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HIGHLIGHTS

o Stabilization structures are only effective at stabilized segments.

¢ Erosion increased in two of the six segments in the post-stabilization period.
o Deposition decreased in all six segments in the post-stabilization period.

e Jetties are effective at reducing erosion but are also prone to fail.

ABSTRACT. The effectiveness of streambank stabilization structures is insufficiently quantified. Although such structures
clearly reduce or eliminate streambank erosion at the local scale, little is known about associated effects on unstabilized
reaches immediately upstream and downstream. This study measured streambank erosion and deposition in stretches of the
Cedar River, 1.5 meander wavelengths upstream and downstream from 24 stabilization structures that included jetties, rock
vanes, root wads, and gravel protection. We also measured erosion and deposition on the streambanks directly opposite the
stabilized locations. We compared measurements from the pre-stabilization period (1993-2005) with those from the post-
stabilization period (2005-2018) using historical imagery in ArcGIS. Upon completion of this analysis, we were able to
reject an initial hypothesis that local and adjacent streambank segment erosion rates would be significantly less after sta-
bilization, and that deposition rates would be greater in stabilized locations and adjacent stream segments. Instead, the
differences in erosion from pre- to post-stabilization showed little or no statistical significance. Rather, our data indicated
that streambank erosion decreased in only four of the six stream segments and was predominantly confined to the stabilized
segment. Overall deposition decreased in all six stream segments after bank stabilization. In reaches where wooden jetties
were installed, partial or total failure was common, and further increases in erosion and decreases in deposition were more
pronounced. We conclude that streambank stabilization on the Cedar River is effective only at the location of installation;
there is no measurable effect on adjacent unstabilized reaches. Our results demonstrate the need for improved streambank
monitoring practices and better understanding of how streambank stabilization impacts an entire river system. Such ad-
vances will enhance stream restoration design and implementation, as well as support future river management efforts.

Keywords. Adjacent stream reach, Deposition, Jetty, Erosion, Streambank stabilization.

treambank stabilization structures (e.g., rock vanes,
jetties) are effective at reducing, and in some cases
eliminating, streambank erosion and failure at the
local scale. The goal of these structures is to en-
hance the channel’s geomorphic integrity by disrupting the
hydrodynamic forces that drive streambank retreat
(Khosronejad et al., 2018) or by improving the strength of
streambanks (e.g., gravel protection) (Reid and Church,
2015). Additionally, streambank stabilization reduces
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sediment and nutrient loading to downstream reaches,
thereby improving the water quality and aquatic habitat con-
ditions of receiving watercourses (Fox et al., 2016).

Streambank stabilization usually consists of isolated
structural modifications constructed on a site-by-site basis as
determined by local needs, such as the protection of infra-
structure or agricultural land (Wohl et al., 2015; Bigham,
2020). These local modifications impact streamwise sedi-
ment dynamics (Enlow et al., 2018). A pronounced impact
may lead to changes in flow depth, channel-bed material
composition, and transport capacity, ultimately rendering
stabilization structures ineffective (Pizzuto, 2008; Castro-
Bolinaga and Fox, 2018).

Many studies have evaluated the impact of stabilization
structures on streambank erosion. Bigham (2020) reviewed
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146 peer-reviewed publications on streambank stabilization
systems. They observed that most studies focused on in-
stream structures and used physical models, while stream-
bank management techniques were assessed primarily in the
field. Of the 146 reviewed studies, 68% evaluated the effect
on streambank erosion. Of the 21 published studies on hard-
ened streambanks, 62% evaluated the effectiveness of reduc-
ing or stopping streambank erosion at the area of interest.
Another highlight from the review is that most of the studies
focused on topics unrelated to the effects of various stream-
bank stabilization structures. Instead, the primary focus for
80% of the studies was on how in-stream structures influ-
ence sediment transport processes in the stream (Bigham,
2020). Also absent from most of the review, and thus a large
part of the available literature, is how dominant erosion pro-
cesses (fluvial erosion, subaerial processes, and mass wast-
ing) impact erosion rates, and how those rates change as the
dominant processes change over time (Couper, 2004; Simon
et al., 2000).

Although most studies aim to assess the site-scale effects
that streambank stabilization has on streambank erosion at
the local scale, the need for broader, long-term site evalua-
tions has been consistently emphasized in the literature (An-
stead et al., 2012; Bhuyian et al., 2009; Buchanan et al.,
2014; Cooperman, 2007; Enlow et al., 2018). To make this
transition, several field sites, as well as before-after-control-
impact studies (BACI), are vital in creating a dataset large
and comprehensive enough to evaluate the long-term im-
pacts of stabilization structures in natural settings (Cooper-
man et al., 2007). Assessment of these projects and their ef-
fects on the whole stream and/or watershed scale, and con-
versely the entire watershed’s impact on streambank stabil-
ity and the stream’s evolutionary stage, is critical to better
understand and improve streambank stabilization structures
(Anstead et al., 2012; Buchanan et al., 2014; Cooperman et
al., 2007; Enlow et al., 2018; Florsheim et al., 2008; Rosgen,
1996; Wohl et al., 2015). In this study, we employed meth-
ods to assess streambank techniques on a whole-stream ba-
sis, with the intention of addressing the deficiencies outlined
by Bigham (2020). We specifically addressed the need for
long-term studies that assess the whole-stream impacts of
streambank stabilization structures.

