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To: Marvin Hora, Doug Hall and Mark Tomasek, Minnesota Pollution Control Agency 

From: Greg Wilson 

Subject: Final � Detailed Assessment of Phosphorus Sources to Minnesota Watersheds � 
Streambank Erosion   

Date: December 21, 2003 

Project: 23/62-853 EROS 009 

c: Henry Runke     
 

The purpose of this memorandum is to provide a discussion about streambank erosion as a source of 
phosphorus to Minnesota watersheds.  This discussion is based on a review of the available literature, 
monitoring data and the results of phosphorus loading computations done for each of Minnesota�s 
major watershed basins as part of this study.  This memorandum is intended to: 

• Provide an overview and introduction to streambank erosion as a source of phosphorus 
• Describe the results of the literature search and review of available monitoring data 
• Discuss the characteristics of each watershed basin as it pertains to streambank erosion as a 

source of phosphorus 
• Describe the methodology used to complete the phosphorus loading computations and 

assessments for this study 
• Discuss the results of the phosphorus loading computations and assessments 
• Discuss the uncertainty of the phosphorus loading computations and assessment 
• Provide recommendations for future refinements to phosphorus loading estimates and 

methods for reducing error terms 
• Provide recommendations for lowering phosphorus export from streambank erosion 

 

Overview and Introduction to Streambank Erosion as a Source of Phosphorus 

 

The stability of stream channels is a complex issue that is highly influenced by the dynamics of 

natural and anthropogenic disturbances.  Under natural conditions, the processes of erosion and 

deposition result in imperceptible morphologic changes to streams over long periods of time.  The 

banks of unstable streams typically undergo erosion, both in the form of particle detachment from 

hydrodynamic drag and mass failure following erosion of the bank toe (FEMA, 1999).  These 

adjustments to unstable stream channels can involve small time (days) and spatial scales (a reach) or 
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a longer time (hundred or more years) and extent (entire systems), depending on the magnitude and 

scale of disturbance (Simon, 1994).  Simon and Rinaldi (2000) determined that human disturbances 

to floodplains and upland areas in the loess area of the midwestern U.S., beginning around 1910, 

have resulted in accelerated channel erosion, degradation and property damages over the next 80 

years.  In Minnesota, this loess area covers all of the Lower Mississippi, Cedar and Missouri River 

Basins, along with a portion of the Minnesota River Basin (Simon and Rinaldi, 2000; Luttenegger, 

1987).  Adjustments occur in unstable streams until the distribution of particle sizes in each section 

of the stream reaches equilibrium (FISRWG, 2001).   

 

Lane (1955) completed some of the early work of defining how alluvial channels become unstable 

and adjust to changes in order to re-establish equilibrium and offset the effects of the imposed 

changes.  The general expression, presented by Lane (1995), shows that the product of the bed-

material sediment load and median grain size should balance the product of the water discharge and 

channel slope.  If any of these four variables are altered, it indicates that proportional changes in one 

or more of the other variables must take place to re-establish equilibrium in the stream.   

 

Simon and Hupp (1986) developed a six-stage, semi-quantitative model of channel evolution in 

disturbed channels, for bed-level trends, that qualitatively recognizes bank slope development (as 

illustrated in Figure 1).  Stages III and IV represent stream degradation, characterized by the 

lowering of the channel bed and basal erosion, with a subsequent increase in bank heights and slopes, 

leading to mass-wasting from slab, pop-out and deep-seated rotational failures (Simon and Hupp, 

1986).  The critical bank height (hc) is the height of the bank, above which, the stream bank 

experiences mass wasting or slab failures.  The degradation stage (Stage III) ends, and Stage IV 

begins, when the critical height of the bank material is reached (Simon and Hupp, 1986).  This model 

of channel evolution is somewhat qualitative and requires a clear understanding of when the bank 

height has shifted to properly identify the stage class.  Stage VI represents re-stabilization of the 

stream to the present watershed land use and altered hydrologic regimes (Simon and Rinaldi, 2000).  

Stage I represents a natural or �reference� condition for areas with minimal disturbance, while Stage 

VI represents a reference (or re-stabilized equilibrium) target for areas following significant 

disturbance (Simon et al., 2001).   

