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Abstract: Streambank erosion in agricultural landscapes contributes high amounts of sediment and
total-P to surface water, resulting in the degradation of stream habitats and reduction in ecological
services. Moreover, the implication of future climate change on bank erosion is also a growing
concern. Streambank erosion rates from riparian forest buffers (RFo), grass filters (GFi), row-crops
(RCr) and pastures, including fenced pastures (FPa), rotationally grazed pastures (RPa), intensive
rotationally grazed pastures (IPa), and continuously grazed pastures (CPa), in three landform regions
of Iowa, were measured over seven years. Bank erosion pins were measured seasonally (spring,
summer and fall) in the first five years (2002–2006) and yearly for two more years (2007–2008). It was
found that summer and spring seasons are the important ones since the relationships between erosion
and precipitation were significantly “strong” in almost all the riparian practices, and precipitation
was found to be the main factor driving streambank erosion. Streambank mean soil losses and soil
total-P losses from RFo (23.3 tons km−1 yr−1 and 9.8 kg km−1 yr−1, respectively), GFi (31.1 and
9.9) and FPa (44.0 and 23.7) practices were all significantly lower than the grazing pasture practices,
including RPa (142.3 and 58), CPa (255 and 105.1), IPa (234.6 and 122.7) and RCr fields (352.9 and
118.9). Also, RPa had significantly lower total-P loss than CPa, IPa and RCr practices (RFo, GFi,
FPa < RPa < CPa, IPa, RCr). RCr practices had the highest streambank soil losses among all other
riparian practices (RFo, GFi, FPa < RPa < IPa, CPa < RCr). The study showed that riparian conser-
vation practices (RFo, GFi and FPa) showcased significant benefits in mitigating streambank soil
loss and associated soil total-P load to streams. However, their effectiveness is highly sensitive to
changing climatic conditions and the extent of spatiotemporal variations.

Keywords: riparian land use; stream bank erosion; grazed pasture practices; phosphorus load

1. Introduction

Soil is one of the most valuable and critical natural resources that support numerous
ecological services and impact human well-being. Degradation of soil by erosion is a
major concern worldwide, and indeed, recent studies estimate an increase in streambank
erosion and suspended sediment loads to streams under future climate change [1,2]. Thus,
management should focus on its conservation to achieve production sustainability. In
contrast, mismanagement can lead to soil becoming a serious problem through the process
of erosion. Overall, water erosion has been found to cause more soil loss than wind
erosion [3]. This is particularly true as a source of stream sediment load. The origin of
stream water sediment and phosphorus load includes streambank erosion, streambed
re-suspension, gully erosion and surface runoff [4–7].
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Streambank erosion is a natural and important function of streams that provides
diverse riparian habitats [8] and cannot and should not be eliminated entirely [9]. For
sustainable management in agricultural watersheds, the key is to mitigate excessive erosion
rates. In the last century, the rate of streambank erosion and its contribution to sediment
and phosphorus loading has substantially increased [10,11]. The main reasons for the
increase in streambank erosion rates and soil losses are the human-induced actions that
have altered the natural fluvial geomorphologic settings of stream corridors [12]. Such
actions include land use conversion primarily to agriculture in the riparian areas but also
at the watershed scale, infrastructure construction along the streambank or in the channel,
construction of reservoirs, mining (e.g., sand), etc. [13–18]. These human-induced actions
can have significantly greater impacts than natural actions such as floods and droughts.
Huma-induced actions in many cases increase the intensities of these natural actions.

In many agricultural watersheds, streambank erosion has been reported as the main
stream sediment source, its contribution reaching up to 80–90% [10,19–21]. In the Mid-
western United States, a wide range of 23–79% of the sediment load has been attributed to
streambank erosion [22–30]. This eroded sediment and the attached phosphorus are major
nonpoint source pollutants (NPSPs) of water bodies.

Excessive NPSP concentrations in the stream water are a major problem worldwide
because they can degrade surface water bodies. Excessive sedimentation and high nutrient
loads in stream waters (a) diminish water quality, thus increasing drinking water treatment
costs and in some cases can even kill animals and potentially become a serious health
risk to humans; (b) negatively impact freshwater environments, with the appearance of
eutrophication that can kill species living in these environments; (c) substantial sediment
deposited in downstream channels decrease recreational and river shipping actions and
lessen reservoir storage areas, thus leading to flooding during heavy rain events [11,31–37].
In the United States, high sedimentation rates and nutrient loadings combined account for
20% of the freshwater bodies listed on the 303 (d) impaired list [38]. In these freshwater
bodies, total maximum daily loads need to be established because of the Clean Water
Act [12]. To effectively and accurately achieve this, a good understanding of the different
sources and rates of NPSPs, along with the relationships between important factors (e.g.,
riparian practices, precipitation) that drive them, is necessary [10,39,40].

