2010 loads were computed for each of the tributary 

gages based on available data (3-9 years depending on the tributary), with missing tributary data 

estimated relative to the gage at the mouth of the watershed (see Supplementary Information).  

Bluff erosion rates were constrained over a decadal timescale from air photo analyses. A total of 

451 bluffs were identified from air photos and their crests were manually digitized for multiple 

years between 1938 and 2005. Bluff toe retreat was independently estimated by measuring 

channel meander migration rate near the toe using  the Planform Statistics Tool available online 

from the National Center for Earth-surface Dynamics Stream Restoration Toolbox 

(http://www.nced.umn.edu/content/tools-and-data). Additionally, bluff-related sediment sources 

were constrained by three years of repeat terrestrial laser scanning covering a wide range of 

hydrologic years including intermediate, dry, and wet years for 2008, 2009, and 2010, 

respectively. An Optech ILRIS-36D, ER Terrestrial Lidar Scanner from the Lidar Lab at Western 

State College of Colorado was used to scan 12 bluffs at resolutions varying from 1700 to 10,000 

points per m2.  Polyworks metrology software (InnovMetric, Quebec City, Canada) was used to 

align scans, convert point cloud data to TINs, and digitally remove vegetation. An extensive error 

analysis was conducted to constrain error due to instrumentation, alignment, TIN creation, 

erroneous points, and assumptions made differencing scans from multiple years (36).  Volumetric 
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bluff erosion rates were computed as the product of bluff height, length, and retreat rate and 

converted to mass flux using a bulk density of 1.8 g/cm3 and 67% silt and clay. 

Net local bank erosion rates were computed using the method of Lauer and Parker (37), which 

computes net, local sediment flux from bank erosion as a function of a measured meander 

migration rate and the difference in elevation between opposing channel banks.  To perform this 

calculation we used the Planform Statistics Toolbox.  Meander migration rates were measured 

from historic air photo analysis (1938-2005), discretizing the channel every 20 m, and bank 

elevations were extracted from 1 m aerial lidar (source: Blue Earth County Environmental 

Services) using a 10 m buffer on each bank.  Bank contributions from channel widening were 

computed by digitizing banks from historic air photos (1937-2009), identified by vegetation line, 

for multiple years and over 14 reaches, each approximately 10 meander bends in length.  Width 

change was converted to volumetric change by computing average depth from a basin- specific 

downstream hydraulic geometry relationship and assuming that depth remains constant as the 

channels widen at the observed rate.  Volumetric bank erosion rates were converted to mass flux 

using a bulk density of 1.5 g/cm3 and 50% silt and clay. 

We used airborne lidar to map ravine locations throughout Blue Earth County and compared 

historical air photos from 1938 and 2005 to identify recent changes in ravine tip locations. Ravine 

loads were measured using auto-samplers to capture storm events for three monitoring seasons on 

up to four ravines.  Loads were extrapolated to other ravines throughout the watershed based on 

incised area measured from aerial lidar. See Supporting Information for data and additional 

explanation of methods. 

Geochemical Fingerprinting.  We conducted sediment fingerprinting (38, 39) using naturally-

occurring radiogenic tracers Beryllium-10 (10Be) and Lead-210 (210Pb), and Caesium-137 (137Cs) 

measured in suspended sediment samples collected at multiple gages within the Le Sueur 

watershed as well as from Lake Pepin sediment cores. In brief, 10Be and 210Pb are produced in the 

atmosphere, delivered via rainfall and dry deposition, and are adsorbed to the outside of soil 

particles within the top 150 and 5 cm of the soil profile, respectively (40, 41). Thus, both tracers 

exhibit relatively high concentrations in sediment eroded from the soil surface and low 

concentrations in bluff material, which has experienced relatively little exposure to the 

atmosphere. Caesium-137 was delivered from atmospheric deposition primarily from nuclear 



 

 217 

testing in the 1950s and 1960s (41, 42) and the concentration is also high in upland soils and low 

in near-channel (bluff, ravine, bank) sediment.  

Because these tracers are radioactive and have very different half lives (1.4 million yr, 22.3 yr, 

and 30 yr for 10Be, 210Pb, and 137Cs, respectively) their concentrations change during transport and 

storage in the channel-floodplain network (43-46). Specifically, 10Be decay is negligible over the 

timescales in which channel transport and floodplain storage occur. However, some additional 
10Be is added to sediment during floodplain storage. In contrast, 210Pb and 137Cs decay over 

floodplain residence times (assumed to be 102-103 yr) and therefore the upland signature of these 

tracers is diluted to a degree that depends on the rate of channel floodplain exchange. In this way, 
10Be fingerprinting provides an upper constraint and 210Pb and 137Cs provide minimum constraints 

on the percentage of sediment derived from uplands.   Determining a unique solution for sediment 

apportionment based on combined 10Be, 210Pb and 137Cs data is not possible at this time for a 

number of reasons, including number of samples available, insufficient constraints on the 

variability of atmospheric delivery rates, and the lack of independent constraints on channel-

floodplain exchange activity.  Therefore, we compute source apportionment for suspended 

sediment samples based on 10Be results using a two end-member unmixing model (bluffs: [10Be ] 

= 0.07 (± .01) x 108 atoms g-1; uplands: [10Be ] = 2.0 (± .36) x 108 atoms g-1).  Suspended 

sediment samples were also analyzed for 210Pb and 137Cs by alpha and gamma spectroscopy.    We 

collected a total of 28 suspended sediment samples from the Le Sueur River and tributaries 

during the 2009 field season.  Sample activity for 210Pb was corrected for direct deposition and 

sediment apportionment for both 210Pb and 137Cs were computed based on an extensive dataset 

from 30 reference lakes to constrain the upland tracer signature, described in detail by Schottler et 

al. (47). See Supporting Information for data and additional explanation of methods. 

RESULTS AND DISCUSSION 

The well-dated incision history and low-gradient post-glacial terrain of the Le Sueur watershed 

(29) allow us to establish an average sediment budget for the Holocene. We used aerial lidar 

combined with optically stimulated luminescence dating (48) to compute the volume of material 

excavated from the incised valley and ravines over the Holocene (Figure 3, top panel). Valley 

excavation produced 60,000 Mg/yr, with 80% from bluff erosion (Bl), bank erosion (Ba), and 

vertical channel incision (C) and 20% from ravine incision (R).  A small amount of deposition 
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(Fp) within the incising valley, equivalent to 5000 Mg/yr, is recorded in strath terraces (29). 