The Cedar River is a dynamic watercourse that originates
in the Nebraska Sandhills. Its streambanks have been stabi-
lized, successfully or unsuccessfully, with various tech-
niques over a period of many decades. Two previous studies
conducted on the Cedar River evaluated the effectiveness of
streambank stabilization structures on streambank erosion
and deposition (Dave and Mittelstet, 2017; Russell et al.,
2021). Dave and Mittelstet (2017) quantified the streambank
retreat before (0.45 m?> m! year!) and after (0.16 m?> m!
year!) the stabilization of 18 streambanks. They found that
the stabilized banks were more efficient than the control sites
at reducing erosion. Russell et al. (2021) evaluated stream-
bank retreat and deposition at three banks stabilized with
wooden jetties on the Cedar River. They found that the jet-
ties both reduced erosion and increased deposition. While
both studies quantified the erosion and deposition at the sta-
bilized bank, neither evaluated the impact of the stabilization
structure upstream or downstream.
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Therefore, the objectives of the present study are to quan-
tify the erosion and deposition upstream and downstream of
the stabilized streambank, as well as for the opposite bank,
before (1993-2006) and after (2006-2018) the streambanks
were stabilized. Based on the findings from Dave and Mit-
telstet (2017), we hypothesized that the (1) local and adja-
cent streambank segment erosion rates would be signifi-
cantly less after stabilization, and (2) deposition rates would
be greater in stabilized locations and adjacent stream seg-
ments after stabilization. We tested these hypotheses by
comparing remotely sensed data for pre-bank stabilization
and post-bank stabilization using ArcGIS and historical aer-
ial imagery.

MATERIALS AND METHODS
STUDY SITE

The Cedar River, which originates in the eastern edge of
the Nebraska Sandhills in north central Nebraska, flows ap-
proximately 200 km to the Loup River south of Fullerton,
Nebraska (fig. 1). The 3200 km? watershed is predominantly
grassland and sand dunes in the west and gradually changes
to cropland in the central Nebraska Loess Hills and Loess
Uplands in the eastern part of the watershed. The stream-
banks, which are 0.4 to 4.0 m in height, are predominantly
sand and silt (Dave and Mittelstet, 2017). The average dis-
charge from 2006 to 2016 was 5.6 m* s and 8.4 m* s! at the
gauge stations near Spalding and Fullerton, Nebraska, re-
spectively (NEDNR, 2021). There are dams on the Cedar
River at Ericson and Spalding (fig. 1). In June 2010, the dam
at Ericson Lake Reservoir breached after multiple days of
precipitation. During the ensuing flood, discharge peaked at
190.4 m® s”!, a value nearly three times greater than the next-
highest discharge on record (1944-current) (Dave et al.,
2020). The flood caused 2820 m? km™! year™! of streambank
erosion, compared to 576 and 384 m? km™! year! for the pre-
flood and post-flood periods, respectively (Dave et al.,
2020). Nearly 30% of all streambank erosion from 2006 to
2016 was generated by this one extreme flood event.

STREAMBANK STABILIZATION STRUCTURES

Historically, landowners along the Cedar River have been
affected by erosion along the river. In the early 2000s, the
Loup Basin Resource Conservation and Development Coun-
cil, in collaboration with landowners along the river, re-
ceived two grants to stabilize at least 24 streambanks on the
Cedar River (Loup Basin RC&D, 2021). Six types of struc-
tures were installed in 2005, including 13 wooden jetties,
four tree jetties, one reinforced concrete wall, three rock
vanes, one root wad, and four sloped gravel banks (one reach
has both tree jetties and a sloped gravel bank). Stabilization
structures generally have two functions: (1) reduce applied
hydrodynamic force and (2) increase streambank strength by
modifying or adding streambank material. Each of the struc-
tures used on the Cedar River provides these two functions.

Wooden jetties (fig. 2a) consist of two or three vertical
posts and one horizontal tree trunk. In many cases, the struc-
ture has woody vegetation (red cedar saplings, shrubs, etc.)
tied throughout the posts to increase the streambank area

TRANSACTIONS OF THE ASABE
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Figure 1. Location of 24 study sites and Ericson and Spalding Dams on the Cedar River in Nebraska.

Figure 2. Six different types of stabilization structures were assessed during this project: (a) wooden jetty, (b) tree revetment, (¢) reinforced
concrete wall, (d) rock vane, (e) root wad, (f) and sloped gravel bank. Yellow arrows indicate flow direction.

protected by the structure. The jetties are angled downstream
and are used to slow and deflect flow. Tree revetments
(fig. 2b) are similar in structure to wooden jetties. In these
structures, a tree trunk is keyed into the streambank with its
roots into the bank, with no vertical support, and is angled
downstream to deflect flow and reduce velocity. The rein-
forced concrete wall (fig. 2c) was located directly down-
stream of Spalding Dam and was likely constructed because
of its strength relative to other stabilization practices. Rock
vanes (fig. 2d) consist of rip rap extending from the toe of

64(5): 1555-1567

the bank into the river, angled upstream, and are intended to
decelerate flow and protect the bank. A root wad (fig. 2e) is
like a tree revetment, except that the bottom of the trunk and
its roots are exposed in the channel flow to dissipate the hy-
drodynamic forces acting on the bank. Sloped gravel banks
(fig. 2f) have gravel added on top of various erosion control
fabrics and materials. This combination of bank slope reduc-
tion, stabilization, and increased material strength creates an
environment that is optimal for vegetation growth, further
strengthening the streambank. All reaches with sloped gravel
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Table 1. Each site had one or more stabilized segments within the
examined reach. These stabilized segments were documented based on
their location and the percentage of the stabilized area within the
segment, as well as the percentage of each segment that was stabilized,
e.g., 100% of the stabilization found at site 13 was in segment USIR,
and 20.4% of that segment had a stabilized bank.
Percentage of

Percentage of

Stabilized Stabilized Area Segment that

Site Segments in Segment was Stabilized
1 USIL 31.6 10.8
DSIL 68.4 21.0
2 USIR 24.0 22.6
DSIR 75.9 12.6
3 USIL 100 19.7
4 USIR 16.2 6.0
DSIR 83.8 20.7
5 USIR 433 18.4
DSIR 56.7 29.9
6 DSIR 100 38.3
7 USIR 51.5 25.7
DSIR 48.5 3.2
8 USIL 100 34.5
9 DSIR 100 29.4
10 DSIL 100 41.2
USIR 65.0 31.4
DSIR 35.0 24.7
12 USIR 15.6 12.2
DSIR 84.4 73.7
13 USIR 100 20.4
14 USIL 100 45.3
15 DSIL 100 61.1
16 DSIR 100 51.3
17 USIL 100 56.9
18 DSIL 100 30.8
19 USIL 100 49.1
201 USIR 18.7 12.1
DSIR 81.3 60.8
21 USIL 100 29.8
22 USIL 100 8.9
23 USIR 100 12.2
2412 DSIR 100 21.9

[a] Percentages were estimated based on site visits because the stabiliza-
tion structure was not visible in aerial images from 2006 or later.
Landowner accounts provided during the site visits were used to deter-
mine the stabilization structure type and location in the reach.

banks were completely vegetated with grass at the time of
site visits. Five of the reaches lie between the Ericson and
Spalding Dams (fig. 1). Reaches 10 and 11 are approxi-
mately 8 km downstream from Ericson Dam. The remaining
19 study reaches were located downstream of Spalding Dam.
Reach 8, the farthest downstream, is approximately 72 km
downstream of Ericson Dam (table 1).

