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Abstract: Stream bank erosion can damage riparian systems and impact the use of water 
downstream. Risks of bank erosion increase during extreme flood events, and frequencies 
of extreme events may be increasing under a changing climate. We assessed bank erosion 
within the South Fork Iowa River (SFIR) watershed caused by 2008 flooding, which set 
flood stage records in many eastern Iowa streams. Bank positions before and after 2008 were 
digitized using rectified aerial infrared imagery and overlaid. Differences in stream bank lines 
were mapped as polygons; those <4 m (13 ft) wide were deleted to eliminate polygons pos-
sibly formed by digitizing error. A high-resolution (2 m [6.6 ft] grid) elevation model was 
used to map elevation changes associated with both erosional and depositional polygons. We 
estimated that along three streams (SFIR, Tipton Creek, and Beaver Creek) with watershed 
areas of 20,000 to 36,500 ha (49,000 to 90,150 ac), the 2008 floods widened the channels 
by 0.5 to 1.1 m (1.6 to 3.6 ft), and about 8.5 ha (21 ac) of land was lost to become part of 
these channels. The volume and mass losses associated with this movement totaled 117,000 m3 
(153,000 yd3), which comprised on average 1.1 Mg m–1 (1 Mg m–1 = 1.01 tn yd–1) of stream 
length. Below the Tipton Creek confluence, the middle SFIR (58,500 ha [144,500 ac]) was 
widened by more than 4.4 m (14.4 ft), with about 8.1 Mg (8.9 tn) of sediment lost per meter 
of stream. The 2008 floods substantially altered these channels, but using images from heli-
copter flights from late 2008 and 2009, we found evidence that where riparian buffers were 
kept in ungrazed, grassy vegetation, there was less bank erosion than where grazed pastures 
lined these channels. Riparian management systems may reduce stream bank erosion even 
under extreme flooding.
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stream bank erosion

Sediment loads in streams result in a 
range of environmental and economic 
impacts, including effects on aquatic 
habitat and fisheries (Gray et al. 2014; 
Quist and Schultz 2014) and increased 
costs of flood control and dredging 
(Wesche and Issak 1999). The erosion 
of stream banks and channels comprises a 
dominant component of suspended sed-
iment losses from agricultural watersheds 
in the United States (Simon and Klimetz 
2008; Wilson et al. 2008). Agricultural 
clearing of land during the settlement of 
North America dramatically increased soil 
erosion (Montgomery 2007), leading to 
sediment deposition in river valleys, which 
has had legacy impacts on sediment loads in 

streams today (Trimble 1999; Walter and 
Merrits 2008). The accretion of sediment 
initially slowed conveyance of discharge, 
which increased the frequency of flooding 
in much of the eastern and central United 
States. Channelization of rivers and streams 
was subsequently undertaken to improve 
river conveyance throughout the Mississippi 
River basin during the middle third of the 
20th century (Simon and Rinaldi 2006). 
Frequently, these straightened streams and 
rivers became disconnected from floodplains 
that had accreted with recent sediment. As 
a result, natural processes of channel widen-
ing have occurred, increasing bank erosion 
and modern sediment loads. The extents, 
rates, and patterns of channel widening are 

influenced by land use (Zaimes 2008) and 
geomorphic controls on channel formation 
processes, which include resistance of bed 
materials to down-cutting and differences in 
base level controls that are typically found 
at river confluences. Detailed discussion on 
Midwest studies of channel adjustments to 
sedimentation are available (Knox 2006; 
Lecce 1997).

The magnitude of bank erosion losses has 
been evaluated in the upper Midwest using 
erosion pins (Palmer et al. 2014; Zaimes et 
al. 2008) and sequential aerial surveys using 
Light Detection and Ranging (LiDAR) sys-
tems (Kessler et al. 2012; Thoma et al. 2005). 
Using pin measurements, bank recession 
rates were estimated to average 0.19 m y–1 
(0.62 ft yr–1) in a seven-year study of Walnut 
Creek in Iowa (Palmer et al. 2014), and to 
range between 0.14 and 0.52 m y–1 (0.46 to 
1.71 ft yr–1) in a single-year study conducted 
under multiple vegetative cover types (Zaimes 
et al. 2008) along Bear Creek in Iowa. Also, 
in south-central Iowa, Tufekcioglu et al. 
(2012) found that stream banks between 1 
and 3 m (3.3 and 9.8 ft) high and located 
within grazed pastures eroded between 0.09 
and 0.38 m y–1 (0.3 to 1.2 ft yr–1); the erod-
ing banks occupied from 13% to 36% of 
the banks’ lengths among the pastured study 
sites. Pin measurements may only be feasible 
along small headwater streams and are usually 
focused along eroding banks of limited extent 
compared to full lengths of stream reaches. 
Remote data acquisition using LiDAR sys-
tems offers an advantage where access along 
longer lengths of stream, larger rivers, or high 
banks is not feasible. Several studies have used 
LiDAR surveys to assess river bank erosion 
in southern Minnesota. Thoma et al. (2005) 
compared two helicopter-borne LiDAR 
surveys flown in spring of 2001 and 2002, 
and estimated a volume loss of 281,454 m3 
(367,500 yd3) along a 56 km (34.6 mi) length 
of the Blue Earth River. Kessler et al. (2012) 
followed this effort by comparing LiDAR 
surveys conducted in 2005 and 2009 along 
the Blue Earth and six other tributaries to 
the Minnesota River. Mass wasting from 
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high (>3 m [9.8 ft]) banks was responsible 
for most of the volume losses found among 
these rivers.