Sediment evacuation modeling based on dated terraces suggests that sediment yield was relatively 

steady over the Holocene (48). Prior to Euro-American settlement in the early 19th century 

sediment supply from the poorly-drained, low-gradient, uplands of dense perennial grasses and 

wetlands was assumed negligible relative to that from the incising valley. 

We developed a sediment budget for the period 2000-2010 (Figure 3, bottom panel), relying on 

estimated sediment loads at seven gaging stations, including one at the mouth of the watershed, 

and two on each of the three main branches, with one just upstream from their confluence and the 

other just above the knickpoint (red triangles in Figure 1). Bluff erosion (Bl) dominates the 

sediment budget, contributing 26,000 Mg/yr above the knickpoint and 107,000 Mg/yr within the 

knickzone, with erosion rates more than double the Holocene average. Ravines comprise only 

0.3% of the watershed area, but contribute 5% of all sediment, including 1,000 Mg/yr above the 

knickpoint and 12,000 Mg/yr within the knickzone. Based on sediment fingerprinting results, 

agricultural uplands contribute 45,000 Mg/yr above the knickpoint and add an additional 23,000 

Mg/yr within the knick zone.  Based on air photo measurements of channel changes since 1938, 

net bank erosion (37) from meander migration (BaM) and channel widening (BaW) contribute 

6,000 and 13,000 Mg/yr above the knickpoint, respectively, and 10,000 and 14,000 Mg/yr within 

the knickzone. Channel incision within the knickzone contributes an additional 4,000 Mg/yr.  

Given the history of agricultural development in the watershed and the legacy of significant 

valley bottom deposition in areas with a similar history (10,11), the possibility that the modern 

sediment budget includes erosion of valley bottom legacy sediment must be carefully considered.  

Precisely constraining floodplain storage (legacy or otherwise) remains a difficult task in large 

watersheds.  Yet, the importance of floodplain storage should not be understated in development 

of a watershed sediment budget (49).  In this study, four separate observations, taken together, 

support the finding that historic and modern floodplain storage is neither large, nor changing 

considerably under current conditions.  First and foremost, floodplain storage is expected to be 

small in incising systems.  Within the knickzone, floodplains are relatively narrow (30) and 

continued, rapid vertical incision limits opportunity for vertical floodplain accretion.  Second, we 

have observed floodplain inundation during multiple events and have mapped small pockets of 

deposition following a high flow event in September 2010.  Specifically, we documented 0-20 cm 

of localized deposition, typically less than 10% silt and clay, though this grain size fractionation  
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Figure 3: Fine sediment budgets (clay + silt) for the Le Sueur River, averaged over Holocene time 
and over 2000-2010. Values given in 103 Mg/yr. Sediment sources include Bluffs (Bl), Bank 
erosion resulting from channel migration (BaM) and widening (BaW), Channel incision (C), 
Ravines (R), and Uplands (U).  Superscripts indicate methods used to constrain each flux (1: 
Gaging data, 2: Geochemical tracers, 3: Aerial lidar analysis, 4: Terrestrial lidar scans, 5: Air 
photo analysis, 6: Numerical modeling, 7: Field surveys, 8: OSL and 14C dating).  
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may have been influenced by conditions specific to this event. In any case, our observations 

indicate that the channel is not unable to access floodplains, but also that floodplain storage is not 

a large number in any part of the channel network.  Third, we do not observe large differences in 

height between eroding and depositing banks above the knickzone, which would otherwise 

indicate a larger amount of storage having occurred in the past and an ongoing process of net 

floodplain degradation.  Lastly, some overbank deposition occurs behind large woody debris jams 

above the knickpoint. These debris jams are transient features that appear to form and degrade 

over annual to decadal timescales. Deposition behind the debris jams appears to be reasonably 

balanced by bank scour as the channel migrates around the jams. Assuming the frequency and 

magnitude of these woody debris jams has not changed significantly over recent decades, net 

sediment storage associated with them has also not changed.  While floodplain storage is the 

least-well constrained number in our modern sediment budget these observations all suggest that 

floodplain storage is neither large, nor changing significantly from recent decades. 

Significant year-to-year variability exists in sediment loading, which translates to variability in 

contributions from each of the sources. The suspended sediment load for the entire watershed 

during the driest year (2009) of our monitoring period was a mere 29,000 Mg in contrast to the 

wettest year (2010), which was 543,000 Mg.  Years 2007 and 2008 exhibited intermediate flow, 

with annual watershed suspended sediment loads of 135,000 and 136,000 Mg, respectively.  It 

was simply fortuitous that the years over which we intensively measured fluxes and erosion rates 

covered the full spectrum of hydrologic conditions. 

Defining uncertainty in sediment budgets is a persistent problem.  Budgets are typically 

assembled using a wide range of information of different types, each with their own uncertainty.  

These include sediment sources from topographic differencing, sediment flux measured at stream 

gages, and estimates of the proportion of sediment yield derived from terrestrial vs. near-channel 

sources.  Because of the very different nature of these data (sediment supply averaged over large 

space and time scales, sediment concentration calculated from individual stream samples and 

extrapolated over time series of flow, and source proportions based on geochemical analyses of 

individual soil and sediment samples), a formal uncertainty analysis is difficult to define and 

interpret. Further, the strong constraint of mass balance and the plausible requirement that 

approximations hold across similar locations and time periods, add certainty to the combined 
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sediment budget that cannot be combined with the uncertainty of individual components in any 

obvious way.  

Despite the lack of a formal uncertainty analysis, plausible conclusions can be drawn by invoking 

sediment mass conservation over multiple time and space scales.  Values for each component of 

the sediment budget, drawn from a plausible range based on the uncertainty in each component, 

are subject to the collective constraint of mass conservation.  For example, a sediment source may 

be judged to be minor if even exceptionally large values (within the measured range of 

uncertainty) do not produce a significant fraction of the overall mass balance.  Further, the 

plausible range of uncertainty in any individual component may be constrained if exceptionally 

large or small values of that component require implausible combinations of other components in 

order to balance the budget. In the end, a weight-of-evidence approach, constrained by the use of 

multiple lines of evidence, is used to support conclusions regarding sediment sources, fluxes, and 

sinks.  Here we have closed our budget for the 2000-2010 time period by applying a single 

parameter to adjust all predicted source fluxes as a fraction of their respective uncertainty (see 

Supporting Information). This approach provides an objective means to balance the budget in 

manner that is sensitive to the estimated uncertainty associated with each of the measurements. 

Based on similar topographic history and land use, the sediment supply observed over the past 

decade on the Le Sueur is likely representative of other tributaries to the Minnesota River, which 

collectively account for the bulk of sediment contributed to the UMR and Lake Pepin (23).  

