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Chapter 5. Effects of Vegetation on Stream Bank Erodibility and 
Critical Shear Stress 

 The overall goal of this research is to compare the effects of woody and herbaceous 

vegetation on stream bank erosion.  This chapter presents the third of three substudies that 

address the impact of vegetation on stream bank erosion.  The goal of this study was to 

determine the erodibility of rooted stream bank soils and to evaluate the relative effects of 

vegetation type, root density, and freeze-thaw cycling on the erodibility of stream banks   

5.1. Methods 

5.1.1. Jet Testing 

To evaluate the effects of vegetation on stream bank soil erodibility and critical shear 

stress, the upper and lower banks at each site were tested in situ using a multiangle submerged jet 

test device (ASTM, 1999a; Hanson and Cook, 1997).  The jet test device is shown in Figure 5.1 

and Figures G1-G5 in Appendix G.  The device consisted of a 30.5 cm diameter steel base ring 

that was pounded into the soil to a depth of 7.6 cm to prevent piping of water under the ring 

(Figure G2).  The tank top, which consisted of two concentric plexiglass tubes centered 

perpendicular to a clear circular plexiglass sheet was then latched onto the base ring (Figure G1).  

The upper third of the tank top was hinged so the tank lid could be opened during the test 

without taking the top off the base ring (Figure 5.1).  The outer plexiglass tube had a 6.35 mm 

diameter circular orifice that served as the jet nozzle.  The inner tube served to stabilize the point 

gage, which was inserted into the plexiglass tubes and lowered through the nozzle.  Before the 

start of each test, the point gage was used to measure the distance to the nozzle opening and the 

initial soil surface.  Water was pumped from the stream to a plexiglass head tank (Figure G3) and 

then to the outer plexiglass tube.  The head tank was used to control the hydraulic shear stress 

and to dampen fluctuations in pumping level.  The deflecting plate was placed in front of the 

nozzle and the base ring was filled with water.  Once the base tank was filled, the deflector plate 

was removed to start the test.   

The distance to the soil surface (scour depth) and the pressure drop across the nozzle 

were measured at regular intervals throughout the test.  The point gage tip was the same diameter 

as the nozzle, so the jet was stopped each time a scour measurement was made.  Where possible, 
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Figure 5.1. Multiangle submerged jet testing device (picture courtesy of Dr. Greg 
Hanson, Research Hydraulic Engineer, USDA-ARS Hydraulics 
Engineering Research Unit, Stillwater, OK). 
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three test runs were conducted at each site; each test was run at a different head setting and 

location to provide an average soil erodibility per site over a range of hydraulic stresses.   While 

the tests should ideally be run within the range of shear stresses expected in each stream, from a 

practical standpoint, they were conducted at shear stresses great enough to cause erosion of the 

bank material, but not great enough to undermine the base ring.  Each run was conducted at a 

different head setting, with the head settings varying from 20 – 30 cm (approximately 20 - 40 Pa) 

between runs.  Results from the three jet tests were averaged to produce a single soil erodibility 

(Kd) and critical shear stress (τc) for each site.   

Test durations generally range from 30 to 60 minutes with measurement intervals of 5 or 

10 minutes.  To determine the optimal test duration and measurement interval, three 90 minute 

tests were conducted with 5 minute measurement intervals.  Both Kd and τc were calculated for a 

45 minute test duration with measurements at 5 minute intervals and for a 90 minute test run 

with scour measurements at 10 minute intervals.  Results from these tests indicated that the 

erodibility coefficient decreased from 24 - 49% by increasing test time from 45 to 90 minutes.  

This reduction is likely due to the weathering of the surface soil layers by subaerial processes.  

The erosion rate is often rapid initially and then reduces to a constant or near zero level after 20 

to 30 minutes, depending on the soil type, as more resistant material is encountered with 

increasing scour depth.  Results for τc were inconclusive: doubling the test duration and 

measurement interval created changes in τc from -87% to +662%.  Because the Blaisdell model 

(Blaisdell et al., 1981) appeared to fit the data better with a shorter test duration and more 

frequent measurement interval and because the erosion rate frequently leveled off after 20 

minutes, a 45 minute test duration with 5 minute measurement intervals was chosen for the 

experiments. 

The soil erodibility coefficient was determined for two depths on each bank, coinciding 

with the placement of the temperature sensors (Chapter 4).  The exception to this was site ST2, 

where the bank height was not sufficient for two tests, so tests were run for the upper bank only.  

The location along the stream for each run was chosen using a stratified random technique, 

where possible (Ott, 1993).  Large woody vegetation, large roots, and animal burrows 

(particularly crawfish) frequently precluded testing at certain locations.  Figure 5.2 shows one 

test run setup at site TC4, which had a dense riparian forest.  On the upper banks of sites EL1  
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Figure 5.2.  Jet test setup at heavily wooded site, TC4. 
 
 

and TC7, as well as the lower bank of TC6, only two jet tests were performed due to problems 

with tank undermining during testing.  No testing was possible on the upper bank of site TC6 due 

to the presence of an extensive network of crawfish burrows. 

This study represents the first application of submerged jet testing to vegetated stream 

banks;  thus, some adjustments to the testing procedure were made.  Each site was prepared to 

provide a relatively uniform initial test surface for each run.  Following selection of a test 

location, all the vegetation on the testing site was clipped to ground level in an approximately 45 

cm diameter circle.  Large irregularities in the soil surface were gently removed with scissors or 

a small shovel.  At sites where the upper bank was cantilevered, the cantilevered soil was gently 

removed with a shovel and any exposed roots were cut to the ground level (Figure 5.3).  Prior to 

setting the base ring, it was placed on the soil to mark the ring diameter.  The soil along this 

circle was then probed with a small keyhole saw to cut any large roots and to locate any animal 

burrows or large holes.  Following this investigation, the tank was pounded into the soil using a  
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Figure 5.3.  Prepared bank surface prior to jet testing. 
 

 

slide hammer and the soil on the outside of the tank was compacted with a large hammer.  The 

soil at the inside edge of the tank was also gently compacted by hand and sealed using bentonite 

to prevent undermining of the jet test tank (Figure 5.4).  Because filling of the tank through the 

nozzle frequently resulted in undermining of the test tank, the tank was initially filled using small 

syphon hose and a large plastic bottle.  

5.1.2.  Soil and Water Characteristics 

Soil samples were taken for each jet test run to evaluate root density and soil parameters 

shown to affect soil erosion in previous studies (Table 5.1).  Because root density varies greatly 

over small spatial scales, a single soil core  (7 cm diameter, 15-cm long) was taken in the jet test 

tank following testing to measure root density at the test site.  The soil samples were frozen in a 

chest freezer until analysis.  To determine root density, the soil cores were thawed in a bucket of  
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 Figure 5.4.  Bentonite seal around tank edge following test run. 

 

 
 

Table 5.1.  Soil tests conducted and methodology used. 
Parameter Method 
Grain size distribution (percent clay, silt, sand, 
and gravel; median diameter, D50;  standard 
deviation, σ) USDA, 1996 
Soil specific gravity (γ) ASTM D854-92 (ASTM, 1999c) 
Bulk density USDA, 1996 
Moisture content USDA, 1996 
Atterberg limits ASTM D4318-98 (ASTM, 1999b) 
Aggregate stability USDA, 1996 

Organic carbon 
Walkley and Black, 1934; Jackson, 1958; 
Allison, 1965 

pH USDA, 1996 
Specific electrical conductivity USDA, 1996 
Major soil cations (Ca2+, Mg2+, K+, Na+) USDA, 1996 
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water and washed over a No. 35 sieve (0.5 mm mesh).  The soil and roots retained on the sieve 

were then placed in a white plastic pan and the live roots were removed by hand and stored in a 

refrigerator at 4oC until scanning.  Root length and root volume were measured for each of the 

five diameter classes (< 0.5 mm, 0.5-2.0 mm, 2-5 mm, 5-10 mm and 10-20 mm) using a Régent 

Instruments STD 1600+ scanner and WinRHIZOTM analysis software (Arsenault et al., 1995; 

Régent Instruments Inc, Quebec, Canada). 

Because cohesive soils are eroded as aggregates, aggregate stability has a profound 

influence on soil erodibility.  Intact soil blocks roughly 5 x 5 x 10 cm in size were gently 

removed from the bank face near each jet test location using a small shovel.  Samples were air-

dried in the laboratory and analyzed within two weeks of sampling.  The aggregate stability of  

1-2 mm air-dry aggregates was tested using Five Star Scientific (Twin Falls, ID) wet sieving 

apparatus, according to procedures outlined by the USDA Soil Center (USDA, 1996).   

Soil organic carbon content was also tested due to its influence on aggregate stability and 

because some researchers have suggested that plant exudates may play a role in the stability of 

stream bank soils (Brady, 1984; Amarasinghe, 1992; Thorne et al., 1997).  As with aggregate 

stability, soil samples were taken near the jet test location and air dried until analysis.  The 

Walkley-Black method was used to determine the soil organic carbon content (Walkley and 

Black, 1934; Jackson, 1958; Allison, 1965). 

Soil physical properties, such as the Atterberg Limits, specific gravity, bulk density, and 

antecedent moisture content, also influence the erosion of cohesive soils (Grissinger, 1982).  Soil 

Atterberg limits are the liquid limit, the plastic limit, and the plasticity index.  The liquid limit is 

the lowest moisture content at which viscous flow will occur, while the plastic limit is the lowest 

moisture content at which a 1/8 inch soil thread will remain intact during rolling.  The difference 

between these two parameters is the plasticity index, which defines the range of moisture 

contents over which a soil is plastic.  It is dependent on the amount and type of clay and is a 

useful indicator of the character of fine grained soils (Lambe and Whitman, 1969; Holtz and 

Kovacs, 1981).  Another parameter, the activity of a clay, is defined as the plasticity index 

divided by the percent clay content.  This parameter is correlated to the type of clay mineral 

present in the soil (Table 5.2) and is a good comparative index for rating erosion resistance 

(Paaswell, 1973; McBride, 1994).  The clay type affects chemical interactions with the eroding 
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fluid:  high activity indicates high shrink/swell potential (Holz and Kovacs, 1981; McBride, 

1994).  Soil Atterberg limits were evaluated for air-dry samples according to ASTM standard 

D4318-98 (ASTM, 1999b). 

Specific gravity is the ratio of the mass of a unit volume of soil to the mass of an 

equivalent volume of deionized water.  Soil particles with high specific gravity settle quickly and 

are less likely to be entrained.  The specific gravity of the bank soils was evaluated for air-dry 

samples according to ASTM standard D854-98 (ASTM, 1999d). 

Research has shown soil shear strength increases with increasing bulk density (Asare et 

al., 1997).  The soil antecedent moisture content has varied impacts on soil erosion:  increased 

soil moisture content reduces erosion due to slaking, but increases fluvial entrainment (Craig, 

1992; Le Bissonnais, 1996).  Soil bulk density and antecedent moisture content were measured 

by taking a single undisturbed soil core in 5 x 5 cm aluminum cylinder with a slide hammer near 

each jet test location.  Samples were taken prior to each jet test and wrapped in plastic to prevent 

moisture loss.  These samples were weighed and dried at 105oC within 8 hours of sampling, 

following procedures outlined by the USDA soil manual (USDA, 1996). 

The remaining soil parameters, pH, potassium intensity factor (KIF), sodium adsorption 

ratio (SAR), specific electrical conductivity (EC), and the pore water salt concentration (TS and 

PW), were measured to determine the effect of pore water chemistry on soil erosion.  The KIF 

and SAR are defined as follows: 
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where [K+], [Ca2+], [Mg2+] and  [Na+] are the concentrations of potassium, calcium, and 

magnesium, and sodium respectively, in the soil pore water.  The KIF is an indication of the 
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activity of potassium in the soil solution (Brady, 1984).  Potassium is one of the major soil 

cations and is derived primarily from the weathering of micas.  The SAR indicates the level of 

exchangeable sodium in the soil, in relation to calcium and magnesium, and is frequently used in 

irrigation (Brady, 1984).  Soils high in exchangeable sodium are more likely to experience 

swelling, surface crusting, sealing, erosion, and colloidal dispersion.  Additionally, high values 

of the SAR are indicative of low aggregate stability (McBride, 1984).   

 

Table 5.2.  Activities of various minerals. 
Mineral Activity
Na-montmorillonite 4-7 
Ca-montmorillonite 1.5 
Illite 0.5-1.3 
Kaolinite 0.3-0.5 
Allophane 0.2 
Calcite 0.2 
Quartz 0 

 

 

The pore water salt concentration is indicative of the ionic strength of the pore water, 

which also influences the dispersivity of clays.  Arulanandan et al. (1980) quantified this 

parameter as the sum of the calcium, sodium, magnesium, and potassium.  In general, soil 

colloids tend to disperse as the salt concentration, cation valence, and temperature of the eroding 

and soil pore waters decrease.  Also, increases in anion adsorption and the dielectric constant, 

cation size, and pH of the eroding and pore fluids increase clay dispersion (Holtz and Kovacs, 

1981). 

Soil samples for chemistry analysis were taken near each jet test location using a small 

shovel and air dried prior to analysis.  The three soil samples taken for the upper or lower bank at 

each site were composited into a single sample.   Using approximately 1 kg of well mixed, air 

dry soil, a saturated paste was created following procedures outlined in the USDA soil manual 

(USDA, 1996).  The pH of the saturated paste was measured with a Corning 360i solid state ion 

selective field effect transistor electrode.  Approximately 30 ml of soil extract was filtered from 

the saturated paste using a vacuum apparatus with a Whatman No. 40 paper filter (8 µm).  For 

fine grained soils where pore water extraction was excessively slow, a No. 1 filter (11 µm) was 
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used and the extract was subsequently refiltered with a No. 40 filter.  The specific EC of the pore 

water extract was measured using an Oakton EC Tester Low (0-1999 µs/cm, ±10 µs/cm), while 

the salt concentrations (sodium, potassium, calcium, and magnesium) were measured by 

inductively coupled plasma spectrometry at the Virginia Tech Soil Testing Laboratory. 

Because the chemistry of the eroding fluid may also influence soil erodibility, the EC, 

pH, total suspended solids concentration, and temperature of the stream water were tested daily 

at each site.  Electrical conductivity was measured using a Corning CD-30 conductivity meter (0 

- 1999 µs/cm, ±1 µs/cm), while a Hach Pocket Pal pH Tester (0 - 14, ±0.1) was used to measure 

stream pH.  Due to the generally low suspended solids content of the streams, a grab sample of 

approximately one liter of stream water was taken and analyzed for total suspended solids using 

a 0.45 µm filter according to EPA Method 160.2 (USEPA, 1983).  Samples were generally 

collected at baseflow, although some samples may have consisted partly of stormwater runoff 

from prior storm events.  Stream temperature was measured with a Fisher Scientific Traceable 

thermometer (-50 oC - 300oC, ±0.1 oC). 

