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Abstract: Stream bank and gully erosion are major sources of nonpoint source pollutants, especially in
landscapes dominated by agriculture. Implementation of upland conservation practices in landscapes
dominated by agriculture reduces upland sediment transport more than water runoff, leading to
excessive stream bank and gully erosion. This review focus on ten different studies conducted in
streams in Iowa that investigated riparian land-use impacts on stream banks, gullies, and other
riparian sediment sources (cattle loafing areas and cattle stream access points). The riparian land-uses
investigated were riparian forest buffers; grass filters; continuous, rotational, and intensive rotational
pastures; pastures with cattle fenced out of the stream; and row-cropped fields. Results of these
studies indicate that maintaining perennial deep-rooted vegetation in riparian areas and excluding
cattle from the stream channel stabilizes stream banks and gullies. Cattle loafing areas and cattle
stream access points appear to also be important sediment sources. Re-establishing perennial riparian
vegetation is a sustainable and cost-effective conservation practice because it reduces sediment in
streams while maintaining the majority of the watershed in agricultural production. The limited
available funds for the implementation of holistic watershed conservation practices suggest using
targeted approaches, at the watershed scale, to improve conservation practice effectiveness.
Keywords: agricultural landscapes; conservation practices; cattle loafing areas; cattle stream
access points

1. Introduction
Enhancing stream and gully channel stability has been a priority for decades with large amounts of
money spent on watershed and stream restoration projects [1–3]. Natural stream bank and gully erosion
can enhance biodiversity in riparian areas [4] and maintain the alluvial channel conveyance system
and capacity [5]. In contrast, accelerated stream bank and gully erosion can increase sedimentation
that degrades aquatic habitats, reduces water quality, and increases flooding leading to loss of life and
property (agricultural land and structures) [6–8].
Stream bank and gully erosion are major sources of nonpoint source pollutants, such as sediment
and nutrients, especially in regions dominated by agriculture, such as the Midwestern U.S. Excessive
sediment and nutrient loading can: (a) reduce water quality, posing health risks to humans and
requiring costly drinking water treatment; (b) kill livestock and wildlife; (c) degrade aquatic habitats
by causing eutrophication that can kill aquatic species; (d) diminish recreational opportunities; (e)
decrease navigational activities; and (f) reduce reservoir storage [9–15].
Water 2019, 11, 1343; doi:10.3390/w11071343

www.mdpi.com/journal/water

Water 2019, 11, 1343

2 of 22

Fox et al. [3] reported that 7%–92% of the suspended sediment load in streams originates
from stream bank and gully erosion. In studies conducted in the Midwestern U.S., stream banks
contributed 23%–79% of the in-stream sediment load in Minnesota streams [16–19], 0%–81% in
Wisconsin streams [20], and 23%–64% in Iowa streams [21–25]. These high sediment contributions
from stream and gully banks are the result of the implementation of conservation practices to reduce
nonpoint source pollutants originating from upland erosion and runoff [26,27]. While the sediments
from surface runoff reaching the stream channel were substantially reduced, the amounts of water from
surface runoff were not reduced to the same degree. This imbalance created a high sediment transport
capacity that eroded the stored sediments in the floodplains and channels that were deposited during
the 19th and 20th centuries [28]. In watersheds with significant hydrologic alteration, the major source
of sediment in streams has shifted from uplands to gullies and stream channels [29–31].
The main reasons for the increase in the stream bank and gully erosion rates are anthropogenic
activities that have resulted in the alteration of the natural geomorphologic dynamics of streams and
rivers [19]. Such activities include land-use changes (e.g., increase in agricultural lands) in the riparian
areas and at the watershed, infrastructure construction along the riverbanks, construction of bank
revetments, reservoir construction, sand mining, urbanization, and channelization [32–34]. These
anthropogenic activities can have significantly greater impacts on stream bank and gully erosion than
natural events, such as floods and droughts, and in many cases can increase the intensities of these
natural events.
The accelerated rates of stream bank and gully erosion indicate the need for conservation and
protective efforts to eliminate the engineering, environmental, and socio-economic problems that have
been created. Land-use, management practice, and vegetation cover in the riparian areas are of major
importance to stream bank and gully erosion rates. The purpose of this review was to reach general
conclusions by assessing, comparing, and summarizing case studies dealing with stream bank and
gully erosion and other potential sediment sources of riparian areas in Iowa, USA. Major conservation
practices in riparian areas were compared to common agricultural practices and recently adopted
grazing practices. This review provides insights on best management practices to mitigate stream bank
and gully erosion that are applicable in landscapes dominated by agriculture.
2. Materials and Methods
2.1. Studies Reviewed
Ten erosion studies along perennial stream reaches located in regions of Iowa, USA conducted
during the last two decades by the Agroforestry Group at Iowa State University were reviewed. Details
of the ten studies can be found in Table 1. The natural Iowa vegetation (prairies and wetlands) has
been altered to row crop agriculture and grass pastures more extensive than in any other state in the
US [35,36]. In Iowa and other states dominated by agriculture, most streams are in Stage III [37] with
unstable banks highly susceptible to erosion [26,28,38].
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Table 1. Case study characteristics, study periods, and variables measured or collected.
Case Study Number,
Name, and
Reference

Iowa Region
(Landform)

Number and Order of
Stream Reaches
(Strahler System [39])

Riparian
Land-Uses *

Data Years

Stream Bank Variables (Units)

1. Bear Creek-Pins
[40,41]

Central (Des Moines
Lobe)

Single 2nd order stream
reach

RF
CP
RC

1999
2000
2001
2002

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%),
Severely Eroding Areas (m2 km−1 )
Soil Bulk Density (g cm−3 ) (1999 & 2002)
Soil Loss (Mg km−1 year−1 )

Single 2nd order stream
reach

RF
GF
CP

2002–2003
2003
2002–2003

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%),
Severely Eroding Areas (m2 km−1 )
Soil Loss (Mg km−1 year−1 )
Erosion & Deposition events (#)
Major Erosion & Deposition events (#)

Precipitation Data (mm year−1 )
Stream Flow Data (m3 s−1 year−1 )
Soil Bulk Density (g cm−3 ) (only 2002)

2005
2006
2007–2008
2009
2010
2011

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (2004 & 2010)
Soil Loss (Mg km−1 year−1 ) (only for the entire
reach)

