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Abstract 
Statewide, 14 percent of Minnesota’s impaired waters are listed for excessive 

turbidity.  In-channel and near-channel erosion are commonly considered major 

contributors to Midwestern turbidity problems.  This research sought to determine the 

primary drivers of channel erosion in the Elm Creek, Buffalo River and Whitewater River 

watersheds, with a goal of informing guidance and policy on in-channel and near-channel 

erosion control practices.  Of special interest was whether a woody- or herbaceous-

dominated riparian corridor was more stable. 

First, the definitions, history, and some stream erosion variables are explained.  

The variables were limited to a brief review of the effects of soil, chemistry, vegetation, 

hydrology and stream size characteristics.  The three study watersheds were introduced. 

Second, two GIS-based lateral erosion tools (DNR Static Lateral Migration Tool 

and BBE Dynamic Lateral Migration Tool) and a common field-based methods 

(BANCS) were compared.  The dataset allowed comparison of results from three tools 

and multiple users on three streams.  The DNR Static Lateral Migration Tool was applied 

to three streams by one user, and to the Whitewater River by a second.  The BBE 

Dynamic Lateral Migration Tool was applied to the Buffalo River by a third user.  The 

BANCS tool was applied to three streams by a group of users, and to the Whitewater 

River by another group.  The reach breaks for the DNR Static Lateral Migration Tool 

were chosen to allow comparison of erosion rates to reach-specific variables.  The reach 

breaks for the BBE Dynamic Lateral Migration Tool were at set distances.  Generally, the 

erosion rates across all tools, user groups and streams were between 0 and 0.6 meters (0 

and 2 feet) per year, though some results were higher.  All GIS-based tools and users 



	 iv	

returned erosion rates near or under 1.2 meters (4 feet) per year, with maximum BANCS 

results near 1.8 meters (6 feet) per year or more.  The erosion data allowed for 

customization of a stream bank erosion prediction graph for comparable Minnesota 

streams. 

Third, using GIS, the lateral erosion rates of nearly 240 reaches of the three 

streams were compared to other stream characteristics.  These characteristics included 

vegetation type, eroded area, reach length, valley length, sinuosity, water surface slope, 

low bank slope, high bank slope, water surface elevation, low bank elevation, high bank 

elevation, low bank height, high bank height, bankfull width, radius of curvature, near 

bank stress, stream mile (size), curve count, curve length, wetland presence, 

geomorphology, soils, and erosion to bankfull ratio.  Of the measurements available to a 

GIS-user, near bank stress, and stream size were most correlated to erosion rate in these 

systems.   

Finally,	a	few	of	the	values	associated	with	Minnesota’s	water	economy	are	

linked	to	the	costs	of	preventative	policy,	and	reactive	restorations.		Due	to	the	local	

need	for	an	accurate	picture	of	erosion	drivers	and	erosion	rates,	and	for	an	efficient	

restoration	prioritization	tool,	the	University	of	Minnesota	partnered	with	the	

Minnesota	Department	of	Agriculture.			The	work	can	inform	policy	and	restoration	

efforts. 
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Chapter 1:  Overview of the Factors Influencing 
Stream Lateral Erosion Rates 

1.1. Introduction 
Stream channels are constantly changing.  They may change at a slow and 

predictable rate, keeping their dimensions stable as they erode and deposit sediment, 

propagating waves of bends or curves that move downstream.  They may change more 

rapidly as a result of land use and channel disturbances, morphing their channel 

dimensions to accommodate alterations such as more sediment, or more water.  

Accelerated channel changes, high erosion rates and high sediment loads may indicate an 

unstable stream.   

While some streams are naturally turbid, carrying high levels of sediment, and 

other light-scattering elements, such as algae, tannins and debris, others are impaired.  

Through the Clean Water Act, the U.S. Environmental Protection Agency (EPA), and 

Minnesota Pollution Control Agency (MPCA) have set limits (a water quality standard) 

on the amount of turbidity an individual stream can maintain without impairing beneficial 

uses such as drinking water, swimming, fishing, aquatic life, wildlife, navigation, 

agriculture, and aesthetic enjoyment (MPCA, 2017).  Those exceeding the standard are 

considered impaired, and must be restored through the Total Maximum Daily Load 

(TMDL) program.  Nationally, 55.5 percent of river miles are impaired (EPA, 2016a), 

with 4 percent of impairments attributed to turbidity (EPA, 2016b).   

In Minnesota, approximately 40 percent of assessed waters are impaired (MPCA, 

2015a).  Of these impaired waters 14 percent (309 lakes and 2142 reaches) are impaired 

for turbidity (MPCA, 2015c).  Specifically, approximately one-third of streams failing to 
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support aquatic life uses have too much total suspended sediment or turbidity (Anderson, 

2017).  In-channel and near-channel erosion are commonly considered major contributors 

to Midwestern turbidity problem (Odgaard, 1987; Simon and Rinaldi, 2000, Lenhart et 

al., 2011).   

	 	

Figure 1:  Minnesota's impaired lakes and streams (Montgomery, 2015) 

1.1.1.  Thesis Outline 

This study looks at three streams impaired for turbidity in agriculture-dominated 

watersheds in Minnesota (Elm Creek, Buffalo River and Whitewater River).  Chapter: 

1. Briefly reviews the history of channel alterations, channel morphology, and lateral 

erosion, ending with the hydrological modifications to the three Minnesota 

streams. 

2. Compares two GIS-based lateral erosion tools (DNR Static Lateral Migration 

Tool, and BBE Dynamic Lateral Migration Tool) and a common field-based 

method (BANCS).   
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3. Measures and compares a range of GIS-measurable variables to lateral erosion 

rates, to determine the primary drivers of channel erosion in the watersheds.  Of 

special interest was whether a woody- or herbaceous-dominated riparian corridor 

was more stable. 

4. Summarizes the first three chapters, with a goal of informing guidance and policy 

on in-channel and near-channel erosion control practices. 

5. Summarizes the thesis and provides the references used throughout the document. 

The majority of results from the tools were unitless or in English units.  Values 

throughout the thesis are in “metric (English)” units, and the graphs are in English units. 

1.1.2.  History of Soil Loss Through Landscape and River 
Alterations 

Americans have a complicated history trying to control streams.  As seen below, 

most early attempts seemed to have unintended consequences, which at the time, where 

quite surprising.  Several programs accomplished exactly the opposite of the intended 

goal: various flood control projects exacerbated flooding.  Throughout the generations, 

changes to the stream channels and the landscapes surrounding them have accelerated 

erosion rates, and in some cases, lead to water quality impairments.   

In response to demand for easy river navigation, Congress authorized the U.S. 

Army Corps of Engineers in 1824 and 1866 to clear a path through the Mississippi 

(USACE, 2008).  The Corps removed debris and sediment, narrowing the channels by 

cutting off access to side channels and installing wing dikes, and dredging the streambed 

(USACE, 1996; USGS, 2012).  In the mid to late 1800s, Congress passed several more 

acts to drain the nation’s wetlands, straighten rivers, and build levees, all believed to 

control floods (Wohl, 2005).   The devastating 1927 Mississippi River flood prompted 
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the 1928 Flood Control Act, making the federal government responsible for flood control 

in the lower Mississippi River (Simpson et al., 1982).  The role of the federal government 

in flood control grew through successive flood control acts in 1936, 1948, 1954, 1966 

and 1970 (Wohl, 2005).  It also grew through the New Deal programs of the 1930s, with 

the Bureau of Reclamation building large reservoirs to supply water to the western 

United States, the Army Corps of Engineers channelizing and building levees along 

rivers in the Midwestern and eastern United States, and the Department of Agriculture 

focusing on flood control and wetland drainage in smaller channels nationwide (Simpson 

et al., 1982).  In the 150 years between 1820 and 1970, more than 330,00 kilometers 

(205,000 miles) were altered for flood control, agriculture or navigation, 529,912 square 

kilometers (204,600 square miles) of wetlands were drained (over 65 percent of the upper 

Mississippi River basin wetlands), and 19 percent of stream miles were inundated by 

reservoirs (Wohl, 2005). 

Suspicious the federal programs were not worth the investment, Congress 

assigned a task force to study their accomplishments.  It noted annual flood damage was 

$1 billion annually (in 1967 dollars), despite a $7 billion investment in prevention since 

1936 (Hunt and Husser, 1988).  Removing water quickly from the landscape to the 

oceans through wetland drainage, stream channelization and levee building, and 

impounding behind dams was not preventing flooding.  When the 1973 congressional 

report “Stream Channelization: What Federally Financed Draglines and Bulldozers Do to 

Our Nation's Streams,” and the 1974 Streambank Erosion Control Evaluation and 

Demonstration Act confirmed suspicions that the nation’s channelization effort was 

ineffective, the momentum of large-scale hydrologic modification projects waned (Wohl, 
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2005).  The congressional report criticized the nation’s affinity for channelizing and 

ditching, pointing to the fact that those who required, authorized, and implemented the 

projects rarely knew or attempted to learn the side effects (Wohl, 2005). 

The conservation ethic gained momentum throughout the 1900s, with a push from 

the Dust Bowl Era erosion crisis of the 1930s and failures of hydrologic alteration 

projects.  Knowledge grew through New Deal funding of academic laboratories focusing 

on erosion, sediment transport and turbulence.  Scientists developed the concepts of 

ecology and ecosystems in the 1940s, and by the 1960s, hydrology and geomorphology 

were serious fields.  Research into stream processes was quickly growing.  (Reuss, 2005).  

Levees lost public support after the 1993 Mississippi River flood (Wohl, 2005).  In 2000, 

the United States government stopped building dams (Wohl, 2005) and generally 

recognized stream erosion as a major contributor to water quality problems (Lenhart, 

2016).  

In 1972, landmark legislation was passed to protect water quality.  The Clean 

Water Act requires states to adopt and meet water quality standards.  Water quality 

standards include a designation of a waterbody’s use or purpose (such as recreation, 

drinking water, aquatic life, or industry), and limits on pollutants that would impair a 

waterbody’s ability to serve its designated use. 

States develop plans to clean impaired waters.  A Total Maximum Daily Load 

(TMDL) study determines how much pollutant (or load) each point and nonpoint source 

contribute to the waterbody, before allocating how much each is allowed.  This allocation 

comes with recommendations on achieving the new (if lower) limit of pollution.  In the 

case of sediment loading, it is vital to the accuracy (and ultimately success) of a TMDL 
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to know how much sediment the stream channel itself is contributing. 

1.1.3.  Stream Evolution 

The erosion of a stream channel may be accelerated by land use or channel 

disturbances.  Studies of erosion rates should take this into consideration, by using 

similarly mature stream reaches.  For example, comparing the erosion rate of an 

herbaceous reach to the erosion rate of a forested reach may be skewed if one reach was 

recently disturbed and the other was mature.  Attributing an erosion rate to one variable 

may be inaccurate if the stream is also responding to a disturbance.  Stream maturity 

explains the length of time passed since a large channel disturbance, such as a major 

flood, a major land use change, channelization or damming.  A stream adjusting to a 

disturbance may follow a somewhat predictable pattern to seek out a new equilibrium.  

Simon and Rinaldi (2006) among others observed the length of time a stream may be 

adjusting to a past disturbance.  They found a sand-bedded system may create a new 

stable state in 10 to 15 years, whereas silt-dominated systems may take nearly a century 

(McBride et al., 2010; Simon and Rinaldi, 2006; Yan et al., 2010). 

The time elapsed from the last major channel disturbance is therefore an 

important factor to keep in mind when apportioning the significance of erosion variables; 

to ask: “Are the variables studied the only reason for this erosion rate, or is the stream 

also recovering from a disturbance?”  

Simon and Rinaldi (2006) listed a number of studies describing the sequential 

adjustments a stream will make to recover from a disturbance.  These included Davis and 

Sutherland (1902), Ireland et al. (1939), Schumm and Hadley (1957), Daniels (1960), 



7	

Emerson (1971), Keller (1972), Elliot (1979), Schumm (1984), Simon and Hupp (1986), 

Simon (1989), and Cluer and Thorne (2014). 

 
Figure 2:  Sample channel evolution model (Cluer and Thorne, 2014) 

A commonly cited pattern of stream evolution is the Schumm et al. (1984) 

Channel Evolution Model, which was subsequently modified by Simon (1989).  It 

describes six sequential forms a river takes as a reaction to a major disturbance: Stage 1 is 

Premodification (stable state prior to disturbance), Stage 2 is Constructed (dredging, 

channelization or discharge increase; the disturbance), Stage 3 is Degradation 

(downcutting or incising), Stage 4 is Threshold (mass wasting), Stage 5 is Aggradation 

(the channel begins to fill), and Stage 6 is Restabilization (flow can once again overtop 

banks). 

Simon and Rinaldi (2006) went on to describe the stages as an imbalance between 

stream power and sediment loading.  Degradation reduces stream power by flattening bed 
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slopes.  This incising generally migrates upstream as sediment loads overpower stream 

power.  Degradation eventually creates such steep and tall banks that the critical shear 

strength of the banks are exceeded and the next stage is reached.  During Threshold, the 

stream banks begin sloughing and flushing away in mass wasting events and the bed 

widens.  Aggradation occurs when the volume of sediment sloughing from banks and 

carried in the flow exceeds stream power and begins accumulating.  Pioneer species 

further diminish stream power, accelerating aggradation.  Eventually the bed elevates 

enough to allow the stream to overtop banks into the original, or a modified floodplain, 

which is a terrace lower (and therefore confined) by its original floodplain.  At this point, 

the stream has reached Restabilization.  If the stream did not reach its original floodplain, 

it may adjust to a narrower floodplain by increasing its length and decreasing its slope by 

accentuating meanders (Simon and Rinaldi, 2006). 

McBride et al. (2008, 2010) founded a similar model describing the transition 

streams make in response to reforestation.  In the beginning, the banks are herbaceous, 

and the channel is stable, small and easily overtops its banks.  As small woody plants 

sprout and grow, the bank roughness increases, altering floodplain hydraulics by reducing 

the speed of flood waters outside of the channel.  The in-channel flood flow velocity 

remains the same however, increasing turbulence at this interface and therefore 

increasing scour.  The scour spreads into bed degradation.  The channel widens and 

deepens, sinking away from its floodplain.  As the woody plants mature and begin 

shedding branches or falling entirely into the stream, grasses are outcompeted, and the 

surcharge (weight) on banks increases.  The final, forested product is wider, slower (with 
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more in-stream roughness) and has a richer habitat compared to the grass system 

(Sweeney et al., 2004; Allmendinger, 2005; McBride et al., 2008, 2010).  

1.1.4.  Lateral Erosion  

Streams react to disturbances and evolve over time by moving vertically and 

horizontally.  A vertical change can indicate a sediment supply imbalance.  When a 

stream has too much sediment to carry, or too much in-channel roughness, it may 

aggrade, or raise its bed as it deposits sediment (Bull, 1979; Galay, 1983).  Conversely, 

when a stream has too little sediment or too little in-channel roughness to regulate its 

speed, it may incise, or lower its bed as it scours the channel. 

 
Figure 3:  Aggradation and degradation, in (a) and (b), 
respectively (Schumm and Parker, 1973) 

A horizontal change can indicate a variety of disturbances or processes.  The 

category includes avulsion, channel width changes, and lateral movement (WSDOE and 

WSDOT, 2003).  An avulsion is a sudden course change, which can be triggered by a 

flood establishing a new channel, or a meander bend cutoff.  A channel may widen or 

narrow in response to a change in vegetation, sediment supply or hydrology (WSDOE 

and WSDOT, 2003).  Variables influencing lateral channel movement will be explored in 
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this and following chapters.  The category includes meander bend development, flow 

diversion, and increased erodibility (WSDOE and WSDOT, 2003). 

 
Figure 4:  Lateral migration (GCCAZ, 2017) 

Generally, lateral erosion occurs when the laterally sloping bed near an outside 

bank is scoured by fluvial erosion, the unsupported portion falls in a mass failure event, 

and the resulting debris is swept downstream before the process repeats (Thorne, 1990; 

Burkhardt and Todd, 1998; Nanson and Hickin, 1986; Simon and Collison 2002).  Lateral 

erosion focuses on bank retreat, without necessarily accounting for sediment deposition.  

Lateral migration includes deposition: the inside curve receives sediment deposits, which 

are colonized by riparian vegetation, allowing the inside curve to slowly chase the 

receding bank (Burckhardt and Todd, 1998).  Rivers can move dramatic distances 

laterally, leaving spectacular displays of relict and active looping pathways across a 

landscape. 
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Figure 5: Lateral erosion (GCCAZ, 2017) 

1.2.  Factors Influencing Lateral Erosion Rates: Soil, 
Chemistry, Vegetation, Hydrology and Stream Size 

Far too many studies to cite have credited an exhaustive array of variables with a 

role in lateral erosion, each study claiming a single or combination of factors being the 

most responsible for erosion.  Lists can include the soil/geology factors such as bulk 

density, cohesion, texture, sheer and tensile strength, permeability, stratigraphy, bank 

height, freeze-thaw, desiccation, and the like; vegetation factors such as rooting depth, 

rooting density, interception, insulation from freeze-thaw and desiccation, channel and 

floodplain roughness, windthrow, local groundwater level, and the like; and hydrology 

factors such as discharge, catchment area, stream power, slope, sinuosity, precipitation, 

sediment transport, sheer stress, and the like.  As Osterkamp and Hupp (2010) pointed 

out, cataloging the responsible factors is challenging because most are interdependent.  

This study is broken into five generalized categories: the characteristics and processes 

associated with soil, chemistry, vegetation, hydrology and stream size.  The 

interconnectedness of these stream features creates inevitable overlap between the 

categories. 
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1.2.1.  Influence of Soil and Chemistry on Erosion Rates 

Soil in and of itself can provide some stability of a bank against erosion.  Soil 

bulk density can be used as a surrogate for soil erodibility and critical shear stress; and 

may be the most significant factor influencing bank erosion (Bouyoucos, 1935; Glinski 

and Lipiec, 1990; Dunaway et al., 1994, Wynn and Mostaghimi, 2006a).  The soils with 

smaller pore spaces, due to presence of silt and clay, are less likely to become dislodged; 

and higher bulk density soils are less erosion-prone (Hooke, 1979; Mosselman, 1992; 

Abernathy and Rutherfurd, 1998; Wynn and Mostaghimi, 2006a; Wynn and Mostaghimi, 

2006b; Sass and Keane, 2012).  Nanson and Hickin (1986) found 70 percent of bank 

erosion in a sand-gravel system was due to stream and sediment size. 

Matric suction and pore-water pressure are intrinsic soil properties (Simon and 

Collison, 2002).  Soil is assumed to be least cohesive after prolonged wet periods 

(Abernathy and Rutherfurd, 1998).  In over-simplified terms, soil that is too wet or too 

dry is more prone to erosion.  Many factors influence the ideal moisture level for 

maximum cohesion, including a soil’s sand, silt and clay composition, compaction and 

profile.  Many other factors influence when soil is at that ideal moisture, including 

weather, ground cover, roots, and groundwater depth.  This would explain some of the 

variability in studies.  Simon and Pollen (2006) found generally increasing bank stability 

as the soils dried; as the matric suction, or negative pore-water pressure increased.  

Conversely, Wynn and Mostaghimi (2006a) found increasing bank stability as moisture 

levels increased in sandy soils. 

A common phrase states soil is strong in compression but weak in tension, while 

roots are the opposite: strong in tension, but weak in compression (Thorne, 1990; Wynn 
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and Mostaghimi, 2006a; Pollen, 2007).  The combination of soil and root networks 

therefore complement each other, creating a much stronger material (Thorne, 1990; 

Wynn and Mostaghimi, 2006a; Pollen, 2007).  Soil has the ability to limit rooting depth 

and density, thereby limiting the benefits of this partnership.  Dense soils, with higher 

clay and silt content, have been found to limit rooting depth and density (Dunaway et al., 

1994; Crow, 2005), whereas loose, sandy soils tend to facilitate deeper and thicker 

rooting networks (Dunaway et al., 1994).  There is a positive correlation between 

increasing soil bulk density, and decreasing moisture and nutrient availability, and 

consequently decreasing root growth and density (Andrews and Newman, 1970; Kramer, 

1983; Glinski and Lipiec, 1990; Dunaway et al., 1994).  Not every study found a 

correlation between soil bulk density and root density, however.  Underhill (2013) found 

no correlation between the two, perhaps due to a predominance of loamy soil, or lack of 

soil compaction. 

The size of soil particles has also been linked to a root’s ability to resist removal.  

Despite potentially occurring less frequently in denser soils, the small particle sizes 

provides more surface area for fine roots to grasp, thereby providing another mechanism 

to decrease erosion (Wynn and Mostaghimi, 2006a). 

Wynn and Mostaghimi (2006a) found fluvial erosion rates were closely tied to 

stream water chemistry and soil chemistry. The chemistry suite of interest to Wynn and 

Mostaghimi (2006a) was pH, specific electrical conductivity, pore water salt 

concentration, potassium intensity factor, and sodium adsorption ratio.  These variables 

can be influenced by precipitation events, road salts, and rapid vegetation growth and 

decay (Wynn and Mostaghimi, 2006a; Osterkamp and Hupp, 2010).  In general, higher 
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pH (and therefore higher cation exchange capacity) soils, with lower salt concentration 

(Wynn and Mostaghimi, 2006a) are more prone to erosion.  The types of soil most likely 

to be affected by cation exchange capacity and pH are clays and soils with high organic 

matter content; these soils are most susceptible to dispersion due to surface charge 

repulsion (Grissinger 1982; McBride, 1994).   

1.2.3.  Influence of Vegetation on Erosion Rates 

The relationship between hydrology and bank stability is complicated by roots.  

Soil that is too wet or too dry may contribute to erosion.  The soil moisture content 

impacts the stability of soil, groundwater influences the rooting pattern of vegetation, and 

roots influence soil moisture. 

Roots need oxygen and nutrients to thrive, neither of which is available in 

abundance below the level of groundwater (McGinty, 1976; Gray and Leiser, 1982; 

Coppin and Richards, 1990).  Numerous studies find riparian root systems are generally 

limited to approximately 1 meter (3.3 feet) in depth (Davidson et al., 1991; Shields and 

Gray, 1992; Jackson et al., 1996; Sun et al., 1997; Abernathy and Rutherfurd, 1998; 

Tufekcioglu et al., 1999; Simon and Collison, 2002; Wynn et al., 2004; Pollen, 2004; 

Underhill, 2013; UMN, 2015).   Variability in this number can be due to soil type, 

groundwater level, and plant species.  Below 1 meter (3.3 feet), root networks may be 

much less beneficial to bank stability.  With the erosive forces of streams so often 

scouring below this rooting depth (Abernathy and Rutherfurd, 1998) or within saturated 

zones, Pollen (2007) states roots may provide the least reinforcement when a bank is 

most at risk of failure, such as the receding limb of a hydrograph.   
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For example, Abernathy and Rutherfurd (1998) found a direct correlation between 

windthrow (trees blown into streams) and high groundwater levels.  Abernathy and 

Rutherfurd (1998) applied this, finding that trees in the headwaters were more likely to be 

blown into channels due to a shorter distance between soil surface and groundwater.  By 

providing as little as 0.6 meters (2 feet) of additional clearance to groundwater, taller 

banks allowed trees to resist windthrow (Abernathy and Rutherfurd, 1998).  Windthrow 

is seen by many to be a major contributor to bank erosion (Jeffries et al., 2003; 

Allmendinger et al., 2005; Montgomery, 1997; Murgatroyd and Ternan, 1983; Trimble, 

1997; Brummer, 2006).  The roots of those trees, and other vegetation, in turn, are a 

determining factor in soil moisture.   

Pollen (2007) observed root reinforcement was minimal when the soil moisture 

was highest.  If banks are viewed as more stable when drier (within reason), then 

vegetation benefits them hydrologically through canopy interception and transpiration 

(Pollen, 2007).  Canopies shelter the soil from precipitation, while roots remove water 

through matric suction.  A small, forested stream could maximize hydrologic benefits by 

deflecting the most rainfall with its canopy, and removing the most groundwater due to 

short banks (short distance from surface to saturation) (Burkart et al., 2004).   

Vegetation can also be a detriment, however, when canopy interception and 

stemflow concentrates rainfall and increases infiltration, creating locally higher moisture, 

and pore-water pressure.  When soil is wet, pore-water pressure is higher, and soil 

cohesiveness is lower (Underhill, 2013).  The model by Collison and Anderson (1996) 

found the increased infiltration and preferential flow induced by vegetation could create a 

hydrologic effect sufficient to outweigh mechanical benefits of rooting patterns.  
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Mechanical benefits of vegetation include rooting strength, buttressing, and weight 

(Simon and Pollen, 2002; Pollen, 2007).  

Pollen (2007) found a threshold root diameter, at which all roots broke, rather 

than responding to stress with a combination of breakage and pullout.  The threshold 

depended on soil shear strength, and matric suction.  Root breaking was most common in 

dry soils (when shear strength was higher), while pullout was more common in moist 

soils (when shear strength was lower).  Additionally, small roots were likely to pull out of 

the soil, whereas large roots were prone to breaking.  Camporeale et al. (2013) found the 

tensile strength of most species to fall between 10 and 40 MPa (1,450 to 5,802 psi). 

More studies linking vegetation and erosion rates will be reviewed in Chapter 3, 

including vegetation’s ability to buffer soils from the erosive effects of freeze-thaw and 

wet-dry cycles, vegetation’s role in sediment loads, a comparison of the different patterns 

of roots and erosion, the effect of added floodplain roughness (vegetation) on flood 

responses, vegetation types and channel width, the influence of large woody debris on 

different channel sizes, and an overall comparison of woody versus herbaceous species 

on erosion rates. 

1.2.4.  Influence of Hydrology on Erosion Rates 

The timing (season, frequency and duration) as well as size of hydrologic events 

can be quite influential on streambank stability.  A stream’s reaction to a precipitation or 

snowmelt event can be plotted as a generally bell-shaped hydrograph.  The rising limb of 

a hydrograph indicates an influx of water, the top of the curve represents the peak flow, 

and the receding limb shows the flow returning to normal.  Researchers have compared 

erosion rates to the timing and size of hydrologic events.   
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The seasonal component of erosion-induced hydrologic events is commonly tied 

to the absence of biological activity.  For a period of the year, interception and 

transpiration are minimal, when deciduous canopies are gone, herbaceous cover is dead 

or dormant, crops are harvested, and root density is lower (Simon and Collison, 2002; 

Wynn et al., 2004).  Snow melting and rain falling under these conditions is especially 

effective at dislodging sediment and eroding landscapes.  Simon and Collison (2002) 

found two-thirds of rain fell while canopy cover was absent between October and April.  

MPCA (2012b) found the highest turbidity values in Minnesota was associated with 

spring snowmelt and heavy spring rains, and concluded coverage provided by crops and 

natural vegetation significantly reduced erosion.   

The speed at which a stream reacts to increasing and decreasing flows can be tied 

to erosion rates.  Hooke (1979) compared discharge, rainfall and soil moisture variables 

to erosion rates.  The study found correlations to peak discharge, and the speed at which 

flows swell in response to increased water supply.  Of all variables considered, the rising 

limb of the hydrograph was highly ranked in relation to maximum erosion and proportion 

of bank eroded, though interrelated to other factors (Hooke, 1979).  Lawler (1997) and 

Zaimes (2015) found the receding limb of the hydrograph correlated with mass erosion 

events.  Overall, very little erosion occurred without a peak flow, regardless of the size of 

the rain event; and erosion was most driven by the speed at which a discharge increased 

(rate of hydrograph rise) (Hooke, 1979). 

The frequency of channel-forming flows, and larger volume events can influence 

how much sediment a channel carries.  Zaimes et al. (2006) found the highest erosion 

rates correlated to closely spaced medium and large precipitation events in spring and 
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early summer.  Later in the year, canopy cover and evapotranspiration diminished the 

correlation between precipitation and erosion.   

While bankfull has a recurrence interval of one to two years, and is credited as the 

dominant channel-forming flow (Leopold et al., 1992), larger and less frequent flows are 

important to bank erosion rates.   Floods are by nature quite erosive (Rood et al., 2014), 

control riparian vegetation patterns (Camporeale et al., 2013) and are becoming more 

frequent (Mallakpour and Villarini, 2015).  Not all high water situations are erosive, 

however.  Abernathy and Rutherfurd (1998) among others, have explained that the 

hydrostatic pressure a flow exerts on a bank can recharge floodplain groundwater levels, 

and therefore resist mass failure.   

1.2.5. Influence of Stream Size on Erosion Rate and Erosion Type 

Some have named stream size as a major determiner of bank erosion rate.  For 

example, Nanson and Hickin (1986) found 70 percent of the soil volume lost from outer 

meander banks of large sand-gravel streams was explained by stream and sediment size.   

These two factors, Nanson and Hickin (1986) points out, are essential components of, and 

therefore inform sediment entrainment. 