Study Area Description and Objective. 
This paper presents information on the extent 
of stream channel widening that was associ-
ated with a large flood event along the South 
Fork Iowa River (SFIR), a fourth-order river 
in north-central Iowa. The SFIR (Tomer 
et al. 2008a, 2008b) comprises a 78,000 ha 
(193,000 ac) watershed, including tributaries 
Tipton Creek and Beaver Creek (figure 1). 
The SFIR is situated on the eastern margin of 
the Des Moines Lobe (Prior 1991), which is a 
region of recent (approximately 12,000 years) 
Wisconsinan-age glaciation. The watershed’s 
uplands comprise a glacial plain with gently 
rolling terrain, common glacial depressions, 
and poorly drained soils, and have not been 
well dissected by streams. However, near its 
outlet and confluence with the Iowa River, 
the SFIR cut through the terminal moraine 
of the Des Moines Lobe during times of 
glacial melt. The meltwaters carved the 
lower SFIR and tributary stream valleys, and 
partially filled those valleys with outwash 
gravels (Yan et al. 2010). These stream val-
leys occupy the lower half of the watershed. 
Subsequently, during the Holocene, the out-
wash deposits in most places became mantled 
by fine textured alluvial deposits, typically 1 
to 2 m (3.2 to 6.5 ft) thick, as the glacial plain 
forming the watershed uplands comprised 
a complex of tallgrass prairie and depres-
sional wetlands that released little runoff to 
the streams. The area was settled for farming 
by European immigrants beginning around 
1840. An extensive network of ditches and 
subsurface drainage tiles was later installed 
during the first part of the 20th century to 
enable agricultural production essentially 
across the entire landscape. These modifica-
tions enabled the native productivity of the 
prairie soils to be utilized in agricultural pro-
duction, and the network of ditches installed 
in the SFIR watershed effectively extended 
the stream network west and north into the 
uplands of the watershed’s glacial plain. This 
conversion substantially increased runoff, 
soil erosion, and stream discharge volumes. 
Some of the eroded sediment was deposited 
in the SFIR stream valleys, documented by 
Yan et al. (2010). As happened in much of 
the central United States, the recently accu-
mulated sediment slowed stream conveyance 
and increased flooding problems (Simon and 
Rinaldi 2006). Channelization and stream 

straightening were undertaken in the SFIR to 
increase stream conveyance, as occurred else-
where in the Mississippi River basin (Simon 
and Rinaldi 2006). These changes were docu-
mented in the SFIR by Yan et al. (2010), who 
found that the SFIR and Tipton and Beaver 
creeks lost a combined 14 km (8.7 mi) of 
channel length between 1939 and 2002, from 
a total of about 125 km (77.6 mi) as measured 
using rectified 1939 aerial photographs.

This paper extends the documented his-
tory of channel movement in the SFIR and 
reports on changes along the stream banks 
of the SFIR and Tipton and Beaver creeks 
that occurred between 2002 and 2009. The 
largest runoff events during this seven year 
period (2002 to 2009) comprised major 
flooding during May and June of 2008, 
which caused substantial losses of nutrients 
and sediment (Hubbard et al. 2011). Our 
objective was to estimate the widths, vol-
umes, and masses of bank movement that 
could be attributed to the 2008 flood event 
along the SFIR and its tributaries, and deter-
mine whether/how riparian land cover may 
have influenced this bank movement. A geo-
morphic survey of the SFIR stream banks in 
2006 identified channel widening as dom-
inant processes (Simon and Klimetz 2008), 
but stream banks watershed-wide were 
visibly changed after the 2008 flood event. 
Tomer et al. (2016) showed that, between 
2002 and 2008, approximately half the surface 
runoff from two cropped fields in the SFIR 
watershed occurred in 2008, and that about 
90% of the total occurred during 2007 and 
2008. Wet conditions in 2007 contributed to 
the antecedent conditions that enabled the 
2008 flood to reach its magnitude (Hubbard 
et al. 2011).