Precipitation Data (mm year−1 )
Stream Flow Data (m3 s−1 year−1 )
Soil Bulk Density (g cm−3 ) (only 2005)
Stream TSS Load (tons year−1 ) (only for the
entire reach)

2004

Severely Eroding Lengths (%)

2006
2007
2008
2009

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (only 2006)
Severely Eroding Areas (m2 km−1 ), (only 2006)
Soil Loss (Mgs km−1 year−1 )
Soil Bulk Density (g cm−3 )

Precipitation Data (mm year−1 )
Stream Stage Data (cm)
Riparian Area Soil Bulk Density (g cm−3 )
Stream Order,
Bed Slope (%)
Sinuosity
Stocking Rates (Lu d m−1 )

2002
2003
2004

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (only 2004)
Severely Eroding Areas (m2 km−1 ) (only 2004)
Soil Bulk Density (g cm−3 ) (only 2004)
Soil Loss (Mg km−1 year−1 )

Precipitation Data (mm year−1 )
Riparian Soil Bulk Density (g cm−3 ) (only 2004)
Number of gullies (# km−1 ) (only 2004)
Cattle access points (# km−1 ) (only 2004)
Length of all gullies (m km−1 ) (only 2004)
Bed Substrate (%) (only 2004)
Stream Water TSS (mg L−1 )

2. Bear Creek-PEEPs
[42]

Central (Des Moines
Lobe)

3. Walnut Creek
[25,43]

Southeast (Southern
Iowa Drift Plain)

Single 3rd order stream
reach

RF
GF
CP

4. Squaw Creek [43]

Southeast (Southern
Iowa Drift)

Single 3rd order stream
reach

RF
RC

5. Rathbun Lake
Watershed [44,45]

6. NE Region [46–48]

Southeast (Southern
Iowa Drift Plain)

Northeast (Paleozoic
Plateau and Iowan
Surface)

Multiple (thirteen
1st–3rd order) reaches
in a watershed

Multiple (ten 1st–3rd
order) reaches in a
region

GF
CP

RF
FP
IP
CP

Other Variables (Units)

Precipitation Data (mm year−1 )
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Table 1. Cont.
Case Study Number,
Name, and
Reference

7. CE Region [46–49]

8. SE Region [46–49]

9. SE Region-Gully
[50]

10. Rainfall Simulator
[51]

Iowa Region
(Landform)

Central (Des Moines
Lobe)

Southeast (Southern
Iowa Drift Plain)

Southeast (Southern
Iowa Drift Plain
landform)

Northeast
Central
Southeast

Number and Order of
Stream Reaches
(Strahler System [39])

Riparian
Land-Uses *

Multiple (ten 1st–3rd
order) reaches in a
region

RF
GF
RP
CP
RC

Multiple (ten 1st–3rd
order) reaches in a
region

GF
FP
IP
RP
CP

Multiple (three
2nd–3rd) reaches in a
region

Multiple (nine 1st–3rd
order) reaches in a
region

IP
RP
CP

IP
RP
CP

Data Years

Stream Bank Variables (Units)

Other Variables (Units)

2002
2003
2004

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (only 2004)
Severely Eroding Areas (m2 km−1 ) (only 2004)
Soil Bulk Density (g cm−3 ) (only 2004)
Soil Loss (Mg km−1 year−1 )

Precipitation Data (mm year−1 )
Riparian Soil Bulk Density (g cm−3 ) (only 2004)
Number of gullies (# km−1 ) (only 2004)
Cattle access points (# km−1 ) (only 2004)
Length of all gullies (m km−1 ) (only 2004)
Bed Substrate (%) (only 2004)
Stream Water TSS (mg L−1 )

2002
2003
2004

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (only 2004)
Severely Eroding Areas (m2 km−1 ) (only 2004)
Soil Bulk Density (g cm−3 ) (only 2004)
Soil Loss (Mg km−1 year−1 )

Precipitation Data (mm year−1 )
Riparian Soil Bulk Density (g cm−3 ) (only 2004)
Number of gullies (# km−1 ) (only 2004)
Cattle access points (# km−1 ) (only 2004)
Length of all gullies (m km−1 ) (only 2004)
Bed Substrate (%) (only 2004)
Stream Water TSS (mg L−1 )

2004

Erosion or Deposition Rates (mm),
Severely Eroding Lengths (%) (only 2004)
Severely Eroding Areas (m2 km−1 ) (only 2004)
Soil Bulk Density (g cm−3 ) (only 2004)
Soil Loss (Mg km−1 year−1 )

Precipitation Data (mm year−1 )Riparian Soil
Bulk Density (g cm−3 ) (only 2004)
Gully Erosion Rates (mm)
Gully Severely Eroding Lengths (%) (only 2004)
Gully Severely Eroding Areas (m2 km−1 ) (only
2004)
Gully Soil Loss (tons km−1 year−1 )

2005

Stocking Rates (cow-day ha−1 m−1 year−1 )
Loafing areas (%)
Cattle Access Areas (%)
Surface runoff (l/0.5 m2 )
Surface runoff TSS concentration (g L−1 )
Surface runoff soil loss (kg/km, kg/ha)