 

The total suspended sediment load in streams includes the wash load (portion of the sediment load 

comprised of particle sizes finer than those present in the streambed, primarily derived from the  
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watershed) and suspended bed material load or the portion of the total sediment load that is 

suspended by turbulent fluctuations of flowing water (FISRWG, 2001).  The amount of sediment 

discharged at a given stream cross-section depends on the following (Colby, 1964): 

• Depth, width, velocity, energy gradient, temperature, and turbulence of the flowing water 

• Size, density, shape, and cohesiveness of particles in the banks and beds at the cross-section 

and in upstream channels 

• Geology, meteorology, topography, soils, subsoils, and vegetal cover of the drainage area 

 

Several researchers have determined that the stream sediment load is proportional to stream 

discharge (Lane, 1955; Glysson, 1987; Tornes, 1986; Kuhnle and Simon, 2000; Syvitski et al., 2000).  

Glysson (1987) provided methods for the development and interpretation of sediment-transport 

curves.  Instantaneous flow and sediment transport data are used to develop sediment-transport rating 

curves based on the following regression relationship: 

b
S QaQ *=  or   QbaQS logloglog *+=  

where: QS = sediment discharge, in tons per day 

 Q = stream discharge, in cubic-feet per second 

 a = constant, or intercept solved by regression 

 b = constant, slope of linear regression for log-log suspended-sediment rating relationship 

 

Figure 2 provides an example of sediment-transport curves with two different slopes (based on 

Glysson, 1987).  In some cases, two or three linear segments may be needed to adequately represent 

the sediment discharge at the various intervals of stream discharge (Glysson, 1987; Tornes, 1986; 

Simon, 1989; Simon et al., 2003).  A steep regressed slope (as per Figure 2) to the rating relationship 

indicates both high sediment availability and high transport capacity.  By multiplying the sediment 

concentration from the resulting rating relation by the discharge and percent occurrence for each 

discharge class, Simon et al. (2003) determined the discharge class contributing the highest sediment 

load, which is defined as the effective (or channel forming) discharge.  This supported the work of 

Wolman and Miller (1960).  The effective discharge is considered the discharge that shapes the 

channel, or performs the most geomorphic work, and may be analogous to the bankfull discharge in  
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stable streams (Simon et al., 2001).  The slope of the suspended-sediment rating relationship (b, from 

the above expression) varies (Simon, 1989a; Simon et al., 2003), depending upon the stage of 

channel evolution shown in Figure 1.  Figure 3 shows that the highest slope of the suspended-

sediment rating relationship corresponds to the stream stages (III and IV) that are undergoing the 

highest degree of degradation (Simon, 1989a), as previously described above.  Migration of 

knickpoints (or vertical step-changes in bed surface elevation) up tributary streams during Stage III, 

and bank failures by mass wasting during Stage IV, both serve to significantly increase sediment 

yield (Simon, 1989a).  For re-stabilized streams (Stage VI), Figure 3 shows the slope of the 

suspended-sediment rating relation is approximately 1.5, as opposed to 1.0 for �natural� streams 

(Stage I).   
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The phosphorus attached to eroded streambank material is immediately delivered to the receiving 

water where it may ultimately become available for biologic uptake, re-deposited downstream, or 

transported with the flow out of the system.  The approach for this assessment will utilize the data 

and techniques from the literature to estimate total phosphorus loadings to the surface waters within 

each of the ten major basins in Minnesota. 

 

Results of Literature Search and Review of Available Monitoring Data 

 

The literature search and review of available monitoring data involved a compilation of streambank 

erosion studies completed within Minnesota, along with an evaluation of the literature pertaining to 

sediment yield from Minnesota watersheds, to define the contribution of streambank erosion to the 

total phosphorus budget.  Wherever possible, streambank erosion studies completed for Minnesota 

streams were used to determine the phosphorus load under low, average and high flow conditions for 

the respective basins.  Sediment yield literature specific to the various regions of the state was 

consulted to develop an approach and assist with the assessment of the remaining unstudied 

watersheds. 
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In addition to the literature search, the following sources were consulted for streambank erosion 

studies or data compiled for Minnesota streams: 

• The University of Minnesota Department of Soil, Water and Climate, Department of Forest 

Resources, Saint Anthony Falls Hydraulics Laboratory, Soil and Landscape Analysis 