MEASUREMENT OF STREAMBANK EROSION
AND DEPOSITION

There is no established standard method for evaluating
the upstream and downstream influence of stabilization
structures. We initially considered evaluating the upstream
and downstream segments using a constant downstream dis-
tance (e.g., 100 m). We rejected this approach because it pre-
cludes the comparison of analogous parts of the river’s plan-
form; consequently, it would produce incongruent data. The
use of a constant distance, particularly a relatively short dis-
tance, might entail the collection of data from an entire me-
ander at one location, only a partial meander at another loca-
tion, and a straight stretch at a different location. Therefore,
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we opted to quantify the erosion and deposition at 1.5 mean-
der wavelengths upstream and downstream of each stabi-
lized location.

We divided each reach into six segments defined accord-
ing to inflection points where the curvature of the stream
channel changes direction. Reach is defined as the study site
encompassing all six segments based on the inflection
points. The distance between two inflection points consti-
tutes a full wavelength, or a single meander (Leopold et al.,
1957). We used the 2006 aerial image to identify inflection
points and then used the same located points in all other im-
ages, whether they preceded or succeeded that aerial photo-
graph year (fig. 3). The midpoints of the upstream and down-
stream sections were the areas of streambank stabilization
(fig. 3). Each new river segment began at each inflection
point of the following meander and continued until the next
inflection point. The six segments were labeled upstream 1
(US1), upstream 2 (US2), upstream 3 (US3), downstream 1
(DS1), downstream 2 (DS2), and downstream 3 (DS3).
Channel migration and abandonment, including the for-
mation of oxbows, precluded the assessment of certain seg-
ments in certain aerial photograph years.

We assessed channel migration for two periods: 1993-
2006 (pre-stabilization) and 2006-2018 (post-stabilization)
(fig. 3). Erosion and deposition were measured for both the
left (L) and right (R) streambanks, so there were a total of
24 measurements for each study location for the two time
periods: DS1 erosion and deposition for the right (DS1R)
and left (DS1L) banks (4 measurements), DS2 erosion and
deposition for the right and left banks (4 measurements),
DS3 erosion and deposition for the right and left banks
(4 measurements), US1 erosion and deposition for the right
and left banks (4 measurements), US2 erosion and deposi-
tion for the right and left banks (4 measurements), and US3
erosion and deposition for the right and left banks (4 meas-
urements). A total of 48 erosion and deposition measure-
ments were made at each study site.

For each measurement, an edge-of-bank line was drawn
over each segment, for each selected year, to quantify the
area of streambank that was either eroded or deposited. The
area between the polylines representing the streambanks of
each reach was measured with the ArcMap measuring tool
similar to the method of Heeren et al. (2012). The area of
each polygon was measured and recorded, and the cumula-
tive erosion and depositional data were summed. Segment
length and yearly variations in channel length were meas-
ured and recorded alongside the corresponding erosion and
deposition data. Each streambank section’s total erosion and
deposition were normalized by dividing by segment length,
resulting in a value with units L2 L',

SITE CHARACTERIZATION

For each study site, the following parameters were rec-
orded: percentage stabilized (table 1), sinuosity (S), status of
stabilization structure (table 2), and the segment, or seg-
ments, in which the stabilization structure was installed (ta-
ble 1). The sinuosity of each reach was calculated by divid-
ing the length of the stream centerline from the upstream end
of US3 to the downstream end of DS3 by the straight-line
distance between those points.

TRANSACTIONS OF THE ASABE
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Figure 3. At site 20, each reach was divided into six segments: upstream 1 (US1), upstream 2 (US2), upstream 3 (US3), downstream 1 (DS1),
downstream 2 (DS2), and downstream 3 (DS3). Stream inflection points were used to determine the lengths of the stream segments.

Table 2. Each site was categorized into functional (F), non-functional
(N), or partially functional (P), and a sinuosity value was calculated for
each site. Distance is downstream from Ericson Dam. Spalding Dam is
located at km 27.

Distance from

Stabilization Ericson Dam

Site Structure Functionality  Sinuosity (km)
1 Wooden jetties P 1.4 13
2 Rock vanes F 1.3 26
3 Wooden jetties P 1.7 34
4 Sloped gravel bank F 1.7 34
5 Sloped gravel bank F 1.7 34
6 Wooden jetties P 33 61

and rip rap
7 Reinforced F 1.8 27
concrete wall

8 Wooden jetties P 1.1 72
9 Wooden jetties P 1.4 55
10 Sloped gravel bank F 1.5 8
11 Wooden jetties F 1.8 8
12 Root wads F 1.6 34
13 Rock vanes F 1.4 20
14 Wooden jetties F 2.0 63
15 Wooden jetties N 2.3 62
16 Tree jetties N 2.5 37
17 Tree jetties N 2.3 40
18 Wooden jetties N 1.1 35
19 Tree jetties F 2.0 62
20 Wooden jetties N 1.8 57
21 Wooden jetties P 1.4 60
22 Tree jetties F 1.3 63
23 Tree jetties F 1.3 62
24 Tree jetties Unknown 1.8 59

We visited all 24 study sites from May 2018 to August
2019 and evaluated the streambank stabilization structures
in terms of their status and functionality (table 1). Fully func-
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tional structures (F) were entirely visible above stream level
and showed no major structural damage. Partially functional
structures (P) were only partially visible and/or had struc-
tural damage. Structures that were no longer visible, having
been buried or washed away, were classified as non-func-
tional (N).