Sedimentation rates in Lake Pepin (Figure 4) have increased from an apparent ‘background’ rate 

of ~80,000 Mg/year prior to 1830 to as high as 850,000 Mg/yr between 1950 and 2008 (22).  

We analyzed natural atmospheric fallout nuclides 210Pb and 10Be in Lake Pepin sediment cores as 

tracers that document the relative proportion of fine sediment derived from uplands versus near-

channel sources over the past 500 years. Upland sources have high concentrations of both tracers, 

whereas bluffs and ravines have correspondingly low concentrations (40, 41; see Supporting 

Information). Both tracers show similar changes over time (Figure 4, red dots for 10Be, orange Xs 

for 210Pb). The low 10Be concentration 500 years ago indicates very little upland soil erosion 

relative to bluff erosion. During the mid-20th century, a sharp increase in 10Be concentrations 

indicates a pulse of soil erosion from agricultural fields. In the past three decades, both 10Be and 
210Pb document a strong shift back toward near-channel sources, consistent with our 2000-2010 
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Figure 4: Depth profile of Lake Pepin sedimentary record showing sedimentation rate across the 
entire lake bottom (bottom axis) and concentrations of radionuclide sediment tracers (top axes). 
Upland soil erosion delivers sediment enriched in both tracers; bluffs and ravines deliver tracer-
deficient sediment. 
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 sediment budget in the Le Sueur watershed. Because 10Be and 210Pb have very different half-lives 

(210Pb 22 years; 10Be 1.4 million years), the decrease in both nuclide concentrations indicates a 

real decrease in field sources relative to bluffs and ravines, rather than recent activation of legacy 

field sediment stored in the valley bottom, which would be depleted in 210Pb, but not 10Be. 

Additionally, measured concentrations from source areas confirm that 10Be concentration in 

upland soils remains high and therefore the decrease in 10Be concentration is not related to prior 

erosion of nuclide-rich soil, which has been documented in parts of the Chesapeake Bay 

watershed (50).  A 210Pb apportionment model (47) indicates that the proportion of sediment 

derived from fields was high in the 1940s-1960s (3.2 pCi g-1  65% field source), remained 

relatively high through the 1980s (59% field), and then decreased by the mid-1990s (32% to 35% 

field).  

Erosion rates of near-channel sources (particularly bluff and streambanks) are sensitive to 

changes in river discharge.  Two recent hydrologic changes, both related to human activity, may 

be acting to increase discharge and amplify erosion of near-channel sources. First, climate records 

indicate that mean precipitation has increased in Minnesota, along with an increase in the 

frequency and magnitude of extreme events (51, 52).  Climate models predict a continued upward 

trend in the 21st century across the mid-western U.S., primarily in the form of more frequent 

heavy rains (53). A second important driver is the extensive modification of the channel network 

with agricultural ditches (25% of the modern network) and subsurface tile drains, particularly 

over the past 30-40 years (54). These modifications have increased both the effective drainage 

area and the efficiency of drainage.  Additionally, tile drains are likely increasing infiltration 

capacity and thereby reducing surface runoff, which would reduce fluvial soil erosion at the 

expense of increasing flow in the river, consistent with the apparent decrease in upland soil 

delivery and increase in near-channel erosion observed over the past few decades.  However, at 

present we are unable to deconvolve the influence of tile drains from other land use and climatic 

factors that are also contributing to changes in hydrology.   

The Lake Pepin sediment cores indicate that the rate of sedimentation in the past decade has 

remained large, even as the sediment supply has shifted from upland to near-channel sources 

(Figure 4). The Le Sueur 2000-2010 sediment budget (Figure 3, bottom panel) corroborates a 

dominant near-channel source of recent sediment supply. The combination of Holocene and 

modern sediment budgets and geochemical fingerprinting of Lake Pepin sediment cores provide 
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strong evidence that the dominant source of persistent large sediment loads has shifted from 

agricultural soil erosion to amplified near-channel erosion, driven by a combination of changing 

precipitation and a vastly altered drainage network.  

Our results indicate that 70% of sediment contributed to the Le Sueur River during 2000-2010 is 

derived from the channel network (bluffs, banks, ravines, and channel incision), which comprises 

less than 1% of the landscape. This finding underscores the need for development of combined 

watershed erosion and sediment routing models that account for channel adjustments and changes 

in channel-floodplain storage in response to changes in flow and the amount and type of sediment 

supply.  Such models are imperative for understanding sediment as a water quality metric, 

especially under non-stationary climate conditions, and for predicting the effectiveness of 

remedial actions.  Such models will be strengthened by increasing availability of high resolution 

topography data that includes channel bathymetry, providing opportunities for development of 2D 

and 3D models of flow, erosion, and deposition.  Incorporating theory for production and decay 

of radiogenic tracers associated with the sediment would provide a platform for hypothesis testing 

and model validation that would allow us to move beyond conventional empirical approaches for 

prediction of watershed sediment yield.   

The research, management, and policy challenges posed by these findings are imposing: both the 

source and driving mechanism of elevated sediment loads are changing.  Effective remediation 

must now accommodate both erosion and runoff controls.  Land and water resource management 

must develop watershed-scale solutions to mitigate systemic hydrologic amplification of natural 

erosion processes. 
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ABSTRACT 

 

 There is clear evidence that the Minnesota River is the major sediment source for Lake 

Pepin and that the Le Sueur River is a major source to the Minnesota River.  Turbidity levels are 

high enough to require management actions.  We take advantage of the well-constrained 

Holocene history of the Le Sueur basin and use a combination of remote sensing, field, and 

stream gaging observations to constrain the contributions of different sediment sources to the Le 

Sueur River.  Understanding the type, location, and magnitude of sediment sources is essential for 

unraveling the Holocene development of the basin as well as for guiding management decisions 

about investments to reduce sediment loads.   

 Rapid base level fall at the outlet of the Le Sueur River 11,500 yr BP triggered up to 70 

m of channel incision at the mouth.  Slope-area analyses of river longitudinal profiles show 

knickpoints have migrated 30-35 km upstream on all three major branches of the river, eroding 

1.2 – 2.6 x 109 Mg of sediment from the lower valleys in the process.  The knick zones separate 

the basin into an upper watershed, receiving sediment primarily from uplands and streambanks 

and a lower, incised zone, which receives additional sediment from high bluffs and ravines.  

Stream gages installed above and below knick zones show dramatic increases in sediment loading 

above that expected from increases in drainage area, indicating substantial inputs from bluffs and 

ravines.   