Other pertinent research using data from 
SFIR stream gages has been published. The 
SFIR hydrologic flows and nutrient loads 
that occurred during 2000 to 2011 have 
been reported by Tomer et al. (2008b) and 
Kalkhoff et al. (2015). Tomer et al. (2010) 
conducted a hydrograph separation study for 
a single September of 2006 rainfall runoff 
event in Tipton Creek, and, using radionu-
clide ratios, found channel contributions 
dominated sediment loads. However, this was 
not a channel-altering event; stream stages 
remained within bank, and bed scour, rather 
than bank erosion, was presumed to domi-
nate because sediment concentrations were 
only increased during the rising limb of the 
hydrograph, not during recession.

Materials and Methods
Color infrared photographic imagery from 
2002 and 2009 (Iowa State University 2016) 
was used to hand digitize stream bank lines 
at a scale of 1:2,000. The state of Iowa has 
obtained photographic imagery during many 
recent years, but alternated the type of imag-
ery and the season of acquisition; 2002 and 
2009 were the two years during the 2000 to 
2010 decade where near-infrared imagery 
was acquired in the spring, during leaf-off of 
hardwood trees, which allows water features 
to be most clearly delineated. Specifically, the 
2002 imagery used in this study was acquired 
on April 9 and May 6, and the 2009 imag-
ery was collected on April 3, 14, and 17 (Iowa 
State University 2016). Duplicating the study 
extent chosen by Yan et al. (2010), the SFIR, 
Tipton Creek and Beaver Creek stream 
banks were digitized along middle and lower 
reaches where the streams meandered within 
the watershed’s naturally formed alluvial val-
leys (figure 2). Stream reaches found further 
upstream, where naturally formed channels 
have been merged into dug and fully straight-
ened ditches, were not included.

The digitized bank lines were then used 
to generate polygons representing areas of 
channel movement. The bank lines were 
overlaid and areas where the lines diverged 
were formed into polygons, which were fil-
tered to identify where channel movement 
was most apparent. The filtering process first 
buffered the polygons inward by 2 m (6.6 
ft) to account for digitizing error (Micheli 
and Kirchner 2002). This buffering made 
the polygons smaller, but the 2 m buffer was 
deemed appropriate considering that for a 
1:2,000 scale image, 2 m on the ground is 
represented by only 1 mm (0.04 in) on the 
map imagery. The inward buffering meant 
that the area and volume estimates disregard 
all polygons less than 4 m (13 ft) wide, which 
could have been formed by additive digitiz-
ing errors of 1 mm. Then, slivers and small 
polygons that remained after the buffering 
were filtered out by deleting polygons with 
an area-perimeter ratio <0.5 m2 m–1 (1.64 ft2 

ft–1). The polygons that remained were classi-
fied to separate areas of stream bank erosion 
and deposition. That is, polygons that were 
part of the channel in the 2002 imagery but 
not in the 2009 imagery were classified as 
depositional, and movement polygons that 
were part of the channel in 2009 but not in 
the 2002 imagery were classified as erosional. 
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Figure 1
General map of the South Fork Iowa River watershed.
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Before calculating channel erosion 
and deposition estimates, the data set was 
inspected for sections of channelization as 
well as areas of false movement. For exam-
ple, a section of channel where the erosion 
polygon was edited to reflect the actual area 
of erosion is shown (figure 3). In 2002 this 
section of channel had a narrow branch not 
digitized as part of the main channel, but by 
2009 this branch had widened and was dig-
itized as the more recent bank line. The area 
between the 2002 and 2009 bank lines was 
considered erosion, but visually it is clear that 
total area did not erode as the island was still 
present in 2009. Several places were found 
where lengths of stream were channelized (as 
part of road and bridge repairs that closely 
followed the 2008 flooding), and a small 
number of channel cutoffs were removed 
from the polygon data before being used in 
further calculations.

A 2 m (6.6 ft) grid digital elevation model 
(DEM) derived from LiDAR data collected 
during 2009 to 2010 provided data for vol-
ume estimations. As with the color infrared 
imagery, the LiDAR acquisition occurred 
under leaf-off conditions, but one season 
later with acquisition dates for the SFIR and 
Tipton Creek occurring on November 27, 
2009, then on May 17, 2010, for Beaver 
Creek. The intervening time between the 
2009 photography and LiDAR acquisition 
included several runoff events, but less than 
half the runoff observed during 2008 (Tomer 
et al. 2010). The DEM was overlaid with the 
stream movement polygons. Depositional 
polygons were buffered outward 2 m (i.e., to 
the original digitized area), and the minimum 
elevation for each depositional polygon area 
was extracted. In the case of depositional 
polygons, the 2 m outward buffer allowed 
the minimum elevation to best represent the 
channel elevation. Note these depositional 
polygons were typically point/bar deposits 
(figure 4). This minimum elevation was then 
subtracted from actual elevation values for 
all 2 m grid cells entirely within the original 
(as digitized) polygon. The average of these 
elevation differences was calculated for each 
depositional polygon. This average was then 
multiplied by the inwardly buffered polygon 
area giving an estimated volume of deposi-
tion in cubic meters.