Using ArcMap, we evaluated the segment, or segments,
where the streambank was stabilized. The percentage of the
length of the bank with a stabilization structure within each
segment was documented, as well as the percentage of the
length of the segment, or segments, that was stabilized (ta-
ble 1 and fig. 3).

DATA ANALYSIS

We calculated descriptive statistics, including mean, me-
dian, minimum, maximum, and standard deviation (SD), for
the measured erosion and deposition for each river segment.
An ANOVA (a = 0.05), with Fisher post-hoc test, was com-
pleted to determine significant differences in the average
erosion and deposition for the six segments for the pre- and
post-stabilization periods.

The sites were grouped based on the stabilization practice
and functionality. Specifically, we evaluated the erosion and
deposition for the following groups: hardened structures,
fully functional, partially functional, and non-functional jet-
ties stabilization practices. The changes in erosion and dep-
osition were calculated by finding the difference between the
erosion and deposition that occurred during the pre-stabili-
zation period from the erosion and deposition that occurred
during the post-stabilization period. Each segment that had
large changes between the two periods is discussed. Finally,
we conducted an ANOVA to compare the erosion and

1559



deposition for each of these identified groups for the seg-
ment that was stabilized and the segments immediately up-
stream and downstream.

RESULTS AND DISCUSSION
STREAM PLANFORM

The local planform of the Cedar River is variable. The
study reaches range in sinuosity from 1.1 to 3.3. The average
of these sinuosity values is 1.7 (table 2), which qualifies the
river as a meandering stream (S > 1.5) overall (Leopold and
Wolman, 1957). Nevertheless, some reaches of the Cedar
River exhibit low sinuosity, and two of them (sites 8 and 18)
are effectively straight. The river’s meanderbelt ranges from
0.2 to 1.2 km in width. The Cedar River exhibits common
bank-attached, alternating compound bars, most of which
qualify as point bars because they show evidence of lateral
migration (e.g., meander scrolls) and adjacent cut banks.
Furthermore, there are many meander cutoffs (oxbows) that
appear to be of different ages on the basis of their size, water
level, and geomorphic prominence. Numerous midchannel
compound bars, which are mostly less than 1 km in length,
are present at intervals along the entire length of the river.
A few of these midchannel compound bars, such as at
site 13, have become stabilized by woody vegetation during
the period we studied. To the extent of our knowledge, the
Cedar River is an alluvial stream along its entire length, and
shallow bedrock does not influence its planform characteris-
tics.

FUNCTIONALITY OF STREAMBANK
STABILIZATION STRUCTURES

The functionality of the streambank stabilization struc-
tures varied at the time of our investigation. Nearly half of
the structures we inspected were either partially functional
or non-functional (table 2). The partially functional and non-
functional structures were all jetties. We could not locate the
jetties known to have been installed in one reach (site 24 in
table 2), and we presume that they were removed by erosion
and washed downstream during high flows. In comparison,
all the other types of stabilization structures installed on the
Cedar River were fully functional at the time of our site visits
(table 2). These observations validate the assertion of Dave
and Mittelstet (2017) that jetties are the most failure-prone
type of stabilization structure.

There is no documentation for why the jetties at these
sites failed. Nevertheless, Dave et al. (2020) determined that
erosion from the 2010 flood was much greater than the pre-
flood (2006-2009) and post-flood (2010-2016) periods. We
infer that the extreme peak flow event produced by the
breach in the Ericson Dam in June 2010 likely led to the loss
of function in many reaches of the Cedar River. Dave et al.
(2017) measured high erosion rates (2820 m? km™) for the
2010 breach, compared to 576 and 384 m?> km™! year™! for the
pre-flood and post-flood periods, and found that erosion-
control structures lost functionality as far as 27 km down-
stream. Presumably, the hydrodynamic force of the dam-
breach flood would have had a progressively lesser impact
on streambanks farther downstream; however, we observed
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a non-functional jetty 57 km downstream of the Ericson
Dam and a partially functional jetty 60 km downstream (ta-
ble 2).

STREAMBANK EROSION AND DEPOSITION

Overall, both erosion and deposition decreased after the
installation of streambank stabilization structures. The aver-
age erosion for all segments was 5.6 and 3.7 m?> m™! for the
pre- and post-stabilization periods, respectively. These val-
ues are similar to the erosion measured by Dave and Mit-
telstet (2017) at 40 control sites on the Cedar River, for
which the erosion for the pre- and post-stabilization periods
was 4.1 and 4.0 m> m!, respectively. Only segments US3
and US1 exhibited increases in erosion. The largest reduc-
tions in erosion were in segments DS2 and DS3. In fact,
mean values of both erosion and deposition were two to three
times higher in downstream segments during the pre-stabili-
zation period (table 3). However, during the post-stabiliza-
tion period, there was an average decrease in both erosion
and deposition of 4.3 and 7.9 m> m™! throughout all down-
stream segments (table 3). Some of this reduction is likely
attributable to increased streambank strength and effective
protection strategies, but there may be another causative fac-
tor, i.e., lateral migration and attendant changes prior to sta-
bilization. The standard deviations of the erosion and depo-
sition values for all but one of the downstream segments in
the pre-stabilization period exceeded 13.2 m? m™! and ranged
as high as 20.4 m? m'!. Significant changes in river planform
involving streambank erosion and meander cutoff probably
occurred during this time in some stretches. In the upstream
reaches, erosion increased by 0.53 m?> m'!' and deposition de-

creased by 1.7 m?> m’'.

Table 3. Statistics for each stream segment for all 24 sites were
calculated for the periods before and after stabilization. Segments are
listed from farthest upstream (US3) to farthest downstream (DS3).

