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Abstract 
 

Streambank erosion is a growing concern in Minnesota as hydrologic conditions continue 

to change throughout the state.  Plant root anchoring and surface protection from vegetation play 

a role in reducing erosion.  The Rosgen Bank Assessment for Non-point source 

Consequences of Sediment (BANCS) method of erosion prediction uses both root density and 

surface protection to estimate the resistance of a streambank to erosion.  In order to understand 

how different types of vegetation can influence parameters within the BANCS system thirty sites 

were selected in the Glacial Lake Plain, Glacial Till, and Loess regions.  Root sampling and 

vegetation surveys revealed no correlation between root density and erodibility factors from the 

BANCS system.  Data from this study can assist restoration efforts in these regions in order to 

improve or refine current practices, reduce erosion and improve water quality.
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Introduction 

Excessive river erosion can change river morphology and create problematic 

conditions for aquatic animals and plants.  Some erosion is natural and needed for some 

plants and animals.  However, too much erosion destroys natural pools and riffles that 

many fish and insects need to reproduce, hunt, or hide from predators (Turbidity and 

TSS, 2013).  Variation in depth and morphology allow a more diverse biotic community 

to survive (United States Environmental Protection Agency, 2012).  Natural erosion rates 

can vary, but human induced increases in erosion cause loss of biodiversity and reduction 

in fish and insect numbers.   

Erosion increases turbidity in the water by increasing the amount of particulate 

material in a stream (Lenhart et al., 2010a).  Turbidity has many effects on human and 

other animals.  It can cause species of fish and insects to decline due by interfering with 

their ability to hunt or forage.  Turbidity reduces aquatic plant life by lessening the 

amount of light reaching the streambed (United States Environmental Protection Agency, 

2012).  Turbidity can also increase nutrient levels in a stream or lake, causing 

eutrophication and algae blooms (Turbidity and TSS, 2013).  Increased costs can be 

transferred from drinking water and industrial companies to consumers because of 

additional filtration needed to remove particles in the water (United States Environmental 

Protection Agency, 2012).  Rivers in Minnesota are experiencing increases in turbidity 

that cause harm and expense to humans and aquatic life. 

River restoration efforts cost Minnesotans significant amounts of money every 

year (Lenhart et al., 2010b).  These restoration projects occur where erosion is a major 

problem, especially where roads or houses become threatened.  When personal property 
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or roadways are threatened emergency restoration projects are enacted to protect citizens 

(DeWall, 2009).  Often, these projects use costly materials such as, concrete and 

boulders, to stabilize a streambank with little regard to natural characteristics.  Instead of 

waiting until emergency repairs are needed, vegetation can be used to stabilize a 

streambank before it reaches a critically eroded state.     

Vegetation is known to be beneficial for restorations because it reduces erosion, 

provides habitat, and protects streambanks from freezing.  Water expands when it 

freezes, causing damage to soil structure and reducing streambank cohesion (Wynn and 

Mostaghimi, 2006a).  Plants can insulate the ground and reduce the expanse and damage 

caused by freezing.  Plants that shade the river are valuable in providing habitat and 

cooling the water to temperatures that support some animal species, such as trout.  Loss 

of trees and other plants along coldwater trout streams are a contributing cause of the 

decline in trout populations (Turbidity and TSS, 2013).  Plants also reduce erosion on 

streambanks by increasing stability of the soil with their roots.  Roots will penetrate into 

the ground and bind soil particles together, creating greater cohesion (Edmaier et al., 

2011).  However, inundation can decrease this stability.  Roots can provide additional 

benefit by extracting excess water in the soil, increasing streambank stability (Shields et 

al., 2009).  Roots may be the most important factor providing stability to streambanks.   

Some erosion formulas consider roots when calculating erosion rates, for example 

Rosgen’s Bank Assessment for Non-point Source (BANCS) erosion model uses root 

density and depth.  Additional studies have been attempted to understand how roots 

provide support and where they can grow to provide the most benefit. The study outlined 

in this paper was designed to understand how plants and roots can be used for restoration 
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efforts.  In particular, understanding root density and root growth could provide valuable 

information for restoration activities that aim to prevent streambank erosion.   
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Chapter 1: Literature Review 

Problem and Objectives 

Streambank erosion rates have increased in Minnesota since European settlement 

in the 1850’s (Beach, 1989).  This human-induced erosion is much higher than natural 

rates.  Restoration activities and conservation techniques have been developed to reduce 

erosion caused by human impacts.  Erosion of streambanks in many parts of Minnesota 

are a major concern, since roads, bridges, property, and prime farm land can all be lost to 

high erosion rates caused by eroding streambanks (DeWall, 2009).  Plant and root 

properties can provide support to streambanks, lowering erosion rates (Wynn and 

Mostaghimi, 2006b).  However, little information is available about root patterns and 

density in riparian areas, so it is difficult to prescribe natural solutions to eroding 

streambanks.  The priority of this study is to ascertain the usefulness of vegetation for 

restoration and conservation in rivers with high erosion rates. 

This research aims to give insight into three aspects of stream erosion.  First, the 

variation in root density across different environments in riparian areas is poorly 

understood and requires additional information.  Different types of vegetation can exhibit 

wide ranges of root density and patterns depending on plant species, site characteristics, 

and many other properties (Piercy and Wynn, 2008).  Understanding root properties can 

increase the efficacy and longevity of conservation and restoration practices.  Second, 

using known plant and root properties, an erosion prediction tool can quantify differences 

in erodibility between river reaches.  The framework for erosion prediction based on root 

characteristics already exists in the Watershed Assessment of River Stability and 

Sediment Supply (WARSSS) tool developed by David Rosgen (United States 
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Environmental Protection Agency, 2012). By using this framework and supplementing it 

with findings about vegetation and root properties an accurate prediction methodology 

can be used.  Third, this study aims to provide insight for future restoration and 

conservation activities through the Minnesota Department of Agriculture (MDA).  

Results of the prioritization grant provided by the MDA can provide insight for local 

units of government and other organizations that wish to restore and protect streambanks. 

Stream Erosion Prediction 

Erosion is a normal process that occurs along streambanks in every natural river. 

However, erosion can become a problem when the rates of erosion accelerate and cause 

losses of land, increased turbidity, and degraded stream habitat.  Erosion above the 

natural background is often due to human changes within a watershed.  The WARSSS 

framework is useful in identifying reaches that have increased erosion by using the Bank 

Assessment for Non-point source Consequences of Sediment (BANCS) model.  Stability 

is defined in this framework as a river that “maintains its dimension, pattern, and profile 

without aggrading nor degrading” (United States Environmental Protection Agency, 

2012).  Human impacts often disrupt the balance of erosion and deposition to create an 

unstable stream. The BANCS model was developed for use on rivers in Colorado, but it 

is hypothesized that the same methodology may be used in other streams to estimate 

erosion potential (Rosgen, 2008).  There are two regional curves for streams in Colorado 

based on geologic and geomorphic conditions of the landscape. For example, streams that 

flow through sedimentary derived soil erode at a different rate than streams in volcanic 

geology (Rosgen, 2008).  Other regions have developed curves for different landscapes, 

such as the curve developed for parts of Pennsylvania and Maryland (White, 2001).  Two 
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separate parameters are used to calculate potential erosion rates; The Bank Erosion 

Hazard Index (BEHI) and Near-Bank Stress (NBS) (United States Environmental 

Protection Agency, 2012).  High scores relate to higher predicted erosion rates, while 

smaller values indicate stable streambanks.  BEHI and NBS can be correlated using a 

regional relationship curve to estimate erosion.   

Two main methods, empirical data measurements and model estimation, are used 

to inform decisions about where conservation practices are needed.  Models can be used 

to estimate the factors that influence erosion rates without field data collection.  Model 

estimation requires expertise, background knowledge, and large amounts of time to 

accomplish.  Empirical measurements, such as the BANCS methodology, use collected 

data to predict erosion rates.  Empirical tools require field data collection to inform 

results.  Empirical data collection is easier to use without expertise and directly relates to 

the watershed or region being measured.  Accuracy can be obtained by models, but only 

if the physical properties of the watershed are very well understood.  There are 

advantages and disadvantages to each method, but empirical measurements are usually 

more accurate and easier to obtain. 

BEHI and NBS attempt to estimate the three forces that affect a streambank; shear 

stress, gravitational stress, and a cohesive force (Brooks et al., 2003).  Shear stress 

originates from perpendicular forces such as flowing water through a streambed.  Any 

features of the stream will be subjected to the force of moving water. These features of a 

stream are often expressed as the Manning’s Roughness Coefficient.  This is a simple 

value based on the channel features and vegetation used to calculate stream flow (Brooks 

et al., 2003).    Channels with more features, such as debris, vegetation, or features of the 
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channel bed, have more resistance to shear force and a higher Manning’s Roughness 

Coefficient (Brooks et al., 2003).  Vegetation is often the major factor in providing 

increased resistance to shear force.   

Taller streambanks are at greater risk of collapsing due to stresses, such as 

gravity, from above (Brooks et al., 2003).  Increased force from upper soil layers 

increases the stress from gravity while the cohesion remains the same, reducing the 

overall strength of the streambank.  Additionally, water movement can reduce the 

cohesion of soil layers.  Gravity causes water to move through streambanks from above, 

decreasing the cohesion between regions of a streambank.  Separated regions are more 

likely to cause large portions of a streambank to fail (Abernethy and Rutherfurd, 1998).  

Objects on a streambank can also play a small role by increasing stress on a streambank, 

particularly if the object is heavy and large.   

Cohesive strength is influenced by the amount of vegetation, amount of roots, and 

type of soil material (Brooks et al., 2003).  These factors affect the ability of soil to bind 

together and resist outside forces.  Streambanks with low cohesive strength are more 

vulnerable to every type of erosion.  Plant roots increase the stability of a streambank by 

binding sediment; ensuring sturdier soils (Wynn and Mostaghimi, 2006b).  Certain soils 

are also better at adhering to each other.  For example, clay naturally binds with itself, 

causing it to be resistant to outside stresses (Natural Resources Conservation Science, 

2013).  Understanding the different stresses that affect a streambank is important for 

calculating erosion rates. 

The first parameter for the BEHI tool uses the ratio of study bank height by the 

bankfull height (United States Environmental Protection Agency, 2012).  This 



 

 8 

measurement is used as an indicator of potential change in the stream and the amount of 

incision present in the channel.  Incision is an indication of greater erosion potential than 

normal for unstable streambanks.  Larger differences between bank height and bankfull 

height increase the stress from gravity on streambanks (Brooks et al., 2003).  

Streambanks that have a high ratio of bank height to bankfull height, have higher rates of 

erosion (United States Environmental Protection Agency, 2012). 

Vegetation can increase soil cohesion because of root structure and depth.  

Vegetation creates an underground net of roots that binds soil particles together which 

increases the resistance to shear forces (Wynn and Mostaghimi, 2006a).  The next 

parameter in BEHI measures root depth because it determines the amount of protection 

and stability provided by plant roots (United States Environmental Protection Agency, 

2012).  Roots that reach deeper will be able to stabilize more of a streambank and lower 

the amount of erosion that occurs. 

In classic root studies, large trenches were dug to examine plant roots in their 

natural environment.  The study of roots began in prairie lands by J. Weaver (1968).  The 

trenches dug by Weaver was 2.5 feet wide, five to ten feet long, and dug at least 5 feet 

deep, but as deep as 15 feet (1968).  In prairie environments roots quickly grew to depths 

of 30 inches of more in one year of growth (Weaver, 1968).  In these environments water 

is scarce and water tables are very deep; often many feet below ground.  Prairie plants 

had reduced growing depths when nitrogen fertilizer was applied to the soil surface.  

Excess moisture caused roots to grow deeper, with fewer branches, unless the soil was 

inundated, the roots drowned without access to water (Weaver, 1968).  Riparian 

environments are very different from prairie environments; water and nutrients are 
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abundant and shallow (Abernethy and Rutherfurd, 1998).  Roots cannot extend as deep 

because of a shallow water table that impedes growth.  Likewise abundant nutrient 

availability causes root systems to branch laterally instead of deeper (Weaver, 1968).  

Therefore root depth is likely much lower in riparian areas than anticipated by previous 

studies in other environments.   

The next parameter for the BEHI measurement is root density.  A higher density 

of roots in a streambank the greater the stability and strength of that bank (Wynn et al., 

2004).  Short banks receive an abundance of dense roots, due to the limits of space and 

the easy availability of water.  However, since riparian roots are often much shorter than 

prairie plants, root density can be low on tall streambanks.   Weighted root density is the 

next parameter in the BEHI system (United States Environmental Protection Agency, 

2012).    Long, infrequent roots in a streambank result in a large value for root depth, but 

a low value for root density.  Poor weighted root density scores, which involve both root 

depth and root density, are only achieved if both values are small (Rosgen, 2008).  Root 

length and root density are both used to determine overall root stability provided to a 

streambank. 

Bank angle is another indicator that can be used to estimate the stability and 

erodibility of a streambank in the BEHI system.  Angles greater than 90 degrees indicate 

undercutting of streambanks (United States Environmental Protection Agency, 2012).  

Streambanks with higher bank angles are more vulnerable to mass failures.  Mass failures 

are less likely to occur on streambanks with low bank angles because the gentle slope 

protects the inner streambank from erosion (United States Environmental Protection 

Agency, 2012). 
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Surface Protection is the next parameter for the BEHI measurement (United 

States Environmental Protection Agency, 2012).  Aboveground vegetation provides cover 

from moving water, which Manning’s Roughness Coefficient attempts to express 

(Brooks et al., 2003).  This value is used as an estimate of the amount of resistance 

features of a stream channel have to flow.  Fast moving water erodes soil easily, but 

surface protection, such as vegetation, reduces the speed of flowing water (Brooks et al., 

2003).  Vegetation is not the only material that can provide protection.  Rip-rap, fallen 

trees, and rock weirs all provide protection to a streambank without relying on living 

vegetation.  Herbaceous vegetation plays the most prominent role in protecting 

streambanks.  Any protection will decrease erosion and increase the permanence of the 

channel (Rosgen, 2008). 

The next BEHI parameter, bank material, is very important to consider when 

calculating the amount of erosion that occurs within a channel (United States 

Environmental Protection Agency, 2012).  Soil type can affect the particle size, drainage, 

and cohesion of bank material (Natural Resources Conservation Science, 2013).  Larger 

particles do not bind as easily, drain water more rapidly, and are more vulnerable to 

stress.  Large soil particles have less attractive force.  As a result, cohesion is very low 

and drainage is very high (Wynn and Mostaghimi, 2006b).  The more sand present in a 

streambank the easier it erodes because it has much larger particles.  Bulk density is often 

used as a surrogate measurement for particle size and cohesion.  Larger bulk density 

values usually indicate smaller soil particles.  However, certain soil types and other 

factors, such as compaction, can cause some soil to behave differently.   Since sandy soils 

have less cohesiveness and drain quickly they are more prone to erosion . 
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The final BEHI parameter, stratification of soil materials, can indicate increased 

potential for erosion (United States Environmental Protection Agency, 2012).  Different 

layers can erode at different rates, creating unstable conditions within a streambank.  

Water may flow between layers which can create regions of increased erosion and stress 

within a streambank (Shields et al., 2009).  Other factors, such as soil type, bank height, 

and inundation increase the effect of stratification on erosion.  Streambanks with 

stratified soil layers tend to have increased erosion rates and thus receive higher BEHI 

scores in the BANCS system (Rosgen, 2008). 

The BEHI tool enables understanding about the conditions of a streambank.  

However, the amount of force exerted on a streambank is also needed to estimate an 

erosion rate.  A streambank with a very low BEHI score could still experience large 

erosion rates if the shear force exerted on the streambank is very high (United States 

Environmental Protection Agency, 2012). The NBS tool uses seven different methods to 

quantify the amount of stress affecting a bank.  Only one method is required to obtain an 

NBS rating, but multiple methods are useful.  The methods increase in complexity from 

method one to method seven. Method one is easy and simple with little field work, but 

method seven requires specific field data and complicated calculations.  The difficulty 

and complexity do not always correspond to increased accuracy (Rosgen, 2008).  Instead 

it is important to use the most appropriate method to determine the magnitude of the 

shear force (Rosgen, 2008).  Method two and five are the most appropriate methods to 

determine NBS on a stream bend.  The other methods were not used in this study because 

they required other measurements or are less accurate for stream bends.  NBS 

measurements are used to estimate the amount of shear stress affecting a streambank. 
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Method two uses the ratio of the radius of curvature to bankfull width of a stream 

meander to estimate Near Bank Stress (NBS).  The radius of curvature is measured using 

a circle that has the same diameter as the bend of the stream as seen from an aerial 

photograph.  This method only works on meanders, because the radius of curvature 

would be incredibly large for a straight channel, indicating a very small shear force.  It is 

best used on sharp curves to estimate the potential for erosion due to directed flow.  The 

tighter the curve, the more water will be directed to the outer bank, increasing the direct 

force on that streambank (Brooks et al., 2003)  Water moves faster on the outside of a 

bend because the resistance to flow is less when it is further from the inside curve.  