Volumes lost from erosional polygons 
could not be based on elevations of grid 
cells within these polygons because all the 
elevation values within the erosional poly-

Figure 2
Map showing the extent of channels delineated for analysis, including the South Fork Iowa 
River, and Tipton Creek and Beaver Creek tributaries. Overlaid imagery includes a hillshade and 
2009 aerial imagery.
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gons would represent the channel elevation. 
Therefore, using data found adjacent to 
(outside of) each of these polygons, we esti-
mated the surface elevation of the erosional 
polygon prior to the erosional event. The 
erosional polygons were buffered outward 
by 5 m (16.4 ft), creating a “ring” around 
each. Note this 5 m outward buffer thereby 
went 3 m (9.8 ft) beyond the originally digi-
tized polygon to include areas just above the 
bank on one side of each erosional polygon. 

Figure 3
Example showing how visual review was used to detect and exclude polygons not appropriately 
classified as erosional or depositional. Manual editing was done to exclude the island visible in 
the right image from the total area of movement.

0 20 40 80 120 160 m

Figure 4
Example showing buffered erosional polygons and depositional polygons. Note the erosional polygon is only shown as part of the channel in the 
2009 image, while the depositional polygon is only shown as part of the channel in the 2002 image. The erosional polygons were buffered 5 m out-
ward to obtain bank elevations for estimating volume losses. Depositional polygons were buffered 2 m so that minimum elevations used to estimate 
deposition volumes represented the channel elevation. The hollow area in both erosional and depositional polygons represents the inwardly buff-
ered polygon, which provided areas used to calculate volumes (see text). 
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The original polygons’ extents often fell 
completely onto in-channel grid cells, and 
adjoining grid cell elevations were needed 
to estimate bank heights and volume losses 
(figure 4). These 5 m buffers were split in 
two to separate channel and bank sides of 
the buffer. Median elevation values were 
calculated for both the channel- and bank-
side areas of the 5 m buffer. The median 
channel side values were subtracted from 
their corresponding median bank side values 

to result in a relative difference in elevation 
from bank to channel. We used median val-
ues here to minimize impacts of increased 
data skew where banks were highest, and 
be conservative in estimating bank heights. 
The estimated bank height was multiplied by 
erosion polygon’s (inwardly buffered) area, 
resulting in a volume for each erosion area. 
Examples of erosional and depositional poly-
gons with these buffering features used for 
elevation and volume calculations are shown 
in figure 4.

Mass estimates were finally calculated by 
multiplying volumes (m3) by a bulk density 
of 1.38 Mg m–3 (1.16 tn yd–3), the average 
bulk density of postsettlement alluvium 
reported by Yan et al. (2010). Underlying 
and finer textured Holocene deposits had 
a slightly greater (p < 0.10) density of 1.43 
Mg m–3 (1.2 tn yd–3). Hence, use of a 1.38 
Mg m–3 provided a conservative estimate of 
mass. Each step in this sequence of calcula-
tions was intended to avoid overestimating 
areas, heights, and/or volumes. Erosional 
and depositional volumes were summed 
for each stream bank and then summed 
to obtain estimates for the full reach of 
each stream. Note the SFIR channel data 
were divided into separate reaches found 
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upstream and downstream of the conflu-
ence with Tipton Creek.

We primarily focus our reported results 
on comparing stream movement data among 
these two tributaries and the upper section 
of the SFIR (i.e., above the confluence with 
Tipton Creek; figure 2). Analysis of the 
middle SFIR reach (between the Tipton 
and Beaver confluences) is reported sepa-
rately because the middle SFIR, below the 
Tipton Creek confluence, had substantially 
larger flows and different channel character-
istics, and because changes in geomorphic 
processes can be anticipated below stream 
confluences (Rhoads and Kenworthy 1998). 
Our assessment did not extend below the 
confluence of SFIR with Beaver Creek (fig-
ure 2), which is about 8 km (5 mi) above 
the SFIR confluence with the Iowa River. 
Iowa River flooding in 2008 sent backwater 
up-channel along the SFIR, and floodplain 
and landscape features differ below the 
Beaver confluence, which is also where the 
SFIR flows out of the Des Moines Lobe 
landform region.

Accuracy of LiDAR elevation data was 
assessed relating data from 22 surveyed 
stream cross sections, obtained using kine-
matic global positioning system (GPS) 
survey equipment, to LiDAR grid ele-
vations. The cross section surveys were 
conducted in 2005 to 2006 (various dates), 
but were conducted in places with stable 
banks as a matter of safety and access, and 
hence all these cross sections were in places 
where bank movement polygons were not 
present. We separated these elevation com-
parisons to indicate absolute differences in 
average elevations by transect and relative 
differences within transects. That is, average 
elevations were compared by transects, then 
specific point/grid data were compared 
after subtracting the transect’s average ele-
vation, to determine reliability of relative 
local differences, which we used in making 
the volume estimations.