Min Max Median ~ Mean SD
Segment mm) @m)H @mH @m’ mmh)
Pre-stabilization (1993-2006)
US3 erosion 0.0 30.7 1.9 33 4.8
US3 deposition 0.2 34.8 3.0 4.5 5.7
US2 erosion 0.0 50.8 2.3 4.4 8.3
US2 deposition 0.1 37.7 3.4 5.1 6.5
US1 erosion 0.0 22.5 1.9 3.0 4.6
US1 deposition 0.0 19.5 2.8 4.9 3.5
DS erosion 0.0 23.0 1.4 4.2 14.7
DS1 deposition 0.0 124.5 4.0 9.7 6.1
DS2 erosion 0.0 98.9 5.2 9.8 20.4
DS2 deposition 0.1 98.2 8.2 6.5 16.6
DS3 erosion 0.0 93.0 6.3 9.1 13.2
DS3 deposition 0.0 81.0 54 5.5 16.6
Post-stabilization (2006-2018)

US3 erosion 0.2 14.3 32 3.8 2.9
US3 deposition 0.1 14.8 1.6 2.7 3.2
US2 erosion 0.1 17.8 3.1 4.2 4.0
US2 deposition 0.0 16.9 1.4 2.6 3.0
US1 erosion 0.0 27.5 2.6 43 5.1
US1 deposition 0.0 10.3 1.3 2.5 2.6
DS erosion 0.0 22.3 2.0 3.9 4.7
DS1 deposition 0.0 27.2 0.7 29 5.1
DS2 erosion 0.1 8.4 2.6 3.1 2.1
DS2 deposition 0.0 8.3 1.2 2.6 2.5
DS3 erosion 0.0 8.4 2.6 3.1 2.1
DS3 deposition 0.1 9.3 0.8 1.8 2.2
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The increases in erosion in the other segments can be at-
tributed to the 2010 flood and the present functionality of the
streambank stabilization structures in each reach. Site 15
(fig. 4) is a case in point. The average annual erosion rate for
the pre-stabilization period (1993-2006) at the stabilized
bank was 0.43 m?> m’!, whereas the rate increased to 0.61 m?
m! during the post-stabilization period (2006-2010). The
rate remained relatively high at 0.56 m> m™! during the post-
flood period (2010-2018). This reach exemplifies the nearly
uniform trend of increased average bank erosion rates in seg-
ments with non-functional stabilization structures at the time
of our visit (table 4).

Based on the ANOVA, the only significant differences in
erosion during the pre- and post-stabilization periods oc-
curred at segments DS2 and DS3 (table 4). The erosion at
the two segments decreased from 9.8 and 9.1 m?> m! to
3.1 m?* m'!. To account for the influence of the structures that
were no longer fully functional, we also conducted an
ANOVA to evaluate the erosion between the two periods at
only fully functional sites. A Fisher post-hoc test indicated
that segments US1 and US2 (4.83 and 4.81 m? m’!, respec-
tively) during the post-stabilization period were significantly
greater than segment US| pre-stabilization (2.2 m?> m™"). Sur-
prisingly, the average erosion for only the fully functional
sites was greater than the average erosion for all 24 sites for
four of the six segments.

Based on a Fisher post-hoc test, the mean deposition rate
for segment DS1 during the pre-stabilization period (9.93 m?
m!) was significantly greater than for the other segments.
Segment DS3 during the post-stabilization period had the least
amount of deposition (1.8 m? m!). When assessing only the

Jetties
1993
2006
2010

2018

Table 4. ANOVA with Fisher post-hoc tests were conducted to evaluate
significant differences in erosion and deposition between segments in
the pre- and post-stabilization periods. Analysis was conducted for all
24 sites and for only the sites that were fully functional. Means followed
by different letters are significantly different.

Fully Functional Sites - Fully Functional Sites -

Deposition Erosion
Segment N Mean Segment N Mean
DS2-Pre 20 79a US1-Pos 22 48a
US2-Pre 24 5.9ab US2-Pos 22 4.8a
DS3-Pre 20 4.8 abc DS1-Pre 22 4.1 ab
US1-Pre 24 4.6 be DS2-Pre 20 39ab
US3-Pre 24 4.1bc DS1-Pos 22 39ab
DS1-Post 22 39bc DS3-Pre 18 3.7 ab
DS1-Pre 22 3.7 be DS2-Pos 20 3.6 ab
US3-Pos 24 2.7¢ US2-Pre 22 3.5ab
US2-Pos 24 2.7¢ US3-Pos 22 3.5ab
US1-Pos 24 23¢ DS3-Pos 18 3.4 ab
DS2-Pos 20 22¢ US3-Pre 22 2.8 ab
DS3-Pos 22 2.1c US1-Pre 22 22b
All Sites - Deposition All Sites - Erosion
Segment N Mean Segment N Mean
DS1-Pre 44 9.7a DS2-Pre 42 9.8a
DS2-Pre 42 6.5b DS3-Pre 40 9.1a
DS3-Pre 40 5.5be US2-Pre 46 440b
US2-Pre 46 5.1bc US1-Pos 46 43b
US1-Pre 46 4.9 bcd DS1-Pre 44 42b
US3-Pre 46  4.5bcd US2-Pos 46 42b
DS1-Pos 44 29cd DS1-Pos 46 39b
US3-Pos 46 2.7cd US3-Pos 46 3.8b
US2-Pos 46 2.6cd US3-Pre 46 33b
DS2-Pos 42 2.6 cd DS2-Pos 42 3.1b
US1-Pos 46 2.5cd DS3-Pos 40 3.1b
DS3-Pos 40 1.8d US1-Pre 46 3.0b

functional reaches, segments DS2-Pre, US2-Pre, and DS3-Pre
were significantly greater than most other segments (table 3).