Streambanks on the outer bend experience higher shear stress because the water is 

moving much faster (Brooks et al., 2003).  That is why method two for estimating NBS 

can be a useful measurement even from aerial photographs.  Method two is useful for 

computing erosion rates in many concerned reaches because of its simplicity and 

accuracy for curves.   

Method five to calculate NBS uses mean bankfull depth and near bank maximum 

depth from a cross section taken in the field to calculate the stress applied to a bank.  The 

near bank region is the closest third of the channel to the study bank.  The ratio of near 

bank maximum depth to bankfull mean depth is used to gauge the amount of stress that 

affects a nearby streambank or streambed.  Values of depth two to three times greater 

than the mean depth are indicators of increased stress and erosion in the near bank area 

(Rosgen, 2008).  This measurement is useful for curves and straight sections, whenever 

most of the flow is deflected towards the outer third of the channel (United States 

Environmental Protection Agency, 2012).  Deflected flow can be caused by curves, 
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sandbars, or other obstructions in a river.  Method five is used to measure NBS for areas 

with deflected flow. 

In order to calculate final erosion rates an empirically derived graph is used to 

examine the relation between BEHI, NBS, and erosion rates.  One axis contains erosion 

rates, while the other uses NBS ratings.  BEHI and NBS are used to estimate the strength 

and stress of streambank, respectively.  Therefore, the exact relationship on the graph 

depends on empirically derived results (Rosgen, 2008).  Differences in erosion rates, 

streambank dynamics, and soil properties could all play a role in adjusting the number 

from the graphs designed by Rosgen (2008).  That is why it is important to calculate a 

region specific graph for Minnesota, since no such curve currently exists for the Midwest 

region.  Using the curves derived for Colorado may cause errors in the final erosion 

calculation due to the differences between Minnesota and Colorado. 

 

Streambank Reinforcement 

Vegetation can play many different roles in providing stability, but root depth and 

density are two of the most important factors that influence channel degradation.  

Herbaceous and woody plants provide different stability due to variations in size and 

strength of their roots.  The maximum rooting depth for trees is greater than that for 

herbaceous plants, which is greater than herbaceous plants (Canadell et al., 1996).  This 

maximum depth value differs based on biome; desert plants have a much deeper rooting 

depth plants in temperate environments (Canadell et al., 1996).  Each type of vegetation 

is useful for preventing erosion, but the effectiveness can vary depending on root depth, 

root density, root size, or other factors.  In order to understand this process it is important 



 

 14 

to understand how roots provide stability and whether herbaceous plants and woody plant 

roots differ. 

Roots provide stability to streambanks from mechanical effects; they literally 

anchor the soil against erosive forces (Pollen and Simon, 2005).  This has been widely 

recognized for many years, but the exact processes that provide this stability are poorly 

understood.  Some of these processes could include soil buttressing, changing bank 

hydrology and actual reinforcement by roots in the soil (Abernethy and Rutherfurd, 

1997).  Individual root strength is often measured as tensile strength or the amount of 

force needed to break apart a single root when pulled.  Measuring this type of strength 

requires a device that simply pulls on roots until they break.  The amount of force 

required to break that root is the tensile strength.  Using this simple measurement 

researchers and modelers have used tensile strength to calculate a failing point for a bank 

based on the suspected strength of the roots within that bank.  However, simple models 

using tensile strength over predict the stability of soil with tree roots by 20-50% (Pollen 

and Simon, 2005) and soil with herbaceous roots by 600-1400%.  In the simple model all 

the roots are assumed to break all at the same time at their maximum tensile strength with 

no pull out.  Root strength is highly variable based on many factors, causing root 

reinforcement to be complex and highly variable (Pollen and Simon, 2005).  

In simple models many factors of root behavior are ignored.  Newer models allow 

smaller, weaker roots to break over time, before considering the stress on larger roots 

(Pollen and Simon, 2005).  Each root in a soil area is not identical and has a different 

tensile strength.  These differences are determined by size, density, and other factors 

(Pollen, 2006).  Larger, denser roots have higher tensile strengths because they are more 
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difficult to break from pulling.  Other factors, such as inundation, can weaken a root so it 

has a lower tensile strength.  Due to these differences, not all roots will behave the same 

when exposed to the same forces.  Simple models do not consider the additional stress 

that occurs due to chronological breaking.  As weaker roots break, the stress is reapplied 

to all other remaining roots (Pollen and Simon, 2005).  These stronger roots are under 

more stress than thought by a simple model.  Therefore, chronological breaking and root 

differences must be considered when estimating the strength of soil with different roots.   

Simple models also assume that all roots reach their maximum tension before 

breaking.  Stress is often concentrated in several areas on a streambank, not evenly 

distributed across the whole bank.  Tensile strength can be misleading if the region where 

the root breaks is weaker than the rest of the root. Not all roots are straight in a 

streambank and will often straighten before breaking (Pollen and Simon, 2005).  This 

straightening can redistribute stress and increase the strength of the soil.  If the root 

straightens before breaking it should be able to absorb more force than predicted by 

simple tensile models (Pollen, 2006).  Attempting to estimate the amount of 

reinforcement provided by roots can be difficult due to uncertainties in straightening, 

redistribution, and other factors.   

Root pull out can also cause simple root strength models to over predict root 

stability (Pollen and Simon, 2005).  The simple model assumes all the roots at the area of 

bank failure are not able to be removed from the soil.  However, roots can be pulled out 

of a streambank, before breaking.  The resistance to pulling out of a streambank is based 

on many factors; the largest factors are soil type, soil moisture, root orientation and 

surface area of the root (Wynn and Mostaghimi, 2006a).  A threshold point where some 
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roots may break, but others may pull out at less than their maximum tensile strength 

controls streambank stability (Pollen and Simon, 2005).  In smaller plants with smaller 

roots, this can cause entire plant systems to be pulled out of the soil.  Plants with longer 

roots are able to resist uprooting for much longer periods of time (Edmaier et al., 2011).  

Longer roots have increased surface area that interacts with soil, increasing the resistance 

to uprooting.  Soil type plays an important role because it affects the amount of area that 

a root can anchor against.  Soil with smaller particles will allow roots to anchor against 

more surface area of that soil, decreasing the amount of roots that are pulled out (Wynn 

and Mostaghimi, 2006a).  Soil moisture decreases the cohesion of the soil itself, which 

can increase the rate of pulling out for roots.  Orientation is important in resisting pull 

out, since it is easier to pull a root that is perpendicular to the bank face.  Vertical roots 

can resist pull out much more easily because they have greater cohesion and more surface 

area to resist root pull out.  Root pull out is affected by soil type, orientation, inundation, 

and surface area; which causes simple root breaking models to overestimate bank 

strength. 

Root dynamics are important to understand because they assist in stabilizing 

streambanks.  Predicting streambank resistance to erosion is not accurate when using 

tensile strength alone as a measure of stability (Pollen and Simon, 2005).  Root size and 

density are better measures because they can give a more accurate idea of interactions 

between root stresses and resistances (Piercy and Wynn, 2008).  Increases in surface area 

resist uprooting by increasing the force needed to remove root systems.   This can vary 

based on soil type; smaller soil particles will provide more surface area for attachment.  

The ability of roots to straighten can also affect erosion by redistributing stresses (Pollen 
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and Simon, 2005).  Orientation plays a large role in the ability of a root to resist 

straightening and pulling out.  Predicting the amount of stability provided to a 

streambank by root structures can be very difficult to calculate because of the various 

factors that influence root stability.   

The stability of a streambank is affected by root structure and distribution which 

varies based on spatial and temporal differences.  The spatial variability of root 

properties, such as size, density, and depth, depend on aboveground plant density, 

mineral deposition, water availability, and inundation frequency.  Differences in sunlight 

can affect the spatial variability of plant growth, which in turn affects belowground 

growth (Wynn et al., 2004).  Some soils contain more minerals needed by plants than 

others.  Differences in soil minerals can affect how and where roots grow (Weaver, 

1968).  A small region of highly fertile soil could concentrate roots in one area.  

Similarly, water availability would influence the growth pattern of root systems (Pollen, 

2006).  Temporal variability can also change the root density in an area.  Inundation plays 

a role in damaging roots during early spring floods.  As the season progresses and 

sunlight increases, so does root growth.  Root growth peaks in late August, then slowly 

senesces to prepare for winter (Kiley and Schneider, 2005).  This pattern can be seen in 

any type of plant, both perennials and annuals; however annual plants have a much larger 

change in root density (Kiley and Schneider, 2005).  This pattern can affect root density 

depending on the time of year. 

Saturation and inundation within soil material has two main effects on roots.  

First, roots in saturated conditions cannot absorb oxygen.  Oxygen diffuses very slowly 

through water, reducing the amount available in the soil while being unable to replenish 
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oxygen supplies. Root strength decreases as the plant becomes oxygen starved (Pollen, 

2006).  Second, saturation reduces the stability of soils.   Roots cannot grip the soil 

because water reduces the friction between surfaces (Wynn and Mostaghimi, 2006b).  

Increases in saturation reduce streambank stability after large flood events or periods of 

high rainfall.   

The movement of moisture within a streambank can also have dramatic effects on 

stability.  Small amounts of water that infiltrate and move laterally through soil exert 

pressure on nearby soil regions.  The more water present in a region, the higher the 

pressure.  Higher pressure often increases the chances of mass wasting events due to a 

smaller Factor of Safety (Shields et al., 2009).  The Factor of Safety is a measure of the 

risk of failure of a streambank and is the shear strength of the soil divided by the shear 

stress of the soil (Brooks et al., 2003).  The shear strength is the total strength of the soil 

and the shear stress includes gravitational and shear forces from water movement. Large 

values indicate stable streams while values near one indicate danger of bank collapse.  

Inundated soil has a smaller Factor of Safety because the numerator, or soil cohesion, is 

reduced while the denominator, or soil stresses, remains unchanged (Brooks et al., 2003).  

By dewatering a soil region, pore pressure decreases.  This increases the shear strength of 

the soil, increasing the Factor of Safety (Shields et al., 2009).  Vegetation will absorb 

water and effectively dewater a streambank through natural processes.  If the bank is not 

inundated, vegetation can thrive throughout the growing season, which increases 

streambank stability by promoting root growth (Wynn et al., 2004).  Rain and other 

sources of water are able to infiltrate or become absorbed by vegetation, reducing damage 
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from floods or storms.  Vegetation can be an important factor in increasing the overall 

resistance to erosion of a streambank by removing water. 

Freeze-thaw cycles can destabilize soil structures and reduce cohesiveness from 

the expansion of ice crystals.  Water that expands as it freezes, causing damage to the 

surrounding soil.  Freeze-thaw cycles can be particularly damaging because the water 

will damage soils every time it freezes (Wynn and Mostaghimi, 2006a).  Plants can 

reduce freeze-thaw damage by extracting water from the soil.  This reduces the amount of 

water that can expand, thereby reducing the amount of damage caused during freeze-thaw 

cycles (Shields et al., 2009).  The severity and amount of damage depends on climate and 

soil type (Wynn and Mostaghimi, 2006a).  Regions with a greater number of frost prone 

days are more likely to experience freezing damage. This damage can be more or less 

severe depending on the soil type.  Sandy soils have greater drainage and less moisture, 

whereas clay soils retain much of their moisture and are at a greater risk for frost damage.   

Soil properties can have a vast influence on the susceptibility of a streambank to 

erosion and degradation.  In many cases the most significant factor effecting streambank 

erodibility is the bulk density of the soil material (Wynn and Mostaghimi, 2006b).  It is a 

composite measure that accounts for several soil properties such as drainage, soil 

cohesion, and root penetration.  High bulk density soils tend to have smaller particle 

sizes, which creates higher cohesion and attraction between particles.  Low bulk density 

soils drain water very easily, often creating dry conditions for plants. Moisture affects the 

ability of roots to provide stability and reduces damage from freezing (Pollen, 2006).  

Roots gain resistance to pull out when there is more surface area for root hairs to attach 

and anchor to (Wynn and Mostaghimi, 2006b).  Deeper soils tend to have higher bulk 
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density from compaction and gravitational forces where roots are also much scarcer 

(Piercy and Wynn, 2008).  Large tree roots are greatly affected by the type of soil in 

which they grow.  Trees that grow in thick soils, with high bulk densities, have much 

shallower root systems, often less than three feet deep (Crow, 2005).  Lastly, freeze-thaw 

cycle and desiccation damage is related to the bulk density of a soil region.  In soils with 

high bulk density, moisture can remain until freezing occurs.  Due to the high cohesion 

and poor drainage of these soils, freeze-thaw cycles can be particularly damaging 

(Natural Resources Conservation Science, 2013).  Since the soil drains very poorly, water 

is abundant, creating large areas of ice damage.  Additionally, cohesion in these soils is 

much tighter, since the soil particles are much smaller.  Disrupting these close knit soil 

particles can greatly decrease the cohesion (Wynn and Mostaghimi, 2006a).  This can be 

contrasted with low bulk density, or sandy soils.  These soils drain easily and how low 

cohesion so much of their water is lost, causing danger of desiccation instead to 

streambanks (Wynn and Mostaghimi, 2006a).  Desiccation can also cause instability and 

increase the possibility of bank failure (Wynn and Mostaghimi, 2006b).  Dry soils can 

fracture, causing loss of attraction between nearby soil particles. Fractured soil is 

unsteady and easily eroded, since it is detached from the remaining streambank.  

Therefore it is important to understand the soil properties of a streambank to understand 

how erosion can occur in that region. 

Herbaceous vegetation can provide many benefits to short streambanks.  

Herbaceous roots tend to be small and dense, providing a network of stability for soil 

(Piercy and Wynn, 2008).  Typical riparian species have short rooting depths, for 

example Horsetail (Equisetum arvense) has a maximum rooting depth of 3 meters and 
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Goldenrod species (Solidago spp.) typically have maximum rooting depths of 3.5 meters 

(Canadell et al., 1996).  However, most of the nutrients and organic material in riparian 

areas is situated in the top thirty centimeters of the soil and root growth is most 

concentrated in the same top thirty centimeters (Kiley and Schneider, 2005).  Below fifty 

centimeters of soil there is usually almost no root growth.  Other studies have measured 

root depth to one meter, however the amount of roots at these depths is very small (Wynn 

et al., 2004).  Soil properties, such as soil type, drainage, density, and inundation, can 

also influence the amount of root growth.   

Other properties such as depth to water table, depth to an impermeable surface, 

season, and disturbance can influence herbaceous root density.  Roots will only grow in 

an area if there are sufficient nutrients or water for plant growth.  Root growth is very 

limited below one meter because nutrients are scarce and inundation is common (Wynn 

et al., 2004).  A water table halts root growth because roots cannot retrieve nutrients or 

air while completely immersed in water.  Instead they will grow near a water table to 

obtain nearby water.  A shallow water table will cause roots to grow laterally instead of 

vertically (Weaver, 1968).  Impermeable surfaces, such as bedrock, inhibit root growth in 

a similar manner.   

Herbaceous root growth and density also change temporally.  Root biomass 

growth peaks in late August as available sunlight and day length are maximized for plant 

uptake (Kiley and Schneider, 2005).  As day length shortens and temperatures drop plants 

release seeds and senesce in order to avoid the harsh cold winter.  Then, new seeds will 

grow in the spring and peak in August and prepare for the winter again.  The depth and 

amount of roots will decrease as the season progresses until late August when senescence 
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occurs, especially for annual plants (Wynn et al., 2004).  Therefore, root mass can be 

highest mid-summer, and lowest during late fall and early spring.  

 Disturbances greatly affect the variability and abundance of herbaceous root 

density.  This is caused by aboveground or belowground damage to soil properties.  

Freeze-thaw damage is an example of a belowground disturbance that reduces root 

abundance.  Storms and fires are aboveground disturbances that can decrease the amount 

of vegetation and soil protection, which also reduces root abundance (Kiley and 

Schneider, 2005).  Many factors can affect root growth, but impermeable layers, seasonal 

factors, and changes caused by disturbances have the most dramatic and long lasting 

effects. 

There are many different ways to measure root growth, each with its own 

strengths and weaknesses.  Root Volume Ratio (RVR) measures the total volume of all 

the roots present in a sample over the volume of soil in that sample (Wynn et al., 2004).  

This measurement was often used in older studies of root distribution.  However, this 

measurement tends to bias larger roots.  Larger roots have a greater volume individually, 

which increases the volume of the sample even though fewer root fibers exist (Wynn et 

al., 2004).  Biomass is also often used to measure root abundance.  Roots are weighed to 

obtain mass of just the biological matter, which will bias larger roots that have a greater 

mass.  However, this measure can be determined as a ratio of root to shoot biomass 

(Zedler, 2007).  This measure can give a better indication of the type of habitat and 

structure provided by individual species since different habitats and species require more 

or less root density.  For example, species with high root to shoot ratios could be used for 

erosion control because they anchor soil better and are better protected from uprooting 
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(Zedler, 2007).  Root Length Density (RLD) measures the length of roots in a volume of 

soil.  RLD is advantageous because it is a better measure of the number of roots in a 

sample, without being affected by larger or heavier roots (Wynn et al., 2004).  RLD is 

able to compare large root abundance and small root abundance without biasing larger, 

heavier roots. 