Summary statistics were calculated by 
stream reach including channel length, sin-
uosity, channel slope, and a widening ratio 
(net area of bank loss divided by channel 
length). Channel length was determined 
using the stream center lines, sinuosity was 
calculated as the ratio of the length to the 
channel line to the straight line distance 
from the stream length’s beginning to end, 
and slope was determined by the change in 
elevation divided by the length of the chan-

nel center line. These statistics were used to 
help explain variation of channel movement 
within the South Fork watershed. Riparian 
land use was assessed using the 2009 cov-
erage of the Cropland Data Layer (USDA 
NASS 2016), filtered to majority land cover 
type (i.e., perennial grass, forest, crop, or 
other) along a 20 m (66 ft) buffer on each 
side of the stream. Cover types were fil-
tered to represent majority cover within 
field boundaries (i.e., what the dominant 
cover type was), which were assembled as 
described by Tomer et al. (2015). We also 
assessed whether the streams varied in their 
distribution of counted erosional polygons 
by land cover type using binomial statistics. 
Observations and oblique photographs taken 
during low altitude helicopter flights in 
November of 2008 and April of 2009 were 
used to support interpretations.

Results and Discussion
Comparing Channel Movement among 
Tributaries. Among the upper SFIR and 
Tipton and Beaver creeks, we identified 
733 erosional and 285 depositional polygons 
representing bank movement (table 1). The 
smallest of these polygons were 8 to 11 m2 
(9.5 to 13.1 yd2) depending on the stream 
and type of movement, but this minimum 
size was essentially determined by filtering of 
small and/or narrow polygons. The largest 
erosional polygons were 1,272 m2 (1,521.3 
yd2) along the SFIR, 595 m2 (711.6 yd2) 
along Tipton Creek, and 1,598 m2 (1,911.2 
yd2) along Beaver Creek. The largest depo-
sitional polygons were 995 m2 (1,190 yd2) 
along the SFIR, 1,204 m2 (1,439.9 yd2) 
along Tipton Creek, and 1,259 m2 (1,505.7 
yd2) along Beaver Creek. When combined 
among the streams, results (table 1) show net 
bank losses during 2002 to 2009 were esti-
mated to be about 8.5 ha (21 ac) of land, 
which was lost to bank erosion and became 
part of these three stream channels. The 
losses were not uniform among the streams 
surveyed, as Beaver Creek was widened by 
about 1.1 m (3.6 ft), the SFIR by 0.8 m (2.6 
ft), and Tipton Creek by nearly 0.5 m (1.6 ft; 
table 2). These amounts of channel expan-
sion were greater, but within the same order 
of magnitude, when compared to annual 
rates of erosion reported for exposed banks 
of other Iowa streams (Palmer et al. 2014; 
Tufekcioglu et al. 2012; Zaimes et al. 2008), 
but are averaged over the entire length of 
these three channels. Note the 2008 flood-

ing reduced the length of all three streams, 
and the sinuosity of Tipton and Beaver 
creeks (table 2). The most sinuous stream, 
the SFIR, showed the least reduction in 
length. The channel gradients may be high 
for the US Midwest, but reflect the transi-
tion from the recent glacial landform region 
(Des Moines Lobe) forming the headwaters 
(to the west), to where the watershed outlets 
onto an older (pre-Wisconsinan) landform 
region (to the east).

The differences in relative widening were 
affected by land cover (presented below), 
stream sinuosity (table 2), and watershed size. 
Beaver Creek had the straightest channel, 
the least riparian forest cover, and the great-
est channel widening. Tipton Creek had 
the greatest amount of riparian forest cover, 
a sinuosity that was intermediate between 
the other two streams, and showed the 
least channel widening. Tipton and Beaver 
creeks are similar in size, about 20,000 ha 
(45,000 ac). The SFIR is somewhat larger, 
draining about 36,500 ha (90,000 ac) above 
its confluence with Tipton Creek, and has 
intermediate forest cover, the most sinuous 
channel, and widening that is intermediate 
between the other two streams.

We separated the net stream movement 
data by stream side to identify any evidence 
of stream migration. The amounts of bank 
movement differed between banks for each 
stream, particularly for Tipton Creek, which 
actually showed a small net deposition along 
the left (northern) bank (table 1), suggesting 
the stream migrated southward. Similarly for 
the SFIR, there was more area of bank loss 
on the right (southwestern) bank. In con-
trast, there was more erosion estimated for 
the left (eastern) banks along Beaver Creek. 
There is no clear reason to expect net stream 
movement/widening in any given direction 
within these valleys filled with glacial out-
wash, and we found no literature reporting 
stream migration rates beyond the scale of a 
single meander. These values are, therefore, 
of uncertain significance. Relative projection 
errors between the 2002 and 2009 rectified 
photo-coverages averaging only a few deci-
meters (i.e., less than 1 ft) could be enough 
to cause this apparent net stream movement. 