5.1.3.  Data Analysis 

Data from the jet tests were evaluated to determine Kd and τc, following the procedures of 

Hanson and Cook (1997).  These analytical procedures have been coded in an Excel spreadsheet 

by Hanson and Cook (1997).  The author modified the spreadsheets to accept data input in SI 

units. 

Soil erodibility, critical shear stress, bulk density, aggregate stability, specific gravity, 

initial soil moisture content, organic carbon content, and Atterberg Limits, as well as RLD and 

RVR data, for each test run were averaged to provide a single parameter value for the upper or 

lower bank at each site.  The small, medium and large root densities were combined to create the 

parameters “big root length density” (BRLD) and “big root volume ratio” (BRVR).  These 

parameters consist of the sum of the RLD or RVR for the small, median, and large roots 

(diameters 5 - 20 mm).  Since previous research has shown the sum and the ratio of the soil silt 

and clay contents are significant (SC and S:C, respectively), these two variables were added to 

the analysis.   Also, differences in water chemistry between the eroding and pore fluids were 

represented by ratios of soil:water pH and specific EC (SWpH and SWEC, respectively).  When 

the soils for two of the three runs were nonplastic, the average was considered nonplastic.  The 
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liquid limit is the lowest moisture content at which viscous flow will occur, while the plastic 

limit is the lowest moisture content at which a 1/8 inch soil thread will remain intact during 

rolling.  The difference between these two parameters is the plasticity index, which defines the 

range of moisture contents over which a soil is plastic.  If two of the three samples were plastic, 

those values were averaged to generate average site Atterberg Limits.   

Because environmental data are often skewed, histograms were developed for each 

parameter and then the data were transformed to improve distribution symmetry (Helsel and 

Hirsch, 1992).  The transformation used for each parameter is listed in Table H5.  Following 

transformation, each variable was normalized by subtracting the sample mean and dividing by 

the sample standard deviation.  By normalizing each independent variable, their relative 

contribution to the dependent variable can be compared.   

The data were analyzed as a single group and then separated into three groups based on 

physical and chemical soil properties (Elliot et al., 1990).  This approach follows the general 

method used by Allen et al. (1997) to determine the relationship between soil physical properties 

and the jet test index using regression analysis for 30 streams in Texas (ASTM, 1999a).  

Utilizing the entire data set, they found poor correlation between the jet index and the soil 

properties (r2 < 0.12).  The correlation improved greatly when the data were split into groups 

based on clay content and activity.   

Following the example of Allen et al. (1997), the study soils were divided into three soil 

classes.  Initially, the soils were separated into plastic (n = 33) and nonplastic soils (n = 15).  

Because this study had extensive soil chemical and physical data for each observation, K-means 

cluster analysis was used to further split the plastic soils into two groups (Johnson and Wichern, 

1992).  Multiple data sets of physical and chemical soil properties were developed for the cluster 

analyses, including Atterberg limits, bulk density, aggregate stability, specific gravity, organic 

carbon content, particle size analysis, median grain diameter and standard deviation, soil pH, soil 

EC, and sodium, potassium, calcium and magnesium contents.  Multiple cluster analyses were 

conducted, each using a different set of soil parameters, to separate the sites into soil groups.  

Combining the results of the separate cluster analyses, an average group classification number 

was calculated for each site: sites with a group number less than 1.5 were assigned to Group 1 (n 

= 18) and the remainder were assigned to Group 2 (n = 15).  The nonplastic soils were labeled 
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Group 3.  Statistically significant differences between the soil physical and chemical 

characteristics of the groups were evaluated using the nonparametric Mann-Whitney test (Neave 

and Worthington, 1988). 

The following exploratory data analysis procedure was conducted on all four data sets 

(main data set and three subsets).  As a first step, the normalized transformed dependent 

variables, Kd and τc, were plotted versus each normalized transformed parameter to determine if 

a linear or nonlinear relationship between the variables was evident.  Theil-Sen nonparametric 

linear regression was then performed for both Kd and τc to evaluate the individual relationship 

between each independent variable and the dependent variables (Theil, 1950; Sen, 1968; 

Hollander and Wolfe, 1973).  Theil-Sen regression is not as sensitive to outliers as standard least 

squares regression and can be a more robust procedure for environmental data.  Lastly, to 

examine the variables for collinearity, Pearson’s correlation coefficient was calculated for each 

pairwise combination of dependent and independent variables.   

Following the exploratory analyses, stepwise multiple linear regression was conducted to 

evaluate which soil, climate, and vegetation parameters had the greatest influence on stream 

bank soil erodibility and critical shear stress and to generate predictive equations (Kamyab, 

1991).   Where data were missing (Atterberg limits, freezing data, and water temperature), two 

regressions were run, one with the parameters removed and one with the sites with missing 

values removed.  The residuals of each significant regression relationship were visually assessed 

for independence and normality.  Multicolinearity was evaluated using variance inflation factors 

(VIF; Montgomery and Peck, 1982) and regression lack of fit was examined by data subsetting 

in Minitab (Burn and Ryan, 1983). 

5.2.  Results 

A total of 142 jet test runs were conducted from May through August 2003, at τo of 42 – 

273 Pa.  While these shear stresses were generally greater than the average boundary shear 

stresses experienced in the stream channels at bankfull discharge, very high stresses were 

required to cause soil scour at some of the sites (stream boundary shear stresses calculated in 

Section 5.3.5).  The resulting soil erodibility, critical shear stress, aggregate stability, bulk 

density, antecedent moisture content, organic carbon content, Atterberg limits and root densities 
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for each run are listed in Tables H1-H2.  The averaged or composited values for upper or lower 

bank are listed in Tables C1, D1, D2, F1, and H3-H4 and include data on soil texture and the 

major soil cations, Ca2+, Mg2+, K+, and Na+.  Because soil texture is relatively invariant over 

time, soil textural data obtained during the root study (Chapter 3) were used.  Using composited 

soil samples taken 30 cm from the bank face for soil textural analysis at each site likely produced 

some error in the data because in places the stream bank had a coating of deposited soil, ranging 

in depth from one to two centimeters, that was not the same material as the remainder of the 

stream bank.  This deposited material was generally coarser and more erodible than the original 

bank soil and likely resulted in an overestimation of Kd and an underestimation of τc.   

The jet test values for test 1 on the upper bank of EL3 were not included in the analysis 

(Table H1).  During this particular test, an unusually large scour hole was created that actually 

exceeded the range of the point gage.  The author suspects a rodent burrow in the stream bank 

may have been encountered and so this particular test was dropped from the analysis.   

Nine of the individual jet tests were not run for the full 45 minute test duration due to 

undermining of the base ring during the test.  The effect of shortened test time on the jet test 

results was investigated using the 133 tests with full 45 minute test durations.  For each of these 

tests, Kd and τc were recalculated using the data from the first 25 minutes of the tests.  Theil-Sen 

regression analyses were then conducted with these data to predict the erosion parameters using 

the shortened test data.  Decreasing the test duration resulted in median increases in Kd and τc of 

41% and 2%, respectively.  Highly significant regressions were developed for both Kd and τc to 

predict these parameters for a full test duration, given parameters from a 25 minute duration test.  

These equations are plotted in Figures 5.5 and 5.6 with the data.  The regression equations were 

then used to adjust the erosion parameters for the nine abbreviated tests.  

Typical scour plots for three individual tests are shown in Figure 5.7.  Erosion was 

usually rapid initially and then decreased asymptotically (Stein et al., 1993).  The initially high 

erosion rate may have been the result of weathering of the bank surface.  Additionally, as the 

scour hole deepened, the applied shear stress dissipated, thus reducing erosion (Laursen, 1952).  

While the test was run immediately following filling of the tank, the slow, gentle filling of the 

tank with a syphon likely reduced erosion due to slaking; air bubbles from the soil were 

frequently observed while filling the tank.  For tests where erosion occurred as large aggregates  
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Figure 5.5.  The effect of test duration on the soil erodibility coefficient. 
 
 
 
(Figure 5.8), the erosion rate varied greatly throughout the test, at times approaching zero and 

then suddenly increasing.  Similar observations have been made in other laboratory and field 

studies of cohesive soils (Moore and Masch, 1963; Grissinger et al., 1981). 

Stream bank erodibility for individual jet test runs ranged from 0.177 cm3/N-s for the 

moderately resistant lower banks of site ST3 to a maximum of 13.1 cm3/N-s for the lower bank 

of site SR3, where the soils were highly mobile and dominated by fine sands (Table 5.3).  The 

critical shear stresses varied from 0 Pa to 21.9 Pa.  At an individual site, erodibility and critical 

shear stress varied by as much as one and four orders of magnitude, respectively.  This wide  

0

5

10

15

0 5 10 15

Data
Regression
1:1

25 Minute Test K
(cm3/N-s)

45
 M

in
ut

e 
Te

st
 K

(c
m

3 /N
-s

)

K45 =  0.08 + 0.66K25
p = 0.0000

0

5

10

15

0 5 10 15

Data
Regression
1:1

25 Minute Test K
(cm3/N-s)

45
 M

in
ut

e 
Te

st
 K

(c
m

3 /N
-s

)

K45 =  0.08 + 0.66K25
p = 0.0000



 116

Figure 5.6.  The effect of test duration on the soil critical shear stress. 
 

 

range in data has been observed by other researchers (Grissinger et al., 1981; Hanson and Simon, 

2001).  Hanson and Simon (2001) noted variation in average site Kd by four orders of magnitude 

and variation in τc of six orders of magnitude.  They attributed this variability within individual 

stream systems to differences in subaerial exposure, weathering, and cracking along planes of 

weakness. 

As shown in Figure 5.9, there is an inverse exponential relationship between Kd and τc.  

Using nonparametric Theil-Sen regression, a highly significant (p=0.0003) equation was fit to 

the data, Kd = 3.1τc
-0.37.  A similar equation was determined using simple least-squares regression  
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Figure 5.7.  Typical scour plots from jet testing. 
 

 

(Kd = 2.7τc
-0.28; p = 0.0000, r2 = 0.263).  Similar results were reported by Arulanandan et al. 

(1980) and Hanson and Simon (2001).  Hanson and Simon fit an exponential equation to data 

from stream beds in the loess area of the Midwestern US, although the coefficient was not as 

large (0.2) and the exponent was greater in magnitude (-0.5).  The correlation coefficient was 

much higher for their data (r2 = 0.64), indicating that other parameters may be influencing the 

erosion rates measured in this study.  In two studies of the effects of live roots on rill erosion, 

Mamo and Bubenzer (2001a,b) found no significant relationship between τc and Kd.  The authors 

suggested that soil τc is more a function of the initial soil surface conditions, while Kd depends 

more on the bulk soil properties.  These studies were conducted on disturbed soils and the 

authors indicated the surface soil was loose and easily eroded.  For natural, undisturbed soils, τc 

may be better correlated to Kd. 

Hanson and Simon (2001) evaluated Kd and τc for stream beds in the loess area of the 

Midwestern US, classifying the bed material from very resistant to very erodible.  Figure 5.10  
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Figure 5.8.  Eroded aggregates at bottom of jet test tank. 
 
 
 
shows the average jet test results for the stream banks in this study plotted by watershed on the 

scale used by Hanson and Simon.  While there is some general grouping of the data by stream 

system, considerable variability exists and overlap of the data across streams occurs.  The results 

indicate that the stream banks in this study are generally erodible or very erodible.  This would 

be expected from the overall low clay content of the soils and the fact that the tests were carried 

out on the stream banks and not the stream beds.  It is likely stream banks would be more 

erodible than the stream beds since the stream bank soils are typically finer grained than the 

stream bed materials.   

The effect of τo on Kd and τc was investigated using regression analysis.  The three 

parameters were transformed and normalized, as described in Section 5.1.3, and least-squares 

regression analysis was conducted to determine the influence of τo on Kd and τc.  Results of this 

analysis show that both Kd and τc were significantly influenced by τo, but the influence was 

limited.  Soil erodibility was inversely related to the test shear stress (KdNT = -0.41τoNT; 
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Figure 5.9.   Relationship between average stream bank soil erodibility and 
critical shear stress. 

 

 

p = 0.000), but τo explained only 16.4% of the variance in Kd.  The subscript “NT” is used to 

indicate those variables that have been transformed (Table H6) and normalized.  Similarly, τo 

explained only 7.7% of the variance in τc (τoNT = 0.28 τoNT; p = 0.001).  As indicated by the 

regression coefficient, the critical shear stress increased with increasing τo.  Based on these 

analyses, it appears that running the jet test at higher shear stresses than would be expected on 

average in a stream channel would tend to underestimate the erosion parameters.  On the other 

hand, researchers have argued that channel erosion is not caused by the average shear stress but 

by turbulent fluctuations two to three times the average (Lavelle and Mofjeld, 1987). 
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Figure 5.10.  Classification of stream bank materials following Hanson and Simon 
(2001). 

 

 

Tables 5.3 – 5.6 show the mean, median, and range of data for the soil, root, and stream 

water parameters for the individual jet tests.  These values are typical of riparian soils and 

streams in the Appalachian Mountains.  The area is dominated by limestone geology, so the 

streams tend to have high pH and electrical conductivities.  Total suspended soils are generally 

low except during runoff events.  The unusually low bulk density (0.38 g/cm3) and high moisture 

contents (215%) were measured along the lower bank of SR3.  This site has soils dominated by 

very fine sands that become suspended during flood events.  Due to high water levels at the time  
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Table 5.3.  Mean, median and range of soil properties from individual jet test runs along headwater streams in southwest Virginia. 

 
Kd

*       
(cm3/N-s) 

τc +     
(Pa) 

Aggregate 
Stability 

Bulk 
Density 
(g/cm3) 

Specific 
Gravity 

Initial 
Moisture 
Content 

Organic 
Carbon 

(%) 
Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Mean 2.78 3.51 0.80 1.21 2.54 0.38 1.68 0.357 0.226 13
Median 1.88 1.74 0.84 1.22 2.55 0.33 1.43 0.344 0.217 12
Minimum 0.18 0.00 0.32 0.38 2.19 0.15 0.13 0.229 0.152 4
Maximum 13.08 21.90 1.00 1.59 2.70 2.15 6.61 0.573 0.400 35
* Kd = soil erodibility 
+ τc = soil critical shear stress 
 
 
 
 

Table 5.4.  Mean, median and range of root length density and root volume ratio from individual jet test runs along headwater streams 
in southwest Virginia. 

 

Very 
Fine 

RLD* 
(cm/cm3) 

Fine 
RLD 

(cm/cm3) 

Small 
RLD 

(cm/cm3)

Medium 
RLD 

(cm/cm3)

Large 
RLD 

(cm/cm3) 

Very 
Fine 

RVR+ 
x103 

(cm3/cm3) 

Fine 
RVR 
x103 

(cm3/cm3)

Small 
RVR 
x103 

(cm3/cm3)

Medium 
RVR 
x103 

(cm3/cm3)

Large 
RVR 
x103 

(cm3/cm3)
Mean 1.723 1.385 0.070 0.006 0.001 1.304 7.535 4.419 2.245 1.238
Median 0.905 1.025 0.050 0.000 0.000 0.749 5.635 3.165 0.091 0.000
Minimum 0.010 0.010 0.000 0.000 0.000 0.008 0.031 0.000 0.000 0.000
Maximum 16.68 6.41 0.490 0.070 0.030 12.581 42.968 37.649 27.010 43.489
* RLD = root length density 
+ RVR = root volume ratio 
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Table 5.5.  Mean, median and range of water physical and chemical characteristics for 
individual jet test runs in headwater streams in southwest Virginia. 