Woody plant species have greater rooting depth, stronger roots and lower root 

density than most herbaceous plants.  Woody plants, especially trees, extend their roots 3 

m into the ground unless an impermeable surface or water table restricts growth.  A 

majority of this root growth exists in the top 60 cm (Crow, 2005).  While this is not as 

deep as trees are commonly believed to extend, it is deeper than herbaceous plants, which 

are concentrated in the top 30 cm or shallower (Wynn et al., 2004).  This is due to many 

of the same factors that inhibit herbaceous root growth including inundation, an 

impervious surface, and soil type (Piercy and Wynn, 2008).  Tree species can have very 

different root depths based on species characteristics.  For example, aspen trees (Populus 

spp.) have a typical root depth of about 2.5 meters while walnut trees (Juglans spp.) can 

typically reach a depth of about 4 meters (Crow, 2005). The environment can greatly 

influence this depth, and maximum rooting depths may be much greater depending on 

soil properties.   Maximum shrub rooting depths are typically shorter than trees, for 

example a group of shrubs known as bird cherries (Prunus spp.) have maximum rooting 

depths of about 2 meters (Canadell, 1996).  Age is another characteristic that greatly 

drives tree root production.  Older, larger trees have deeper and longer root systems than 

smaller, younger trees (Wynn et al., 2004).  The age and amount of aboveground biomass 

can greatly affect the amount of belowground biomass for individual trees (Crow, 2005).  
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Since woody plant roots are longer, they must also be thicker to transport more nutrients 

and provide greater support to the plant.  Thicker roots will provide greater stability to a 

streambank because the stress required to break, straighten, or pull out each root is much 

greater.  However, the root density of woody plants is often lower than herbaceous plants.  

This could limit the effectiveness of woody roots, since the coverage provided by the 

thicker roots is much less. 

It is important to understand soil properties, root differences, and bank stability 

factors because they can be used to improve restoration activities involving bank erosion.  

Restoration efforts can range from buffer species recommendations to entire channel re-

meandering and engineering (DeWall, 2009).  Vegetation can be used to stabilize 

streambanks for buffer strips, or in conjunction with a larger restoration project.  Roots 

from plants can provide mechanical stability, reduce stress from inundation, eliminate 

damage from freeze-thaw cycles, and naturally regrow every year (Pollen and Simon, 

2005).  Vegetation and root structures can be used to stabilize soil eroding reaches 

depending on the size and type of restoration desired. 

Restoration efforts using vegetation need to consider soil type when planning a 

stabilization project.  Bulk density can explain much about soil conditions that affect 

erosion rates.  Sandy soil with low bulk density values tend to erode more easily because 

they have low cohesion and poor soil structure (Wynn and Mostaghimi, 2006b).  Roots 

will greatly enhance the cohesiveness and structure of these soils, because of the 

mechanical properties roots provide to streambanks (Pollen and Simon, 2005).  Small, 

dense roots may provide the most benefit because they will stabilize erodible soils with 

network of roots in the top portion of the streambank (Wynn and Mostaghimi, 2006b). 
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Soils with moderate bulk density values will also benefit from roots.  Cohesion and 

structure are stable in these soils, but frequent freeze-thaw cycles will disrupt this 

stability.  Vegetation will reduce water availability and reduce the damage or stress 

caused from expanding ice (Shields et al., 2009).  Shallow herbaceous roots will 

withdraw the most water in the top layers of the soil.  Deeper roots would increase 

infiltration of water into deeper soils, away from streambanks (Zedler, 2007).  Trees and 

herbaceous plants would decrease erosion in moderately dense soils vulnerable to freeze-

thaw cycle damage (Wynn and Mostaghimi, 2006a).  Clay and loamy soils would greatly 

benefit from vegetation that can remove damaging moisture and frost.  However, soils 

with very high bulk density values are very stable and cohesive (Natural Resources 

Conservation Science, 2013).  Roots do not penetrate well into this type of soil, but 

stability is already so high that vegetation may not improve stability, unless freeze-thaw 

damage is very prevalent.  Therefore, vegetation will prevent different types of erosion, 

depending on the soil type and prevalent erosion issues. 

 

Differences in River Qualities 

Restoration efforts can vary along a river.  Headwater reaches have different 

compositions and stresses than lower reaches of the same river.  Three main erosion 

processes occur in each river corresponding to each section of the river.  Subaerial 

processes dominate headwaters reaches,  Fluvial entrainment dominates middle reaches 

and lower reaches are prone to mass failure.  In order to reduce erosion each section 

requires unique restoration approaches to counteract the unique types of erosion. 
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The headwater reaches of a watershed are typically very small streams with short 

streambanks.  Subaerial processes, such as wind thrown trees, increased stress from large 

woody debris, and freeze-thaw damage, dominate these reaches (Abernethy and 

Rutherfurd, 1998).  Wind throw erosion occurs when trees or other large structures tip 

into the stream, usually due to wind.  As they fall into the stream they uproot soil and 

deposit it in the stream itself (Abernethy and Rutherfurd, 1998).  This type of erosion is 

common in headwater reaches because the water table is very shallow and freeze-thaw 

damage is common (Wynn et al., 2004).  Since the streambanks are not tall enough to 

support deep root systems, tree roots cannot extend into the soil.  Shallow root systems 

lead to unstable trees that are more easily knocked over during strong winds.  

Additionally, since the streams are often smaller, objects in the river can have a profound 

effect.  Large woody debris can deflect flow from its normal path directly into a 

streambank (Abernethy and Rutherfurd, 1998).  Large amounts of localized erosion will 

occur where large woody debris interferes with the normal flow of a stream.  Freeze-thaw 

cycles can also significantly affect the stability of lower reach streams (Wynn and 

Mostaghimi, 2006a).  Disruptions of soil structure can occur because moisture is 

available from a shallow water table.  This moisture can cause damage during freeze-

thaw cycles that reduces the stability of trees and soil.  Freeze-thaw cycles break apart 

cohesive soils and uproot small plants (Abernethy and Rutherfurd, 1998).  This can leave 

a streambank vulnerable and exposed during floods and storm events, increasing erosion 

from high flows.  Headwater reaches need restoration efforts that address wind throw, 

flow deflection by large woody debris, and protection from freeze-thaw damage 

(Abernethy and Rutherfurd, 1998). 
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Middle reaches of a stream erode primarily from fluvial entrainment, or single 

particle erosion (Abernethy and Rutherfurd, 1998).  The flow from upstream is more than 

headwater reaches, causing higher banks and faster flows.  The shear stress from the 

water is not usually enough to erode entire sections of a river, however continuous 

erosion particle by particle causes slow, but steady erosion (Abernethy and Rutherfurd, 

1998).  Wind throw and large woody debris are usually not significant problems in these 

reaches because of the increase in stream size.  Trees and other woody plants can extend 

their roots to a greater depth, making them less susceptible to toppling (Crow, 2005).  

Debris that is present in a river does not increase erosion as much because the increased 

width and depth allows flow to circumvent obstacles, instead of deflecting most of the 

flow into a streambank (Abernethy and Rutherfurd, 1998).  Freeze-thaw damage can still 

affect these reaches depending on the soil type.  Disruption of soil cohesion in the upper 

layers of the soil from frost damage can increase the amount of fluvial erosion occurring, 

especially during high floods (Wynn and Mostaghimi, 2006a).  Sandy soils may not be as 

prone to this damage since the drainage is generally very high, but silty and clay soils are 

still vulnerable to freezing damage.  These regions would likely benefit from a 

combination of woody and herbaceous plant material.  Herbaceous plants can stabilize 

soil particles and protect streambanks from temperature changes.  Woody plants provide 

strength during flooding or periods of heavy rainfall with larger and deeper roots (Wynn 

et al., 2004).  Trees and herbaceous vegetation withdraw moisture along the entire bank 

face, reducing the amount of water in the soil that could cause damage during the fall and 

spring seasons.  Middle reaches could benefit from a mixture of herbaceous and woody 

vegetation for restoration. 
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The lower reaches of a river are most susceptible to mass failure (Abernethy and 

Rutherfurd, 1998).  Lower reaches of a river have very large flows as all the upstream 

flows become concentrated in the lower reach.  This input of very water causes high 

banks and very wide rivers.  Just as in the middle reaches, because of this height and 

width increase, large woody debris and wind throw erosion is not very significant (Wynn 

et al., 2004).  As bank height increases, the bank is subjected to a larger amount of stress.  

These stresses are primarily from gravity and increases in water volume during high 

flows.   This is because inundated soil loses shear strength, cannot bind as easily, and 

becomes more likely to fail (Pollen, 2006).  Mass failure is a result of increased bank 

height and inundation from increased flow. 

Different portions of a river are more vulnerable to mass failures.  Outer bends of 

meanders are particularly vulnerable to mass failure because the amount of stress on the 

bank is greatly increased from deflected flow (Brooks et al., 2003).  When the stress 

placed on a bank becomes too great, it can erode large amounts of sediment across a 

streambank.  Additionally, stratified soil layers may play an important role in creating 

dangerous conditions where mass failures may occur (United States Environmental 

Protection Agency, 2012).  When water that tries to percolate to the water table and 

meets a resistant layer, such as clay or bedrock, it is forced laterally out of a streambank 

(Pollen, 2006).  The water inundates the streambank, causing instability, and increases 

the stress on nearby soil particles (Wynn et al., 2004).  When a portion of a streambank 

erodes due to stratified layers, surrounding layers fail and erode as well.  Predicting this 

type of failure is difficult because the seepage from stratification is imperceptible unless 

using special equipment.  Infrared cameras can detect changes in temperature caused by 
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water flowing laterally out of river, but little research has been done to estimate the 

frequency of this particular phenomenon.  Due to the variety and range of stresses, it can 

be difficult to predict mass failure events for a large river. 

Subaerial erosion often occurs in the headwaters, but other sections can 

experience this type of erosion, too.  Subaerial processes are typically dominant when the 

water table is very high, therefore regions with a very shallow water table may be 

vulnerable to subaerial erosion (Abernethy and Rutherfurd, 1998).  This may commonly 

occur when plant growth is impeded by an impermeable surface, such as bedrock, near 

the surface.  The bedrock may create a water table that is very shallow in that region.  

Many other causes can increase the amount of subaerial erosion, such as a riparian 

wetland with a shallow water table, narrow or shallow streams due to soil type, and 

streambanks with very poor drainage (Wynn and Mostaghimi, 2006a).  This framework 

for headwater erosion can be used in other parts of the river that have similar 

characteristics. 

Middle reaches are primarily dominated by fluvial entrainment, but other reaches 

can be vulnerable to this type of erosion, too.  The water table in middle reaches is often 

deeper than headwater reaches, but if a headwater area has a deep water table, then 

fluvial entrainment may become dominant (Abernethy and Rutherfurd, 1998).  This can 

occur if the soil is sandy and drains well.  Since the water drains quickly, the water table 

is deeper, shifting erosion towards fluvial entrainment.  Likewise, shallow water tables on 

lower reach banks can shift erosion from mass wasting to fluvial entrainment.  Since 

fluvial entrainment is a medium between subaerial and mass wasting processes, it can 

occur when the water table is not shallow and the stream is moderately sized. 
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Lower reaches are prone to mass wasting due to increased bank height, but this 

type of erosion can occur in other reaches.  Reaches with very tall banks typically 

experience mass wasting due to the increased stress from gravity (Brooks, et al., 2003).  

However, if a stream in a headwater or middle reach has a tall streambank it can be prone 

to mass wasting as well.  This often occurs when rivers erode into a valley wall causing 

bluffs to form.  Stratification of soil layers can also decrease streambank stability and 

shift erosion towards mass wasting in smaller streams (United States Environmental 

Protection Agency, 2012).  Large, unstable banks are prone to mass wasting, no matter 

which river section they occur.
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Chapter 2: Root and Vegetation Differences in the Buffalo River, Elm 

Creek, and the Whitewater River 

Introduction 

Vegetation plays a large role in reducing erosion and improving streambank 

stability.  Plants can provide surface protection that reduces damage from temperature 

changes and protects from freezing.  Plant roots provide mechanical stability, reduce 

stress from inundation, and stabilize aboveground vegetation structure.  Diverse root 

structures create unique differences in streambank stability, and soil strength depending 

on the type of vegetation.  Understanding how plant and root properties can be used to 

inform restoration and land use activities would improve the effectiveness of 

conservation.   

Information about root strength and soil properties are needed when considering 

restoration efforts in a stream reach. For larger banks it may be more beneficial to have 

longer, thicker roots that provide deeper and stronger support.  Smaller banks may benefit 

more from smaller, denser roots that protect a streambank like a web (Abernethy and 

Rutherfurd, 1998).  Soil type can have a profound effect on the erosion since dense soils 

are already resistant to erosion, but sandy soils may need additional protection to reduce 

erosion (Wynn and Mostaghimi, 2006b).  Herbaceous vegetation and woody vegetation 

can play a role in both of these situations.  They each have different advantages and 

disadvantages that are important to consider when attempting a restoration project. 

In this study roots were extracted from the soil to understand differences between 

regions and vegetation types.  BEHI values and BEHI parameters were used to test the 

relationship between roots, vegetation and erosion prediction.  Additionally, root density 
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was compared across regions, river sections, vegetation type, and soil properties to 

identify if any additional properties may influence erosion rates. 

 

Hypotheses 

H1: There is a larger quantity of roots present in the top 30 cm of the soil than any other 

depth of soil. 

H2:  There are more roots present in forested sites than shrub dominated sites, which 

have a greater amount than the herbaceous sites. 

 

Materials and Methods 

Site Characteristics 

Three rivers are the main focus of this study; the Buffalo River, Elm Creek, and 

the Whitewater River.  Each of these rivers resides in a different ecoregion of Minnesota; 

the Glacial Lake Plain of Northwest Minnesota, the Glacial Till region of South Central 

Minnesota, and the Loess region of Southeast Minnesota (Dingmann et al., 2012; United 

States Department of Agriculture, Blue Earth; United States Department of Agriculture, 

Buffalo-Whitewater).  However, within each region three main subsections divide each 

river based on land use, soil type, elevation changes, and other differences.  These 

differences change the amount and type of erosion that occurs. 

The Buffalo River starts at Tamarac Lake and flows west 88 miles into the Red 

River of the North (Google Earth, “Buffalo River Sites”, 2012).  The South Branch of the 

Buffalo River starts in northeastern Minnesota, south of Barnesville, and flows north 

joining the Buffalo River near Glyndon.  Precipitation rates in the Buffalo Watershed 
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range from 21 to 25 inches annually (Dingmann et al., 2012).  This rainfall is 

concentrated in the spring during snowmelt and heavy rains.  The period of frost free 

days ranges from 111-136 days during the year (Dingmann et al., 2012).  Much of the 

rest of year is prone to freezing, with freeze-thaw cycles prevalent during the spring and 

fall months.  The three main sections of the Buffalo River are mostly influenced by the 

soil type, land use, and streambank size.  The upper reach is dominated by natural 

landscapes and small rivers.  The middle and lower reach contains agricultural land, with 

a corresponding increase in river size.  The soil type transitions from sandy soils in the 

headwaters to clay in the lower reaches.  In order to reduce erosion and understand the 

mechanisms behind every stress, each region in the Buffalo River needs to be studied 

separately.  Flooding, freeze-thaw damage, land use, soil type, and vegetation are 

important considerations for each region of the Buffalo River to determine the possible 

erosion for each section. 
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Buffalo river resides in three separate ecoregions of Minnesota in the northwest 

portion of Minnesota (see Figure 1).  The headwaters reach of the Buffalo River consists 

mainly of prairies and woodlands with well drained soils (Dingmann et al., 2012).  The 

most headwater portion of the Buffalo River exists in the Northern Lakes and Forests 

Ecoregion which consists of natural coniferous and hardwood forests (Dingmann et al., 

2012).  Most of the remaining headwaters area resides within the North Central 

Hardwood Forest Ecoregion of Minnesota (Dingmann et al., 2012).  The geomorphology 

of this region is well drained sandy or silty moraine and other glacial deposits.  Freeze-

thaw damage is not widespread in this region because of the vegetation and sandy soils.  

Sandy soils drain water quickly and the natural vegetation actively removes water from 

the top layer of the soil, reducing the damage caused by freeze-thaw cycles.  This region 

Figure 1. Buffalo River Watershed. The red lines denote the separation between river sections. (Source: 
Google Earth. “Buffalo River Sites.” 46°48’22.75” N and 96°26’21.00” W. October 10th, 2012. 

Retrieved September 10th, 2012 and United States Environmental Protection Agency, 2013) 
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typically exhibits low erosion rates due to the small size of streams and the natural 

settings that provide stability from erosive forces.   

