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Streambank erosion in two watersheds of
the Central Claypan Region of Missouri,
United States

C.D. Willett, R.N. Lerch, R.C. Schultz, S.A. Berges, R.D. Peacher, and T.M. Isenhart

Abstract: This study was undertaken to assess the importance of streambank erosion to the
total in-stream sediment of two agricultural watersheds within the Central Claypan Areas.
The objective of this research was to determine the effect of stream order, adjacent land
use, and season on streambank erosion rates. Thirty-four study sites were established in 2007
and 2008 within Crooked and Otter Creek watersheds, two claypan watersheds located in
northeastern Missouri. At each site, field assessments of severely to very severely eroding bank
length were determined along 300 to 400 m (984 to 1,312 ft) stream reaches. A factorial
experimental design was implemented with four land uses (crop, forest, pasture, and riparian
forest), three seasons, and three stream orders (1st, 2nd, and 3rd). Each treatment was replicated
three times for each stream order, except for the cropped 3rd order treatment as only one
suitable treatment site could be found. Streambank erosion was measured using erosion pins,
which were installed in randomly assigned plots that included at least 20% of the eroded bank
length within each site. The eftect of different seasons was assessed by measuring the length of
the exposed pins three times per year (March, July, and November). The bulk density and car-
bon and nitrogen content of bank material were also determined. Sediment loss rates showed
that season and the three-way interaction between season, land use, and stream order were
highly significant. Erosion rates were consistently higher in the winter months than spring/
summer and fall seasons; however, the significant three-way interaction precluded a simple
interpretation of the seasonal effect. Soil nutrient concentration data showed that forest sites
had significantly lower C and N concentrations than other land uses. At the watershed scale,
bank sediment accounted for 79% to 96% of the total in-stream sediment and 21% to 24% of
the total N exported from the study area. These results indicate that streambanks are the dom-
inant source of sediment and a significant source of N in these streams. Therefore, improved
management of riparian areas to decrease streambank erosion would result in significant water
quality improvement in streams of the Central Claypan Areas in northeastern Missouri.
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scale transport

Sedimentation is a significant envi-
ronmental problem in agricultural

sediment present in streams during high flow
conditions (Wilson et al. 2008). In addition,

watersheds (Wilson and Kuhnle 2006),
with streambanks a major contributor to
in-stream sediment (Simon et al. 1996;
Zaimes et al. 2006; Fox et al. 2007; Piercy
and Wynn 2008). In the Forked Deer River
system in western Tennessee, Simon et al.
(1996) reported that streambank erosion
accounted for up to 80% of the in-stream
sediment. Recent work utilizing stable iso-
topes has shown that streambank erosion
can account for the majority of suspended
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streambank erosion is an important source of
nitrogen (N) and phosphorus (P) contamina-
tion in streams (DeWolfe et al. 2004; Zaimes
et al. 2008). State and federal conservation
agencies acknowledge both the impact of
sediment and associated nutrients on aquatic
habitats (Shields et al. 1994) and the implica-
tions of soil loss on agricultural productivity.

Due to the runoft-prone nature of claypan
soils, overland erosion from cropped fields
has been widely assumed to be the primary

source of sediment in the streams of claypan
watersheds (Jamison et al. 1968). No previous
studies have reported on streambank erosion
and its contribution to the sediment and
nutrient load in watersheds of the Central
Claypan Areas (Major Land Resource Area
[MLRA] 113) (USDA NRCS 2006). The
Central Claypan Areas encompass 33,150
km?> (12,790 mi® across northeastern
Missouri and southeastern Illinois (figure 1)
and are characterized by nearly level to gen-
tly sloping, mesic, aquic soils with clay loess
or clayey glacial till as parent material. The
key hydrologic feature of soils within MLR A
113 is a subsurface claypan with smectitic
mineralogy. The claypan promotes surface
runoft when it is at or near saturation by lim-
iting the available water-holding capacity to
the thickness of the soil above this restrictive
layer. Therefore, other soils with smectitic
mineralogy and the presence of argillic hori-
zons or fragipans that also serve as restrictive
layers will have similar hydrology to that of
claypan soils.

As researchers and management special-
ists look to understand the causes and eftects
of water quality issues associated with sedi-
mentation, the need to fully understand the
sources of in-stream sediment and nutri-
ents is critical to improving water quality
at the watershed scale. This can only be
accomplished by quantifying the relative
contribution of both streambanks and over-
land erosion to the total in-stream sediment
within a watershed. Furthermore, under-
standing the factors that control streambank
erosion could provide the basis for targeting
the placement of best management practices
(BMPs) within watersheds to better mitigate
streambank erosion at the watershed scale.
The objective of this study was to investi-
gate the effects of adjacent land use, season,
and stream order on streambank erosion rates
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and the associated loss of C and N in two
watersheds of the Central Claypan Areas of
northeastern Missouri. These results were
then applied to the watershed scale to quan-
tify the total contribution of streambank
material to in-stream sediment and N trans-
port in order to provide perspective on the
overall importance of streambank erosion in
claypan watersheds.

Materials and Methods

Site Description. Erosion pins were used to
measure streambank erosion and deposition
rates at 34 study sites established in Crooked
and Otter Creek watersheds, located in
northeastern Missouri within the Salt River
Basin (figure 2). The Crooked Creek water-
shed is 288 km? (110 mi?), with 56.0% of the
area used for cropland, followed by pasture
(26.5%) and forest (14.5%).The Otter Creek
watershed encompasses a 272 km? (105 mi?)
area, with 64.6% in cropland, 20.3% in pas-
ture, and 12.6% in forest (Lerch et al. 2008).
The Crooked and Otter Creek watersheds
are similar in size, soils, topography, and land
use (Lerch et al. 2008) and were selected
because they are representative of the inten-
sively row-cropped claypan watersheds of
MLRA 113 (figure 2) (Lerch and Blanchard
2003; Lerch et al. 2008).

Experimental Design. A factorial experi-
mental design was implemented to evaluate
the effects of land use, stream order, and
season on streambank erosion of 1st, 2nd,
and 3rd+ order streams. The 3rd+ category
included a combination of 3rd and 4th order
streams as the extent of 3rd order stream
reaches was very limited within these water-
sheds. Land use treatments included crop,
forest, pasture, and riparian forest. Forest sites
had minimum tree stands of 30 m (98 ft)
wide on each side of the bank, while riparian
forest sites had 10 to 30 m (33 to 98 ft) wide
tree stands. Each treatment was replicated
three times with some exceptions for some
treatments across seasons. Exceptions were a
result of not having the site established at the
time measurements began or, in a few cases,
because of restricted landowner access dur-
ing measurement periods. Additionally, only
one 3rd order crop site was established since
two other suitable treatment sites could not
be located. These missing values resulted in an
unbalanced experiment (see Data Analysis).
Erosion pin data were collected three times
annually. The three seasons were defined
as follows: Season 1—December through
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Figure 1

Major Land Resource Area 113, Central Claypan Areas of Missouri and Illinois, United States.
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March; Season 2—April through July; and
Season 3—August through November. Six
sets of seasonal measurements, two for each
season, were obtained in 2008 and 2009.
Site Setup. Site selection was based on the
existence of a given land use treatment on
both sides of the stream for approximately

400 m (1,312 ft). Actual site lengths ranged
from 300 to 425 m (984 to 1,394 ft), giv-
ing total streambank lengths of 600 to 850 m
(1,969 to 2,789 ft) (table 1). Stream order was
determined using the National Hydrography
Dataset (Dewald and Roth 1998) and, in
some cases, modified after ground truthing.
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Table 1

Summary of streambank erosion site characteristics.