 

Water 
Temperature 

(oC) 

Water 
Conductivity 

(µS/cm) Water pH 

Total Suspended 
Solids         
(mg/l) 

Mean 18.3 302 8.1 10.3 
Median 18.5 260 8.1 5.6 
Minimum 12.5 62 7.5 0.4 
Maximum 22.0 650 8.5 37.5 
 
 
 
 
 
 

Table 5.6.  Mean, median and range of soil chemistry and texture for upper and lower banks from composite samples along headwater 
streams in southwest Virginia. 

 
Soil 
pH 

Soil 
Conductivity 

(µS/cm) 

K+ 
(cmolc 

/kg) 

Mg2+ 
(cmolc 

/kg) 

Ca2+ 
(cmolc 

/kg) 

Na+ 
(cmolc 

/kg) 

Pore 
Water 

Salt (N) KIF* SAR+ 
% 

Sand 
% 
Silt 

% 
Clay 

Mean 7.20 841 0.006 0.114 0.216 0.028 0.008 0.068 0.58 60.68 30.7 8.7
Median 7.36 730 0.004 0.109 0.216 0.023 0.007 0.048 0.51 58.65 30.4 7.6
Minimum 5.63 340 0.001 0.011 0.018 0.016 0.002 0.010 0.22 29.5 13.5 0.2
Maximum 8.17 1800 0.030 0.251 0.715 0.075 0.022 0.281 1.24 83.3 54.4 31.6
* KIF = potassium intensity factor 
+ SAR = sodium adsorption ratio 
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of testing, testing along the lower bank of SR3 was conducted below water level.  For these 

reasons, the moisture contents and bulk densities for these tests were outside the typical range of 

the data.  Also, moisture content is expressed on a dry soil mass basis, so the moisture content 

values appear large. 

5.2.1.  Regression Analysis of Overall Data Set 

As an initial step to the regression analyses, correlation between the parameters was 

investigated by calculating Pearson’s correlation coefficient.  Table H7 shows Pearson’s r for the 

entire data set with the corresponding p-value.  For clarity, only those coefficients greater than 

0.4 with p-values less than 0.05 are shown.  Results of this analysis indicated soil erodibility was 

negatively correlated to bulk density (BD; r = -0.57, p = 0.00) and the soil silt+clay content 

(S+C; r = -0.48, p = 0.00).  Soil Kd is positively related to the soil sand content (Sand; r = 0.46, p 

= 0.00), the ratio of the soil EC to the water EC (SWEC; r = 0.55, p = 0.00), and to the average 

duration the stream bank was frozen over the previous winter (ADF; r = 0.41, p = 0.02).   

As with Kd, the soil critical shear stress was correlated to several soil properties.  The τc 

increased with increasing BD (r =0.60, p = 0.00), soil S+C (r = 0.48, p = 0.00), and grain size 

standard deviation (σ; r = 0.44, p = 0.00).  Conversely, increases in soil sand content (r = -0.49, p 

= 0.00), the median grain size (D50; r = -0.50, p = 0.00), the SWEC (r = -0.45, p = 0.00), and the 

soil potassium intensity factor (KIF; r = -0.45, p = 0.00), were correlated with decreases in τc.   

To evaluate the influence of each parameter and to check for nonlinear relationships, Kd 

and τc were plotted versus each transformed and normalized parameter.  Results showed both Kd 

and τc were linearly related to several parameters.  The significance of these observations was 

checked by conducting both least-squares and Theil-Sen regression.  While Theil-Sen regression 

does not provide a coefficient of determination (r2), it will determine if there is a significant 

linear relationship between two variables.  Theil-Sen regression is  a particularly useful analysis 

for environmental data where outliers are common (Helsel and Hirsch, 1992).  Tables 5.7 and 5.8 

list those explanatory parameters with a significant impact on Kd and τc, respectively.   

Soil BD appeared to have the greatest influence on both Kd and τc, explaining over 30% 

of the variance in each erosion parameter.  Soil Kd is inversely related to BD, while τc is 

positively related to BD.  These results confirm field observations that little scour occurred  
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Table 5.7.  Single explanatory variables for soil erodibility, Kd, with all data (data normalized 
and transformed, as indicated by subscript “NT”). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil-
Sen 

Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept

Least 
Squares 
p-value 

Least 
Squares 

r2 
Bulk density 
(BD) -0.60 0.21 0.000 -0.57 0.00 0.000 0.327
Soil:Water 
electrical 
conductivity 
(SWEC) 0.58 -0.11 0.000 0.55 0.00 0.000 0.305
Silt+Clay 
content (S+C) -0.35 0.17 0.028 -0.48 0.00 0.001 0.229
Sand content 
(Sand) 0.35 0.18 0.023 0.46 0.00 0.001 0.213
Average 
duration frozen 
(ADF) 0.31 -0.01 0.014 0.33 0.03 0.015 0.168
Median grain 
size (D50) 0.42 0.18 0.013 0.39 0.00 0.006 0.155
Potassium 
influence factor 
(KIF) 0.40 0.45 0.010 0.35 0.00 0.013 0.126
Grain size std. 
deviation (σ) -0.40 0.09 0.009 -0.33 0.00 0.022 0.109
Silt:Clay ratio 
(S:C) 0.28 -0.09 0.060 0.28 0.00 0.052 0.080
Total duration 
frozen (TDF) 0.29 0.14 0.050 0.19 0.03 0.175 0.055
Clay activity 
(CA) 0.42 -0.42 0.019 0.20 -0.36 0.201 0.052

 

 

during jet tests on high density soils.  As can be seen in Table H7, several of the other significant 

explanatory parameters were strongly correlated to BD, including soil texture, soil organic 

carbon content (OC), SWEC, and KIF.  Bulk density was negatively correlated with soil OC (r = 

-0.67, p = 0.00), soil sand content (r = -0.68, p = 0.00), D50 (r = -0.65, p = 0.00), SWEC (r = -

0.69, p = 0.00), and KIF (r =  -0.40, p = 0.01), but was positively correlated to soil σ (r = 0.53, p 

= 0.00), and the silt+clay content (r = 0.68, p = 0.00).   Bulk density was also slightly correlated 
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to the ratio of soil pH to water pH (SWpH), as well as to root length density and root volume 

ratio.  It is likely that BD was the most significant explanatory parameter for both Kd and τc 

because it has low relative variability and measurement error.  Also, it is a composite soil 

parameter that incorporates the impact of several soil properties, including soil texture, soil 

chemistry, root density, and soil organic matter. 

 

 

Table 5.8. Single explanatory variables for soil critical shear stress, τc, with all data (data 
normalized and transformed, as indicated by subscript “NT”). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil
-Sen 
Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept 

Least 
Squares 
p-value 

Least 
Squares 

r2 
Bulk density 
(BD) 0.59 -0.07 0.000 0.60 0.00 0.000 0.355
Median grain 
size (D50) -0.53 0.03 0.001 -0.50 0.00 0.000 0.250
Sand content 
(Sand) -0.47 0.06 0.001 -0.49 0.00 0.000 0.240
Silt+Clay 
content (S+C) 0.50 0.06 0.001 0.48 0.00 0.001 0.231
Soil:Water 
electrical 
conductivity 
(SWEC) -0.50 0.13 0.001 -0.45 0.00 0.001 0.205
Potassium 
influence factor 
(KIF) -0.45 0.16 0.001 -0.45 0.00 0.001 0.199
Grain size std. 
deviation (σ) 0.46 0.03 0.001 0.44 0.00 0.002 0.194
Organic carbon 
(OC) -0.31 0.22 0.013 -0.34 0.00 0.019 0.114
Total suspended 
solids (TSS) -0.29 0.07 0.032 -0.25 0.00 0.089 0.062
Very fine root 
length density 
(VFRLD) -0.25 0.09 0.054 -0.23 0.00 0.119 0.052

 



 126

In addition to measures of soil density, the SWEC and KIF also explained some 

variability in Kd and τc (Tables 5.7 – 5.8).  Changes in SWEC explained 30% of the variance in 

Kd and 21% of the variance in τc, while KIF accounted for 13% and 20% of the variance in Kd 

and τc, respectively.  Increases in SWEC and KIF corresponded to increasing Kd and decreasing 

τc.  As discussed in Section 2.2.1, when a soil with a large quantity of interlayer cations is 

exposed to a fluid with low cation concentrations, water will enter the clay layers due to osmotic 

differences, causing the clay soils to expand and reducing interparticle attraction.  High SWEC 

ratios indicate the potential for such swelling to occur.  High KIF values are indicative of soils 

derived from both primary micas and fine-grained micas, such as illite (Brady, 1984).  The soils 

from this study with high KIF values were typically friable and easily eroded.   

Soil freezing appeared to play a role in stream bank erodibility:  increases in both ADF 

and TDF resulted in increases in Kd.  This supported research by Asare et al. (1997) that 

indicated freeze-thaw cycling reduces soil strength.  Similar regression relationships existed 

between Kd and S:C and Kd and TDF.  This is unsurprising since S:C and TDF are slightly 

correlated (r =0.40, p = 0.02) and soils high in silt are prone to disruptions by freeze-thaw 

cycling (Gatto and Ferrick, 2002). 

It is interesting to note that increases in very fine root length density (VFRLD) were 

correlated to decreases in τc.  This may have resulted from negative correlations between BD and 

root length density (r =-0.40 to -0.48, p = 0.00 to 0.01) and between BD and root volume ratio (r 

=-0.44 to -0.46, p = 0.00), as shown in Table H7.  Additionally, VFRLD was positively 

correlated to soil sand content (r =0.40, p = 0.01) and the SWEC (r =0.50, p = 0.00), both of 

which were inversely related to τc. 

Stepwise multiple linear regression was used to develop predictive relationships for both 

Kd and τc.  Due to problems with sensor malfunction and frost heave during the winter of 2002-

2003, several of the sites did not have a complete data record.  Additionally, water temperature 

(WT) was not recorded for each jet test due to equipment failure and some soils were nonplastic.  

Because each site did not have a complete data record, stepwise regression was initially 

conducted without the parameters WT, plasticity index (PI), clay activity (CA), and the freezing 

parameters: the number of freeze-thaw cycles (FTC); the total duration frozen (TDF); the 

average duration frozen (ADF);, the skew of the distribution of the freezing event durations 
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(Skew); and the relative difference between the average and median freezing durations (RDAM).  

Following development of a significant relationship using stepwise regression, each of these 

parameters was added to the regression equation to test their significance.  For each statistically 

significant relationship, the untransformed equation and the original regression equation 

developed with the normalized, transformed data are shown in brackets with the dimensionless 

variables marked with the subscript “NT.”   The normalized, transformed equation was used to 

discuss the relative significance of the independent parameters, while the standard form of the 

equation was presented for application.  The following relationship was developed for stream 

bank erodibility (n = 48, p = 0.000, r2 = 0.390): 

 

( ) ( )BRVRBDKd ln06.031.052.0log 5.2 ⋅−⋅−=    5.3 

[ NTNTNTd BRVRBDK ⋅−⋅−= 26.064.0, ]     

 

where Kd is in cm3/N-s, BD is in g/cm3, and BRVR is the root volume ratio in cm3/cm3 for all 

roots with diameters of 2 mm to 20 mm.  The coefficients were all significant at α = 0.05.  While 

the relationship explained only 39% of the variance in Kd, it was highly significant.   

This equation indicates that soil erodibility decreased with increased BD and BRVR 

(Figure 5.11).  Also, because the coefficient for BRVRNT was over 50% less than the coefficient 

for BDNT and BD was raised to the 2.5 power, it appears BD had a much greater influence on Kd 

than BRVR.  It should also be noted that there was no significant correlation between BD and 

BRVR (Table H7).  A highly significant relationship for τc was also developed (n = 42, p = 

0.000, r2 = 0.569): 

 

( ) WTSWpHKIFBDc ⋅−⋅−⋅−⋅+= 08.085.0ln27.047.079.1 65.236.0τ   5.4 

       [ NTNTNTNTNTc WTSWpHKIFBD ⋅−⋅−⋅−⋅= 32.033.044.056.0,τ ] 
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Figure 5.11.  The effects of big root volume (2 mm < diameter < 20 mm) and bulk 
density on soil erodibility for headwater stream banks in southwestern 
Virginia. 

 

 

where τc is in Pa, and WT is in degrees Celsius.  All of the coefficients were significant at α = 

0.05.  As with Kd, τc was strongly influenced by BD:  increases in BD resulted in increases in τc  

and the coefficient for BDNT was greater than the other parameter coefficients.  This relationship 

also shows that stream and soil chemistry significantly impacted the susceptibility of stream 

bank soils to fluvial entrainment.   

For the test conditions in this study, increases in water temperature increased the 

susceptibility of these soils to fluid entrainment.  As discussed in Ariathuri and Arulanandan 

(1978), Kandiah (1974) conducted laboratory erosion tests on soils with 30% illite at various 
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eroding fluid temperatures.  Increases in temperature increased the erosion rate and decreased the 

soil critical shear stress.  The author attributed these results to a reduction in the attraction 

between clay particles with increasing water temperature (Kandiah, 1974).  This finding is 

supported by the diffuse double-layer theory discussed in Section 2.2.1 (McBride, 1994), which 

shows that the effective distance of the repulsive surface charge on soil particles increases with 

increasing temperature (Equation 2.1).   

These finding have implications for the effects of urbanization on stream bank erosion.  

In addition to increasing peak flow rates and flood volumes, areas with large amounts of 

impervious surface also increase water temperatures.  In a study on the effects of urbanization on 

trout streams in Wisconsin and Minnesota, Wang et al. (2003) showed that the average 

maximum daily stream temperature was linearly related to the amount of connected impervious 

cover in the watershed according to the relationship T = 18.94 + 0.25 %IC, where T is the 

average maximum stream temperature in degrees C and %IC is the percent of connected 

impervious cover in the watershed (r2 = 0.27).  Based on Equation 5.4, even if pre-development 

peak flows were maintained using stormwater management ponds, increased levels of 

urbanization would continue to impact bank stability by increasing water temperature and thus 

reducing τc.  Using the equation developed by Wang et al (2003)., increasing the amount of 

connected impervious surface from 2% to 10% would increase average maximum daily water 

temperature from 19.4oC to 21.4oC.  These stream temperatures are within the range of 

temperatures measured in this study.  Assuming median values of BD (1.22 g/cm3), KIF (0.048), 

and SWpH (0.91) for Equation 5.4, increasing the stream water temperature 2oC could reduce the 

stream bank critical shear stress  30% (2.3 Pa to 1.6 Pa).  While the equation by Wang et al. 