The lower reaches of the Buffalo River differ greatly from the headwaters region 

because of changes in land use and soil type from naturally vegetated Glacial Till to 

agricultural Glacial Lake Plains near The Red River of the North (Dingmann et al., 

2012).  This change in ecoregion is very significant because it affects the hydrology and 

drainage of the landscape.  The soil becomes very thick as small clay particles dominate 

the landscape.  Water from the land cannot infiltrate into the thick clay soils, and it flows 

very slowly due to the flat terrain (Wynn and Mostaghimi, 2006b).  Flooding and 

saturation are common (Dingmann et al., 2012).  Thick clay limits the amount of 

vegetation growth, but also increases cohesion in the soil.  Cropland and pasture compose 

a majority of the land use in the lower reaches, causing the dominant vegetation type to 

be crops such as corn and soybeans (Dingmann et al., 2012).  Some natural grassland 

does exist in this region, providing protection against frequent flooding and runoff.  The 

thick clay soils strengthen the streambank, but freeze-thaw cycles may damage soil 

structure since water drains very poorly in this region (Natural Resources Conservation 

Science, 2013).  Land use and soil type play dominant roles in affecting the amount of 

erosion in the lower reach of the Buffalo River. 

The middle reaches of the Buffalo River are a gradient of land use and soil type between 

the upper and lower reaches.  The land use is mainly agriculture, but there are some 

regions of natural forest and prairie (Dingmann et al., 2012).   Towns and state lands 

make up the majority of the remaining landscape.  The soil in this region can vary from 

sandy outwashes to thick clay deposits (Dingmann et al., 2012).   Many differences exist 
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within the middle reaches of the Buffalo River, but erosion is usually highest in this part 

of the river.  Soil type can vary, but often these soils are prone to erosion and freeze-thaw 

damage since drainage is poor.  Agriculture and silty soils contribute to the instability of 

the streambanks in this region.   

Elm Creek is an agricultural stream in sandy glacial till soil that flows from south 

central Minnesota east into the Blue Earth River (Google Earth, “Elm Creek Sites”, 

2010).  Precipitation in this watershed is consistently 27 to 31 inches annually (United 

States Department of Agriculture, Blue Earth).  The landscape for this region consists of 

glacial till plains with short slopes and loamy soil with moderate drainage, except where 

prairie pothole wetlands form (United States Department of Agriculture, Blue Earth).  

Artificial drainage is common in many areas where prairie pothole wetlands historically 

occurred.  The drainage has increased the hydrology of the stream, creating increased 

potential for unstable conditions. The dominant natural vegetation for this region is 

prairie grass, with little or no forested areas present (Lenhart et al., 2010a).  The 

temperature can range from 105°F in the summer to -30°F during the winter (Minneosta 

Pollution Control Agency). Freeze-thaw damage is a concern for many regions that 

contain silty soil material because the soil drainage is often poor and moisture will collect 

and freeze during the winter (Wynn and Mostaghimi, 2006b). This river can be divided 

into three reaches based on land use and drainage area. 
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The headwaters region of Elm Creek contains small tributaries with little drainage 

area.  Drainage from nearby fields causes changes in hydrology, such as flash floods and 

increased water levels (Lenhart et al., 2010b). These changes cause reduced shear 

strength of soils as inundation and drying constantly affect the streambank.  Inundation 

reduces the ability of soil particles to bind together and desiccation causes soil particles 

separate and fracture (Pollen, 2006).  Freeze-thaw damage can be problematic if soil 

conditions stay wet during colder months.   

The middle reaches of Elm Creek have taller streambanks because many of the small 

tributaries have joined into the main stem of the river with towns and farming making up 

the land use (Lenhart et al., 2010b).  Since the soils are still loamy and prone to damage 

from various causes, the middle reach is very vulnerable to erosion.  The increased flow 

Figure 2.  Elm Creek Watershed. The red lines denote the separation between river sections. (Source: 
Google Earth. “Elm Creek Sites.” 43°46’06.93” N and 94°39’41.53” W. June 23rd, 2010 Retrieved 

September 10th, 2012 and United States Environmental Protection Agency, 2013) 
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from agricultural drainage increases the potential for erosion on unprotected streambanks 

(Lenhart et al., 2010a).  Increased stress from inundation and shear forces causes bank 

instability in the middle reach. 

The lower reach of Elm Creek has even taller banks and land use is still primarily 

agriculture (Minneosta Pollution Control Agency). This creates many problems similar to 

the headwaters and middle reaches, but on a much larger scale with greater flows and 

larger floods.  Inundation of streambanks is common during high rainfall events and 

floods.  This can decrease cohesiveness within the streambank until conditions change 

(Pollen and Simon, 2006).  Freeze-thaw damage can be problematic for surface soil 

layers, but lower layers are insulated from damage by soil above.  However, flooding and 

increases in hydrology upstream can create unstable conditions in the lower reaches of 

Elm Creek. 

The Whitewater River begins east of Rochester and travels east into the 

Mississippi River just north of Winona (“Whitewater River Sites”, 2011).  The land use 

and soil type of this river differs greatly from the previous two rivers since it lies mainly 

in the Loess Driftless region (United States Department of Agriculture, Buffalo-

Whitewater).This region is characterized by many hills and valleys with shallow soils 

over bedrock with silty or loamy soil (United States Department of Agriculture, Buffalo-

Whitewater).     The Whitewater River receives between 31 and 33 inches of rain 

annually (United States Department of Agriculture, Buffalo-Whitewater).  The soil is 

generally well drained, so this precipitation often infiltrates and flows into nearby streams 

through groundwater (United States Department of Agriculture, Buffalo-Whitewater).  

The average growing season is 150 days and much of the rest of the year is prone to frost 
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or freezing damage (Johnson, 2010).  Land use, vegetation, and stream power are 

affected by slope changes in this watershed.  The headwaters region of the Whitewater 

River is very flat with glacial till soils, and slow streams.  Agriculture and pasture 

dominate the landscape since the glacial soils are fertile.  As the river moves east it 

steepens.  The soils become the silty, windblown material typical of Loess regions 

(United States Department of Agriculture, Buffalo-Whitewater).  Deposition and 

agriculture is rare in the steep middle reaches due to the increases in slope.  Instead, 

natural forestland dominates the landscape because of the Whitewater State Park 

(“Whitewater River Sites”, 2011).  The lower reaches flatten out, changing the landscape 

and allowing agriculture to use the land again (Johnson, 2010).  The soil accumulates 

some sediment from upstream as the river becomes a fertile floodplain.  The soil is 

shallow in many places, but can be productive.  Land use, vegetation, and soil type are all 

affected by the slope changes in the Whitewater River. 
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The Whitewater River resides in the southeastern portion of Minnesota (see 

Figure 3).  The headwater reaches of the Whitewater River differ from the other reaches 

in elevation, land use, and soil type.  This part of the river is significantly flatter with 

fewer elevation changes than the remaining river, causing slower streams with more 

meanders.  The land use is primarily crop farming, pasture land, and towns (United States 

Department of Agriculture, Buffalo-Whitewater).  The soils in this region are typically 

loamy or sandy, depending on smaller scale glacial or loess deposits (United States 

Department of Agriculture, Buffalo-Whitewater).  The small streams in this area have 

small banks which allow stable streams that should require little restoration to exist.  

Very little shear force affects the streambanks due to the flat terrain.  Some of the 

headwaters streams are affected by glacial deposits, creating various sandy or silty soil 

Figure 3.  Whitewater River Watershed. The red lines denote the separation between river sections. 
(Source: Google Earth. “Whitewater River Sites.” 44°03’58.65” N and 92°05’10.38” W. July 24th, 2011. 

Retrieved September 10th 2012 and United States Environmental Protection Agency, 2013) 
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deposits (United States Department of Agriculture, Buffalo-Whitewater).  These deposits 

influence the damage caused by freezing and the cohesive strength of the streambank.   

The middle reach of the Whitewater River resides mainly in the Whitewater State 

Park, with corresponding changes in elevation, land use, soil type, and drainage area.  As 

the river flows east towards the middle reaches, it increases in slope creating higher 

velocity streams (Brooks et al., 2003).  As velocity increases, the shear strength of the 

water flow increases, increasing erosion rates.  However, since the slopes are so steep, 

much of this region is not productive farmland.  Natural landscapes reduce erosion by 

providing abundant protection from stresses and providing support to the soil.  The soil in 

this region transitions from glacial till soils to loess windblown material (United States 

Department of Agriculture, Buffalo-Whitewater).  This soil tends to be silts and loams 

that provide some stability, but are vulnerable to inundation and freeze-thaw damage.  

The natural vegetation and lack of human influence in the middle reach of the 

Whitewater River creates a stable river system. 

The lower reach of the Whitewater River experiences an entirely different set of land use 

activities, elevation changes, and changes in soil type.  As the river continues east into the 

lower reach the elevation flattens into a floodplain, becoming fertile lands for agricultural 

practices.  In addition to scattered farmland, a road system runs adjacent to the river for 

much of the lower reach’s path (“Whitewater River Sites”, 2011).  The streambank 

matieral remains windblown loess material., but as the river nears the Mississippi River, 

the soil layer becomes shallower, with karst causing instability and small landslides or 

sinkholes are possible (United States Department of Agriculture, Buffalo-Whitewater).    

The river increases to a very large size in this area, to accommodate for large flows from 
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upstream and groundwater.  These factors contribute to the lower reach being unstable 

and experiencing much erosion.   

 

Field Data Collection 

The three watersheds described above were chosen in order to evaluate 

differences in climate, vegetation, soil type, and ecoregion.  Each watershed was divided 

into three sub regions; a lower, middle, and headwater region; based on differences of 

characteristics within each watershed.  Each sub region received three sample sites and 

the final tenth sample site was used at each river to measure unique circumstances in the 

watershed, such as a city stream or a restored river section.  Each site resided on a curve 

in order to test the erosion differences for similar reaches. Several sites were mapped 

before field data collection and on site analysis was used to determine site usability.  Sites 

that were too difficult to reach, because of cliffs, thick forests, or distance, were excluded 

because of the large amount of equipment needed at each site.  If the river was clearly on 

or near a house or farm field, permission was received before sampling started.  Once the 

sites were selected, sampling and data collection could begin.  See Figures 1, 2, and 3 for 

locations of sample sites. 

Root samples were taken at the top of a streambank 1-3 feet from the outside edge 

of the curve in the river.  Three depths were sampled in order to understand how root 

density changes with depth.  The samples were taken every 30 cm in the soil.  A PVC 

tube was used to extract the roots.  The tube was hammered into the ground until it 

reached 30 cm.  Then the tube was extracted and all the soil and attached particles, 

including roots, were stored in a plastic bag.  This was repeated for 60 cm and 90 cm 
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depths in the same hole.  For thicker clay and silt soils or drier soils a bucket augur was 

used to extract the soil to the required depths.  In these instances the radius and height of 

the soil excavated were carefully measured before being placed into a storage bag.  

Buffalo Site 7 and Whitewater Site 7 had impeding layers where an impervious layer 

restricted the progress of the PVC tube or augur, so deeper samples were not obtained.  .  

Root samples were excavated from the ground, placed in a storage bag, and placed on ice 

until they could be returned to the University of Minnesota where they were frozen until 

sampled. 

At each site a vegetation survey was conducted to measure the major plant 

communities and to assess which plants may provide stability to a streambank.  Each 

survey was conducted using 300 foot long transect of the outer bend except for Buffalo 

site 7 which measured 220 feet.  Half meter square quadrats were used to measure ground 

layer vegetation density and species composition.  Each quadrat was placed randomly 

approximately every ten feet, except at Buffalo site 7, where the quadrats were sample at 

approximately 23 foot intervals.  In each quadrat relative percent of coverage was 

assessed with one hundred percent coverage being the maximum.  A graded cover 

technique was used where values were recorded in 5 percent gradients, except for 

densities below 10 percent which were measured in one percent intervals.  Bare space 

was included in order to estimate the amount of un-vegetated soil within the river reach.  

Plants were identified to the genus or species level if possible.  Unidentified species were 

collected and identified later using supplemental material if possible.  Trees, any woody 

plant with a diameter at breast height (DBH) greater than .1/4 inch were also measured.  

If a tree stem grew within five feet laterally of the measuring tape the DBH was recorded.  
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Bushes, with less than a .1/4 inch DBH, were measured using coverage at breast height 

(CBH).  Coverage measured the length of canopy that a bush provided in a small area.  If 

there were multiple plants providing cover in a small area, it was noted while measuring 

CBH.   

Many sites had woody vegetation, but it wasn’t always clear what the dominant 

vegetation type was.  If the density of tree stems was greater than a forest with trees 

planted 10 feet by 10 feet or 436 trees/acre, then it was considered a forested site.  The 

stem equivalencies were derived from the Oak Ridge National Laboratory website 

(2008).  The number of trees at each site was converted to an equal density of one acre 

and compared to the number of trees in a planted forest.  The average DBH and standard 

deviation was also calculated to understand more about the measured trees. 

Erosion rates were estimated using the WARSSS methodology, including BEHI 

and NBS measurements, outlined in the River Stability Field Guide (Rosgen, 2008).  

These measurements were performed on the outside bend of each site for consistent 

results.  BEHI measurements involve seven separate parameters that are used to estimate 

the amount of erosion that may occur for a given streambank.  These include ratio of 

bank height and bankfull height, root depth, root density, bank angle, surface protection, 

bank material. and soil stratification.  These measurements were made by measuring bank 

height with an extendable rod and bank angle with a protractor tool.  Root density was 

estimated visually on the bank face being studied.  A broad region 5 feet wide was used 

to estimate the root density to the nearest 5 percent value.  Surface protection was 

measured in the same area using the same methodology for vegetation covering the 

streambank.  Then any other protection, such as woody debris, was included in the 
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surface protection estimate for the same area.  Bank material and stratification were 

estimated visually using soil cues and tactile estimates, such as color, amount of grit, and 

length of soil ribbon. An NBS value was also estimated using method 2 from aerial 

photographs.  Method two requires measuring the radius of curvature of the stream curve 

to the width of the stream.  Method 5 was also estimated at sites where cross sections 

were obtained using the ratio of bankfull depth to maximum near bank depth.  The 

overall BEHI value and NBS value were used to calculate a final estimated erosion rate.   

Soil cores were thawed and sieved using a No. 40 sieve, with openings 0.0165 

inches (425 µm) and roots were sprayed with water to gently remove all the soil.  In order 

to estimate root density a STD 4800 scanner and WINRHIZO software program were 

used to measure the root size and length.  The WINRHIZO program calculated the length 

per volume of soil in centimeters per cubic meters (cm/m3) and that value was converted 

into centimeters per cubic centimeters (cm/cm3).  

Bulk density samples were taken from the lower bank.  These samples were 

pounded in the ground to a depth of 1-2 inches using a bulk density sampler of known 

radius and length.  The bulk density samples were placed in plastic bags and transported 

back to the University of Minnesota where they were calculated by drying and weighing 

them.  Some of the samples were frozen in storage until they could be dried and 

measured.  Once all the data was retrieved, final calculations could begin.  Many of the 

calculations were conducted using R statistical software.  This software easily 

constructed ANOVA results using data obtained from this study.  Microsoft Excel was 

used to construct other graphs and to obtain R2 data for some calculations. 
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In order to estimate belowground biomass, the DBH measured during the 

vegetation surveys was used to estimate aboveground biomass.  The DBH was estimated 

at the largest poosible value of .25 inches for shrubs.  This should allow for the maximum 

amount of root mass at sites dominated by shrub plants.  The aboveground biomass is 

calculated using the Jenkin’s Model (Zhou and Hemstrom, 2009). 

Bm = e^( b0 + b1*ln(DBH)) 

Where Bm is Aboveground biomass, DBH is the diameter at breast height in centimeters, 

and b0 and b1 are variables based on the species of tree used.  This equation is most 

accurate for trees greater than 1 inch in diameter (Zhou and Hemstrom, 2009).  Once the 

aboveground biomass was calculated it was converted into belowground biomass using a 

simple conversion of 25% of the aboveground biomass into belowground biomass 

(Cairns et al., 1997). This ratio can vary depending on tree type, species, soil type, water 

availability and nutrient availability.  Using this belowground biomass estimate, tree root 

density can be compared between sites.  Larger trees will have a much greater 

belowground biomass than smaller trees.  Therefore, it is possible for a site dominated by 

very small trees to have a smaller belowground biomass than a site with few very large 

trees. 

 

Results 

Site vegetation composition is determined by many factors, ranging from 

disturbance to nutrient availability.  Table 1 shows the dominant species and the sites 

where they are abundant.  The dominant shrub species is the most abundant plant 

measured using CBH, while the dominant tree is the most abundant plant measured using 
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basal area.  Tree Density relates only the amount of trees present, while Woody Plant 

Density includes both trees and shrubs when calculating density.  The dominant 

herbaceous species was Reed canary grass (Phalaris arundinacea), accounting for more 

than half of the herbaceous material at many sites in this study.  Shrub species varied 

more than herbaceous species, but Red Osier Dogwood (Cornus alba) and Sandbar 

Willow (Salix interior) were the most common species seen in all three watersheds.    