Stream order,

land use, Total Eroding Bulk

replication bank length density Carbon Nitrogen
number length* (m) (m) (Mg m=3) (g kg™) (g kg™)
1st crop 1 800 330 1.36 13.2 1.25
1st crop 2 800 188 1.37 15.3 1.30
1st crop 3 800 365 1.38 14.8 1.44
1st forest 1 680 318 1.40 12.2 1.17
1st forest 2 600 223 1.52 8.18 0.63
1st forest 3 800 488 1.49 8.92 0.63
1st pasture 1 800 567 1.40 11.9 0.94
1st pasture 2 800 186 1.36 15.1 1.30
1st pasture 3 800 580 1.49 12.0 0.93
1st riparian 1 800 573 1.43 13.8 1.18
1st riparian 2 800 689 1.30 15.0 1.30
1st riparian 3 800 665 1.48 10.1 0.76
2nd crop 1 800 800 1.26 19.2 1.59
2nd crop 2 800 459 1.40 12.6 111
2nd crop 3 800 549 1.30 17.8 1.48
2nd forest 1 800 467 1.63 5.93 0.31
2nd forest 2 800 321 1.47 10.5 0.99
2nd forest 3 880 252 1.48 9.8 0.78
2nd pasture 1 800 780 1.45 121 0.98
2nd pasture 2 850 145 1.37 13.6 1.34
2nd pasture 3 800 294 1.34 18.9 1.76
2nd riparian 1 800 186 1.49 10.1 0.80
2nd riparian 2 800 178 1.48 14.3 1.34
2nd riparian 3 800 364 1.36 13.1 1.11
3rd crop 800 423 1.48 11.2 0.93
3rd forest 1 800 134 1.48 8.73 0.80
3rd forest 2 800 240 1.38 14.9 1.26
3rd forest 3 700 340 1.41 11.8 0.99
3rd pasture 1 800 703 1.42 11.6 0.99
3rd pasture 2 800 690 1.42 12.8 1.06
3rd pasture 3 800 463 1.49 11.3 0.95
3rd riparian 1 800 268 1.52 9.02 0.76
3rd riparian 2 800 562 1.35 13.6 1.22
3rd riparian 3 800 562 1.36 16.9 1.45
* Total bank length represents the total length of streambank for each site (i.e., twice the stream
reach length).

To determine the total eroded bank
length, surveys were conducted using hand-
held Global Positioning System units (Juno
ST, Trimble Navigation Ltd., Sunnyvale,
California or Dell X51 with GlobalSat BC-
337 Compact Flash GPS Receiver, Dell
Computers Inc., Round Rock, Texas, 2 to 5
m [6.6 to 16.5 ft] accuracy) and Trac-Mate
software (Farm Works Software, Version
12.16, CTN Data Services Inc., Hamilton,
Indiana). Distances between eroding and
noneroding sections along each bank were
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recorded. Eroding banks were identified
based on the USDA NRCS (1998) criteria
for severely and very severely eroded banks,
which were developed for calculating erosion
and sediment delivery based on visual inspec-
tion of streambanks. This approach has been
used in previous streambank erosion studies
(Zaimes et al. 2006; Berges 2009; Willett et
al. 2009; and Willett 2010). Banks identified
as severely to very severely eroding possessed
one or more of the following characteristics:
two-thirds of the bank face devoid of veg-

etative growth or roots; less than one-third
of bank face protected by roots; overhanging
vegetation with eroded undercut face; near
vertical slope; and apparent bank failures,
such as slumps and slides. Summary char-
acteristics for each site are listed in table 1.
The site length listed in table 1 represents the
total length of streambank for each site (i.e.,
twice the stream reach length); the eroded
lengths were computed based on the GPS
survey data.

After surveys were conducted, each 300
to 425 m (984 to 1,394 ft) reach was subdi-
vided into four equal length subreaches. The
total eroded length for each subreach was
calculated using the GPS data from the bank
surveys, and pin plot placement was ran-
domly assigned, with pins installed on at least
20% of the eroded length for that subreach.
This resulted in three to eight pin plots per
site. Erosion pins made of rolled steel (76.2
cm long and 6.2 mm diameter [2.5 ft long
and 0.24 in diameter]) were then installed
perpendicular to the bank face at each site
to measure streambank erosion. For banks
of 1 m (3.3 ft) or less, one row of pins was
placed at one-half of the bank height. For
banks greater than 1 m (3.3 ft) but less than
2 m (6.6 ft), two rows were installed at one-
third and two-thirds bank height. Three rows
were installed for banks over 2 m (6.6 ft),
with rows at one-fourth, one-half, and three-
fourths bank height. Laterally, pins were
spaced 2 m (6.6 ft) apart. An example of pin
placement on a 3rd order stream is shown in
figure 3. Pins were inserted horizontally into
eroded banks with 10.2 cm (4 in) of the pin
exposed. In total, there were 3,150 individual
erosion pins installed. After pin installation,
the bank area of each pin plot was measured.
Methods reported here were similar to pre-
viously reported studies (Zaimes et al. 2004,
2006, and 2008; Berges 2009; Willett et al.
2009; and Willett 2010).

Data Collection. Pin plots were installed
beginning in late June through August of
2007, with exceptions as previously noted.
Each pin was measured for deposition or
erosion of bank material three times annu-
ally by measuring the length of the exposed
pin. Pins that had been completely eroded
were recorded as 65 cm (2.1 ft), which was
considered reasonable based on the recom-
mendations of past studies (Lawler 1993).
Where deposition occurred, negative pin
lengths were recorded. The inclusion of neg-
ative erosion data is seen as the best approach
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Figure 3
Pin arrangement on a 3rd order stream. Banks are approximately 2.5 m high. Circles indicate
the location of erosion pins.

for calculating the actual amount of erosion
because omitting negative readings or replac-
ing negative readings with zeros artificially
increases the calculated erosion rate (Couper
et al. 2002). A length of =10.2 cm (—4 in) was
used for pins that were completely buried.
Pins that could not be relocated and were
without evidence of either erosion or depo-
sition were recorded as missing and replaced
with a new pin.