* RF: riparian forest buffers, GF: grass filters, RC: annual row cropped fields, CP: continuous grazed pastures, RP: rotational grazed pastures, IP: intensive rotational grazed pastures (IP),
and FP: reaches that were fenced and the cattle had no access to the channel.
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2.2. Riparian Land-Uses
Seven different riparian land-uses were investigated. The first two were conservation practices:
(a) riparian forest buffers (RF) and (b) grass filters (GF). The selected RF reaches were vegetated by
zones of grasses, shrubs, and trees from the crop-field border to the stream edge [52]. In the GF reaches,
riparian vegetation was primarily introduced cool-season grasses [53]. The reaches along annual row
cropped fields (RC) had soybeans (Glycine max (L.) Merr.) and maize (Zea mays L.) grown in alternating
years right up to the bank edge or with narrow strips of weeds and/or grasses along the banks. Almost
all pasture reaches selected had cool-season grasses and forbs that were grazed by beef cattle from
May till November (some year-round). In continuous grazed pastures (CP), cattle had full access to
the entire stream channel and pasture. Both rotational grazed pastures (RP) and intensive rotational
grazed pastures (IP) separated the pasture into smaller sections, the paddocks. The difference was that
RP had fewer paddocks (2–3) than the IP (>6) [54]. Finally, there were reaches that were fenced, and
the cattle had no access to the channel (FP).
2.3. Methods
The methods used are briefly described as follows. Details on the application of the methods can
be found in the specific study publication (see Table 1).
2.3.1. Stream Bank Annual Erosion Rates
Two different methods were used to measure stream bank annual erosion rates. Seven of the
studies (1, 3, 5, 6, 7, 8, and 9; Table 1) [25,40,41,43,45,48,49] utilized erosion pins [51]. Only Study 2
(Table 1) [42] utilized photo-electronic erosion pins (PEEPs). Both methods have been used in many
studies with good results when precision of the bank erosion rates are required [55,56]. The erosion pin
plots were placed on severely eroding stream banks [57]. The bank rate of change was estimated by
subtracting each measurement on the erosion pin from the previous measurement. Positive differences
indicated bank erosion, while negative differences indicated bank deposition. Depending on the study,
pins were measured monthly, bimonthly, seasonally, or yearly.
PEEPs record bank erosion and deposition rates continuously during the daytime [58,59]. Two
erosion PEEP plots were placed on severely eroding stream banks. One of the plots was on a
north-facing bank (north-bank) and the other on a south-facing bank (south-bank). Each plot included
two PEEPs that were inserted perpendicularly at 1/3 (top-bank, slope >80%) and 2/3 (bottom-bank,
slope <60%) of the bank height.
2.3.2. Stream Bank Erosion and Deposition Events
Continuous daytime measurements recorded by the PEEPs (Study 2) [42] provided the exact time
and number of erosion and deposition events. The major erosion (rates >30 mm day−1 ) and deposition
(rates > 20 mm day−1 ) events, as determined by previous studies [40,41], are also presented.
2.3.3. Severely Eroding Bank Lengths and Areas
The length and height for every severely eroding stream bank in each reach or subreach were
measured in all studies except Study 10 (Table 1). The percentage of total severely eroding bank length
for each reach or subreach was calculated by dividing the total length of its severely eroding banks by
its total stream bank length [57]. The total bank eroding area for each reach or subreach was determined
as the sum of all its severely eroding bank areas divided by its total bank length.
2.3.4. Annual Soil Loss
Annual stream bank soil loss (Mg year−1 ) for each reach was estimated, for every year of each
study that had bank erosion rates, with Equation (1):
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SL = EA × ER × BD,

(1)

where
SL = soil loss (Mg year−1 ) by stream bank erosion,
EA = stream bank eroding area (m2 ),
ER = stream bank erosion rate (m year−1 ), and
BD = stream bank soil bulk density (Mg m−3 ).
To be able to compare soil loss among subreaches or reaches of different riparian land-uses, soil
loss was divided by its total stream length (Mg km−1 year−1 ).
2.3.5. Stocking Rate, Stream Order, Bank Aspect, Bank Position, and Rainfall and Stream Flow Data
In Study 5 (Table 1), stream bank erosion rates were correlated with stream orders [39], since a
range of stream orders were monitored, and stocking rates. The impact of aspect (north and south)
and position (top and bottom bank) of stream bank rates and processes were investigated in Study 2
(Table 1).
2.3.6. Stream Bank Erosion Processes
To better understand stream bank erosion, rates and soil loss were correlated to rainfall and stream
flows (Studies 1, 3 and 5; Table 1). Rainfall data were from the closest weather station, which was
typically from the National Oceanic and Atmospheric Administration, while the streamflows were
from the closest USGS gauging station. In addition, in Study 2, insights on how riparian land-uses
impact major erosion processes were investigated (Study 2; Table 1). Fluvial entrainment, mass wasting
or failure, and subaerial preparation (desiccation and freeze and thaw loosens the stream bank soil)
are the three major natural stream bank erosion processes [60–62]. Since this study was conducted on
second (2nd)-order streams (a headwater reach), subaerial processes were expected to be the dominant
process [61].
2.3.7. Gullies, Cattle Stream Access Points, and Cattle Loafing Areas
Every classic and ephemeral gully and cattle stream access point of the reaches of Studies 6, 7, and
8 (Table 1) was counted [48]. Classic gullies have channels with depths ranging from 0.5 to 30 m, while
ephemeral gullies are defined as much shallower channels that tillage can erase [63]. The areas of the
severely eroding banks of the ephemeral gullies were estimated by multiplying the entire length of the
gully by its average depth. For classic gullies, the area of every severely eroding bank was estimated in
the same way severely eroding stream banks were estimated.
In Study 9 (Table 1), in classic gullies that ended in reaches along a CP, RP, and IP (one in each),
three pin plots were established. Severely eroding bank lengths and areas were measured, and yearly
bank erosion rates and gully soil losses were estimated.
In Study 10 (Table 1), a survey was conducted to quantify the total areas of the cattle stream access
points and cattle loafing areas within 15 m strips on both sides of the stream reaches [50]. Three pasture
reaches with different stocking densities were selected in each region. Livestock access points and
cattle loafing areas were classified by their stocking rates per hectare and per stream length (cow-day
ha−1 m−1 year−1 ) [51]. Simulated rainfall plots were applied to three cattle stream access points, two
control areas, and one cattle loafing area in each stream reach to quantify the contribution of total
suspended sediment (TSS) to the streams originating from surface runoff [51]. The TSS load from each
stream reach was calculated as the product of the total source area (m2 ) for each source type (loafing,
access, and control) and the TSS from the plots for each source area.
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2.3.8. Stream Bed Substrate
Percentages of the different stream bed substrates were estimated with a survey of 20 transects,
spaced two mean stream widths apart, that was conducted from all reaches of Studies 6, 7, and 8
(Table 1) [46]. The visual protocol used to estimate substrate percentages was developed specifically
for the state of Iowa by Heitke [64].
2.3.9. Stream Water Total Suspended Sediment
Stream water grab samples were collected during base flow conditions from the reaches of Studies
6, 7, and 8 (Table 1) [47]. Samples were analyzed for TSS based on the APHA (American Public Health
Association) [65] standard method. For Study 3 (Table 1), daily TSS concentrations and loads used
were obtained from the USGS and the USDA.
2.3.10. Statistical Analysis
An ANOVA (mixed model) and Student’s t-tests (significant differences, p < 0.1) were performed to
compare gully and stream bank variables as well as substrate and TSS differences, respectively, among
the riparian land-uses. In Study 10 (Table 1), a split-plot analysis with source areas and treatments (9
different stocking densities) was used to compare to the TSS contributions. Soil density and antecedent
soil were used as covariates.
3. Results
3.1. Stream Bank Annual Erosion Rates
Stream bank erosion rates of the conservation practices were significantly less in most cases
compared to the agricultural practices (see Table 2). Specifically, RF banks had lower erosion rates than
the RC banks in Study 1 (in 1999 and 2000) and Study 7 (in 2003, 2004, 2002–2004). When compared
to grazing practices, RF had lower bank erosion rates than the CP in Study 1 (in 1999), Study 6 (in
2003, 2004, 2002–2004), Study 7 (in 2004, 2002–2004), and the IP Study 6 (in 2004, 2002–2004). Only
in Study 3 (in 2007–2008) did the RF banks have higher erosion rates than the CP banks. GF bank
erosion rates were significantly less than CP in Study 2 (in 2004) and RC in Study 7 (in 2003, 2004). GF
banks also had lower erosion rates than the grazed pasture banks in all periods in Study 5. Comparing
conservation practices, the RF banks had higher erosion rates than both GF banks (in 2007–2008, 2009,
2005–2011) in Study 3. Finally, in some cases, while bank erosion rate differences between conservation
(e.g., had deposition) and agricultural practices were large differences (see Studies 2 and 6), they were
not significant because of the high erosion variability among pins (pins even within plots could have
deposition and erosion for the same period).
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Table 2. The yearly stream and gully bank erosion rates (mm) adjacent to different riparian land-uses from the different studies conducted in Iowa. The different letters
in parenthesis indicate statistically significant differences (p < 0.1) among the different riparian land-uses.
Case Study
(Reference)