Others have used river size to describe the type of erosion.  Lawler (1992, 1995) 

is credited with creation of a popular three-part explanation of erosion types: subaerial 

preparation, fluvial erosion, and bank failure.  Many publications reference it in 

describing erosion along stream systems. 

Subaerial preparation is the hardest to define.  It includes a broad range of 

climate- and vegetation-related processes, such as freeze-thaw cycling, wet-dry cycling, 

windthrown trees, rainsplash, micro-rill erosion and damming by large woody debris 
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(Lawler, 1995; Abernathy and Rutherfurd, 1998; Wynn and Mostaghimi, 2006a; Wynn 

and Mostaghimi, 2006b; Camporeale et al., 2013; Underhill, 2013, Zaimes and Schultz, 

2015).  While subaerial preparation does provide sediment to a stream, it is generally 

seen as conditioning a bank for a larger erosion event.  A number of studies find subaerial 

processes dominate small headwater streams (Lawler, 1995; Abernathy and Rutherfurd, 

1998; Wynn and Mostaghimi, 2006a; Burkart et al., 2004; Camporeale et al., 2013; 

Underhill, 2013).  This type of erosion is only apparent in areas with wide temperature 

and precipitation swings, or where the other two processes are limited (Thorne, 1982; 

Wynn, 2005).  This can be seen when topsoil accumulates lower down the bank profile. 

Fluvial erosion is typically seen as dominating the moderately-sized or middle 

sections of streams (Lawler, 1995; Abernathy and Rutherfurd, 1998; Wynn and 

Mostaghimi, 2006a; Burkart et al., 2004; Camporeale et al., 2013; Underhill, 2013).  

Fluvial erosion is the direct removal of soil by water flowing through the channel.  This 

includes channel and bank scouring.  In these sections, subaerial preparation is not as 

pronounced due to larger channel size and bank heights.  For example, in-channel large 

woody debris may be swept away by higher discharges, the larger distance between the 

soil surface and groundwater allows trees and plants to grow denser, with deeper roots, 

aiding in resistance to temperature- and moisture-related damage by insulating soil and 

withdrawing more soil moisture, as well as windthrow (Abernathy and Rutherfurd, 1998; 

Underhill, 2013; Crow, 2005).   This can be seen when erosion occurs during the rising 

limb of a hydrograph (Lawler, 1997). 

Bank (or mass) failure is generally cited as the dominant erosion category on 

large, or lower stream reaches (Lawler, 1995; Abernathy and Rutherfurd, 1998; Wynn 
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and Mostaghimi, 2006a; Burkart et al., 2004; Camporeale et al., 2013; Underhill, 2013).  

These occur when the shear strength of the soil (soil cohesion augmented by roots, but 

undercut by scour) is overpowered by its own weight, and the weight atop the soil.  This 

can be seen when erosion occurs as a hydrograph falls (Simon, 2000). 

1.3. Influencing Impairments in Minnesota: 
Watershed Development 

As prairies, wetlands and forests became farms and cities, Minnesota streams 

adjusted to the new sediment and water levels associated with altered perviousness, 

storage and evapotranspiration.  Streams also adjusted to direct channel alterations such 

as dredging, channelization, burial, expansion of watershed through ditches and pipes, 

and other alterations for watershed development.   

Some of these alterations, and subsequent adjustments increased turbidity levels 

past water quality standards, triggering impairment status and TMDL studies.  Watershed 

development is a common stream stressor, and was assessed as a possible cause of 

impairment during the TMDL process for Elm Creek, Buffalo River and Whitewater 

River (MPCA, 2015).  

1.3.1.  Study Area 

Elm Creek, Buffalo River and Whitewater River are the subject of this research.  

Each is located in an agriculture-dominated watershed, representing different ecoregions 

of Minnesota:  Elm Creek is in south-central Minnesota’s prairie pothole region and 

Western Corn Belt Plains, the Buffalo River is in western Minnesota’s Glacial Lake 

Agassiz and Central Hardwood Forest, and the Whitewater River is in southeastern 

Minnesota’s Driftless Area along the Mississippi River bluff.   
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Figure 6:  Study watersheds in blue on Minnesota 
ecoregions in shades of brown 

 
1.3.2.  Hydrologic Storage and Altered Watercourses 

In the loess region of the Midwestern United States, Simon and Rinaldi (2006) 

found most tributaries to the Missouri and Mississippi Rivers had been dredged and 

straightened.  In Iowa, a state touched by one of this paper’s watersheds, streams with 

watersheds over 129 square kilometers (31,877 acres) lost 45 percent of their length to 

channelization (USFWS, 1975).  Locally, Lenhart et al. (2011b) reviewed the 1855 

General Land Office survey map and noted many sloughs were graded or channelized, 

overall decreasing Elm Creek and its neighbor Center Creek by approximately 20 percent 
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of their headwater stream length. 

Channelization increases the speed with which water leaves the landscape, 

causing channel widening. The term channelization encompasses alterations designed to 

straighten (shorten) streams to remove water from the landscape faster, and/or move a 

channel to a new location.  Simon and Rinaldi (2006) points out that when vegetation is 

removed during channelization, the stream’s hydraulic roughness is decreased, which 

increases velocity, stream power, peak discharges and overall erosion rates.   

In response to the newfound sediment-velocity imbalance, channelized streams 

downcut (incised) and widened.  In responses to channelization, Midwestern loess 

watersheds widening by about 30 meters (98 feet) (a fivefold increase) and incising 6 

meters (20 feet) (a fourfold increase); and West Tennessee widening by about 5 meters 

(16 feet) per year since the mid 1800s (Piest et al., 1976, 1977). 

Locally, Scottler et al. (2013) found southern Minnesota channels widening by 10 

to 40 percent.  MPCA (2012a) and Lenhart (2008) also reviewed southern Minnesota 

streams for width changes.  MPCA (2012a) compared the 1855 dimensions of 7 streams 

at 58 total locations to present day widths.  The majority of reaches (46 total or 79 

percent) widened, but some (12 total or 21 percent) narrowed.  The streams changed from 

-70 percent to 1200 percent in width; on average increasing by 115 percent.  Lenhart 

(2008) reviewed relict channel data of Elm Creek, finding a number of stream terraces 

dating back to 1860 indicating the headwaters had expanded the most, increasing by 250 

percent. 

The following figures illustrate the change of hydrologic storage capacity of the 

study watersheds over time.  Red shades indicate the most storage loss, whereas green 
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shades indicate the most storage capacity, or least disturbance.  The figures also indicate 

channel modifications.  Red and yellow channel lines indicate channel modifications, 

whereas blue channel lines indicate natural, or the least disturbance. 

 
Figure 7:  Elm Creek hydrologic storage and altered watercourses (WHAF, 2016) 
 

 
Figure 8:  Buffalo River hydrologic storage and altered watercourses (WHAF, 2016) 
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Figure 9:  Whitewater River hydrologic storage and altered watercourses (WHAF, 2016) 

The broad conclusion from a Greater Blue Earth River Basin study, which 

includes Elm Creek, was that the region’s streams and rivers are unstable, experiencing 

and recovering from widespread hydrologic modification and land use changes as well as 

natural processes, and commonly impaired for high sediment loads and sediment-related 

phosphorus loads (MPCA, 2012b). 

In particular, Lenhart et al. (2011b) surveyed Elm and Center Creek, two adjacent 

tributaries to the Blue Earth River.  Using the channel evolution model, the study found 

actively maintained ditches in Stage 2 (constructed) and some artificial tributaries in 

Stage 3 (degradation), and 76 percent of surveyed reaches in Stage 4 (mass wasting) and 

Stage 5 (aggrading).  Overall, the streams showed a pattern of recently disturbed 

headwaters (Stage 2 and 3), widening in the middle and lower reaches (Stage 4), and 

nearing equilibrium in the lowest reaches (Stages 5 and 6). 

The Lenhart et al. (2011b) finding was nearly identical to a 1995 U.S. Army 

Corps of Engineers finding cited by Simon and Rinaldi (2006), finding 75 percent of the 
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nation’s stream reaches are experiencing mass failures (Stage 4). 

 
Figure 10:  Stream widening in southern Minnesota watersheds (MPCA, 2012a) 

1.4.  Summary 
Stream channels are constantly changing.  They may change slowly and 

predictably, or rapidly in response to a disturbance.  Disturbances can include channel 

dredging and wetland drainage for historical flood control efforts, watershed 

developments, and natural storm events.  Channels can react to disturbances by eroding 

vertically, or horizontally.  Channel erosion can contribute a significant percentage of a 

stream’s sediment load.  A sediment load above the tolerances of the stream’s inhabitants 

or functions is considered an impairment.  All three study streams are impaired for 

turbidity. 

A restoration, or reduction of turbidity from channel sources, may be difficult due 

to the complexity of interactions between erosion rates, soils, geomorphology, chemistry, 

vegetation, hydrology and stream size.  The next chapters cover methods of measuring 



26	

erosion rates, erosion rates of the study streams, channel characteristics of the study 

streams, a comparison of erosion rates to channel characteristics, other restoration 

prioritization efforts in the watersheds, and values and policies affecting turbidity. 
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Chapter 2: Analyzing Lateral Erosion Measurement 
Tools 

2.1.  Introduction 
Every year, hundreds of billions of kilograms (billions of tons) of sediment are 

carried along river systems all across the United States (Campanella, 2013).  Streambank 

erosion can account for as much as 85 percent of suspended sediment load (Wilkin and 

Hebel, 1982; Hamlet et al., 1983; Odgaard, 1984; Odgaard, 1987; Simon, 1996; Bull, 

1997; Trimble, 1997; Bull, 1998; Lawler et al., 1999; Simon, 1999; Walling et al., 1999; 

Schilling and Wolter, 2000; Simon, 2000; Sekely et al., 2002; /Amiri-Tokaldany et al., 

2003; Evans et al., 2006; Wynn and Mostaghimi, 2006a; Fox et al., 2007; Wilkinson, 

2009).   

Bank retreats of 1.5 to 1,100 meters (5 to 3600 feet) per year across the nation 

(Simon, 2000) can damage property and productivity, and degrade habitat and water 

quality.  Eroding channels can encroach upon the foundation of bridges, farmland and 

homes.  Sediment suspended in waterways can diminish aquatic habitat by depositing on 

spawning grounds, blocking light from plants, make hunting difficult for aquatic 

predators, and make water too erosive for inhabitants.  Sediment laden water can carry 

phosphorus pollution.  A decade ago, the United States spent approximately $16 billion 

annually cleaning water polluted by sediment (Wynn and Mostaghimi, 2006a); a number 

that has likely increased with time. 

With a significant portion of suspended sediment coming from bank erosion, 

slowing bank retreat strategically is a priority for resource managers.  Managers planning 

to control bank erosion efficiently over the course of a stream benefit from a knowledge 
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of the stream’s lateral erosion rates.  Additionally, state and federal regulatory and grant 

programs aimed at reducing sediment loading may require quantification of sediment 

sources, using reliable measurement tools.  Common means of conceptualizing or 

measuring stream erosion rates include GIS, BEHI, BSTEM, BANCS and bank pins. 

2.1.1.  Objectives 

The objectives of this chapter were to: 

1. Measure lateral erosion rates on three agriculture-dominated Minnesota streams 

using four tools: the DNR Static Lateral Migration Tool, the BBE Dynamic 

Lateral Migration Tool, the NCED Planform Statistics Tool, and BANCS.   

2. Compare the erosion rates measured by these four lateral erosion rate tools.   

2.2.  Materials and Methods 
2.2.1.  Tools and Statistics 

2.2.1.1.  GIS Measurements 

Over the years, GIS-based aerial photography analysis has proven to be a reliable 

and practical means of measuring a stream’s movement over large temporal and spatial 

scales (Rood et al., 2014; DeRose and Basher, 2011; Hooke, 1989; Micheli and Kirchner, 

2002; Finlayson et al., 2004).  Findley et al. (2012), Rasdorf et al. (2011), and Hermann 

and Klette (2007) compared field-surveyed roadways to GIS-measured aerial 

photography.  They concurred that GIS was a practical and precise method of taking field 

measurements.  This study uses two such GIS-based lateral erosion tools: one by Mark 

Ellefson from the Minnesota Department of Natural Resources (DNR Static Lateral 

Migration Tool in text, or Ellefson Tool in graphs); and one by Mikhail Titov from the 

University of Minnesota’s Bioproducts and Biosystems Engineering (BBE Dynamic 
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Lateral Migration Tool in text, or Titov Tool in graphs).  

Considering the lessons learned by other researchers, this study used high-quality 

aerial photography, chosen for abundant road crossings (benchmarks/waypoints), clear 

views of the streams, and free from weather events (such as floods).  The photography 

was orthorectified, quality checked and mosaicked.  Centerlines were drawn twice on 

each stream, one centerline at the beginning of the study period, and one at the end.  

When the river was not clearly visible (on 1 of 149 reaches), a digital elevation model 

(DEM) from a year similar to the subject year was used to see through the trees.   

The time period between observation years was maximized, based on image 

quality.  The goal was to use the same years for each river, comparing 1991 to 2010 on 

Elm Creek and the Buffalo River.  Restoration work on the Whitewater River and several 

subsequent years of missing imagery, however, resulted in the use of later imagery over a 

slightly shorter period for this stream, comparing 2003 to 2010.  The 1991 and 2010 

centerlines for Elm Creek and the Buffalo River, as well as the 2003 and 2010 centerlines 

for the Whitewater River were loaded into the DNR Static Lateral Migration Tool.  The 

1991 and 2010 centerlines for Buffalo River were also loaded into the BBE Dynamic 

Lateral Migration Tool. 

2.2.1.1.1.  GIS Lateral Erosion Tool:  DNR Static Lateral Migration by Mark Ellefson 

Two researchers used the DNR Static Lateral Migration tool: Oknich applied this 

tool to all three study watersheds; and Ellefson applied this tool to the Whitewater River. 

Ellefson’s DNR Static Lateral Migration Tool creates the necessary data for the 

ArcGIS “Feature to Polygon” to output an erosion measurement.  In GIS, the user traces 

the centerline of the stream on aerial photography in two chosen years.  The user defines 
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reach lengths, or distances over which the lateral erosion will be measured.  As the 

primary goal of this research was to determine if predominance of trees or grasses 

influenced erosion rate, a buffer created around the center lines for the three streams was 

broken into reaches where vegetation cover classes changed.  Furthermore, Ellefson ran 

this tool on the Whitewater River, breaking reaches by hydrologic characteristics.  The 

DNR Static Lateral Migration Tool populated each of these reaches with a measure of 

erosion rate (distance per year).  More specifically, ArcGIS “Feature to Polygon” 

converts shapes and lines to polygons; or in this case, the area between overlapping 

centerlines and reach breaks becomes a string of polygons.   

 
Figure 11:  Feature to Polygon.  Only enclosed polygons are considered (ESRI graphic 
adapted by Ellefson, 2016). 
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Figure 12:  DNR Static Lateral Migration Tool (Ellefson, 2015) 

To ensure this string of polygons is useful as a measure of eroded area (and later 

erosion rate), the user runs the DNR Static Lateral Migration Tool’s “Erosion Rate Prep” 

to ensure every appropriate reach forms a closed polygon (no open ends as graphic above 

illustrates).  This step assigns markers along the first centerline, which it matches to 

markers along the second centerline using linear referencing.  It uses ArcGIS “Route 

Features” to incorporate reach breaks, which intersect the pair of centerlines.  As 

mentioned above, reach breaks were added where vegetation cover classes changed.  

From most herbaceous to most trees, the cover classes were Cover 1: grass with under 

20% trees, Cover 2: grass with 20 to 40% trees, Cover 3: mixed with 40 to 80% trees, and 

Cover 4: forested with over 80% trees.  Route Features runs an error check to ensure the 

markers line up and polygons are closed, runs ArcGIS “XY to Line Tool,” and ArcGIS 

“Feature to Polygon” tool.  Next, the user runs the DNR Static Lateral Migration Tool’s 

“Calculate Lateral Erosion Rate” to calculate the area of each polygon, divided by the 
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length of the first centerline, and divided by years between centerlines to convert eroded 

area to lateral erosion rate (Ellefson, 2016).  

The erosion rate should be viewed as an upper limit, as line segments that do not 

form polygons are not counted toward the total erosion.  Its accuracy is limited by the 

accuracy of the aerial photography and its user.  A strength of this tool is comparison of 

erosion rates between reaches.  (Ellefson, 2016). 

2.2.1.1.2.  GIS Lateral Erosion Tool:  BBE Dynamic Lateral Migration by Mikhail Titov 

One researcher used the BBE Dynamic Lateral Migration tool:  Titov applied this 

tool to the Buffalo River. 

Titov (2015a) created a channel erosion tool as an alternative to the NCED 

Planform Statistics (Lauer, 2006) and the DNR Static Lateral Migration Tool (Ellefson, 

2015).  To compare the effect of reach length on erosion rates between this tool and the 

DNR Static Lateral Migration Tool, Titov broke the Buffalo into 10 and 300 equal 

segments and ran the BBE Dynamic Lateral Migration Tool.  Titov and Oknich used the 

same set of Buffalo River centerlines to compare BBE Dynamic Lateral Migration Tool 

results (Titov), to DNR Static Lateral Migration Tool (Oknich). 

The BBE Dynamic Lateral Migration Tool uses curvature and proximity to align 

two centerlines via the dynamic time warping algorithm in R (Giorgino, 2009; Titov 

2015a).  Dynamic time warping uses Euclidean 2-D space, which was augmented by 

fitting smooth splines along each centerline to create signed curvature.  After this step, 

the user runs a QGIS Processing Framework to encompass the spline matrix, and 

calculate erosion rate via R project package DTW (Giorgino, 2009). 
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Figure 13:  BBE Dynamic Lateral Migration Tool (Titov, 2015a) 

2.2.1.1.3.  GIS Lateral Erosion Tool:  NCED Planform Statistics by Wes Lauer 

Two researchers used the NCED Planform Statistics Tool:  Ulrich and Oknich 

applied this tool to the headwaters of Elm Creek.  Use of it was ultimately discontinued 

after the discovery of the DNR Static Lateral Migration Tool. 

The NCED Planform Statistics Tool measures width, curvature and channel 

erosion rate at discrete points along a stream.  It is comprised of three tools:  Tool 1:  

Interpolate centerlines from two bank lines; Tool 2:  Lateral distance measurement; Tool 

3: Bank buffer boxes.  

In order to determine lateral erosion rates using the NCED Planform Statistics 

Tool, both banks of two aerial photographs (four banks) were digitized before running 

Tool 1.  Tool 1 determined the centerline of the stream in each year using these four bank 

lines, divide the stream into evenly-spaced polygons, and measure width and radius of 

curvature within each polygon.  Tool 2 set Bezier curves along and normal to the older 
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aerial photograph’s centerline, terminating along the newer centerline.  The lengths of 

these curves, which are assumed to best fit the river’s movement, were recorded as lateral 

erosion.  Lateral erosion measurements were made at increments along the stream set by 

Tool 1.  Tool 3 projected the lateral erosion polygons onto the upland banks a set 

distance. 

2.2.1.2.  BANCS Method 

BANCS, or Bank Assessment for Non-point source Consequences of Sediment, 

was published by Rosgen (1996), building on his Bank Erosion Hazard Index (BEHI) and 

near bank stress (NBS) tools.  BEHI and NBS measurements include several physical 

characteristics of a stream’s banks, such as dimensions and rooting characteristics.  

BANCS pairs BEHI and NBS measurements with measured erosion data to produce an 

erosion rate prediction which can be applied to similar systems.  Several researchers from 

the University of Minnesota and the Department of Natural Resources applied this 

method to the three streams by recording field characteristics and walking the values 

through a series of predetermined calculations. 

Analysis of the GIS lateral erosion data, and complementary near bank stress data 

allows for creation of an erosion prediction graph using the BANCS relationships.  The 

Whitewater River erosion prediction graph (Figure 24) was developed by the Minnesota 

Department of Natural Resources using cross-section, bank pin, GIS erosion, near bank 

stress and BEHI data.  The Elm Creek and Buffalo River erosion prediction graphs 

(Figures 22 and 23) were created by adjusting the Whitewater River slope to match each 

stream’s lateral erosion and near bank stress data. 
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2.2.1.3.  Statistics 

The objective of this analysis was to compare the erosion rate measurements of 

three rivers, using three erosion tools, and several researchers.  This will not be reviewing 

the drivers of erosion, or evaluating why one tool applied to three different streams 

obtains three different erosion rates.  This will review how the erosion rates obtained 

from the DNR Static Lateral Migration Tool, BBE Dynamic Lateral Migration Tool and 

BANCS method compare.  This simple comparison used basic statistics (minimum, 

maximum, median, mean, geomean, variance, standard deviation); and boxplots 

(maximum, third quartile, mean, first quartile, minimum) by method (DNR Static Lateral 

Migration Tool, BBE Dynamic Lateral Migration Tool, BANCS), by stream (Elm, 

Buffalo, Whitewater), and all together.  To determine if the values were statistically 

different, Kruskal-Wallis was applied. 

Kruskal-Wallis a nonparametric test, used when data are not normally distributed, 

different groups collect the data, and there are three or more variables.  The Kruskal-

Wallis test groups and ranks data before separating the ranks and computing H to 

approximate rank variance (Bluman, 2011).  If the H value is large enough, the null 

hypothesis – which is that the means are from the same group – is rejected.  In this case, 

the erosion rates from the different groups would be different. 
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Figure 14:  Kruskal-Wallis test (Bluman, 2011) 

2.2.2.  Study Area 

All three streams examined in this study require an investment to remove 

excessive sediment, which prevents them from fulfilling uses designated through the 

Clean Water Act.  Each drains an agriculture-dominated watershed, in different 

ecoregions of the state.  Elm Creek in south-central Minnesota, the Buffalo River in 

western Minnesota, and the Whitewater River in southeastern Minnesota are impaired by 

their sediment loads.   

2.2.2.1.  Elm Creek 

Elm Creek delivers water from 700 square kilometers (173,000 acres) of Martin 

and Jackson counties in south central Minnesota into the Blue Earth River, which drains 

into the Minnesota River then the Mississippi River.  Elm Creek’s watershed is 

dominated by row crop agriculture, with 86 percent of land producing corn and soybeans 

(Quade, 2000; Lenhart et al., 2010; MPCA, 2012b).  Lenhart (2008) reviewed historic 

data to determine the stream had enlarged by as much as 250 percent in the headwaters, 

and had left behind several terraces as it adjusted to land use changes. 
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Prior to row crop agriculture, Elm Creek drained a prairie pothole watershed, with 

nearly 50 percent wetland coverage (Quade, 2000).  European settlers began converting 

prairie and draining wetland to make way for farmland.  In the early 1900s, public ditch 

systems were created to drain wetlands (MPCA, 2012b).  In the past fifty years, planting 

of row crops has expanded significantly, and in the past thirty years, ditching and tiling 

efforts have intensified.   Currently the Greater Blue Earth River Basin contains 5,446 

kilometers (3,384 miles) of public drainage (ditch and tile) (MPCA, 2012b), and an 

unknown, but doubtlessly large mileage of private drainage, leaving wetland cover at 

under 2 percent (Quade, 2000) of Elm Creek’s watershed.  Coincidentally, precipitation 

has also increased across Minnesota in the past thirty years.  Channel adjustments the 

creek made to prairie conversion were repeated as the intensity of land use and runoff 

volume increased.  

As the stream adjusted, it incised a 0.002 to 0.0003 m/m channel through alluvial 

silt and clay loams of Des Moines Lobe till (Quade, 2000; Lenhart, 2008).  Lenhart 

(2008) found the streambeds consist of silt to fine gravel.  Quade (2000) estimates Elm 

Creek is eroding 272,155 to 362,874 kilograms per square kilometer (1.2 to 1.6 tons per 

acre) per year.  The fine-texture of the channel and bed material allows the water to 

suspend upwards of 193 mg/L of sediment (Lenhart et al., 2011b).  This value, and others 

like it, ranks Elm Creek as one of the highest contributors of sediment to the Blue Earth 

River, which is the largest contributor of sediment to the Minnesota River (Quade, 2000; 

Lenhart et al., 2011b), a river known for its muddy appearance.  Elm Creek is currently 

listed as impaired for fish bioassessments, turbidity (four reaches), Escherichia coli, and 

dissolved oxygen (MPCA, 2015a). 
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2.2.2.2.  Buffalo River 

The Buffalo River drains 3,100 square kilometers (768,000 acres) of Clay, 

Becker, Otter Tail and Wilkin counties of west central Minnesota into the Red River of 

the North, which continues through Canada’s Lake Winnipeg and Nelson River on its 

way to Hudson Bay.  The Buffalo River watershed is also predominantly agriculture, 

with 78 percent in production, 7 percent forested, 5 percent urban, 4 percent grassland, 

and 3 percent each open water and wetland (MPCA, 2014).  Originally, the Buffalo River 

Watershed was a mix of forest, lake and prairie.  Soils understandably range from gravel 

to silt and clay as the river moves from glacial moraines, and over ancient beach ridge on 

its way to the bed of Glacial Lake Agassiz (MPCA, 2012c). 

Similar to other streams, the Buffalo River channel changed as settlers developed 

its watershed, and again as land use intensified (MPCA, 2014).  At present, the Buffalo 

River has adjusted to increased flow and sediment loading by growing generally more 

erosive, digging deeper, widening, and losing touch with its floodplain.  The MPCA 

(2014) shows a list of negative aquatic habitat and water quality responses, such as 

habitat loss from lack of pool scour, accumulation of fine sediment in pools and 

hyporheic zone (region beneath and alongside a stream bed where mixing of ground and 

surface water occurs), loss of hyporheic zone productivity, loss of in-stream and overhead 

vegetation, degradation of substrate composition, increased temperature, decreased 

dissolved oxygen, degraded macroinvertebrate community, loss of spawning and rearing 

habitat, loss of habitat diversity and integrity, increased sediment supply, and accelerated 

bank erosion.  Altered hydrology has been identified as the factor most stressing stream 

biology within the Buffalo River (MPCA, 2014).  The Buffalo is currently listed as 
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impaired for Escherichia coli (eight reaches), aquatic macroinvertebrate bioassessment 

(two reaches), fish bioassessment, turbidity (eight reaches), and dissolved oxygen 

(MPCA, 2015a). 

2.2.2.3.  Whitewater River 

The Whitewater River drains 830 square kilometers (205,000 acres) of Olmstead, 

Winona and Wabasha counties on its way to the Mississippi River in southeastern 

Minnesota.  The watershed is 66 percent agriculture (58 percent crops, 8 percent pasture), 

14 percent wetland and wildlife management area, 13 percent woodland, and 7 percent 

other (MPCA, 2010).  The headwater streams flow through gently rolling hills before 

cascading down limestone bluffs and ravines to a slough along the Mississippi.  

Originally this area’s highly erodible loess soils were covered in prairies, oak savannah 

and hardwood forest (WRWP, 2016). 

The Whitewater River channel has evolved with land use changes.  Lands were 

cleared for wheat farming in the 1850s (in 1868 the area became the nation’s fourth 

largest wheat market), which switched to dairy and its supporting grasses and grains near 

1900s (WRWP, 2016).  Dairy remained dominant until relatively recently, when 

intensive row-crop agriculture took over (MPCA, 2010).  Of the three subject watersheds, 

the Whitewater has the most perennial cover (wetland, WMA, woodland and pasture 

comprise 35 percent), but also the most relief change.   

The river has also been especially prone to flooding.  It is widely known that the 

watershed has turned upside-down in the past several generations:  Much of the soil from 

the headwaters has moved through the valleys and gullies to fill the lower reaches.  In the 

1920s and 1930s, the river was flooding 20 or more times per year (WRWP, 2016).  As 
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far back as the 1920s, once-productive farms were buried under 4.6 meters (15 feet) of 

soil (WRWP, 2016).  After nearly 100 more years of flooding, there is more soil on pre-

settlement lands.  The Whitewater River is currently listed as impaired for turbidity (9 

reaches) and nitrates (2 reaches) (MPCA, 2015a). 

2.3.  Results and Discussion 
As mentioned above, the objectives of this chapter were to measure lateral erosion 

rates with several tools, and compare those results.  This section first views streams using 

the same tool to get an overview of how the streams look, then compares the tools within 

each stream, then compares all the data together, and finally covers the erosion rate 

prediction graphs. 

2.4.1.  Comparing the Streams by Tool 

 
Figure 15:  DNR Static Lateral Migration Tool erosion rates (in feet): Elm Creek, Buffalo 
River and Whitewater River (Oknich).  From top to bottom, these boxplot markers are the 
maximum, third quartile, mean, first quartile and minimum values. 
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Comparison of 1991 and 2010 aerial photography showed average Elm Creek 

erosion rates at 0.48 meters (1.57 feet) per year.  The rates ranged from 0.2 to 1.2 meters 

(0.6 to 4.0 feet) per year, with a median of 0.5 (1.5), variance of 0.03 (0.1) and standard 

deviation of 0.2 (0.6) feet per year.  The first quartile was 0.3 (1.1) and the third quartile 

was 0.6 meters (1.8 feet) per year. 