Figure 4. At site 15, the jetties installed prior to 2006 were no longer in place during our site visit in 2019, resulting in continued streambank

retreat from 2006 to the present.
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EROSION AND DEPOSITION SITE ANALYSIS

Tables 5 and 6 list the changes in erosion and deposition
in each segment for both the right (R) and left (L) banks. The
values are the post-stabilization erosion or deposition minus
the pre-stabilization erosion or deposition. An example is
shown in figure 5, which compares the four sites that were
stabilized with hardened structures, i.e., sloped gravel banks
(sites 4, 5, and 10) and a reinforced concrete wall (site 7).
We expected a reduction of erosion in the stabilized seg-
ments at all these sites. Furthermore, we did not expect any
influence from the structures on upstream or downstream
erosion nor on deposition. For sites 4 and 5, the sloped gravel
bank was implemented in segment DS1R. This segment ex-
hibited the largest reduction in erosion (5.2 m> m' and

7.2 m?* m! at sites 4 and 5, respectively). Site 7 did not ex-
perience any large changes in erosion or deposition, perhaps
because of its proximity to Spalding Dam, where flows
would have been more controlled than at any other sites. Site
10 had large reductions in erosion in both the US2R (7.5 m?
m!) and DS2R (6.1 m?> m!) segments. The sloped gravel
bank at DSIL experienced a small increase in erosion
(0.17 m?> m"). The increase in erosion in segment US2R may
have resulted from the jetties that were installed in segment
US3R at site 11. The increased erosion at segment DS2L and
the reduced deposition may be due to the proximity of site
10 to Ericson Dam (table 2 and fig. 1). Dave et al. (2020)
found that the most erosion occurred within the first 10 km
downstream of the dam.

Table 5. Changes in erosion from pre- to post-stabilization periods for hardened structures, fully functional structures, partially functional jetties,
and non-functional jetties for each stream segment. Negative values indicate a reduction in erosion.

Site US3R US2R USIR DSIR DS2R DS3R US3L US2L USIL DSIL DS2L DS3L

Hardened 4 0.63 0.35 -3.2 -5.2 -1.2 2.5 0.17 -2.7 1.9 2.8 0.74 1.5
structures 5 1.9 -1.7 1.3 -7.2 2.2 -2.6 0.97 0.05 -2.6 2.0 1.9 0.20
7 N/A -1.0 1.4 -0.40 -0.50 -0.40 N/A -0.60 -0.50 0.60 0.35 -2.0

10 -1.8 7.5 1.3 0.05 -6.1 0.50 -5.4 0.05 -1.2 0.17 10.8 4.4

Fully 2 -0.13 0.17 2.0 32 1.0 -8.2 0.82 -7.3 -1.5 4.1 -6.5 1.9
functional 11 2.1 -1.1 -3.2 -10.4 -0.56 -4.2 -1.4 14.4 1.2 6.2 -1.1 -0.24
jetties 12 -1.0 -0.20 1.7 -2.8 0.30 -0.80 1.2 -1.1 0.84 0 32 -2.8
13 1.5 1.4 32 N/A N/A N/A 2.6 9.0 0.64 N/A N/A -2.8

14 1.3 1.3 2.0 0.5 N/A N/A -4.5 -2.8 -7.0 9.9 N/A N/A

19 6.8 0.56 -2.6 -3.6 1.7 -1.1 -0.05 2.1 1.7 -11.1 -1.4 -18.3

22 5.1 0.63 22 11.3 0.44 -0.11 0.95 3.0 1.1 -0.46 2.5 -1.4

23 5.1 0.63 2.2 11.3 0.44 -0.10 0.95 3.0 1.1 -0.50 2.5 -1.4

Partially 1 -1.2 1.0 0.66 0.36 -0.76 0.51 1.3 0.16 2.2 -1.1 0.80 -1.2
functional 3 -1.1 0.65 -3.1 -0.60 -1.1 1.7 -0.80 -1.7 1.7 2.8 0.20 -0.50
jetties 6 49 -4.1 1.7 -5.8 -1.5 2.9 2.3 -0.30 -1.8 0.96 -1.0 0.40
8 0.92 -2.5 -6.8 -0.60 13.9 0.18 -0.10 -2.5 0.92 0.0 -16.4 2.6

9 0.82 -0.60 0.79 9.4 0.70 2.1 0.80 24 4.5 2.3 8.1 2.0

21 2.6 2.3 7.2 0.33 -7.1 -0.12 6.7 15.4 22.0 4.3 5.0 5.0

Non- 15 0.39 -6.1 0.34 -1.1 2.2 N/A -0.04 -3.3 1.6 2.7 -17.0 N/A
functional 16 1.4 -4.6 -4.5 -5.3 -0.73 0.07 2.7 -2.6 2.7 0.30 33 -1.1
jetties 17 -4.4 -1.7 0.36 -0.50 -0.80 -1.1 -3.5 0.26 18.4 7.0 -1.0 2.4
18 -0.70 -3.2 7.5 0.0 -4.8 -3.0 1.1 1.1 8.8 0.70 2.7 3.5

20 -0.14 3.0 1.8 1.6 3.8 -8.1 3.8 7.8 3.0 -1.2 3.1 -5.6

24 5.4 6.9 -7.2 13.2 -3.6 1.5 -0.47 2.8 11.2 -1.6 -4.5 -2.6

Table 6. Changes in deposition from pre- to post-stabilization periods for hardened structures, fully functional structures, partially functional

jetties, and non-functional jetties for each stream segment. Negative values indicate a reduction in erosion.

Site US3R  US2R  USIR  DSIR  DS2R  DS3R US3L US2L USIL DSIL DS2L DS3L

Hardened 4 -2.4 -13.3 1.7 4.2 -2.9 -1.7 -13.7 2.4 -4.7 -10.3 -5.4 -8.7
structures 5 -4.1 -1.6 -5.8 0.70 0.0 -1.9 9.3 -5.0 2.0 -6.0 -3.8 -12
7 N/A -0.45 -0.40 0.36 -0.20 -0.40 N/A -1.8 0.40 0.40 -2.6 -0.13

10 -5.4 -2.5 -4.0 -9.2 0.70 -3.6 -4.3 -17 -5.9 -12.6 -22.2 -2.9

Fully 2 -0.80 L5 -5.5 -1.1 -6.0 0.40 -2.2 1.9 -7.2 -1.1 0.26 -14.8
functional 11 0.42 -2.0 -2.6 -4.2 0.04 0.04 -0.91 -10.1 -6.5 -27.7 -10.2 -4.6
structures 12 0.75 10 -4.0 0.50 -4.4 -4.4 -1.0 -1.8 3.1 4.1 -6.1 -0.40
13 3.5 0.20 1.8 N/A N/A N/A -0.02 -29.9 -1.1 N/A N/A N/A