Erosion Type

Year

Riparian Forest
Buffer (RF)

Grass Filter
(GF)

Fenced
Pasture (FP)

Intensive Rot.
Pasture (IP)

Rotational
Pasture (RP)

Continuous
Pasture (CP)

Row-Crop
Field (RC)

mm year−1

1 [40,41]

Stream bank

1999
2000
2001
2002
1998–2002 *

2 [42]

Stream bank

2003
2004
2002–2004 *

30 (a)
80 (ab)
55 (a)

−4 (b)
-

-

-

-

403 (a)
130 (a)
266 (a)

-

Stream bank

2005
2006
2007–2008 *
2009
2010
2011
2005–2011 *

3 (a)
11 (a)
236 (a)
401 (a)
272 (a)
140 (a)
172 (a)

11 (a)
22 (a)
209 (b)
277 (b)
192 (a)
42 (a)
124 (b)

-

-

-

−3 (a)
−11 (a)
139 (b)
305 (ab)
238 (a)
164 (a)
139 (ab)

-

Stream bank

2007
2008
2009
2007–2009 *

-

89 (a)
146 (b)
130 (a)
121 (b)

-

-

-

152 (b)
261 (a)
294 (b)
236 (a)

-

6 [49]

Stream bank

2002
2003
2004
2002–2004 *

−10 (ab)
36 (b)
1 (c)
15 (b)

-

−25 (b)
54 (ab)
24 (c)
22 (b)

114 (ab)
98 (ab)
313 (a)
170 (a)

-

151 (a)
184 (a)
137 (b)
171 (a)

-

7 [49]

Stream bank

2002
2003
2004
2002–2004 *

54 (a)
4 (b)
83 (c)
46 (c)

87 (a)
66 (b)
168 (c)
106 (bc)

-

-

70 (a)
54 (b)
198 (bc)
104 (bc)

79 (a)
128 (ab)
298 (a)
166 (ab)

225 (a)
223 (a)
271 (ab)
239 (a)

8 [49]

Stream bank

2002
2003
2004
2002–2004

-

37 (a)
12 (a)
109 (a)
41 (a)

42 (a)
−6 (a)
65 (a)
58 (a)

59 (a)
55 (a)
169 (a)
94 (a)

166 (a)
16 (a)
199 (a)
122 (a)

127 (a)
23 (a)
182 (a)
101 (a)

-

9 [50]

Gully
Stream bank

2004
2004

-

-

-

121 (b)
−143 (a)

135 (ab)
78 (a)

245 (a)
157 (a)

-

3 [25,43]

5 [44,45]

129 (b)
4 (b)
45 (a)
37 (a)
50 (b)

-

-

-

-

304 (b)
29 (ab)
165 (a)
103 (a)
149 (a)

351 (a)
119 (a)
143 (a)
50 (a)
161 (a)

* Average of years.
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From the grazing practices, FP showed the most promise. Specifically, in Study 6 the FP had lower
bank erosion rates than CP (in 2002, 2004, 2002–2004) and the IP (in 2004, 2002–2004). In this study (in
2004), IP had higher bank erosion rates than CP. CP had higher bank erosion rates than RP (in 2004)
but less than RC (in 2002–2004) in Study 7. Finally, in Study 5, there were no correlations between the
pasture stocking rates and stream bank erosion rates.
Overall, more bank erosion differences might not have been observed because the pins and PEEPs
were placed on severely eroding banks. It is also important to note that differences in bank erosion
rates, even among the same land-uses, were observed from year to year, showing the high temporal
variability of stream bank erosion.
3.2. Stream Bank Erosion and Deposition Events
The RF PEEPs in Study 2 recorded the most bank erosion (41 events in 2003; 57 events in 2004)
and deposition events (30 events in 2003; 64 events in 2004). CP reaches had more bank events in 2003
(erosion 36; deposition 35) than in 2004 (erosion 28; deposition 31). GF banks, despite their very low
erosion rates, still had 38 erosion (15) and deposition (23) events. Overall, CP banks had the highest
annual bank erosion rates and the largest number of major bank erosion events. RF banks had the
largest number of major bank deposition events, and GF banks had no major events.
3.3. Severely Eroding Stram Bank Lengths and Areas
RF reaches had significantly less severely eroded bank lengths and/or areas than RC (Studies 1, 4,
7), CP (Studies 1, 2, 6), and IP (Study 6) (Table 3). GF reaches had significantly less severely eroded
bank lengths and/or areas than CP (Studies 2, 5, 8), RP (Study 8), IP (Study 8), and RC (Study 7) reaches
(Table 3). Comparing the conservation practices, RF reaches had severely eroding bank lengths that
were significantly different from GF (Study 3; Table 3).
FP reaches had significantly smaller severely eroding bank lengths and/or areas than CP (Studies
6, 8), RP (Study 8), and IP (Study 6). IP had significantly smaller severely eroding bank lengths and/or
areas than CP and RP (Study 8). Severely eroding bank lengths and/or areas of the RR were significantly
smaller than those of RC banks in Study 7. In Study 9, IP had severely eroding bank lengths that were
significantly larger than those of RP and CP reaches. In contrast, severely eroding areas of the IP had
the smallest severely eroding bank areas and RP had the largest. Finally, in Study 5, cattle stocking
rates were significantly and positively correlated to the percentage of the eroded bank lengths along
these reaches (R2 = 0.24, p = 0.09).
3.4. Annual Stream Bank Soil Loss
Soil losses of the conservation practices were substantially less than the agricultural riparian
land-uses (Table 4). Annual soil losses from RF banks ranged from having deposition (−3 Mg km−1
year−1 ) to 52 Mg km−1 year−1 and for the GF bank also from having deposition (−2 Mg km−1 year−1 )
to 86 Mg km−1 year−1 . For grazing practices, annual soil losses ranged for FP banks from −7 to
68 Mg km−1 year−1 , for IP from 37 to 282 Mg km−1 year−1 , for RP from 35 to 434 Mg km−1 year−1 ,
and for CP from 27 to 473 Mg km−1 year−1 . In Study 5, multiple regression analysis found that cattle
stocking rates were not correlated to soil losses from stream banks. Finally, for RC banks, annual soil
losses ranged from 29 to 345 Mg km−1 year−1 .
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Table 3. Stream and gully severely eroding bank lengths (%) and areas per stream length (m2 km−1 ) adjacent to different riparian land-uses from different studies
conducted in Iowa. This percentage is estimated by dividing the severely eroding bank length by the total length. The different letters in parenthesis indicate
significant differences (p < 0.1) among the different riparian land-uses.
Case Study
(Reference)