Comparison of 1991 to 2010 aerial photography showed average Buffalo River 

erosion rates at 0.6 meters (1.9 feet) per year.  The rates ranged from 0.2 to 1.3 meters 

(0.7 to 4.2 feet) per year, with a median of 0.6 (1.9), variance of 0.03 (0.1) and standard 

deviation of 0.2 (0.6) feet per year.  The first quartile was 0.5 (1.5) and the third quartile 

was 0.7 meters (2.2 feet) per year. 

Comparison of 2003 to 2010 aerial photography showed average Whitewater 

River erosion rates at 0.5 meters (1.63 feet) per year.  The rates ranged from 0.2 to 0.9 

meters (0.7 to 2.9 feet) per year, with a median of 0.5 (1.5), variance of 0.1 (0.4) and 

standard deviation of 0.2 (0.7) feet per year.  The first quartile was 0.4 (1.2) and the third 

quartile was 0.6 meters (2.1 feet) per year. 

Comparison of 1991 to 2011 aerial photography by DNR showed average 

Whitewater River erosion rates at 0.2 meters (0.7 feet) per year.  The rates ranged from 0 

to 0.5 meters (0 to 1.5 feet) per year, with a median of 0.2 (0.6), variance of 0.1 (0.3) and 

standard deviation of 0.2 meters (0.6 feet) per year.  The first quartile was 0.1 (0.4) and 

the third quartile was 0.3 meters (1.1 feet) per year. 

Of the three rivers, Elm Creek had many of the lowest erosion rates across its 119 

reaches, with the Buffalo River having most of the highest erosion rates across its 109 

reaches.  While these agriculture-dominated watersheds are alike in many ways, they also 
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have many differences.  However, a comparison of watersheds, and their dominant 

erosion variables is not the purpose of this chapter.   Comparing these data to other 

datasets, however, is the purpose of this chapter. 

 
Figure 16:  BANCS erosion rates (in feet): Elm Creek (UMN), Buffalo River (UMN) and 
Whitewater River (UMN and DNR).  From top to bottom, these boxplot markers are the 
maximum, third quartile, mean, first quartile and minimum values. 

Elm Creek BANCS data showed average erosion rates at 0.5 meters (1.7 feet) per 

year.  The rates ranged from 0.01 to 2.4 meters (0.04 to 8.0 feet) per year, with a median 

of 0.2 (0.7), variance of 1.6 (5.2) and standard deviation of 0.7 meters (2.3 feet) per year.  

The first quartile was 0.1 (0.3) and the third quartile was 0.6 meters (2.1 feet) per year. 

Buffalo River BANCS data showed average erosion rates at 0.3 meters (1.1 feet) 

per year.  The rates ranged from 0.03 to 1.7 meters (0.1 to 5.7 feet) per year, with a 

median of 0.2 (0.7), variance of 0.5 (1.8) and standard deviation of 0.4 meters (1.3 feet) 
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per year.  The first quartile was 0.1 (0.3) and the third quartile was 0.4 meters (1.3 feet) 

per year. 

Whitewater River BANCS data from UMN researchers showed average erosion 

rates at 0.9 meters (2.9 feet) per year.  The rates ranged from 0.03 to 4.7 meters (0.1 to 

15.5 feet) per year, with a median of 0.5 (1.8), variance of 3.3 (11) and standard deviation 

of 1 meter (3.3 feet) per year.  The first quartile was 0.1 (0.4) and the third quartile was 

0.3 meters (1.1 feet) per year.  The Whitewater River (UMN) had the highest BANCS 

erosion rates in terms of mean, geomean, median and minimum.  It also has the highest 

variance and standard deviation.  

Whitewater River BANCS data from DNR researchers showed average erosion 

rates at 0.3 meters (1.0 feet) per year.  The rates ranged from 0 to 5.5 meters (0.01 to 18.0 

feet) per year, with a median of 0.1 (0.3), variance of 2.3 (7.4) and standard deviation of 

0.8 meter (2.7 feet) per year.  The first quartile was 0.1 (0.2) and the third quartile was 

0.2 meters (0.6 feet) per year.  The Whitewater River (DNR) had the highest maximum 

BANCS erosion rates.  
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2.4.2.  Comparing the Tools by Stream 

 
Figure 17:  Elm Creek erosion rates (in feet) using DNR Static Lateral Migration Tool 
(Oknich) and BANCS (UMN).  From top to bottom, these boxplot markers are the 
maximum, third quartile, mean, first quartile and minimum values. 

The values represented in Figure 17 were covered above.  Generally, the erosion 

rate values for Elm Creek were higher from the DNR Static Lateral Migration Tool than 

from the BANCS method.  The range of values for the BANCS method were much 

wider, with the maximum erosion rate twice as high as the DNR Static Lateral Migration 

Tool results. 
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Figure 18:  Buffalo River erosion rates (in feet) using DNR Static Lateral Migration Tool 
(Oknich), BBE Dynamic Lateral Migration Tool (Titov) and BANCS (UMN).  From top 
to bottom, these boxplot markers are the maximum, third quartile, mean, first quartile and 
minimum values. 

The Buffalo River DNR Static Lateral Migration Tool and BANCS numbers were 

covered above.  The average BBE Dynamic Lateral Migration Tool erosion data was 0.3 

meters (0.9 feet) per year.  The rates ranged from 0.03 to 1.0 meters (0.1 to 3.4 feet) per 

year, with a median of 0.2 (0.6), variance of 0.2 (0.7) and standard deviation of 0.2 

meters (0.8 feet) per year.  The first quartile was 0.1 (0.2) and the third quartile was 0.4 

meters (1.3 feet) per year. 

Erosion rates were highest with the DNR Static Lateral Migration Tool 

considering minimum, median and first and third quartile.  BBE Dynamic Lateral 

Migration Tool and BANCS had similar minimum, median values and first and third 

quartile erosion rates.  The highest maximum erosion rate was from BANCS, and lowest 

maximum erosion rate was from the BBE Dynamic Lateral Migration Tool. 
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Figure 19:  Whitewater River erosion rates (in feet) using the DNR Static Lateral 
Migration Tool (Oknich), DNR Static Lateral Migration Tool (Ellefson), BANCS (UMN) 
and BANCS (Ellefson); only reaches overlapping Oknich’s and Ellefson’s studies were 
compared.  From top to bottom, these boxplot markers are the maximum, third quartile, 
mean, first quartile and minimum values. 

The Whitewater River DNR Static Lateral Migration Tool (UMN and DNR), 

BANCS (UMN and DNR) data were covered above.  The Whitewater River had the most 

datasets to compare, with GIS and BANCS results from UMN and DNR research.  

Whitewater River median erosion rates were 0.5 meters (1.5 feet) per year using the DNR 

Static Lateral Migration Tool (UMN), 0.2 meters (0.7 feet) per year using the DNR Static 

Lateral Migration Tool (DNR), 0.5 meters (1.8 feet) per year using BANCS (UMN staff) 

and 0.3 meters (1.0 feet) per year using BANCS (DNR staff).   The UMN BANCS and 

DNR BANCS team found several maximum erosion rates quite high compared to GIS 

tools.  This included a maximum erosion rate over three times higher than GIS tools.  
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Aside from the BANCS maximum rate, DNR found similar, but slightly smaller erosion 

rates than the UMN using the same tools. 

2.4.3.  All The Lateral Erosion Data 

	 As mentioned above, of the GIS tools, the DNR Static Lateral Migration Tool 

was used the most: on all three streams, and by two users on the Whitewater.  The BBE 

Dynamic Lateral Migration Tool was developed later in the study, and used on one 

stream by one user.  The NCED Planform Statistics Tool was used on the headwaters of 

one stream by two users, but ultimately discontinued.  BANCS, like the DNR Static 

Lateral Migration Tool, was applied on three streams, and by two users on the 

Whitewater. 

 
Figure 20:  All erosion rates (in feet):  Elm Creek using the DNR Static Lateral Migration 
Tool (Oknich), BANCS (UMN); Buffalo River using the DNR Static Lateral Migration 
Tool (Oknich), BBE Dynamic Lateral Migration Tool (Titov), BANCS (UMN); and 
Whitewater River using the DNR Static Lateral Migration Tool (Oknich), DNR Static 
Lateral Migration Tool (Ellefson), BANCS (UMN), BANCS (Ellefson).  From top to 
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bottom, these boxplot markers are the maximum, third quartile, mean, first quartile and 
minimum values. 

Table 1:  Boxplot values, all streams, all methods (in feet) 

	

Figure 20 and Table 1 contain the GIS and BANCS erosion rates of all three 

streams, as calculated by a variety of users.  The average of each dataset indicates all 

three streams erode between 0 and 1 meters (0 and 3 feet) per year.  A Kruskal-Wallis 

analysis shows an adjusted H value of 311, and p value of 1.7 E-62.  With more than 5 

variables in this comparison, the adjusted H is treated as chi-square.  The likelihood of 

obtaining an H value of 311 by chance is 1.7 E-62, which is unlikely, showing there is a 

difference between the 8 groups. 

Without more analysis, it is difficult to determine which tool is more accurate: the 

DNR Static Lateral Migration Tool (Ellefson, 2015), BBE Dynamic Lateral Migration 

Tool (Titov, 2015a) or BANCS.  The difference between GIS and BANCS erosion rates 

may be explained by several factors.  GIS rates are averages across reaches of various 

distances, whereas BANCS rates are discrete samples.  GIS tools may potentially capture 

some deposition, as they measure the changes of the stream over time, rather than only 

the erosion component.  BANCS is designed to only measure erosion and its components.  

The GIS tools measured the movement of the three study streams, whereas the BANCS 

measured a number of aspects of the study streams, but used an erosion prediction graph 

based on western U.S. streams.  Additionally, the numbers likely varied because they 

were calculated by a number of users. 
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Titov (2015b) compared Buffalo River erosion rates from the BBE Dynamic 

Lateral Migration Tool to those from the DNR Static Lateral Migration Tool (Figure 21).  

There is no direct correlation between the rates obtained by the BBE Dynamic Lateral 

Migration Tool and DNR Static Lateral Migration Tool erosion tools.  While the results 

are from the same centerlines, they are from different reach breaks.  To determine which 

GIS tool is more accurate, the results must be compared to an accurate in-field erosion 

measurement. 

 
Figure 21:  Comparing GIS results.  BBE Dynamic 
Lateral Migration Tool versus DNR Static Lateral 
Migration Tool (Titov, 2015b) (in feet) 

The average DNR Static Lateral Migration Tool erosion rates of Elm Creek and 

the Buffalo River were within 0.2 meters (0.8 feet) per year of their BANCS 

counterparts.  The highest maximum rates (2.4, 1.7, 4.7, 5.5 meters per year; or 8.0, 5.7, 

15.5, 18.0 feet per year) come from the BANCS calculations.  BANCS maximum erosion 

rates were higher than aerial photography erosion rates for all three streams.  As 

mentioned above, to better align the BANCS results with observed Minnesota erosion 

rates, the GIS erosion rates were used to create new erosion prediction graphs. 



50	

2.4.4.  Comparing Prediction Graphs 

Table 2:  Elm Creek erosion percentiles (UMN, 2015) 
Erosion rate 
descriptor 

Percentile of 
erosion rate 

Erosion rate 
in 
meters/year 
from aerial 
photos 

Erosion rate 
in feet/year 
from aerial 
photos 

Notes on site-specific 
information 

very low 20% 0.10 0.33 Elm Creek is in the Des 
Moines Lobe glacial till 
plain, with moderately 
cohesive soils 

low  40% 0.12 0.41 
moderate  60% 0.15 0.49 
high  80% 0.17 0.57 
very high 90% 0.21 0.70 
extreme  100% 0.37 1.21 

 

 
Figure 22:  Elm Creek erosion prediction (MDA, 2015) 
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Table 3:  Buffalo River erosion percentiles (UMN, 2015) 
Erosion 
rate 
descriptor 

Percentile 
of erosion 
rate 

Erosion rate in 
meters/year from 
aerial photos 

Erosion rate in 
feet/year from 
aerial photos 

Notes on site-specific 
information 

very low 20% 0.14 0.45 The Buffalo River is 
in the Lake Agassiz 
plain (Red River 
basin) and has 
cohesive soils in the 
lower river with 
coarser loams in the 
middle to upper 
reaches 

low  40% 0.16 0.51 
moderate  60% 0.19 0.61 
high  80% 0.21 0.69 
very high 90% 0.23 0.76 
extreme  100% 0.38 1.26 

 

 
Figure 23:  Buffalo River erosion prediction (MDA, 2015) 
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Table 4:  Whitewater River erosion percentiles (UMN, 2015) 
Erosion rate 
descriptor 

Percentile of 
erosion rate 

Erosion rate in 
meters/year 
from aerial 
photos 

Erosion rate in 
feet/year from 
aerial photos 

Notes on site-specific 
information 

Very low 20% 0.33 1.08 The Whitewater 
River is in the 
Driftless Area and 
has loamy somewhat 
cohesive soils in the 
upper watershed and 
non-cohesive alluvial 
soils in the lower 
river. 

Low 40% 0.43 1.40 
Moderate 60% 0.56 1.83 
High 80% 0.66 2.15 
Very high 90% 0.68 2.22 
Extreme 100% 0.88 2.90 

 

 
Figure 24:  Whitewater River erosion prediction (MDA, 2015) 

The prediction graphs are expected to make future BANCS calculations more 

accurately reflect locally observed erosion rates.  BANCS erosion estimates have been 
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important to resource managers developing TMDL and other stream restoration and 

water quality plans.  All three erosion prediction graphs can be further refined by 

incorporating more measured erosion rates, and by developing slopes for Elm Creek and 

Buffalo River prediction graphs. 

2.4.  Conclusion 
 This chapter measured lateral erosion rates on three agriculture-dominated 

Minnesota streams using four tools:  the DNR Static Lateral Migration Tool, the BBE 

Dynamic Lateral Migration Tool, the NCED Planform Statistics Tool, and BANCS.  It 

then compared these erosion rates, from across three streams and several users. 

As mentioned above, the three erosion estimation tools provided similar average 

erosion results.  Generally, BANCS and UMN results were higher than GIS tools and 

DNR results.  The GIS results may be lower because they take the movement of the 

entire stream into account, rather than focusing on only erosion.  They may also trend 

lower because they average the rates over reach lengths.  BANCS samples discrete sites 

and applies what could be unrepresentative erosion rates to the entire stream. 

The tools have different resource investments, and different supporting data.  

BANCS erosion rates require field measurements, and therefore only capture the bank 

movements observed by the user; the number of sites and time span assessed is therefore 

more limited.  However, being in the field allows the user to capture a great deal of 

information, such as rooting depth, rooting density, bank angles, precise plant species, 

and other data.  BANCS erosion rates in this study have been generally higher than GIS 

erosion rates.  The modified erosion prediction graphs for each stream, based on 

Minnesota erosion rates, will provide a more accurate, and regional means of estimating 
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erosion rates. 

While BANCS is a popular tool for resource managers, and the modified 

prediction graphs will make them more accurate, GIS should be considered as an 

alternative.  GIS can be used to measure erosion rates over any time period that aerial 

photography is available, and along an entire stream system without the travel, weather or 

safety concerns.  Other variables can be measured remotely as well, allowing comparison 

of the erosion rates to things such as vegetative cover, sinuosity and slope (see Chapter 

3).  For the purposes of this study, GIS was the preferred tool to measure erosion rate.  

The temporal and spatial scale were beneficial in determining background erosion rates, 

and searching for correlations with other larger-scale channel characteristics.  The lateral 

erosion rates from these three streams, updated prediction graphs, and a comparison of 

results from three lateral erosion measurement tools can simplify erosion hotspot 

identification, and speed restoration implementation for land managers.
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Chapter 3:  The Effects of Vegetation Type and 
Channel Characteristics on Stream Lateral Erosion 
Rates 

3.1.  Introduction 
As Americans cleared forests and prairies for agriculture, industry and homes, the 

watersheds contributed higher volumes of water and sediment to streams, which in turn 

became more erosive (Murgatroyd and Ternan, 1983).  Altering the rivers to prevent 

flooding, allow more space for livelihoods and residential areas, and increase navigation 

also resulted in more erosive river systems.  These actions and reactions have increased 

sediment loading to rivers.  Sediment suspended in water, as well as algae and other 

light-scattering materials in the water column cause turbidity.  It has been called one of 

the nation’s leading water quality problems (Waters, 1995; Simon, 1999). 

The erosion of the channel itself has been identified as a major source of a 

stream’s turbidity load (Wilken and Hebel, 1982; Odgaard, 1984; Trimble, 1997; Bull, 

1998; Walling et al., 1999; Simon, 2004; Wilkinson, 2009).  Generally, the higher the 

flow, the higher the turbidity (MPCA, 2012b; Schottler et al., 2013); increased channel 

erosion has been linked to watershed land use conversions, removal of riparian 

vegetation, channelization, and river morphology (Hooke, 1980; Lawler et al., 1999; 

Zaimes, 2004; Rutherford, 2007; MPCA, 2012b).  In agriculture-dominated watersheds, 

this rate has been tied predominantly to erosion of streambanks, bluffs and ravines 

(Sekely et al., 2002; Thoma et al., 2005; Wilson et al., 2008; Juracek and Ziegler, 2009; 

Schottler, 2010; Zaimes and Schultz, 2012). 
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Stream banks contribute 25 to 80 percent of stream sediment loading (Hamlett et 

al., 1983; Odgaard, 1987; Wilkin and Hebel, 1982; Simon et al., 1996; Bull, 1997; 

Lawler et al., 1999; Simon and Darby, 1999; Schilling and Wolter, 2000; Sekely et al., 

2002; Amiri-Tokaldany et al., 2003; Evans et al., 2006; Zaimes et al., 2006; Fox et al., 

2007; Sass and Keane, 2012).  Non-field sources constitute less than 50 percent of stream 

sediment loading (Trimble, 1983; Fitzpatrick, 1999; Thoma et al., 2005; Johnson, 2009; 

Schottler, 2010; Lenhart et al., 2011b; Schottler et al., 2013).   

Aquatic species have adapted their life cycles to a mosaic of flow velocities and 

depths, temperatures, water quality, dissolved oxygen, aquatic vegetation, and debris or 

overhanging structures (Wohl, 2005; MPCA, 2014; MPCA, 2012b).  Channelization, 

inundation, and other alterations can dramatically reduce habitat variability, and therefore 

habitat quality and species richness (MPCA, 2014).  Sediment suspended in waterways 

can diminish aquatic habitat by depositing on spawning grounds, blocking light from 

plants, impairing gill function, making hunting difficult for aquatic predators, and making 

water too erosive for inhabitants (Palmer and Allan, 2006; MPCA, 2012b; MPCA, 2014). 

The suspended sediment can carry with it nutrients bound to eroded soils, further 

encouraging excessive algae and plant growth and decay, higher turbidity, lower water 

quality, and subsequent low oxygen, further diminishing habitat (MPCA, 2012b; MPCA, 

2014; Palmer and Allan, 2006).  Healthy riparian habitats are becoming rare, with 70 to 

90 percent of vegetation lost or degraded, and 33 to 75 percent of aquatic species rare to 

extinct (Doppelt, 1993). 

Vegetation plays a number of physical roles in determining bank erodibility.  

Plants intercept precipitation, decreasing the impact power; stems decrease overland flow 
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velocity; roots bind soils and create infiltration pathways; and biomass presses down on 

the bank surface (Simon and Pollen, 2006; Osterkamp and Hupp, 2010; Camporeale et 

al., 2013).  Camporeale et al. (2013) sampled 58 studies of the influence of vegetation on 

river morphodynamics, and classified the variables as flow field (friction factors, 

velocities, etc.), bank stability (erosion potential and bank height, root reinforcement, 

etc.), river erosion (erosion rate scenarios), morphological change (planform change, 

width change, channel form change, etc.) and sedimentation (over-bank sedimentation 

rate, sediment sorting index and accretion rate).  

3.1.1.  Influence of Vegetation Type on Erosion Rate 

With vegetation playing a large role in the stability of banks and water quality of 

streams, the optimal species composition of managed buffer systems is important to 

understand.  For example, vegetation stem density can make major changes to stream 

channel form, dimensions and velocities (Mackin, 1956; Hadley, 1961; Brice, 1964; 

Zimmerman et al., 1967; Nevins, 1969; Charton, 1978; Graf, 1978; Andrews, 1984; Hey 

and Thorne, 1986; Goodwin, 1996; Huang and Nanson, 1997; Rowntree and Dollar, 

1999; Gran and Paola, 2001).  In a large flume study, the addition of vegetation lead to 

sedimentation and cutoff of low-velocity channels, reducing the number of active 

channels.  As vegetation density increased, the increased bank stability reduced velocity 

variability without speeding up the flow, lowered lateral erosion rates, narrowed and 

deepened channels, and increased channel slope (Gran and Paola, 2001). 

When comparing bare soil, cropped, herbaceous, and forested stream banks, the 

erosion rates vary widely.  Although, generally, the less-dense bare and cropped 

scenarios had the highest erosion rates.  Several studies found a twofold to tenfold 
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difference in erosion rates of bare ground versus vegetated reaches (Odgaard, 1987; 

Allmendinger, 2005; Beeson and Doyle, 1995; Micheli, 2002).  Sass and Keane (2012) 

found three times less erosion in woody reaches than herbaceous reaches.  Over a four-

year period, Zaimes et al. (2006) found forested reaches had the least erosion at 0.2 

meters (0.6 feet), pastures next at 0.59 meters (1.9 feet), and row crop fields the highest 

erosion at 0.64 meters (2.1 feet).  Forest reaches had significantly lower erosion rates, 

reducing soil loss by 77 to 97 percent (Zaimes et al., 2006).  Mean critical shear stress 

was two to three times lower in grass reaches than forested (Wynn et al., 2004).   

Vegetation type is not a simple erosion variable, but rather an interconnected one.  

Vegetation can minimize the effects of freeze-thaw, by acting as an insulating blanket 

against temperature swings, thereby decreasing erosion rates (Abernathy and Rutherfurd, 

1998; Wynn and Mostaghimi, 2006a; Wynn and Mostaghimi 2006b).  Zaimes et al. 

(2006) found freeze-thaw was the primary erosion process: erosion pins showed 

sloughing of soil from high in the bank profile; when the deposition was washed away in 

the spring, the rate of erosion was comparable to peak discharge events.  Freeze-thaw was 

the primary erosion process in Wolman (1959), Lawler (1986) and Stott (1997) as well 

Wynn and Mostaghimi (2006b).	

Freeze-thaw events can limit the ability of vegetation to become established 

(Zaimes et al., 2006; Underhill, 2013).  Wynn and Mostaghimi (2006b) found the winter 

daily temperature range and number of freeze-thaw cycles to be significantly higher 

beneath a forested canopy, compared to the much closer and denser herbaceous canopy; 

at two to three times and eight times, respectively.  For the rest of the year, however, 
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forests were much better at protecting soils against desiccating temperature swings than 

herbaceous canopy. 

3.1.1.1.  Influence of Vegetation Type on Bank Moisture 

Drier banks are generally considered more stable than wet soils; and soil moisture 

is significantly dependent upon evapotranspiration and rooting patterns (Thorne, 1990; 

Abernathy and Rutherfurd, 1998).  While woody and herbaceous communities remove 

moisture from the soil through transpiration, and allow infiltration through stemflow and 

macropore flow, the volumes of moisture removed differ.  Simon and Collison (2002) 

found that beneficial or detrimental effect of vegetation on stream bank stability depends 

on antecedent rainfall; that the hydrologic effects of vegetation are as important as the 

mechanical effects.   

Given wet and dry antecedent moisture conditions, Simon and Collison (2002) 

found trees increased the factor of safety by 32 to 46 percent mechanically (soil moisture 

modification, root reinforcement and weight), and 29 to 71 percent hydrologically 

(infiltration and transpiration).  Grasses, on the other hand, increased factor of safety by 

49 to 70 percent mechanically, and decreased factor of safety by 10 to 15 percent.  In 

general, trees and grasses were both beneficial mechanically, but only trees were 

beneficial hydrologically to streambank stability. 

Wynn and Mostaghimi (2006a) found herbaceous sites were generally drier, 

likely due to increased sun and wind exposure, and higher shallow evapotranspiration.  

Wynn and Mostaghimi (2006a) stated this drying effect may reduce critical shear stress 

in sandy soils.  Simon and Collison (2002) found forested sites were generally drier, dried 

faster after precipitation, and maintained drier soil conditions into January and February, 
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when moist soils are at risk of freeze-thaw damage.  These sites had matric suction 40 to 

60 kPa (5.8 to 8.7 psi) higher than other treatments.  Despite maintaining a hydrologic 

advantage into the winter, Simon and Collison (2002) found most bank failures during 

winter and early spring, when transpiration is minimal or dormant, and high-intensity 

rainfalls fall through leaf-free canopies. 

Simon and Collison (2002) found that the forested sites were briefly wetter than 

other sites, however, and explained this as increased infiltration capacity and a root-

induced perched water table.  This brief hydrologic decrease in factor of safety was offset 

by the mechanical strength of the tree roots.  It bears pointing out that the minimum 

mechanical factor of safety in the forested site in this study was higher than the minimum 

mechanical factor of safety in the grassland site, when considering studies discounting 

trees based on surcharge.   Surcharge is a normal stress, or weight acting on failure 

planes, and generally reducing shear strength (Simon and Collison, 2002).  Simon and 

Collison (2002) found surcharge at 7 percent, which dropped mechanical factor of safety 

to the 32 to 46 percent range. 

3.1.1.2.  Influence of Vegetation Type on Sediment Transport, Stream Width 

Another means of gauging erosion rates in streams is to measure sediment 

transport.  Vegetation affects sediment transport and deposition (Prosser et al., 1995; 

Ishikawa et al., 2003), by affecting the flow field (Bennett et al., 2008).  Trimble (1997) 

recommended removing woody vegetation to reduce sediment yield.  The study found 

grassy reaches were narrower, and encouraged deposition of sediment, while forested 

reaches carried a greater local flux of sediment.  Allmendinger (2005) also found higher 

deposition in nonforested reaches.  McBride et al. (2008) explained that higher sediment 
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loads in reforested reaches may be due to the channel widening, as it transitions from a 

narrower, grassy reach to a mature forest. 

Many studies have found forested reaches are wider than herbaceous or grassy 

reaches (Zimmerman et al., 1967; Clifton, 1989; Sweeney, 1992; Peterson, 1993; Davies-

Colley, 1997; Scarsbrook Halliday, 1999; Hession et al., 2000; Hession, 2004; Sweeney 

et al., 2004; Allmendinger, 2005, Roy et al., 2005).  These streams may be as much as 2 

to 2.5 times wider in forested reaches than herbaceous reaches (Zimmerman et al., 1967; 

Davies-Colley, 1997; Trimble, 1997; Hession et al., 2000).  Conversely, several studies 

have found herbaceous reaches are wider than woody reaches (Charlton et al., 1978; Hey 

and Thorne, 1986; Rosgen, 1996; Gregory et al., 1988).  Forest reaches can store more 

sediment behind accumulated organic debris, than they lose through channel widening 

(Keller and Swanson, 1979; Montgomery, 1997; Bilby and Bisson, 1998; McBride et al., 

2008).  Holding bank sediment constant, width-depth ratios decrease as vegetation 

density increases (Charlton et al., 1978; Andrews, 1984; and Hey and Thorne, 1986). 

Murgatroyd and Ternan (1983) observed more active bank erosion in forested 

reaches, with widening and aggrading leading to channels over two times the size 

predicted by contributing area.  These larger dimensions – up to ten times greater than 

non-forested reaches – were attributed to the suppression of turf grass, and flow diversion 

around large woody debris.  Zimmerman et al. (1967) and Trimble (1997) agree with 

these drivers of forest erosion. 

Wider forested reaches may be due to other factors including removal of woody 

vegetation (Stromsoe and Callow, 2012), colonization of a riverbed by woody vegetation 

(Wende and Nanson, 1998; Tooth and Nanson, 2000; Pietsch and Nanson, 2011), and 
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evolution from single to braided channel (Smith, 2004).  McBride et al. (2007, 2008, 

2010) finds small, forested streams are wider than small, nonforested reaches, but 

narrower in large streams (with contributing areas greater than 10 to 100 square 

kilometers; or 2,471 to 24,710 acres), and suggests that other studies may not be looking 

at a long enough time scale.  Widths of streams with catchments over 15 square 

kilometers (3,707 acres) were not as heavily influenced by vegetation (Murgatroyd and 

Ternan, 1983). 