Accuracy Assessment—Elevation Data. 
The assessment comparing elevations 
obtained using GPS survey equipment 
located along 22 stream cross sections with 
elevations of corresponding grid cell loca-
tions within the LiDAR based DEM were 
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favorable. Absolute differences were based 
on transect-averaged data. Most (12) of these 
22 differences were less than 0.5 m (1.65 ft), 
and all but four showed transect averages 
differed by less than 1 m (3.3 ft). The four 
transects with larger absolute errors (figure 
5a) were explained by use of differing eleva-
tion reference datum for transects coinciding 
with heavier forest cover. However, relative 
differences within transects, calculated by 
comparing deviations from transect mean 
and pooled among 316 survey points, showed 
a mean value of 0 m, and standard deviation 
of 0.45 m (1.5 ft) (figure 5b). Relative eleva-
tion differences did not exceed 1.75 m (5.7 
ft), and relative errors less than 0.25 m (0.82 
ft) (figure 5b), i.e., less than half the median 

Table 1
Comparison of bank movement polygons, areas of movement, and volumes for three streams in 
the South Fork Iowa River (SFIR) watershed. Volumes by bank side are also given.

Stream Erosion Deposition Total (net)

Polygons (count)
 SFIR 327 121 448
 Beaver Creek (BC) 197 86 283
 Tipton Creek (TC) 209 78 287
Total area (m2)
 SFIR –57,553 15,429 –42,124
 BC –41,384 12,923 –28,461
 TC –22,840 8,249 –14,591
Volume (m3)
 SFIR –61,246 14,270 –46,976
 BC –41,617 9,517 –32,100
 TC –15,060 9,356 –5,704
Volume by bank (m3)
 SFIR left –19,867 7,327 –12,540
 SFIR right –41,379 6,943 –34,436
 BC left –27,535 4,351 –23,185
 BC right –14,082 5,166 –8,916
 TC left –2,643 8,404 5,761
 TC right –12,417 952 –11,465

Table 2
Summary statistics for comparison among streams. 2002 measures differ from what Yan et al. 
(2010) reported because stream banks were newly digitized and the studies’ extents slightly varied.

Variable Year South Fork Beaver Creek Tipton Creek

Channel length (m) 2002 51,494 25,409 30,150

 2009 51,364 24,878 29,432

Sinuosity 2002 2.30 1.50 1.95

 2009 2.30 1.47 1.89

∆ Elevation (m) 2009 45.1 44.6 38.6

Stream gradient (m m–1) 2009 0.0020 0.0026 0.0025

Widening ratio (m) 2009 –0.82 –1.14 –0.49

bank heights for erosional polygons along all 
three reaches (table 3), were typical.

Land Cover and Stream Movement. 
Differences in bank movement among the 
streams (table 1) would have been related 
not only to the type of land cover, but the 
condition of vegetation comprising that 
cover. Zaimes et al. (2008) reported greater 
bank losses along continuous grazed pas-
tures versus rotationally grazed or nongrazed 
(Conservation Reserve Program [CRP]) 
grasses. Unfortunately, satellite imagery used 
to classify and map land cover data (USDA 
NASS 2016) cannot be used to discern con-
dition of grass stands. The “perennial grass” 
cover class we evaluated included both 
grazed and nongrazed cover of perennial 

grasses. Informal field observations made 
during low elevation helicopter flights along 
these streams in November of 2008 and April 
of 2009 (figure 6) suggested that more of the 
areas in the perennial grass cover class along 
Beaver Creek were continuously grazed than 
were the areas in the perennial grass cover 
class along the other two streams. In addi-
tion, we observed narrow strips of ungrazed 
grasses between the stream and adjacent 
cropland; often these grassy stream banks 
were too narrow to be detected by satellite 
imagery and were narrower than typically 
found among USDA CRP buffers (figure 
6). A review by Schultz et al. (2009) found 
that a buffer width three times the bank 
height can control bank erosion. Therefore, 
buffers less than 6 m (33 ft) wide (i.e., less 
than half the 20 m [65.6 ft] grid size for the 
land use data) can control bank erosion in 
settings where bank heights are less than 2 
m (6.5 ft) high, which is a greater height 
than estimated for most eroded polygons 
along these streams (table 3).