Erosion Type

Year

Riparian Forest
Buffer (RF)

Grass Filter
(GF)

Fenced
Pasture (FP)

Intensive Rot.
Pasture (IP)

Rotational
Pasture (RP)

Continuous
Pasture (CP)

Row-Crop
Field (RC)

%/m2 km−1
1 [40,41]

Stream bank

1998
2002

27 (a)/372
14 (a)/149

-

-

-

-

42 (b)/592
41 (b)/578

44 (b)/639
39 (b)/511

2 [42]

Stream bank

2002

12 (a)/120

35 (b)/460

-

-

-

54 (c)/810

-

3 [25,43]

Stream bank

2004

27 (a)

7 (b)

-

-

-

26 (ab)

19 (ab)

4 [43]

Stream bank

2004

7 (b)

-

-

-

-

-

13 (a)

5 [44,45]

Stream bank

2006

-

18 (a)/471

-

-

-

24 (a)/786

-

6 [48,49]

Stream bank
Gully

2004
2004

10 (b)/305
0 (a)/0

-

11 (b)/254
0 (a)/0

27 (a)/750
67 (a)/2

-

38 (a)/1209
10 (a)/38

-

7 [48,49]

Stream bank
Gully

2004
2004

14 (bc)/307
76 (a)/14

16 (bc)/384
43 (a)/14

-

-

25 (b)/692
51 (a)/51

39 (ab)/1176
44 (a) 56

44 (a)/1036
74 (a)/130

8 [48,49]

Stream bank
Gully

2004
2004

-

16 (c)/413
1 (b)/7

16 (bc)/797
54 (a)/93

32 (b)/530
33 (ab)/125

54 (a)/1602
34 (ab)/286

54 (a)/1478
49 (a)/147

-

9 [50]

Gully
Stream bank

2004
2004

-

-

-

27 (c)/179
65 (a)/748

40 (b)/364
43 (b)/1080

47 (a)/304
45 (b)/1550

-
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Table 4. The stream bank soil losses per stream length (Mg km−1 year−1 ) and gully bank soil losses per gully length (Mg km−1 year−1 ) of different riparian land-uses
from different case-studies conducted in Iowa.
Case Study
(Reference)

Erosion

Year

Riparian Forest
Buffer (RF)

Grass Filter
(GF)

Fenced
Pasture (FP)

Intensive Rot.
Pasture (IP)

Rotational
Pasture (RP)

Continuous
Pasture (CP)

Row-Crop
Field (RC)

1 [40,41]

Stream bank

1999
2000
2001
2002
1998–2002

52
8
2
6
19

-

-

-

-

281
100
76
27
121

266
29
164
98
139

2 [42]

Stream bank

2003
2004
2002–2004

4
12
8

−2
-

-

-

-

437
141
289

-

Stream bank

2007
2008
2009
2007–2009

-

51
86
77
71

-

-

-

191
310
348
283

-

Stream bank

2002
2003
2004
2002–2004

−3
12
0
5

-

−7
16
7
6

103
88
282
153

-

210
256
191
238

-

Stream bank

2002
2003
2004
2002–2004

21
2
32
18

39
29
75
47

-

-

63
49
179
94

125
203
473
264

287
284
345
304

8 [49]

Stream bank

2002
2003
2004
2002–2004

-

20
6
58
22

44
−6
68
61

40
37
115
64

362
35
434
266

248
45
355
197

-

9 [50]

Gully
Stream bank

2004
2004

-

-

-

28
170

89
282

207
323

-

5 [44,45]

6 [49]