McBride et al. (2008, 2010) created a channel evolution model describing the 

transition streams make in response to reforestation.  The model begins with an 

herbaceous-species dominated reach, with a small, stable channel that easily overtops its 

banks (connected to its floodplain).  As small woody plants sprout and grow, the bank 

roughness increases, altering floodplain hydraulics by reducing the speed of flood waters 

outside of the channel.  The in-channel flood flow velocity remains the same however, 

increasing turbulence at this interface and therefore increasing scour.  The scour spreads 

into bed degradation.  The channel widens and deepens, sinking away from its floodplain.  

As the woody plants mature and begin shedding branches or falling entirely into the 

stream, grasses are outcompeted, and the surcharge (weight) on banks increases.  The 

final, forested product is wider, slower (with more in-stream roughness) and has a richer 

habitat compared to the grass system.  Murgatroyd and Ternan (1983) and Montgomery 

(1997) also found forested reaches with greater variability in channel width, and credited 

the inconsistency with a richer habitat, induced by a range of flow depths, velocities and 

substrate sizes. 
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This widening process begins slowly – Davies-Colley (1997) found pine 

plantations began widening 18 years after reforestation, and Parkyn (2003) found no 

widening within 24 years of reforestation – but accelerates as woody vegetation matures, 

with the most significant widening occurring 30 to 40 years after forests develop 

(McBride et al, 2008, McBride et al, 2010).  The lag prior to significant widening may be 

explained by the time required for commonly credited erosion factors to develop – for 

woody vegetation to grow, shade out the herbaceous layer, create a rough floodplain, and 

contribute debris to the channel (McBride et al., 2010).  A new stable state may take 

decades or a century without other disturbances (Davies-Colley, 1997; Trimble, 2004; 

McBride et al., 2008).  Given this, McBride et al. (2010) recommended any stream 

restoration work take into account morphological changes which may occur over many 

decades following, and in response to plantings.  McBride et al. (2010) cautions that bank 

erosion and erosion rates should not be directly compared with their stream widening 

results.  However, it is difficult to determine if many other studies are measuring channel 

erosion or channel widening. 

3.1.1.3.  Influence of Vegetation Type on Response to Flooding 

The size and density of floodplain vegetation has been reported to have an effect 

on the erosiveness of flood flows.  When a stream escapes its banks, the flow velocity 

slows as it moves through floodplain obstacles.  The stiffer and denser the obstacles, the 

“rougher” the floodplain, and the slower the flow.  The discrepancy between the faster in-

channel flow velocity and slower floodplain flow velocity creates turbulence along the 

interface of the two flow speeds – at the bank, where the vegetation grows (Rood et al., 

2014; McBride et al., 2007).  A small reduction in velocity can create a greater reduction 
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in erosion, because boundary shear stress is proportional to the square of near-bank 

velocity (Camporeale et al., 2013).   

McBride et al. (2007) showed this near-bank velocity gradient in a flume study, 

finding forested reaches (high roughness) experience high turbulence, which enhances 

sediment entrainment and transport.  McBride et al. (2007) concluded that this turbulence 

along the bank might explain why forested reaches can be wider than grass (low 

roughness) reaches, and recommends its addition to scour around large woody debris and 

shading of the herbaceous layer as the three major factors in forest versus grass erosion 

rates. 

The following year, however, McBride et al. (2008) found scour around large 

woody debris and canopy shading of grassy vegetation were not the primary drivers for 

channel widening in their study area.  The presence or absence of grassy vegetation, and 

volume or count of large woody debris did not appear correlated to the amount of channel 

widening. 

While the interplay between the flooded channel and its rough banks may 

accelerate erosion, the roughness of the floodplain induces deposition of entrained 

sediment.   Sedimentation rates are higher among vegetation, and is dependent on stem 

diameter, distance from the bank, and flood duration (Hickin, 1974; Nanson and Beach, 

1977; Steiger et al., 2001a; Steiger et al., 2001b).  The herbaceous reaches eroded on 

average 24 meters (79 feet) during a 1993 Kansas flood, while forested reaches 

experienced soil deposition (Geyer et al., 2000).  Beeson and Doyle (1995) found 

nonforested reaches experienced 30 times the bank erosion of forested reaches. 
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The effect of floodplain roughness may be most evident in Rood et al. (2014), 

which studied the reaction of forested and grassland reaches to two major floods.  Rood 

et al. (2014) found grassland was extensively scoured (over 75 meters; over 246 feet), 

regardless of sinuosity, but forests minimized scour, essentially stopping near the treeline 

(under 15 meters; under 49 feet).  An area covered in grass and extensively scoured in the 

first subject flood, largely avoided erosion during the subsequent flood, which Rood et al. 

(2014) attributed to the juvenile cottonwood grove, which grew in the interim.  

Grasslands may be better at slowing near-bank velocities and therefore erosion 

than trees in smaller systems with lower velocities, but as size and velocity increase, the 

floodplain roughness, large woody debris (channel roughness), and root system of forests 

becomes more important (Camporeale et al., 2013; Rood et al., 2014).  It is possible that 

big plants, such as trees, are best at resisting the larger floods (Hawkins et al., 1997; 

Griffin and Smith, 2004; Vincent et al., 2009; Collier and Quinn, 2003; Rood et al., 

2014).  Collier and Quinn (2003) for example, found channel widening four times wider 

in pasture than forest. 

The combination of afforestation initially widening channels, but later stabilizing 

and resisting erosion, may allow it to carry higher flows.  Murgatroyd and Ternan (1983) 

observed no overbank or bankfull discharges over a five-year period in forested reaches, 

but during the same time observed on average two to three overbank events per year in 

non-forested reaches.  

3.1.1.4.  Influence of Vegetation Type on Rooting Pattern 

Of all vegetation’s influences on stream stability, the most important may be in 

the form of roots (Abernathy and Rutherfurd, 1998).  Soil shear strength increases 
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linearly with root biomass density (Micheli and Kirchner, 2002).  The strength roots lend 

to streambanks has been tested a number of ways, by many researchers; some with an eye 

towards determining if trees or grasses provide the best support.  The testing method, 

species, soils and hydrology are a factor in each conclusion. 

Dunaway et al. (1994) found plant roots on alluvial streams provide an important 

interlocking mesh, given an inversely proportional relationship between erosion rate, and 

root length and volume.   The relationship between root diameter and root strength is less 

clear (non-linear and inverse): Simon and Collison (2002) found literature tended to 

conclude this diameter-strength relationship meant dense herbaceous species were the 

best erosion control choice.  Murgatroyd and Ternan (1983) found thick turf grass was 

superior to spruce trees, based on much higher root density and ground cover, in resisting 

lateral erosion. 

Wynn et al. (2004) looked at rooting density through the lens of root length 

density (RLD is the total length of roots in a unit of soil, independent of root size) and 

root volume restriction (RVR is the total volume of roots in a unit of soil), excluding 

roots over 20 millimeters (0.8 inches) in diameter (to avoid the natural RVR bias towards 

larger roots), and sampling areas at least 30 centimeters (12 inches) from tree trunks.   

Wynn et al. (2004) found 55 percent of all tree roots occurred within the top 30 

centimeters (12 inches) of soil; while 75 percent of all herbaceous roots occurred within 

the top 30 centimeters (12 inches) of soil.  In this upper region, herbaceous sites had 

significantly greater root length density than forested sites.  Other studies showing tree 

roots at 43-74 percent and grass at 50-79 percent in the upper layer (Davidson et al., 

1991; Shields and Gray, 1992).  In the top 30 centimeters (12 inches), trees had 55 
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percent of their RLD, and 41 percent of their RVR.  Grasses had 75 percent of their RLD 

and 74 percent of their RVR (Wynn et al., 2004). 

Ninety percent of all roots were found within the top 17 centimeters (7 inches) for 

eastern gamma grass, 32 centimeters (13 inches) for black willow, 38 centimeters (15 

inches) for sweetgum, 56 centimeters (22 inches) for river birch, 67 centimeters (26 

inches) for switchgrass, and 74 centimeters (29 inches) for sycamore; all with most 

reinforcement concentrated in the upper 50 centimeters (20 inches) of soil (Simon and 

Collison, 2002).   

In the top 15 centimeters (6 inches), herbaceous species had 20 percent more fine 

roots (0.5 to 2.0 millimeters, or 0.02 to 0.08 inches) than forest species.  Below 15 

centimeters (6 inches) and the bank profile as a whole, forested species had greater 

overall root volume (again measuring only roots under 20 millimeters, or 0.8 inches).  At 

all depths, herbaceous species had more very fine roots (under 0.5 millimeters, or 0.02 

inches).  (Wynn et al., 2004) 

Forested sites were dominated by fine roots (0.5 to 2.0 millimeters, or 0.02 to 0.08 

inches).  Herbaceous sites were dominated by very fine roots (under 0.5 millimeters, or 

0.02 inches).  Wynn et al. (2004) concludes that forest species may provide the best bank 

protection for several reasons:  1. Research has established a direct relationship between 

erosion resistance and fine root density, a class size dominated by tree species; 2. By 

producing significantly greater root length and volume below 30 centimeters (12 inches), 

forest species may provide better protection against stream bank scour where hydraulic 

shear stress is greatest – at the toe of the stream bank.  Root density was a significant 

factor in soil erodibility, but presence of roots did not influence soil critical shear strength 



68	

in Wynn and Mostaghimi (2006a).  Simon and Collison (2002) generally agrees when 

stating reinforcement with depth is important, because when roots are concentrated, and 

mostly limited to the upper 20 centimeters (8 inches) they can allow soil to shear off at 

the root boundary, obviating the reinforcement effect. 

Simon and Collison (2002) found tree roots increased soil strength by 2 to 8 kPa 

(0.3 to 1.2 psi), and grass roots increased soil strength by 6 to 18 kPa (0.9 to 2.6 psi).  The 

strongest roots of the study were from switch grass, which Simon and Collison (2002) 

says is due to root area ratio, rather than root strength.  Controlling for the effect of 

diameter on tensile strength, the roles reverse, with sycamore roots strongest (45 MPa, or 

6,527 psi), river birch (22 MPa, or 3,191 psi), sweet gum (18 MPa, or 2,611 psi), gamma 

grass (17 MPa, or 2,466 psi), black willow (13 MPa, or 1,885 psi) and switch grass last (8 

MPa, or 1,160 psi).  This illustrates the understanding that grass root systems are strong 

by way of a dense network of small diameter roots, one to two times denser than trees; 

and trees have significant root tensile strength (Simon and Collison, 2002). 

Simon and Collison (2002) finds that the greatest strength lent by woody species’ 

roots is from a relatively small number of large (over 0.5 millimeters, or 0.02 inches in 

diameter) roots.  Furthermore, Simon and Collison (2002) concludes root area in woody 

species is generally more important than strength, as root area allows the greatest 

cohesion.  Piercy and Wynn (2008) states root size and density are a better measure of 

root stress and bank stability. 

Underhill (2013) went on to observe no correlation between root density, and type 

of vegetation, with herbaceous, shrub and forest dominated reaches each contributing 

similar root density to streambanks. 
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3.1.1.5. Influence of Large Woody Debris and Stream Size 

Large woody debris is a major contributor to the difference between forested and 

non-forested lateral erosion (Murgatroyd and Ternan, 1983; Abbe and Montgomery, 

1996; Montgomery, 1997; Trimble, 1997; Abbe and Montgomery, 2003; Jeffries et al., 

2003; Allmendinger et al., 2005; Brummer, 2006).  Large woody debris is rather self-

explanatory, including whole trees, and large portions thereof.  The debris can fall into 

streams at any time, most notably during flood and storm events.  When blown in, they 

experience windthrow.  If attached to the soil, the fall will deliver a portion of the bank 

into the stream.  Once in the stream, the large woody debris alters flow paths and 

velocities. 

The flow path and velocity alteration can be beneficial or detrimental.  Trees 

tumbled in floods tended to align with the existing channel flow, which can protect banks 

from scour, and initiate island building (Harmon et al., 1986; Nakamura and Swanson 

1993; Abbe and Montgomery, 1996; Abbe and Montgomery, 2003; Rood et al., 2014;).  

Camporeale et al. (2013) noted the debris and the sediment that accumulates behind it can 

create benches, which further aggrade to establish a local floodplain.  The debris can 

locally reconnect an incised channel to portion of its floodplain, deflect flows against 

more susceptible banks (Shankman, 1993), induce avulsions (Camporeale et al., 2013), or 

colonize to eventually support the oldest stands of floodplain forest on an erosion-

resistant base (Montgomery and Abbe, 2006; and Collins et al., 2012). 

Then again, there may not be an observable alteration.  McBride et al. (2008) did 

not find a correlation between large woody debris and channel widening, or greater scour 
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near individual debris or debris jams.  Windthrow quickly becomes unimportant as the 

channel size increases (Abernathy and Rutherford, 1998). 

A tree fallen into a large stream may stabilize banks, but the same tree in a small 

stream may accelerate flow and scour banks (Thorne, 1982; Camporeale et al., 2013).  

The vegetation most suitable to reduce erosion may be dependent upon stream size.  As 

the channel outgrows the vegetation size, the effect the vegetation has on hydraulics 

decreases (Thorne and Furbush, 1995).  Grasses can minimize erosion rates best in 

headwaters, especially given the lack of windthrow, and its ability to insulate and protect 

against subaerial preparation (Nanson and Hickin, 1986; Camporeale et al., 2013; 

Underhill, 2013).  Granted, Abernathy and Rutherfurd (1998) found deep-seated 

rotational failure common along lower and less-steep grassy banks.  Medium-sized 

vegetation may be best at protecting medium-sized streams:  Underhill (2013) found 

thick, deep-rooted shrub communities were best at reducing erosion from fluvial 

entrainment.  Larger streams, with larger bank heights may benefit the most from the 

deepest rooting plants: trees.  Underhill (2013) noted the larger river reaches dominated 

by woody vegetation had the lowest erosion rates.   

3.1.2.  Influence of Channel Characteristics on Erosion Rate 

As this study was GIS-based, the remainder of the variables collected were taken 

from the suite available to GIS users.  Related to, and partially covered by the erosion and 

vegetation studies above, additional variables measured included eroded area, reach 

length, valley length, sinuosity, water surface slope, low bank slope, high bank slope, 

water surface elevation, low bank elevation, high bank elevation, low bank height, high 

bank height, bankfull width, radius of curvature, near bank stress, stream mile (size), 
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curve count, curve length, wetland presence, geomorphology, soils and erosion to 

bankfull ratio.  

These channel characteristics are interrelated, and play a role in the energy 

movement and form of streams.  The bankfull width, depth, height, slope, sinuosity and 

meander arc length are among the nine degrees of freedom identified for channel 

movement (Hey, 1997).  The USGS (1962) also credited slope and width, and added 

depth, velocity, sediment load, sediment size, hydraulic roughness and discharge to the 

list of channel-forming variables.  

Other relationships include that of longitudinal profile to width, slope, depth, 

discharge, load, size of debris, flow resistance and velocity; a linear relationship between 

meander length, radius of curvature, bankfull width and amplitude (Leopold et al., 1992); 

and an empirical relationship between meander length and the square root of bankfull 

discharge (Leopold et al., 1992).  Factors most affecting channel characteristics are also 

nearly dependent, and include slope, width, velocity and depth (Leopold et al., 1992).  

Nanson et al. (1975, 1983, 1986) stated a clear connection between bank erosion and 

bend curvature, reaching a maximum erosion rate with a curvature ratio near three.  

Erosion, it was explained, attempts to maintain a minimum curvature (Nanson and 

Hickin, 1986). 

USDOT (2012) finds the potential for scour increases with depth, and depth 

increases with stream size, so the potential for scour increases with stream size.  USDOT 

(2012) extends this to connect potential for lateral erosion with stream size, noting that 

there are many ways of measuring stream size, such as watershed size, flow rates, and 

channel dimensions.  Some research suggests a connection between erosion rates and 
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bankfull widths, with streams moving 1 to 2.5 percent of their widths per year (or 1 to 2.5 

channel widths per century) (Nanson and Hickin, 1986; FHWA, 1978; Walker and 

Rutherfurd, 1999).   

Simon and Pollen (2006) lists bank height and slope, the weight of soil and water 

within it, and surcharge (weight) as driving forces for bank instability.  A larger distance 

between the soil surface and groundwater (taller banks) can allow trees and plants to 

grow denser, with deeper roots, aiding in resistance to temperature and moisture related 

damage by insulating and withdrawing more soil moisture, as well as windthrow 

(Abernathy and Rutherfurd, 1998; Crow, 2005; Underhill 2013).  Addition of herbaceous 

species to a wet meadow (wetland) riparian zone creates a dense layer of very fine roots, 

which increases soil shear strength by up to eightfold (Micheli and Kirchner, 2002).  An 

undercut can be ten times deeper yet withstand erosion, if it is reinforced by wet meadow 

(wetland) riparian vegetation (Micheli and Kirchner, 2002).  Granted, bank height may 

have no effect on erosion rate, as found by Nanson and Hickin (1986).   

3.1.3.  Objectives 

The project objectives were to: 

1. Measure erosion rates across multiple vegetation covers to determine whether 

woody or herbaceous species are better at stabilizing stream banks against lateral 

erosion; and 

2. Collect GIS-measurable channel characteristics commonly cited as potential 

lateral erosion variables to assess correlations. 
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3.2.  Materials and Methods 
3.2.1.  Tools and Statistics 

3.2.1.1.  Lateral Erosion 

Lateral erosion generally occurs as the laterally sloping bed near an outside bank 

is scoured by fluvial erosion, the unsupported portion falls in a mass failure event, and 

the resulting debris is swept downstream before the process repeats (Thorne, 1990; 

Burkhardt and Todd, 1998; Nanson and Hickin, 1986; Simon and Collison, 2002).  The 

inside curve receives sediment deposits, which are colonized each growing season by 

riparian vegetation, allowing the advancing inside curve to slowly chase the receding 

bank (Leopold, 1962; Burckhardt and Todd, 1998).  As opposed to longitudinal erosion, 

which is generally the movement of the wavelength of bank curves downstream, lateral 

erosion is associated with a change in river belt or amplitude of curves, depth, slope and 

bankfull width (citations).  Several methods of measuring lateral erosion were explored in 

Chapter 2.  This chapter relies on a set of tools developed by Mark Ellefson (2015) to be 

used with ESRI’s ArcMap Geographic Information System (GIS) software.  

Two high-quality, orthorectified aerial photography sets are required to measure 

lateral erosion with GIS.  Due to photography technology improving over time, more 

recent photography was used in this study.  The goal was 1991 to 2010 for each of the 

three river systems, for a 19-year range (2011 onward were not yet available).  An 8-

kilometer (5-mile) section of the Whitewater River was restored in the 1990s, and 

subsequent poor visibility photography sets limited the Whitewater River range to 2003 

to 2010. 
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A centerline was drawn down the middle of each channel in each year.  A single 

buffer size was chosen to cover the three channels at their widest, with at least 35 meters 

(115 feet) on either side.  A 60-meter (197-foot) buffer was therefore drawn around each 

centerline using the ESRI buffer tool (creating a 120-meter, or 394-foot wide polygon 

centered along the stream). This buffer width was chosen to partially to reflect current 

understanding of how wide a buffer might be to impact water quality, but primarily to 

provide consistent coverage for three channels from top to bottom.   

 
Figure 25: Buffer width and centerlines from two years of aerial photography 

The user defines reach lengths, or distances over which the lateral erosion will be 

measured.  As the primary goal of this research was to determine if predominance of 

woody or herbaceous species influenced erosion rate, reaches were based on cover type.  

ESRI’s cut polygon tool was used to cut each stream’s buffer polygon perpendicular to 

the stream flow where cover class changed.   

Each of the streams was now segmented into a series of reaches in need of data.  

The goal of the DNR Static Lateral Migration Tool was to prepare data to enable the 

ESRI feature to polygon tool to output erosion rates (Ellefson, 2016).  Feature to polygon 
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turns the spaces between intersecting lines into polygons.  In this case, the spaces 

between intersecting lines, or changes in stream centerline over the years, is eroded area.  

Numerous issues, such as breaking a stream into reaches, can leave loose ends, or open 

polygons, which the ESRI tool will not view as a polygon, and therefore not count as 

eroded area.   

 
Figure 26:  DNR Static Lateral Migration Tool (Ellefson, 2015) 

To ensure this string of polygons is useful as a measure of eroded area (and later 

erosion rate), DNR Static Lateral Migration Tool’s “Erosion Rate Prep” ensures every 

appropriate reach forms a closed polygon (no open ends as graphic above illustrates).  It 

assigns markers along the first centerline, which it matches to markers along the second 

centerline using linear referencing.  It uses ArcGIS “Route Features” to incorporate reach 

breaks, which intersect the pair of centerlines.  It runs an error check to ensure the 

markers line up and polygons are closed, runs ArcGIS “XY to Line Tool,” and ArcGIS 

“Feature to Polygon” tool.  Next, DNR Static Lateral Migration Tool’s “Calculate Lateral 

Erosion Rate” calculates the area of each polygon, divides it by the length of the first 
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centerline, and divides it by years between centerlines to convert eroded area to lateral 

erosion rate (Ellefson, 2016).  

The erosion rate should be viewed as an upper limit, as line segments that do not 

form polygons are not counted toward the total erosion.  Its accuracy is limited by the 

accuracy of the aerial photography and its user.  A strength of this tool is comparison of 

erosion rates between reaches.  (Ellefson, 2016). 

 
Figure 27:  Lateral erosion: pink illustrates the eroded area between centerline years. 

3.2.1.2.  Stream Mile (Size) 

ArcMap assigned a unique number and recorded reach length as each successive 

buffer cut was created, moving from one end of the stream to the other.  It recorded these 

numbers by default as the centerline was broken by cover type.  The size of reaches was 

based entirely on changes in cover type, as the driving question of this research was 

whether there was a discernable difference in erosion rate between vegetation categories.  
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The more changes in cover, the higher the reach number.  Elm Creek was divided into 

119 reaches over 172 kilometers (107 miles).  The Buffalo River study section was 

divided into 109 reaches over 132 kilometers (82 miles).  The Whitewater River study 

section was divided into 11 reaches over 29 kilometers (18 miles).  Reach numbers and 

lengths were interesting because they could be used as a coarse approximation of stream 

mile (a standard distance counted from headwater to mouth), by adding successive reach 

lengths, and a coarse approximation of stream size (streams typically increase in size as 

they move from headwater to mouth).  While not enabling the comparison between 

stream systems, the reach number, stream mile and stream size data could be compared to 

other variables along the same stream channel.  

3.2.1.3.  Cover 

Cover is types and densities of vegetative communities, as viewed on aerial 

photography.  The stream buffer polygon was broken when vegetation cover changed 

between established categories.  These cover changes often occurred along property and 

field lines, reflecting changes in land use.   

No coverage percentages were found in literature review of vegetation effects on 

stream erosion, so four categories were created based on the most obvious visual breaks.  

Density pattern charts (Munsell Color, 2010) were used to ensure accuracy and 

uniformity of cover classes.  From most herbaceous to most woody, the cover classes 

were Cover 1: grass with under 20% trees, Cover 2: grass with 20 to 40% trees, Cover 3: 

mixed with 40 to 80% trees, and Cover 4: forested with over 80% trees.  As the cover 

types are based on aerial imagery and density of tree canopy, Cover 3 was considered 

“mixed” given the possibility that substantial grass communities could exist under the 
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canopy.  The length of each reach was summed by cover type for a total distance by 

cover type, and compared. 

 
Figure 28:  Cover 4 and Cover 1.  On the left is Cover 4 (forested with over 80% trees) 
and on the right is Cover 1 (grass with under 20% trees).  A reach break was created at 
the edge of the forest, near the center of this image (orange).  The lines are the centerlines 
from two different aerial photographs used for erosion rate calculations. 

 
Figure 29:  Cover 2 (grass with 20 to 40% trees) 
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Figure 30:  Cover 3 and Cover 4.  On the left is Cover 3 (mixed with 40 to 80% trees), 
and on the right is Cover 4 (forested with over 80% trees).  The reach break is again 
illustrated in orange, with Cover 3 shaded yellow and Cover 4 shaded green.  Note: the 
south half of the stream is field, and the north half is forested.  It was somewhat common 
to find one bank in a different land use than the other. 

3.2.1.4.  Sinuosity 

Sinuosity is a measure of how long a stream’s path is from one position on the 

landscape to the next; it measures how curvy or straight the channel is.  Reach length was 

measured along the stream’s path (numerator in the equation above), and valley length 

was measured as a direct line from one end of a reach to the other (denominator in the 

equation above), using the GIS measure tool.  Sinuosity was recorded after dividing reach 

length by valley length.  
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Figure 31:  Sinuosity measurement (MichiganTech, 2016) 

A perfectly straight channel has a sinuosity of 1 (no deviation between the 

shortest distance between two points and the stream’s path).  A sinuosity under 1.2 is 

considered low sinuosity (Rosgen, 2008).  Moderate sinuosity is above 1.2 but below 1.5 

(Rosgen, 2008).  Highly sinuous reaches are 1.5 at the lowest, but can reach much higher 

values (called “tortuous”) when a stream travels a long distance between two relatively 

close points. 

3.2.1.5.  Near Bank Stress, Curvature, Bankfull 

Near bank stress has been identified in several studies as a variable in erosion 

rates (Kean et al., 2009; McBride et al., 2007; Hopkinson and Wynn, 2009).  Near bank 

stress is a measurement of the force a stream exerts near its banks, using velocity profiles 

and energy distribution.  These measurements are generally taken along the outside bend 

of a stream, where velocities are greatest. 
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Figure 32:  Velocity profiles (Kean et. al, 2009) 

While the most accurate near bank stress values require equipment to measure 

velocity at various depths, there are fortunately several simpler means of estimating near 

bank stress.  Table 4 lists near bank stress methods.  A number of these methods are 

available to GIS users.  Method 2 (radius of curvature divided by bankfull width, Table 

4) was chosen for this study.  It allows for measurement of near bank stress at curves 

across three watersheds, without going to visit each.  Using Method 2, near bank stress 

values are low when radii of curvature are low and bankfull widths are high.  However, 

low near bank stress values translate into high near bank stress ratings (an inverse 

relationship between values and ratings, Table 5). 

Table 5:  Near bank stress measurements (Rosgen, 2008) 
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Table 6:  Near bank stress (Rosgen, 2008) 

 

Radius of curvature is the numerator of the near bank stress equation used.  

Radius of curvature is the radius of the arc that best fits the bend in the stream channel.  

A small radius of curvature means a tight bend, which may put additional stress on a 

stream bank as water moves through.   The more sinuous a stream, the more radii the user 

must measure.  Fortunately, several highway departments have tools to measure 

curvature.   

 
Figure 33:  Radius of curvature (Kiatdd, 2016) 

Roadways and streams have a few commonalities.  Some dimensions (radius of 

curvature, slope, width, etc.) measured for traffic flow safety are also measured for 

stream flow erosivity.  Tools reviewed by Rasdorf et al. (2011) and Findley et al. (2012) 

include field surveys, Curve Calculator (ESRI, 2010), Curve Finder (Harping, 2010) and 

Curvature Extension (FDOT, 2010).  
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When compared to field surveys and GIS linework of road centerlines, all three 

platforms were quite accurate, with Curvature Extension the best at 100 percent accuracy 

at matching GIS linework (Rasdorf et al., 2011; Findley et al., 2012).  Of the available 

platforms, Curvature Extension was chosen for this research.   

Curvature Extension was applied to GIS linework of stream centerlines to 

generate several measurements, including radius of curvature.  Each curve of each stream 

over approximately 12 meters (40 feet) in diameter was measured and recorded, before 

averaging the radii by reach.  To reflect the relative straightness or sinuosity of streams, 

an attempt was made to capture every radius of curve visible (small curves had small 

radii, straighter sections could have quite large radii). 

 
Figure 34:  Curvature Extension, Elm Creek 

In addition to radius of curvature per curve and averaged per reach, the number of 

curves per reach was recorded.  Curvature Extension automatically generates several 

other variables, including curve length.  This too was recorded for each individual curve, 

and averaged by reach.   
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Bankfull width is the denominator of the near bank stress equation used, but is 

also recorded as a possible variable in erosion rate.  Bankfull is a standard stream width 

measurement, and considered a stream’s natural breadth.  It is the size of the stream at its 

dominant channel-forming flow volume, which has a typical recurrence interval of one to 

two years (Leopold et al., 1992).  The extent of bankfull is visible as a change of 

scouring, topography, vegetation, soils and/or a litter line.  Below this level, the channel 

is typically quite active, and above it the banks and floodplain are somewhat more stable.  

Bankfull width was measured using the ESRI measure tool at numerous riffle sections 

along each reach and recorded individually, and reach-averaged.  The bankfull width was 

compared to the erosion rate to determine whether these streams fell within the range of 

migration found in literature. 