(2003) and Equation 5.4 have relatively low r2, they give a quantitative estimation of the changes 

in stream temperature and bank τc that could occur with increased urbanization.  Since the 

equation by Wang et al. (2003) is based primarily on baseflow temperatures, more extreme 

changes in stream temperatures would likely occur at flood stage, since stream flow during a 

flood would be dominated by runoff from paved surfaces heated by sunlight. 

5.2.2.  Regression Analysis of Group 1 Data 

Following previous work by Allen et al. (1999), the data were split into groups based on 

soil physical and chemical parameters.  Significant differences in soil properties between the 
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groups are shown in Table 5.9.  While Groups 1 and 2 had similar soil textures, soils in Group 

1had higher bulk densities and were less reactive, with lower organic carbon contents, plasticity 

indices, and specific electrical conductivities.  Group 3 soils were nonplastic and had 

significantly greater amounts of sand and a greater KIF, indicating these soils had mica parent 

materials.  While these soils had the lowest pH and conductivity, the organic carbon contents 

were not significantly less than soils in Group 2. 

As with the overall data set, the Pearson’ correlation coefficients for each pairwise 

comparison were evaluated.  These coefficients and each p-value are listed in Table H8.  Unlike 

the overall data set, Kd was correlated only to one parameter:  the number of freeze-thaw cycles 

(FTC).  Increases in the number of FTC was positively correlated to increases in soil erodibility 

(r = 0.69, p = 0.02).  As discussed in Chapter 4, research has shown that multiple FTC reduce 

aggregate stability and decrease soil shear strength (Mostaghimi et al., 1988; Thorne, 1990; 

Asare et al., 1997; Eigenbrod, 2003).  Because the Group 1 soils were fine grained, they would 

be more susceptible to degradation by ice segregation within the soil. 

In contrast to Kd, τc was positively correlated to several soil properties, including BD (r = 

0.65, p = 0.00), specific gravity (SG; r = 0.54, p = 0.02), σ (r = 0.56, p = 0.02), and S+C (r = 

0.47, p = 0.05).  This correlation indicated that the dense, fine-grained soils were less susceptible 

to erosion.  This finding was supported by an inverse relationship to the soil sand content, which 

indicated that τc decreased with increasing sand content  (r = -0.47, p = 0.05).  An inverse 

relationship also existed between the soil salt content and τc (TS, r = -0.52, p = 0.03).   

For each site, a distribution of freezing period durations was developed.  Skew was 

calculated as the skew for each distribution; large values of Skew occurred for sites that had 

frequent FTC, as well as long periods when the banks remained frozen.  Sites with high Skew 

values typically had a low ADF and underwent moderate FTC.  It is interesting to note that BD 

was not only correlated with soil texture, but also with the freezing parameter Skew and with the 

length and volume of roots with diameters of 2 - 20 mm (BRLD and BRVR).  It appears that 

frequent FTC acts to reduce soil density.  It is widely held that roots also served to loosen soils.  

This theory was supported by the inverse relationship between BD and both BRLD (r = -0.66, p 

= 0.00) and BRVR (r = -0.53, p = 0.03).   
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Table 5.9. Statistically significant differences in median soil properties between the soil groups for stream bank soils along 
headwater streams in southwest Virginia (differences significant at α = 0.05 indicated by different letters). 

Soil Group 
BD 

(g/cm3) AS 
OC 
(%) 

Clay 
(%) 

Silt 
(%) 

D50 
(mm) σ PI 

Soil 
pH 

Soil EC 
(µS/cm) KIF 

1 – Plastic, Silty 1.3a 0.82a 1.1 a 7.8a 34.2a 0.068a 9.2a 10a 7.5a 710a 0.04a

2 – Plastic, Reactive 1.2b 0.77a 2.1b 11.3b 33.6a 0.069a 8.3a 15b 7.3b 1150b 0.04a

3 – Nonplastic 1.1c 0.91b 1.4b 2.4c 16.8b 0.152b 4.5b 0c 6.9b 660a 0.07b
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Table 5.10.   Single explanatory variables for soil erodibility, Kd, with Group 1 soils (Group 1 
soils have a median plasticity index of 10, with median clay and sand contents of 
7.8% and 58.0%, respectively, median bulk density of 1.3 g/cm3, and median 
electrical conductivity of 710 µS/cm). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil-
Sen 

Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept 

Least 
Squares 
p-value 

Least 
Squares 

r2 
Freeze-thaw 
cycles (FTC) 0.58 -0.63 0.036 0.55 -0.68 0.019 0.474
Total duration 
frozen (TDF) 0.51 -0.21 0.036 0.38 -0.27 0.091 0.284
Silt+Clay 
content (S+C) 0.93 -0.97 0.014 0.63 -0.78 0.120 0.144
Sand content 
(Sand) -0.80 -0.89 0.025 -0.55 -0.73 0.120 0.144
Clay activity 
(CA) 0.49 -0.45 0.045 0.32 -0.38 0.136 0.133
Median grain 
size (D50) -0.65 -0.65 0.031 -0.35 -0.58 0.150 0.125
Silt:Clay ratio 
(S:C) 0.75 -0.31 0.014 0.37 -0.40 0.186 0.106

 

 

As with the overall data set, Theil-Sen and least-squares regression analyses were 

conducted to evaluate possible linear relationships between Kd or τc and the explanatory 

parameters.  The results of these analyses are shown in Table 5.10 for Kd and in Table 5.11 for 

τc.  As can be seen from Table 5.10, Kd for the Group 1 soils was most strongly influenced by 

FTC and soil texture.  Increases in FTC resulted in increases in the rate at which the stream bank 

soils eroded.   Repeated freezing and thawing of the stream bank soil explained 47% of the 

variance in Kd and gave credence to the theory that subaerial processes increase the susceptibility 

of soils to erosion by fluvial entrainment. The erosion rate also appeared to increase as the silt 

content of the soil increased, as evidenced by a positive slope for both Silt+Clay and for 

Silt:Clay.     
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As can be seen in Table 5.10, a significant linear relationship existed between Kd and 

FTC.  The following equation was developed for Group 1 data with a complete winter 

temperature record (n = 11, p = 0.019, r2 = 0.474): 

 

( ) 5.011.025.0log FTCKd ⋅+−=     5.5 

    [ NTNTc FTCK ⋅+−= 55.068.0, ] 

 

The intercept and the coefficient for FTC were both significantly different from zero at α = 0.05.  

The single explanatory variable, FTC, explained over 47% of the variance in Kd (Figure 5.12).  A 

subset of the data was created by removing nine measurements without a complete data record 

(those sites missing freezing and water temperature data).  Using this data subset, an alternative 

regression equation was developed (n = 9, p = 0.007, r2 = 0.897): 

 

( ) 25.0
50

5.0 46.112.015.073.0log D
MC

FTCKd ⋅−−⋅+=    5.6 

        [ NTNTNTNTd DMCFTCK ,50, 50.041.077.075.0 ⋅−⋅+⋅+−= ] 

 

where MC is the antecedent moisture content in decimal notation and D50 is the median grain 

size in mm.  The intercept and the coefficients were significant at α = 0.05.   

Equation 5.6 shows that the erodibility of the Group 1 soils increased with increasing 

moisture content and decreasing particle size.  This finding is opposite of results reported by 

several researchers who showed that dry soils are more susceptible to erosion due to the effects 

of soil slaking and desiccation cracking (Grissinger et al., 1963; Grissinger et al., 1981; Allen et 

al., 1999; Hanson and Cook, 1998).  While it is well known that soil shear strength also increases 

with reductions in soil moisture (Tengbeh, 1993), little correlation has been shown between bulk 

shear strength and erosion resistance (Arulanandan et al., 1980).  On the other hand, increases in 

soil moisture will result in increased hydration of interlayer cations, which would increase the 

interlayer spacing of the clay fraction.  Greater spacing between clay layers would make the soil  
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Figure 5.12.  Relationship between soil erodibility and the number of freeze-thaw 
cycles for Group 1 soils (Group 1 soils have a median plasticity 
index of 10, with median clay and sand contents of 7.8% and 
58.0%, respectively, median bulk density of 1.3 g/cm3, and median 
electrical conductivity of 710 µS/cm). 

 

 

more susceptible to erosion.  Additionally, soils that had higher moisture contents would also be 

more susceptible to degradation by FTC.   

Decreases in D50 were also correlated to increases in the erosion rate.  This is contrary to 

a report by Roberts et al. (1998), who showed that the erosion rate of quartz particles increased 

with increasing particle size in the range of 10 – 100 µm.  Even though the D50 for Group 1 and 

Group 2 soils was similar, Group 2 had significantly higher clay contents (p = 0.02).  Therefore, 

reductions in D50 for Group 1 would indicate increases in the soil silt content.  Previous 

researchers have shown that soil erosion increases with increasing silt content (Wischmeier and 

Mannering, 1969; Dunaway et al., 1994).  Additionally, results from the simple linear regression 
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analysis showed positive correlation between both S:C and S+C and Kd, indicating that increased 

erosion rates were linked to the silt content of the soil. 

This relationship (Equation 5.6) was highly significant and explained almost 90% of the 

variance in Kd.  It confirmed that FTC was an important factor in Group 1 soil erodibility, as well 

as initial soil moisture content and the soil grain size.  However, because this relationship was 

not significant for the entire Group 1 data set, it suggested Group 1 soils may not have been 

entirely distinct.  The only significant difference between the soils in the regression and those 

removed due to lack of data was in the KIF.  The KIF for the sites used in Equation 5.13 had a 

significantly higher average KIF (0.07) than those removed from the analysis (average KIF = 

0.04) at p = 0.04.  Increases in the ratio of potassium to calcium and magnesium are indicative of 

soils with mica parent materials, such as illites. 

Table 5.11 shows the results of the simple linear regression for τc.  These results suggest 

that the critical shear stress for Group 1 soils increased as the grain size decreased.  The grain 

size standard deviation accounted for 31% of the variance in τc, while the silt+clay and sand 

contents each explained 22% of the variance in τc.  The total salt content of the soil (TS) was 

also a significant factor:  increases in TS decreased τc.  This finding contradicts results by 

Arulanandan et al. (1975), who reported increases in τc with increases in pore water salt 

concentration.  The effect they observed was particularly pronounced at low SAR values (1-2).  

The authors suggested that the higher salt concentrations, particularly of Ca2+ and Mg2+, caused 

the soils to flocculate, thus increasing their resistance to erosion.  Since remolded samples were 

used in that study, this explanation is plausible.  Because the current study measured τc in situ, 

flocculation of the soils would not likely be a significant process.  Instead, it is likely that 

increases in soil salt concentrations increased the swelling of soils during testing due to osmotic 

differences between the soil pore water and the stream water. 

Using stepwise multiple linear regression, two significant relationships were developed.  

The first relationship predicted the τc as a function of σ and the soil sand content, while the 

second used σ and BD as the explanatory parameters.  This seems reasonable as Table H8 

indicates Sand and BD were inversely correlated (r = -0.57, p = 0.01).  The two regression 

equations were as follows: 
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Table 5.11.   Single explanatory variables for soil critical shear stress, τc, with Group 1 soils 
(Group 1 soils have a median plasticity index of 10, with median clay and sand 
contents of 7.8% and 58.0%, respectively, median bulk density of 1.3 g/cm3, and 
median electrical conductivity of 710 µS/cm). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil-
Sen 

Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept 

Least 
Squares 
p-value 

Least 
Squares 

r2 
Grain size std. 
deviation (σ) 0.58 0.02 0.025 0.63 -0.02 0.016 0.311
Total salt 
content (TS) -0.36 0.49 0.045 -0.37 0.29 0.028 0.268
Silt+Clay 
content (S+C) 0.76 -0.03 0.053 0.87 -0.21 0.047 0.225
Sand content 
(Sand) -0.66 0.04 0.045 -0.75 -0.14 0.050 0.219

  

 

236.0 00035.011.048.1 Sandc ⋅−⋅+= στ  (n = 9, p = 0.022, r2 = 0.718), and  5.7 

]33.187.086.0[ 2
, NTNTNTc Sand⋅−⋅+−= στ  

 
5.236.0 64.0067.044.0 BDc ⋅+⋅+−= στ   (n = 18, p = 0.001, r2 = 0.663).  5.8 

    [ NTNTNTc BD⋅+⋅+−= 75.052.060.0, στ ] 

 

where σ is the standard deviation of the grain size distribution and Sand is the soil sand content 

in decimal notation.  The coefficients were significant at α = 0.05, except for the intercept of 

Equation 5.7, which had a p-value of 0.066.  Both of these equations were highly significant and 

explained a large amount of the variance in τc.  Because the soils in this study contained little or 

no gravel, soils with high σ were indicative of soils with high clay contents.  Equations 5.7 and 

5.8 also supported the conclusion from the simple linear regressions that fine grained soils (σ is 

large and Sand is small) had a greater critical shear stress and were thus more resistant to fluvial 

entrainment.  Previous research has shown that τc increases with increasing clay content 

(Anderson, 1975; Grissinger et al., 1981; Thorne and Tovey, 1981; Osman and Thorne, 1988; 
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Gray and Sortir, 1996).  Allen et al. (1999) showed that soil erodibility increased with increasing 

sand content for soils with less than 10% clay.   

As with the regression equations for Kd, Equation 5.7 changed when applied to the entire 

data set: 

 

236.0 00018.0078.036.1 Sandc ⋅−⋅+= στ   (n = 18, p = 0.005, r2 = 0.508).  5.9 

[ NTNTNTc Sand⋅−⋅+−= 71.060.039.0, στ ] 

 

While Equation 5.9 does not explain as much of the variance in τc as Equation 5.9, it is more 

significant.  Additionally, the form of the equation is similar to that of Equation 5.9: the 

coefficients for σ and Sand are positive and negative, respectively. 

5.2.3.  Regression Analysis of Group 2 Data 
Group 2 soils differ from Group 1 soils in that they had lower bulk densities and pH, but 

higher organic carbon contents, plasticity indices, and electrical conductivities (Table 5.9).  

Evaluation of the Pearson’s correlation coefficient for these sites (Table H9) indicates that soil 

erodibility was correlated only to Skew (r = -0.59, p = 0.05) and soil critical shear stress was 

correlated only to the total salt concentration (TS; r = -0.52, p = 0.05).  This result provides 

further confirmation that Kd was strongly influenced by repeated soil freezing.  The negative 

correlation between τc and soil salts supports evidence that increasing differences in cation 

concentration between the soil pore water and the eroding fluid can cause swelling of the clay 

soils and reduce the energy required to entrain soil aggregates. 