Bulk density and nutrient samples were
taken over the course of the summer and
fall of 2008. Fifty percent, or a minimum of
three, of the plots at each site were sampled.
Bulk density cores and soil samples were
collected for C and N analysis for each iden-
tified soil horizon. Soil profile descriptions
were recorded for each horizon from which
a corresponding bulk density and soil sample
was collected (Willett 2010). Bulk density
soil cores were collected using Uhland soil
cores with a 346.86 cm® (21.2 in’) volume.
Soil cores were oven dried at 110°C (230°F)
for a minimum of 72 hours, brought to room
temperature in a desiccator, and weighed.
Bulk densities were computed on a depth-
weighted basis for each pin plot and averaged
over the number of plots sampled to obtain
a depth-weighted average for each site. Soils
collected for C and N analysis were air-dried,
sieved to 2 mm (0.08 in), and then crushed
using a mortar and pestle. Prior to the total C
analysis, a representative subset of samples was
tested for the presence of carbonates, using
HCI eftervescence as an indicator. None of
the tested samples effervesced, and therefore,
it was concluded that carbonates were not
present in any of the samples. Crushed, air-
dried samples were then analyzed for C and
N content using the LECO TruSpec NC
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Carbon/Nitrogen Determinator (St. Joseph,
Michigan). Combustion was at 950°C
(1,742°F). An infrared radiation cell was used
to determine C content, and a thermal con-
ductivity cell was used to determine the N
content on a percentage basis. Moisture con-
tent of air-dried samples was determined for
each sample by drying at 105°C to 110°C
(221°F to 230°F) for a minimum of 48 hours
so that the C and N data could be corrected
to a dry weight basis. In total, 416 soil sam-
ples were analyzed for bulk density and C
and N content.

Sediment and Nutrient Loss Calculations.
Following computation of the net pin length
for a given seasonal data set, the mass of
eroded or deposited sediment was computed
based on the average net pin length (m) for
an entire pin plot multiplied by the plot area
(m?) and average site bulk density (kg m™).
This mass (kg) was then divided by the pin
plot length (m) to give a linear erosion or
deposition rate (kg m™' season™') for each pin
plot. The average linear erosion rates of the
pin plots were then multiplied by the total
eroded length (m) of each site (based on the
initial GPS surveys described above), giving
the total mass (kg) of eroded or deposited
sediment for the entire site. The linear ero-
sion or deposition rate of each site (entire
stream reach) was computed by dividing the
total eroded or deposited mass by the total
site length (table 1). To compute C and N
loss rates, the concentration data (g kg™)
were multiplied by the linear erosion rate to
obtain the nutrient loss rates (g m™' season™')
for each site.

Data Analysis. As discussed above, the
experimental design was a three-way fac-
torial with main factors of land use, stream

order, and season. The analysis of variance
(ANOVA) model for the sediment loss rates
included all levels of interaction and was
performed using SAS v9 statistical software
(SAS Institute Inc., Cary, North Carolina).
The MIXED PROC ANOVA was used
with the REPEATED statement included
to account for the differences in variabil-
ity within and between sites resulting from
repeated measurements at the same site.
Allowance for dependence among the six
observations (three seasons over two years)
was accomplished by using an unstructured
correlation model. After the ANOVA model
was fit (Model 1), the residuals were exam-
ined to assess the assumption of normality.
Analysis using all of the sediment loss data
showed that the residuals, though not highly
skewed, had a distribution that may not be
normal. Consequently, a second analysis
(Model 2) was performed using the transfor-
mation Y = log(50 + erosion rate). A value
of 50 was used to force all the transformed
data to be greater than zero. Analysis of the
residuals from this model showed two outli-
ers (standardized residuals greater than 3 in
absolute value). When the model was run
with these outliers excluded, the resulting
residuals were normally distributed. A con-
servative approach was taken such that main
effects, interactions, and pair-wise compari-
sons were considered significant only if they
were significant for both models (Models 1
and 2). Because the data were unbalanced,
least squared means (LS means) were used
as the basis for all statistical inferences (i.e.,
determinations of significance for the main
effects, interactions, and pair-wise compari-
sons). However, arithmetic means were used
to compare our results to those in the lit-
erature and for computing the study area
scale estimates of bank erosion and associ-
ated nutrient transport (see Watershed Scale
Estimates section); thus, arithmetic means
were also reported in figures 3, 4, and 5. In
view of the large number of comparisons, a
more stringent oo = 0.01 was used to deter-
mine significance of the pair-wise LS mean
comparisons rather than the more com-
monly used oo = 0.05. For main effects and
interactions, o0 = 0.05 was used to determine
statistical significance.

The nutrient concentration data were
analyzed using a MIXED PROC ANOVA
procedure in SAS, and pair-wise compari-
sons were made using LS means because the
missing 3rd order crop replicates resulted in
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Figure 4
Sediment erosion rates for each land use treatment (means averaged over season and
stream order).
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Figure 5
Sediment erosion rates for each stream order (means averaged over land use and season).
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an unbalanced experiment. The data con-
tained no outliers or extreme values. The
initial analysis was run including the two-way
interaction term (land use by stream order),
which was not significant for either the C or
N data. Therefore, simple main effect models
were run. The C and N concentration data
are listed by site in table 1.The same statisti-
cal analysis used for the sediment loss rates
(discussed above) was used to analyze the C
and N loss rates. The nutrient loss rate data
also contained outliers because they are the
product of the sediment loss rates and the
nutrient concentrations. Thus, two models
were run (as described above for the sedi-
ment loss data), one with all the data (Model
1) and the other with outliers omitted to
meet the assumption of normality (Model 2).
Only main effects, interactions (o = 0.05),
and pair-wise comparisons (o0 = 0.01) that
were significant in both models were consid-
ered statistically significant.

Watershed Scale Estimates. Overland ero-
sion has historically been the primary focus of
erosion control efforts in the Central Claypan
Areas. Thus, a primary goal of this work was
to determine the relative importance of
streambank erosion to the total in-stream
sediment and N transport at the watershed
scale. All mass estimates for watershed scale
in-stream sediment and N transport were
calculated for the combined area of Crooked
and Otter Creek (i.e., the entire study area of
560 km? (216 mi®) (figure 2). The National
Hydrography Data Set (Dewald and Roth
1998) was used to calculate the total length
of streams in the watershed by stream order.
Within the study area, there are a total of
1,365 km (848 mi) of streambank length
(streambank length = stream channel length
X 2 banks). Applying the annual sediment
and nutrient erosion rates for each stream
order and multiplying by the length of the
corresponding stream order in the study area
gave an estimate of the mass of streambank
sediment or nutrients that were deposited in
the streams of these watersheds. The arith-
metic mean annual linear erosion rates for
each stream order were used to compute
the total mass of in-stream sediment and
N derived from streambanks. Although the
sediment and nutrient loss rates were not
significantly different between stream orders,
they were numerically different. Therefore,
mean annual sediment and nutrient loss rates
were based on stream order to provide the
best mass estimates as opposed to applying a
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Table 2
Study area land use and overland erosion rates using USDA Natural Resources Conservation
Service annual tolerable soil loss T-values (NAS 1986; USDA NRCS 2000a, 2000b).
Fraction of Erosion rate Total mass
Land use Area (ha) study area (%) (Mg ha™) eroded (Mg)
Impervious/urban 865 1.5 0] 0]
Cropland (T-value)
0.75T 13,782 24.6 5.7 78,600
1T 11,918 21.3 7.6 90,600
2T 5,397 9.6 15.2 82,000
3T 2,024 3.6 22.8 46,100
4T 1,124 2.0 30.4 34,200
5T 2,024 3.6 38.0 76,900
Total 36,268 64.7 5.7 to 38 408,000
Pasture (T-value)
05T 10,893 19.4 3.8 41,400
1T 754 13 7.6 5,730
27 172 0.3 15.2 2,620
3T 151 0.3 22.8 3,440
Total 11,970 214 3.81022.8 53,200
Forest and wetland 6,503 11.6 1.9 12,400
Open water 441 0.8 0 0
Study area total 56,047 100.0 — 474,000

single grand mean for the entire study area.
The range of the estimates was calculated
using the 2008 and 2009 data.