 
Figure 35:  Bankfull (USFS, 2016) 

3.2.1.6.  Elevations and Slopes of Water Surfaces and Banks 

Water surface elevation and slope was created for each reach of each stream using 

a mix of standard ESRI and custom Ellefson GIS tools (Ellefson, 2015).  ESRI’s 

Interpolate Shape tool extracts DEM elevations and assigns them to reaches in a digitized 
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stream centerline.  Ellefson’s Flatten Profile tool removed unwanted noise (such as road 

crossings and bridges) from the stream elevation data.  Ellefson’s Calculate Slope tool 

used a sum of squares linear regression to attribute water surface slopes.  

Bank height, elevation and slope came from Ellefson as well (Ellefson, 2015).  At 

a user-specified distance, Ellefson’s Calculate Slope creates a right and left bank line on 

either side of, and parallel to, the stream centerline.  The vertices of the centerline are 

snapped to the bank lines.  Elevations are extracted from the DEM and stored in the 

vertex points.  Ellefson’s Calculate Low Bank saves the lowest elevation recorded among 

the vertices of each reach.  Ellefson’s Calculate High Bank saves the highest elevation.   

 
Figure 36:  Bank heights profile before flatten profile 
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3.2.1.7.  Stream Power 

Stream power is the force of water acting upon its bed and banks, associated with 

potential to scour its channel and transport sediment.  It is given by the equation:    

! = #$%&	 
where !		 is stream power, !"		 is the specific weight of water (product of !		, the density of 

water (1000 kg/m3) and !		, the gravitational force (9.8m/s2)), Q is discharge (m3/s) and S 

is channel slope (m/m).  All of the variables in the above equation are constants, or 

readily available through remote sensing, except discrete, reach-by-reach discharge 

values.  Leopold and Maddock (1953) found discharge is a linear function of substrate 

erodibility constant (!		) and watershed area (!		): 

! = #$	 
Substituting for discharge, stream power becomes a function of the specific weight of 

water (!"		), substrate erodibility (!		), and watershed area (!		). 

! = #$%&	 
Watershed area can be determined in GIS by hydroconditioning a watershed-wide 

digital elevation model (DEM).  Hydroconditioning basically creates a DEM with 

bridges, roads and other digital stream dams removed: it allows GIS tools to visualize the 

stream as flowing under things, rather than ponding upstream of them.  Once the DEM 

represents real-world stream flow, it can be used to determine watershed area at discrete 

locations, and therefore stream power at discrete locations.   

Stream power was thoroughly vetted as a possible variable to add to this study, 

but based on estimates of labor required to hydrocondition three watersheds of this size 
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(approximately 2025 to 4050 hours), it was eliminated as a possibility (Vaughn, 2015; 

Hall, 2015; Wick, 2013). 

3.2.1.8.  Wetland Presence, Soils and Geomorphology 

Presence or absence of wetland was considered during the course of this study, 

but available National Wetlands Inventory (NWI) did not appear a reliable indicator of 

wetland locations.  It was U.S. Fish and Wildlife Service policy to omit wetlands from 

NWI which were or may be farmed, commonly omitting wetlands within floodplains 

(USFWS, 1993), leaving riparian wetlands in agriculture-dominated wetlands especially 

under-reported.  As all three of these wetlands were agriculture-dominated, the NWI 

would be lacking in each watershed.  An aerial review of wetland signatures on Buffalo 

River revealed the wetland boundaries were sometimes difficult to delineate on the heavy 

soils, especially without the NWI to act as a back-up, and those boundaries did not line 

up well enough with vegetation reach breaks (one small wetland could flag the entire 

reach as wetland, see Figure 37) to warrant further investigation.  This variable was 

removed from consideration. 

This study considered comparing soils per reach for possible changes in erosion 

rates, but found the soil lines were not conducive for such reach-by-reach comparison.  

Soil type was therefore removed from consideration. 

Geomorphology was also considered as a variable to note, but the geomorphology 

GIS layers available were not detailed enough for a reach-by-reach comparison of the 

study areas.  For example, the attributes table of the geomorphology layer for the Buffalo 

River study area reported lacustrine or fluvial alluvium for the entire study area. 
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Figure 37:  Reaches with wetlands identified by NWI (in 
blue) and additions by author (in green).  Only purple 
reaches had no obvious wetlands.	

	
3.2.1.9.  Statistics 

Erosion data were reviewed for correlations with other GIS-measured variables.  

After reviewing the data for normalcy, they were reviewed via basic statistics (minimum, 

maximum, median, mean, geomean, variance, standard deviation), boxplots (maximum, 

third quartile, mean, first quartile, minimum), Spearman rank correlation and Pearson 

product-moment correlation matrices, with linear regression on the most related.  Those 

with a value under 0.2 were assumed to be not correlated. 
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Spearman rank correlation was used after the data were determined to be not 

normal.  This method ranks data before using the difference in rank to define r.  Each 

variable was compared to lateral erosion rates.  Those variables most closely related to 

lateral erosion rates were closest to +1 or -1.  

	
Figure 38:  Spearman rank correlation coefficient formula (Bluman, 2011) 

Nonparametric statistics is not necessarily better than parametric statistics 

(Bluman, 2011), so the data were also tested using the parametric Pearson correlation 

coefficient.  A value of r near +1 or -1 indicates a strong linear correlation between lateral 

erosion rate and the variable it is compared to. 

	
Figure 39:  Pearson product moment correlation coefficient (Bluman, 2011) 

3.2.2.  Study Area 

All three streams examined in this study require an investment to remove 

excessive sediment, which prevents them from fulfilling uses designated through the 

Clean Water Act.  Each drains an agriculture-dominated watershed, in different 

ecoregions of the state.  Elm Creek in south-central Minnesota, the Buffalo River in 
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western Minnesota, and the Whitewater River in southeastern Minnesota are impaired by 

their sediment loads.   

3.2.2.1.  Elm Creek 

Elm Creek delivers water from 700 square kilometers (173,000 acres) of Martin 

and Jackson counties in south central Minnesota into the Blue Earth River, which drains 

into the Minnesota River then the Mississippi River.  Elm Creek’s watershed is 

dominated by row crop agriculture, with 86 percent of land producing corn and soybeans 

(Lenhart et al., 2010; MPCA, 2012b; Quade, 2000).  Lenhart (2008) reviewed historic 

data to determine the stream had enlarged by as much as 250 percent in the headwaters, 

and had left behind several terraces as it adjusted to land use changes. 

Prior to row crop agriculture, Elm Creek drained a prairie pothole watershed, with 

nearly 50 percent wetland coverage (Quade, 2000).  European settlers began converting 

prairie and draining wetland to make way for farmland.  In the early 1900s, public ditch 

systems were created to drain wetlands (MPCA, 2012b).  In the past fifty years, planting 

of row crops has expanded significantly, and in the past thirty years, ditching and tiling 

efforts have intensified.   Currently the Greater Blue Earth River Basin contains 5,446 

kilometers (3,384 miles) of public drainage (ditch and tile) (MPCA, 2012b), and an 

unknown, but doubtlessly large mileage of private drainage, leaving wetland cover at 

under 2 percent (Quade, 2000) of Elm Creek’s watershed.  Coincidentally, precipitation 

has also increased across Minnesota in the past thirty years.  Channel adjustments the 

creek made to prairie conversion were repeated as the intensity of land use and runoff 

volume increased.  
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As the stream adjusted, it incised a 0.002 to 0.0003 m/m channel through alluvial 

silt and clay loams of Des Moines Lobe till (Lenhart, 2008; Quade, 2000).  Lenhart 

(2008) found the streambeds consist of silt to fine gravel.  Quade (2000) estimates Elm 

Creek is eroding 272,155 to 362,874 kilograms per square kilometer (1.2 to 1.6 tons per 

acre) per year.  The fine-texture of the channel and bed material allows the water to 

suspend upwards of 193 mg/L of sediment (Lenhart et al., 2011b).  This value, and others 

like it, ranks Elm Creek as one of the highest contributors of sediment to the Blue Earth 

River, which is the largest contributor of sediment to the Minnesota River (Quade, 2000; 

Lenhart et al., 2011b), a river known for its muddy appearance. 

Elm Creek is currently listed as impaired for fish bioassessments, turbidity (four 

reaches), Escherichia coli, and dissolved oxygen (MPCA, 2015a). 

3.2.2.2.  Buffalo River 

The Buffalo River drains 3,100 square kilometers (768,000 acres) of Clay, 

Becker, Otter Tail and Wilkin counties of west central Minnesota into the Red River of 

the North, which continues through Canada’s Lake Winnipeg and Nelson River on its 

way to Hudson Bay.  The Buffalo River watershed is also predominantly agriculture, 

with 78 percent in production, 7 percent forested, 5 percent urban, 4 percent grassland, 

and 3 percent each open water and wetland (MPCA, 2014).  Originally, the Buffalo River 

Watershed was a mix of forest, lake and prairie.  Soils understandably range from gravel 

to silt and clay as the river moves from glacial moraines, and over ancient beach ridge on 

its way to the bed of Glacial Lake Agassiz (MPCA, 2012c). 

Similar to other streams, the Buffalo River channel changed as settlers developed 

its watershed, and again as land use intensified (MPCA, 2014).  At present, the Buffalo 
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River has adjusted to increased flow and sediment loading by growing generally more 

erosive, digging deeper, widening, and losing touch with its floodplain.  The MPCA 

(2014) shows a list of negative aquatic habitat and water quality responses.  For example, 

“Negative aquatic habitat response include direct loss of habitat by lack of pool scour, 

fine sediment accumulation in pools and the hyporheic zone, loss of hyporheic zone 

(region beneath and alongside a stream bed where mixing of ground and surface water 

occurs) productivity, loss of in-stream and overhead cover, substrate composition 

degradation, holding cover velocity, increase in temperature, lowered DO, macro 

macroinvertebrate impacts, loss of spawning gravels, loss of habitat diversity, loss of 

rearing habitat, lowered IBI scores, increased sediment supply, and accelerated bank 

erosion.”  Altered hydrology has been identified as “the single most important factor 

stressing the stream biology” within the Buffalo River (MPCA, 2014).   

The Buffalo is currently listed as impaired for Escherichia coli (eight reaches), 

aquatic macroinvertebrate bioassessment (two reaches), fish bioassessment, turbidity 

(eight reaches), and dissolved oxygen (MPCA, 2015a). 

3.2.2.3.  Whitewater River 

The Whitewater River drains 830 square kilometers (205,000 acres) of Olmstead, 

Winona and Wabasha counties on its way to the Mississippi River in southeastern 

Minnesota.  The watershed is 66 percent agriculture (58 percent crops, 8 percent pasture), 

14 percent wetland and wildlife management area, 13 percent woodland, and 7 percent 

other (MPCA, 2010).  The headwater streams flow through gently rolling hills before 

cascading down limestone bluffs and ravines to a slough along the Mississippi.  

Originally this area’s highly erodible loess soils were covered in prairies, oak savannah 
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and hardwood forest (WRWP, 2016). 

The Whitewater River channel has evolved with land use changes.  Lands were 

cleared, and reaches were channelized for wheat farming in the 1850s (in 1868 the area 

became the nation’s fourth largest wheat market), which switched to dairy and its 

supporting grasses and grains near 1900s (WRWP, 2016).  Dairy remained dominant 

until relatively recently, when intensive row-crop agriculture took over (MPCA, 2010).  

Of the three subject watersheds, the Whitewater has the most perennial cover (wetland, 

WMA, woodland and pasture comprise 35 percent), but also the most relief change.   

The river has a history of flooding and large aggradation events.  For example, in 

the 1920s and 1930s, the river flooded 20 or more times per year, depositing as much as 

4.6 meters (15 feet) of soil across the floodplain of the lower reaches (WRWP, 2016). 

The Whitewater River is currently listed as impaired for turbidity (nine reaches) 

and nitrates (two reaches) (MPCA, 2015a). 

3.3.  Results 
3.3.1.  Lateral Erosion 

Erosion rates ranged from 0.2 to 1.2 meters (0.6 to 4.1 feet) per year across the 

three rivers, with the Buffalo River coming in as the most erosive (highest maximum, 

average and median), and the Whitewater the least (lowest maximum, tied average and 

median).  All were quite similar.  For example, minimum erosion rates across the rivers 

were nearly identical, at 0.2 meters (0.6 or 0.7 feet) per year.  Maximum erosion rates of 

1.2 meters (4.0 and 4.1 feet) per year occurred on Elm Creek and Buffalo River, 

respectively.  Average and medians were in the 0.5 to 0.6 meters (1.5 to 1.9 feet) per year 
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range.  The remainder of the results section will provide a summary of each variable, and 

how it relates to lateral erosion values. 

 
Figure 40:  Erosion rates by stream 

 
Figure 41:  Elm Creek lateral erosion 
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Figure 42:  Buffalo River lateral erosion	
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Figure 43:  Whitewater River lateral erosion	
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3.3.2.  Stream Mile (Size) 

 
Figure 44:  Reach sizes 

Graphing erosion rates versus reach number allows a visualization of how erosion 

rates of the three streams look from headwaters (left side of the graphic, at reach number 

0) to mouth (right extent of each stream’s data).  As seen above (Figure 44), the number 

and length of reaches is different from stream to stream.  The graph (Figure 45), 

therefore, is for general trend observation, not a scaled comparison. 
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Figure 45:  Erosion rate by reach number 

3.3.3.  Cover 

As mentioned above, cover was numbered 1 through 4 from most herbaceous to 

most woody.  Cover 1 was grass with less than 20% tree canopy, Cover 2 was grass with 

20 to 40% tree canopy, Cover 3 was mixed with 40 to 80% tree canopy, and Cover 4 was 

forested with over 80% tree canopy.  
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Figure 46:  Cover by length of stream (feet of each cover divided total stream length) 

The 172 kilometers (107 miles) of Elm Creek assessed was dominated by Cover 4 

(42 percent), followed by Cover 1 (30 percent), Cover 3 (12 percent) and Cover 2 (12 

percent).  Most, 72 percent of the study section, was either under 80% aerial tree canopy 

(Cover 4), or grass with under 20% tree canopy (Cover 1). 

 
Figure 47:  Elm Creek cover 
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Erosion rates in Cover 2 (grass with 20 to 40% tree cover) exceeded the whole-

stream in terms of average, geomean, median, variance and standard deviation.  Cover 1 

(grass with under 20% tree canopy) erosion rate was also above the whole-stream 

median.  Overall, however, erosion rates in covers 1, 3 and 4 were very similar on Elm 

Creek. 

 
Figure 48:  Elm Creek erosion by cover 

Buffalo River cover types were much more evenly distributed, with Cover 2 at 29 

percent, Cover 4 at 26 percent, Cover 3 at 24 percent and Cover 1 at 21 percent of the 

132 kilometers (82 miles) assessed. 

 
 



101	

	
Figure 49:  Buffalo River cover	

	
Erosion rates in Cover 3 (mixed with 40 to 80% canopy) exceeded the whole-

stream in terms of average, geomean, median, variance and standard deviation.  The 

variance and standard deviation of Cover 2 and Cover 4 also exceeded the whole-stream 

values.   
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Figure 50:  Buffalo River erosion by cover	

	
Nearly half (46 percent) of the approximately 29 kilometers (18 miles) of 

Whitewater River assessed was Cover 2, 26 percent was Cover 1, 22 percent was Cover 

3, and only a small fraction (5 percent) was Cover 4.  Most, 72 percent of the study area, 

was under grass with under 40% tree canopy. 
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Figure 51:  Whitewater River cover	

	
Erosion rates in Cover 2 (grass with 20 to 40% tree cover) exceeded the whole-

stream in terms of average, geomean, median, variance and standard deviation.  Erosion 

rates in Cover 3 and Cover 4 were also above the whole-stream average and geomean. 
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Figure 52:  Whitewater River erosion by cover	

	
3.3.4.  Sinuosity 

Reach sinuosity ranged from 1.0 to 12.9 for the three rivers.  As described above, 

under 1.2, sinuosity is considered low, from 1.2 to 1.49 sinuosity is moderate, and above 

1.5 sinuosity is high (Rosgen, 2008).  Each stream was dominated by high sinuosity 

reaches (reaches with a length 1.5 or more than valley length), especially Buffalo River.  

Whitewater River had the longest reach and valley lengths, due to relatively homogenous 

vegetation cover. 

 
Figure 53:  Sinuosity 
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Figure 54:  Reach length and valley length 

 
Figure 55:  Elm Creek sinuosity 
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Figure 56:  Buffalo River sinuosity	
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Figure 57:  Whitewater River sinuosity	

	
3.3.5.  Near Bank Stress, Bankfull 

The minimum near bank stress was 3 for all streams, but the maximum and 

average differed.  Elm Creek had the highest near bank stress, with a maximum of 46 and 

average of 11.  Buffalo River had the lowest near bank stress, with a maximum of 30 and 

average of 9.  Whitewater River had slightly higher near banks stress values, with a 

maximum of 38 and average of 9.  These values are all considered very low near bank 

stress, understandably, as measurement of sub-40 foot radii curves was prohibitive.  As 
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is, the measurements were designed to allow a comparison of reach-averaged near bank 

stress to reach-averaged erosion rates, and other variables.  

 
Figure 58:  Near bank stress values are all very low.  From top to bottom, these boxplot 
markers are the maximum, third quartile, mean, first quartile and minimum values. 

 
Figure 59:  Near bank stress by reach number (not distance) from start of study area to 
mouth (left to right) 
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Elm Creek migrated 3 to 37 percent of its channel width per year, averaging 16 

percent over the entire study area.  Buffalo River migrated 3 to 34 percent of its channel 

width, averaging 10 percent.  Whitewater River migrated 1 to 5 percent of its channel 

width per year, averaging 3 percent.  Nearest the eroded distance to bankfull range in 

literature was Whitewater River’s average, and the minimum values of Elm Creek and 

Buffalo River.  

3.3.6.  Elevations and Slopes of Water Surface and Banks  

The water surface elevation pattern generally matched the high and low bank 

elevations.  The surface of Elm Creek dropped 22 meters (72 feet) over the 172-kilometer 

(107-mile) study section.  The Buffalo River dropped 6 meters (21 feet) over the 132-

kilometer (82-mile) study section.  The Whitewater River dropped 21 meters (68 feet) 

over the 29-kilometer (19-mile) study section.   

 
Figure 60:  Elm Creek elevations, ending at mouth of stream 
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Figure 61:  Buffalo River elevations, ending at mouth of stream 

 
Figure 62:  Whitewater River elevations, ending at mouth of stream 

As seen in the relative elevation figures above, banks were generally highest in 

the center of the Elm Creek study area, mouth of the Buffalo River study area and 

beginning of the Whitewater study area.  
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Elm Creek had the lowest high banks (0.2 to 5.8 meters, or 0.8 to 18.9 feet), and 

low banks (0 to 2.3 meters, or 0 to 7.4 feet).  Buffalo River had moderate high banks (0.7 

to 6.6 meters, or 2.2 to 21.7 feet) and low banks (0.3 to 6.1 meters, or 1.1 to 20.0 feet).  

Whitewater had the highest high banks (1.3 to 10.4 meters, or 4.4 to 34.1 feet) and low 

banks (1.0 to 4.1 meters, or 3.3 to 13.6 feet). 

Water and bank (measured parallel to the stream not perpendicularly) slopes were 

relatively constant along each of the study areas.  The range of Buffalo River slopes 

narrows as the stream approaches its mouth. 

 
Figure 63:  Elm Creek slopes, water surface and linear (bank-top) bank slopes 
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Figure 64:  Buffalo River slopes, water surface and linear (bank-top) bank slopes 

 
Figure 65:  Whitewater River slopes, water surface and linear (bank-top) bank slopes   

3.3.7.  Correlations Between Measured Variables and Erosion 

Elm Creek erosion rates were most related (with an absolute value ranging from 

0.30 to 0.22) to low bank height, near bank stress, stream mile, low and high bank and 
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water surface elevation, and radius of curvature, in descending order.  Beyond that it was 

not correlated (under 0.2).  

 
Figure 66:  Elm Creek correlations 

 
Figure 67:  Elm Creek erosion rate versus near banks stress 
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The Buffalo River erosion rate was most tied to near bank stress (Pearson 0.34) 

and radius of curvature (Pearson 0.29).  Every other variable is rated below 0.18. 

 
Figure 68:  Buffalo River correlations 

 

Figure 69:  Buffalo River erosion rate versus near bank stress 
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The highest 18 Pearson and Spearman Rank correlations (with an absolute value 

ranging from 0.93 to 0.31) were on the Whitewater River.  In composite, the correlations 

seem to explain what might be conceptually apparent in person: the bluff region of the 

study area is eroding faster than the bottomlands near the mouth.  Erosion rates of the 

Whitewater are highest when high bank, low bank and water surface heights and 

elevations are highest; when stream mile is smallest; where cover is mostly trees (the 

bottomlands has scattered trees and meadow wetland); and where radius of curvature is 

highest (sinuosity increases – radius of curvature decreases – after the river drops through 

the bluffs).   

 
Figure 70:  Whitewater River correlations 



116	

 
Figure 71:  Whitewater River erosion rate versus low bank height 

3.4.  Discussion  
This study quantified GIS-measurable stream attributes, and compared them with 

erosion rates of three agriculture-dominated streams.  Of special significance was 

whether herbaceous or woody species dominated reaches had measurably less erosion.  

Knowing what to plant along an erosion-prone bank, or knowing where to focus planting 

or other erosion control methods will save time and effort in minimizing unwanted soil 

loss.   

GIS tools designed by ESRI and Ellefson for ESRI’s ArcMap were used to 

measure variables potentially associated with lateral erosion.  This study ultimately 

compared lateral erosion with stream mile, cover, sinuosity (as well as reach length, 

valley length), near bank stress (as well as radius of curvature, bankfull), curve count, 
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curve length, bank height (high and low), bank elevation (high and low), bank slope (high 

and low), water elevation, and water slope.   

3.4.1.  Cover Type 

Cover was of special interest, given the desire of resource managers to 

recommend the best vegetation for erosion suppression.  Vegetation type was not well 

correlated with erosion rate in this study.  This is not surprising, given the complexity of 

vegetation’s role in stream stability.   

Many other studies have noted vegetation can play a major role in the form and 

erodibility of a channel (Gran and Paola, 2001; Hopkinson and Wynn, 2009). 

Some considerations of vegetation type and erosion rate include: high stem density can 

lower erosion rates (Gran and Paola, 2001); herbaceous vegetation may provide superior 

freeze-thaw protection in winter, whereas forests may dominate the remainder of the year 

(Wynn and Mostaghimi, 2006b); trees may remove more moisture from the banks 

through evapotranspiration, increasing stability, whereas grasses may produce more 

mechanical support (Simon and Collison, 2002); herbaceous reaches may encourage 

more deposition (Trimble, 1997; Allmendinger, 2005); streams may widen as forests 

establish in response to increased channel roughness, but narrow again as the system 

matures (McBride, et. al., 2007); herbaceous reaches may best stabilize small streams in 

smaller floods, whereas forested reaches may best stabilize large streams in larger floods 

(Hawkins et al., 1997; Griffin and Smith, 2004; Vincent et al., 2009; Collier and Quinn, 

2003; Camporeale, 2013; Rood et al., 2014); rooting depth, density and size vary widely 

by soils, groundwater depth, species and testing method (Simon and Collison, 2002; 

Wynn et al., 2004); large woody debris in a stream can accelerate erosion (Shankman, 
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1993) or protect its banks (Rood et al., 2014); and the choice between woody and 

herbaceous species as the best bank stabilizer in small streams may not apply to large 

streams.  

The type of vegetation growing along stream banks may be chosen in large part 

by the stream itself (Shankman, 1993; Camporeale et al., 2013).  Camporeale et al. 

(2013) sampled 31 significant studies of fluvial influences on vegetation distribution, and 

explains three common lateral distributions, each with a limiting factor.  In the first, 

maximum biomass is present at the bank and decreases with distance from the channel.  

This occurs when depth to water is the limiting factor on growth.  Biomass patterns are 

reversed in the second pattern, increasing in size with distance.  This occurs when 

flooding is the limiting growth factor.  In the third, a combination of water table, 

sedimentation and flooding produces a more uniform growth pattern, with nearby 

vegetation limited by flooding and distant vegetation limited by a declining water table.  

Vertical distributions are also common, with streams moving seeds, mineral and organic 

sediment, water, chemicals and nutrients along a channel and outward during floods 

(Camporeale et al., 2013). 

An on-site investigation of the three study watersheds by Underhill (2013) 

cataloged dominant species by strata (Table 6).  These data showed a predominance of 

shallow-rooting reed canary grass (Phalaris arundinacea) at each sample site.  

Regardless of cover category, this aggressive, non-native species may skew rooting 

depths across the watersheds (Braun, 2016). 
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Table 7:  Cover species (Braun, 2016) 

 

3.4.2.  Stream Mile (Size) 

Erosion rate was relatively well correlated with stream mile and its associated 

elevations.  Elm Creek erosion rates increased as the stream dropped in elevation, and 

increased in size.  Lenhart et al. (2010) found turbidity and total suspended solids – both 

related to soil presence in the water column – increased exponentially from headwaters to 

the mouth of Elm Creek.  These studies apparently support each other by finding bank 

erosion, turbidity and total suspended sediment loading increase along the length of Elm 

Creek. 

Nanson and Hickin (1986) found stream size can explain up to 70 percent of mean 

bank erosion and channel erosion.  Preliminary analysis of DNR Whitewater erosion data 

also points to stream size as a dominant variable (Ellefson, 2016).  Conversely, Underhill 

(2013) found no significant erosion difference between the upper, middle and lower 

reaches of the same three stream systems when erosion rates were measured using BEHI. 

The Whitewater River expressed the most erosion in the upper portion of the 

study area.  This high correlation between low stream mileage, higher elevations and 
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higher erosion rates is perhaps explained by the dominance of erodible bluffs in the upper 

reaches, and the dominance of flatter floodplains in the lower reaches. 

3.4.3.  Near Bank Stress 

This study showed near bank stress and its numerator, radius of curvature, were 

correlated to lateral erosion in all three stream systems.  Interestingly, the pattern of 

correlation differed. 

Elm Creek and Whitewater River exhibited higher erosion in areas of lower near 

bank stress and lower radius of curvature (the numerator of near bank stress) values.  

Again, the NBS rating table inverts values (see Table 5), so the erosion rates are highest 

when the radius of curvature is lowest (tightest curves), and near bank stress rating is 

lowest (extreme).  Buffalo River erosion rates are highest when the radius of curvature is 

highest (widest curves), and near bank stress rating is lowest (very low).  Low erosion 

rates in areas of tight curves (low near bank stress rating) may be due to curvature-

induced secondary circulation, which limits bank erosion by limiting velocity and bed 

shear stress (Blanckaert, 2009). 

Interestingly, bankfull width (the denominator of near bank stress) was not well 

correlated with lateral erosion rates.  USDOT (2012) noted bank stability was especially 

dependent upon the variability of channel width.  Gran and Paola (2001) found a 

relationship between vegetation density and channel width, and noted a number of studies 

with similar results (Hadley, 1961; Brice, 1964; Zimmerman et al., 1967; Charton, 1978; 

Graf, 1978; Andrews, 1984; Hey and Thorne, 1986; Huang and Nanson, 1997; Rowntree 

and Dollar, 1999).  Schottler et al. (2013) suggested the strong relationship between flow 
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and channel width could explain channel widening as a dominant means of streams 

adjusting to increased flow (versus slope and depth). 

3.4.4.  Low Bank Height 

Of all the variables considered, erosion rates along Elm Creek and Whitewater 

River were most correlated with low bank height.  The higher the minimum bank height, 

the higher the erosion rate.  The lowest banks may allow dense vegetation to grow to the 

water’s edge (USDOT, 2012).   

Abernathy and Rutherfurd (1998) found short banks were most susceptible to 

windthrow (erosion associated with trees falling into streams) because the short distance 

between the top of bank and groundwater severely limited rooting depth, whereas a 60 

centimeter (24 inch) tall bank allowed tree roots to stretch enough to resist windthrow 

and protect the bank from erosion.  Interestingly, the maximum bank height was not as 

well correlated to erosion rates.   

Bank height can be a sign of an unstable channel.  Thorne (1991) states there is a 

critical bank height at which a stream changes from incising to rapid widening.  

Widening has been noted in the study streams (Lenhart, 2008; MPCA, 2014). 

3.4.5.  Limitations and Future Studies 

This study is limited and benefited by scale.  GIS allows a user to review erosion 

rates, and compare those rates to other stream characteristics on the watershed scale.  

Unfortunately, measurements needing a closer view are inaccessible.  Furthermore, by 

viewing the system from the watershed scale, some variables measurable by GIS are 

recorded discretely and averaged over a reach (such as near bank stress and erosion rate); 

whereas other variables are naturally measured once over a reach (such as sinuosity and 
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slope).  Variables measured discretely and averaged may benefit from more 

measurements per reach. 