Simple linear regression produced only one significant relationship.  Using Theil-Sen 

regression for a subset of the Group 2 soils (sites without freezing or water temperature data 

removed), produced the following relationship between Kd and FTC: 

 

( ) 5.0094.053.0log FTCKd ⋅−=  (n = 9, p = 0.012)   5.10 

[ NTNT FTCK ⋅−−= 47.053.0 ]. 
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Using stepwise regression for the subset of Group 2 soils where sites without freezing or 

water temperature data were removed (6 measurements), two highly significant relationships for 

Kd were developed.  In each equation, Kd was a function of the fine root length density (FRLD), 

the soil pore water salt concentration, and a freezing parameter, either ADF or FTC.  The number 

of FTC and the ADF were highly negatively correlated (r = -0.96, p = 0.00), thus they were 

interchangeable.  The two regression equations are as follows (n = 9, r2 = 0.984, p = 0.000; n = 9, 

r2 = 0.996, p = 0.000): 

 

( ) ( )PWFTCFRLDKd ln07.0059.055.074.0log 5.025.0 ⋅−⋅−⋅−=   5.11 

      [ NTNTNTNTd PWFTCFRLDK ⋅−⋅−⋅−−= 15.029.037.011.0, ] 

 

( ) ( )PW
ADF

FRLDKd ln068.002.158.000.1log 2.0
25.0 ⋅−−⋅−=     5.12 

   [ NTNTNTNTd PWADFFRLDK ⋅−⋅+⋅−−= 14.026.039.009.0, ] 

 

where FRLD is in cm/cm3 , ADF is in hours, and PW in equivalents/L.  The coefficients for all 

the parameters were significant at α = 0.05, except for the intercept for Eqn. 5.11, which was 

significantly different from zero at p = 0.07.  Both of these equations were highly significant and 

explained over 98% of the variance in Kd.  Because these equations were developed with a small 

dataset (n=9), the high r2 values may have been a statistical artifact caused by a number of 

independent variables and a small dataset.   These regression equations suggest that increases in 

FRLD reduced the rate at which Group 2 stream bank soils eroded.  They also confirm previous 

results that indicated soil freezing and soil cation content influenced soil erodibility. 

Contrary to the Group 1 soils, increased FTC resulted in greater soil stability for the 

Group 2 soils.  This finding is consistent with Equation 5.12, which demonstrated a positive 

relationship between Kd and ADF.  Sites with a large ADF typically remained frozen instead of 

undergoing repeated FTCs.  The erosion rate was also negatively correlated with the pore water 

salt concentration.  As discussed in previous sections, differences in ionic strength between the 
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pore water and the eroding fluid can cause soil swelling, making soils more susceptible to 

erosion.  

It should also be noted that when the sites with missing water temperature data but a 

complete freezing record (n = 3) were included in the analysis, the coefficients for FTC and ADF 

were no longer significant at α = 0.05.  One of those three sites (SR4 lower bank) had an 

unusually large number of FTC and a very low ADF that strongly influenced the regression 

relationship.  This example showed that while the regression relationships presented were highly 

significant and explained a large amount of the variance, they were extremely sensitive to 

individual data points.   

While significant relationships were developed for τc, the residuals exhibited both strong 

heteroscedasticity and serial dependence.  The lack of conformity to the underlying assumptions 

of least squares regression lead the author to question the validity of the results and so the 

equations were not presented.  It is not unreasonable to find inconclusive results for the critical 

shear stress.  Some researchers have suggested that a critical shear stress, such as that observed 

with noncohesive soils, does not exist for cohesive soils (Anderson, 1975; Lavelle and Mofjeld, 

1987). 

5.2.4.  Regression Analysis of Group 3 Data 
Evaluation of the Pearson’s correlation coefficients for the Group 3 soils (Table H10) 

revealed that soil erodibility was negatively correlated to BD (r = -0.72, p = 0.00), big root length 

density (BRLD; r = -0.53, p = 0.05), and big root volume ratio (BRVR; r = -0.64, p = 0.01).  As 

with the Group 2 soils, K was inversely related to root density, suggesting that roots reinforce 

soils and reduce erosion rates. 

Results of the simple linear regression analyses for Kd are shown in Table 5.12.  Changes 

in BD explained over 50% of the variance, while changes in BRVR explained over 40%.  While 

there was a significant nonparametric linear relationship between Kd and SWEC and the TSS 

concentration of the eroding fluid, neither of these parameters accounted for more than 20% of 

the variance in Kd.  Additionally, the slopes were not significantly different from zero:  the least-

squares regression p-values for these two parameters were greater than 0.10. 
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Using stepwise multiple linear regression the following two regression equations were 

developed for Kd: 

5.05.2 50.021.0ln11.045.0log TSBDBRVRKd ⋅−⋅−⋅−= , and  5.13 

     [ NTNTNTNTd TSBDBRVRK ⋅−⋅−⋅−= 31.045.049.027.0, ] (n = 15, p = 0.000, r2 = 0.842) 

 

565.2 38.056.042.097.0log ASSWpHBDKd ⋅−⋅+⋅−=  (n = 15, p = 0.000, r2 = 0.727), 5.14 

[ NTNTNTNTd ASSWpHBDK ⋅−⋅+⋅−= 33.039.087.038.0, ] 

 

where AS is the aggregate stability in decimal notation.  The coefficients were all significant at α 

= 0.05, although the intercepts were not significantly different from zero.  Both of these 

equations were highly significant and explained over 70% of the variation in Kd.  As with the 

correlation coefficients and the simple linear regression, this analysis suggests BD played a 

significant role in Kd for the Group 3 soils:  increases in BD resulted in decreases in erosion rate.  

The erosion rate was also reduced by increases in BRVR (Figure 5.13), TS, and AS, and 

decreases in SWpH.  The reduction in erosion rate due to larger diameter roots (2 mm < D < 20 

mm) was likely due to hydraulic impacts of the roots:  the larger roots disrupted the flow and 

reduced near bank shear stresses.   

The stream bank soil critical shear stress (τc) was positively correlated to BD (r = 0.68, p 

= 0.01) and negatively related to the SWEC (r = -0.53, p = 0.04), indicating that τc was also 

influenced by the soil bulk density and differences in the soil pore water and stream water ionic 

strength.  This finding was supported by the simple linear regression results (Table 5.13).  

Changes in BD explained almost 50% of the variability in τc and both the Theil-Sen and least-

squares regressions were highly significant (p ≤ 0.006).  It is interesting to note that τc was also 

inversely related to very fine root length density and root volume ratio (VFRLD and VFRVR, 

respectively).  While the quantity of roots greater than 2.0 mm in diameter appeared to reduce 

the erosion rate of Group 3 soils, increases in roots less than 0.5 mm in diameter were inversely 

correlated to the shear stress required to initiate fluvial entrainment.  This relationship to VFRLD 

(Table 5.12) implies that converting a herbaceous buffer to a forested buffer could increase τc at  



 141

Table 5.12.   Single explanatory variables for soil erodibility, Kd, with Group 3 soils (Group 3 
soils are nonplastic with median clay and sand contents of 2.4% and 80.8%, 
respectively, median bulk density of 1.1 g/cm3, and median electrical conductivity 
of 660 µS/cm). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil-
Sen 

Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept 

Least 
Squares 
p-value 

Least 
Squares 

r2 
Bulk density 
(BD) -0.65 0.20 0.054 -0.74 0.16 0.002 0.523
Big root 
volume ratio 
(BRVR) -0.95 0.66 0.001 -0.80 0.75 0.010 0.411
Soil:Water 
electrical 
conductivity 
(SWEC) 0.72 0.30 0.054 0.66 0.16 0.107 0.188
Total 
suspended 
solids (TSS) 0.38 0.51 0.043 0.26 0.71 0.166 0.142

 
 
 
the stream bank toe from 0.71 Pa to 0.93 Pa (31% increase), assuming a median VFRLD at a 

depth of 75-90 cm of 0.28 cm/cm3 for a herbaceous buffer and of 0.20 cm/cm3 for a forested 

buffer (Chapter 3). 

Two significant multiple linear regressions were developed for τc.  The first equation was 

developed with the entire Group 3 data set and is as follows: 

 

4.0
5.236.0

:
86.023.026.124.0
CSMC

BDc −−⋅+−=τ           (n = 15, p = 0.002, r2 = 0.733)  5.15 

[ NTNTNTNTc CSMCBD :35.044.048.146.0, ⋅+⋅+⋅+=τ ] 

 

where MC is the antecedent moisture content and S:C is the ratio of silt to clay in the soil.  All 

the coefficients were significant at p < 0.03, with the exception of the intercept, which had a p-

value of 0.10.  The equation was highly significant (p = 0.002) and it explained almost 75% of 

the variance in τc.  This equation reinforces the importance of BD in τc:  the coefficient for BD  
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Figure 5.13.  The effects of big root volume (2 mm < diameter < 20 mm) 
and bulk density on soil erodibility of Group 3 soils (Group 
3 soils are nonplastic with a median clay and sand contents 
of 2.4% and 80.8%, respectively, median bulk density of 1.1 
g/cm3, and median electrical conductivity of 660 µS/cm). 

 
 

was three times the coefficients for MC or S:C.  Increases in either the antecedent moisture 

content or the silt:clay ratio of the soil also increased the stress required to initiate erosion.  

Increases in moisture content may have reduced soil entrainment by decreasing slaking or by 

increasing soil cohesion from moisture films on the soil particles.  The increase in τc with 

increasing silt:clay ratio contradicts findings by previous researchers that soil erosion increases 

with increasing silt content (Wischmeier and Mannering, 1969; Dunaway et al., 1994).  Elliot et 

al. 1990 reported a positive correlation between silt content and τc.  The authors did not feel this 

positive correlation represented physical reality; they attributed it to a flaw in the method used to 

determine τc.  One method of determining τc is to plot the erosion rate versus the applied shear 

stress as a linear function.  The intercept of the line (erosion rate of zero) is then taken as τc.  

Because silty soils erode rapidly, when the erosion rate is plotted versus the applied shear stress, 
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Table 5.13.   Single explanatory variables for soil critical shear stress, τc, with Group 3 soils 
(Group 3 soils are nonplastic with a median clay sand contents of 2.4% and 80.8%, 
respectively, median bulk density of 1.1 g/cm3, and median electrical conductivity 
of 660 µS/cm). 

Normalized, 
Transformed 
Explanatory 
Parameter 

Theil-
Sen 

Slope 

Theil-
Sen 

Intercept 
Theil-Sen 
p-value 

Least 
Squares 

Slope 

Least 
Squares 
Intercept 

Least 
Squares 
p-value 

Least 
Squares 

r2 
Bulk density 
(BD) 0.92 0.28 0.004 0.88 0.29 0.006 0.456
Soil:Water 
electrical 
conductivity 
(SWEC) -1.07 0.83 0.054 -1.03 0.51 0.042 0.281
Very fine root 
length density 
(VFRLD) -0.74 -0.17 0.026 -0.72 -0.25 0.060 0.246
Very fine root 
volume ratio 
(VFRVR) -0.71 -0.14 0.054 -0.74 -0.26 0.062 0.242

 

 

the resulting line has a steep slope and a large extrapolated intercept.  Considering that τc in this 

study was determined by fitting a logarithmic hyperbolic function to the data (following 

Blaisdell et al., 1981) to estimate He, rather than a straight line (see discussion in Section 2.2.3), 

it appears that the increase in τc with increasing silt content may have physical merit.  In sandy 

soils, the smaller silt particles may fill interstitial spaces, reducing the void ratio and fluid 

entrainment. 

Three of the sites in the Group 3 soil data set did not have a complete winter temperature 

record.  Because of this, a stepwise multiple linear regression analysis was also conducted on a 

subset of the Group 3 soils data.  This analysis produced the following equation (n = 12, p = 

0.001, r2 = 0.913): 

 

862536.0 00044.015.107.121.211.2 SGSWpHRDAMASc ⋅−⋅−⋅−⋅+=τ     5.16 

[ NTNTNTNTNTc SGSWpHRDAMAS ⋅−⋅−⋅−⋅+−= 35.045.054.007.159.0,τ ] 
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where RDAM is the ratio of the average duration frozen to the median duration frozen and SG is 

the soil specific gravity.  All the regression coefficients were significant at α = 0.05.  This 

relationship explained the majority of the variance in τc and was highly significant.  The 

coefficient for AS is almost double the coefficients for the remaining parameters, indicating 

increases in AS resulted in significant increases in τc.  RDAM is a parameter that indicates the 

relative difference between the average and median durations frozen;  high values of RDAM are 

indicative of sites that underwent frequent FTC but also had extended periods where the stream 

banks remained frozen.  Increases in bank freezing appeared to decrease τc.  As with Kd, 

differences in soil and stream chemistry influenced τc:  large differences between the soil pore 

water pH and the stream pH reduced the energy required to initiate erosion.   

It is interesting to note that τc decreased with increases in SG.  Since these soils are 

noncohesive, particle entrainment is a function of force balances on individual soil grains.  High 

values of SG would be indicative of dense particles that would be difficult to entrain.  This 

seemingly contradictory result may be because SG is highly correlated with soil total salts (TS; 

Table H10: r = -0.78, p = 0.00).  Substituting TS into equation 5.16 for SG also produced a 

highly significant regression relationship with similar r2, but the coefficients for TS and SWpH 

were significant at p = 0.06.  Because SG can be measured with greater accuracy than TS, it is 

likely that it had less error and thus was more significant in the regression equation. 

5.3 Discussion 

5.3.1.  Bulk Density 

The most important factor determining the soil erosion rate in this study was bulk 

density.  Increases in bulk density resulted in decreases in soil erodibility and increases in the 

critical shear stress for the overall data set, as well as for Group 1 and Group 3 soils.  Bulk 

density explained 33% and 52% of the variance in Kd and 36% and 46% of the variance in τc for 

the overall and Group 3 soils, respectively.  Previous researchers reported that soil erosion rates 

decreased with increasing bulk density (Hanson and Robinson, 1993; Roberts et al., 1998;  Allen 

et al., 1999).  Allen et al. (1999) conducted regression analyses to develop predictive equations 

for the jet index from submerged jet testing (ASTM, 1999).  For soils with more than 10% clay, 
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but clay activities less than 1.25, the jet index was a function of the soil bulk density, clay 

content, and plastic limit (r2 = 0.96).  These soils are similar to the Group 1 soils in this study. 

It is likely that BD was the most significant explanatory parameter for both Kd and τc 

because it had relatively low variability and measurement error.  Also, BD is a composite soil 

parameter that incorporates the impact of several soil properties, including soil texture, soil 

chemistry, root density, and soil organic matter content.  As Grissinger (1982) discussed in a 

summary of the erosion of cohesive soils, bulk density implies an average interparticle or 

interlayer distance.  Soils with low interparticle distances are less susceptible to swelling and 

erosion upon wetting. 

5.3.2.  Moisture Content and Aggregate Stability 

The impact of antecedent moisture content (MC) on soil erosion in this study varied with 

soil type.  For the fine grained soils in Group 1, Kd increased with increasing moisture content.  

This could have been caused by increases in interlayer spacing in the clays with increased soil 

moisture content (McBride, 1994).  Increases in interlayer spacing reduce the strength of 

cohesive soils and make them more susceptible to erosion (Paaswell, 1973).  Additionally, the 

fact that soil erodibility for the Group 1 soils was positively correlated to FTC and MC, but 

negatively correlated to D50 suggests that FTC played a major role in the erosion of these fine 

grained soils.  Low values of D50 were indicative of soils that had a high silt content and thus 

were more susceptible to ice segregation during freezing.  These results support findings by 

Nearing et al. (1988) that freezing is the primary destabilizing factor for soils.  