Tree species did differ across the watersheds with Boxelder (Acer negundo) and Green 

Ash (Fraxinus pensylvanica) being the most common.  Many other species were seen at 

the sites, but never in dominant amounts.  These species include Smooth Brome Grass 

(Bromus inermus), Canadian Thistle (Cirsium arvense), Wood Nettle (Laportea 

Canadensis), Common Milkweed (Asclepias syriaca), Swamp Milkweed (Asclepias 

incarnate), and Common Buckthorn (Rhamnus cathartica )(see Appendix 2 for more 

information).  Five forested sites were included in the study and the average tree DBH 

ranged from 7.41 inches to 0.8 inches.  The standard deviation ranged from 7.2 inches to 

.5 inches. Eight sites were dominated by shrubs in the study.  Seventeen herbaceous sites 

were present in this study, with the presence of trees and shrubs often ranging from 

absent to several trees along the transect.
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Table 1. Plant Composition and Density for Each Study Site  

Site 

Dominant 

Vegetation 

Type 

Dominant 

Herbaceous 

plant 

Dominant 

Shrub plant 
Dominant Tree 

Tree Density 

(Trees/Acre)
1 

Woody Plant 

Density 

(Equivalent 

Trees/Acres)
1 

BU1 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- - 0 0 

BU2 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

Red-Osier 

Dogwood 

(Cornus 

sericea) 

- 0 363 

BU3 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- - 0 0 

BU4 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

Sandbar 

Willow (Salix 

Interior) 

Boxelder (Acer 

negundo) 
102 218 

BU5 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

Gooseberry 

(Ribes spp.) 

Boxelder (Acer 

negundo) 
29 174 

BU7 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Red-Osier 

Dogwood 

(Cornus 

sericea) 

American Elm 

(Ulmus 

americana) 

160 4011 

BU8 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Sandbar 

Willow (Salix 

Interior) 

- 0 3052 
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BU9 Forest 
Sedge (Carex 

spp.) 
- 

Green Ash 

(Fraxinus 

pennsylvanica) 

567 567 

BU10 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Nannyberry 

(Viburnum 

lentago) 

Basswood 

(Tillia 

americana) 

392 945 

BU11 Forest 

Virginia 

Creeper 

(Parthenocissus 

quinquefolia) 

Chokecherry 

(Prunus 

virginiana) 

Boxelder (Acer 

negundo) 
741 843 

EC1 herbaceous 

Tall Coneflower 

(Rudbeckia 

Laciniata) 

Unknown 

Species 

Silver Maple 

(Acer 

saccharinum) 

102 116 

EC2 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Red-Osier 

Dogwood 

(Cornus 

sericea) 

Nannyberry 

(Viburnum 

lentago) 

15 741 

EC3 Forest 

Reed canary 

grass (Phalaris 

arundinacea) 

Chokecherry 

(Prunus 

virginiana) 

Boxelder (Acer 

negundo) 
3765 3837 

EC4 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- - 0 0 

EC5 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

White 

Mulberry 

(Morus alba) 

- 43 43 

EC6 Forest 

Reed canary 

grass (Phalaris 

arundinacea) 

Sandbar 

Willow (Salix 

Interior) 

Black Willow 

(Salix nigra) 
538 872 
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EC7 Shrub 

Black Raspberry 

(Rubus 

occidentalis) 

Red-Osier 

Dogwood 

(Cornus 

sericea) 

Boxelder (Acer 

negundo) 
377 581 

EC8 herbaceous 
Cultivated Crop 

(Hay) 
- - 0 0 

EC9 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

Nannyberry 

(Viburnum 

lentago) 

Boxelder (Acer 

negundo) 
87 305 

EC10 herbaceous 

Horsetail 

(Equisetum 

arvense.) 

- - 0 0 

WW1 Forest 

Reed canary 

grass (Phalaris 

arundinacea) 

Honeysuckle 

(Diervilla spp.) 

Boxelder (Acer 

negundo) 
538 1061 

WW2 herbaceous 
Goldenrod 

(Solidago spp.) 
- 

Black Walnut 

(Juglans nigra) 
73 73 

WW3 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- 
Black Walnut 

(Juglans nigra) 
15 15 

WW4 Shrub 
Violet (Viola 

spp.) 

Honeysuckle 

(Diervilla spp.) 

Basswood 

(Tillia 

americana) 

363 654 

WW5 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Nannyberry 

(Viburnum 

lentago) 

- 0 1380 

WW6 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- 
Boxelder (Acer 

negundo) 
15 15 
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1: Oak Ridge National Library, 2008.

WW7 Shrub 

Reed canary 

grass (Phalaris 

arundinacea) 

Common 

Elderberry 

(Sambucus 

canadensis) 

American Elm 

(Ulmus 

americana) 

407 785 

WW8 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- 
Boxelder (Acer 

negundo) 
87 87 

WW9 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- 
Boxelder (Acer 

negundo) 
160 160 

WW10 herbaceous 

Reed canary 

grass (Phalaris 

arundinacea) 

- - 0 0 
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Belowground Root Density was calculated using an empirical relationship derived from 

DBH and total aboveground biomass for forestry departments across many regions of the 

United States (Zhou and Hemstrom, 2009).  Using this value a belowground biomass can 

be obtained.  This number is in kg, but comparisons between sites can yield informative 

results about possible additions to root density values.  Several sites; BU1, BU3, EC4, 

EC8, EC10, and WW10; had no tree or shrub plants, so the additional belowground 

biomass at these sites is zero.  The greatest amount of biomass was at the herbaceous site 

EC 1 with 27,955.74 kg.  This site also had the largest average DBH at 52.18 cm.  WW3 

had the second largest average DBH at 48.26, but there was only one tree at that site so 

the overall biomass remained low. 

Table 2. Aboveground and Belowground Biomass of Woody Species at Every Site in the 
Study 

Site 
Dominant 

Vegetation 

Aboveground 

Biomass (kg)
1 

Belowground 

Biomass (kg)
2 

Woody 

Species 

Average 

DBH (cm) 

BU1 herbaceous 0.0 0.0 0.00 

BU2 herbaceous 5.6 1.4 0.64 

BU3 herbaceous 0.0 0.0 0.00 

BU4 herbaceous 2157.4 539.4 9.88 

BU5 herbaceous 208.7 52.2 1.86 

BU7 shrub 1236.6 309.2 1.13 

BU8 shrub 14.0 3.5 0.64 

BU9 forest 9479.9 2370.0 18.82 

BU10 shrub 15878.9 3969.7 14.39 

BU11 forest 3864.1 966.0 10.23 

EC1 herbaceous 27955.7 6988.9 52.18 
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EC2 shrub 13.7 3.4 0.67 

EC3 forest 280.7 70.2 1.68 

EC4 herbaceous 0.0 0.0 0.00 

EC5 herbaceous 41.4 10.3 6.99 

EC6 forest 4519.8 1130.0 4.48 

EC7 shrub 4518.8 1129.7 10.01 

EC8 herbaceous 0.0 0.0 0.00 

EC9 herbaceous 1227.5 306.9 6.00 

EC10 herbaceous 0.0 0.0 0.00 

WW1 forest 3797.9 949.5 3.81 

WW2 herbaceous 1632.3 408.1 19.91 

WW3 herbaceous 1416.9 354.2 48.26 

WW4 shrub 7714.4 1928.6 12.21 

WW5 shrub 20.8 5.2 0.64 

WW6 herbaceous 0.7 0.2 1.91 

WW7 shrub 5616.2 1404.0 9.19 

WW8 herbaceous 879.0 219.8 12.83 

WW9 herbaceous 12209.7 3052.4 38.12 

WW10 herbaceous 0.0 0.0 0.00 

1: calculated using (Zhou and Hemstrom, 2009) 
2: calculated using (Cairns et al., 1997) 

 

The root length density measured in this study ranged from 0.11 cm/cm3 to 6.38 cm/cm3.  

The sample with the greatest root density was Whitewater site 6 at the 0-30 cm depth.  

The lowest root density was from Whitewater site 3 at a depth of 60-90 cm.  For specific 

root density values see Appendix A: Raw Data from MDA Study.  The root density 
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values were significantly different between the 0-30 cm samples and the 30-60 cm 

samples (p-value= 0.0000001).  The difference between the 0-30 cm samples and the 60-

90 cm depth root samples was also significantly different (p-value= 0.000).  There is no 

difference between the 30-60 cm sample and the 60-90 cm sample (p-value= 0.099) (see 

Figure 4).  The average diameter for the 0-30 cm root sample is .3626 mm, the 30-60 cm 

average diameter is .3622 mm, and the average diameter for the 60-90 cm sample is 

.3778 mm (See Table 2 for individual values). 

Table 3- Average Diameter of Root Samples for each Depth Category 

  Average Diameter (mm)   Average Diameter (mm) 

Site 0-30cm  30-60cm 60-90cm Site 0-30cm  30-60cm 60-90cm 

BU1 0.3787 0.4856 0.4131 EC6 0.3173 0.3261 0.3149 

BU2 0.3341 0.2909 0.4772 EC7 0.2487 0.3989 0.4294 

BU3 - 0.3424 0.3505 EC8 0.2728 0.2477 0.2898 

BU4 0.2767 0.3068 0.3114 EC9 0.3458 0.2781 0.3177 

BU5 0.3773 0.3163 0.3229 EC10 0.2425 0.2363 0.3372 

BU7 0.3576 0.4521 - WW1 0.3745 0.4435 0.3915 

BU8 0.4479 0.2903 0.2935 WW2 0.3503 0.2699 0.3737 

BU9 0.3854 0.3575 0.3451 WW3 0.2921 0.4081 0.7114 

BU10 0.4288 0.3539 0.2795 WW4 0.4810 0.5587 0.4995 

BU11 0.4773 0.6694 0.5319 WW5 0.4507 0.3164 0.3720 

EC1 0.3027 0.3186 0.5024 WW6 0.3307 0.2433 0.3195 

EC2 0.2627 0.2836 0.2602 WW7 0.3181 0.3500 - 

EC3 0.4427 0.3369 0.3033 WW8 0.3898 0.2727 0.2936 

EC4 0.5804 0.4483 0.3764 WW9 0.4336 0.3281 0.4082 

EC5 0.3330 0.3354 0.3367 WW10 0.2835 0.6002 0.4171 
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Figure 4. Differences in Root Length Density for each Sampled Depth Category 

 

The RLD for each stream is similar (p-value= .51, see Figure 5).  The difference 

between the RLD in the top 30 cm of each of the three streams is negligible.  The average 

RLD in the top 30 cm is 3.4 cm/cm3 in the Buffalo River, 2.9 cm/cm3 for Elm Creek, and 

3.8 cm/cm3 in the Whitewater River.  The Buffalo River and Elm Creek have very similar 

data points, while the Whitewater River has a much larger spread of data.  This indicates 

larger differences in RLD in the top 30 cm at The Whitewater River than the other two 

rivers.  However, the average RLD is still the same between all three rivers. 
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Average RLD does not differ based on river section (p-value= .474, see Figure 6).  

The average RLD for the Buffalo River is 3.07 cm/cm3, 3.81 cm/cm3 in Elm Creek, and 

3.10 cm/cm3 in the Whitewater River.  However, the middle and lower sections of the 

river contain some sites with much higher RLD in the top 30 cm of the soil.  Even with 

these outlying data points, the difference between each of the three river sections varies 

very little on the Buffalo River, Elm Creek, and the Whitewater River. 

Figure 5. Root Length Density in the Top 30 cm of the Soil between Each River 
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The RLD in the top 30 cm of the soil does not differ between vegetation 

communities (p-value= 0.244).  Careful inspection reveals that there is no significant 

difference between the herbaceous and forested sites in the RLD present in the top 30 cm 

of the soil (p-value= 0.887). There is also no difference between the amount of roots 

between the herbaceous site and the shrubs (p-value= 0.215) or the forested sites and the 

shrub sites (p-value= 0.651).  The average RLD in the top 30 cm of the soil is 3.37 

cm/cm3 for the forested sites, 2.57 cm/cm3  for the shrub dominated sites, and 3.75 

cm/cm3 for the herabaceous sites(see Figure 7).  

Figure 6.  Comparison of Root Length Density in the Top 30 cm of the Soil for Each River Section from 
all three watersheds 
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Figure 7. Root Length Density in the Top 30 cm of the Soil between Each Dominant Vegetation 

Type for All Thirty Study Sites 
 

BEHI is an important tool used to estimate the amount of erosion occurring in a 

river section.  Root density estimated by the BEHI tool should coincide with the sample 

RLD measured.  However, there is little correlation between the root density estimated by 

the BEHI tool and the amount measured from root samples (see Figure 8). The samples 

and BEHI measurements were taken on the same bend but the scores do not seem related 

(R2 value= .00007, p-value= .9653). 
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Surface protection percent from the BEHI parameter and the vegetation type do 

not correlate (p-value=.937, see Figure 9). 

Figure 8. Estimated Root Density with the Bank Erosion Hazard Index (BEHI) Tool Compared to the 
Root Density Measured from Soil Cores at All Sites in the Study 
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Figure 9. Surface Protection Rating Used in the BEHI Tool and the Relationship to Each Dominant 

Vegetation Type Measured at All Sites in the Study 
 

Soil bulk density could affect the growth rate and patterns of plant roots, but there 

is no correlation between bulk density and root density.  Figure 10 shows very little 

correlation between these two variables (r2 value= .0027, p-value=.80). Five sites were 

removed due to unusually low values; however, this did not change the relationship 

between bulk density and RLD. 
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Figure 10. Measured Bulk Density and Root Length Density in the Top 30 cm of the Soil for All Sites 

Measured in the Study 
 

Discussion 

Human changes to the landscape have increased erosion rates and created the 

need for restoration activities (Beach, 1989).  Understanding the relation between erosion 

rates, vegetation, and root density can be important in mitigating human caused changes 

to the landscape.  Vegetation and plant roots play an important role in providing bank 

stability and reducing excessive erosion rates through reinforcement, dewatering, and 

other effects, but the importance of each process can be variable.  It is important to 
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understand the relation between all the factors that provide stability to a streambank in 

order to inform restoration activities.  

Even though herbaceous root density differs depending on site specific 

differences, most of the root length is concentrated in the top 30 cm of the soil.  Across 

all the watersheds and all the river sections in this study, RLD is always greater in the top 

30 cm.  This supports hypothesis 1, root density is greatest in the top 30cm of the soil, for 

every site in the study.  There is no difference between the length of roots in the 30-60 

cm samples and the 60-90 cm samples.  Vegetation species and type does not affect the 

amount of distribution of roots in a soil profile.  Wynn and Mostaghimi show evidence 

that bulk density is one of the most important factors relating to root growth (2006a and 

2006b). However, little correlation between bulk density and root density found in the 

study suggest that soil compaction, soil density, or clay composition does not affect the 

density of root growth.  For all factors root density was highest in the top 30 cm of the 

soil for this study. 

Hypothesis 2 was not supported based on the evidence in this study.  There was 

no correlation found between the amount of root density and type of vegetation at the 

study sites.  Herbaceous plants, shrub dominated sites, and forested sites all provided 

similar amounts of root density within a streambank.  Differences in dominant vegetation 

type indicate differences in site characteristics.  This could be due to higher or lower 

amounts of nutrients, water, soil characteristics, or influences by humans.  Even with all 

of these potential differences, root density did not differ between the sites, indicating that 

these factors do not cause differences in belowground density. 
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Tree roots are often measured as belowground biomass, which is not comparable 

to root density measures of length or volume.  Larger trees have much greater biomass 

than smaller plants.   Site EC1 has only seven trees and one shrub at this site, however, 

these trees are very large, the average DBH is 52.18 cm (20.54 inches), with the largest 

tree DBH being 139.12 cm (54.8 inches).  Different root sizes would affect streambank 

stability through either support or dewatering.  Very fine roots are used to extract water 

and nutrients from the soil, so sites dominated by very fine roots would reduce inundation 

more rapidly than sites dominated by larger roots (Pollen, 2006).  Large roots, on the 

other hand, provide more structural reinforcement.  Trees are much larger plants, and 

have correspondingly larger roots.   

Natural forests usually have a diversity of tree sizes, some large and old, others 

small and young (Crow, 2005).  BU9 and BU11 have large average DBH (7.41 and 4.7 

inches, respectively) and larger standard deviations (5.5 and 3.0 inches, respectively), 

indicating the presence of both old and young trees.  EC3 is a site containing mostly 

small, young trees.  The average DBH is only .8 inches with a standard deviation of just 

.5 inches.  The presence of only young trees indicates a disturbance or human impact that 

removed all the older trees.  EC6 and WW1 likely have fewer human impacts because 

their DBH is higher (4.9 and 1.9 inches, respectively) and a standard deviation that is 

much higher (7.2 inches and 4.9 inches, respectively).  This difference in size and variety 

could indicate recent disturbance and changes to the river caused by humans. 