For example, a finer measurement of radius of curvature, for a more refined 

measurement of near bank stress may also prove useful.  Due to the size of the study 

areas, the lower limit of radius of curvature measurements was set at approximately 12 

meters (40 feet).  An exhaustive catalog of radii may show a stronger or weaker 

correlation between erosion rates, radius of curvature and near bank stress. 

Wetland presence was recorded but later disregarded.  As mentioned above, the 

NWI did not seem accurate.  Additionally, wetlands visible through aerial interpretation 

corresponded too frequently with ditched portions of the streams, which may have further 

skewed the relationship between wetlands and lateral erosion. 

Additionally, stream power is often cited as a variable in erosion rates.  The time 

commitment required to prepare a DEM for stream power calculations prevented its 

inclusion in this study.  It may, however, prove to be a valuable variable to compare these 

erosion rate data against. 

An important consideration in any study of erosion variables is the maturity of the 

stream.  This study did not determine if the lateral erosion measured was a channel 

widening response from past land-use or channel disturbances.  

Finally, using the exiting data, a multivariate analysis, to determine the 

relationships among the variables would be enlightening.  Additionally, Cover 2 and 

Cover 3 data could be removed for a second look at whether erosion rate has a 

relationship with a more definite herbaceous versus forested reaches.  Breaking the 
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streams into smaller sections, or increasing the n value, and rerunning the project could 

alter the results. 

3.5.  Conclusion  
There was no clear correlation between erosion rate and vegetation type in this 

study.  Underhill’s (2013) review of the same streams did not find a correlation between 

cover type and erosion rates either, but did find the rooting characteristics of grass may 

be the best erosion control in small reaches, shrub rooting characteristics in medium 

reaches, and tree rooting characteristics in large reaches.   

The most influential erosion control may be on tight bends with high banks 

towards the mouth of Elm Creek, wide meanders on the Buffalo River, and tight bends 

with high banks towards the beginning of the Whitewater main stem.  Given the mouth of 

the Elm and beginning of the Whitewater mainstem are larger stream reaches, the tight 

bends with high banks here may benefit most from tree cover.
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Chapter 4:  Setting Priorities in Erosion Control: 
Values, Policies and Targeted Restoration 

4.1.  Introduction 
In a state renowned for its “sky blue waters,” with parks, trails and cities focused 

around its nearly 12,000 lakes and 148,000 kilometers (92,000 miles) of streams, clean 

water is big business in Minnesota.  Examples of the value of Minnesota’s clean water 

and bank stability include recreation spending, water industry earnings, property values, 

and structure stability.  The cost of preventing degradation of clean water, through 

policies requiring responsible land-use, can be significantly cheaper than the cost of 

cleaning water and restoring eroding banks.  Effective erosion control policy is essential 

to Minnesota’s water economy, as is restoration.  Restoration can be expensive.  

Implementation of bank stabilization, and channel restorations must be carefully designed 

to provide the largest benefit to the resource.  Understanding, preventing and mitigating 

the causes of water quality impairments, such as turbidity from excessive erosion, is 

imperative to so many aspects of life and recreation in Minnesota. 

Minnesota’s $13 billion a year tourism industry is actively engaged in clean 

water, understanding the link between its own success and water quality (Spencer, 2015).  

Fishing alone generates between $2.5 billion and $2.4 trillion annually (Hult, 2015; ASA, 

2013; Kelly, 2012, AP, 2013).   Excluding fishing, hunting and wildlife viewing, 

Minnesota’s outdoor recreation (canoeing, camping, hiking, etc.) generates $11.6 billion 

in consumer spending and $3.4 billion in wages in Minnesota annually (OIA, 2012).   

Tourism, fishing and outdoor recreation aside, employees of Minnesota’s water 

industry earned over $885 million in wages, and exported over $870 million in water 



125	

technology in 2014 (EQB and DEED, 2015).  Many millions of dollars more are spent on 

water research, water services and water restoration annually in the state (EQB and 

DEED, 2015).  The quality of Minnesota’s water resources is a significant economic 

driver.   

Studies around the country have found a significant relationship between the 

clarity of water and property values.  Krysel et al. (2003) reviewed the relationship 

between water clarity and property values in northern Minnesota.  The group found a 1-

meter (3.3-foot) change in water clarity altered property value by several dollars to nearly 

$2,000 per meter ($600 per foot) of shoreland frontage (1996-2001 dollars).  In summary, 

the value of properties in northern Minnesota, across a lake could change from $30,467 to 

$150,560,122 (1996-2001 dollars). 

The economics of most issues can be broken into prevention versus treatment: in 

this case, erosion control versus stream restoration.  Minnesota currently has a network of 

buffer regulations designed to keep more-erosive land use practices from diminishing 

water quality.  State-wide, as part of the shoreland rules, Minnesota counties and cities 

govern the activities allowed in “shoreland impact zones,” a buffer of land between the 

shore and a setback within which impervious surfaces, vegetation clearing, and other 

activities are more limited (MN Rules 6120.3300).  Lake Improvement Districts allow 

localized control (MN Rules 6115.0900).  Ditch authorities require perennial vegetation 

for 5 meters (1 rod, or 16.5 feet) on either side of county ditches (MN Statutes 103E.021). 

Minnesota recently passed a buffer law, inspired by a water quality report by the 

Minnesota Pollution Control Agency (2015b).  The report found that watersheds 

dominated by agriculture were often impaired by phosphorus, nitrogen, suspended solids 
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and bacteria; all pollutants that could be decreased through distancing land uses from 

open water.  The law was designed to improve water quality through a uniform buffer 

requirement (Laws of Minnesota 2016, Chapter 85 (S.F. 2503)).  The law requires a 

perennial 15-meter (50-foot) average buffer on public waters.  If at 9 meters (30 feet) of 

buffer is unreasonable, the landowner may substitute an approved water quality practice. 

The cost of preventing erosion is difficult to estimate, as it can range from 

voluntarily allowing sensitive areas to exist in a natural state to passing regulations 

outlining acceptable water-friendly uses.  On the low end, there may be no cost.  On the 

high end are rare attempts to quantify the economics of land stewardship.  

East of Minnesota, Wisconsin passed a statewide shoreland zoning standard in 

2011, modifying allowable development within 305 meters (1000 feet) of waterbodies.  

The Department of Natural Resources was tasked with weighing the costs of 

implementing the rule with the benefits to the economy.  It found four quantifiable 

variables: increased property values from phosphorus reduction ($29,871,401), improved 

recreational opportunities from phosphorus reduction ($399,598), cost of mitigation to 

property owners ($21,678,742), and county implementation costs ($1,207,140).  The 

balance tipped in favor of the zoning standards, with property value increases and 

enhanced recreation coming in $7.4 million ahead of the cost of lost use and 

implementation.  These figures are summed over the first ten years of the new rules.  

After this point, the enhanced benefits continue indefinitely, but the costs drop to pre-

implementation rates.  (WiDNR, 2012). 

South of Minnesota, Iowa farmers could save $104 per hectare ($42 per acre) in 

water treatment by implementing erosion control practices (Iowa Learning Farms, 2013).  
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At approximately $1 billion annually, this could underestimate the value of erosion 

control to society by 20 to 90 percent, by leaving out services such as water retention and 

cleaning drinking water (Eller, 2014). 

As seen in the Wisconsin example, prevention can be beneficial compared to no 

action.  It can also be less expensive than restoration.  After generations in the channel 

modification business, Congress required the U.S. Army Corps of Engineers to catalog 

erosion of the nation’s navigable waters.  In 1969, the Corps identified over 805,000 

kilometers (500,000 miles) of banks damaged by sloughing, degradation, or head-cutting 

(USACE, 1981).  The damages were estimated at $591.1 million (2016 dollars), with 

repairs at $2.8 billion (2016 dollars) (USACE, 1981). 

The most recent comprehensive review of national or regional data on stream 

restoration costs available considering literature and various agencies is from the now-

defunct National River Restoration Science Synthesis database.  Both Bernhardt et al. 

(2005) and Palmer and Allan (2006) analyzed these 1990-2003 data, now 14-27 years 

old.  Bernhardt et al. (2005) found the total of regional projects recording federal 

expenditures (excluding local matches) at $7.5 billion.  Extrapolating this estimate 

nationally, and noting the number would likely be an underestimate, Bernhardt et al. 

(2005) found the United States spent over $1 billion a year from 1990-2003 (not adjusted 

for inflation).  In the past two decades, interest in and implementation of stream 

restoration projects has increased exponentially. 

Local estimates are difficult to come by as well.  Recently in Minnesota (July 

2014 to June 2016), channel improvement projects large enough to require an 

environmental impact study screening by Environmental Quality Board, totaled over 68.6 
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kilometers (42 miles) (six additional projects had unknown linear distance) (EQB 

Monitor, 2016; DNR, 2013a; DNR, 2013b; MCWD, 2013; Scott County, 2013; Martin 

County, 2014; MCWD, 2016; TRPD, 2016).  The Minnesota Department of Natural 

Resources implemented 86 additional (not overlapping EQB projects) stream habitat 

improvement projects from 1994 to 2015 (21 years), with 28 percent categorized as 

channel restorations, 30 percent as dam removals, and 42 percent as modifications (DNR, 

2016c).  Of these 86 projects, 41 dam and culvert replacement projects (generally with 

rock ramps and better culverts, respectively) were implemented to reconnect stream 

reaches while improving fish passage, habitat, and human safety.  The investment of the 

37 reporting financial data, was over $12.9 million, mostly from 2000-2008 (DNR, 

2010). 

Water quality restoration is also expensive.  In 2014, Minnesota paid 

approximately $125 million to clean lakes, streams and groundwater in agriculture-

dominated watersheds of excessive nutrients and bacteria (Marcotty and Kennedy, 2015).  

In 2015, the state’s department of health drinking water budget was $17.8 million, with a 

goal of ensuring 97 percent of the state’s population has access to water meeting state 

quality standards (MDH, 2015).  In 2016, Governor Dayton and Lieutenant Governor 

Smith proposed to invest $220 million in land use and infrastructure improvements 

tailored for clean water (MN, 2016).  Over the 20 years beginning in 2011, the U.S. 

Environmental Protection Agency estimated Minnesota would need $1.4 billion in 

drinking water treatment, which totals $7.4 billion after considering distribution, source, 

storage and other costs (USEPA, 2013).  This number increased to $11 billion in recent 
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years (MN, 2016).  According to the U.S. Environmental Protection Agency, cleaning 

contaminated drinking water costs 10 to 30 times as much as prevention (MDH, 2015). 

4.2.  Priority Setting in Watershed Restoration 
Research  
4.2.1.  Overview 

Cost estimates are essential in the development of management and restoration 

plans, grant applications and the Total Maximum Daily Load process.  Stretching a 

limited budget to maximize erosion control requires a targeted approach.  Local 

government units and other land-use organizations routinely address turbidity 

impairments with the help of erosion estimating and restoration prioritization tools. 

The University of Minnesota partnered with the Minnesota Department of 

Agriculture, with funding through the Minnesota Clean Water, Land and Legacy 

Amendment, to quantify the rates and drivers of channel erosion; to develop an 

empirically based erosion index for the Upper Midwest; and to identify a means of 

prioritizing erosion reduction, thereby reducing sediment and phosphorus loading.  Using 

empirical methods to estimate erosion rates allows land managers to rapidly identify 

areas in need of conservation measures, without using more time-intensive modeling.  By 

tailoring existing empirical methods to local streams, the erosion rate index will more 

accurately estimate bank loss of similar regional systems.  This will allow Minnesota land 

managers to maximize the effectiveness of restoration programs. 

Workshops held with local government unit staff and landowners highlighted a 

need for less-complicated erosion quantification tools, and a desire for stream 

stabilization to be located within the channel (UMN, 2015).  Attendees observed that an 
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increasing number of erosion control grants and the TMDL process require use of an 

official quantification tool, which are not always practical to apply (UMN, 2015). 

Given the grant was provided by the Minnesota Department of Agriculture, the 

University of Minnesota chose three agriculture-dominated watersheds in three different 

ecoregions:  Elm Creek in the Western Corn Belt Plains of south central Minnesota, with 

flat to gently rolling heavy silt to clay loams (UMN, 2015); Buffalo River in the lakebed 

clays of former Glacial Lake Agassiz, its outer relict beach ridge, and Central Hardwood 

Forest of northwestern Minnesota (UMN, 2015); and Whitewater River in the Driftless 

Area of southeastern Minnesota, which begins as a flat plateau, but drains through bluffs. 

As mentioned above, the first goal was to measure long-term erosion rates and 

investigate erosion drivers.  To measure Elm Creek, Buffalo River and Whitewater River 

erosion rates via GIS, a two centerlines were digitized per river.  The years 1991 and 

2010 were digitized and compared for Elm Creek and Buffalo River.  Due to issues with 

imagery, the years 203 and 2010 were digitized and compared for Whitewater River.  The 

centerlines were buffered to incorporate banks, and cut into reaches at vegetation breaks.  

Elm Creek and Buffalo River had over 100 reaches each, whereas Whitewater had 

significantly fewer vegetation changes.  Two GIS erosion rate measurement tools were 

used and compared: DNR Static Lateral Migration Tool (Ellefson, 2015), and BBE 

Dynamic Lateral Migration Tool (Titov, 2015a).  After the attribute tables were 

populated with erosion rates, additional GIS-measurable variables were added per reach, 

such as sinuosity, near bank stress, and vegetation cover. 

Triplett (2014) assessed the balance between deposition and erosion with turf mat 

squares; cataloged the particle size and deposition rate; collected species, age and 
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location for vegetation patterns; and analyzed timing, magnitude and duration of base and 

peak flows.  These data showed pointbar deposition of approximately 3,538,000 

kilograms (3,900 tons) per year.  The increased discharge submerged deposition locations 

for more of the growing season, thereby decreasing vegetation establishment, and 

subsequently decreasing deposition.  This behavior may be contributing to the increased 

erosion, and widening observed in the streams in this study.   

Underhill (2013) extracted roots to measures root depth and root density 

throughout the soil profile across the three river systems.  He also recorded vegetation 

cover, soils, and erosion predictions via BEHI.  The study found no correlation between 

root density and BANCS erodibility factors, noting other factors may play a role. 

Riparian monitoring well networks recorded groundwater elevations fluctuating 

by upwards of 2 meters (6.6 feet) along Elm Creek and the Buffalo River, but staying 1 to 

3 meters (3.3 to 9.8 feet) below the surface (UMN, 2015).  These monitoring data 

indicated groundwater seepage was not a significant factor in bank erosion at these sites, 

in fact on several occasions the banks absorbed higher streamflows, due to the depth of 

groundwater in the bank profile (UMN, 2015).   Additionally, motion-activated and time-

lapse cameras were mounted along Elm Creek to visually document erosion events, 

(UMN, 2015). 

The geochemical sampling and SWAT modeling separated the volume 

contributions from tile drains, overland flow and groundwater to characterize source 

waters.  During unfrozen periods of the year, tile drainage was the source of 58 to 90 

percent of Elm Creek’s water. Whitewater River was a combination of surface and low-

residence groundwater, with little tile contribution.  (UMN, 2015) 
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The second goal was to develop regional bank erosion prediction graphs for 

Minnesota.  Sass and Keane (2012) found modifying the BEHI section of the BANCS 

model allowed better erosion prediction outside of Colorado, where it was originally 

developed.  However, this method did not yield a strong correlation between BANCS 

erosion rates and field measured erosion rates in Minnesota.  However, substituting 

erosion rates taken from aerial photography allowed the creation of more appropriate, 

regional prediction graphs (MDA, 2015).  

The third goal was to assist in prioritizing restoration sites.  Presnail (2013) 

developed a Stream Restoration Prioritization Score Sheet and associated guidance 

manual to walk users through 13 metrics found most helpful in determining the erosion 

rate, need for protection, and ease and cost of restoration.  This tool built on several 

existing tools, and was presented as an option to local government staff. 

4.2.2. Discussion 

4.2.2.1.  Erosion Measurement 

This study compared several means of quantifying erosion: GIS (DNR Static 

Lateral Migration Tool by Ellefson (2015); BBE Dynamic Lateral Migration Tool by 

Titov (2015a) and BANCS (Rosgen, 2008).  Other methods used to measure these 

streams included BSTEM, bank pins and cross-section surveys.  Each has advantages and 

disadvantages. 

Considering the alternative, the time commitment needed to calculate erosion 

rates on 333 kilometers (207 miles) of three streams, as well as measure or catalog 19 

potential erosion variables via GIS was reasonable.  GIS methods allow measurement of 

stream channel shifts over great temporal and spatial scales.  Nineteen years of migration 
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across an entire watershed can be measured, without visiting a statistically significant 

number of sites annually. 

While the time savings is significant, there are some variables that are much more 

accurately measured on site.  With knowledge of the landscape, some species may be 

cataloged from aerial photography, and therefore rooting depth might be inferred, but 

more precise cover, species composition and rooting characteristics should be done on 

site.  On site erosion measurements or estimates allow (or require) collection of 

information such as bank height, angle, material and layers; root depth and density; 

channel dimensions; and cover. 

For watershed-scale erosion calculations, and coarse-scale hotspot identification 

and variable identification, GIS is a reasonable choice.  For regional erosion estimates, 

with on-site variable measurements, and TMDL-ready results, the modified BANCS 

model is a reasonable choice. 

4.2.2.2.  Erosion Stabilization 

Analysis of rooting characteristics, cover composition and erosion rates of Elm 

Creek, Buffalo River and Whitewater River point towards no discernable difference 

between herbaceous-dominated and woody-dominated erosion rates (this research; 

Underhill, 2013; Braun, 2016).  The domination of reed canary grass (Phalaris 

arundinacea) at 22 of 30 sample sites does call into question the instances of low root 

depth and density (UMN, 2015; Braun, 2016).   

Reed canary grass is an aggressive, non-native species, with a dense and shallow 

root system, often stopping short of 0.3 meters (1 foot) (Mueller, 1941; Klimesova and 
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Srutek, 1995).  It is present throughout the state of Minnesota, commonly forming 

monocultures in disturbed, and wet environments, such as wetlands and riparian zones. 

In aggregate, the UMN (2015) study points towards control of invasive reed 

canary grass, especially on banks 2 to 3 meters (6.6 to 9.8 feet) high, as a means of 

increasing rooting depth, and bank stability.  Granted, the grass is quite aggressive, and 

large-scale control may be extremely difficult in many areas. 

Near bank stress, radius of curvature, stream size, and low bank height showed 

some correlation to erosion rates.  Focusing efforts on increasing rooting depth in areas 

most linked to erosion could optimize stabilization efforts.  For example, where Elm 

Creek and Whitewater River have higher near bank stress, tighter radii of curvature, 

larger stream volumes, and higher minimum bank heights, they also have higher erosion 

rates.  Where Buffalo River has lower near bank stress, and wider radii of curvature, it 

has higher erosion rates.  These areas could be targeted to maximize productivity. 

Hundreds of other studies have examined various aspects of lateral erosion 

(Kummu et al., 2008), many of which explored the best cover for erosion control.  While 

debate continues as to whether tree, herbaceous or shrub species or a combination is best 

for stream bank stability, buffers are valuable. 

4.3.  Summary 
There is value in vegetated buffers along streams, regardless of the vegetation 

strata.  A buffer as narrow as 1.5 meters (5 feet) can remove the majority of total 

suspended solids, and a large fraction of nutrients (UMN, 2011).  Compilations of buffer 

studies found a 1.5-meter (5-foot) buffer could remove 65 percent of total suspended 

solids, 31 percent of total phosphorus, and 19 percent of total nitrogen (UMN, 2011); and 
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a 15-meter (50-foot) buffer could remove 85 percent of total suspended solids, 68 percent 

of phosphorus, and 66 percent of nitrogen (UMN, 2011), or higher: 97 percent, 91 

percent, and 94 percent of the same (Lee et al., 2003).  Burkart et al. (2004) reviewed a 

number of buffer studies, finding similar sediment and nutrient removal rates, in addition 

to removal of up to 50 percent of pesticides and up to 60 percent of studied pathogens.   

Removal of turbidity and nutrients from overland flow is one important water 

quality benefit of buffers.  Buffers also provide food and shelter for various species, 

corridors for traveling wildlife, and shade for aquatic creatures.  Buffers provide some 

stability against in-channel erosion by minimizing freeze-thaw cycling, minimizing wet-

dry cycling, and building a resistant matrix of roots and soil, among others. 

Buffers appear in regulations throughout Minnesota, a testament to their 

importance to the public.  These include the Minnesota Shoreland Ordinance (Minnesota 

Statutes Section 103F.301-103F.345, and Minnesota Rules Parts 6105.0010-6105.1700), 

Wild and Scenic River Ordinance (Minnesota Statutes, Section 103.F301-103F.345, and 

Minnesota Rules, Parts 6105.0010-6105.1700), Ditch Law (Minnesota Statutes Section 

103E.005-103E.812), and Buffer Law (Laws of Minnesota 2016, Chapter 85), among 

others. 

These laws help protect Minnesota’s waters, and vibrant water-dependent 

economic interests, including a $13 billion tourism industry, $2.5 billion to $2.4 trillion 

fishing industry, $11.6 billion camping, canoeing and hiking industry, $885 million water 

technology wages, and millions or more in residential property value, bridge stability and 

soil productivity. 
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Minnesota’s water industry grew three times faster than the overall economy in 

the past decade, with its employees making 27 percent above the state average (EQB, 

2015).  Several of the world’s leading water industry companies are based here, as well 

as nationally-ranked universities and colleges (EQB, 2015).   

Minnesotans value water quality, voting in the 2008 Clean Water, Land and 

Legacy Amendment, and supporting a variety of other aquatic regulations, grants and 

innovations designed to protect and restore its aquatic resources.  With 40 percent of 

waters impaired, water quality improvement will require a much effort, and a water ethic, 

but Minnesotans are well-positioned to protect and restore this land of sky-blue waters. 
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Chapter 5:  Conclusions and References 
5.1.  Overview of the Factors Influencing Stream Lateral Erosion 
Rates 

Stream channels are constantly changing.  They may change slowly and 

predictably, or rapidly in response to a disturbance.  Disturbances can include channel 

dredging and wetland drainage for historical flood control efforts, watershed 

developments, and natural storm events.  Channel erosion can contribute a significant 

percentage of a stream’s sediment load.  A restoration, or reduction of turbidity from 

channel sources, may be difficult due to the complexity of interactions between erosion 

rates, soils, geomorphology, chemistry, vegetation, hydrology and stream size.   

5.2.  Analyzing Lateral Erosion Measurement Tools 

 GIS-based lateral migration tools allow the measurement of erosion rates over 

large temporal and spatial scales.  GIS can be used to measure erosion rates along an 

entire stream system without the travel, weather or safety concerns, and over any time 

period that aerial photography is available.  Three GIS-based lateral migration tools were 

used on the three study streams, and the results of two were compared to BANCS erosion 

rates.  BANCS erosion rates require field measurements, and therefore only capture the 

bank movements observed by the user; the number of sites and time span assessed is 

therefore more limited.  However, being in the field allows the user to capture a great 

deal of information, such as rooting depth, rooting density, bank angles, precise plant 

species, and other data.   

 Generally, BANCS and UMN results were higher than GIS tools and DNR 

results.  The GIS results may be lower because they take the movement of the entire 
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stream into account, rather than focusing on only erosion.  They may also trend lower 

because they average the rates over reach lengths.  BANCS samples discrete sites and 

applies what could be unrepresentative erosion rates to the entire stream.  While BANCS 

is a popular tool for resource managers, and the modified prediction graphs will make 

them more accurate, GIS should be considered as an alternative.  

5.3.  The Effects of Vegetation Type and Channel Characteristics 
on Stream Lateral Erosion Rates 

There was no clear correlation between erosion rate and vegetation type in this 

study.  Underhill’s (2013) review of the same streams did not find a correlation between 

cover type and erosion rates either, but did find the rooting characteristics of grass may 

be the best erosion control in small reaches, shrub rooting characteristics in medium 

reaches, and tree rooting characteristics in large reaches.   

The most influential erosion control may be on tight bends with high banks 

towards the mouth of Elm Creek, wide meanders on the Buffalo River, and tight bends 

with high banks towards the beginning of the Whitewater main stem.  Given the mouth of 

the Elm and beginning of the Whitewater mainstem are larger stream reaches, the tight 

bends with high banks here may benefit most from tree cover. 

5.4.  Setting Priorities in Erosion Control: Values, Policies and 
Targeted Restoration 

There is value in vegetated buffers along streams, regardless of the vegetation 

strata.  A buffer as narrow as 1.5 meters (5 feet) can remove the majority of total 

suspended solids, and a large fraction of nutrients (UMN, 2011).  Removal of turbidity 

and nutrients from overland flow is one important water quality benefit of buffers.  

Buffers also provide food and shelter for various species, corridors for traveling wildlife, 
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and shade for aquatic creatures.  Buffers provide some stability against in-channel 

erosion by minimizing freeze-thaw cycling, minimizing wet-dry cycling, and building a 

resistant matrix of roots and soil, among others. 

Buffers appear in regulations throughout Minnesota, a testament to their 

importance to the public.  These laws help protect Minnesota’s waters, and vibrant water-

dependent economic interests, including a $13 billion tourism industry, $2.5 billion to 

$2.4 trillion fishing industry, $11.6 billion camping, canoeing and hiking industry, $885 

million water technology wages, and millions or more in residential property value, 

bridge stability and soil productivity. 

Minnesotans value water quality, voting in the 2008 Clean Water, Land and 

Legacy Amendment, and supporting a variety of other aquatic regulations, grants and 

innovations designed to protect and restore its aquatic resources.  With 40 percent of 

waters impaired, water quality improvement will require a much effort, and a water ethic, 

but Minnesotans are well positioned to protect and restore this land of sky-blue waters. 

5.5.  References 

Abbe, T., and Montgomery, D.  (1996).  Large woody debris jams, channel hydraulics, 
and habitat formation in large rivers.  Regulated Rivers:  Research and 
Management, 12: 201-221. 

Abernathy, B., and Rutherfurd, I.D. (1998).  Where along a river's length will 
vegetation most effectively stabilise stream banks?  Geomorphology, 23: 55-75. 

Allmendinger, N.E., Pizzuto, J.E., Potter, N., Johnson, T.E., and Hession, W.C. (2005).  
The influence of riparian vegetation on stream width, eastern Pennsylvania, USA.  
GSA Bulletin, 117(1/2): 229-243. 

American Sportfishing Association (2013, January).  Sportfishing in America: An 
economic force for conservation. Retrieved from http://asafishing.org/facts-
figures/studies-and-surveys/sportfishing-in-america/. 

Amiri-Tokaldany, E., Darby, S.E., and Tosswell, P. (2003).  Bank stability analysis for 
predicting reach scale land loss and sediment yield.  Journal of the American Water 
Resources Association, 39:897-909. 



140	

Anderson, Pam (2017).  Personal communication.  Supervisor, Water Quality 
Monitoring Unit, Minnesota Pollution Control Agency. 

Andrews, E.D. (1984).  Bed-material entrainment and hydraulic geometry of gravel-bed 
rivers in Colorado.  Geological Society of America Bulletin, 95: 371-378. 

Andrews, R.E., and Newman, E.I. (1970).  Root density and competition for nutrients.  
Ecol. Plants, 5: 319-334. 

Associated Press (2013, September 4).  Experts: Climate change threatens Minn. 
Fisheries.  Associated Press.  Retrieved from 
http://minnesota.cbslocal.com/2013/09/04/experts-climate-change-threatens-minn-
fisheries/. 

Bates, P., and Lane, S. (1998).  High resolution flow modeling in hydrology and 
geomorphology. Hydrological Processes, 12: 1129-1130. 

Beeson, C., and Doyle, P. (1995).  Comparison of bank erosion at vegetated and non-
vegetated channel bends.  Water Resources Bulletin, 31(6): 983-990. 

Bennett, S., Wu, W., Alonso, C., and Wang, S. (2008).  Modeling fluvial response to in-
stream woody vegetation: implications for stream corridor restoration.  Earth 
Surface Processes Landforms, 33: 890-909. 

Bernhardt, E.S., Palmer, M.A., Allan, J.D., Alexander, G., Barnas, K., Brooks, S., Carr, 
J., Clayton, S., Dahm, C., Follstat-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, 
D., Hassett, B., Jenkinson, R., Katz, S., Kondolf, G.M., Lake, P.S., Lave, R., Meyer, 
J.L, O’Donnell, T.K., Pagano, L., Powell, B., Suddeth, E. (2005).  Synthesizing U.S. 
river restoration efforts.  Ecology, 29(308): 636-637. 

Bilby, R.E., and Bisson, P.A. (1998).  Function and distribution of large woody debris.  
In Naiman, R.J., Bilby, R.E. (Eds.), river ecology and management: lessons from the 
Pacific Coastal ecoregion.  Springer, New York, pp. 324-346. 