7 [49]
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3.5. Precipitation and Stream Flows
In Study 1, bank erosion rates of all riparian land-uses in 1999 were significantly greater than those in
2000, 2001, and 2002, and in Study 3 in 2009–2011 they were significantly greater than those in 2005–2006.
Severely eroding bank lengths and areas in Study 1 also decreased from 1998 to 2002 in all riparian
land-uses. This corresponds well with precipitation amounts of the study period that were above the
annual average in the years with greater stream bank erosion rates, lengths, and areas. In contrast, in
Studies 2 and 5, bank erosion rates did not follow the yearly precipitation. In Study 5 this was because
of the high bank erosion rates in the winter/spring seasons, indicating other process causing stream
bank erosion. This was also indicative of the multiple regression analysis between precipitation and
stream bank erosion rates in Study 5 that found a significant, positive relationship in 2007 but negative
relationships in 2008 and 2009. In Study 3, maximum daily stream flow was significantly correlated to
stream bank erosion rates and soil loss, especially in 2009. The two major stream flow events in 2007, on
25 April (11 m3 s−1 ) and on 7 May (5 m3 s−1 ) represented 37% of total annual sediments exported from
the watershed. In addition, the increase by 22% of the eroding bank length from 2004 to 2010 was the
result of the increased number of larger stream flow events. Similarly, in Study 5, a significant correlation
(R2 = 75) was found, with high bank erosion prevalent during bankfull or greater stream flows.
3.6. Stream Order, Bank Aspect, and Position
In Study 5 along grazed pastures, the third-order reaches had significantly higher bank erosion rates
and soil losses (380 mm; 638 Mg km−1 year−1 ) than both the second- (157 mm; 187 Mg km−1 year−1 ) and
first-order reaches (200 mm; 177 Mg km−1 year−1 ). In Study 2, in 2003 and 2004, the north top-bank (1070
and 235 mm year−1 , respectively) of the CP had more erosion than the bottom-bank (265 and 125 mm,
respectively) while the south top-bank (45 and 50 mm year−1 , respectively) had less erosion than the
bottom-bank (230 and 100 mm year−1 , respectively). In the RF in 2003, the north and south top-bank had
more erosion (65 and 30 mm year−1 , respectively) than the bottom-bank (5 and 20 mm year−1 , respectively).
In 2004, the north top-bank had erosion (35 mm year−1 ) and the bottom-bank deposition (−60 mm year−1 )
while the south top-bank had less erosion (110 mm year−1 ) than the bottom-bank (230 mm year−1 ). GF
banks had the lowest erosion rates on the north and south top-bank (20 and 40 mm year−1 , respectively)
and deposition on the north and south bottom-bank (−35 and −40 mm year−1 , respectively).
3.7. Stream Erosion and Deposition Processes
In Study 1, bank erosion rates >20 mm per event were measured in spring and early summer and
characterized by many medium (20–40 mm day−1 ) and/or large (>40 mm day−1 ) daily precipitation
events. In the fall, high bank erosion rates >20 mm per event occurred with low (<20 mm day−1 ) daily
precipitation events, indicating that other processes were causing bank erosion. In Studies 3 and 5, flashy
stream flows, typical of streams in Iowa, caused erosion by direct fluvial entrainment during these high
flows or by mass wasting as the stream flow receded and no longer supported the steep banks. Dominant
processes were more accurately assessed in Study 2 because of the higher temporal resolution of the
measurements. CP banks had high erosion rates during the spring and early summer months with fluvial
entrainment being the dominant process, although minor mass failures also occurred. Major depositional
events also occurred from March to June with cattle trampling being the probable cause. In contrast, RF
banks were susceptible to fluvial entrainment by moderate stream flows that occurred in early spring and
were aided by freeze–thaw cycling events. Major deposition events in the RF were caused by desiccation
(August–September) and by freeze–thaw cycling (November and winter). Finally, in some cases the bank
erosion process could not be determined.
3.8. Gullies, Cattle Access Points, and Loafing Areas
In Studies 6, 7, and 8, few significant differences were found among riparian land-uses for the
gully variables (Table 5). RC had primarily ephemeral gullies (3.8 km−1 ) while classic gullies were
dominant in the other riparian land-uses.
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Table 5. The number of gullies (both classic and ephemeral) and cattle access points and the severely eroding gully bank areas per stream length in the NE, CE, and SE
region studies. Significant differences among riparian land-uses within a region are indicated with a different letter in parenthesis (p < 0.1).
Case Study
(Reference)

6 [48]

7 [48]

8 [48]

Gully and Cattle Access
Variable

Riparian Forest
Buffer (RF)

Grass Filter
(GF)

Fenced Pasture
(FP)

Intensive Rot.
Pasture (IP)

Rotational
Pasture (RP)

Continuous
Pasture (CP)

Row-Crop
Field (RC)

Gullies per unit stream length
(# km−1 )

1.5 (b)

-

1.5 (a)

3.0 (a)

-

1.3 (a)

-

Cattle access points per unit
stream length (# km−1 )

NA (-) *

-

NA (-)

75 (b)

-

149 (a)

-

Severely eroding gully bank
areas per unit stream length
(m2 km−1 )

0 (a)

-

0 (a)

38 (a)

-

2 (a)

-

Gullies per unit stream length
(# km−1 )

1.5 (b)

3.0 (ab)

-

-

3.5 (ab)

3.5 (ab)

7 (a)

Cattle access points per unit
stream length (# km−1 )

NA (-)

NA (-)

-

-

66 (a)

84 (a)

NA (-)

Severely eroding gully bank
areas per unit stream length
(m2 km−1 )

14 (a)

14 (a)

-

-

51 (a)

56 (a)

130 (a)

Gullies per unit stream length
(# km−1 )

-

5.0 (a)

3.0 (a)

8.0 (a)

6.5 (a)

4.3 (a)

-

Cattle access points per unit
stream length (# km−1 )

-

NA (-)

NA (-)

101 (a)

54 (a)

139 (a)

-

Severely eroding gully bank
areas per unit stream length
(m2 km−1 )

-

7 (b)

93 (ab)

125 (ab)

286 (a)

147 (ab)