 

INTRODUCTION 

 

 The Minnesota River drains 43,400 km2 of south-central Minnesota (Figure 1), a 

landscape dominated by agricultural land use.  The Minnesota River carries a high suspended 

sediment load, leading to the listing of multiple reaches as impaired for turbidity under section  
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Figure 1: Location map showing Le Sueur River watershed in south-central Minnesota, USA.  

The shaded area on the state map indicates the extent of the Minnesota River basin.  Stars 
on the inset watershed map on the right indicate locations of gaging stations.   
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303d of the Clean Water Act.  Analyses of sediment cores in Lake Pepin, a naturally-dammed 

lake on the mainstem Mississippi River serving as the primary sediment sink for the Minnesota, 

St. Croix, and upper-Mississippi River systems, indicate that sediment loads into Lake Pepin have 

increased 10-fold since the onset of European settlement in the mid-1800s, from a background of 

~75,000 Mg yr-1 to ~900,000 Mg yr-1 (Engstrom and Almendinger, 2000).  Of this sediment load, 

the vast majority (85-90%) comes from the Minnesota River (Kelley and Nater, 2000).   

 To help restore clean water and improve ecosystem functionality in the Minnesota River 

and Lake Pepin, a large-scale effort is underway to lower sediment loading to the system.  This 

involves targeting the dominant sources of sediment to the system, which are poorly constrained.  

Our research focuses on establishing an integrated sediment budget in one of the major tributaries 

of the Minnesota River, the Le Sueur River, in an effort to better define the source locations and 

transport processes for sediment entering the Minnesota River.  Once source locations are well 

defined, best management practices can be targeted towards reducing the sediment load coming 

from these locations.  

 The first phase of our sediment budget involves bracketing the range of sediment 

volumes that have been eroded through time to compare current sediment loading with historic 

and Holocene-average rates.  Recent changes in both land use and hydrology in the system may 

be exacerbating erosion in certain parts of the landscape, resulting in the observed increase in 

sediment loading to Lake Pepin in the past 170 years.  The next phase involves setting bounds on 

the relative magnitude and proportion of sediment coming from each primary sediment source to 

determine which sources are currently important contributors of sediment to the Le Sueur River. 

 

BACKGROUND 

 

 The Le Sueur River drains north and west to the Minnesota River in south-central 

Minnesota, USA (Figure 1).  It covers 2,880 km2 of primarily agricultural land use (87%), the 

vast majority of which are in row crops (> 90%) (Minnesota Pollution Control Agency (MPCA) 

et al., 2007).  There are no major urban areas, although the municipality of Mankato is expanding 

into the northern portion of the watershed.  There are three main branches to the Le Sueur River: 

the Maple River, the Big Cobb River, and the mainstem Le Sueur.  The three branches come 

together within a span of 3 km, ~10 km upstream of the Le Sueur confluence with the Blue Earth 

River.  The Blue Earth flows into the Minnesota River 5 kilometers downstream from the 

junction with the Le Sueur River.   
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 Modern sediment gaging efforts indicate that ~24-30% of the total suspended solids 

(TSS) entering the Minnesota River come from the Le Sueur River, making it a primary 

contributor to the mainstem Minnesota and Lake Pepin (MPCA et al., 2007).  This is a 

disproportionate sediment contribution relative to the Le Sueur watershed area, which comprises 

a mere 7% of the Minnesota River basin. From 2000 to 2006, TSS measured at the mouth of the 

Le Sueur River ranged from 0.9 – 5.8 x 105 Mg yr-1 (mean = 2.9 x 105 Mg yr-1) (MPCA et al., 

2007; MPCA pers. comm.) (Table 1).  Annual flow-weighted mean concentrations of TSS from 

2000 – 2006 ranged from 245 to 918 mg L-1 (mean = 420 mg L-1) (MPCA et al., 2007; MPCA 

pers. comm.).  Target values set by the MPCA in this region are 58-66 mg L-1  (MPCA,1993).    

 The lower reaches of the Le Sueur, Maple and Big Cobb Rivers are currently incising.  

Knickpoints are migrating upstream along major tributaries, leading to high relief in the in the 

lower, incised portion of the watershed.  At the mouth of the Le Sueur, the channel is incised 70 

m in a valley up to 800 m wide.  High bluffs border many of the outer bends along the channel, 

and steep ravines snake into the uplands.  This is in stark contrast to the low-gradient to flat 

uplands, which occupy most of the watershed area.   

 The basin is underlain by tills, glacial outwash, and ice-walled lake plains with a thin 

mantle of glaciolacustrine silts and clays covering 65% of the upland surface.  The river is 

currently incising through the layered Pleistocene tills and the underlying Ordovician dolostone 

bedrock.  Bedrock outcrops have been observed along the channel in patches within 15 km of the 

mouth.     

 The high relief in the lower Le Sueur River valley is the result of knickpoint migration 

through the basin.  These knickpoints originated from a sharp drop in base level on the mainstem 

Minnesota River during the catastrophic draining of glacial Lake Agassiz.  As the Laurentide ice 

sheet retreated from the mid-continent at the end of the last glaciation, meltwater from the 

wasting ice was impounded by a low moraine dam in western Minnesota and formed glacial Lake 

Agassiz.  It eventually covered much of western Minnesota, eastern North Dakota, Manitoba, and 

western Ontario (Upham, 1890, 1895; Matsch 1972).  The only outlet for much of this time was 

to the south through glacial River Warren, the valley now occupied by the Minnesota River.  

River Warren incised older tills, saprolite and in places exposed resistant rock in the valley floor 

(Matsch, 1983), creating a valley that was 45 m deep at its mouth and 70 m deep near Mankato, 

300 km downstream.   

 The initial incision was around 11,500 radiocarbon years before present (rcbp) (Clayton 

and Moran, 1982; Matsch, 1983).  The valley was occupied until about 10,900 rcbp.  Two other  
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Table 1: TSS LOADS IN LE SUEUR RIVER, 2000-2006 

 2000 2001 2002 2003 2004 2005 2006§ Mean 

TSS*  (Mg) 5.8x105 4.2x105 1.1x105 8.6x104 4.1x105 2.7x105 1.5x105§ 2.9x105 

FWMC† (mg/L) 918 355 318 245 475 356 270§ 420 

2000-2005 data come from MPCA et al. (2007).   