Birr, A.S., and Mulla, D.J. (2001).  Evaluation of the Phosphorus Index in watersheds at 
the regional scale.  Journal of Environmental Quality, 30: 2018-2025. 

Bluman, A.G. (2011).  Elementary statistics: a step by step approach, eighth edition.  
McGraw-Hill. 

Bouyoucos, G.J. (1935).  The clay ratio as a criterion of susceptibiity of soils to erosion.  
American Society of Agronomy Journal, 27: 738-741. 

Braun, S.R. (2016).  Role of vegetation in stream bank erosion processes and bank 
erosion rate predictive indices in rural Minnesota watersheds (Master's thesis). 

Brice, J.C. (1964).  Channel patterns and terraces of the Loup River in Nebraska.  U.S. 
Geological Survey Professional Paper 422-D. 

Brummer, C.J., Abbe, T.B., Sampson, J.R., and Montgomery, D.R. (2006).  Influence of 
vertical channel change associated with wood accumulations on delineating channel 
migration zones, Washington, USA.  Geomorphology, 80:  295-309. 

Bull, L.J. (1997).  Magnitude and variation in the contribution of bank erosion to the 
suspended sediment load of the River Severn, UK.  Earth Surface Processes and 



141	

Landforms, 22(12): 1109-1123. 
Bull, L.J. (1998).  Magnitude and variation in the contribution of bank erosion to the 

sediment load of the River Severne, UK.  Earth Surface Processes and Landforms, 
22: 1109-1123. 

Bull, W.B. (1979).  Threshold of critical power in streams.  Geological Society of 
America Bulletin, 90: 453-464. 

Burckhardt, J.C., and Todd, B.L. (1998).  Riparian forest effect on lateral stream 
channel migration in the glacial till plains.  Journal of the American Water 
Resources Association, 34(1): 179-184. 

Bureau of Labor Statistics (2016).  Inflation calculator.  Retrieved from 
http://data.bls.gov/cgi-bin/cpicalc.pl. 

Burkart, M.R., James, D.E., and Tomer, M.D. (2004).  Hydrologic and terrain variables 
to aid strategic location of riparian buffers.  Journal of Soil and Water Conservation, 
59(5): 216-223. 

Campanella, R. (2013).  Beneficial use: balancing America's (sediment) budget.  Places 
Journal, Retrieved from https://placesjournal.org/article/beneficial-use-toward-
balancing-americas-sediment-budget/ 

Campbell, E. (2016).  Personal communication.  Watershed Modeling Technician, 
Minnesota Pollution Control Agency. 

Camporeale, C., Perucca, E., Ridolfi, L., and Gurnell, A.M. (2013).  Modeling the 
interactions between river morphodynamics and riparian vegetation.  Reviews of 
Geophysics, 51: 379-414. 

Charlton, F.G., Brown, P.M., and Benson, R.W. (1978).  The hydraulic geometry of 
some gravel rivers in Britain.  Rep. IT 180, 48pp, Hydraul. Res. Stat., Wallingford, 
England 

Clifton, C.F. (1989).  Effects of vegetation and land use on channel morphology.  In 
Gresswell, R.E., Barton, B.A., and Kershner, J.L. (Eds.), Practical approaches to 
riparian resource management.  U.S. Bureau of Land Management, U.S. 
Government Printing Office.  Billings, MT. 

Cluer, B., and Thorne, C. (2014).  A stream evolution model integrating habitat and 
ecosystem benefits.  River Research and Applications, 30: 135-154. 

Collier, K.J., and Quinn, J.M. (2003).  Land-use influences macroinvertebrate 
community response following a pulse disturbance.  Freshwater Biology, 48: 1462-
1481. 

Collins, B., Montgomery, D., Fetherston, K., and Abbe, T. (2012).  The floodplain 
large-wood cycle hypothesis: a mechanism for the physical and biotic structuring of 
temperate forested alluvial valleys in the North Pacific coastal ecoregion.  
Geomorphology, 139-140, 460-470. 

Coppin, N.J., and Richards, I.G. (1990).  Use of vegetation in civil engineering.  
Buttersworths, London. 



142	

Crow, P. (2005).  The influence of soils and species on tree root depth.  Forestry 
Commission: Great Britian. 

Daniels, R.B. (1960).  Entrenchment of the Willow drainage ditch, Harrison County, 
Iowa.  American Journal of Science, 258: 161-176. 

Davidson, D.W., Kapustka, L.A., and Koch, R.G. (1991).  The role of plant root 
distribution and strength in moderating erosion of red clay in the Lake Superior 
watershed.  Transcripts of the Wisconsin Academy of Science and Art Letters, 
77:51-63. 

Davies-Colley, R.J. (1997).  Stream channels are narrower in pasture than in forest.  
New Zealand Journal of Marine and Freshwater Research, 31(5): 599-608. 

Davies, T.R.H., Sutherland, A.J. (1983).  External hypotheses for river behavior.  Water 
Resources Research, 19(1): 141-148. 

Department of Natural Resources (2010, January).  Reconnecting rivers: Natural 
channel design in dam removal and fish passage.  Saint Paul, MN: Aadland, L. and 
Childers, A. 

Department of Natural Resources (2012, May).  Water recreation economy at risk from 
the potential spread of Asian carp in Minnesota: Selected water resources connected 
to the Mississippi River north of the Twin Cities.  Saint Paul, MN: Kelly, T. 

Department of Natural Resources (2013, July).  Chamber’s Grove aquatic habitat 
enhancement project environmental assessment worksheet.  Retrieved from 
http://files.dnr.state.mn.us/input/environmentalreview/solidbottom/eaw.pdf. 

Department of Natural Resources (2013, July).  Solid Bottom Creek restoration, Becker 
County environmental assessment worksheet.  Retrieved from 
http://files.dnr.state.mn.us/input/environmentalreview/solidbottom/eaw.pdf. 

Department of Natural Resources (2016).  Minnesota state-averaged annual 
precipitation graph.  Retrieved from 
http://files.dnr.state.mn.us/natural_resources/climate/summaries_and_publications/
minnesota_state_averaged_precipitation.pdf. 

Department of Natural Resources (2016).  Statistics on number of dams removed, dams 
modified and channel restorations by DNR stream habitat program from 1994-2015.  
Personal communication with Hilman, A. 

DeRose, R.C., and Basher, L.R. (2011).  Measurement of river bank and cliff erosion 
from sequential LIDAR and historical aerial photography.  Geomorphology, 126: 
132-147. 

Doyle, M.W., Stanley, E.H., Strayer, D.L., Jacobson, R.B.,  and Schmidt, J.C. (2005).  
Effective discharge analysis of ecological processes in streams.  Water Resources 
Research, 41: 1-16. 

Dunaway, D., Swanson, S.R., Wendel, J., and Clary, W. (1994). The effect of 
herbaceous plant communities and soil textures on particle erosion of alluvial 
streambanks.  Geomorphology, 9: 47-56. 



143	

Ellefson, M. (2015).  Flatten Profile, Calculate Slope, Calculate Low Bank, Calculate 
High Bank, Erosion Rate Prep, and Calculate Lateral Erosion Rate tools.  Used by 
author 2014-2015. 

Ellefson, M. (2016).  Personal communication.  Author of several GIS hydrology tools, 
Channel Survey Specialist, Minnesota Department of Natural Resources. 

Eller, D. (2014, May 3).  Erosion estimated to cost Iowa $1 billion in yield.  The Des 
Moines Register.  Retrieved from 
http://www.desmoinesregister.com/story/money/agriculture/2014/05/03/erosion-
estimated-cost-iowa-billion-yield/8682651/. 

Elliot, J.G. (1979).  Evolution of large arroyos, the Rio Puerco of New Mexico (Master's 
thesis). 

Emerson, J.W. (1971).  Channelization: a case study.  Science, 172: 325-326. 

Engel, F.L., and Rhoads, B.H. (2016).  Three-dimensional flow structure and patterns of 
bed shear stress in an evolving compound meander bend.  Earth Surface Processes 
and Landforms, 41: 1211-1226. 

Environmental Protection Agency (2016).  National summary of impaired waters and 
TMDL information.  Retrieved from 
https://iaspub.epa.gov/waters10/attains_nation_cy.control?p_report_type=T. 

Environmental Protection Agency (2016).  Summary of state information.  Retrieved 
from https://ofmpub.epa.gov/waters10/attains_nation_cy.control. 

Environmental Systems Research Institute (2010).  GIS for Highways, Redlands, CA.  
Retrieved from http://www.esri.com/industries/highways/index.html 

EQB Monitor (2016).  Archive of past and present environmental review documents.  
Retrieved from https://www.eqb.state.mn.us/eqb-monitor.   

Evans, D.J., Gibson, C.E., and Rossell, R.S. (2006).  Sediment loads and sources in 
heavily modified Irish catchments: a move towards informed management 
strategies.  Geomorphology, 79(1-2): 93-113. 

Federal Highway Administration (1978).  Countermeasures for hydraulic problems at 
bridges, volume one, analysis and assessment.  Report number FHWA/RD-78-162.  
Washington, D.C.: Brice, J.C., and Blodgett, J.C. 

Findley, D.J., Zegeer, C.V., Sundstrom, C.A., Hummer, J.E., Rasdorf W., and Fowler, 
T.J. (2012).  Finding and measuring horizontal curves in a large highway network: 
 A GIS approach.  Public Works Management & Policy, 17(2): 189-211. 

Finlayson, B., Wilson, D.J., and Stewardson, M.J. (2004).  GIS based analysis of 
historic river channel changes in Victoria, Australia.  30th Congress of the 
International Geographical Union.  Glasgow, Scotland. 

Florida Department of Transportation (2010).  Curvature Extension for ArcMap 
[computer program].  Transportation Statistics Office: Paul O'Rourke. 

FloridaRealtors (2015).  The impact of water quality on Florida's home values by 
FloridaRealtors.  Retrieved from 



144	

https://www.floridarealtors.org/ResearchAndStatistics/Other-Research-
Reports/upload/FR_WaterQuality_Final_Mar2015.pdf . 

Fox, G.A., Wilson, G.V., Simon, A., Langendoen, E.J., Akay, O., and Fuchs, J.W. 
(2007).  Measuring streambank erosion due to ground water seepage: correlation to 
bank pore water pressure, precipitation and stream stage.  Earth Surface Processes 
and Landforms, 32: 1558-1573. 

Francis, R., Gurnell, A., Petts, G., and Edwards, P. (2005).  Survival and growth 
responses of Populus nigra, Salix elaeagnos and Alnus incana cuttings to varying 
levels of hydric stress.  Forest Ecology Management, 210: 291-301. 

Francis, R., Gurnell, A., Petts, G., and Edwards, P. (2006).  Riparian tree establishment 
on gravel bars: interactions between plant growth strategy and the physical 
environment.  Braided Rivers: Process, Deposits, Ecology and Management.  
Blackwell, U.K. 

Galay, V.J. (1983).  Causes of river bed degradation.  Water Resources Research, 19(5): 
1057-1090. 

Geyer, W.A., Neppl, T., Brooks, K., and Carlisle, J. (2000).  Woody vegetation protects 
streambank stability during the 1993 flood in central Kansas.  Journal of Soil and 
Water Conservation, 55(4): 483-488. 

Glendale Community College Arizona (2017).  Fluvial processes.  Retrieved from 
http://web.gccaz.edu/~lnewman/gph111/topic_units/fluvial/fluvial2.html. 

Glinski, J. and Lipiec, J. (1990).  Soil physical conditions and plant roots.  CRC Press, 
Boca Raton, FL. 

Goodwin, C.N. (1996).  Channel widening and bank erosion processes on a cobble-bed 
river.  Geological Society American Bulletin Abstr Programs, 28:(7): 262. 

Graf, W.L. (1978).  Fluvial adjustments to the spread of tamarisk in the Colorado 
Plateau region.  Geological Society American Bulletin, 89: 1491-1501. 

Gran, K, and Paola, C. (2001).  Riparian vegetation controls on braided stream 
dynamics.  Water Resources Research, 37(12): 3275-3283. 

Gray, D.H., and Leiser, A.T. (1982).  Biotechnical slope protection and erosion control.  
Van Nostrand Reinhold, New York. 

Gregory, S.V., Lamberti, G.A., Erman, D.C., Koski, K.V., Murphy, M.L., and Sedell, 
J.R. (1987).  Influence of forest practices on aquatic production.  In Salo, E.O., 
Cundy, T.W. (Eds.), Streamside mangagement: forestry and fishery interactions.  
University of Washington, Seattle. 

Griffin, E.R., and Smith, J.D. (2004).  Floodplain stabilization by woody riparian 
vegetation during an extreme flood.  Riparian Vegetation and Fluvial 
Geomorphology, Bennett, S. and Simon, A. (eds).  Water Science and Applications 
8.  American Geophysical Union: Washington DC; 71-85. 

Grissinger, E.H. (1982).  Bank erosion of cohesive materials.  In: Gravel-bed rivers, 
R.D. Hey, J.C. Bathurst, and C.R. Thorne (eds).  John Wiley and Sons, Ltd. New 



145	

York, New York. 273-287. 
Hadley, R.F. (1961).  Influence of riparian vegetation on channel shape, northeastern 

Arizona.  U.S. Geological Survey Professional Papers 424-C, 30-31. 
Hall, L. (2015).  Personal communication regarding stream power time commitment.  

Author of study using stream power. 
Hamlett, J.M., Baker, J.L., and Johnson, H.P. (1983).  Channel morphology changes 

and sediment yield for a small agricultural watershed in Iowa.  Transactions of the 
American Society of Agricultural Engineering, 26:1390-1396. 

Harmon, M., Franklin, J., Swanson, F., Sollins, P., Gregory, S., Lattin, J., Anderson, N., 
Cline, S., Aumen, N., Sedell, J., Lienkaemper, G., Cromack Jr., K., and Cummins, 
K. (1986).  Ecology of coarse woody debris in temperate ecosystems.  Advances in 
Ecological Research, 15: 133-302. 

Harping, J. (2010).  Curve Finder FAQ for Version 2.  New Hampshire Department of 
Transportation. 

Hawkins, C.P., Bartz, K.L., and Neale, C.M.U. (1997).  Vulnerability of riparian 
vegetation to catastrophic flooding: implications for riparian restoration.  
Restoration Ecology, 5: 75-84. 

Hermann, S., and Klette, R. (2007).  A comparative study on 2D curvature estimators.  
International Conference on Computing: Theory and Applications, 584-589. 

Hession, W.C., Pizzuto, J.E., and Horwitz, R.J. (2003).  Influence of bank vegetation on 
channel morphology in rural and urban watersheds.  Geology, 31(2): 147-150. 

Hey, R.D. (1997).  Stable river morphology.  In Thorne, C.R., Hey, R.D, and Newson, 
M.D. (eds).  Applied fluvial geomorphology for river engineering and management.  
Chichester: J. Wiley and Sons, 223-239. 

Hey, R.D., and Thorne, C.R. (1986).  Stable channels with mobile gravel beds.  Journal 
of Hydraulic Engineering, 112(8): 671-689. 

Hickin, E. (1974).  The development of meanders in natural river channels.  American 
Journal of Science, 15: 1833-1849. 

Hooke, J.M.  (1979).  An Analysis of the Processes of River Bank Erosion.  Journal of 
Hydrology, 42: 39-62. 

Hooke, J.M. (1980).  Magnitude and Distribution of Rates of River Bank Erosion.  
Earth Surface Processes, 5: 143-157. 

Hopkinson, L., and Wynn, T. (2009).  Vegetation impacts on near bank flow.  
Ecohydrology, 2: 404-418. 

Huang, H.Q., and Nanson, G.C. (1997).  Vegetation and channel variation: a case study 
of four small streams in southeastern Australia.  Geomorphology, 18: 237-249. 

Hult, K. (2015, May 8).  MN fishing industry reeling in big business.  KARE 11.  
Retrieved from http://www.kare11.com/news/mn-fishing-industry-reeling-in-big-
business/274191893. 



146	

I&S Group (2014, February).  Martin County Multipurpose Drainage Management 
Plan, Final Engineering Report, Martin County, Minnesota.  (Project No. 12-15139.) 

Iowa State University Extension, Outreach Field Agronomist, and Iowa Learning 
Farms.  (2013, January).  The cost of soil erosion.  Ames, IA: Iowa Learning Farms. 

Ireland, H.A., Sharpe, C.F.S., and Eargle, D.H. (1939).  Principles of gully erosion in 
the Piedmont of South Carolina.  U.S. Department of Agriculture Technical Bulletin, 
633: 142 pages. 

Ishikawa, Y., Sakamoto, T., and Mizuhara, K. (2003).  Effect of density of riparian 
vegetation on effective tractive force.  Journal of Forest Resources Japan, 8: 235-
246. 

Jackson, R.B., Candell, J., Ehleringer, J.R., Mooney, H.A., Sala, O.E., and Schultze 
E.D. (1996).  A global analysis of root distributions for terrestrial biomes.  
Oecologia, 108(3): 389-411. 

Jeffries, R., Darby, S.E., and Sear, D.A. (2003).  The influence of vegetation and 
organic debris on floodplain sediment dynamics:  Case study of a low-order stream 
in the New Forest, England.  Geomorphology, 51: 61-80. 

Johnson, H.O., Gupta, S.C., Vecchia, A.V., and Zvomuya, F. (2009).  Assessment of 
water quality trends in the Minnesota River using non-parametric and parametric 
methods.  Journal of Environmental Quality, 38(3): 1018-1030. 

Juracek, K.E., and Ziegler, A.C. (2009).  Estimation of sediment sources using selected 
chemical tracers in the Perry Lake basin, Kansas, USA.  International Journal of 
Sediment Research, 24: 108-125. 

Kean, J.W., Kuhnle, R.A., Smith, J.D., Alonso, C.V., and Langendoen, E.J. (2009).  
Test of a method to calculate near-bank velocity and boundary shear stress.  Journal 
of Hydraulic Engineering, 135(7): 588-602. 

Keller, E.A. (1972).  Development of alluvial stream channels: a five-stage model.  
Geological Society of America Bulletin, 83: 1531-1536. 

Keller, E.A., and Swanson, F.J. (1979).  Effects of large organic matter on channel form 
and fluvial processes.  Earth Surface Processes, 4(4): 361-380. 

Kiatdd (2016).  Radius of curvature.  Retrieved from 
https://commons.wikimedia.org/wiki/File:Radius_of_curvature.gif. 

Kramer, P.J. (1983).  Water relations of plants.  Academic Press, New York. 

Krysel, C., Boyer, E.M., Parson, C., and Welle, P.,  (2003).  Lakeshore property values 
and water quality: Evidence from property sales in the Mississippi Headwaters 
region.  Submitted to the Legislative Commission on Minnesota Resources by the 
Mississippi Headwaters Board and Bemidji State University. 

Kummu, M., Lu, X.X., Rasphone, A., Sarkkula, J, and Koponen, J. (2008).  Riverbank 
changes along the Mekong River: Remote sensing detection in the Vientiane-Nong 
Khai area.  Quaternary International, 186: 100-112. 

Lauer, W. (2006).  Planview statistics.  Retrieved from http://www.nced.umn.edu. 



147	

Lauer, W., and Parker, G. (2008).  Net Local Removal of Floodplain Sediment by River 
Meander Migration.  Geomorphology, 96: 123-149. 

Lawler, D.M. (1986).  River bank erosion and the influence of frost: a statistical 
examination.  Transactions of the Institute of British Geographers N.S., 11: 227-
242. 

Lawler, D.M. (1992).  Process dominance in bank erosion systems.  In: Lowland 
floodplain rivers, Carling, P., Petts, G.E. (eds.).  Wiley: Chichester: 117-143. 

Lawler, D.M. (1995).  The impact of scale on the processes of channel-side sediment 
supply: a conceptual model.  In: Effects of scale on interpretation and management 
of sediment and water quality.  IAHS, 226: 175-184. 

Lawler, D.M., Couperthwaite, J., Bull, L.J., and Harris, N.M. (1997).  Bank erosion 
event and process in the Upper Severn Basin.  Hydrologic and Earth Systems 
Science, 1: 523-534. 

Lawler, D.M., Grove, J.R., Couperwaite, J.S., and Leeks, G.L. (1999).  Downstream 
change in river bank erosion rates in the Swale-Ouse system, northern England.  
Hydrological Processes, 13: 977-992. 

Lee, K.H., Isenhart, T.M., and Schultz, R.C. (2003).  Sediment and nutrient removal in 
an established multi-species riparian buffer.  Journal of Soil and Water 
Conservation, 58(1): 1-8. 

Lenhart, C.F. (2008).  The influence of watershed hydrology and stream 
geomorphology on turbidity, sediment and nutrients in tributaries of the Blue Earth 
River, Minnesota, USA (Doctoral dissertation). 

Lenhart, C.F., Brooks, K.N., Heneley, D., and Magner, J.A. (2010).  Spatial and 
temporal variation in suspended sediment, organic matter, and turbidity in a 
Minnesota prairie river: Implications for TMDLs.  Environmental Monitoring and 
Assessment, 165: 435-447 

Lenhart, C.F., Peterson, H., and Nieber, J. (2011).  Increased streamflow in agricultural 
watersheds of the Midwest: Implications for management.  Watershed Science 
Bulletin, Spring 2011. 

Lenhart, C.F., Verry, E.S., Brooks, K.N., and Magner, J.A. (2011).  Adjustment of 
prairie pothole streams to land-use, drainage and climate changes and consequences 
for turbidity impairment.  River Research and Applications, 28: 1609-1619. 

Leopold, L.B., Wolman, M.G., and Miller, J.P. (1992). Fluvial Processes in 
Geomorphology. Dover Publications. 

Ma, Q., Baris, R., and Cohen, S. (2008).  Buffer widths and nutrient sediment removal 
efficiencies.  Proceedings, American Water Resources Association 2008 Summer 
Specialty Conference.  Middleburg, VA. 

Mackin, J.H. (1956).  Cause of braiding by a graded river.  Geological Society of 
America Bulletin, 67: 1717-1718. 

Maine Department of Environmental Protection (2013).  The economics of lakes: 



148	

Dollars and sense.  Retrieved from 
http://www.maine.gov/dep/water/lakes/research.html. 

Mallakpour, I., and Villarini, G. (2015).  The changing nature of flooding across the 
central United States.  Nature Climate Change, 5: 250-254. 

Marcotty, J., and Kennedy, T. (2015, December 6).  In Minnesota's farm country, clean 
water is costly.  Star Tribune.  Retrieved from http://www.startribune.com/in-
minnesota-s-farm-country-clean-water-is-costly/360685251/. 

Martin County (2014, February).  Martin County multipurpose drainage management 
plan.  Retrieved from 
http://www.co.martin.mn.us/images/Ditch%20Admin/Martin%20County%20Multip
urpose%20Drainage%20Management%20Plan.pdf. 

McBride, M., Hession, W.C., and Rizzo, D.M. (2008).  Riparian reforestation and 
channel change:  A case study of two small tributaries to Sleepers River, 
northeastern Vermont, USA.  Geomorphology, 102: 445-459. 

McBride, M., Hession, W.C., and Rizzo, D.M. (2010).  Riparian reforestation and 
channel change: How long does it take?  Geomorphology, 116: 330-340. 

McBride, M., Hession, W.C., Rizzo, D.M., and Thompson, D.M. (2007).  The influence 
of riparian vegetation on near-bank turbulence:  A flume experiment.  Earth Surface 
Processes and Landforms, 32: 2019-2037. 

McBride, M.B. (1994).  Environmental chemistry of soils.  Oxford University Press, 
New York, New York. 

McGinty, D.T. (1976).  Comparative root and soil dynamics on a white pine watershed 
and in the hardwood forest in the Coweeta Basin.  (Doctoral dissertation). 

Micheli, E.R., and Kirchner, J.W. (2002).  Effects of wet meadow riparian vegetation on 
streambank erosion.  2.  Measurements of vegetated bank strength and consequences 
for failure mechanics.  Earth Surface Processes and Landforms, 27: 687-697. 

MichiganTech Forest Resources and Environmental Science (2016).  Calculating stream 
sinuosity in ArcView GIS and ArcMap.  Retrieved from 
http://forest.mtu.edu/faculty/hyslop/gis/sinuosity.html. 

Midgley, T.L., Fox, G.A., and Heeren, D.M.  (2012).  Evaluation of the bank stability 
and toe erosion model (BSTEM) for predicting lateral retreat on composite 
streambanks. Geomorphology.  DOI: 10.1016/j.geomorph.2011.12.044 

Minnehaha Creek Watershed District (2011).  Benefits of wetland buffers: a study of 
functions, values and size.  Prepared by Emmons and Olivier Resources, Inc. 

Minnehaha Creek Watershed District (2013, July).  Long Lake Creek corridor 
improvement project, phase II, Hennepin County environmental assessment 
worksheet.  Retrieved from 
http://www.minnehahacreek.org/sites/minnehahacreek.org/files/EAW%20-
%20Long%20Lake%20Creek%20-%20FINAL_08122014.pdf. 

Minnehaha Creek Watershed District (2016).  Minnehaha Creek restoration 



149	

environmental assessment worksheets.  Retrieved from 
http://www.minnehahacreek.org/project/minnehaha-creek-restoration-325-blake-
road. 

Minnesota Department of Health (2015, May).  Minnesota drinking water 2015: Annual 
report for 2014.  Saint Paul, MN. 

Minnesota Environmental Quality Board and Minnesota’s Department of Employment 
and Economic Development (2015, September).  Minnesota’s Water Industry 
Economic Profile:  Leveraging industry strengths to grow an emerging cluster.  
Saint Paul, MN. 

Minnesota Geospatial Information Office (2016).  Rivers and streams data for 
Minnesota.  Retrieved from 
http://www.mngeo.state.mn.us/chouse/water_rivers.html. 

Minnesota Pollution Control Agency (2010, December).  Whitewater River Watershed 
national monitoring program project.  Saint Paul, MN: Johnson, G. 

Minnesota Pollution Control Agency (2012, August).  Buffalo River Watershed 
Monitoring and Assessment Report.  Saint Paul, MN:  Dingmann, A.J., Niemela, S., 
Anderson, P., Butzer, A., Monson, B., Paakh, B., Frederick, J., Lundeen, B., 
Christopherson, D., and Parson, K. 

Minnesota Pollution Control Agency (2012a).  Le Sueur watershed stream width data.  
Mankato, MN:  Cambell, E., and Ganske, L.  

Minnesota Pollution Control Agency	(2012b).  Turbidity Total Maximum Daily Load 
study: Greater Blue Earth River Basin.  Submitted by Minnesota State University 
Mankato Water Resources Department. 

Minnesota Pollution Control Agency (2013).  Minnesota Statewide Altered 
Watercourse Project.  Retrieved from https://www.pca.state.mn.us/water/minnesota-
statewide-altered-watercourse-project. 

Minnesota Pollution Control Agency (2014, July).  Buffalo River Watershed biotic 
stressor identification: A study of local stressors limiting the biotic communities in 
the Buffalo River Watershed.  Saint Paul, MN: Paakh, B. 

Minnesota Pollution Control Agency (2015, April).  Swimmable, fishable, fixable?  
What we've learned so far about Minnesota waters.  Saint Paul, MN: Minnesota 
Pollution Control Agency. 

Minnesota Pollution Control Agency (2015).  Final 2012 impaired waters list.  
Retrieved from https://www.pca.state.mn.us/water/minnesotas-impaired-waters-list 
in 2015.  Site also contains percentage of impaired waters.  (2014 and 2016 list are 
still draft lists.) 

Minnesota Pollution Control Agency (2016, August).  Buffalo River Watershed Total 
Maximum Daily Load.  Saint Paul, MN: Erickson, T., Deutschman, M.R., 
Jazdzewski, and James, T.R. 



150	

Minnesota Pollution Control Agency (2016, January).  Mississippi River - Winona 
Watershed pollutant reduction project (Total Maximum Daily Load Study) for 
nutrients, sediment and bacteria.  Saint Paul, MN. 

Minnesota Pollution Control Agency (2017).  Water quality standards.  Retrieved from 
https://www.pca.state.mn.us/water/water-quality-standards . 

Montgomery, D., and Abbe, T. (2006).  Influences of logjam-formed hard points on the 
formation of valley-bottom landforms in an old-growth forest valley, Queets River, 
Washington, USA.  Quat. Res., 65(1): 147-155. 

Montgomery, D.H. (2015, August 31).  Minnesota's polluted and clean waters, mapped.  
Twin Cities Pioneer Press.  Retrieved from  
http://blogs.twincities.com/politics/2015/08/31/minnesotas-polluted-and-clean-
waters-mapped/ 

Montgomery, D.R. (1997).  What’s best on banks?  Nature, 388. 
Munsell Color (2010).  Munsell soil-color charts with genuine Munsell color chips.  