To estimate overland erosion, the tolerable
soil loss rate (T-value) was used. For the study
area, the T-value is estimated to be 7.6 Mg
ha'y™" (3.4 tn ac’ yr'") (Lerch et al. 2008;
National Academy of Sciences 1986). While
the T-value represents the maximum amount
of erosion that can occur and still sustain
high levels of crop productivity, much of the
land in the study area exceeds this thresh-
old. Data from the USDA Natural Resources
Conservation Service was used to estimate
erosion from cropland (USDA NRCS
2000a) and pasture (USDA NRCS 2000b)
that exceeds the T-value. Table 2 contains the
total and percentage area of each land use and
the assumed erosion rate applied as a fraction
of the T-value for each land use for the entire
study area (i.e., both watersheds combined).
Conservative estimates of rates less than the
T-value were used for cropland and pasture
land not exceeding the T-value and for non-
cropped and nonpasture land uses. Because
estimates of the total area in pasture (assumed
to be grazed by cattle) versus grasslands pro-
ducing hay were not available, all grassland
was assumed to be pasture, and erosion rates
were applied accordingly (NRCS 2000b).

For streambank erosion, it is reasonable to
assume that 100% of bank sediments are deliv-
ered to the stream. However, to estimate the
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percentage of overland sediment that reaches
the stream, a sediment delivery ratio (SDR)
must be applied. The SDR is the ratio of annual
sediment yield to annual gross erosion (USDA
SCS 1983), or more generally, the percentage of
sediment that arrives at a point of reference in
comparison to the gross erosion that occurred
above that point (Roehl 1962; Duijsings 1986).
Approaches specifically designed for estimating
SDR in claypan watersheds were not reported
in existing literature, nor has a given SDR
equation gained prominence as the preferred
method. Therefore, the approach used here was
to apply multiple models to calculate a range
of estimates for the SDR of these watersheds.
Four SDR_models were chosen, two based on
relief and length (Maner 1958; Roehl 1962)
and two based on watershed area (Roehl 1962;
USDA SCS 1983). Model inputs were aver-
aged across the two watersheds and included
relief (R) = 67.1 m (220 ft) and length (L) =
65,900 m (216,300 ft), giving R/L = 0.001;
and area (A) = 280 km? (108 mi?).

The total loss of nitrogen on a yearly
basis was estimated using stream discharge
and total nitrogen concentration data for
Crooked and Otter Creek, which have been
monitored year-round since 2005 as part of
the Conservation Effects Assessment Project
(Lerch et al. 2008). Daily discharge data for
Crooked Creek (station number 05503800)
were obtained from the U. S. Geological
Survey (2009). The daily discharge data for

Otter Creek were based on rating curves
developed by the USDA Agricultural
Research Service (Lerch et al. 2008). As part
of the monitoring effort, water samples were
collected from each stream for determina-
tion of total N concentrations. Grab samples
were collected at least twice monthly under
base flow conditions and during the win-
ter months (December to March). Sigma
900 Max automated samplers (Hach Co.,
Loveland, Colorado) were used to collect
flow-proportional samples under runoff
conditions from April through November
of both years when stage rose approximately
0.15 m (0.49 ft). Runoft samples were com-
posited into 10 L (2.6 gal) bottles. In 2008
and 2009, a total of 74 samples per site
were collected. Total N concentrations of’
unsampled days were determined by lin-
ear interpolation to provide daily estimates
for the entire two-year period. Because the
discharge data at Otter Creek were not col-
lected from December to March, the missing
data for Otter Creek were estimated based
on Crooked Creek discharge. Linear regres-
sion was used to generate an equation to
estimate Otter Creek discharge for days in
which discharge data existed at both sites.
The following relationship was then applied
to estimate Otter Creek discharge:

Otter = 0.7912 X Crooked + 73,008 , (1)

where Otter = daily Otter Creek discharge
in m?, Crooked = daily Crooked Creek dis-
charge in m?®, and r* = 0.85.

Total N was determined on thoroughly
mixed, unfiltered 60 mL (2 oz) samples by
autoclave digestion with potassium persul-
fate (Nydahl 1978). The persulfate digestion
quantitatively converts all N forms to nitrate
(NO,"), which was then determined colori-
metrically by the cadmium reduction method
(Greenberg et al. 1992). Nitrate analysis was
performed by an Aquakem 200 discrete col-
orimetric analyzer (Environmental Science
Technology, Fairfield, Ohio).

Total N loads were then determined on a
daily basis for each watershed by multiplying
the total N concentration by the discharge
and summing the daily loads for the entire
two year period for both sites. The monitored
areas were 74% of the watershed for Crooked
Creck and 84% of the watershed for Otter
Creek.Total N loss rates for the unmonitored
area were assumed to be equal to the loss rates
of the monitored area. Thus, the estimated
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loads from the monitoring data were cor-
rected to a whole watershed basis by dividing
the computed total N loads for each site by
the fraction of the watershed monitored. The
total N loads for each watershed were then
summed to acquire the total N loads for the
study area for both 2008 and 2009.

Results and Discussion
Sediment Erosion Rates—Main Factors.
The arithmetic mean erosion rates for the
land use treatments, averaged across season
and stream order, were 34 kg m ™' season™" (23
Ib ft! season™) for crop, 44 kg m™' season™
(30 Ib ft' season™) for forest, 54 kg m™' sea-
son™ (36 Ib ft! season™) for pasture, and 51
kg m™ season™ (34 Ib ft™' season™) for ripar-
ian forest (figure 4). Mean erosion rates for
the stream orders, averaged across season and
land use, were 44, 43, and 54 kg m™' season™'
(30, 29, and 36 Ib ft! season™) for 1st, 2nd,
and 3rd order streams, respectively (figure 5).
Seasonal means, averaged across land use and
stream order, were 96 kg m™' season™ (65 1b
ft ! season™) for Season 1,36 kg m™" season™!
(24 Ib ft' season™) for Season 2, and 8.5 kg
m™' season' (5.7 Ib ft™! season™") for Season 3
(figure 6). Combining the seasonal rates, the
annual erosion rate was 141 kg m™ y™' (95
Ib ft! yr').These erosion rates were similar
to those found in other bank erosion studies
(McGreal and Gardiner 1977; Gardiner 1983;
DeWolfe et al. 2004; Zaimes et al. 2006).
Zaimes et al. (2006) reported erosion rates of
5to0 304 kgm™ y!' (3.4 to 204 1b ft' yr'') in
Towa streams with various riparian land uses.
Likewise, DeWolfe et al. (2004) reported ero-
sion rates of 10 to 447 kg m™ y™' (6.7 to 300
Ib ft! yr') in Vermont watersheds ranging in
size from 108 to 202 km? (42 to 78 mi?) with
grass, pasture, and riparian forest land uses.
Average erosion rates for this study, when
expressed in m y', were also within the
range of reported values (0.004 to 0.387 m
y ' [0.001 to 0.118 ft yr'']) from erosion pin
studies in watersheds of similar size (McGreal
and Gardiner 1977; Gardiner 1983).
Sediment ~ Erosion  Rates—Statistical
Analysis. The effect of season and the three-
way interaction between season, land use, and
stream order were found to be significant,
but land use and stream order main effects
were not significant (table 3). In addition, no
two-way interactions were found to be sig-
nificant. The significant differences observed
can be explained in part by the overwhelming
importance of season on streambank erosion
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Figure 6