The many different interacting factors that influence and impact streambank erosion
are a key reason for the large variation in the percentages of NPSP contributions reported
in the previous paragraphs. These include vegetative cover and land management at
both the watershed and riparian (reach) scales, riparian vegetation type and root density,
bank material makeup and strength, antecedent soil moisture, topography, geology, fluvial
geomorphology, channel parameters (e.g., planform curvature, width to depth ratio),
stream order, channel confinement, climate with extreme events, weather cycles (especially
precipitation patterns), hydrologic conditions, recurrence and degree of peak discharges,
disturbance history and geomorphological events that alter hydrologic and related sediment
regimes [4,5,41–55].

This study investigated the relationship between precipitation and streambank ero-
sion and the effects of different riparian management practices on soil and soil total-P
(total-phosphorus) losses via streambank erosion in agricultural watersheds. Thirty stream
sub-reaches in three regions of Iowa were monitored for seven years. The riparian prac-
tices studied were: (a) re-established riparian forest (RFo), (b) grass filters (GFi), grazed
fenced pastures with the cattle fenced out of the stream (FPa), intensive rotationally grazed
pastures (IPa), rotationally grazed pastures (RPa), continuously grazed pastures (CPa) and
row-crop fields (RCr). Soil and soil total-P losses by streambank erosion are expected to
rise in the following order/trend: RFo < GFi < FPa < IPa < RPa < CPa < RCr. Overall, this
study’s results will provide land and water managers with information for selecting the
best riparian practices to mitigate streambank erosion and the associated stream water
pollution. Such information should sustainably mitigate this environmental problem. An-
other significant feature of this study is the large dataset that was produced and utilized
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since very few studies have been able to collect and analyze datasets covering so many
years (seven) located on so many different stream sub-reaches (30) along so many different
riparian practices (seven) in three different geographical regions. To the best of our knowl-
edge, such extensive spatial and temporal datasets based on field measurements do not
exist worldwide.

The Study Scope

Thirty sub-reaches were monitored for streambank erosion in three different regions of
Iowa, USA (Figure 1). Specifically, 10 sub-reaches were monitored in each of the following
regions: central (CR), northeast (NER), and southeast (SER). Previous studies [49,56] have
quantified and compared streambank erosion rates, severely eroded streambank lengths
and areas, streambank total-P concentrations and bank soil bulk densities and soil and
total-P erosion losses in these 30 sub-reaches, but for substantially shorter time periods
(2002 to 2004) prior to this study. Since the short three-year study period did not fully
reflect the impact of climatic factors on erosion, the duration of this study was extended
to seven years in total. This provided us with a comprehensive dataset that improved
our understanding of how the streambank erosion changed during dry and wet periods
over the years. Streambank erosion by nature is episodic [56,57]. Thus, the monitoring
continued in the fourth, fifth, sixth and seventh years for all 30 sub-reaches (from 2005
to 2008). Analyses of these datasets (erosion rate and activity, net erosion or deposition)
were previously published by Zaimes et al. [58]. This study is complimentary since it
focuses on understanding the relationship between erosion and precipitation and pro-
vides longer-term (seven-year) estimates of soil and total-P losses from the streambanks.
This current study utilizes a seven-year-long dataset (2002–2008) from a large number
of sub-reaches across three Iowa regions with numerous pinpoint measurements at each
bank erosion site (approximately 25,500 pin measurements). This provides a long-term
and detailed spatial and temporal dataset compared to most datasets with field measure-
ments utilized in other studies. This allowed for a rigorous assessment of streambank
erosion and precipitation, soil and soil total-P losses under different spatial (three regions)
and temporal (seven years) conditions adjacent to agricultural and conservation ripar-
ian land uses in Iowa. Such detailed analysis of streambank erosion for the feasible and
efficient management of freshwater is lacking not just in Iowa but also worldwide and
the dataset from this study will help develop effective sustainable management plans for
agricultural watersheds.
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Figure 1. Positions of the riparian practice sub-reaches in the state of Iowa, USA (1) and in each 
region (Central: (2), Northeast: (3) and Southeast: (4)). The stream networks and the landforms in 
Iowa are also illustrated. The sub-reaches in the Central Region (CR) are indicated with a circle, in 
the Northeast Region (NER) with a square, and in the Southeast Region (SER) with a triangle. The 
riparian land practices were row-crop fields (RCr), continuously grazed pastures (CPa), rotationally 
grazed pastures (RPa), intensive rotationally grazed pastures (IPa), riparian forest buffers (RFo), 
grass filters (GFi), and grazed fenced pastures with the cattle fenced out of the stream (FPa). The 
number after the riparian practice acronym indicates the number of replicates of a given practice in 
that specific region. 