Grand Rapids, MI: Munsell Color. 
Murgatroyd, A.L., and Ternan, J.L. (1983).  The impact of afforestation on stream bank 

erosion and channel form.  Earth Surface Processes and Landforms, 8: 357-369. 
Nakamura, F., and Swanson, F. (1993).  Effects of coars woody debris on morphology 

and sediment storage of a mountain stream system in western Oregon.  Earth 
Surface Processes and Landforms, 18: 43-61. 

Nanson, G., and Beach, H. (1997).  Forest succession and sedimentation on a 
meandering-river floodplain, North East British Columbia, Canada.  Journal of 
Biogeography, 4: 229-251. 

Nanson, G., and Hickin, E. (1986).  A Statistical Analysis of Bank Erosion and Channel 
Migration in Western Canada.  Geological Society of America Bulletin, 97(4): 497-
504. 

Nanson, G.C. and Hickin, E.J. (1983).  Channel migration and incision on the Beatton 
River: American Society of Civil Engineers Proceedings.  Journal of Hydraulic 
Engineering, 109: 327-337. 

National Oceanic and Atmospheric Association (2016).  Climate of Minnesota.  
Retrieved from 
http://www.ncdc.noaa.gov/climatenormals/clim60/states/Clim_MN_01.pdf. 

Nevins, T.H.F. (1969).  River training - the single-thread channel.  N.Z. Eng., 367-373. 
New York Department of Transportation (2016).  Governor Andrew M. Cuomo's scour 

critical/flood prone bridge program.  Retrieved from https://www.dot.ny.gov/cbow. 
Odgaard, A.J. (1987).  Streambank erosion along two rivers in Iowa.  Water Resources 

Res., 23(7): 1225-1236. 
Odgaard, J. (1984).  Bank erosion contribution to sediment load.  Iowa Institute of 

Hydrological Research Report No. 280.  The Unversity of Iowa. 



151	

Osterkamp, W.R., and Hupp, C.R. (2010).  Glimpses of the past, the present and 
perhaps the future.  Geomorphology, 116: 274-285. 

Outdoor Industry Association (2012).  The outdoor recreation economy: Take it outside 
for Minnesota jobs and a strong economy.  Boulder, CO: Outdoor Industry 
Association. 

Palmer, M.A., and Allan, J.D. (2006).  Restoring rivers. Issues in Science and 
Technology, 22(2). 

Peterson, A.M. (1993).  Effects of electrical transmission rights-of-way on trout in 
forested headwater streams in New York.  North American Journal of Fisheries 
Management, 13(3): 581-585. 

Piercy, C., and Wynn, T. (2008).  Predicting root densities in streambanks.  Journal of 
the American Water Resources Association, 44(2). 

Piest, R.F., Elliott, L.S., and Spomer, R.G. (1977).  Erosion of the Tarkio drainage 
system, 1845-1976.  Transactions of American Society of Agricultural Engineers, 
20: 485-488. 

Pietsch, T., and Nanson, G. (2011).  Bankfull hydraulic geometry; the role of in-channel 
vegetation and downstream declining discharges in the anabranching and 
distributory channels of the Gwydir distributive fluvial system, Southeastern 
Australia.  Geomorphology, 129(1-2): 152-165. 

Pilgrim, D.H., Huff, D.D., and Steele, T.D. (1979).  Use of specific conductance and 
contact time relations for separating flow components in storm runoff.  Water 
Resources Research, 15(2): 329-339. 

Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D., McNair, M., Crist, 
S., Shpritz, L., Fitton, L., Saffouri, R., and Blair, R. (1995).  Environmental and 
economic costs of soil erosion and conservation benefits. Science, 267(5201): 1117-
1123. 

Pollen, P. (2007).  Temporal and spatial variability in root reinforcement of 
streambanks:  Accounting for soil shear strength and moisture.  Catena, 69: 197-
205. 

Presnail, M.L. (2013).  Prioritizing stream restoration:  A decision support tool for use 
in restoring waters impaired by excess sediment in the Blue Earth River Basin of 
Minnesota (Master’s thesis). 

Prosser, I., Dietrich, W., and Stevenson, J. (1995).  Flow resistance and sediment 
transport by concentrated overland flow in a grassland valley.  Geomorphology, 13: 
71-86. 

Quade, H. (2000).  Blue Earth River major watershed diagnostic report: Blue Earth 
River Basin implementation framework.  South Central Minnesota County, 
Comprehensive Water Planning Project.  Joint Powers Board, Water Resources 
Center.  Minnesota State University: Mankato, MN. 



152	

Rasdorf, W., Findley, D.J., Zegeer, C.V., Sundstrom, C.A., and Hummer, J.E. (2011).    
Evaluation of GIS applications for horizontal curve data collection. Journal of 
Computing in Civil Engineering, 26(2): 191-203. 

Reetz, G. (2015).  Personal communication on Governor’s buffer initiative.  Director, 
Watershed Division, Minnesota Pollution Control Agency. 

Reuss, M. (2005).  Ecology, planning and river management in the United States:  Some 
historical reflections.  Ecology and Society, 10(1): 34-44. 

Rhodes, J. and Trent, R. (1993).  Economics of floods, scour, and bridge failures, 
hydraulic engineering.  ASCE, Proceedings of the 1993 National Conference, 1:928-
933. 

Richards, K.S. (1982).  Rivers, form and process in alluvial channels.  New York: 
Methuen. 

Rood, S., Bigelow, S., Polzin, M.L., Gill, K.M., and Coburn, C.A. (2014). Biological 
bank protection:  Trees are more effective than grasses at resisting erosion from 
major river floods.  Ecohydrology. DOI: 10.1002/eco.1544. 

Rosgen, D. (1996).  Applied river morphology.  Wildland Hydrology.  Pagosa Springs, 
CO. 

Rosgen, D. (2008).  River stability field guide.  Fort Collins, CO: Wildland Hydrology 

Rowntree, K.M., and Dollar, E.S.J. (1999).  Vegetation controls on channel stability in 
the Bell River, Eastern Cape, South Africa.  Earth Surface Processes Landforms, 
24: 127-134. 

Roy, A.H., Faust, C.L., Freeman, M.C., and Meyer, J.L. (2005).  Reach-scale effects of 
riparian forest cover on urban stream ecosystems.  Canadian Journal of Fisheries 
and Aquatic Sciences, 62(10): 2312-2329. 

Rutherford, I. (2007).  The influence of riparian management on stream erosion in 
Lovett, S., and Price P. Principles for Riparian Land Management.  Land and Water 
Australia, 85-116. 

Sass, C., and Keane, T. (2012).  Application of Rosgen's BANCS Model for NE Kansas 
and the Development of Predictive Streambank Erosion Curves.  Journal of the 
American Water Resources Association, 48(4): 774-787. 

Scarsbrook, M.R., and Halliday, J. (1999).  Transition from pasture to native forest 
land-use along stream continua: effects on stream ecosystems and implications for 
restoration.  New Zealand Journal of Marine and Freshwater Research, 33(2): 293-
310. 

Schilling, K.E., and Wolter, C.F. (2000).  Applications of GPS and GIS to map channel 
features in Walnut Creek, Iowa.  Journal of the American Water Resources 
Association, 36(6): 1423-1434. 

Schottler, S.P., Engstrom, D.R., and Blumentritt, D. (2010).  Fingerprinting sources of 
sediment in large agricultural river systems.  Final report to Minnesota Pollution 
Control Agency CFMS A94798. 



153	

Schottler, S.P., Ulrich, J., Belmont, P., Moore, R., Lauer, J.W., Engstrom, D.R., and 
Almendinger, J.E. (2013).  Twentieth century agricultural drainage creates more 
erosive rivers.  Hydrologic Processes.  DOI: 10.1002/hyp.9738. 

Schumm, A. and Parker, R.S. (1973).  Implications of complex response of drainage 
systems for quarternary alluvial stratigraphy.  Nature (Physical Science), 243: (99-
100). 

Schumm, S., Harvey, D., and Watson, C. (1984).  Incised channels: morphology 
dynamics and control.  Water Resources Publications: Fort Collins, CO. 

Schumm, S.A., and Hadley, R.F. (1957).  Arroyos and the semiarid cycle of erosion.  
American Journal of Science, 225: 161-174. 

Scott County (2013, July).  Quarry Creek stabilization project environmental 
assessment worksheet.  Retrieved from 
http://files.dnr.state.mn.us/input/environmentalreview/chambers-grove/eaw.pdf.  

Sekely, A.C., Mulla, D.J., and Bauer, D.W. (2002).  Streambank slumping and its 
contribution to the phosphorus and suspended sediment loads of the Blue Earth 
River, Minnesota.  Journal of Soil and Water Conservation, 57(5): 243-250. 

Shankman, D., (1993).  Channel migration and vegetation patterns in the southeastern 
coastal plain.  Conservation Biology, 7(1): 176-183. 

Shields, F.D., Jr., and Gray, D.H. (1992).  Effects of woody vegetation on sandy levee 
integrity.  Water	Resources	Bulletin,	Water	Resources	Bulletin,	28:91728:917--931.931. 

Simon, A. (1989).  A model of channel response in disturbed alluvial channels. Earth 
Surface Processes and Landforms, 14: 11-26. 

Simon, A., and Collison, A. (2002).  Quantifying the mechanical and hydrologic effects 
of riparian vegetation on streambank stability.  Earth Surface Processes and 
Landforms, 27: 527-546. 

Simon, A., and Darby, S. (1999).  Incised Rivers.  John Wiley and Sons, Chichester, 
United Kingdom. 

Simon, A., and Hupp, C.R. (1986).  Channel evolution in modified Tennessee channels.  
Proceedings, Fourth Federal Interagency Sedimentation Conference, Las Vegas, 
March 24-27, 1986, 2: 5-82. 

Simon, A., and Pollen, N. (2006).  A model of streambank stability incorporating 
hydraulic erosion and the effects of riparian vegetation.  Proceedings of the Eighth 
Federal Interagency Sedimentation Conference, April 2-6, 2006, Reno, NV, USA. 

Simon, A., and Rinaldi, M. (2000).  Channel instability in the loess area of the 
Midwestern United States.  Journal of the American Water Resources Association, 
36(1): 133-150. 

Simon, A., and Rinaldi, M. (2006).  Disturbance, stream incision and channel evolution: 
The roles of excess transport capacity and boundary materials in controlling channel 
response.  Geomorphology, 79: 361-383. 



154	

Simon, A., Dickerson, W., and Heins (2004).  Suspended-sediment transport rates at the 
1.5-year recurrence interval for ecoregions of the United States: transport conditions 
at the bankfull and effective discharge.  Geomorphology, 58: 243-262. 

Simon, A., Rinaldi, M, and Hadish, G. (1996).  Channel evolution in the loess area of 
Midwestern United States.  Proceedings of the Sixth Federal Interagency 
Sedimentation Conference, Las Vegas, Nevada.  U.S. Government Printing Office, 
Washington, D.C. 

Smith, E.A. (2012).  Spatial and temporal variability of preferential flow in a 
subsurface-drained landscape in north-central Iowa (Doctoral dissertation). 

Smith, J.D. (2004).  The role of riparian shrubs in preventing floodplain unravelling 
along the Clark fork of the Columbia River in the Deer Lodge Valley, Montana.  
Riparian Vegetation and Fluvial Geomorphology, 71-85. 

Spencer, J. (2015, June 9).  Minnesota’s water war: Battle brews over needs of tourism 
agriculture.  Star Tribune.  Retrieved from http://www.startribune.com/water-rules-
divide-tourism-agriculture/306330241/. 

State of Minnesota (2016).  Fact Sheet: Cleaning up Minnesota's water, 2016 budget 
for a better Minnesota.   Retrieved from 
www.mn.gov/2016_03_15_FINAL_water_infrastructure_quality_fact_sheet.pdf. 

State University of New York (2016).  Fluvial Geomorphology.  Syracuse, NY: 
Endreny, T.  Retrieved from http://www.fgmorph.com/showglossary.php. 

Steiger, J., Gurnell, A., and Petts, G. (2001b).  Sediment deposition along the channel 
margins of a reach of the middle river Severn, UK.  Regul. Rivers Resource 
Management, 17: 443-460. 

Steiger, J., Gurnell, A., Erginzinger, P., and Snelder, D. (2001a).  Sedimentation in the 
riparian zone of an incising river.  Earth Surface Processes Landforms, 26(1): 193-
201. 

Stott, T. (1997).  A comparison of stream bank erosion processes on forested and 
moorland streams in the Balquhidder catchments, central Scotland.  Earth Surface 
Processes and Landforms, 22(4): 383-399. 

Stromsoe, N. and Callow, J. (2012).  The role of vegetation in mitigating the effects of 
landscape clearing upon dryland stream response trajectory and restoration 
potential.  Earth Surface Processes Landforms, 37(2): 180-192. 

Sun, G.W., Coffin, D.P., and Lauenroth, W.K. (1997).  Comparison of root distributions 
of species in North American grasslands using GIS.  Journal of Vegetation Science, 
8(4): 587-596. 

Sweeney, B.W. (1992).  Streamside forests and the physical, chemical, and trophic 
characteristics of piedmont streams in eastern North America.  Water Science and 
Technology, 26(12): 2653-2673. 



155	

Sweeney, B.W., Bott, T.L., Jackson, J.K., Kaplan, L.A., Newbold, J.D., Stanley, L.J., 
Hession, W.C., and Horwitz, R.J. (2004).  Riparian deforestation, stream narrowing, 
and loss of stream ecosystem services.  Proceedings of the National Academy of 
Sciences, 101(39): 14132-14137. 

Thoma, D.P., Gupta, S.C., Bauer, M.E. and Kirchoff, C.E. (2005).  Airborne laser 
scanning for riverbank erosion assessment.  Remote Sensing of Environment, 95(4): 
493-501. 

Thorne, C.R. (1982).  Processes and mechanism of riverbank erosion in Gravel-Bed 
River.  Edited by R.D. Hey, J.C. Bathurst, and C.R. Thorne.  227-271.  John Wiley, 
Chirchester, UK. 

Thorne, C.R. (1990).  Effects of vegetation on riverbank erosion and stability.  
Vegetation and Erosion: Processes and Environments.  Chichester: John Wiley & 
Sons. 

Thorne, S., and Furbush, D. (1995).  Influence of coarse bank roughness on flow within 
a sharply curved river bend.  Geomorphology, 12: 241-257. 

Three Rivers Park District (2016).  Nine Mile Creek restoration environmental 
assessment worksheet.  Retrieved from 
http://www.ninemilecreek.org/UploadedFiles/413/+Edina%20EAW%20A_Aug6-
2015.pdf. 

Titov, M. (2015).  Channel Migration tool [computer software]. Retrieved from 
http://mlt.github.io/QGIS-Processing-tools/. 

Titov, M. (2015).  Personal communication.  Author of BBE Dynamic Lateral 
Migration Tool. 

Toni Giorgino (2009). Computing and Visualizing Dynamic Time Warping Alignments 
in R: The dtw Package. Journal of Statistical Software, 31(7), 1-24, 
doi:10.18637/jss.v031.i07.  

Tooth, S., and Nanson, G.C. (2000).  The role of vegetation in the formation of 
anabranching channels in an ephemeral river, northern plains, arid central Australia.  
Hydrologic Processes, 14: 3099-3117. 

Trimble, S. (1997).  Stream channel erosion and change resulting from riparian forests. 
 Geology, 25(5): 467-469. 

Trimble, S.W. (2004).  Effects of riparian vegetation on stream channel stability and 
sediment budgets.  In Bennett, S.J., Simon, A. (Eds.), Riparian vegetation and 
fluvial geomorphology.  American Geophysical Union, Washington, D.C. 

Triplett, L. (2014).  Variation in vegetation establishment, hydrologic regime, and 
sediment transport within the Minnesota River Basin (Master's thesis). 

Tufekcioglu, A., Raich, J.W., Isenhart, T.M. and Schultz, R.C. (1999).  Fine root 
dynamics, coarse soil biomass, root distribution and soil respiration in a 
multispecies riparian buffer in Central Iowa, USA.  Agroforestry Systems, 44(2-3): 
163-174. 



156	

U.S. Army Corps of Engineers (1966, May).  A century of service: The centennial story 
of the St. Paul District, Army Corps of Engineers.  St. Paul, MN: Ryder, F.J. 

U.S. Army Corps of Engineers (1981, December).  Report to the Chief Engineers to the 
Secretary of the Army.  A study of streambank erosion in the United States.  August 
1969, cited in Final Report to Congress: The streambank erosion control evaluation 
and demonstration act of 1974, section 21, public law 93-251; main report; 
supplemented by appendices a-h in separate volumes. 

U.S. Army Corps of Engineers (2008).  The U.S. Army Corps of Engineers: A brief 
history.  Alexandria, VA. 

U.S. Army Corps of Engineers (2016).  Bankfull.  Retrieved from 
http://www.swg.usace.army.mil/Portals/26/docs/regulatory/Streams/Terminology%
20June%202013.pdf . 

U.S. Department of the Interior (1953).  The hydraulic geometry of stream channels and 
some physiographic implications.  Washington, DC: Leopold, L.B., and Maddock, 
T.  

U.S. Department of Transportation (2016, August).  National Bridge Inventory (NBI).  
Washington, DC: Federal Highway Administration. 

U.S. Department of Transportation, Federal Highway Administration (2012, April).  
Stream stability at highway structures, fourth edition.  (Publication No. FHWA-
HIF-12-004.  Hydraulic Engineering Circular No. 20.) 

U.S. Environmental Protection Agency (2013, April).  Drinking water infrastructure 
needs survey and assessment: Fifth report to Congress.  Washington, D.C. 

U.S. Fish and Wildlife Service (1975).  A study of the effects of stream channelization 
and bank stabilization on warm water sport fish in Iowa.  Subproject number one, 
inventory of of major stream alterations in Iowa.  FWS/OBS-76-11.  Ames, Iowa.  
Bulkley, R.V. 

U.S. Fish and Wildlife Service (1993, June).  User's guide to National Wetlands 
Inventory maps (Region 3) and classification of wetlands and deepwater habitats of 
the United States.  Bloomington, MN: Santos, K.M., and Gauster, J.E. 

U.S. Forest Service (2016).  Bankfull image.  Retrieved from 
http://www.fs.fed.us/eng/pubs/htmlpubs/htm10232808/page03.htm. 

U.S. Geological Survey (1962).  The concept of entropy in landscape evolution.  
Professional paper 500.  Leopold, L.B., and Langbein, W.B. 

U.S. Geological Survey (2016).  Bankfull.  Retrieved from 
http://pubs.usgs.gov/sir/2009/5144/pdf/sir2009-
5144_mulvihil_bankfull_2revised508.pdf. 

U.S. Geological Survey and US Department of the Interior in cooperation with US 
Department of State (2012).  A brief history and summary of the effects of river 
engineering and dams on the Mississippi River system and delta.  (Circular 1375.)  
Reston, VI: Alexander, J.S., Wilson, R.C., and Green, W.R. 



157	

Underhill, B.L. (2013).  The influence of vegetation and root density on erosion for 
three streams in Minnesota (Master’s thesis). 

University of Maine.  (1996, February).  Water quality affects property prices: A case 
study of selected Maine lakes.  (Miscellaneous Report 398.)  Maine Agricultural and 
Forestry Experiment Station: Michael, H.J., Boyle, K.J., and Bouchard, R. 

University of Minnesota (2010, November).  Minnesota Department of Agriculture 
impaired waters research technical proposal:  Priority setting of watershed 
restoration in sentinel watersheds.  Saint Paul, MN: Lenhart, C.F. 

University of Minnesota (2011, February).  Evaluation of buffer width on hydrologic 
function, water quality and ecological integrity of wetlands, research project.  
(Final Report 2011-06 for Minnesota Department of Transportation Research 
Services Office of Policy Analysis, Research & Innovation.)  Saint Paul, MN: 
Nieber, J.L., Arika, C., Lenhart, C., Titov, M., and Brooks, K. 

University of Minnesota (2015, September).  MDA priority setting in watershed 
restoration, final report.  Saint Paul: Lenhart, C. and Nieber, J. 

Vaughn, S. (2015).  Personal communication regarding stream power time commitment.  
GIS Hydrologist, Watershed Delineation Project, Minnesota Department of Natural 
Resources. 

Vincent, K.R., Friedman, J.M. and Griffin, E.R. (2009).  Erosional consequence of 
saltcedar control.  Environmental Management, 44: 218-227. 

Walker, M., and Rutherford, I. (1999).  An approach to predicting rates of bend 
migration in meandering alluvial streams.  Proceedings of Second Australian Stream 
Managers Conference, February 1999: 659-665. 

Walling, D.E., Owens, P.N., and Leeks, G.L. (1999).  Fingerprinting suspended 
sediment sources in the catchment of the River Ouse, Yorkshire, UK.  Hydrological 
Processes, 13: 955-975. 

Washington State Department of Ecology and Washington State Department of 
Transportation (2003, November).  A framework for delineating channel migration 
zones.  (Publication No. 03-06-027.) 

Waters, T.F. (1995).  Sediment in streams: sources, biological effects and control.  
American Fisheries Society: Bethesda, MD, USA. 

Watershed Health Assessment Framework (2016).  Watershed Health Assessment.  
Minnesota Department of Natural Resources.  Retrieved from 
http://www.dnr.state.mn.us/whaf/index.html. 

Wende, R., and Nanson, G.C. (1998).  Anabranching rivers: ridge-form alluvial 
channels in tropical northern Australia.  Geomorphology, 22(3-4): 205-224. 

West Virginia Department of Environmental Protection (2016).  Help for surface 
erosion.  Retrieved from 
http://www.dep.wv.gov/WWE/Programs/nonptsource/HomeOwner/Documents/Ho
meOwnersPackage(full).pdf. 



158	

Whitewater River Watershed Project (2016).  History.  Retrieved from 
http://whitewaterwatershed.org. 

Wick, M.J. (2013).  Identifying erosional hotspots in streams along the north shore of 
Lake Superior, Minnesota using high-resolution elevation and soils data (Master's 
thesis). 

Wilkin, D.C., and Hebel, S.J. (1982).  Erosion, redeposition and delivery of sediment to 
Midwestern streams.  Water Resource Research, 18: 1278-1282. 

Wilkinson, S.N., Prosser, L.P., Rustomji, P., and Read, A.M. (2009).  Modelling and 
testing spatially distributed sediment budgets to relate erosion processes to sediment 
yields.  Environmental Modelling and Software, 24: 489-501. 

Wilson, C.G., Kuhnle, D.D., Bosch, D.D., Steiner, J.L., Starks, P.F., Tomer, M.D. and 
Wilson, G.V. (2008).  Qualifying relative contributions from sediment sources in 
conservation effects assessment project watersheds.  Journal of Soil and Water 
Conservation, 63(6): 523-531. 

Wisconsin Department of Natural Resources.  (2012, July).  Statewide minimum 
shoreland zoning: an economic impact analysis.  Accessed 
http://dnr.wi.gov/news/oldnews.asp and http://www.trpa.org/wp-
content/uploads/2012-WI-Dept-Natural-Resources-Shoreland-Zoning.pdf. 

Wohl, E. (2005).  Disconnected rivers: Human impacts to rivers in the United States. 
Reviews in Engineering Geology, 16: 19-34. 

Wolman, M.G. (1959).  Factors influencing erosion of a cohesive river bank.  American 
Journal of Science, 257: 204-216. 

Wynn, T. (2005).  The effects of vegetation on stream bank erosion (doctoral 
dissertation). 

Wynn, T.M., and Mostaghimi, S. (2006).  Effects of riparian vegetation on stream bank 
subaerial processes in southwestern Virginia, USA. Earth Surface Processes and 
Landforms, 31: 399-413. 

Wynn, T.M., and Mostaghimi, S. (2006).  The effects of vegetation and soil type on 
streambank erosion, southwestern Virginia, USA.  Journal of the American Water 
Resources Association, 42(1): 69-82. 

Wynn, T.M., Mostaghimi, S., Burger, J.A., Harpold, A.A., Henderson, M.B. and Henry, 
L.A. (2004).  Ecosystem restoration: Variation in root density along stream banks.  
Journal of Environmental Quality, 33: 2030-2039. 

Yan, B., Tomer, M.D., and James, D.E. (2010).  Historical channel movement and 
sediment accretion along the South Fork of the Iowa River.  Journal of Soil and 
Water Conservation, 65(1): 1-8. 

Yeh, P.H., Park, N., Chang, K.A., Chen, H.C., and Briaud, J.L. (2011). Prediction of 
time-dependent channel meander migration based on large-scale laboratory 
experiments.  Journal of Hydraulic Research, 49(5): 617-629. 



159	

Zaimes, G., and Schultz, R. (2015).  Riparian land-use impacts on bank erosion and 
deposition of an incised stream in north-central Iowa.  Catena, 125: 61-73. 

Zaimes, G.N., and Schultz, R.C. (2012).  Assessing riparian conservation land 
management practice impacts on gully erosion in Iowa.  Environmental 
Management, 49: 1009-1021. 

Zaimes, G.N., Schultz, R.C., and Isenhart, T.M. (2004).  Stream bank erosion adjacent 
to riparian forest buffers, row-crop fields, and continuously-grazed pastures along 
Bear Creek in central Iowa.  Journal of Soil and Water Conservation, 59(1): 19-27. 

Zaimes, G.N., Schultz, R.C., and Isenhart, T.M. (2006).  Riparian land uses and 
precipitation influences on stream bank erosion in Central Iowa.  Journal of the 
American Water Resources Association, 42(1): 83-97. 

Zimmerman, R., Goodlet, J., and Comer, L. (1967).  The influence of vegetation on 
channel form of small streams.  Symposium on River Morphology, 255-275.  Int. 
Assoc. of Sci. Hydrol., Bern. 

 



160	

Appendix 

Erosion Rate (feet/year) by Reach 
From Study Area Start to Mouth 

Stream Elm Buffalo Whitewater 
Kilometers 172 132 29 

Reaches 119 109 11 
Erosion 1.71 1.46 1.83 

  1.74 2.02 2.22 
  1.54 1.86 2.90 
  1.66 2.19 2.15 
  1.40 2.17 1.97 
  1.75 1.53 1.40 
  1.70 0.80 1.08 
  1.63 1.93 0.89 
  1.13 1.26 1.34 
  0.67 1.57 1.47 
  1.24 1.46 0.66 
  1.33 1.99   

  1.45 1.96   

  1.87 2.18   

  1.25 2.02   

  0.79 1.69   

  1.07 2.08   

  0.82 2.00   

  2.03 0.99   

  1.88 2.02   

  1.85 1.90   

  1.39 0.71   

  1.54 1.26   

  1.32 1.98   

  2.62 1.16   

  1.47 1.65   

  1.68 2.28   

  1.77 2.42   
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  1.57 2.45   

  1.54 1.89   

  0.75 1.31   

  1.06 2.47   

  0.80 2.44   

  0.70 1.35   

  0.93 1.51   

  1.70 0.77   

  1.17 1.69   

  1.28 1.54   

  0.99 2.24   

  0.89 3.04   

  0.85 3.70   

  1.13 4.14   

  0.65 2.28   

  0.86 2.49   

  0.59 1.61   

  0.82 1.67   

  1.61 2.07   

  1.35 1.83   

  0.96 1.46   

  2.49 1.64   

  2.58 1.68   

  0.73 1.60   

  1.79 2.02   

  1.91 0.90   

  1.76 1.45   

  1.76 1.49   

  1.99 1.34   

  1.53 1.66   

  1.90 1.18   

  0.80 2.00   

  1.42 2.47   

  1.33 2.71   

  1.45 1.53   

  1.78 1.88   
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  1.31 3.64   

  1.37 1.76   

  2.32 1.54   

  1.32 2.03   

  1.09 1.47   

  1.46 1.42   

  1.14 1.77   

  1.83 2.19   

  2.86 2.39   

  0.64 2.22   

  1.43 1.41   

  1.73 1.60   

  3.12 0.69   

  1.07 1.69   

  1.00 2.67   

  0.98 2.11   

  1.29 1.95   

  1.48 2.20   

  2.12 1.20   

  3.28 2.30   

  1.53 1.29   

  1.86 2.14   

  1.64 1.08   

  1.56 1.76   

  1.32 1.76   

  1.52 1.46   

  1.19 2.79   

  1.08 1.51   

  1.65 2.38   

  2.06 1.93   

  1.80 2.40   

  1.94 1.35   

  2.28 1.66   

  2.23 2.52   

  3.03 2.18   

  1.14 1.43   
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  2.67 2.08   

  1.43 2.26   

  1.14 3.02   

  1.71 2.35   

  1.14 2.76   

  0.81 1.82   

  1.38 1.70   

  2.29 1.86   

  3.07 1.54   

  3.97     

  1.59     

  1.80     

  3.68     

  2.19     

  1.20     

  1.53     

  1.23     

  1.54     

 