Season 3—August through November.
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rates, which masked the land use and stream
order effects within a given season. Others
have noted that the highly variable nature of
streambank erosion data makes it very diffi-
cult to discern treatment differences (Belsky
et al. 1999). Furthermore, not only were the
erosion measurements highly variable among
the treatments, key sources of variation, such as
upstream land use and drainage area, were not
controlled. To sufficiently analyze the three-
way interaction, pair-wise comparisons were
made by varying one of the effects while the
other two effects were fixed (figure 7). When
considering the significant interaction between
season, stream order, and land use, some pair-
wise comparisons were significant, but they
were not useful for making generalizations.
Land use was not a significant main effect
in the three-way ANOVA, and only one
pair-wise comparison was significant. In
Season 2, 2nd order crop sites had signifi-
cantly lower sediment rates (LS mean = —32
kg m™ season™ [22 Ib ft' season™']) than
2nd order forest sites (LS mean = 107 kg m™'
season”! [72 1b ft! season™']) (p < 0.0001 in
Model 1, p = 0.0007 in Model 2) (figure 7b).
This was likely the result of site-specific dif-
ferences rather than any true land use effect.
The variable response of the land use treat-

ments to stream order and season (figure 7)
indicated that either upstream factors or veg-
etation immediately adjacent to the banks
had more impact on streambank erosion
rates than adjacent land use. Currently, the
drainage area, drainage network, and land use
data upstream of all sites are being compiled
to assess variations in these factors and how
they may affect the observed erosion rates.
Vegetation surveys are being conducted to
assess the importance of adjacent vegetation
to streambank erosion (Peacher 2011).

While this study showed nonsignificant
differences between land use treatments, past
studies have found significant differences
between land uses. Zaimes et al. (2004) found
that 2nd order streams flanked by row-crop
and pasture fields had higher erosion rates
than those with recently constructed ripar-
ian forest buffers. Other researchers found that
the presence of cattle negatively affected the
ability of plant roots to hold soil and that tram-
pling on and along banks causes destabilization
(Belsky et al. 1999). Pasture sites in this study
were observed to be more prone to slumping
because of cattle access to the streams, but this
did not result in significantly increased erosion
compared to other land uses.

JULY/AUGUST 2012—VOL. 67, NO. 4

255


http://www.swcs.org

256

Table
Summar3y of sediment loss rate least squared means* and analysis of variance (ANOVA) statisticst. Season 1 is December through March, Season 2
is April through July, and Season 3 is August through November.
Land use Season 1 (kg m™) Season 2 (kg m™) Season 3 (kg m™?) Mean (kg m™)
Stream order 1

Crop 22 (30) -8(18) 1.5 (6.0) 5.3 (14)

Forest 44 (27) 16 (18) 1.9 (6.0) 21 (13)

Pasture 27 (27) 33 (17) -3.9(5.6) 19 (12)

Riparian 3.1(28) 9.7 (17) 7.0 (5.9) 6.6 (13)

Mean 24 (14) 13 (8.7) 1.7 (2.9) 13 (6.4)
Stream order 2

Crop 39 (27) -32(17) -8.7 (5.6) -0.71 (12)

Forest 140 (30) 110 (19) 17 (6.0) 89 (14)

Pasture 29 (27) -23(17) 6.0 (5.6) 4.2 (12)

Riparian 18 (27) -4.6 (17) -1.5(5.6) 4.0 (12)

Mean 57 (14) 12 (8.6) 3.3(2.8) 24 (6.3)
Stream order 3

Crop 30 (47) -12 (27) -22(9.6) -1.4(21)

Forest 18 (27) 6.6 (17) 8.9 (5.6) 11 (12)

Pasture 88 (27) -41 (17) -9.2 (5.6) 13 (12)

Riparian 120 (30) 0.5 (18) 27 (6.0) 50 (14)

Mean 64 (17) -12 (10) 1.3(3.5) 18 (7.6)

Model 1 Model 2

ANOVA df F p-value F p-value
LU 3 4.2 0.017 2.0 0.151
SO 2 0.8 0.472 0.9 0.436
Seas 2 16 <0.001 104 <0.001
LU x SO 6 4.6 0.004 2.3 0.072
LU x Seas 6 1.9 0.136 2.5 0.055
SO x Seas 4 2.4 0.078 3.9 0.016
LU x SO x Seas 12 2.6 0.024 2.8 0.017
Notes: LU = land use. SO = stream order. Seas = season. df = degrees of freedom. F = F-test statistic.
*Least squared means are from Model 1.
TO0nly effects with significance in Model 1 and Model 2 were considered significant; values in parentheses are standard errors.

Stream order was not a significant main
effect in the three-way ANOVA, and there
were no significant pair-wise comparisons
between stream orders when land use and
season were fixed and stream order was var-
ied. The National Hydrography Data Set
(Dewald and Roth 1998) uses the Strahler
stream order system, which assigns stream
order based on tributary hierarchy (Strahler
1957). While stream order is roughly cor-
related to the size of the channel, the
assignment of a stream order number is
mostly independent of other factors control-
ling streambank processes, such as channel
shape and slope, watershed area, sinuosity,
and topography. Other than their relative
place within the hierarchy of the drainage
network, streams of the same order in this
study often shared little in common regard-
ing the upstream characteristics that may
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control streambank erosion. In addition, 2nd
order forest sites had much greater erosion
rates than Ist or 3rd order forest sites (figure
7), indicating that site-specific factors were
likely controlling the erosion rates of these
sites rather than adjacent land use or stream
order. Given the overall similarity in erosion
rates as a function of stream order (figure
5), it appears that stream order designations
have little relationship to streambank erosion
processes, and this method of categorizing
streams was not a useful basis for predicting
streambank erosion rates in claypan water-
sheds. In this region, the high clay content
soils could result in critical bank heights that
are quite tall regardless of the stream order
designation. In an area with less cohesive
bank materials, critical bank height is shorter
and perhaps more correlated with stream
order designation.