2. Materials and Methods 
2.1. Characteristics of the Studied Regions and Sub-Reaches of the Streams 

Each region in this study is located in a different landform that results in different 
watershed and stream characteristics (e.g., bank soil texture, bank with/depth and height) 
that can impact erosion processes differently (Figure 1, [49]). The 10 sub-reaches in the 
SER run through the Southern Iowa Drift Plain. This land formation has numerous rills, 
gullies, creeks and rivers as a result of weathering processes [59]. The Des Moines Lobe 
underlies the 10 sub-reaches in the CR, which is the youngest landscape in Iowa that was 
glaciated about ten thousand years ago. As a result, the region�s natural drainage system 
is not well developed. In addition, the terrain is relatively uniform, with uneven low hills 
and some ridges and wetlands (typically prairie potholes). Both the Iowan Surface and the 
Paleozoic Plateau are the main land formations for the remaining 10 sub-reaches selected 
in the NER. The Iowan Surface has many sloped areas that are gentle and lengthy [59]. 
Extensive freeze–thaw that loosened the soil material, which was later moved by many 
intense weathering activities, developed these slopes. The other landform, the Paleozoic 

Figure 1. Positions of the riparian practice sub-reaches in the state of Iowa, USA (1) and in each
region (Central: (2), Northeast: (3) and Southeast: (4)). The stream networks and the landforms in
Iowa are also illustrated. The sub-reaches in the Central Region (CR) are indicated with a circle, in
the Northeast Region (NER) with a square, and in the Southeast Region (SER) with a triangle. The
riparian land practices were row-crop fields (RCr), continuously grazed pastures (CPa), rotationally
grazed pastures (RPa), intensive rotationally grazed pastures (IPa), riparian forest buffers (RFo),
grass filters (GFi), and grazed fenced pastures with the cattle fenced out of the stream (FPa). The
number after the riparian practice acronym indicates the number of replicates of a given practice in
that specific region.

2. Materials and Methods
2.1. Characteristics of the Studied Regions and Sub-Reaches of the Streams

Each region in this study is located in a different landform that results in different
watershed and stream characteristics (e.g., bank soil texture, bank with/depth and height)
that can impact erosion processes differently (Figure 1, [49]). The 10 sub-reaches in the
SER run through the Southern Iowa Drift Plain. This land formation has numerous rills,
gullies, creeks and rivers as a result of weathering processes [59]. The Des Moines Lobe
underlies the 10 sub-reaches in the CR, which is the youngest landscape in Iowa that was
glaciated about ten thousand years ago. As a result, the region’s natural drainage system is
not well developed. In addition, the terrain is relatively uniform, with uneven low hills
and some ridges and wetlands (typically prairie potholes). Both the Iowan Surface and the
Paleozoic Plateau are the main land formations for the remaining 10 sub-reaches selected
in the NER. The Iowan Surface has many sloped areas that are gentle and lengthy [59].
Extensive freeze–thaw that loosened the soil material, which was later moved by many
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intense weathering activities, developed these slopes. The other landform, the Paleozoic
Plateau, has similar characteristics to the Iowan Surface. Its glacial deposits are limited and
the shallow limestone led to the formation of narrow valleys of numerous springs, caves
and sinkholes [59]. The SER and NER are mainly occupied by various livestock grazing
practices, especially in the riparian areas, while RCr is the main practice in the CR, even in
riparian areas.