Shrub populated sites in this study had a slight trend towards less root density.  

This could be due to the lack of larger, woody roots collected and suppression of 

herbaceous plants.  Allelopathy and competition could explain the slightly lower values 
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in the shrub sites (Callaway and Ridenour, 2004).  Chemicals produced by shrub plants 

could inhibit the growth of nearby herbaceous species.  Competition could reduce the 

presence of herbaceous plants if a nutrient is limited in an environment.  Shrub plants 

would be more efficient at obtaining or using this nutrient, causing nearby herbaceous 

plants to wither from lack of a vital nutrient (Callaway and Ridenour, 2004).  Fewer 

nearby plants could result in lower root densities.  However, this difference was not 

significant, so the differences could be explained simply by natural variability. 

There is no correlation between the root density scores obtained from Rosgen’s 

BEHI method and the root length density obtained from the soil cores.  Individual 

parameters from the BEHI method do not correlate to observed values, either.  Different 

vegetation types showed no consistent difference with the amount of surface protection 

provided.  Since the BEHI test is an empirical tool used in conjunction with NBS to 

estimate erosion rates, it is not an indicator of the exact conditions at a site.  RLD 

measured in the field and vegetation types may not relate to any of the BEHI parameters 

since BEHI is used mainly for comparison between sites and as an indicator of highly 

erodible sites, not to give a value for site conditions. 

Many sources of error during sampling could have influenced the results from this 

study.  Many of the tree roots were too large to be captured by the PVC tube method.  

This creates a bias towards shallow root systems.  It is very difficult to know where root 

density may be higher or lower from simple observations.  Much of the data for this study 

was taken between April and October and there is some risk for differences to occur due 

to seasonal variations.  Disturbances such as ice damage, erosion, deposition, and 

compaction could reduce the amount of roots growing underground.  Fertilizers or other 
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nutrient inputs from nearby areas could increase root growth.  These conditions would 

not be known before visiting a site and could cause variability in root growth and density.  

The sampling technique often required considerable effort to extract soil and roots from 

the PVC tubes; some roots may have been lost during this process.  Additionally, very 

small roots may have not been captured by the sieve, biasing our results to those roots 

large enough to be captured.  Scanning in the roots could have some error if roots 

overlapped or were not captured by the scanner.  Based on the sampling and measuring of 

root density, some bias towards small, but not extremely small roots may have occurred. 

Error in the bulk density samples may have arisen because of unusual values (see 

Appendix A), delayed measurements, and small spatial variations.  Several of the bulk 

density values measured less than 1.00 g/cc when dried.  These very light samples were 

discarded from the analysis, possibly changing the relationship between bulk density and 

root length density.  Some samples were stored in sealed plastic bags inside a cooler and 

not dried and weighed until several months later.  There may be some error associated 

with the breakdown of material in the freezer or after sampling.  Finally, these sites 

consisted of alluvial material that could contain material originally deposited from 

another area by floods and water movement that would affect the bulk density values.  

Alluvial material in the study area is typically very low in organic matter, but small areas 

of buried organic material, such as muck and peat, could erroneously decrease bulk 

density values compared to the surrounding material. 

The BEHI parameters and vegetation data was very similar is likely due to the 

abundance of Reed canary grass (P. arundinacea).  Reed canary grass is an invasive 

species that can compete for space, nutrients, or water better than many native plants, 
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especially in disturbed conditions (Callaway and Ridenour, 2004).  The surface 

protection and root density data collected would be similar across all regions because it is 

measuring the same vegetative cover at nearly every site.  The shallow dense root system 

of Reed canary grass could create a powerful bias in the root depth and density sampling 

because of the overabundance of one species.  In order to understand the impact of 

different root structures and surface protection a variety of plant species is required. 

Future studies can alleviate some of the discrepancies in this study by adjusting 

some of the methods and using alternate techniques.  When retrieving soil samples for 

study, some error may have occurred due to compaction of soil in the tube and losses due 

to the difficulty of removing the compacted soil.  Smaller depth intervals may help to 

reduce this problem and studies have used smaller sampling intervals (Piercy and Wynn, 

2008; Wynn and Mostaghimi, 2006b; Wynn et al., 2004).  Uncertainty also existed in the 

conditions of the sites before sampling in the summer.  To better understand the amount 

of disturbance and inundation that may have occurred at each site an additional spring or 

winter visit could be useful to document factors that may influence root densities. 

Increasing the sample size would likely not change the results of this study.  

Instead more careful site selection could be used to have equal number of sites for each 

vegetation type and to reduce the abundance of Reed canary grass (P. arundinacea) at 

selected sites.  The uneven number of herbaceous, shrub, and forested sites may add 

errors to the data collection and analysis process.  By using an equal number of sites for 

all three vegetation types, some of this error might be removed.  Additionally, selecting 

sites with little Reed canary grass could be useful in identifying differences between 

native vegetation.  In particular, herbaceous sites would benefit from an increase in 
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diversity.  By carefully selecting sites, not increasing the number of sites, some patterns 

may begin to emerge. 

Tree root samples were not gathered in this study because of the PVC method bias 

towards smaller roots.  Characterization of tree root densities and depths would benefit 

the results of this study.  Tree root sampling can occur through several methods; tree tip-

up measurements, trench excavation, and ground penetrating radar.  Fallen trees are can 

easily be found in nearly every environment.  By measuring the depth, size and density of 

fallen trees an estimate can be made of belowground root density.  However, this process 

is likely to include much error since not all roots may still be attached to trees, soil 

upheaval may damage root structures, and fallen trees may have an atypical spread of 

roots, which cause the plant to fall.  Trench excavation could accurately measure root 

density in the field, however it would be extremely difficult and labor intensive.  

Trenches may need to be many feet deep to capture all the roots in a vertical plane.  

Extent of lateral root spread would not be measured by this method.  Ground penetrating 

radar may be the most useful in estimating belowground tree structure by capturing a 

three-dimensional image of root density with little excavation or surveying.  However, 

ground penetrating radar devices may be expensive, bulky, and have problems with 

resolution making them unfavorable for field research.  The lack of tree root 

measurements has caused some problems for this study and future studies should include 

methods of measuring tree root density. 

Conservation practices can vary from simple vegetation management to large-

scale in-stream restoration activities.  The goal behind all of these practices is to reduce 

streambank erosion rates.  However, this process needs to be conducted within a human 
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impacted context.  Even stable streams experience erosion; it is offset by equal amounts 

of deposition.  Typically, human impacts change this balance by increasing erosion.  It 

can be difficult to differentiate between natural high erosion rates and rates that have 

increased since human settlement.  Several environmental cues can be used to judge if a 

river has experienced an increase in erosion.  Nearby land use can affect streambank 

erosion by reducing vegetation and increasing stream flow through drainage or runoff.  

Changes in soil type can also indicate human impacts, for example the lower reaches of 

the Whitewater River experienced increased rates of deposition in the floodplain after 

human settlement from upstream soil types.  Changes in vegetation can also be an 

indication of human impacts.  In particular, natural forests and prairies have been 

converted to cropland and pastureland.  Identifying where human impacts are greatest can 

allow targeted restoration and vegetation management to return erosion rates to their 

natural levels.  

Conclusion 

 Most of the root growth occurred within the top 30 cm of the soil for all plant 

species and watersheds in this study, supporting hypothesis 1.  Hypothesis 2 is not 

supported because there is no significant evidence that root density changes with 

vegetation type at my study sites.  There was a slight trend for shrub dominated sites to 

have fewer roots than both herbaceous and forested sites, but it was not significant.  

BEHI values, root density, and surface protection did not correlate, either.  BEHI cannot 

be used as an indicator of actual root density for streams in this study.  The effect of 

many possible sources of error could bias this data.  These errors are from sampling 

methods, measuring methods, and variability created by temporal and spatial changes.  
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The abundance of reed canary grass (P. arundinacea) likely plays a large role in creating 

similar results in this study.  The shallow, dense root system commonly found at the 

study sites is likely indicative of Reed canary grass which was probably influencing root 

density values across watershed, vegetation type, and soil type.   
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Chapter 3: Vegetation and Erosion 

Introduction 

Vegetation can have a large impact on erosion rates in a watershed.  Densely 

vegetated regions experience less erosion because of the support from plant roots, and 

surface protection.  Vegetation communities are unique in different regions in Minnesota 

and across the globe, which can affect erosion rates within a watershed.  Differences exist 

not only among rivers, but among regions of river, and when different vegetation is 

present.  Erosion is a major concern because it can impact roads, bridges, houses, and 

public property (DeWall, 2009).  In order to prevent erosion and reduce the need for 

costly restoration projects, efforts can focus on high risk areas with appropriate 

vegetation to improve the quality of a stream.  This study conducted BEHI tests on 30 

sites throughout Minnesota, 10 in the Buffalo River watershed, 10 in the Elm Creek 

watershed, and 10 in the Whitewater River watershed.  Vegetation surveys, cross 

sections, and root samples were also taken at each site to compare to erosion rates 

estimated at each site to possible sources of protection and erosion reduction. 

Each section of a watershed faces different types of erosion depending on certain 

qualities possessed by that section of the river.  Headwaters reaches are most prone to 

subaerial erosion, middle reaches are affected mainly by fluvial entrainment, and lower 

reaches experience mass failure as the largest source of erosion (Abernethy and 

Rutherfurd, 1998).  Since each region has different qualities and is prone to different 

forms of erosion, the most beneficial vegetation will differ.  Headwater reaches should 

benefit most from herbaceous plant communities, erosion rates in the middle reaches 
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should be reduced by shrub dominated landscapes, and lower reaches should benefit from 

forested land to effectively reduce erosion (Abernethy and Rutherfurd, 1998).  

Herbaceous roots are shallow and dense (Canadell, et al., 1996).  This would 

benefit short streambanks in headwaters reaches that have little area for roots to grow.  

Large woody debris and wind throw are such large problems in these regions that trees 

and other woody species would not provide much benefit (Abernethy and Rutherfurd, 

1998).  Herbaceous vegetation would be beneficial in reducing damage from freeze-thaw 

cycles and can provide a layer of insulation from temperature changes that might cause 

damage to streambanks (Pollen, 2006).  Protecting the streambank from rapid 

temperature changes could be the best way to reduce freeze-thaw damage.  Trees and 

other woody debris are the main source of erosion in headwater streams, and herbaceous 

plants would protect the bank from erosion and freeze-thaw damage.  

Mass failure is a challenging problem in lower reaches because it occurs 

sporadically and is difficult to predict (Lenhart et al., 2010a).  Predicting these events can 

be difficult because it is affected by the level of high flow during a flood, the type of soil 

in the streambank, the stress acting upon the bank, and the stratification of layers within a 

streambank.  The higher and longer a flood, the more streambanks destabilize from 

inundation.  In particular, large floods may saturate a streambank for many weeks, 

decreasing the shear strength of the soil and reducing root growth in a streambank.  This 

is also dependent on the type of soil.  Sandy soils become very vulnerable when 

inundated, whereas clay soils still retain much of their cohesion (Wynn and Mostaghimi, 

2006a).  Sandy soils, with low bulk density, cannot typically support taller banks.  Clay is 

often so cohesive that it can support very tall banks before it becomes unstable.  Some 
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unstable clay soils and stable sandy soils exist, but generally sandy soils are less cohesive 

than clay soil.  The proportions of sand and clay can be important for stability.  Higher 

clay content imparts more cohesiveness and higher sand content lessens the stability of a 

bank face.   

Each watershed is unique in soil type, stream size, land use, and many other 

factors.  These differences can cause some reaches of a stream to have atypical erosion 

processes.  The headwaters reaches in the Buffalo River are dominated by herbaceous 

and forested land (Google Earth, “Buffalo River Sites”, 2012).  In many areas this could 

increase erosion due to wetlands and shallow water tables.  However, the soil can be 

sandy in some parts of this reach, creating dry conditions where trees would provide 

additional support (Dingmann et al., 2012).  The middle reaches of the Buffalo River are 

prone to fluvial entrainment and mass failure in some locations.  The soil type varies 

across this region from sandy to silty soils, therefore, trees and herbaceous plants could 

provide root stability, and freeze-thaw protection (Abernethy and Rutherfurd, 1998).  

Where sand and tall streambanks are present trees may be more beneficial.  When silt and 

shorter streambanks are dominant, shorter rooting plants, such as herbaceous plants and 

shrubs, may be more beneficial.  The lower reaches of the Buffalo River are made of 

thick clay, and tall streambanks (Dingmann et al., 2012).  Tree and herbaceous plants 

may benefit these reaches the most.  Trees could penetrate into the tall streambanks and 

provide stability, while the herbaceous material would protect the upper layers of soil 

from freeze-thaw damage.  Buffalo River has unique characteristics that can shift the 

dominant type of erosion in each reach. 
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  Sandy material is present in many parts of Elm Creek, possibly shifting the 

dominant type of erosion in some reaches.  Loamy soils are also common, especially near 

wetlands or other low-lying areas.  Herbaceous vegetation can be used to mitigate the 

effects of agricultural inputs, by slowing water movement, increasing infiltration, and 

providing protection from wetting-drying and freezing-thawing cycles (Wynn and 

Mostaghimi, 2006b).  However, some areas with very sandy soils may benefit from 

deeper rooted vegetation.  In particular, some areas of the middle reaches in Elm Creek 

have very tall streambanks composed of sandy material.  Trees may provide the most 

benefit to these reaches where mass failure is possible.   

   The Whitewater River has many unique features that may promote different 

types of erosion.  Headwaters reaches can be sandy, with deeper water tables, where trees 

and shrubs may reduce erosion better than herbaceous plants alone.  The middle reaches 

of the Whitewater River have low erosion rates due to a dominance of naturally accruing 

grasses, shrubs, and trees.  Several bluffs occur in this region, due to the steep slopes 

present, but existing trees can provide the most support in these reaches.  The lower reach 

of this watershed has silty soils, tall streambanks, and many human impacts.  Planting 

deep rooted vegetation, such as trees, can increase infiltration and reduce erosion from 

runoff due to human impacts (Shields et al., 2009).  However, since the soil layers may 

not be very thick in some areas due to a shallow bedrock layer, herbaceous vegetation can 

also be planted to absorb water as it inundates shallow soil layers.  Many factorsin the 

Whitewater River, such as agriculture, shallow water tables, and human impacts, could 

influence whether subaerial, fluvial entrainment, or mass failure is the dominant type of 

erosion. 



 

 74 

Hypothesis 

Each region would benefit more from a certain type of vegetation according to 

Abernethy and Rutherfurd (1998), with supporting evidence from other studies (Shields, 

et al., 2009; Wynn and Mostaghimi, 2006a; Wynn and Mostaghimi, 2006b; Pollen, 

2006).  However, the study by Abernethy and Rutherfurd was performed in Australia for 

a single watershed.  If this trend is translatable across all watersheds similar trends should 

develop in Minnesota.  Testing this hypothesis may not be possible with the current set of 

data, but trends can be analyzed to assess the possibility that this model would benefit 

regions other than Australia. 

 

Materials and Methods 

In order to determine site locations the same methodology mentioned in Chapter 

2: Materials and Methods were used.  Each river was subdivided into three sections based 

on differences in characteristics from the other sections of the river, such as drainage, soil 

type, and land use.  These sites needed to be easily accessible and similar to each other 

for comparison.  Once the sites were established, data and sample collection could begin. 

Each site was tested to determine its erodibiliity using the BANCS system and 

River Stability Field Guide developed by Rosgen (2008). To be consistent, the outside 

bend was used to compare each stream section.  Different properties, such as radius of 

curvature and stream width, can be compared for all sites in the study.  In order to 

determine the first property of BEHI, bank height and bankfull height were measured on 

site.  A cross section was measured using a laser level, measuring tape, and extendable 

rod.  The bank height and bankfull height were established using the cross section.  
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However, if the river was too deep to measure a cross section, then the measurements 

were taken using an extendable measuring rod.  During these measurements one person 

was required to travel to the bottom of the stream bank to determine the bankfull height 

using bankfull benches, rock discoloration, erosion patterns, or other distinguishing 

marks to estimate the level at which bankfull occurred.  Bank height was also determined 

using the greatest near-bank increase since most streams were flowing above the 

minimum flow. 

In order to understand more about a particular river reach a cross section can be 

useful in obtaining information.  Measuring a cross section requires a measuring tape, a 

laser level, and an extendable rod, as outlined in the River Stability Field Guide (Rosgen, 

2008).  The tape is draped across the stream and used to measure horizontal distance.  

While the extendable rod and the laser level is used to accurately measure vertical 

distance.  Changes in slope are measured using a combination of horizontal and vertical 

measurements.  The final cross section measurement is very useful for obtaining bank 

height, stream width, maximum depth, cross sectional profile, and many other 

characteristics.  These characteristics can then be used to classify the stream based on 

Rosgen classification or any other classification system. 