Seasonal effects were found to be highly
significant (p < 0.001), and mean erosion
rates were in the order Season 1 > Season
2 > Season 3 (figure 6). While this result
may seem straightforward based on the
arithmetic means, the significant three-way
interaction among main effects indicates that
a more complex interpretation of the effect
of season on erosion rates must be consid-
ered. While some confusion exists in the
literature regarding the interpretation of sig-
nificant interaction effects in factorial designs
(Jaccard 1998), the interpretation used here
was that if a significant interaction between
two or more main effects occurred, then the
main effect cannot be interpreted unambigu-
ously (Maxwell and Delany 1990). Therefore,
to understand the complexity of the season
by land use by stream order interaction, the
pair-wise comparisons must be considered
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Figure 7

Pair-wise comparisons of least squared means within land use treatments by (a) stream order 1,
(b) stream order 2, and (c) stream order 3. Season 1—December through March; Season 2—April
through July; and Season 3—August through November.
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(figure 7). For all significant pair-wise season
comparisons, of which there were six, Season
1 was greater than either Season 2 or 3 (fig-
ure 7). This supports the general trend seen
in figure 6 where the average erosion rate
during Season 1 was numerically larger than
Season 2 or 3. However, this trend was only
statistically significant for some combina-
tions of land use and stream order. Pair-wise
comparisons indicated that 2nd order forest
sites had significantly greater erosion rates in
Season 1 than in Season 3 (p = 0.0003 in
Model 1, p < 0.0001 in Model 2) (figure 7b).
The 3rd order pasture sites had greater ero-
sion rates in Season 1 than Season 2 (p =
0.0001 in Model 1, p < 0.0001 in Model
2) and Season 3 (p = 0.0013 in Model 1, p
< 0.0001 in Model 2) (figure 7c). The same
trend was true for 3rd order riparian for-
est sites, where Season 1 was significantly
greater than Season 2 (p = 0.0004 in Model
1,p < 0.0001 in Model 2) and Season 3 (p =
0.0037 in Model 1, p < 0.0001 in Model 2)
(figure 7¢). Note that while Season 1 often
had greater erosion rates than Seasons 2 and
3, it was not always significantly greater, nor
was it numerically greater for every com-
bination. Generally speaking, however, the
pair-wise comparisons did support the trend
observed in figure 6.

There is a large literature base support-
ing the conclusion that season is a significant
effect, and the findings of this study are
consistent with past studies. Wolman (1959)
observed the greatest erosion rates dur-
ing the winter months (December through
March) and lower erosion rates in the sum-
mer. Zaimes et al. (2006) reported similar
results, with the largest magnitude erosion
occurring in the spring and early summer
and little erosion occurring in the fall. Lawler
et al. (1999) likewise observed higher rates of
erosion in the winter months, commenting
that most erosion occurs between December
and March.

Wolman (1959) attributed some win-
ter erosion to freeze/thaw mechanisms but
concluded that winter erosion was largely a
result of high flow events occurring when
the bank soils were already saturated. Flow
events in summer months occurred when
bank soils were generally drier than in the
winter months and therefore did not pro-
duce erosion rates that were as large as those
seen in the winter. Even when summer flow
events greatly exceeded those occurring in
the winter (figure 8), the resulting erosion
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Figure 8

Average daily discharge and precipitation for Crooked Creek from December 2007 through

December 2009.
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Table 4

Summary of soil nutrient concentration least squared means and ANOVA statistics.

Land use Carbon (g kg™?) Nitrogen (g kg™)

Crop 15 (2.9)a 1.3 (0.23)c

Forest 10 (2.6)b 0.84 (0.30)d

Pasture 13 (2.4)a 1.1 (0.28)¢c

Riparian 13 (2.5)a 1.1 (0.26)cd

ANOVA Carbon F Carbon p-value Nitrogen F Nitrogen p-value
Land use 4.3 0.013 3.7 0.024

Stream order 0.32 0.732 0.18 0.837

significantly different at p = 0.05.

Notes: Values in parentheses are standard errors. Means followed by the same letter were not

was less (Wolman 1959). Furthermore, a
study by Hooke (1979) revealed that while
soil moisture was the most important factor
controlling streambank erosion, significant
erosion only occurred in association with
peak discharge. Zaimes et al. (2006) identi-
fied precipitation pattern as a major factor
contributing to the seasonal effect on bank
erosion, finding that most erosion occurred
following many medium-sized precipita-
tion events or two large precipitation events
that occurred close together. This pat-
tern fits that described by Wolman (1959),
where banks become saturated during the
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first precipitation event and then were
eroded during subsequent events. Lawler
et al. (1999) described winter conditions of
high frequency and large magnitude events,
freeze/thaw cycles, high antecedent mois-
ture conditions, and lack of vegetation as the
“optimum combination” for producing large
amounts of bank erosion, and the results of
this study support that conclusion.
Considering the erosion data in light of
the discharge data for Crooked Creek (US
Geological Survey 2009) (figure 8) reveals an
example where many moderate-sized events
in Season 1 of 2008 and very infrequent low

magnitude events during Season 1 of 2009
produced considerably more erosion than
that caused by the frequent medium to high
magnitude events that occurred in Seasons 2
and 3 of 2008 and 2009. The high frequency
of summer events suggested that wet bank
conditions might have persisted through
Seasons 2 and 3 of 2008 and 2009, and the
disparity between seasonal erosion rates was
therefore not entirely explained by satu-
rated bank conditions. Zaimes et al. (2006)
attributed additional seasonal differences in
erosion rates to seasonal variation in vegeta-
tive cover density. Lack of vegetation in the
winter leaves banks completely exposed and
vulnerable to scour, while lack of evapotrans-
piration prevents banks from drying. This
combination maintains saturated conditions
and weakens the cohesion of bank material,
resulting in a high degree of vulnerability to
erosion during the winter months (Lawler et
al. 1999). In contrast, dense vegetative cover
in the summer months protects banks from
scour, and evapotranspiration dries bank soil,
mitigating the erosive effects of even excep-
tionally wet years with multiple sequential
flow events in Seasons 2 and 3 (figure 8).
Nutrient Concentrations and Loss Rates.
The results of the carbon and nitrogen con-
centration data analysis showed that land use
had a significant effect (table 4). Stream order
and the interaction term (land use by stream
order) were not significant for either the C
or N concentration data (p = 0.48 for C
and p = 0.40 for N). Pair-wise comparisons
showed that forested sites had significantly
lower C and N concentrations than the
other land uses (table 4). The high flooding
frequency, which is prevalent throughout
these watersheds and is common to all the
land uses, controls the deposition of alluvial
materials and was likely the reason for the
overall similarity in C and N concentrations
between land uses. The factors working to
modify alluvial deposits, and therefore, the
factors that account for differences between
land uses, include local vegetation, nutrient
cycling efficiency, and a combination of adja-
cent land use and proximity to eroding fields.
Because the forest treatment was defined as
having at least a 30 m (98 ft) wide stand of
trees, these sites by design lack proximity to
surrounding crop and pasture land. Surface
runoff would have a longer and more circu-
itous route to the streambanks of the forested
sites than the other treatments. As such, the
nutrient inputs from adjacent crop and pas-
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Table
Summa?y of carbon loss rate least squared means* and ANOVA statisticst. Season 1 is December through March, Season 2 is April through July, and
Season 3 is August through November.
Land use Season1 (g m?) Season 2 (g m™?) Season 3 (g m™?) Mean (g m™?)
Stream order 1