-

* NA not applicable.
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In Study 9, CP gullies had a significantly higher erosion rate and soil loss than those in the RP and
IP (Tables 2 and 4). Within each grazing practice the gully erosion rates were significantly higher than
the corresponding stream bank erosion rates (Table 2). In contrast, total soil losses from stream bank
erosion were substantially larger than those from gully banks.
Within the 15 m strips along all of the pasture on both sides of the reaches in Study 10, cattle
loafing, cattle access points, and control areas accounted for 1.2%, 1.5%, and 97.3%, respectively. This
suggested that cattle used intensively <3% the 15 m strips. The average surface runoff, TSS runoff
concentrations, and average soil loss from the rainfall simulations were significantly higher from the
cattle access points (11 L and 12.4 g L−1 and 236 kg km−1 , respectively) than from both the cattle
loafing (8 L and 5.2 g L−1 and 99 kg km−1 , respectively) and control area plots (6 L and 0.5 g L−1 and
20 kg km−1 , respectively). Average surface runoff, TSS runoff concentrations, and average soil loss
from the loafing areas were also significantly higher than from the control areas. Finally, significantly
positive correlations between stocking rates and soil losses were found for the control (R2 = 0.98) and
for the loafing areas (R2 = 0.99) in the southeast region.
3.9. Stream Bed Substrate
The dominant substrates for all land-uses were fines (almost always >50%), in Studies 7 and 8.
In Study 6, the dominant substrate was sand (>30%), except CP where fines dominated. Regarding
CPOM, FP stream beds had a significantly higher percentage than IP (Study 6), RF and GF had
significantly higher percentages than the agricultural land-uses (Study 7), and IP had a significantly
higher percentage than RP (Study 8). The boulders of the stream beds of the RF had significantly
higher percentages than RC and CP (Study 7), while FP was significantly sandier than the CP (Study 6).
Finally, FP stream beds had a significantly higher percentage of gravel and lower percentage of fines
than CP, RP, IP, and GF (Study 8).
3.10. Stream Water Total Suspended Sediments
TSS concentrations for all seasons were almost always less than 0.05 mg L−1 and rarely exceeded
0.1 mg L−1 (Studies 6, 7, and 8). Very few significant differences in TSS among the riparian land-uses
were found and only in one season (not the same) out of the seven that water samples were collected.
Specifically, in Study 7, reaches adjacent to RP had significantly lower TSS concentrations than GF, RC,
and RF, and reaches adjacent to RF had significantly lower TSS concentrations than CP. In Studies 6 and 8,
reaches adjacent to CP had significantly higher TSS concentrations than all the other riparian land-uses.
In Study 3 the annual sediment loads exported differed greatly based on hydrologic conditions.
The greatest sediment load was in 2011 with 25,815 Mg year−1 that was 4 times greater than the
load in 2005. For 2005–2011 the average contributions from stream bank erosion was 33% (ranging
1.5%–51%), showing that a substantial amount of the sediment was exported from the watershed by
stream bank erosion.
4. Discussion
Stream bank erosion rates for RF, GF, and FP in all reviewed studies, except Study 3, were below
130 mm year−1 (Table 2). The larger erosion rates in Study 3 in RF were the result of the large number
of wildlife present. RC, CP, RP, and IP reaches had erosion rates that were greater than 190 mm year−1 ,
while in many individual plots they were greater than 500 mm year−1 , indicating substantial bank
erosion. Annual bank erosion rates of individual pins were as much as three times higher than the
average plot rate. Even on relatively ‘stable’ banks with steep slopes, small erosion and deposition
events still occurred (Study 2), indicating that annual bank erosion rates are better related to major
erosion and deposition bank events. Overall, more significant differences in bank erosion rates among
the riparian land-uses were expected. Severely eroding bank lengths of RF, GF, and FP reaches, in most
cases, were below 20% (Studies 1–8; Table 3), which is typical of high-quality streams [66]. Severely
eroding bank lengths in the RC were very high in central Iowa studies but substantially lower in the
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southeast (Studies 1, 3, 4, 8; Table 3). All three pasture systems (CP, RP, and IP) had severely eroding
bank lengths that exceeded 20%, while in some cases they even exceeded 50% (Studies 1–3, 5–9; Table 3).
Inventorying of severely eroding bank lengths found more significant differences among riparian
land-uses than erosion rates. The survey should be the first assessment on stream bank erosion and
take place before and some years after implementation of best management practices (e.g., RF, GF).
Erosion pins or other methods (cross-section, PEEPs, etc.) are still necessary to determine erosion or
deposition rates of the banks. In regard to soil losses, RF, GF, and FP had less than 90 tons km−1 year−1
(Table 4). In contrast, in IP, RP, CP, and RC, soil losses were 3–9 times higher than conservation practices
and exceed 280 tons km−1 year−1 (Table 4).
Accelerated stream bank erosion rates in landscapes dominated by agriculture provides significant
contributions to the stream sediment load [3,17,67,68]. In Study 5, the stream bank sediment load
contribution from 2005–2011 averaged 33%. The main reason was the removal of riparian trees and
perennial vegetation. Stream banks along RC are highly susceptible to erosion because they are
incised with reduced vegetation cover and have very shallow annual roots present for only part of the
year [62,69]. In the Midwest, livestock are confined in riparian areas and spend a lot of time in the
stream and along the banks, since streams are their only or main water source. Livestock trampling
and treading can lead to mechanical breakdown of stream banks, thus increasing their susceptibility to
erosion, and removal of the protective vegetation of the banks [70,71].
Re-establishment of perennial vegetation along stream banks, gullies, and riparian areas, especially
in deeply incised channels in landscapes dominated by agriculture, is a simple, relatively inexpensive,
and sustainable restoration technique to reduce erosion [72–76]. Based on these reviewed studies,
these conservation efforts should prioritize streams because of their larger (6–484 times) severely
eroding bank areas and greater sediment contributions (>75%) than gullies (Studies 6, 7, 8; Table 3).
Focus should be on third-order streams because of their taller and more susceptible to erosion banks
and higher stream power of the water running through these reaches compared to first and second
order (Study 5) [29]. Overall, by re-establishing conservation practices (RF and GF) along narrow
riparian areas (2%–3% of the agricultural land at the watershed scale) that are difficult to cultivate
and frequently flood, stream bank erosion could be reduced by more than 75% (Table 4). Finally,
Diebel et al. [77] found that by targeting areas that produce the highest 10% of sediment, watershed
stream sediment loads can be reduced by 20%.
Similar to past studies, this review had some studies that indicated trees (Study 7) [62,72,78] as
better for bank stabilization while others indicated grasses (Studies 2 and 3) [79,80]. Perennial plant
communities with vigorous root systems, regardless of whether they are trees or grasses, increase
stream bank stability, especially in headwater streams [81] (Tables 2–4). It has been suggested in
pastures that limiting and excluding cattle access from the stream channel and banks for certain periods,
in order to re-establish perennial vegetation, stabilize banks [20]. In most of these reviewed studies
(Tables 2–4), there were few indications that moving to RP and IP would stabilize banks, suggesting
other factors might be more important. Study 5 suggests reducing stocking rates to improve stream
bank stabilization. Overall, FP had greater stream bank stability than the other grazing systems where
the cattle had full access to the stream (Tables 2–4), although it increased operational costs.
Annual stream bank erosion along reaches with the same riparian land-use had high temporal
variation, indicating the importance of other variables (Table 2). In Studies 3 and 5, stream flow
was significantly correlated to stream bank erosion rates and/or soil loss. In Study 3 in 2009, above
average precipitation and stream flows led to bank erosion rates (5479 mm year−1 ) and stream bank
sediment contributions (51%) significantly greater than those of 2005–2006 (143 mm year−1 and 1.5%,
respectively). This was not the case in Study 2. Stream bank erosion annual variability indicates the
need for multiple-year datasets to accurately estimate long-term bank erosion contributions to stream
sediment loads [82].
No clear patterns were evident for bank position (top and bottom) (Study 2). Overall, researchers
have found contradicting results, since concave banks should have the top part of the banks more