For the noncohesive soils in Group 3, the critical shear stress increased with increasing 

MC.  This suggests that water films in the soil increased soil cohesion, or that the coarser soils 

were more susceptible to slaking than the fine grained soils.  During the course of the study, the 

author noted that the stream banks with high sand contents were very friable when dry, 

suggesting that the former was most likely explanation of the inverse relationship between τc and 

MC.  This observation was confirmed by the study results for aggregate stability.  Aggregate 

stability played a significant role in the erosion of Group 3 stream banks.  Increases in AS 

decreased Kd and increased τc.  Despite the fact that the Group 3 soils had significantly lower 

clay contents, as compared to soils in Groups 1 and 2 (p = 0.0001), the Group 3 soils had 

significantly greater dry aggregate stabilities (p = 0.01).  Since slaking is a major cause of 
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aggregate instability (Le Bissonais, 1996), the fact that the coarser soil had greater aggregate 

stability suggests that soil slaking was not significant for the Group 3 soils and that the soil 

moisture stabilized the sandy stream banks through increases in soil cohesion. 

5.3.3.  Soil Chemistry 

The results of this study provided strong evidence that the interaction of stream and soil 

chemistry significantly impacts stream bank erosion.  For the overall data set, this study showed 

that increases in both the KIF and the SWpH were correlated to declines in τc.  High KIF values 

are indicative of soils derived from both primary micas and fine-grained micas, such as illite 

(Brady, 1984).  The soils from this study with high KIF values were typically friable and easily 

eroded.  The soils along the East Fork of the Little River were so high in primary mica that they 

glittered.   

Increases in the ratio of the soil pH to the stream pH resulted in decreases in τc for the 

overall data set and for the Group 3 soils.  Additionally, soil erodibility for the Group 3 soils  

increased as the SWpH increases.  Previous research has shown that both soil and stream pH 

influence soil erosion (Grissinger, 1982). Soils become more dispersive with increases in pH, 

due to increases in pH-dependent CEC (McBride, 1994).  Increases in CEC with pH increase 

surface charge on the soil colloids, leading to greater repulsion between soil particles (McBride, 

1994).  This increase in CEC with pH is particularly important for soils with significant amounts 

of pH-dependent charge, such as kaolinites and illites and soils high in organic matter 

(Grissinger, 1982; McBride, 1994).  The clay activity is indicative of the type of clay (Table 5.2);  

considering the CA for the soils in this study had a median value of 1.3, with a range of 0.7 - 2.6, 

it appears that illites were one of the dominant clay minerals in these soils.  Additionally, the 

Group 3 soils had significantly more organic carbon than the Group 1 soils.  

The soil salt concentration, expressed in units of normality (PW) or mg/kg (TS), also had 

a significant impact on Kd for the Group 2 and Group 3 soils, respectively.  Increases in soil salt 

concentrations decreased soil erodibility.  Additionally, some positive correlation was shown 

between TS and τc for the Group 3 soils (p = 0.06 for TS coefficient).  Similar results were 

reported by Arulanandan et al. (1980) for a flume study on the erosion of cohesive soils.  As 

discussed in McBride (1994), the flocculation of suspended particles increases with increasing 
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cation charge and concentration; the solution cations reduce repulsion between the negatively 

charged soil particles.  

Considering that the τc and Kd reported in this study were determined using stream water 

at baseflow conditions, it is likely these parameters will change under flood conditions due to 

changes in stream water chemistry.  During a flood event, the stream pH and EC will decrease 

while the water temperature will increase.  Following equations 5.4, 5.14, and 5.16, these 

changes in stream water chemistry could result in a decrease in τc and an increase in Kd, 

particularly for soils with illite as the dominate clay mineral. 

5.3.4.  Soil Freezing 

The effects of soil freezing during the previous winter had highly significant effects on 

both Kd and τc that varied with soil type.  Increases in FTC decreased soil erodibility for the 

Group 1 soils, while increases in RDAM decreased the critical shear stress for the Group 3 soils.  

These results are supported by previous research (see Chapter 4) that showed soil shear strength 

and aggregate stability decreased with increased soil FTC (Mostaghimi et al., 1988; Thorne, 

1990; Asare et al., 1997; Eigenbrod, 2003).     

In contrast to the Group 1 and Group 3 soils, FTC increased soil stability for the Group 2 

soils.  This finding was confirmed by Equation 5.12, which demonstrated a positive relationship 

between Kd and ADF.  Sites with a large ADF typically remained frozen instead of undergoing 

repeated FTCs.  While research has shown that as many as three FTCs may increase aggregate 

stability, additional freezing ultimately degrades the soil structure (Lehrsch, 1998; Oztas and 

Fayetorbay, 2003).  Since the soils in Group 2 underwent as many as 28 FTCs, these results 

cannot be explained by increases in aggregate stability.  The inverse relationship between Kd and 

FTC was likely caused by the removal of interstitial water during soil freezing.  The Group 2 

soils were distinct from Groups 1 and 3 in that they had significantly higher plasticity indexes, 

clay activities, electrical conductivities, and sodium contents.  These higher values indicate the 

Group 2 soils were more chemically reactive and had a greater montmorillonite content.  As 

these soils froze, water was removed from the interlayer regions of the clays.  This caused the 

interlayer regions to collapse, increasing soil structure (McBride, 1994).  Additionally, because 

these soils had greater amounts of clay, they were likely less susceptible to damage from ice 
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formation within the soil because the lower hydraulic conductivities prevented rapid water 

movement in the soil during freezing. 

The strong correlation between soil freezing and soil erosion is somewhat surprising:   

several bankfull flood events occurred during the late winter and spring of 2003 and several 

centimeters of bank soil were removed at many sites.  These results suggest that the effects of 

FTC extended beyond the surface soil and affected soil structure within the bank face. 

These results also show that the effects of FTC endured over time.  These soils were 

tested one to three months after the last air frost, but FTC was still a significant explanatory 

parameter for Kd.  Several researchers have reported decreases in rill erosion rates over time and 

attributed this to soil consolidation (Nearing et al., 1988; Brown et al., 1989, 1990; West et al., 

1992).  Further study is needed on the effects of subaerial processes on Kd and τc and temporal 

changes in these parameters.  

5.3.5.  Root Density 

Root density appeared to have a significant impact on stream bank erosion.  Based on 

equations 5.3, 5.11, 5.12, and 5.13, increases in the volume of roots with diameters of 2 - 20 mm 

(BRVR) or the length of roots with diameters of 0.5 – 2.0 mm (FRLD) reduced Kd.  Several 

studies have shown that roots increase soil strength through mechanical reinforcement (Waldron 

and Dakessian, 1981 and 1982; Materechera et al., 1992; Tengbeh, 1993; Mamo and Bubenzer, 

2001a, 2001b).  In a laboratory study on the effects of live roots on rill erodibility, Mamo and 

Bubenzer (2001a) measured decreases in Kd of 8-87% for rooted soils over fallow treatments.  In 

a study similar to this one, Kamyab (1991) conducted regression analyses to determine the 

impact of root density and soil physical properties on soil erosion from three meadow 

communities in the Sierra Nevada mountains.  Significant relationships were determined 

between the base 10 logarithm of soil loss and fine, coarse, and total root length density.  The r2 

for the simple linear regressions varied from 0.26 to 0.34.  For the Group 3 soils in this study, a 

similar r2 (0.41) was found between Kd and BRVR.  Extending the work of Kamyab, Dunaway et 

al. (1994) also reported reductions in erosion rates with increases in RVR for wet meadow 

communities.   It should be noted that the coefficients for both BRVR and FRLD were small, 

indicating soil physical and chemical properties played a greater role in soil erodibility than root 

reinforcement.  
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It is interesting to note that τc was inversely related to very fine root length density and 

root volume ratio (VFRLD and VFRVR, respectively) for the overall data set and for the Group 

3 soils.  While the quantity of roots greater than 2.0 mm in diameter appeared to reduce the 

erosion rate of Group 3 soils, increases in roots less than 0.5 mm were negatively correlated to 

τc.  While it appears contradictory that soil τc would decrease with increasing root density, there 

was also a significant positive correlation between VFRVR and SWEC for both the overall data 

set and the Group 3 soils (overall:  r = 0.50, p = 0.00, Table H7; Group 3:  r = 0.60, p = 0.02, 

Table H10). Increases in the ratio of the soil electrical conductivity to the stream electrical 

conductivity would suggest soil clays would be more susceptible to expansion due to osmotic 

swelling.  As reported in Chapter 3, the quantity of very fine roots is strongly correlated to the 

quantity of herbaceous vegetation in the riparian buffer.  Areas with large amounts of herbaceous 

vegetation (golf courses, pastures, meadows, etc.) are more likely to receive fertilizer 

applications than forested areas and a higher pore water ionic strength would be expected 

following fertilizer applications. 

5.3.6.  Example Application of Study Results 

This study illustrates that riparian vegetation plays a dual role in stream bank erodibility.  

While the roots of woody riparian vegetation are important for stream bank stabilization, results 

of this study also indicated that the presence of mature riparian forests encouraged freeze-thaw 

cycling and hence may also act to destabilize bank soils.  To evaluate the combined effects of 

these two factors, the study findings were used to estimate the change in soil erodibility at the 

stream bank toe (75-90 cm depth) that would occur if a grass riparian buffer were converted to a 

woody buffer, using Equations 5.3, 5.11, 5.12, and 5.13.  Due to sampling limitations discussed 

in Chapter 3, the results of this example are applicable only to relatively steep stream banks with 

little herbaceous vegetation on the bank face.  This bank structure is typically found on the 

outside of meander bends where there are high hydraulic shear stresses.  It is in this region that 

erosion resistance is of particular concern in stream bank stability. 

Using the median aboveground vegetation densities (Table 3.1) and the RLD regression 

equations presented in Table 3.4, the fine RLD at the bank toe was calculated as 0.138 cm/cm3 

and 0.303 cm/cm3 for herbaceous and forested vegetation, respectively.  Since there were no 

significant relationships for the root volume ratio of “big” roots (BRVR; 2 < diameter < 20 mm), 
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the median BRVR for the herbaceous and forested sites were used (0.0004 cm3/cm3 and 0.0029 

cm3/cm3, respectively).   

For the overall data set, using the median bulk density value of 1.22 g/cm3 and the 

median BRVR values in Equation 5.3, the herbaceous and forested erodibilities (KdH and KdF) 

were calculated as 3.02 cm3/N-s and 2.30 cm3/N-s, respectively.  These values are similar to the 

median Kd of 2.17 cm3/N-s.  This example implies that converting a herbaceous buffer to a 

forested buffer would reduce Kd by approximately 24%.  Reductions in Kd would decrease the 

rate at which the stream banks eroded, leading to more stable stream channels under forested 

vegetation. 

To evaluate the impact of changing riparian vegetation on the Group 1 soils, Equation 5.6 

was used.  The number of freeze-thaw cycles (FTCs) expected under the two cover types were 

calculated using the first equation in Table 4.3, assuming the BSA values of 0 m2/ha and 34 

m2/ha for the herbaceous and forested buffers, respectively (Table 3.1).  A median stream depth 

of 30 cm and a median S+C content of 0.43 for the Group 1 soils were also used.  These 

calculations estimated that the herbaceous stream banks would undergo 15 FTCs in one winter, 

while the forested stream banks would undergo 23 FTCs.  Combining these values with a median 

moisture content of 0.30 and a median D50 of 0.068 mm for the Group 1 soils, the resulting Kd 

were 1.46 cm3/N-s and 2.01 cm3/N-s for the herbaceous and forested vegetation, respectively.  

Considering the median Kd for Group 1 was 1.63 cm3/N-s, these values appear to be reasonable 

estimates of Kd.   This represents an increase in Kd of 38% due to reforestation of the stream 

bank.  This example illustrates that for soils susceptible to FTC, converting the riparian buffer 

from a predominately herbaceous cover to a mature forest could increase soil erodibility.  It 

should be emphasized that the riparian forests in this study were deciduous;  similar results 

would not be expected under coniferous forests that maintain a dense canopy throughout the 

year.  Additionally, because dense herbaceous vegetation would likely not develop in the outside 

of meander bends where the shear stresses are greatest, the reductions in soil erodibility afforded 

by the herbaceous vegetation would be limited to areas of low shear stress, such as on gently 

sloping banks along the inside of meander bends.  It should also be noted that this evaluation 

does not consider the hydraulic effects of woody vegetation (namely reductions in near bank 

shear stress due to increased roughness with woody vegetation).  The results of this study do not 

explicitly indicate that riparian forests should be replaced by herbaceous buffers in high-silt 
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stream banks.  While field observations at the study sites indicated that the dominant bank 

erosion process under dense forest cover was freeze-thaw cycling, the stream banks under woody 

vegetation were generally stable, suggesting that the observed stream bank erosion due to 

subaerial processes was natural and was balanced by sediment deposition within the stream 

systems. 

For the Group 2 soils, Kd was estimated using both FTC and ADF.  These parameters 

were estimated using the equations in Table 4.3, assuming the median vegetation densities in 

Table 3.4, a stream depth of 30 cm, median S+C and silt contents of 0.44 and 0.34, respectively, 

for the Group 2 soils, and median values of 53o and 576 m for site aspect and elevation.  This 

estimated the FTCs and an ADF of 15 and 169 hours, respectively, for the herbaceous buffers 

and 23 and 116 hours, respectively, for the woody buffers.  By inputting these values into 

Equation 5.11 and assuming the values of FRLD calculated from Table 3.4 and a median Group 

2 pore water salt concentration (PW) of 0.008 N, KdH = 3.07 cm3/N-s and KdF  = 2.44 cm3/N-s 

were calculated.  These values are similar to the group median Kd of 1.91 cm3/N-s.  The change 

in buffer vegetation would reduce the Kd for the Group 2 soils by 21%, as estimated by Equation 

5.11.  Repeating these calculations with Equation 5.12 resulted in a KdH of 3.80 cm3/N-s and a 

KdF of 3.16 cm3/N-s.  While these values are higher than those estimated using Equation 5.12, 

they are well within the range of Kd for the Group 2 soils (0.53 – 5.26 cm3/N-s).   Similar to the 

previous calculations using FTC, the predictions made with ADF indicate that stream 

reforestation would reduce soil erodibility by 17% for fine grained soils with high plasticity 

indexes and electrical conductivities. 

A similar exercise was conducted for the Group 3 soils, using Equation 5.13.  Median 

group values for bulk density and total salt concentration (1.1 g/cm3 and 0.281 cmolc/kg) were 

used.  The calculations produced a KdH of 6.01 cm3/N-s and a KdF  of 3.64 cm3/N-s.  These values 

are similar to the median of 3.41 cm3/N-s and within the range of 1.41-8.35 cm3/N-s for the 

Group 3 soils.  As with the overall data set and the Group 2 soils, converting a herbaceous buffer 

to a forested buffer would reduce Kd by 39%.  Because these soils are coarser than those in 

Groups 1 and 2, they do not appear to be affected by FTC. 