Crop 450 (350) -110 (190) 31(97) 120 (170)

Forest 390 (340) 190 (180) 40 (96) 200 (160)

Pasture 580 (340) 630 (170) -1.5(92) 400 (160)

Riparian 400 (340) 440 (180) 170 (95) 340 (170)

Mean 450 (170) 290 (90) 60 (48) 270 (83)
Stream order 2

Crop 790 (340) -310 (170) -110 (92) 120 (160)

Forest 1,200 (360) 820 (190) 140 (97) 710 (170)

Pasture 600 (340) -120 (170) 120 (92) 200 (160)

Riparian 320 (340) -9.2 (170) -8.6 (92) 100 (160)

Mean 720 (170) 94 (89) 35 (47) 280 (82)
Stream order 3

Crop 810 (580) 290 (300) -170 (160) 310 (280)

Forest 250 (340) 110 (170) 110 (92) 160 (160)

Pasture 1,300 (340) -290 (170) -75(92) 300 (160)

Riparian 1,600 (350) 35 (190) 430 (97) 690 (170)

Mean 980 (210) 35 (110) 75 (57) 360 (100)

Model 1 Model 2

ANOVA df F p-value F p-value
LU 3 0.58 0.632 11 0.379
SO 2 0.3 0.742 5 0.016
Seas 6 24 <0.001 170 <0.001
LU x SO 2 2.3 0.070 7.3 <0.001
LU x Seas 6 1.2 0.330 3 0.028
SO x Seas 4 2.9 0.044 13 <0.001
LU x SO x Seas 12 2.7 0.021 9.9 <0.001
Notes: LU = land use. SO = stream order. Seas = season. df = degrees of freedom. F = F-test statistic.
*Least squared means from Model 1.
TOnly effects with significance in Model 1 and Model 2 were considered significant; values in parentheses are standard errors.

ture fields would impact the other land use
treatments more than the forested treatment
sites. This lack of proximity may account in
part for the lower N concentration of the for-
est bank materials. Walker et al. (2009) found
that restored riparian zones, which were
previously degraded by cattle grazing, had
lower N concentrations than grazed sites and
were highly efficient at reducing inorganic
N contributions to adjacent stream water. It
has further been suggested that even subtle
disturbances in riparian areas can influence
nutrient cycling in a watershed (Bolstad and
Swank 1997;Walker et al. 2009), and the con-
version of forested land to row-crop field and
pasture in these watersheds over the last 100
years certainly represents major disturbance
to the riparian areas of these watersheds.
The ANOVA for the C and N loss rates
showed that the season effect, stream order by
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season, and the three-way interaction were
significant (tables 5 and 6). The significant
pair-wise comparisons showed similar results
to that of the sediment loss rates. When dif-
ferences existed, Season 1 was greater than
Season 2 or 3 (data not shown). Of the eight
significant pair-wise comparisons for season,
six indicated that Season 1 was greater than
either Season 2 or 3.The other two signifi-
cant pair-wise comparisons showed that 2nd
order forest and 1Ist order pasture sites had
greater nutrient loss rates in Season 2 than
Season 3.

Applying Results to Watershed Scale.
When considering the contribution of stream-
bank material as a percentage of the total
in-stream sediment, a simplifying assumption
was made that overland erosion and stream-
bank erosion were the only two sources of
sediment in the watersheds. Gullies act as a

conduit for delivering overland sediment to
streams, so their contribution to in-stream
sediment was accounted for in the overland
erosion estimate. However, watersheds with
actively incising and down-cutting streams
should include bed material as a source of
sediment. The streams in the Crooked and
Otter Creek watersheds are in the degrada-
tion and widening phase, or Stage III and
Stage IV in channel evolution (Schumm et
al. 1984). Following the clearing of the land
for cultivation, the stream system would have
experienced a large in-flux of overland sedi-
ment. This postsettlement alluvium, along
with the constant sediment supply from over-
land and bank sources, protects the bed from
degradation as the stream uses all its power
to deal with these sources of sediment. Very
rarely is the substratum even exposed to be
vulnerable to erosion. Additionally, there is so
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Table 6
Summary of nitrogen loss rate least squared means* and ANOVA statisticst. Season 1 is December through March, Season 2 is April through July,
and Season 3 is August through November.
Land use Season 1 (g m?) Season 2 (g m™?) Season 3 (g m™?) Mean (g m?)
Stream order 1

Crop 41 (29) -10 (14) 2.1(8.4) 1(14)

Forest 29 (28) 5 (14) 3.5(8.4) 16 (14)

Pasture 51 (28) (13) 0.66 (8.0) 5 (13)

Riparian 40 (29) 41 (14) 15 (8.2) 32 (14)

Mean 40 (14) 25 (7) 5.4 (4.1) 24 (6.9)
Stream order 2

Crop 73(28) -21(14) -8.3(8.0) 15 (13)

Forest 92 (30) 55 (15) 10 (8.4) 53 (14)

Pasture 56 (28) -6.7 (14) 10 (8.0) 20 (13)

Riparian 28 (28) -0.10 (14) -0.58 (8.0) 9.2 (13)

Mean 62 (14) 6.9 (6.9) 3.0(4.1) 24 (6.8)
Stream order 3

Crop 81 (49) 33(23) -13(14) 34 (23)

Forest 23(28) 11 (14) 10 (8.0) 15 (13)

Pasture 110 (28) -21(14) -6.1(8.0) 27 (13)

Riparian 140 (29) 3.3(14) 38(8.4) 59 (14)

Mean 88 (17) 6.7 (8.4) 7.0 (5.0) 34 (8.3)

Model 1 Model 2

ANOVA df F p-value F p-value
LU 3 0.38 0.769 1.0 0.400
SO 2 0.54 0.590 1.6 0.225
Seas 6 27 <0.001 71.0 <0.001
LU x SO 2 2.0 0.106 3.1 0.023
LU x Seas 6 1.2 0.351 1.8 0.148
SO x Seas 4 3.2 0.034 5.8 0.003
LU x SO x Seas 12 2.8 0.018 3.9 0.003
Notes: LU = land use. SO = stream order. Seas = season. df = degrees of freedom. F = F-test statistic.
*Least squared means from Model 1.
TOnly effects with significance in Model 1 and Model 2 were considered significant; values in parentheses are standard errors.

Table
Streamgank sediment and nutrient transport in the Crooked and Otter Creek study area.
Carbon Nitrogen

Bank length Erosion rate loss rate loss rate

Stream order (km) (kg m-ty?) (g miy?) (g miy?)