The selected stream sub-reaches were adjacent to riparian practices that were RFo,
GFi, FPa, IPa, RPa, CPa and RCr. Not all practices were found in all three regions. The
sub-reaches were selected if they met all of the following criteria: (1) belonged to private
farmers, (2) had at least 300 m long stream lengths with the same practice on both riparian
areas of the sub-reach, (3) their channel was in the widening stage, according to the channel
evolution model [60], and (4) were located along first to third order streams [61]. The
riparian grazing pasture practices were categorized by their stocking densities (animal
units per month (AUM; [49])). The CR had stocking densities that ranged from 15 to
33.9 AUM, the NER from 9.6 to 22.5 AUM, and the SER from 7.6 to 29.3 AUM. For further
details on the riparian practices in this study, please refer to the previous studies by
Zaimes et al. [49,56,58].

2.2. Streambank Erosion Pins

Erosion pins have been used successfully to measure the bank erosion rates and
associated soil losses [62,63]. It is preferred because it is practical and can monitor even the
smallest changes in erosion with high accuracy [63]. The pin plot positions of erosion were
randomly picked from all the existing severely and very severely eroded bank areas that
were recorded initially along every riparian practice sub-reach [49]. Each riparian practice
sub-reach had 50 pins on five (5) plots (10 pins in each plot). To capture spatial variability,
each plot had two (2) rows with five (5) pins 1 m apart. The pins were inserted at one-third
and two-thirds of the streambank height starting from the channel bed. The length and
diameter of erosion pins were 762 mm and 6.4 mm, respectively, since erosion rates of
up to 500 mm were observed in past erosion events [49]. Eroded pin lengths (outside the
bank) were recorded almost every season (winter/spring, summer and fall) for the first five
years, specifically from the fall of 2001 until the summer of 2006. Pins were not measured
during the winter seasons because of snow accumulation on the soil bank surface, which
made it hard to find the pins. In addition, streambanks are typically relatively inactive
in Iowa during this period. To extend the temporal scale of the dataset, two additional
yearly measurements were taken, specifically in the summers of 2007 and 2008. To estimate
streambank changes, the last measurement of a pin was subtracted from the previous
measurement. According to the subtraction results, a negative value indicated deposition
around the pin whereas a positive value indicated erosion around the pin. In some intense
rainfall events, pins were lost. Under this circumstance, we assumed an erosion rate of
600 mm for each erosion pin [49].

2.3. Severely and Very Severely Eroded Streambank Areas and Soil Bulk Densities of Stream Banks

The severely eroded lengths and areas of each riparian practice sub-reach were based
on the assessment made by Zaimes [49]. Initially, all the severely eroding streambanks in
each riparian practice sub-reach were identified, recorded and measured using a typical
height pole and a tape measure. The total length of the severely eroded streambank length
of a sub-reach was divided by the total sub-reach length to calculate the percentage of
the severely eroded length of the sub-reach. This was done for each of the 30 sub-reaches.
In addition, for every severely eroded streambank, its average eroding height and total
length were measured in the field to calculate its specific area. All the severely eroded
streambank areas were summed to estimate the total eroded bank area for each sub-reach.
The streambank soil bulk density was also estimated, in a previous study, by analyzing soil
field samples from the streambank face from three (3) out of the five (5) pin plots of each
riparian practice sub-reach [49].
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2.4. Soil and Soil Total-P Losses from Streambanks

The total streambank soil loss for each riparian practice sub-reach was estimated by
multiplying the total streambank eroded area of the sub-reach by its mean streambank
erosion rate and its mean soil bulk density [49]. To estimate bank soil total-P losses from
each sub-reach, the total bank soil loss was multiplied by its mean streambank phosphorus
concentration measured in a previous study. Mean concentrations of total phosphorus for
each stream reach were measured by analyzing field soil samples from the streambank
face from three (3) out of the five (5) pin plots in each sub-reaches [56]. Streambank soil or
total-P loss was converted to a per kilometer length of streambank by dividing the total
streambank soil or total-P loss for each riparian practice by its total streambank length (m)
and multiplying by 1000 (m). This was necessary to examine differences between riparian
practices since the study sub-reaches had unequal total streambank lengths.

2.5. Precipitation Data

Monthly data were gathered from the closest weather stations for all 30 sub-reaches [64].
Yearly and seasonal rainfall data were correlated to the streambank erosion rates. Rainfall
data were also used as a covariate to evaluate bank erosion rates among the riparian practices.