14 -0.2 -0.40 -20 -120 N/A N/A 0.42 4.5 -0.60 -60 N/A N/A

19 -4.2 3.4 -0.20 -18.6 -0.71 0.02 1.9 0.15 1.1 -0.40 3.0 0.02

22 -6.8 -1.8 -1.1 -7.3 -0.80 -1.3 -2.2 -4.8 -3.2 -0.30 -1.1 -1.3

23 -6.8 -1.8 -1.1 -7.3 -0.80 -1.3 -2.2 -4.8 -3.3 -0.30 -1.1 -1.3

Partially 1 -1.1 2.6 -1.6 -3.8 0.50 -4.0 -0.90 -1.4 2.3 -0.80 -1.9 2.5
functional 3 -4.9 -3.0 -0.50 -4.7 -1.9 -18.6 -5.1 -0.12 -8.6 2.2 -17 0.45
jetties 6 -14.4 -0.40 6.2 0.90 0.50 -12.1 -4.5 -9.2 -33 -13 1.5 0.07
8 -0.66 -0.02 0.0 -0.47 -24.5 -4.4 -3.2 0.0 -1.5 0.95 6.5 -6.7

9 0.2 -1.4 -7.8 1.1 -1.5 0.0 12.3 -3.5 -3.0 -10.7 -6.5 -5.1

21 -4.0 -0.10 -0.2 -4.5 -2.8 -2.0 7.1 -1.2 -2.2 -7.1 -8.8 -15

Non- 15 2.6 0.65 -1.1 0.28 -28.9 N/A 0.73 0.41 2.0 -5.8 -1.0 N/A
functional 16 23 4.6 0.7 0.10 -2.0 -1.1 -3.4 -0.90 -2.4 -2.0 -2.0 1.4
jetties 17 4.0 -0.70 -6.3 -0.50 -1.4 0.80 -0.60 -1.0 -10.1 -0.10 0.0 -0.45
18 -1.9 -1.4 -12.3 -12.9 43 1.8 -5.7 -12.6 9.3 -1.2 -9.2 -4.2

20 -1.6 -4.1 -1.9 0.0 -2.1 -1.8 -9.4 -5.6 2.3 -6.0 -3.2 -1.4

24 -4.7 -5.1 8.5 -3.8 1.4 -0.81 6.2 -3.6 1.3 1.5 -7.4 4.8
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Figure 5. Changes in erosion and deposition at sites 4, 5, 7, and 10 (hardened structures) from the post- and pre-stabilization periods for the right
and left banks for the six segments.
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Tables 5 and 6 list the erosion and deposition for the
fully functional sites (sites 2, 11, 12, 13, 14, 19, 22, and
23). Sites 2 and 13 were stabilized with rock vanes, site 12
with root wads, sites 11 and 14 with wooden jetties, and
sites 19, 22, and 23 with tree jetties. Sites 2, 11, and 19 had
the largest reductions in erosion. Rock vanes were installed
in segment DS1R at site 2, where the erosion actually in-
creased from 0.1 to 3.3 m?> m™! from the pre- to post-stabi-
lization periods. However, the rock vanes only protected
13% of the segment. Segments DS3R, US2L, and DS2L at
site 2 had large reductions in erosion that were probably
unrelated to the rock vanes. At site 11, wooden jetties were
installed in segments DS1R and US1R, where the erosion
decreased from 16.3 to 5.9 m? m! and from 4.4 to 1.2 m?
m’!, respectively. Site 19 overlapped with site 15, where
wooden jetties were installed in segments US1R and DSIL,
which would explain the reductions in erosion from 6.1 to
3.5 m* m! in segment USIR and from 21.5 to 10.4 m? m™!
in segment DS1L. We are not sure why there was a large
reduction at site 19 in segment DS3L. At site 12, the root
wads helped reduce the erosion from 6.1 to 3.3 m> m™'. Ero-
sion at site 13 in segment US1R, where the rock vane was
installed, increased from 0.9 to 2.7 m?> m’!. This is likely
because only 20% of the segment was stabilized (table 1).
The reduction in erosion in each of the upstream segments
at site 14 is attributed to the jetties that protected 45% of
the reach in segment US1L.

Site 22 did not have any large reductions in erosion, but
the wooden jetties only stabilized 8.9% of segment US1R.
The largest increases in erosion were at sites 11 (US2L),
13 (US2L), 14 (DS1L), and 22 (DS1R). We anticipated that
the sites stabilized with wooden jetties (sites 11 and 14)
would have experienced the most deposition, but some of
our results do not support this a priori hypothesis. The in-
crease in erosion, rather than deposition, at site 11 may have
resulted from its comparative proximity to Ericson Dam
(8 km) and the potential that the 2010 dam-breach flood may
have removed any deposition that had accumulated there
prior to the flood sediment. The deposition in segment US2L
at site 14 probably resulted from the effects of the wooden
jetties in segment US1L. Sites 13 and 14 were not fully eval-
uated because an oxbow formed there during the study pe-
riod. Furthermore, in the upstream segments of site 13, dep-
osition and erosion varied from pre- to post-stabilization due
in large part to the creation of a midchannel bar in segment
US2. Flow diverged around the newly created midchannel
bar, and the divergent flow promoted deposition immedi-
ately upstream of the bar. The change in direction created a
considerable difference in the amount of erosion and depo-
sition in US2. Similarly, we observed a considerable de-
crease in deposition at site 14. This was again due to a large
shift in the river’s direction, which was briefly caught and
described by the differences in deposition and erosion found
in segments DS1L and DSIR.

There were six sites (sites 1, 3, 6, 8, 9, and 21) where
some of the jetties were damaged or missing. Sites 6, 9, and
21 had large reductions in erosion in downstream segments
after they were stabilized (table 5). At site 6, erosion de-
creased from 6.2 to 0.45 m?> m! in segment DS1R, where
38% of the segment was stabilized with wooden jetties. At
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site 9, the erosion was reduced from 10.3 to 0.9 m?> m’!, also
in segment DS1R; 29.4% of this segment was stabilized with
wooden jetties.