Based on the above analyses, it appears that roots with diameters greater than 0.5 mm act 

to reinforce stream bank soils and can decrease soil erodibility by as much as 39% for soils that 
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are not susceptible to FTC.  These results confirm findings by Kamyab (1991) that the larger 

diameter roots are better at reinforcing stream bank soils than the very fine roots.  While 

herbaceous vegetation produces a large quantity of roots, these roots are concentrated in the 

upper 30 cm of the soil profile and are predominately very fine roots (D < 0.5 mm).  As was 

observed during field testing and confirmed by these analyses, very fine roots do not provide 

sufficient reinforcement to withstand high hydraulic shear stresses.   

5.3.7.  Evaluation of the Jet Test Device 

Observed bank erosion from a single storm event during the study was used to evaluate the 

ability of the jet test parameters and the excess shear stress equation to predict stream bank 

erosion.  A major storm event occurred on February 22, 2003 following several extended periods 

of below freezing temperatures.  All of the study streams were out of bank and extensive bank 

erosion occurred at several sites.  While measurements of bank erosion were not made as part of 

this study, the amount of erosion at ST3 due to the February storm was estimated at around 60 

cm.  This estimate was made based on measurements of bank slope, bank exposure, the distance 

the soil cores were taken from the original bank face (30 cm), and the post-storm bank geometry 

in relation to the soil core holes, which were still intact in the dense clay subsoil at this site 

(Figure 5.14).  Considering that the bankfull depth and stream slope at this site are 1.1 m and.  

0.003, respectively, the maximum channel shear stress was estimated as 33 Pa, using the 

following equation: 

gHSo ρτ =       5.17 

 

where ρ is the density of water, g is the acceleration due to gravity, H is the stream depth at 

bankfull discharge, and S is the stream slope.  This simplification of Equation 2.2 assumes that 

the depth is a good approximation of the hydraulic radius (wide channel) and that the stream bed 

slope approximates the slope of the energy grade line.  Because the stream bank at ST3 is 

actively eroding and largely devoid of vegetation (i.e. relatively smooth), this equation likely 

provides a good approximation of actual shear stresses on the bank toe.  Applying the excess 

shear stress equation (Equation 2.7) to the average Kd and τc measured on the lower banks at this 

site (0.53 cm3/N-s and 13.8 Pa), and assuming that the stream was at bankfull stage for 12-24  
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Figure 5.14.  Soil core holes exposed at site ST3 during February 2003 flood.  Bank 
exposure is approximately 1 m. 

 

 

hours, the total bank erosion was estimated at 44 – 88 cm.  The estimated actual bank erosion of 

60 cm was in the center of this range.  Considering that several of the parameters used in this 

simple exercise were grossly estimated, this rough calculation indicated that the submerged jet 

test device provided adequate measurement of both Kd and τc, and that the excess shear stress 

equation adequately estimated stream bank erosion.   

The above comparison also confirms that operating the submerged jet test device at shear 

stresses well in excess of those applied by the stream did not significantly affect test results.  For 

the streams in this study, bankfull depths ranged from 1.1 to 2.5 m while channel slopes ranged 

from 0.002 to 0.005.  This produced bottom shear stresses in the range of 28 to 71 Pa.  The 

applied shear stresses during testing were in the range of 42 – 273 Pa, well in excess of those 
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expected at bankfull discharges.  As discussed in section 5.2, the test shear stress had little 

impact on the average site Kd and τc 

In general, the submerged jet test device was simple to transport, set up, and operate in 

the field.  With a crew of two, three individual runs could be completed in six hours.  The 

greatest problem with the test was undermining of the jet test tank, not so affectionately referred 

to as “blow-outs.”  Irregularities in soil structure, rodent burrows, and highly erodible soils were 

typically causes of test failures due to tank undermining. 

It was noted during jet testing that the shape of the scour hole varied greatly between soil 

types.  A wide, shallow scour hole was typically formed during the testing of erosion-resistant 

soils while a narrow deep scour hole was formed in more erodible soils.  Additionally, large 

woody roots deflected the jet and altered the shape of the scour hole.  As noted by Hollick 

(1976), the shape of the scour hole will affect jet dissipation and should be considered in the 

analysis of the data.  Evaluation of the effects of scour hole shape on jet hydraulics should be 

conducted.   

Grissinger et al. (1981) measured stream bank erosion using an in situ flume.  They noted 

that the erosion varied spatially and temporally and that the soil surface morphology strongly 

influenced the erosion rate.  This suggests that samples on small areas may not be representative 

of the behavior of entire stream banks under flood conditions.  While the jet test device is more 

portable and easier to setup and run than the flume described by Grissinger et al. (1981), it tests 

only a small area.  Typical scour hole diameters ranged from 2 cm to 10 cm.  This small scale 

may not be large enough to capture differences in surface morphology on some stream banks.  In 

this study, the jet test was incapable of testing heavily forested stream banks, particularly where 

there was a number of large roots protruding from the bank face (Figure 5.15). 

Ultimately, bank erosion predictions based on jet test device measurements and the 

excess shear stress model should be compared to actual measurements of stream bank erosion to 

determine the amount of error that could result from model predictions and jet test 

measurements. 
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Figure 5.15.  Exposed roots at site SR1. 
 
 

5.4.  Summary and Conclusions 

The soil erodibility (Kd) and critical shear stress (τc) were measured at 25 field sites using 

a submerged jet test device.  Following testing, soil samples were taken to determine root density 

and soil bulk density, aggregate stability, Atterberg limits, organic carbon content, specific 

gravity, and major soil cation concentrations.  Soil textural analysis of composite soil samples at 

each site, as described in Chapter 3, and several freezing parameters (Chapter 4) were also 

considered.  Soil textural properties included the percent of sand, silt, and clay in the soil, as well 

as the median grain size and the grain size standard deviation.  The freezing parameters included 

the number of freeze-thaw cycles, the total, median, and average duration frozen, the skew of the 

distribution of freeze-thaw durations, and the relative difference between the average and median 

durations frozen.  Because interactions between the stream and soil chemistry have also been 

shown to affect soil erosion, stream pH, temperature, and electrical conductivity were measured.   
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A total of 142 jet test runs were conducted from May through August 2003.  Three tests 

were run on both the upper and lower banks of each site, for a total of six runs per site.  The jet 

test data were analyzed following the procedures described in Hanson and Cook (1997).  Test 

results were averaged across the site to produce a single value for the upper or lower banks. The 

relative effect of these physical and chemical parameters on Kd and τc was assessed using 

multiple linear regression on the entire data set as well as subsets of the data.  The data were split 

into subsets based on both soil physical and chemical properties.  Both the Group 1 and Group 2 

soils were fine grained, but the Group 2 soils were generally more reactive, with higher organic 

carbon contents, plasticity indexes, and electrical conductivities.  The Group 3 soils were 

nonplastic soils with a large sand fraction and higher KIF values. 

Average Kd and τc values ranged from 0.18 – 13.1 cm3/N-s and from 0.0 – 21.9 Pa, 

respectively.  Several highly significant regression relationships were developed that explained 

39 – 99% of the variance in the erosion parameters.   Results of this study indicated that soil bulk 

density was the most significant parameter for determining both the erodibility and critical shear 

stress of stream bank soils: changes in bulk density alone explained 33 – 52% of the variance in 

Kd and 36 – 46% of the variance in τc.  Increases in bulk density resulted in decreases in soil 

erodibility and increases in the critical shear stress.   Bulk density was probably an important 

factor in the determination of the erosion resistance of stream bank soils because it is a 

composite soil property that incorporates several basic soil properties, such as soil texture, 

organic matter content, and root density.  Additionally, bulk density was relatively easy to 

measure with accuracy and precision. 

This study also showed that increases in both the KIF and the SWpH were correlated to 

declines in τc for the overall data set and for the Group 3 soils.  Additionally, soil erodibility for 

the Group 3 soil  increased as the SWpH increases.  Previous research has shown that both soil 

and stream pH influence soil erosion (Grissinger, 1982). Soils become more dispersive with 

increases in pH, due to increases in pH-dependent CEC (McBride, 1994).  This increase in CEC 

with pH is particularly important for soils with significant amounts of pH-dependent charge, 

such as kaolinites and illites and soils high in organic matter (Grissinger, 1982; McBride, 1994).   

Increases in the soil salt concentration significantly reduced Kd for the Group 2 and 

Group 3 soils, respectively.  Additionally, some positive correlation was shown between TS and 
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τc for the Group 3 soils.  As discussed in McBride (1994), the flocculation of suspended particles 

increases with increasing cation charge and concentration; the solution cations reduce repulsion 

between the negatively charged soil particles.  

Considering that the majority of the τc and Kd reported in this study were determined 

using stream water at baseflow conditions, it is likely these parameters would change under flood 

conditions due to changes in stream chemistry.  During a flood event, the stream pH and EC 

would decrease while the water temperature would increase.  Based on the results of this study, 

these changes in stream water chemistry would result in a decrease in τc and an increase in Kd, 

making the stream banks more susceptible to erosion. 

Soil freezing over the previous winter had significant effects on both Kd and τc, 

depending on soil type.  Increases in freeze-thaw cycling resulted in increases in soil erodibility 

for the Group 1 soils and decreases in the critical shear stress for the Group 3 soils, respectively.  

In contrast, FTC increased soil stability for the Group 2 soils.  This contradiction is likely the 

result of differences in soil structure;  the Group 2 soils were distinct from those in Groups 1 and 

3 in that they had significantly higher plasticity indexes, clay activities, electrical conductivities, 

and sodium contents.  These higher values indicated the Group 2 soils are more chemically 

reactive and had greater montmorillonite content.  As these soils froze, water was removed from 

the interlayer regions of the clays.  This caused the interlayer regions to collapse, increasing soil 

structure (McBride, 1994).  By comparison, the Group 1 soils had high silt content and were 

more susceptible to degradation by ice segregation within the soil.  Results of this study also 

indicated that the effects of FTC were not completely reversed by soil consolidation over time.  

More information is needed on temporal changes in both τc and Kd. 

This research provided quantitative evidence of the role of roots in stream bank 

reinforcement.  Study results indicated that Kd of the Group 2 soils was reduced by increases in 

the length of roots with diameters of 0.5 – 2.0 mm (FRLD), while Kd of the overall data set and 

the Group 3 soils were decreased by increases in the volume of roots with diameters of 2 - 20 

mm (BRVR).  As reported in Chapter 3, the quantity of larger diameter roots was positively 

related to the quantity of woody vegetation in the streamside area.  These results imply that roots 

play a significant role in stream bank erosion and that woody vegetation provides better 

reinforcement of stream bank soils than herbaceous vegetation due a greater quantity of larger 
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diameter roots.  However, it should be noted that the regression coefficients for both BRVR and 

FRLD were small, indicating soil physical and chemical properties played a greater role in soil 

stability than root reinforcement.   

While the regression analyses produced several highly significant relationships that 

explained a large proportion of the data variance, the results were very sensitive to the size of the 

data set and how the data were segregated.  For this reason, the results should be confirmed with 

additional field data and should be applied only with recognition of this sensitivity.  While this 

sensitivity to soil grouping supported Paaswell’s assertion that soils with similar physical and 

chemical properties will erode by similar means/mechanisms (Paaswell, 1973), more information 

is needed on the soil properties that indicate the mode of erosion for a given soil.  Based on the 

findings of this study and those of Allen et al. (1999), it appears soil bulk density could be used 

to provide rough estimates of both soil erodibility and critical shear stress for use in studies of 

stream bank erosion.  It should be recognized, though, that soil chemistry also plays a crucial 

role in the erosion of stream bank soils. 

This study showed the cumulative impacts of riparian vegetation on stream bank 

erodibility.  In addition to reinforcing the stream banks, vegetation affected soil moisture and 

altered the local microclimate.  Using the study results in an example application, it was shown 

that converting a predominately herbaceous riparian buffer to a forested buffer would reduce soil 

erodibility by as much as 39% for nonreactive (low plasticity index) soils.  Conversely, for a 

stream composed primarily of silt soils that are prone to freeze-thaw cycling, afforestation could 

lead to increases in soil erodibility of as much as 38%.  It should be emphasized that the riparian 

forests in this study were deciduous;  similar results would not be expected under coniferous 

forests that maintain a dense canopy throughout the year.  Additionally, because dense 

herbaceous vegetation would likely not develop in the outside of meander bends where the shear 

stresses are greatest, the reductions in soil erodibility afforded by the herbaceous vegetation 

would be limited to areas of low shear stress, such as on gently sloping banks along the inside of 

meander bends.  It should also be noted that this evaluation does not consider the hydraulic 

effects of woody vegetation (namely reductions in near bank shear stress due to increased 

roughness with woody vegetation).  The results of this study do not explicitly indicate that 

riparian forests should be replaced by herbaceous buffers in high-silt stream banks.  While field 

observations at the study sites indicated that the dominant bank erosion process under dense 
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forest cover was freeze-thaw cycling, the stream banks under woody vegetation were generally 

stable, suggesting that the observed stream bank erosion due to subaerial processes was natural 

and was balanced by sediment deposition within the stream systems. 
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Chapter 6.  Overall Summary and Conclusions 

6.1.  Summary 

According to the U. S. Agricultural Research Service, the physical, chemical, and 

biological damage of water pollution by sediment costs an estimated $16 billion annually in 

North America (ARS, 2003).  While considerable effort has been directed toward reducing 

erosion from agricultural and urban lands, a major source of sediment, stream channel 

degradation, has largely been ignored.  Studies have shown that sediment from stream banks can 

account for as much as 85% of watershed sediment yields and bank retreat rates of 1.5 m - 1100 

m/year have been documented (Grissinger et al., 1981; Simon et al., 2000).  In addition to water 

quality impairment, stream bank retreat impacts floodplain residents, riparian ecosystems, 

bridges, and other stream-side structures (ASCE, 1998).   

Stream bank retreat typically occurs by a combination of three processes:  subaerial 

processes, bank erosion, and bank failure (Lawler, 1995).  Subaerial processes are climate-

related phenomena that reduce soil strength, making it more susceptible to erosion (e.g. frost 

heave, desiccation cracking) (Thorne, 1982).  Erosion is the direct removal of soil particles or 

aggregates from the stream bed or bank toe by stream flow, while the collapse of stream banks 

due to slope instability is referred to as bank failure.   

Streamside, or riparian, vegetation has a significant impact on stream stability (Thorne 

and Osman, 1988; USACE, 1994; Abernethy and Rutherfurd, 2000).  Viewing stream bank soils 

as a fiber-reinforced composite material, the roots (fibers) increase the strength of bank soils, 

making them more resistant to soil erosion and bank failures (Abernethy and Rutherfurd, 2001; 

Mamo and Bubenzer, 2001).  Additionally, vegetation insulates the stream bank from extreme 

temperature fluctuations, minimizing surface degradation of the bank material by frost heave and 

desiccation cracking (Thorne, 1990; Abernethy and Rutherfurd, 1998).   