After a cross section, bank height, and bankfull height were obtained, the depth of 

vegetation was determined by measuring the deepest roots with the extendable rod.  This 

measurement used the depth of roots from the very top of the streambank to determine 

the depth of roots.  However, if the vegetation cover was continuous from the top to 

another portion of the streambank, the depth included roots from the continuous 

vegetation.  This measurement is designed to estimate the stability of the streambank.  If 
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there is a continuous blanket of vegetation on a bank, then the roots are contributing 

much stability to the streambank.  However, if there are only patchy groups of vegetation 

down an otherwise barren riverbank, then those plants are excluded from the root depth 

measurement since they were not contiguous.  Next, root density was visually estimated. 

The root density was estimated only for the portion of the streambank that had roots 

visible.  All roots were estimated in the density measurement, except those below root 

depth.  This approach was based on visual estimates, so it is subject to bias and over or 

under estimation.  For this study a percent root density was agreed upon by all 

researchers and then recorded.  Bank angle was estimated using a protractor tool.  The 

measurements were taken at several points of the lower streambank and an average was 

used to determine the best bank angle description.  The lower portion below the bankfull 

height was used because it was subjected to flows and gave a better indication of the 

stress affecting the streambank.   

The amount of soil protected by vegetation or other material was estimated by 

determining the amount of barren streambank within a five to ten foot reach along the 

outside bend and considered surface protection.  Other forms of protection exist, such as, 

woody debris from upstream that provides physical protection and deflects flow away 

from a streambank.  This amount can be difficult to estimate if flow deflection is 

occurring, if not though, it is a rather simple estimation of exposed bank.  Again, since 

this measure can be somewhat subjective, all researchers agreed upon a value to 

determine the amount of surface protection. 

The final factors that can contribute to erosion are soil type and presence of 

stratification.  Soil type can play a large factor in the cohesion of bank particles.  Sand is 
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highly erosive, with very little cohesion which tends to cause higher erosion rates.  In the 

field, the soil texture is estimated and recorded.  The presence of soil layers can also 

decrease stability and increase the chance of bank erosion. 

Bank stability depends on many aspects, but roots provide stability and 

cohesiveness to a streambank.  Little is known about the amount of roots in a streambank 

and which plants provide the best stability.  In order to understand roots and vegetation 

better, root samples are needed and a vegetation survey is taken as outlined in Chapter 2: 

Materials and Methods. 

In order to calculate the amount of erosion in a river reach BEHI, NBS, and bank 

height are needed.  This process is outlined in the BANCS model (Rosgen, 2008).  BEHI 

is used as an indicator of the strength of the soil and NBS indicates the amount of stress 

on the bank.  A combination of BEHI and NBS values correlates to an erosion rate.  This 

rate is multiplied by the bank length and height to predict the annual erosion rate in 

tons/ft/yr (Rosgen, 2008).  The length for each site was 300 ft because that is the length 

that vegetation surveys occurred and to more easily compare the impact of bank height on 

erosion rates.  Using these three parameters it is easy to identify where large amounts of 

erosion occur.  The data was then entered into the R program and several ANOVA  tests 

on single and multiple variables were run to test the relationship between different sets of 

data.  Linear relationships were established using Microsoft Excel.   

Root Length Density was measured as mentioned above in Chapter 2: Materials 

and Methods.  A PVC tube was used to extract the roots from the streambank in 30 cm 

increments up to 90 cm deep.  The collected samples were stored and frozen until 

processed at the University of Minnesota. Then the samples were thawed, sieved, and 
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measured using a STD 4800 Scanner and WHINRHIZO software.  The samples were 

compared using statistical software R. 

Results 

Each region and river section differs in many respects, from soil type to 

vegetation type to root density.   

The BEHI value is based on parameters derived from Rosgen’s River Stability 

Field Guide (2008) and determined through field observations.  The smallest BEHI value 

was at Whitewater site 2 with an overall score of 14.7.  The largest BEHI value was at 

Elm Creek site 8 with an overall score of 50.4.    Large BEHI values indicate the potential 

for erosion is very high.  The correlation of BEHI score and root density from the 0-30 

cm depth were not significant (r2-value= .0503, p-value= .2419, see Figure 11).  
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Different types of vegetation are expected to provide different protection and 

support to a streambank.  In order to understand if forested land differed from herbaceous 

or shrub dominated landscapes, the estimated erosion potential was used to compare all 

three vegetation types.  There was no significant difference between the BEHI score for 

Figure 11.  Relationship of BEHI scores and RLD in the Top 30 cm of the Soil 
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each vegetation type (p-value=.682, see Figure 12) although large tree roots were not 

included in the analysis. 
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Figure 12.  Comparison of BEHI Score and Dominant Vegetation Type Across All Study Sites 

 

Each river was divided into three different sections, a headwater, middle, and 

lower section based on drainage area and geomorphic traits.  Figure 13 shows the 

dominant vegetation community for each site across all watersheds.  The headwaters 

reaches consist of many herbaceous plots of land.  Middle sections contain the most 

shrub land, indicating a mixture of woody and herbaceous material.  Lower sections vary 
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greatly, but contain mostly forested sections.  The sample sites were selected using other 

parameters besides vegetation type.  In order to prevent bias in the sample selection 

vegetation type was not identified until after measurements and sampling were complete.    

 

 
 
 

Higher BEHI scores relate to more easily erodible streams and lower BEHI scores 

indicate stable streams.  If BEHI score varies based on differences in land use and bank 

height, then scores should be consistently higher in lower reaches that have higher 

streambanks and often poor land use practices.  However, BEHI scores were not found to 

vary based on stream section (p-value= .469, see Figure 14) for this study. 

Figure 13.  Dominant Vegetation Cover Based on River Section 
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The BEHI values did differ among vegetation types for each section.  Some 

sections had lower BEHI scores, relating to lower erosion rates.  Vegetation types that 

had higher BEHI scores should influence erosion rates for those specific sections.  The 

upper or headwater reaches generally had lower BEHI scores when covered by 

herbaceous vegetation compared to forested reaches.  The middle section had lower 

BEHI scores when covered by shrubs or small woody vegetation.  The lower reaches had 

Figure 14.  Comparison of BEHI Scores and River Section Across all Watersheds and Vegetation Types 
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lower BEHI scores when covered with woody material such as trees or shrubs.  The 

BEHI scores were much higher when covered with herbaceous material (see Figure 15).  

 

  
 
 
 

   The shear stress placed on a streambank by water flow should be independent of 

the quality and stability of the streambank.  High BEHI scores should not correlate to any 

specific NBS score.  This means a streambank with a very high BEHI score can have a 

high NBS score.  However, high shear stress can increase the erosion on a streambank 

creating lower scores in categories such as bank angle and bank height.  Increases in 

several composite scores could lead to an increase in the BEHI score.  Overall, NBS 

scores showed a low correlation to BEHI ratings (r2-value=.1265, see figure 16).  There is 

a slight downward trend indicating high NBS scores could be influencing BEHI values, 

however, the relation is not significant. 

Figure 15. Comparison of BEHI Score and Dominant Vegetation Cover for Each River Section 
Bars with values of 0 indicate no vegetation of that type was present in that section 
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The final erosion rate is an average of the total amount of sediment that erodes 

from a streambank in one year (see Table 4).  Each river section was averaged to estimate 

the total amount of erosion from each particular area (see Figure 17).  This erosion rate 

was calculated using the sedimentary Colorado curve from the River Stability Field 

Guide (Rosgen, 2008).  The highest erosion rate was predicted for the Whitewater River 

site 9 (WW9) at 195.24 tons/year.  The lowest predicted erosion rate was at the Elm 

Creek site 2 reach (EC2) at 1.55 tons/year (see Table 4). 

 
 

Figure 16.  Comparison of BEHI and NBS Scores Across all Watersheds, Regions, and Vegetation Types 
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Table 4. Erosion Rates for Each Study Site 

Site 
River 

section 

BEHI 

Rating 

NBS 

Rating 

Bank Erosion 

Rate (ft/yr) 

Length of 

Bank (ft) 

Bank 

Height (ft) 

Erosion 

Rate 

(ft^3/yr) 

Erosion 

Rate 

(tons/yr) 

BU1 Upper High Very Low 0.165 300 7 346.95 16.71 

BU2 Upper High Low 0.380 300 2.5 284.68 13.71 

BU3 Upper High Moderate 0.380 300 4.5 512.42 24.67 

BU4 Upper Low Low 0.051 300 5 77.23 3.72 

BU5 Middle High Moderate 0.308 300 5 462.46 22.27 

BU7 Middle Moderate High 0.326 300 4 391.68 18.86 

BU8 Middle High High 0.575 300 6 1035.60 49.86 

BU9 Lower Moderate High 0.420 300 6 756.55 36.43 

BU10 Lower High Very Low 0.165 300 8 396.52 19.09 

BU11 Lower Very High Very Low 0.165 300 10 495.65 23.86 

EC1 Upper Moderate High 0.697 300 3.5 731.78 35.23 

EC2 Middle Low Low 0.036 300 3 32.09 1.55 

EC3 Upper High Low 0.250 300 3 225.38 10.85 

EC4 Upper Low Very Low 0.025 300 8 59.26 2.85 

EC5A Middle Moderate Very Low 0.119 300 3 106.84 5.14 

EC6 Lower High High 0.575 300 6 1035.60 49.86 

EC7 Middle Moderate Low 0.153 300 7.5 343.96 16.56 

EC8 Middle Extreme Low 0.420 300 9 1133.94 54.60 

EC9 Lower Very High Very Low 0.165 300 7 346.95 16.71 

EC10 Middle High Extreme 1.322 300 8.5 3370.58 162.29 

WW1 Lower Moderate Very High 0.697 300 12 2508.94 120.80 

WW2 Middle Low Very Low 0.017 300 8.5 43.60 2.10 

WW3 Upper Moderate Very Low 0.119 300 5 178.07 8.57 

WW4 Middle Moderate Very Low 0.119 300 8.5 302.73 14.58 
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WW5 Upper High Low 0.250 300 8 601.01 28.94 

WW6 Middle High Very Low 0.250 300 7 525.89 25.32 

WW7 Lower Moderate High 0.253 300 2.5 190.11 9.15 

WW8 Upper High Moderate 0.380 300 11.5 1309.53 63.05 

WW9 Lower High Extreme 0.872 300 15.5 4055.04 195.24 

WW10 Upper High Extreme 0.872 300 5 1308.08 62.98 
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Figure 17.  Comparison of the Average Erosion Rate for Each River Section Within Each River 

 
 

Discussion 

A BEHI score is a straightforward field method to estimate erosion problems on a 

river, which is made up of several different parameters.  The relationship between each 

parameter and root density can be used to inform policy and technical decisions about 

restoration efforts and land use.  Since vegetation and roots provide stability to a 

streambank, BEHI values should reflect the change in root density, however other 

parameters, such as bank height and bank angle may play a more significant role in the 

overall BEHI score.  There seemed to be a slight upward trend in the results (see Figure 

11), however, the overall BEHI scores did not correlate to RLD.  Even though the result 

is not significant it is surprising to see an increase in BEHI score correlating to an 

increase in root density.  Root density should increase the stability of a streambank and 
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that should be reflected by a lowering of the BEHI value.  Based on this evidence, BEHI 

root density values may not reflect actual root densities in the soil.   

Herbaceous plants, shrubs, and trees have different sizes of roots because of 

differences in nutrient and water requirements.  Roots from herbaceous plants are 

smallest because they are the smallest plants and require the fewest nutrients, while 

greater transpiration and nutrient extraction rates by trees could explain the differences in 

root size and structure (Brooks et al., 2003).  An individual tree requires more nutrients 

than an individual herbaceous plant.  This requires greater area to absorb nutrients and 

transport those nutrients to the leaves.  As a result, there should be more herbaceous roots 

in the top 30 cm and tree roots should be more prevalent below 30 cm of soil.  However, 

there is no significant difference between the RLD for the herbaceous root samples and 

forested root samples in this study.  This is likely due to the sampling process that 

favored small herbaceous roots rather than larger, less abundant tree roots.  High water 

tables could influence the distribution of roots in many areas.  It could also be due to the 

extensive ground cover of herbaceous material, even in forested sites, that cause similar 

root profiles to appear.  The land type also tends to be very similar in many regions.  

Shrub landscapes did show a small difference from the herbaceous and forested RLD.  

The reason for this difference remains unclear, but belowground competition or 

allelopathy could play a role in reducing root growth of herbaceous species (Callaway 

and Ridenour). It has been shown that some shrub species can inhibit or out compete 

herbaceous plant species (Callaway and Ridenour, 2004)  This is not likely the case for 

all shrub sites in this study since there was no difference between root densities.  
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Vegetation is one of the most important aspects that influence erosion rates on the 

three streams in this study.  Regions with greater amounts of undisturbed vegetation, such 

as the headwaters of the Buffalo River and the middle Whitewater River reaches, had 

much lower erosion rates.  However, BEHI values did follow the suspected trend outlined 

in the hypothesis.  Herbaceous sites generally had lower BEHI values in the headwater 

reaches.  The lower reaches with forests had lower BEHI scores the herbaceous sites.  

Vegetation should be a significant factor because of its influence on surface protection 

and root reinforcement.  It is possible that the type of vegetation planted in a certain reach 

does influence the erosion rate, even though root density, surface protection, and BEHI 

scores are not significantly different between categories. 

NBS values are greater for incised channels, sharp curves, and steep slopes.  This 

study measured NBS mainly using method 2, radius of curvature to bank width, and 

method 5 was used as a comparison as outlined in Rosgen’s River Stability Field Guide 

(2008).  Greater values of NBS represent greater stress related to the shape and contour of 

a river.  This means that NBS scores should be unrelated to any of the other factors that 

independently measure bank strength.  Figure 13 supports this hypothesis, since the r-

value is very low and little relationship exists between BEHI and NBS.  Erosion rates for 

reaches with low BEHI scores could still be high due to strong shear stress affecting the 

streambank.  In these cases shear stress is the major cause of erosion and root and 

vegetation may only have a small effect on reducing erosion rates. 

Soil type can have a profound effect on the efficacy and stability of certain 

vegetation.  Since sand drains very easily, deeper rooted plants are needed to extract 

water from lower soil layers.  Thick, clay soils may not require much vegetation and the 
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vegetation that does grow would likely have shallow roots (Piercy and Wynn, 2008).  As 

a result trees may not grow very well or be as beneficial in high density soils.  Freeze-

thaw cycles can greatly affect silty and clay soils in headwater and middle reaches.  

Regions that contain these types of soil may receive most of their streambank damage 

from freezing and thawing.  Herbaceous material could become even more important to 

protect the soil with a layer of insulation and to remove excess moisture. Sandy soils do 

not retain moisture very well and do not have many problems with freezing and thawing.  

Soil type can be a very important factor in determining erosion rates for a portion of a 

river. 

The soil type and elevation changes of a region greatly affect the amount of 

erosion that occurs.  Region wide sediment changes can be important in providing the 

underlying soil structure of a streambank.  For example, erosion rates are less in the 

lower part of the Buffalo River mostly because of a change in streambank sediment from 

sand in the headwaters to clay in lower reaches even though the streambanks are much 

higher.  Changes in elevation also influence erosion by increasing stream power, shear 

force, and erosion rates.  The Whitewater River has many steep areas, especially the 

middle reaches, but other sections of the river can change elevation rapidly.  Flat regions 

will have much slower stream flow and lower erosion rates.  Therefore, soil type and the 

elevation changes of a region are important in calculating erosion rates.  

Many other factors can contribute to erosion rates and restoration needs in a 

watershed.  The Buffalo River, Elm Creek, and Whitewater River differ in land use, soil 

type, and other characteristics.  The Buffalo River has many different soil types that 

greatly influence the amount of erosion that occurs in many reaches of the river.  Elm 
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Creek is homogenous in land use and soil type and erosion is caused mainly by changes 

in channel conditions, such as cross sections, bank height, and bankfull depth.  The 

Whitewater River changes greatly in land use, elevation, and soil type, increasing erosion 

in certain areas of the watershed. Unique circumstances within and between the three 

watersheds contribute to the differences in erosion rates. 

The Buffalo River has many natural settings in the headwaters where erosion rates 

are very low (see Figure 17).  Natural forests and wetlands together with small bank 

heights reduce the amount of streambank erosion in this region.  The middle reaches of 

the Buffalo River are prime agricultural lands.  Therefore, many farms and small towns 

inhabit the landscape.  Conservation practices can vary greatly, but typically erosion rates 

are very high in this region.  Buffer strips are common, but often additional practices are 

needed to mimic a natural setting and reduce erosion rates to a natural and stable amount.  

As the river continues west, the soil becomes clayey which makes the river very resistant 

to erosion.  The clay is so resistant to erosion in much of this region that minimal 

conservation practices can protect the landscape.  Therefore in the Buffalo River, the 

middle reach experiences the largest erosion rates, due to soil type and land use 

influences. 