The reduction in erosion at site 21 in segment DS2 may
be due to the jetties installed in segment DSIR at site 9,
which overlaps with site 21. Although segment US1L was
stabilized with jetties at site 21, there was a large increase in
erosion. This is attributed to the jetties failing, most likely
from the 2010 flood. At site 6, there was increased deposi-
tion in segments US1R and DSIR (table 6), most likely from
the jetties installed in segment DS1R. There was also a slight
increase in erosion in segment DSIR at site 9, the same seg-
ment where the jetties were located. Site 21 did not have any
segments with increased deposition, likely due to jetty fail-
ure.

Five sites classified as non-functional in terms of stabili-
zation (sites 16, 17, 18, 20, and 24) exhibited both variable
erosion and deposition (tables 5 and 6.). More than 50% of
segment DS1R was stabilized at site 16. Although the jetties
were either buried or washed away, the erosion decreased
from 12.7 to 7.4 m?> m™! at segment DS1R. At sites 17 and
24, the erosion increased from 0 to 18.4 m?> m™' and from 1.3
to 14.5 m? m’!, respectively, at the stabilized segment. There
was also increased erosion at the stabilized segment at sites
18 and 21. Overall, there was decreased deposition at the five
sites where the jetties were no longer functional. The only
exception was site 24, where there were large quantities of
deposition in segments DS3L, US1R, and US3L. Other than
the deposition in USIR, the increase is probably not related
to the jetties that were installed in segment DS1R.

With the complexity of the system and all of the variables,
it is challenging to draw any definitive conclusions concern-
ing the influence of the stabilization structures on adjacent
stream segments. While the erosion in segments DS2 and
DS3 was significantly greater during the pre-stabilization
period, we cannot fully attribute this reduction to the stabili-
zation structures. The large reduction in erosion in segment
DS2 was mostly due to the reduction in segment DS2L from
17 to 0.85 m? m'!. Jetties were installed in segment USIR,
which probably had no impact on segment DS2L. In segment
DS3, most of the reduction in erosion was from DS3R (20 to
1.3 m> m'"). Jetties were installed in segment US1L, which
surely had no impact on segment DS3R.

Figure 6 shows the average erosion and deposition for the
pre- and post-stabilization periods in the stabilized segment
for the hardened structures, fully functional jetties, partially
functional jetties, and non-functional jetties. There are clear
reductions in erosion for the sites stabilized with hardened
structures, fully functional jetties, and partially functional jet-
ties. For the segment immediately upstream, the sites stabi-
lized with hardened structures and non-functional jetties had
less erosion during the post-stabilization period (2.9 to 1.1 m?
m! and 4.9 to 3.0, respectively), but erosion increased for the
fully functional and partially functional jetties. For the seg-
ment immediately downstream, erosion increased for the sites
stabilized with hardened structures and partially functional
jetties but decreased for the sites with fully functional jetties.
Based on the Fisher post-hoc test, non-functional jetties in the
segment with the stabilization structure (13.4 m?> m’!) were
significantly greater than in the segment with hardened

TRANSACTIONS OF THE ASABE



Erosion ¢
[ Pre-stabilization
25 < M Post-stabilization

N
o
L

=
w
L

Erosion (m?m~1)

-
o
L

o 1o

Partially

Hardened Fully Non- Other

Structures Functional Functional Functional
Jetties Jetties Jetties

¢ Deposition
[ Pre-stabilization
124 B Post-stabilization
10
¢
-
|
£ 84
~
3
s
3 ¢
53
o 4 ¢
] i %
o =
Hardened Fully Partially Non- Other
Structures Functional Functional Functional
Jetties Jetties Jetties

Figure 6. Erosion and deposition for the pre- and post-stabilization periods for hardened structures, fully functional jetties, partially functional

jetties, non-functional jetties, and other (root wad and rock vanes).

structures post-stabilization (1.2 m> m™"), the hardened struc-
tures post-stabilization in the segment upstream of the stabili-
zation structure (1.1 m?> m"), and the partially functional jet-
ties for the pre-stabilization period in the segment upstream
where the jetties were installed (2.0 m? m™).

Dave and Mittelstet (2017) concluded that stabilization
structures on the Cedar River reduced erosion locally by de-
creasing the stream power acting on the newly stabilized
area. The amount of stream power reduction, and the method
in which it was reduced, largely depended on the type of
structure installed and the location of the segment where it
was installed. Our results verify their conclusion. The stabi-
lized section at reach 11 (fig. 7) nearly matches the 2006 and
2018 bank lines. This close correspondence of bank position
over time indicates that bank stabilization has succeeded.
Conversely, nearly every other segment of the reach saw
considerable bank migration both before and after jetties
were installed. Based on our findings, stabilization structures
have little impact on upstream and downstream stream seg-
ments.

CONCLUSIONS

The local effectiveness of streambank stabilization struc-
tures in reducing, and in some cases eliminating, streambank
erosion is well documented. However, the complexities of
constantly changing stream planforms, varying erosion and
deposition processes, and whole-watershed dynamics com-
plicate determining the success or failure of bank stabiliza-
tion. We measured streambank erosion and deposition in
24 stretches of the Cedar River, 1.5 wavelengths upstream
and downstream from 24 stabilization structures. While jet-
ties and hardened structures reduced erosion in the stabilized
segment, rock vanes were less successful. Analysis of these

64(5): 1555-1567

24 segments ultimately led us to reject an initial hypothesis
that erosion would decrease in local and adjacent segments
after stabilization. Instead, the differences in erosion from
pre- to post-stabilization showed little or no statistical sig-
nificance, and deposition was actually greater during the pre-
stabilization period.

We conclude that streambank stabilization on the Cedar
River is effective only at the location of installation. Other
than an increase in deposition due to jetties, we found no
measurable effect of such stabilization on any adjacent un-
stabilized reaches. These results reveal an acute need for ad-
ditional critical research regarding streambank stabilization.
The following goals should be addressed by such research:

e Improved methods and increased frequency of post-
installation streambank monitoring.

e Additional research on the systemic (whole-water-
shed) impacts of streambank stabilization.

e Improved designs and installation protocol for
streambank stabilization structures.

e Evaluation of the relationships between woody veg-
etation and the success or failure of streambank sta-
bilization structures.

Any of these advances has potential to enhance stream

restoration and effective river management efforts.
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