While the importance of vegetation in stream bank stability is widely acknowledged, the 

impacts are complex, poorly understood, and have yet to be quantified (ASCE, 1998).  A better 

understanding of the role of vegetation in stream bank erosion is necessary to improve stream 
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restoration design, to model the effects of landuse change on channel stability, and to assess the 

impact of proposed landuse ordinances on water quality (Horwitz et al., 2000).  

The overall goal of this research was to compare the effects of woody and herbaceous 

vegetation on stream bank erosion.  This research was intended to quantify the effects of 

vegetation on subaerial processes and the susceptibility of stream bank material to fluvial 

entrainment.  Specific objectives included the following: 

1. Quantify root-length density (RLD) with depth in stream banks as a 

function of vegetation type and density; 

2. Determine the effect of vegetation type on freeze/thaw and desiccation 

activity; and 

3. Quantify the relative effects of vegetation type and root-length density on 

the erodibility of stream banks in situ using a submerged jet test device. 

Twenty-five field sites were established along streams in southwest Virginia.  Each site 

consisted of a 30 meter experimental reach with relatively homogeneous riparian vegetation.  

The riparian buffers varied from short turfgrass to mature forests, representing the full range of 

possible vegetation types. 

To determine the density and distribution of roots down the bank face, ten 7-cm diameter 

soil cores were taken by hand corers at each site, in 15 cm increments to a depth of 105 cm.  

These 10 cores were combined to form a single composite core per site.  Subsamples were taken 

at each increment from the composite core to measure root-length density (the total length of 

roots per unit volume) and soil particle size distribution with depth.  Roots were removed from 

each sub-sample by hand, washed over a No. 30 (0.5 mm) sieve, and scanned.  Root-length was 

assessed for each of five diameter classes: very fine roots (<0.5 mm), fine roots (0.5-2 mm), 

small roots (2-5 mm), medium roots (5-10 mm) and large roots (10-20 mm) (Böhm, 1979).  

Above ground vegetation was sampled using three sets of nested quadrats: tree basal stem area, 

shrub crown volume, and groundcover biomass were measured within 10 m, 5 m, and 1 m 

squares, respectively (Bonham, 1989; Davidson et al., 1991).  Using K-means cluster analysis, 

the sites were split into two categories, Forested and Herbaceous, based on aboveground 

vegetation measurements (Johnson and Wichern, 1992).  The aboveground vegetation quantities 
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and the total RLD for the two vegetation types were compared using the nonparametric Mann-

Whitney test.   

To determine the effects of vegetation type on freeze-thaw cycling and desiccation 

cracking, soil temperature (ST, oC) and soil water potential (SWP, kPa) were monitored 

continuously at three sets of paired sites (six sites total) for one year, starting in May 2002.  Each 

pair included one herbaceous riparian buffer and one forested buffer in close proximity along the 

same stream with similar aspect and soil type.  Six sets of Campbell Scientific 107 ST probes 

and Watermark 200 SWP sensors were installed 1 cm deep in the bank face at each site (Branson 

et al., 1996).  Three sensor sets were installed in the upper bank, 30-45 cm from the top of the 

bank, at a horizontal spacing of approximately 1 m.  Three sensors sets were also placed in the 

lower bank at distances of 70-100 cm from the top of bank.  This monitoring provided an 

extensive and unique set of stream bank ST and SWP data.  Two data periods were analyzed: 

data collected from June through August were used to evaluate summer conditions, while data 

from December through February were used to represent winter conditions.  Daily minimum and 

maximum ST, daily ST range, and average daily SWP were compared using a paired-reach 

approach (Spooner et al., 1985).  Additionally, the number of freeze-thaw cycles experienced at 

each site was determined.   

Stream bank erosion rates are frequently modeled using the excess stress equation: 

Er = Kd (τ-τc)a      6.1 

where Er is the erosion rate (m/s); Kd is the erodibility coefficient (m3/N-s); τ is the applied shear 

stress (Pa); τc is the critical shear stress (Pa); and a is a fitted exponent (Hanson and Simon, 

2001).  The Kd and τc of the stream bank soils were measured in the field using a submerged jet 

test device (ASTM, 1999).  The jet testing device consists of a 12 cm diameter tank that is 

pounded into the stream bank and filled with water.  Stream water is then pumped through a 13 

mm diameter nozzle at a constant head, forcing a vertical jet of water against the stream bank.  

The rate of soil erosion is measured over time using a point gage.  Following testing, soil 

samples were taken to determine root density and soil bulk density, aggregate stability, Atterberg 

limits, organic carbon content, specific gravity, and sodium adsorption ratio.  The effects of 

aboveground vegetation density, root density, soil freeze-thaw cycling and desiccation, and soil 
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chemical and physical properties on stream bank erosion were evaluated using multivariate 

regression techniques.   

For both riparian buffer types, roots extended to depths in excess of one meter.  At the 

herbaceous sites, very fine roots (diameter, D < 0.5 mm) were most common and over 75% of all 

roots were concentrated in the upper 30 cm of the stream bank.  Under forested vegetation, fine 

roots (0.5 mm < D < 2.0 mm) were more common throughout the bank profile, with 55% of all 

roots in the top 30 cm.  Overall, the herbaceous sites had significantly greater total RLD (D < 20 

mm) than forested sites in the top 30 cm (α = 0.01).   There were no significant differences in 

RLD for roots greater than 0.5 mm in diameter (α = 0.05) between the buffer types at depths of 

less than 30 cm, while greater depths, the forested sites had significantly greater (α = 0.01) fine, 

small, and medium RLD than the herbaceous sites.  Because the soil cores were taken 30 cm 

from the top edge of the bank, these results are only applicable to steep banks with little 

herbaceous vegetation on the bank face. 

Despite this limitation, the results of the root study have significant implications for the 

use of vegetation in stream bank stabilization.  Research by Kamyab (1991) indicated soil 

erosion was strongly influenced by the quantity of fine roots present.  While the herbaceous 

buffers in this study had a much greater total RLD than the forested buffers, the roots were 

largely composed of very fine roots that provide less reinforcement against stream bank erosion 

than the larger diameter roots.  Thus, for nearly vertical banks (those without significant 

vegetation growth on the bank face), woody vegetation may provide better protection against soil 

scour, especially at the bank toe.  This finding is particularly applicable for meandering streams 

where the region of highest shear stress, the outside of meander bends, is typically very steep and 

has little herbaceous vegetation on the bank face.   

Further study on the effects of root density on stream bank erodibility is necessary.   

Given the large variability in root density found in this and other studies, future studies should 

include a large number of root samples taken at the bank face.  Results based on a few samples 

or limited areas may be misleading and may not be applicable beyond the localized environment 

(McGinty, 1976).  The results of this study also illustrate the differences resulting from 

measurements based on root length versus root volume or root area.  Comparing Figures 3.2 and 

3.3, it is evident that root volume measurements are biased by larger roots.  For studies where the 
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density of roots in the soil is important, RLD will more accurately represent the overall fiber 

content than RVR. 

Results of this study also showed that stream banks with herbaceous vegetation had 

higher STs overall and summer diurnal temperature ranges as much as 67% greater than forested 

stream banks.  These differences decreased during the growing season as the herbaceous 

vegetation matured.  Additionally, increases in daily average SWP of 13% to 57% were observed 

under herbaceous vegetation, as compared to woody vegetation, likely due to evapotranspiration 

from the shallow herbaceous root system on the bank face.  In contrast to summer conditions, the 

deciduous forest buffers provided little protection for stream banks during the winter:  the 

forested stream banks experienced diurnal temperature ranges two to three times greater than 

stream banks under dense herbaceous cover and underwent as many as eight times the number of 

freeze-thaw cycles.  With the absence of a dense canopy, the stream banks under mature forest 

cover were exposed to solar heating and night time cooling, which increased the winter diurnal 

soil temperature range and the occurrence of freeze-thaw cycling. 

In situ jet testing during the summer of 2003 showed the stream bank soils in this study 

ranged from moderately resistant to very erodible:  average Kd and τc values ranged from 0.18 – 

13.1 cm3/N-s and from 0.0 – 21.9 Pa, respectively.  Several highly significant regression 

relationships were developed that explained 39 – 99% of the variance in the erosion parameters.   

Results of this study indicated that soil bulk density is the most significant parameter for 

determining both the erodibility and critical shear stress of stream bank soils: changes in bulk 

density alone explained 33 – 52% of the variance in Kd and 36 – 46% of the variance in τc.  

Increases in bulk density resulted in decreases in soil erodibility and increases in the critical 

shear stress.    

Interactions between stream and soil chemical properties also played an important role in 

soil erodibility and critical shear stress.  Increases in the concentrations of the major soil cations 

reduced Kd while increases in soil pH reduced soil τc.  The significance of soil chemistry in the 

susceptibility of stream bank soils to fluvial entrainment depended on the amount and type of 

clay present. 

This research provided quantitative evidence that roots from riparian plants provided 

significant soil reinforcement.  Study results indicated erosion resistance increased with 
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increasing density of roots with diameters over 0.5 mm.  As reported in Chapter 3, the quantity 

of larger diameter roots is strongly correlated to the quantity of woody vegetation in the riparian 

buffer.  These findings confirmed that woody vegetation provided better reinforcement of stream 

bank soils due a greater quantity of larger diameter roots.  While the effects of roots on stream 

bank erosion were significant, the analysis also indicated that soil physical and chemical 

properties played a greater role in soil stability than root reinforcement. 

Soil freezing over the previous winter had significant effects on both Kd and τc that varied 

with soil type.  Increases in freeze-thaw cycling (FTC) resulted in increases in soil erodibility for 

the fine grained, nonreactive soils and decreases in the critical shear stress for nonplastic soils, 

respectively.  In contrast, FTC increased soil stability for fine grained, reactive soils.  This 

contradiction was likely the result of differences in soil structure:  the reactive soils were distinct 

in that they had significantly higher plasticity index values, clay activities, electrical 

conductivities, and sodium contents.  These higher values indicated the more reactive soils had a 

greater montmorillonite content.  As these soils froze, water was removed from the interlayer 

regions of the clays.  This caused the interlayer regions to collapse, increasing soil structure 

(McBride, 1994).  By comparison, the less reactive, fine grained soils had a high silt content and 

were more susceptible to degradation by ice segregation within the soil.  The effects of soil 

freezing persisted into the summer when testing was conducted, indicating that the effects of 

FTC were not completely reversed by soil consolidation over time.  More information is needed 

on temporal changes in both τc and Kd. 

6.2.  Conclusions 

In general, woody riparian vegetation reduced the susceptibility of stream bank soils to 

erosion by fluvial entrainment.  The riparian forests had a greater density of larger diameter roots 

than the herbaceous buffers, particularly at the bank toe where the hydraulic stresses were the 

greatest.  It was these larger roots (diameters > 0.5 mm) that provided the most resistance to 

stream bank erosion.  Due to limitations in the root sampling methodology, these results are 

primarily applicable to steep banks with little herbaceous vegetation on the bank face, such as 

those found on the outside of meander bends.  In addition to reinforcing the stream banks, 

riparian vegetation also affected soil moisture and altered the local microclimate.  While the 

deciduous riparian forests reduced soil desiccation during the summer, they increased freeze-
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thaw cycling in the winter.  As a result, in silty soils that were susceptible to freeze-thaw cycling, 

the beneficial effects of root reinforcement by woody vegetation were offset by increased freeze-

thaw cycling.  Using the study results in an example application, it was shown that converting a 

predominately herbaceous riparian buffer to a forested buffer could reduce soil erodibility by as 

much as 39% soils with low silt contents.  Conversely, for a stream composed primarily of silt 

soils that are prone to freeze-thaw cycling, afforestation could lead to localized increases in soil 

erodibility of as much as 38%.  It should be emphasized that the riparian forests in this study 

were deciduous;  similar results would not be expected under coniferous forests that maintain a 

dense canopy throughout the year.  Additionally, because dense herbaceous vegetation would 

likely not develop in the outside of meander bends where the shear stresses are greatest, the 

reductions in soil erodibility afforded by the herbaceous vegetation would be limited to areas of 

low shear stress, such as on gently sloping banks along the inside of meander bends.  It should 

also be noted that this evaluation did not consider the hydraulic effects of woody vegetation 

(namely reductions in near bank shear stress due to increased roughness with woody vegetation). 

Findings from this study suggested that freeze-thaw cycling significantly increased soil 

erodibility and decreased the critical shear stress.  These effects endured over several months and 

appeared to affect soil within the stream bank, not just on the surface.  These results supported 

Lawler’s (1992) premise that freeze-thaw cycling decreases with increasing stream order and the 

suggestion by Couper and Maddock (2001) that the contribution of subaerial processes (SAP) to 

stream bank retreat may be underestimated.  While mass failure is a dramatic process, producing 

large amounts of sediment, it is limited temporally and spatially.  In contrast, SAP are small in 

magnitude, but produce frequent erosion over a widespread area.  Considering the majority of 

stream miles in a river system are low order, headwater streams, the effect of SAP on watershed 

sediment yield may be greater than previously considered.  Ultimately, the cumulative impact of 

SAP at the watershed scale should be investigated, particularly for sediment TMDL planning.  

Additionally, further study on the effects of SAP on the magnitude of soil erodibility over time is 

needed to improve estimations of soil loss due to stream bank erosion. 

This study provided the first in situ measurements of the soil erosion parameters, Kd and 

τc, for vegetated stream banks.  These parameters are crucial for modeling the effects of riparian 

vegetation for stream restoration design and water quality simulation modeling.  The in situ 
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testing of the erodibility of vegetated stream banks provided a quantitative analysis of the effects 

of vegetation on stream bank erosion, relative to other soil physical and chemical parameters.  

Study results indicated that although soil erosion is a complex phenomenon, soil bulk density 

was a reliable predictor of Kd and τc.   

While this research provided preliminary data on the effects of vegetation on stream bank 

soil erodibility, it did not consider all the effects of riparian vegetation on stream morphology.  

There is a serious lack of information on the impacts of riparian vegetation on near bank shear 

stresses.  The roots of mature trees often extend from the stream banks, providing a rough 

surface that deflects high velocity flows away from the stream banks.  The impact of this 

roughness needs to be quantified to determine the full impact of riparian vegetation on stream 

bank erosion. 

6.3.  Research Contributions 

This research represents the first quantitative evaluation of the role of vegetation in 

stream bank erosion.  This study provided the first long term continuous record of stream bank 

soil temperature and moisture and allowed quantification of the cumulative impacts of vegetation 

on subaerial processes.  When combined with the first in situ testing of soil erodibility for 

vegetated stream banks, these data showed that subaerial processes significantly affected stream 

bank erodibility.  Lastly, by comparing woody and herbaceous vegetation directly, this research 

showed the effects of vegetation type on stream bank erosion and provided preliminary guidance 

to watershed managers on selection of vegetation for riparian buffers. 
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