2.6. Data Analysis

Overall, five-year seasonal and seven-year yearly datasets were analyzed to compare
streambank erosion rates and soil and soil total-P losses among the riparian practices
using the SPSS 19 statistical package [65]. For all the below-mentioned statistical analyses,
differences and relationships between the variables were regarded as “significant” at the
α = 0.05 level.

Pearson correlation analysis was conducted to determine the relationship between the
streambank erosion rates and precipitation amounts using yearly and seasonal datasets:
by the “seasons” and “riparian practices”, and by the “riparian practices for each season”.
For this purpose, riparian practices (RFo, GFi, FPa, IPa, RPa, CPa and RCr), regions (CR,
NER and SER), years (from 2002 to 2008), and season of the year (spring, summer and fall)
for only the first five years) were selected as the main factors. By using both the seasonal
(from 2002 to 2006) and yearly (from 2002 to 2008; see Section 3.1: illustrated by the Venn
Diagram) datasets, streambank erosion rate differences between the riparian practices
were evaluated using analysis of covariance (ANCOVA), with riparian practices as the
main factor and precipitation as a covariate to help explain the results [66]. A one-way
ANOVA, together with the Duncan multiple range test, was utilized to evaluate whether
there were statistically significant differences in streambank soil and soil total-P losses
based on riparian practice. A two-way analysis of variance (ANOVA) was performed to
examine whether soil and soil total-P losses differed according to riparian practice, region
and year parameters. Duncan’s multiple range test was used to compare mean values
based on the ANOVA results to find significant differences. If the normality assumption for
ANOVA was not met, the data were transformed [67] prior to analysis.

3. Results and Discussion
3.1. Precipitation and Streambank Erosion Relationships and Erosion Rate Differences between
Riparian Practices

Streambank erosion was a major source of sediment and nutrients to the stream loads,
leading to their impairment [56,68]. In most cases, the precipitation amounts and/or related
high discharge events are the main erosive factors affecting streambank erosion [5,28,69].
The correlation analysis of the seasonal dataset, with measurements during the fall, spring
and summer from the first five years of this study (2002–2006), showed that the relationship
between streambank erosion rates and total precipitation amounts (r = 0.36) across all
three regions of Iowa was significant. The relationship between the erosion rates and
precipitation was also significant for each season of the year (fall, r = 0.21; spring, r = 0.34;
and summer, r = 0.46). Note that when the “r” value falls into the range of 0.30 to 0.50,
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then it is regarded as a “moderate” relationship, if it is greater than 0.50, then it is regarded
as a “strong” relationship. If the “r” value is smaller than 0.30, then it is regarded as a
“weak” relationship. Results revealed that erosion in the fall seasons was least responsive
to precipitation and its associated discharge (r = 0.21) because of the lower precipitation
amount received during the fall (fall: 20.6 cm, spring: 24.4 cm, summer: 41.2 cm on
average) and the streambank soil moisture and temperature (below freezing) conditions
that increased the soil’s resistance to loosening and detachment. These conditions create
a tendency to slow down erosional processes for the given regional climatic period in
Iowa [6,39,70–72].

In regard to the riparian practices, there were significant relationships between sea-
sonal precipitations and seasonal streambank erosion rates from RFo (r = 0.47),
GFi (r = 0.36), FPa (r = 0.53), CPa (r = 0.39), RPa (r = 0.39) and IPa (r = 0.44) practices.
Similarly, significant relationships between erosion rates and precipitation were found for
the yearly dataset (2002–2008) for each practice; specifically, RFo (r = 0.49), GFi (r = 0.41),
FPa (r = 0.64), CPa (r = 0.36), RPa (r = 0.56) and IPa (r = 0.53). When investigating the
correlation between erosion rates and precipitation from each practice and for each season,
it was found that in most cases, summer and spring seasons were the most significant. This
is because of the strong relationship between erosion and precipitation since precipitation
during the spring and summer seasons directly contributes to high discharges that can lead
to streambank erosion. Significantly “strong” relationships were also found for many of
the riparian practices in relation to seasons, particularly summer and spring (RFo summer
season, r = 0.65; GFi summer, r = 0.46; FPa spring and summer, r = 0.69 and 0.76; CPa spring
and summer, r = 0.41 and 0.42; RPa spring, r = 0.53; IPa fall and summer, r = 0.48 and 0.84).