*TSS = Total Suspended Solids 

†FWMC = Flow-weighted mean concentration 

§2006 data come from MPCA (pers. comm.), preliminary 
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outlets were used between 10,900 - 10,300 (Thorleifson, 1996) and 10,000 - 9,600 rcbp (Lowell 

et al., 2005) during which time the southern outlet was not used.  River Warren was reoccupied 

after 9,600 rcbp and finally lost glacial lake discharge by 8,200 rcbp.  Pre-existing tributaries like 

the Blue Earth and Le Sueur rivers were low-gradient streams of glacial meltwater origin that 

were stranded above the master stream when the initial incision occurred 11,500 rcbp.  

Knickpoint migration continues today, with bedrock waterfalls located within 5 to 10 km of the 

confluence on several major tributaries.  In the Le Sueur River, the record of incision following 

glacial River Warren is manifest in over 400 terrace surfaces spread throughout the lower basin.  

Knickpoints are expressed as slope discontinuities evident on all three major branches of the 

river, and they have propagated approximately the same distance upstream on each branch.      

 The glaciolacustrine deposits blanketing much of the Le Sueur River watershed were 

deposited in glacial Lake Minnesota which drained shortly before the initial carving of the 

Minnesota River valley.  These deposits are composed of highly erodible silts and clays.  Given 

the fine-grained, erodible soils of the Le Sueur River watershed and the high relief in the basin, 

the watershed is primed to have high suspended sediment loads relative to other watersheds in the 

basin, and it is susceptible to erosion driven by changes to the landscape following the arrival of 

settlers of European descent in the mid-1800s.   

 The pre-settlement landscape of the Le Sueur River was dominated by prairie vegetation 

covering two-thirds of the basin, with hardwoods in the river valleys and the northeastern corner 

of the watershed.  Wet prairie and open lakes occupied at least 15% (Marschner, 1930), and 

possibly as much as one-third of the watershed area (Minnesota Department of Natural 

Resources, 2007).  Two major changes to the landscape have occurred in the last 200 years: 

conversion of original prairie to agriculture and alterations to the basin hydrology.  Land cover in 

the basin is now primarily row crops (currently 87% cropland (MPCA et al., 2007)), with lakes 

and wetlands covering only 3% of the watershed area.  Hydrologic alterations include draining 

wetlands, connecting previously closed basins to the drainage network, ditching small tributaries, 

and tiling agricultural fields to ensure rapid drainage of surface, vadose, and in some places, 

groundwater.  The hydrologic alterations are both pervasive and dynamic.  Nearly all farm fields 

have artificial drainage and the depth, density, and capacity of drainage have generally increased 

over time (Water Resources Center, 2000).  Little documentation exists for these progressive 

hydrologic changes.  Superimposed on these direct changes to the hydrologic system are indirect 

changes from climate change in the last ~50 years, including statewide increases in mean annual 

precipitation, number of days with precipitation, and number of intense rainfall events per year 
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(Novotny and Stefan, 2007).   These changes are, in turn, superimposed on the template of the 

geomorphically evolving, incised channel network that was initiated by deep, rapid incision in the 

Minnesota River valley. 

   

METHODS 

 

 This research effort focused on sediment loading to the Le Sueur River over multiple 

temporal and spatial scales, with the goal of identifying sources, fluxes, and sinks in the evolution 

of the drainage system and its response to human alteration.  Most of the work on Holocene 

erosion volumes was done through analyses of digital topography, including high-resolution 

topography acquired through LiDAR (Light Detection and Ranging) in Blue Earth County.  This 

dataset covers approximately 30% of the total watershed area, including all of the area below the 

major knickpoints.  Holocene erosion volumes are compared with 2000-2006 sediment loads 

measured at stream gages as a comparison of current rates vs. background rates.  Both of these 

erosion measures are compared with the signal of deposition at Lake Pepin over the past 400 

years from Engstrom and Almendinger (2000).  

 Sediment sources to the Le Sueur River include upland-derived sediment, high bluffs, 

terraces, and ravines.  Major sediment sources are shown in Figure 2.  The primary sediment 

sources above the knick zone include upland-derived sediment and sediment eroded from 

streambanks due to lateral migration of channels.  Normally, streambanks are not a net source of 

sediment, because the sediment eroded is balanced by deposition on floodplains.  However, 

because the river is migrating into terraces and high bluffs, erosion from these features can lead to 

net sediment contributions to the channel from stream migration.  Most of the terraces are located 

below the major knick zone, but there are smaller terraces throughout the basin, remnants of the 

passage of the upper knickpoint through the system.  Through and below the major knick zones, 

ravines and bluffs become important sediment contributors.  Information on total sediment flux 

was derived from paired gaging stations located above and below the knick zones on major 

tributaries.  Analyses of historical air photos from 1938 to 2003 help constrain channel migration 

patterns and dynamics.  These data combine to determine which sediment sources are significant 

components of the modern sediment budget. 
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Figure 2: Primary sediment sources in the Le Sueur River watershed include uplands, ravines, 

high bluffs, and terraces.  Shown here is a merged LiDAR DEM and slope map of lower 

Le Sueur River with different source areas labeled.  Relief is approximately 70 meters 

from river valley to uplands.   



 

 239 

LiDAR Analyses 

 

 We extracted river longitudinal profiles from 30-meter SRTM data obtained from the 

U.S. Geological Survey and analyzed the relationship between local channel gradient and 

contributing drainage area (see Wobus et al., 2006) along the entire river profile using the Stream 

Profiler utility (www.geomorphtools.org) with a 3-m contour, 1-km smoothing window, and an 

empirically derived reference concavity of 0.45 (Figure 3).  Slope-area analyses were conducted 

on each of the three mainstem channels to find major slope discontinuities (see Figure 3B).  In a 

graded system, the slope-area relationship should increase monotonically throughout the entire 

fluvial portion of the watershed.  The sharp discontinuities evident in the slope-area plot highlight 

the locations of knickpoints. 

 We estimated the mass of sediment that has been excavated over the past 11,500 yr from 

the incised, lower reaches of all three branches of the Le Sueur River.  To calculate the missing 

mass, we hand-digitized polygons delineating the incised portion of the river valleys using the 3-

m resolution aerial LiDAR Digital Elevation Model (DEM) (Figure 4). Precision in this process 

was enhanced by overlaying the DEM with a semi-transparent hillshade and using a multi-band 

color scheme for the DEM, which we manipulated to most effectively depict small differences in 

the elevation range of interest.  The valley walls are generally strikingly clear and easy to trace 

using this technique.  Valley polygons were split into 3-km long reaches.  We then converted 

each of those polygons to grids, attributing a paleosurface elevation value to each cell in the grid.  

The mass removed was determined by subtracting the current topography from the paleosurface.   