Water 2019, 11, 1343

16 of 22

unstable with more frequent freeze–thaw cycling and soil desiccation (subaerial processes), but the
bottom-banks should have more frequent exposure to stream flows [62,67,83]. South-banks during the
summer have more desiccation events, while higher diurnal temperature variation during the winter
leads to more freeze–thaw cycling and more friable bank material easily eroded by even moderate
stream flows [83,84]. This was not evident in Study 2 in RF and GF banks, probably because trees and
perennial grasses dampened sunlight effects [62], and in CP banks, because cattle impacts were more
important for bank erosion than freeze–thaw cycling and desiccation.
Typically, subaerial processes dominate stream bank erosion in headwater streams (≤3rd order) [61,
85]. This was not the case in our reviewed studies where fluvial entrainment or mass wasting were
the dominant processes along tall, vertical stream banks (Studies 3 and 5), which are indications of
disturbed streams. Riparian land-uses also clearly influenced the timing and processes of major erosion
and deposition events (Study 2). On CP banks, fluvial entrainment was the dominant bank erosion
process, although minor mass failures also occurred. Major depositional events occurred primarily by
cattle trampling and treading. The impact of a deep root system of perennial vegetation was evident
in the RF reach (Study 2). Most erosion occurred by moderate stream flows (fluvial entrainment) in
early spring, when trees provide only mechanical reinforcement, and not during the large stream flow
events. These moderate stream flows were aided by freeze–thaw cycling events, but banks were also
susceptible because of the high soil moisture [60] from the infiltrating water of the melting snowpack.
Major deposition events in RF occurred also by desiccation. Finally, the process of a melting snowpack
that can physically move down along the bank and cause erosion and deposition events needs to be
further investigated.
Areas with no vegetation near the stream banks that can include gullies, cattle stream access
points, and cattle loafing areas also contribute to stream sediment load [86]. Few differences were found
between conservation practices and agricultural practices for the different gully variables (Studies 6,
7, and 8; Tables 2–5), probably because only the lower end segments of the gullies were subject to
conservation practices, and well-developed gullies take a long time to restore [87]. In-field measures
to mitigate gully erosion, such as: 1) narrow protection areas adjacent to the entire gully length and
in the head-cuts; 2) bioengineering works on the gully beds, banks, and the head-cuts; and 3) grass
waterways for ephemeral gullies, might also be required because well-established gullies are difficult
to alleviate [88,89].
Similar to other studies [70,90,91], the great number of cattle stream access points (Table 5) in
Studies 6, 7, and 8 show their potential as an important source of sediment to the streams in pastures
where cattle have full access to the stream. In Study 5, re-introduction of wildlife in the Neil Smith
Refuge had also led to many similar stream wildlife access points in RF [43], indicating that high
wildlife populations can also cause bank erosion problems. Cattle stream access points and cattle
loafing areas accounted for most of the soil losses (72%) to streams from surface runoff, but it was only
for 2.7% out of the total riparian area (Study 5). To mitigate sediment losses from stream access points
and loafing areas, the cattle should be fenced at least five meters away from both sides of the stream
banks along with armored and fenced stream crossings and drinking areas.
There were significant indications that conservation practices reduced stream bank erosion
(Tables 3 and 4), and similar trends were expected in stream water quality and bed substrate [92,93].
The few significant differences in the stream bed substrate between conservation and agricultural
reaches in these reviewed studies (6, 7, and 8), because of the high percentages of fines of most riparian
land-uses, were the result of the embeddedness of the other bed substrates and the homogenization of
the stream bed composition. This has also been found in other studies conducted in Iowa [94,95] and
is the result of soil loss from agricultural land-uses that indicates highly disturbed streams. Similarly,
few significant differences were found in TSS among riparian land-uses (Studies 6, 7, and 8) because
sampling was done during baseflow conditions. Other studies with established conservation riparian
land-uses in agricultural watersheds have found reduced stream pollutant concentrations even during
baseflow conditions [96,97].
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5. Conclusions
Overgrazed pastures with full access to the stream channel and row-cropped fields up to the
edge of the bank contribute significant amounts of nonpoint sediment to water bodies from stream
bank and gully erosion. Stream bank erosion appears to be a greater source of sediment compared
to gully erosion. Cattle loafing areas and cattle stream access points are also major sediment sources.
Restricting agricultural activities from the riparian areas (e.g., RF and GF) or from the stream banks
(e.g., FP) are effective and sustainable conservation practices in landscapes dominated by agriculture.
Only a small portion (e.g., riparian area) of the watershed (about 2%–3%) is taken out of production,
but major sources of sediment (stream banks, gullies, cattle access points, and loafing areas) are
significantly reduced.
The initial assessment method to determine land-use and conservation practice impacts on
stream bank erosion should be to survey their severely eroding lengths and areas. Utilizing pins or
cross-sections is still important because it allows estimating erosion rates and calculating bank soil loses.
Long-term datasets are necessary to more accurately estimate rates of stream bank and gully erosion
and soil loss because of the high temporal variation. Understanding of the timing and processes along
with long-term datasets will allow land managers to implement the most appropriate conservation
practices. This could be done by utilizing instrumentation that measures erosion continuously or
semi-continuously such as PEEPs [58,59], thermal consonance timing [98], or the Automated Soil
Erosion Monitoring System (ASEMS) [99].
The lack of stream bed substrate and water quality improvements in these studies from the
conservation practices were probably because of upstream contributions and/or of the lingering
effects of historical legacies of the past agricultural land-uses. As time passes, the vegetation of the
conservation land-uses will further grow and will be better established, potentially alleviating these
lingering effects and, thus, improving stream water quality and bed substrate. In addition, a holistic
watershed approach that accounts for spatial and temporal soil erosion variability and targets and
establishes conservation practices in the areas that produce most of the sediment should be developed
to maximize the effectiveness of the conservation measures.
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