Laboratory, and Water Resources Center 

• Natural Resource Conservation Service (NRCS) and County Soil & Water Conservation 

Districts 

• U. S. Geological Survey 

• U.S. Forest Service 

• U. S. Army Corps of Engineers 

• Minnesota Pollution Control Agency 

• Minnesota Department of Natural Resources 

• Iowa State Water Resources Research Institute 

• USDA-ARS National Sedimentation Laboratory 

 

Literature and Monitoring Data Specific to Streambank Erosion in Minnesota Basins 

 

Table 1 presents the results of the literature search and monitoring data specific to streambank 

erosion within Minnesota watersheds.  Five published studies were found that specifically addressed 

streambank erosion for streams that originate in Minnesota.  Wherever possible, average annual 

streambank sediment erosion, average annual erosion per stream mile, slope of suspended sediment 

rating relation, sediment erosion as a percentage of observed downstream suspended solids loading, 

and EPA Level III Ecoregion were expressed for each stream studied.  Most of the estimates of 

streambank sediment erosion were the result of stream channel surveys (including aerial photos) to 

evaluate streambank retreat (or migration) and eroding bank area to determine the average annual 

volume of material eroded.  The EPA Level III Ecoregion numbers refer to the areas shown in  

Figure 4.  Each ecoregion is discussed in more detail in the following section �Watershed Basin 

Characteristics�.   

 

Table 1 shows that the average annual erosion rate per stream mile for the Iowa streams is 

significantly higher than the remaining studies.  Also, the slope of the suspended sediment rating 

relations for the Iowa streams is indicative of degraded streams (Simon, 1989a).  However, the 
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erosion rates per stream mile for the Des Moines and Cedar Rivers are based on data collected down 

to the southern portion of Iowa (Odgaard, 1984).  As a result, these erosion rates are probably not as 

indicative of erosion from the respective streams in Minnesota.  The estimated erosion rates for the 

Rock and Upper Iowa Rivers should be more indicative of the respective streams in Minnesota, as the 

downstream portions of these watersheds are very close to the Minnesota border.  The Cedar, Rock, 

and Upper Iowa River erosion estimates in Table 1 are a result of modeling (Odgaard, 1984).  With 

the exception of the Upper Iowa River, 90 percent, or more, of the eroded stream channel material 

remains in suspension as it flows downstream. 

 

Skunk, Deer, and Elim Creeks are smaller streams within the Nemadji River watershed which drains 

into Wisconsin before discharging to Lake Superior.  Channel incision into deposits of lacustrine red 

clay, combined with forest harvesting and land use conversion, have made this basin susceptible to 

streambank erosion (Riedel et al., 2002; NRCS & USFS, 1998a).  Table 1 shows that approximately 

98 percent of the eroded stream channel material is delivered to Lake Superior as suspended 

sediment.  Riedel et al. (2002) noted that channel incision and mass wasting account for more than 

95% of the annual sediment load in the Nemadji River basin.  The authors also found that stream 

evolution within this basin was consistent with the model identified by Simon and Hupp (1986).   

 

The Blue Earth River also produces significant streambank erosion, accounting for 31 to 44 percent 

of the sediment in the flow that discharges to the Minnesota River (Sekely et al., 2002).  Sekely et al. 

(2002) also estimated that streambank slumping accounts for 7 to 10 percent of the annual 

contributions to total phosphorus load in the Blue Earth River.  Bauer (1998) estimated that 

streambank slumping accounted for 36 to 84 percent of the total suspended solids load in the Blue 

Earth River.  Sekely et al. (2002) also produced a probability plot of annual streambank erosion rates 

which indicates that erosion rate for the 10% flow rate exceedance probability is 374% higher than 

the erosion rate for the 50% exceedance probability, while the erosion rate for the 90% exceedance 

probability is 20% of the erosion rate for the 50% exceedance probability (see Figure 5).  Water 

quality modeling, calibrated for major watersheds within the Minnesota River basin, indicates that 

bank and bluff erosion should account for 40% of the modeled total sediment load in the Blue Earth 

River watershed, approximately 35% for the Cottonwood and LeSueur River watersheds, 20 to 25% 

for the Watonwan and Redwood River watersheds, and 2% of the Yellow Medicine River watershed 

for the 1986-1992 time period (TetraTech, 2002). 
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