 To generate minimum and maximum estimates of the mass of excavated sediment we 

used two different paleosurface elevations.  Our maximum estimate assumed that the watershed 

was initially a planar glacial lake bed with a paleosurface elevation of 327 m above sea level for 

all valley polygons, consistent with the average elevation of the surrounding, low-gradient 

uplands in this area.  Our minimum estimate assumed a different paleosurface elevation for each 

3-km valley reach consistent with the elevation of the highest terraces mapped in that reach.  

These elevations are the highest levels that we know were occupied by the river in the past 11,500 

years.    

 Using the same approach, we hand-digitized all 95 ravines (considering only those with a 

planar area of incised valley > 0.5 km2) and calculated the mass of material that has been 

excavated by ravines as a result of ravine incision and elongation only.  The paleosurface  
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Figure 3: A) Longitudinal elevation profiles of the Le Sueur River and its two primary tributaries, 

the Cobb and Maple rivers, extracted from a 30-meter DEM. The locations of the two 

knickpoints delineated on the Le Sueur River branch using the slope-area analysis in B 

are shown.  B) Analysis of local channel gradient and contributing drainage area of the 

Le Sueur River longitudinal profile, after smoothing with a 1-km moving window and 

sampling every 3-meter drop in elevation. The discontinuities in the slope-area 

relationship indicate the location of two knickpoints.  Both data sets were extracted using 

the stream profiler tool available at geomorphtools.org. 
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Figure 4:  Valley and ravine polygons used to determine sediment mass excavated in the past 

11,500 years, overlain on the LiDAR DEM. 
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elevation of each ravine was determined using the average of 10 upland surface elevations 

surrounding the ravine. 

 Volumes of sediment removed were converted into mass using a bulk density of 1.8 Mg 

m-3 (Thoma et al., 2005).  To compare with TSS measurements, we assumed that only the silt and 

clay fractions (65% of the total mass) move downstream as suspended load.  This mass could 

then be compared to the inorganic fraction of TSS from modern gaging efforts.   

We mapped fluvial terrace surfaces from the 3-m aerial LiDAR DEM, using a semi-

transparent hillshade to enhance visual precision (Figure 5). The criteria used to delineate terrace 

surfaces was visual observation of undissected, planar (< 1 m of relief) surfaces within the incised 

river valley that are > 2 m above the river water surface elevation from the LiDAR dataset.  This 

relief criteria excluded floodplain surfaces where active deposition is still occurring.   

 

Historic rates of channel migration 

 

 Aerial photographs from 1938 and 2003 were used to constrain short-term river migration 

rates.  The 1938 photos were georeferenced in ArcGIS.  At least seven stable control points were 

selected and matched in each photo, fit with a second-order polynomial function, and rectified 

after a total RMS error < 0.5 was achieved.  Channel banks were digitized by hand in ArcGIS.  In 

cases where vegetation obscured the channel edge, the bank was estimated assuming a width 

consistent with adjacent up/downstream reaches.  To calculate channel migration rates, we used a 

planform statistics tool described in Lauer and Parker (2005) (available at 

http://www.nced.umn.edu/Stream_Restoration_Toolbox.html).  This tool maps the center line of 

the channel based on the user-defined right and left banks.  The program then compares the center 

line of the 1938 channel to the 2003 channel center line using a best-fit Bezier curve.  Overall 

georeferencing error was +/- 4.5 m, although individual images varied around this average.     

 To estimate the potential net contribution of sediment eroded through lateral migration, 

bank heights were calculated along a profile line adjacent to the top of the banks in 2003.  Bank 

elevations were averaged every 100 meters, and reach-average channel elevations subtracted to 

get bank heights.  Since channels both erode and deposit on their floodplains, resulting in no net 

gain or loss of sediment, we removed areas with elevations at or below the floodplain elevation, 

leaving only banks in terraces and bluffs.  This methodology gives a measure of the potential net 

flux of sediment into the channel from channel migration into these higher surfaces.  Floodplain 

heights were measured off the LiDAR DEM at 25 different sites along the mainstem Le Sueur  
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Figure 5:  Terraces mapped in the lower Le Sueur River watershed, overlain on top of the LiDAR 

DEM.  Only terraces > 2m above the channel were mapped, to exclude active 

floodplains.   
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River.  The average floodplain height was 1.8 m +/- 0.5 m in the lower 25 km and 1.0 +/- 0.1 m 

from 25 - 75 km upstream.  We measured volumes of sediment potentially entrained from 

terraces and bluffs along the lower 73.6 km of the mainstem Le Sueur River and then 

extrapolated to the rest of the mainstem Le Sueur, Maple, and Big Cobb Rivers, a total of 410 

river km, to get a measure of the potential net volume of sediment that would be eroded into the 

channel from lateral migration into terraces and bluffs.  These volumes were converted to mass 

using a bulk density of 1.8 Mg m-3, and to potential suspended sediment load assuming a silt-clay 

content of 65% of the total sample.   

 

Gaging Data 

 

 Modern sediment fluxes were calculated through continuous flow gaging at nine gaging 

stations located in the Le Sueur River watershed by the MPCA (Figure 1; Table 2).  

Approximately 30-40 grab samples were collected and processed by the MPCA throughout the 

year at each of these gaging stations and analyzed for TSS.  Individual samples were converted 

into flow-weighted mean sediment concentrations by agency staff using the U.S. Army Corps of 

Engineers’ FLUX program.  Data from 2000 to 2005 were reported in MPCA et al. (2007).  Data 

from 2006 come from the MPCA (pers. comm.) and include preliminary data from gages in their 

first year of operation. 

 To compare modern TSS loads with volumetric estimates of sediment removed over the 

Holocene, we removed the estimated organic fraction of the TSS.  Samples were also analyzed 

for total suspended volatile solids (TSVS).  Using TSVS as a proxy for organic content of TSS, 

estimates of organic content of TSS samples from the Le Sueur River in 1996 ranged from 16-

34% (Water Resources Center, 2000).  We adjusted the average TSS load from 2000-2006 by this 

amount to compare inorganic fractions only. 