We pursued the question of consistency 
of land cover data with locations of bank 
erosion polygons further using binomial sta-
tistics. The lengths of stream bank that were 
eroded beyond the 4 m (13.1 ft) digitizing 
tolerance comprised between 16% and 21% 
of the total bank lengths, with the greatest 
of these proportions occurring along Beaver 
Creek (table 4). Annual cropping did not 
dominate riparian land use, as 76% to 88% 
of the stream bank lengths were bordered by 
perennial vegetation, either perennial grass 
cover or forest, among these streams (table 4). 
The stream bank lengths bordered by annual 
row cropping comprised 6.5% of the bank 
length of the SFIR, 14.3% of Tipton Creek, 
and 20% of the bank length along Beaver 
Creek. Noting that the proportion of eroded 
stream bank bordered by perennial grasses 
along Beaver Creek exceeded the proportion 
of total stream bank bordered by perennial 
grasses by >8% (72.5% versus 64.3%; table 
4), and that Beaver Creek had the greatest 
proportion of stream bank that was eroded, 
we set up a binomial test to evaluate whether 
significantly more eroded banks were adja-
cent to perennial grasses along Beaver Creek 
than would be expected, if land cover had 
no effect on the location of erosional poly-
gons. This was set up using polygon count 
data, as follows. If we believe that land cover 
bordering the stream does not affect the dis-
tribution of bank erosion polygons, then the 
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Figure 5
Histograms of elevation differences between GPS and LiDAR derived elevations along 22 tran-
sects. Histogram (a) depicts differences in transect averages, while histogram (b) depicts differ-
ences by point/grid cell for all transects.
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Table 3
Descriptive statistics of bank heights for erosional polygons along the three reaches.

Erosional bank heights (m) South Fork Beaver Creek Tipton Creek

Median 0.77 0.90 0.62
95th percentile 1.74 2.12 1.23
Maximum 7.59 3.69 3.01

fraction of total stream length occupied by 
each cover type would estimate the fraction 
of erosional polygons we would expect under 
each cover type. Along Beaver Creek, 64.3% 
of the bank lengths were bordered by peren-

nial grass. Given that 197 erosional polygons 
were observed along Beaver Creek, we 
would then expect to observe 127 of those 
polygons [E(x) = np = 197 × 0.643 = 127] 
to border perennial grass cover. This estimate, 

given binomial statistical theory, would have 
a standard deviation (SD) of 6.7 [SD(x) = 
np(1 – p)0.5 = (197 × 0.643 × 0.357)0.5 = 6.7]. 
Therefore, with 95% frequency, we would 
expect the observed number of erosional 
polygons bordered by perennial grass cover 
to be between 113 and 140 (i.e., 127 ± 1.96 
× 6.7). Given that the observed value of 142 
polygons was outside this 95% confidence 
interval, we can conclude that the stream 
banks bordered by perennial grass cover were 
more erodible along Beaver Creek than the 
other two streams, where the observed and 
expected values were within one standard 
deviation of each other (data necessary to 
perform these calculations are given in table 
4). Similarly, we found that the number of 
erosional polygons found along banks bor-
dered by cropland were less than expected 
along Tipton and Beaver creeks. This was 
particularly true along Beaver Creek where 
we would have expected between 28 and 
50 erosional polygons with 95% frequency, 
but only counted 20 such polygons. The 
19 erosional polygons adjoining cropland 
along Tipton Creek was only one less than 
we would have anticipated to be within a 
95% confidence interval. We conclude that 
narrow nongrazed buffers must have pro-
tected many of the stream banks adjoined 
by cropland along the two smaller streams. 
We examined all 20 erosional polygons adja-
cent to cropland along Beaver Creek using 
2009 images and only found two instances 
of cultivation right to the stream edge (not 
shown). A literature review by Schultz et al. 
(2009) concluded that narrow grass buffers 
(6 to 10 m [20 to 30 ft] wide) protect stream 
banks from erosion. Intensively grazed pas-
tures apparently dominated the perennial 
grass cover type to the greatest extent along 
Beaver Creek. Observations made during 
helicopter flights supported this interpreta-
tion (figure 6).

Mass Loss Estimates. Assuming a bulk 
density of 1.38 Mg m–3 (1.16 tn yd–3), the 
results indicated nearly 117,000 Mg (129,000 
tn) of sediment loss associated with bank 
losses along these three streams. Remarkably, 
this total represents, on average, 1.1 Mg (1.2 
tn) mass loss of bank material per meter of 
channel length. Again, the differences among 
the three streams were substantial, with per-
unit-of-stream-length mass losses of 1.77 Mg 
m–1 (1.78 tn yd–1) for Beaver Creek, 1.26 Mg 
m–1 (1.27 tn yd–1) for the SFIR, and 0.27 Mg 
m–1 (0.27 tn yd–1) for Tipton Creek. The total 
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Figure 6
Evidence that bank erosion differs between (a and b) areas of continuously grazed perennial grass cover and (c and d) areas in perennial grass that are 
not continuously grazed. Labels indicate where (South Fork Iowa River [SFIR], Beaver Creek, or Tipton Creek) each photograph was taken. (c and d) show 
examples where cropped areas adjacent to the stream had narrow riparian buffer zones that helped stabilize banks; these buffers may or may not have 
been in the USDA Conservation Reserve Program. Photos were taken during helicopter flights during November of 2008 and April of 2009.