In regions where the soil composition is uniform throughout the entire watershed, 

land use is the most important factor affecting erosion rates and BEHI scores.  Farming is 

the main land use in the Elm Creek watershed.  The middle reach of Elm Creek is most 

prone to erosion (see Figure 17) based on this study.  High streambanks and other 

channel characteristics contribute to the amount of erosion that occurs.  Land use 

contributes heavily to the increased erosion in these reaches; conservation practices are 
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more common in the lower reach.  Agricultural practices dominate Elm Creek, increasing 

flow from runoff and causing hydrologic changes downstream.  Hydrologic changes can 

increase the shear force on banks downstream by increasing stream velocity.  Due to the 

watersheds uniformity in soil type, the common agricultural land use, and increases in 

drainage area, the middle and lower reaches of Elm Creek are most prone to erosion 

(Lenhart et al., 2010a).  Many stream bluffs exist in the lower reaches that were not 

captured in this study.  This lack of information may explain why the middle reaches had 

a higher erosion rate.  Otherwise, this may be due to the lack of nearby conservation 

practices, such as vegetative buffers.  Changes in region specific characteristics, such as 

streambank height or soil conservation, can have a profound effect on erosion in the Elm 

Creek watershed. 

Erosion on the Whitewater River is mainly influenced by soil type, geography, 

and land use.  The headwaters reaches of the Whitewater River are dominated by glacial 

till soils, agricultural practices, urban land use, and flat geography.  The flat land in the 

headwaters reduces the velocity of flow and shear force, but the sandy glacial soils in this 

region are prone to erosion. An agricultural practices increase flow downstream and 

reduces the amount of natural vegetation in the riparian area.  The middle reaches are 

prone to more erosion because of the steeper slopes, but the land use in this area is mainly 

natural forests from the Whitewater State Park.  Additionally, the stream runs through 

bedrock which is not easily eroded.   Even though the stream is steep in the middle 

reaches, human impacts are low and erosion rates are correspondingly low.  Naturally 

occurring vegetation and bedrock soils allow the formation of stable streams.  The lower 

reach of the Whitewater River flattens again, creating a wide floodplain with sandy to 
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silty alluvial soils deposited in the 1800’s from poor fariming practices (Beach, 1998).  

This soil is more easily eroded than bedrock and the land use returns to agriculture.  Even 

though the land is flat, increase flow from upstream agricultural practices increase the 

shear force on streambanks in the lower reach.  Mass failure is common in the lower 

reach due to the instability of sandy soils with little natural vegetation.  Therefore, in the 

Whitewater River, the most vulnerable reaches are the headwaters and the lower river due 

to land use and soil type. 

The upper or headwaters reaches of all three rivers are dominated by herbaceous 

lands.  Bias in the selection process could influence the results of this study.  Many of the 

sites were near a road or farmland.  Grass buffers or Conservation Reserve Program 

(CRP) land would increase the amount of herbaceous sites and possibly influence the 

results by mimicking natural landscapes.  Herbaceous vegetation should provide more 

resistance to erosion in the headwaters because deep rooted plants will increase erosion 

through subaerial processes (Abernethy and Rutherfurd, 1998).  In this study the 

herbaceous material averaged a lower BEHI score than the tree dominated sites for 

headwater reaches (see Figure 15).  Trees have a tendency to become unstable and 

increase erosion through windfall actions (Abernethy and Rutherfurd, 1998).  As trees 

fall into a river they bring sediment and increase erosion by redirecting flow into a 

streambank.  Smaller plants with shallower roots will protect most of the streambank and 

remove excess moisture without providing large woody debris to increase in-stream 

erosion.  Although this result is not definitive due to the small sample size and possible 

bias in site selection, it supports the idea that herbaceous plants will provide the most 

protection to headwaters sites in the three watersheds in this study. 
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Shrubs and herbaceous plants make up the middle reaches of each river in this 

study (see Figure 13).  Bias in the site selection could have influenced these sites as well.  

Disturbances in the land near a road or farm could allow shrub plants to regrow more 

easily than trees or herbaceous plants.  If disturbances have influenced the growth of 

shrubs at these sites, then the BEHI scores may not be accurate. Shrub dominated sites 

did have lower BEHI scores than sites dominated by herbaceous plants in the middle 

reaches (see Figure 15).  Since the stream is larger and the streambanks taller, herbaceous 

plants may not provide adequate protection throughout the entire bank face of middle and 

lower reach sites.   The herbaceous root systems may not be strong or deep enough to 

provide protection from fluvial entrainment that causes the most erosion in middle 

reaches of rivers.  Small amounts of constant erosion occur at bankfull height or lower.  

Shrubs should extend their root systems deep enough into the soil to provide protection to 

these areas, whereas herbaceous plants should have shallower root systems.  These results 

are not definitive, but the lend support to the idea that shrubs provide the most benefit to 

middle reach streambanks.   

The lower reaches of each watershed contain some herbaceous, some shrub 

dominated, and many forested sites (see Figure 13).  Selection bias may also be present in 

the lower reaches, since sites were picked to be near roads or farms.  Trees may be 

dominant at these sites because of human impacts that have reduced the amount of 

disturbance, such as fire suppression and building fences.  Woody sites have much lower 

BEHI scores herbaceous sites.  Shrubs have a slightly lower BEHI average than forested 

sites in this study.  Woody plants have a much deeper root structure than shrubs or 

herbaceous plants which can provide stronger support against mass failure events 
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(Canadell et al., 1996).  This result is not definitive due to possible site bias, but it does 

support to the idea that trees would benefit the lower reaches of streams better than 

herbaceous or shrub plants. 

Many factors can confound the trends shown above, such as missing tree data, the 

abundance of Reed canary grass, and error from sampling and measuring.  Tree root data 

was not included in the RLD measurements, which could cause BEHI scores to differ, 

since they did include tree roots.  Reed canary grass (P. arundinacea) was so dominant 

across the three watersheds, covering 22 of the 30 sites, that root densities may be similar 

based on similarities in species compostions, as discussed in Chapter 2.  Using a small 

PVC tube to capture roots did not allow retrieval of tree roots or any other large roots in 

the soil.  Error associated with sampling and measuring as mentioned in Chapter 2 could 

also influence the differences in root density.   

The BANCS method of erosion prediction may be inaccurate because of the 

differences in land use, vegetation, and soil type that differ from the streams where it was 

designed.  Since no region specific graphs or measurements have been made, calculations 

may be inaccurate.  However, this erosion prediction method is designed to be empirical 

and requires calibration for each region in order to provide an accurate estimation.  

Increases in hydrology from runoff can cause higher flows increasing erosion rates while 

leaving BEHI values similar until equilibrium can be reached.  Conservation farming and 

advanced stormwater practices can reduce the erosive power of high flows from 

agriculture, towns, and roadways, further confounding the relationship between BEHI 

and erosion rates.  Conservation practices and hydrology changes can vary widely over a 

small area, causing BEHI values and erosion rates to vary greatly. 
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Soil and water conservation projects require many other considerations before 

implementation to reduce erosion rates in a region.  Farming activities can influence the 

behavior of soils and increase the need for woody vegetation.  Tile drainage could cause 

silty soils to drain quickly like sand.  Fast, high flows caused by agricultural practices, 

such as ditching and tiling, can increase the need for woody vegetation.  The water table 

will be much deeper with increases in shear force caused by increases in water velocity.  

Trees will strengthen streambanks with larger roots and can withdraw moisture from 

greater depths.  Landowner considerations can affect the type of vegetation on a 

streambank.  Herbaceous vegetation would be grown for grazing animals.  Vegetation 

could be planted as habitat for desired species.  For example, prairie birds and mammals 

could be attracted by planting grasses instead of trees.  Many of these non-erosion based 

considerations must be included in conservation practices aimed at reducing erosion rates 

on streambanks. 

The information obtained in this study could be useful for other studies and 

conservation practices.  Other studies interested in riparian vegetation and erosion rates 

could benefit from learning about the significant causes of increases in erosion rates.  

Vegetation management, vegetation restorations, and in-stream hydrologic restorations 

could benefit in learning about the importance of different vegetation types and species 

on erosion rates.  Information gleaned from this study could be useful to other 

researchers, restoration projects, and organizations that work to protect the stability of 

streams in Minnesota. 

In order to verify the results of differences in effectiveness for vegetation 

depending on the river section additional research is needed.  Further studies could focus 
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on just vegetation and BEHI scores, allowing many site visits in a day.  By focusing on 

one river, a complete picture of factors that affect erosion and BEHI scores would 

emerge.  Comparisons of vegetation type and erosion could be more easily compared to 

river section with a larger sample size of sites.  Additional data, such as land use, 

disturbances, proximity to a road, and soil type, would provide better information about 

human impacts.  Expanding vegetation surveys and BEHI estimations to include more 

sites further from roads and other human impacts could provide further information about 

human caused changes for watersheds in Minnesota.  Analyzing historical data for each 

of these watersheds could provide information about vegetation changes, erosion rates, 

and channel movement or degradation.   

Application to other studies/projects 

Conclusion 

The hypothesis in this section could not be verified because of the complexity of 

the problem, but general trends can provide insight into possible relations that may 

reduce erosion rates in different sections of a river.  Herbaceous vegetation received 

lower BEHI scores on the headwaters sections because small, dense plant systems reduce 

erosion from subaerial processes.  Shrub dominated sites had the lowest BEHI scores 

among middle reaches since thicker, deeper rooting plants reduce erosion from fluvial 

entrainment.   The lower river sites had the lowest erosion rates when populated by deep 

rooted woody vegetation which reduces erosion from mass failure.  Each watershed 

behaves slightly differently.  In the Buffalo River the middle reaches are the most 

vulnerable due to land use and soil type.  Clay resists erosion in the lower reach and 

natural vegetation protects the headwaters reaches.  The middle reaches have erodible 
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soils with agricultural land uses increasing erosion rates.  Elm Creek has particularly high 

erosion rates in the middle and lower reaches where stream size greatly influences the 

increases in erosion rates.  Soil type and land use are similar across all reaches, with 

varying conservation techniques used in the middle and lower reaches.  The increases in 

erosion stem from land use practices and stream bank height.  The Whitewater River 

experiences high erosion rates in the headwaters and lower reaches.  Again, this is 

primarily due to slope changes, soil type, and land use.  The middle reaches are well 

protected by natural landscapes, but the other reaches are heavily farmed and contain 

sandy material.  The lower reach experiences particularly high erosion rates due to 

increased bank height and poor land use practices.   
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Appendix A: Raw Data from MDA Study 
Table 5. Information Used for This Study and the MDA Prioritization Study.  The following information was collected at three different rivers in Minnesota, The 
Buffalo River (BU), Elm Creek (EC), and The Whitewater River (WW).  There are several missing samples (denoted by - ) where incomplete data was available.  
Bulk Density values below 1 g/cc were not included in the analysis.  Each river has ten sample sites, there is no site BU6 on the Buffalo River.  This data was 
collected and analyzed for this thesis project and the Restoration Prioritization Study funded by the Minnesota Department of Agriculture. 
 

Site 

Bulk 

Density 

(g/cc) 

Vegetation 

Cover 

BEHI 

Category 

BEHI 

score 

RLD 

(cm/cm
3
) 

0-30cm 

RLD 

(cm/cm
3
) 

30-60cm 

RLD 

(cm/cm
3
) 

60-90cm 

Section NBS rating 

Erosion 

Rate 

(ft
3
/yr 

per 

300 ft) 

BU1 0.79 Herbaceous High 30.8 1.60 0.36 0.19 Upper Very Low 0.1652 

BU2 0.80 Herbaceous High 30.4 3.64 0.51 0.21 Upper Low 0.3796 

BU3 1.43 Herbaceous High 30.6 - 1.53 0.50 Upper Moderate 0.3796 

BU4 1.29 Herbaceous Low 16.3 4.63 2.27 1.52 Upper Low 0.0515 

BU5 1.42 herbaceous High 34.5 5.50 2.65 1.19 Middle Moderate 0.3083 

BU7 1.57 shrub Moderate 26.5 4.32 4.71 - Middle High 0.3264 

BU8 1.21 shrub High 32.1 4.90 2.31 1.11 Middle High 0.5753 

BU9 1.44 forest Moderate 24.1 1.98 1.31 0.78 Lower High 0.4203 

BU10 1.22 shrub High 32.5 1.99 0.77 0.81 Lower Very Low 0.1652 

BU11 1.07 forest Very High 40.3 2.00 0.58 0.33 Lower Very Low 0.1652 

EC1 1.10 herbaceous Moderate 24.2 1.27 0.76 1.04 Upper High 0.6969 

EC2 1.34 shrub Low 15.4 1.51 1.25 0.84 Middle Low 0.0357 

EC3 1.08 forest High 30 2.65 0.74 1.53 Upper Low 0.2504 

EC4 0.45 herbaceous Low 16.6 2.60 2.11 2.01 Upper Very Low 0.0247 

EC5A 1.02 herbaceous Moderate 22.1 3.93 0.90 0.74 Middle Very Low 0.1187 

EC6 1.40 forest High 33.8 5.68 1.11 0.87 Lower High 0.5753 

EC7 1.17 shrub Moderate 28.1 1.58 1.02 0.34 Middle Low 0.1529 

EC8 1.24 herbaceous Extreme 50.4 5.01 1.27 0.96 Middle Low 0.4200 
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EC9 0.94 herbaceous Very High 41.7 2.79 1.65 1.21 Lower Very Low 0.1652 

EC10 1.26 herbaceous High 33 2.18 1.19 0.54 Middle Extreme 1.3218 

WW1 1.30 forest Moderate 27.5 4.55 0.89 0.61 Lower Very High 0.6969 

WW2 1.04 herbaceous Low 14.7 5.89 1.09 0.85 Middle Very Low 0.0171 

WW3 1.07 herbaceous Moderate 26.5 2.13 0.55 0.11 Upper Very Low 0.1187 

WW4 1.29 shrub Moderate 27.5 0.73 0.55 0.95 Middle Very Low 0.1187 

WW5 1.22 forest High 36.6 3.94 1.78 1.03 Upper Low 0.2504 

WW6 1.06 herbaceous High 37.3 6.38 5.15 0.95 Middle Very Low 0.2504 

WW7 1.54 shrub Moderate 20.3 1.63 2.53 - Lower High 0.2535 

WW8 1.04 herbaceous High 30.4 3.71 2.39 1.57 Upper Moderate 0.3796 

WW9 1.08 herbaceous High 39.8 4.15 0.86 1.32 Lower Extreme 0.8721 

WW10 0.79 herbaceous High 32.3 4.56 0.58 0.27 Upper Extreme 0.8721 
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Appendix B: Information about Commonly Found Vegetation 
Table 6. Vegetation Information for Commonly Surveyed Species at the Study Sites.  
The Indicator status refers to the natural habitat of each species.  Species can be either adapted for upland, 
wetland, or a mixture of both habitats. 
UPL- Obligate Upland species 
FACU- Facultative Upland Species 
FAC- Facultative Species 
FACW- Facultative Wetland Species 
OBL- Obligate Wetland Species 
 

Common Name Scientific Name
1 Indicator 

Status
1 

Invasive to 

MN
1 

Herbaceous 

Swamp Milkweed Asclepias incarnata OBL No 

Common 

Milkweed 
Asclepias syriaca UPL No 

Brome Grass Bromus inermis UPL Yes 

Sedge Carex spp. UPL-OBL No 

Canadian Thistle Cirsium arvense FACU Yes 

Horsetail Equisetum arvense FAC No 

Wood Nettle Laportea canadensis FACW No 

Reed canary grass Phalaris arundinacea FACW Yes 

Virginia Creeper 
Parthenocissus 

quinquefolia 
FACU No 

Tall Coneflower Rudbeckia laciniata FACW No 

Giant Goldenrod Solidago gigantea FACW No 

Goldenrod Solidago spp. FACU-FACW No 

Stiniging Nettle Urtica dioica FAC No 

Violet Viola spp. FACU-OBL No 

River Bank Grape Vitis riparia FAC No 

Shrubs 

Red-Osier 

Dogwood 
Cornus sericea FACW No 

Honeysuckle Diervilla spp. FACU-FACW Yes 

White Mulberry Morus alba FACU No 

Chokecherry Prunus virginiana FACU No 

Common 

Buckthorn 
Rhamnus cathartica FAC Yes 

Gooseberry Ribes spp. FACU-OBL No 

Sandbar Willow Salix interior FACW No 

Common 

Elderberry 
Sambucus canadensis FACU No 
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Nannyberry Viburnum lentago FAC No 

Trees 

Boxelder Acer negundo FAC No 

Silver Maple Acer saccharinum FACW No 

Green Ash Fraxinus pennsylvanica FACU No 

Black Walnut Juglans nigra FACU No 

Cottonwood Populus deltoides FAC No 

Black Willow Salix nigra OBL No 

Basswood Tillia americana FACU No 

American Elm Ulmus americana FACW No 
1: Lichvar and Kartesz, 2012  

 