 

RESULTS 

 

 Until glacial River Warren incised and widened the ancestral Minnesota River valley, the 

Le Sueur River watershed contained a series of low-gradient, ice-marginal meltwater channels 

and a relatively flat glacial lake bed masking former channels.  Most of the current river valley 

topography formed in the time since 11,500 yr BP.  Terraces in the lower valley record the 

history of incision (Figure 5).  On all three branches, knickpoints have migrated 30-35 river km  
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Table 2: GAGING STATIONS IN THE LE SUEUR RIVER WATERSHED 

Station  Location Years of Operation Drainage Area (km2) 

LS1 Le Sueur R. at Red Jacket,  BE County Rd. 66 1939- 2880 

LS2 Le Sueur R., BE County Rd. 90 2006- 1210 

LS3 Le Sueur R. at St. Clair,  BE County Rd. 28  2007- 870 

LC Little Cobb R.,  BE County Rd.  1996- 336 

BC Big Cobb R., BE County Rd. 90 2006- 737 

LM Lower Maple R., BE County Rd. 35 2003- 878 

UM Upper Maple R., BE County Rd. 18 2006- 780 

BD* Beauford Ditch, MN Highway 22  1999- 18 

*BD site was a former USGS gaging site in operation from 1959-1985 
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upstream from the confluence with the Blue Earth River (Figure 3), an average knickpoint 

migration rate of 3.0 – 3.5 m yr-1 over the past 11,500 years.  A second knickpoint is seen 

between 120-140 river km upstream on all three branches, indicating an average upstream 

migration rate of 10.9 -12.6 m yr-1.  These exceptionally high migration rates speak to the poor 

strength of the underlying till and glaciolacustrine sediments at the surface. Elevation drop 

associated with the upper knickpoint appears to be relatively minor.  Most of the relief in the 

basin is related to migration of the lower knickpoint.    

 The mass of sediment evacuated from incision since the initial base-level drop was used 

to determine an average yield per year (Table 3), broken down by sediment removed from the 

major river valley corridor versus sediment removed by ravines still present along the valley 

walls for each of the three major channels in the Le Sueur River watershed.  Sediment removed 

from the valley was likely removed through a combination of lateral erosion into bluffs and 

streambanks, erosion by ravines no longer present because they have been consumed by lateral 

valley erosion, and vertical channel incision.   

 The amount of sediment excavated likely varied through time as the channel incised and 

the network expanded.  Some studies of newly forming drainages have shown high rates of 

sediment evacuation early, diminishing through time (Parker, 1977; Hancock and Willgoose, 

2002).  Other studies have found the opposite, with lower rates of erosion initially, increasing 

until the drainage network was fully established (Hasbargen and Paola, 2000).  The Le Sueur 

River is still very much in transition.  It is in the early stages of channel incision and knickpoint 

migration, but the latter stages of drainage development, particularly following anthropogenic 

alterations to the drainage network.  Other fluctuations in the sediment load likely occurred 

during the well-documented mid-Holocene dry period, ~5 to 8 ka BP (Grimm 1983; Webb et al. 

1984; Baker et al., 1992; Webb et al., 1993; Geiss et al., 2003), which intermittently slowed 

sediment contributions from the Minnesota River to Lake Pepin (Kelley at al., 2006).  Averaging 

over all the variability in the last 11,500 years, the average sediment export from the incised 

portion of the Le Sueur River valley and ravines is 1.1– 2.3 x 105 Mg yr-1, equivalent to a 

suspended load (silt and clay fractions only) of 0.7– 1.5 x 105 Mg yr-1.  The average annual 

suspended sediment load was likely higher given the contribution of fine sand to the suspended 

load during peak flow events.   

 Modern sediment fluxes at the mouth of the Le Sueur River measured from 2000 to 2006 

are listed in Table 1.  The annual TSS flux for these seven years ranged from 0.86 – 5.8 x 105 Mg 

yr-1 with an average of 2.9 x 105 Mg yr-1.  The inorganic fraction (66-84% of TSS) was therefore  
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Table 3:  MASS EXCAVATION FROM VALLEYS AND RAVINES 
  Valley excavation 

(minimum estimate) 

Valley excavation 

(maximum estimate) 

Ravine excavation 

 mass (Mg) flux* (Mg yr-1) mass (Mg) flux* (Mg yr-1) mass (Mg) flux* (Mg yr-1) 

Maple 2.6 x 108 2.3 x 104 6.4 x 108 5.6 x 104 4.0 x 107 3.5 x 103 

Cobb 1.6 x 108 1.4 x 104 4.3 x 108 3.7 x 104 4.2 x 107 3.7 x 103 

Le Sueur 5.9 x 108 5.2 x 104 1.3 x 109 1.2 x 105 1.4 x 108 1.2 x 104 

Total 1.0 x 109 8.8 x 104 2.4 x 109 2.1 x 105 2.2 x 108 1.9 x 104 

*Fluxes are average rates over the past 11,500 years.   



 

 248 

~1.9 – 2.4 x 105 Mg yr-1 on average from 2000 - 2006.   These values are 1.3 to 3.4 times higher 

than the Holocene-average rate, considering only silt and clay fractions. 

 Spatial variations in sediment loading become apparent when we compare the 2006 

results from gages positioned above and below the major knickpoints on two of the main 

branches (Table 4).  On the Maple River, the drainage area increases very little from the upper 

gage to the lower gage (13% increase), but the TSS load increases by a factor of 2.8.  From the 

gage on the Little Cobb River to the gage further downstream on the Big Cobb River, the 

drainage area increases by a factor of 2.2, but TSS increases by an order of magnitude.  Processes 

on the uplands do not change markedly from the upper watershed to the lower watershed.  The 

primary difference is that the lower watershed includes contributions from bluffs and ravines.  If 

we assume upland sediment yields do not change appreciably from upstream to downstream, we 

can use the yield at the upper basin as a measure of upland erosion.  These yields are 9.8 Mg km-2 

on the Maple and 11.2 Mg km-2 on the Big Cobb.  Applying these yields to the drainage areas at 

the lower gages, we end up with a mass of sediment that cannot be accounted for by upland 

erosion and get a measure of the potential importance of ravine and bluff erosion.  On the Maple 

River, the excess sediment amounts to 14,000 Mg or 61% of the total sediment load.  On the Big 

Cobb, the excess sediment is 25,000 Mg or 74% of the total sediment load.  The role of bluff and 

ravine erosion to the total sediment budget in the Le Sueur River watershed is substantial and 

must be accounted for in the sediment budget.   

 To determine the relative importance of streambank erosion from lateral migration, we 

measured the potential volume of sediment that would be removed from lateral migration into 

high bluffs and terraces using average lateral migration rates from aerial photographs.  Along the 

Le Sueur mainstem, channels moved an average of 0.2 m yr-1 between 1938 to 2003, with much 

of the movement concentrated on mobile bends.  Given the current channel configuration and 

near bank elevations, this migration would lead to an average of 130 Mg river km-1 yr-1 of 

material entering the channel from lateral migration into terraces and high bluffs.  If this rate is 

applied on all three mainstem rivers, the potential net sediment flux to the channel is ~ 4.4 x 104 

Mg yr-1, or 2.7 x 104 Mg yr-1 of silt and clay, should migration rates continue at the same pace.     