(a) (b)

(c) (d)

SFIR

Tipton Creek

Beaver Creek

Tipton Creek

mass loss estimated for Tipton Creek and the 
SFIR was estimated at about 72,700 Mg 
(80,138 tn). These two streams are located 
above a gage site along the middle section 
of the SFIR. Hubbard et al. (2011) estimated 
that daily sediment load during the June of 
2008 floods peaked at more than 10,000 
Mg d–1 (11,023 tn day–1). Unfortunately, the 
2008 floods closed nearly every bridge in 
this watershed, and access to obtain sediment 
concentration data necessary to obtain total 
loads was not possible. However, clearly the 
bank losses we estimated would account for 
a large portion of the stream sediment load 
during 2008 flooding. There were also sub-
stantial upland soil losses that occurred, as 
well as over bank sediment deposition onto 
the floodplain, observed by Yan et al. (2010) 
to be as much as 0.1 m (4 in) thick while 
investigating accumulation of postsettlement 
alluvium in these valleys.

Bank Movement along the Middle South 
Fork Iowa River. The middle section of the 
SFIR, between the confluences of Tipton and 
Beaver creeks, showed substantially greater 
amounts of bank movement than the tribu-
tary streams. The length of this reach was 9.85 
km (6.1 mi), and the total drainage area just 
above the confluence with Beaver Creek was 
about 59,650 ha (147,350 ac). The sinuosity 
was 1.66, indicating the channel had been 
straightened, but not as much as Beaver Creek. 
This overlay of 2002 and 2009 bank lines 
showed 103 erosional polygons, the largest 
being 4,312 m2 (1.06 ac) in area and the total 
area was 4.69 ha (11.6 ac). In contrast, only 
14 depositional polygons were found, which 
totaled 0.29 ha (0.72 ac) in size. The net loss 
of bank material along this length of channel 
was estimated at 58,191 m3 (2,054,995.8 ft3), 
with a mass of 80,304 Mg (88,334 tn). This 
volume loss was 5.9 m3 m–1 (63.5 ft3 ft–1) of 

channel length. This was more than 5 m3 m–1 
(53.8 ft3 ft–1) of channel, which was calculated 
for the Blue Earth River in Minnesota during 
2001 to 2002 using data reported by Thoma 
et al. (2005). Banks higher than 3 m (10 ft) 
high are common along the Blue Earth River, 
but not along the SFIR. This middle reach of 
the SFIR was widened by an estimated 4.47 
m (14.7 ft) by the 2008 flood, and the mass 
loss per unit of stream length was 8.15 Mg 
m–1 (9.8 tn yd–1 of channel length). The large 
increase in loss per-unit-length indicates that 
downstream of the SFIR-Tipton confluence, 
the 2008 flood substantially changed this 
reach of the SFIR channel.

Summary and Conclusions
The estimated bank losses reported here 
reflect the impact of an extreme event on 
channel widening and sediment losses. 
Including both reaches of the SFIR, more 
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Table 4
Lengths of stream bank that showed movement (erosion and deposition) along three stream reaches and percentage adjoining land cover,  
compared to total lengths and lengths showing no movement (stable).

   Land use cover (%)*

Stream/movement Bank length (m) Perennial grass Crop Forest Other

Tipton Creek
 Erosion 9,400 49 7 36 8
 Deposition 3,008 48 7 36 9
 Stable 46,669 48 15 30 7
 Total 59,077 49 14 30 7
 Erosional polygons (count) — 97 19 74 19
Beaver Creek
 Erosion 10,457 72 12 14 2
 Deposition 3,240 69 11 18 2
 Stable 36,244 62 23 11 4
 Total 49,941 64 20 12 4
 Erosional polygons (count) — 142 20 32 3
South Fork Iowa River
 Erosion 19,611 50 6 40 4
 Deposition 5,343 50 6 42 2
 Stable 78,118 50 9 35 6
 Total 103,072 50 7 38 5
 Erosional polygons (count) — 167 17 129 14
Note: 1,610 m = 1 mi.
*Erosional polygons measured as (count), not measured as a percentage.

than 12 ha (30 ac) were added to the water-
shed channels during the 2008 flood and 
events that led up to it. Against the impact 
and magnitude of the 2008 flood event, there 
is the indication that where riparian areas are 
protected by perennial ungrazed grasses, sub-
stantial damage and bank movement during 
even the largest events can be reduced, at 
least along our smaller streams. Current cli-
mate trends may be increasing the frequency 
of large precipitation events, and there is con-
cern that conservation practices will need to 
be adapted and increased in extent/cover to 
meet this challenge (Garbrecht et al. 2014). 
Our results indicate riparian management 
practices can have a key role in adapting to 
ongoing climate change and mitigating the 
impacts of large events on stream channels.
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