1st 704 132 1,600 131

2nd 323 132 1,440 115

3rd+ 338 161 1,650 156

Watershed (Mg y1) 190,000 2,150 182

Range (Mg y")* +976 +425 + 5.87

* Ranges were calculated based on data from 2008 and 2009.

little relief in these watersheds and so much
sediment from bank and overland sources that
there is little energy available for degrading the
bed. Furthermore, Mark Twain Lake, which is
located at the outlet of the two streams, has
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effectively raised the base level by 15 to 30 m
(49 to 98 ft). Thus, these streams cannot incise
below the level of the lake. Given this setting,
the contribution of streambed degradation to
in-stream sediment was considered negligible.

The total amount of sediments from
streambanks in the study area was estimated
to be 190,000 = 976 Mg y' (210,000 *
1,100 tn yr"), which contained an estimated
2,150 + 423 Mg C y' (2,370 + 46.6 tn C
yr') and 182 + 5.87 Mg N y!' (200 £ 6.47
tn N yr') (table 7). Total overland erosion
was estimated at 474,000 Mg y' (521,400
tn yr') (table 2). Sediment delivery ratio
estimates ranged from 2.5% to 11%, with an
average of 6.0% £ 4.1% (standard deviation)
for a 280 km? (108 mi* watershed. Using
the average SDR combined with the over-
land erosion rates for the study area results
in an estimate of 28,000 £ 19,000 Mg y
(30,900 £ 20,900 tn yr') of overland sedi-
ment reaching the stream channels of
Crooked and Otter Creek. Based on these
two estimates, streambanks accounted for
79% to 96% (mean of 88%) of the total in-
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Figure 9
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stream sediment in the study area (figure 9),
indicating that streambank erosion was the
dominant source of in-stream sediment for
these two watersheds. These results are at the
high end of what is reported in the literature.
Wilson et al. (2008), using stable isotopes as
indicators of overland and bank sediment
sources, found that streambanks accounted
for 54% to 80% of the in-stream sediment

JOURNAL OF SOIL AND WATER CONSERVATION

load at five sites in the southern and mid-
western United States. In light of the fact
that 2008 and 2009 were both exceptionally
wet years (2.6 and 1.7 times greater than the
20-year mean daily discharge, respectively)
(US Geological Survey 2009), it is not unrea-
sonable that our scaled-up results would fall
in the upper range of previously reported
values. Additionally, given the extensive land

disturbance in these watersheds, it is likely
that these watersheds are not yet in equilib-
rium and, therefore, have higher erosion rates
than those in other watersheds.

Based on the water quality monitoring
data, the total N transported from the study
area was estimated to be 800 * 29 Mg y™!
(880 *+ 32 tn yr') (figure 10). The contri-
bution of streambanks was 182 + 5.87 Mg
y ' (200 £ 6.47 tn N yr') (table 7), or 23%
of the annual total N exported from both
watersheds (figure 10). Thus, streambanks
were also an important source of N to the
streams. No previous reports of the contri-
bution of streambanks to the total N load of
a watershed could be found for comparison.
Although C transport data were not avail-
able for these watersheds, it is probable that
streambanks also contributed considerably
to the C load of these watersheds given the
importance of streambank erosion to in-
stream sediment and N loads.

Management Implications. Comparing
the contribution of bank and overland sedi-
ment underscores the need for targeting
management efforts to mitigate streambank
erosion. While overland erosion is by far the
major source of gross watershed erosion, this
work has demonstrated the importance of
streambanks as the major source of in-stream
sediment and as a key source of nutrients
in claypan watersheds. Currently, conserva-
tion practices in these watersheds emphasize
BMPs that address overland erosion and
little effort has been focused on controlling
streambank erosion. These data suggest that
reducing streambank erosion would signifi-
cantly improve the water quality, in terms
of sediment and nutrient contamination, of
these streams.

Unfortunately, management strategies that
address the seasonal component of stream-
bank erosion processes are limited. There
are, however, many practices available for
mitigating streambank erosion year round,
including traditional engineering approaches
(Bentrup and Hoag 1998; Schultz et al.
2004), bioengineered systems (Bentrup and
Hoag 1998), and establishment of riparian
forest buffers and grass buffer strips (Gregory
et al. 1991; Schulz et al. 2004). There is also
extensive evidence that exclusion of cattle
from riparian zones, either as part of a rota-
tional grazing system or by fencing them
from streambanks, reduces erosion (Platts
1981; Kauffman and Krueger 1984; Bentrup
and Hoag 1998; Belsky et al. 1999; Sovell
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et al. 2000; Clary and Kinney 2002; Walker
et al. 2009). Given the seasonal nature of
streambank processes observed in this study,
exclusion of cattle from streambanks during
the winter months may be especially benefi-
cial. Currently, establishment of streambank
stabilization measures are voluntary, and
therefore, despite government programs and
practices available to landowners for stream-
bank erosion mitigation, the riparian zones
and streambanks in the study area, and across
the Midwest, are largely unmanaged (Lyons
et al. 2000).

Summary and Conclusions

Of the three main factors assessed in this
study, only season showed a significant
impact on streambank erosion rates in
Crooked and Otter Creek watersheds, while
land use and stream order were not signifi-
cant factors. The lack of a land use effect was
attributed to either variation in up-stream
factors or variation in vegetation immedi-
ately adjacent to the streambanks. Both of
these possibilities are currently being inves-
tigated. Stream order was not a significant
factor influencing streambank erosion rates
because in these claypan watersheds stream
order designation is largely independent of
the factors controlling erosion processes.
Season was found to be a highly signifi-
cant factor affecting streambank erosion,
with most erosion occurring in the winter
months. However, a simple interpretation of
the seasonal effect was not warranted as a sig-
nificant three-way interaction between land
use, stream order, and season also existed.
This three-way interaction, as well as the
lack of adjacent land use effects, highlights
the complex and highly variable nature of
streambank erosion processes. Nutrient con-
centrations of bank soils were significantly
lower in forest sites, which may be due to
the lack of proximity to adjacent crop land
as well as to accelerated nutrient cycling. The
nutrient loss rates had significant effects and
interaction terms that reflected the sediment
loss rates. At the watershed scale, streambank
erosion accounted for an average of 88% of
the in-stream sediment and 23% of the total
N load on an annual basis. These results dem-
onstrated that streambanks were the primary
source of sediment in these streams and also
a considerable source of the total N trans-
ported from these watersheds. Moreover,
adoption of management practices that
decrease streambank erosion would result
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in significant water quality improvement in
streams of the Central Claypan Areas.

Given the lack of an adjacent land use
effect, further research is needed to determine
the specific factors controlling streambank
erosion (i.e., upstream characteristics and/or
on- and above-bank vegetation) to maxi-
mize the effectiveness of BMPs implemented
within the riparian zone. Controlling in-
stream sedimentation in these watersheds will
not only require continued efforts to reduce
overland erosion, but additional efforts will
also be needed to minimize streambank ero-
sion by targeting BMPs to riparian areas.
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