 

DISCUSSION 

 

 The Le Sueur River currently has a very high suspended sediment load.  TSS loads 

measured on the Le Sueur River are an order of magnitude higher than current standards set by  
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TABLE 4: TSS DATA FROM PAIRED GAGES IN 

2006* 

 Maple Cobb 

Upper Lower Upper Lower 

Drainage Area (km2) 780 878 336 737 

TSS† (Mg yr-1) 7.9x103 2.2x104 4.0x103 3.3x104 

TSS† yield (Mg km-2) 9.9 25.4 11.8 45.4 

*Data come from MPCA (pers. comm.), preliminary. 

†TSS = Total Suspended Solids 
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the MPCA (MPCA et al., 2007).  Sedimentation records from Lake Pepin indicate that deposition 

rates are an order of magnitude higher than pre-settlement deposition rates (Engstrom and 

Almendinger, 2000), and by extrapolation, we might assume the Le Sueur River had an order of 

magnitude increase in erosion rates over pre-settlement background rates as well.  However, 

when comparing sediment volumes removed in the Le Sueur River, averaged over the past 11,500 

yr, with gaging records from 2000-2006 at the mouth of the Le Sueur River, the increase appears 

more modest: an increase of 1.3 to 3.4 times over the Holocene-average background rate rather 

than a 10-fold increase.   

 The major modern sources of sediment to the mainstem channels include ravines eroding 

through incision, elongation, and mass wasting; bluffs eroding through mass wasting as a result of 

fluvial undercutting and sapping; upland erosion on agricultural fields (particularly in spring prior 

to closure of row crop canopy); and streambank erosion above and beyond the volume involved 

in floodplain exchange.  The Le Sueur River has had two major changes to the landscape that 

have affected erosion from these sources: conversion of original prairie and forests to agriculture 

and alterations to the basin hydrology that have increased overall peak flows (Novotny and 

Stefan, 2007).   

 Clearing and continued use of land for agriculture likely only affected erosion from 

upland sources directly.  Changes in basin hydrology and climate which led to higher discharges 

could increase erosion from streambanks and bluffs through channel widening and potentially 

higher rates of lateral channel migration.  An increase in discharge in the large ravines could 

increase erosion significantly.  These landscape features have high channel and side slopes and 

are particularly sensitive portions of the landscape.  In many cases, drainage tile outlets empty 

directly into ravines, increasing peak flows dramatically.  Observations from the field indicate 

that headcuts in ravines are highly active, particularly where ravine tips are eroding into 

glaciolacustrine sediments.  Field observations during storm flows in ravines have found water 

running clear in low-intensity storms and very muddy in high-intensity storms, possibly 

indicating a threshold response in sediment flux from ravines once overland flow is generated.   

 Paired gages on the mainstem channels give us some insight into the relative importance 

of bluff and ravine erosion versus upland erosion.  Gages installed on the upper and lower Maple 

River and on the Big Cobb and Little Cobb Rivers provide a basis for estimating sediment 

contributions from bluff and ravine erosion.  The upper gage receives sediment primarily from 

upland fields, smaller tributaries and ditches, and streambank erosion into low terrace surfaces.  

The lower gage contains additional sediment derived from ravines and erosion of high bluffs.  
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The observed increase in TSS, above and beyond that expected from an increase in drainage area 

or discharge, indicates that bluffs and ravines are playing a significant role as sediment sources in 

the lower reaches.  If the TSS yield from the watershed measured at the upper gage is applied to 

the increase in watershed area above the lower gage, the remaining TSS load provides an estimate 

of the contribution from ravines, banks, and bluffs. For the Maple and Cobb rivers in 2006, 61-

74% of the sediment was potentially derived from these non-upland sources.  Previous studies in 

the neighboring Blue Earth River have estimated that bank and bluff erosion alone account for 

23-56% of TSS load (Thoma et al., 2005) and 31-44% (Sekely et al., 2002).  On-going work by 

Schottler and Engstrom (pers. comm.) indicates that >75% of the suspended sediment at the 

mouth of the Le Sueur River was derived from non-field sources, including ravines, bluffs, 

terraces, and stored floodplain sediments.   

 Assessments of stream migration rates on the mainstem Le Sueur River coupled with 

bank and floodplain elevations indicate that stream migration on the three major branches of the 

Le Sueur River could potentially contribute 2.7 x 104 Mg yr-1 of suspended sediment as a net 

source to the channel not balanced by floodplain deposition.  This volume is 11-14% of the 

average TSS load at the mouth of the Le Sueur River.  Because the channel is incised and channel 

migration occurs into these high surfaces, not just into floodplains, a significant mass of sediment 

can be contributed to the channel above and beyond the amount deposited on the floodplain. 

 

CONCLUSIONS 

 

 The Le Sueur River has a well-constrained geomorphic history that can be used to 

understand the current sediment dynamics of the system.  A major knickpoint migrating through 

the Le Sueur River network divides the watershed into two main regions: above the knick zone 

where the watershed is dominated by low-gradient agricultural uplands composed of 

glaciolacustrine and till deposits, and below the knick zone where high bluffs and steep-sided 

ravines are added to the system.  Gaging efforts indicate a significant rise in sediment load as 

rivers move through the lower reaches of the channel, below the knick zone, highlighting the 

importance of bluffs and ravines as sediment sources in the lower watershed.  In addition, channel 

migration studies indicate that streambank erosion from channel migration may contribute a 

significant volume of sediment to the overall TSS load that is not lost to floodplain deposition due 

to the presence of high terraces and bluffs along the channel edge.  
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 Sediment loads are high in the Le Sueur River, an order of magnitude higher than MPCA 

target values.  Records from Lake Pepin indicate an order of magnitude increase in deposition, a 

rise which should be mirrored in the Le Sueur River, a major contributor of sediment to the 

Minnesota River and ultimately to Lake Pepin.  However, calculations of sediment removed from 

the valley since base-level fall 11,500 yr BP indicate that modern sediment loads are only 1.3 to 

3.4 times higher than the average load over the past 11,500 yr, even when grain size variations 

and organic content are accounted for.  This Holocene-average rate assumes a linear progression 

of erosion through time, and the history of valley incision and erosion is more complicated than 

this.  Efforts are on-going to determine terrace ages in the lower Le Sueur River valley to better 

constrain the history and evolution of incision and thus of sediment flux from the basin.  

Unraveling terrace histories will help resource management by better constraining pre-settlement 

sediment yields as well as shed light into the pattern and style of landscape evolution in an 

incising system.   
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