In this study, it was found that the relationship between streambank erosion and the
amounts of precipitation was in many cases either “moderately” or “strongly” significant
for given riparian practices. This relationship got even stronger when the practice was
specified within a season, particularly spring and summer. These results indicate that
precipitation is the main driving factor affecting streambank erosion. The precipitation
recorded at the weather stations closest to the riparian practice sub-reaches can be used to
account for a significant portion of the streambank failure that takes place under different
frequencies, intensities and timings of rainfall that were not directly studied in this work,
as well as the single extreme rainfall event and bank soil–water conditions (moisture and
temperature) prior to the erosion event. Another study [52] also found that approximately
three-fourths of the streambank erosion variability could be explained by the peak stream
discharge events of stream reaches adjacent to grazed pastures. This study also indicated
that the remaining one-fourth of the variability in erosion could be linked to the duration of
the high discharge flows [73] and streambank soil temperature and moisture content prior
to major rainfall events [70]. Significant positive relationships between streambank erosion
and stream power with greater flow rates [28,69,73] or discharges from larger catchment
sizes [53,74] were also found in other studies.

Significant differences were found in yearly (from 2002 to 2008) streambank erosion
rates between riparian practices (Figure 2). Specifically, RFo (5.7 cm) and others [RCr
(23.4 cm), IPa (17.1cm) and CPa (15.3 cm)], GFi (6.2 cm) and others [RCr (23.4 cm), IPa
(17.1 cm), CPa (15.3 cm)], and RCr (23.4 cm) and both RPa (13.3 cm) and FPa (9.3 cm)
practices were significantly different for the seven years of study (Figure 2). Similar to
the yearly dataset, the seasonal dataset for the erosion rates from 2002 to 2006 had the
same significant differences between the same riparian grazing practices. Additionally,
differences between FPa (1.96 cm) and IPa (4.99 cm) were found to be significant with the
seasonal dataset. The seasonal (from 2002 to 2006) mean erosion rates for each riparian
land use were as follows: RFo (0.76 cm), GFi (0.97 cm), FPa (1.96 cm), RPa (2.65 cm),
CPa (3.95 cm), IPa (4.99 cm) and RCr (6.99 cm). Overall, the results revealed that the
conservation practices RFo, GFi and FPa were highly effective in reducing streambank
erosion. When applying precipitation as a covariate in the data analysis using the entire
dataset from all the regions, the results of streambank erosion rates mainly agreed with
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the results of a past study [58]. Based on analysis of the regional dataset, the findings of
that study showed significant differences in yearly erosion rates between conservation
(RFo and GFi) and agricultural practices (CPa and RCr). In terms of grazing practices,
in this study, FPa and RPa showed some indications of reducing streambank erosion
compared to CPa and IPa practices (Figure 2).
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Figure 2. Significant differences in mean yearly erosion rates from 2002 to 2008 between the riparian
practices, including RFo, GFi, FPa, RPa, IPa, CPa and RCr illustrated using the “Venn Diagram”.
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“significant differences” from each other. Shared riparian practices between the clusters indicate “no
significant differences” between them.

The variability in streambank erosion is affected by many interacting factors, including
watershed geology, hydrology, topography, climate and land use at both the watershed and
site scales, bank soil composition, bank vegetation cover, stream morphologic characteris-
tics such as stream stages in channel evolution, channel widening and degradation, bed
slope and sinuosity, stream order and discharge and catchment size [27,39,47,49,53,74–78].
Despite the challenging issues imposed by the natural diversity in stream processes, there
is a clear indication from the results of this study that implementing conservation practices
like RFo, GFi, FPa and RPa reduces streambank erosion rates and the associated soil and P
losses as presented in the following sections.

There is also an indication that reduced stocking rates on grazed pastures can reduce
eroded streambank areas and bank soil and P losses via runoff and compaction since it
reduces trampling effects and stabilizes the banks with higher vegetative cover [6,7,79–82].
Streambank soil bulk density or compaction and eroded streambank areas or bank lengths
are important indicators when accounting for streambank soil and total-P losses from the
specific land use impacts, especially for grazed pastures [6,49].

3.2. Riparian Practices Streambank Soil and Soil Total-P Losses

Streambank soil losses were also significantly lower for all conservation practices (RFo,
GFi and FPa) compared with grazing practices (RPa, IPa, CPa) and RCr (Figure 3). The
analysis also revealed that RCr practices had significantly higher soil losses than all other
practices (RFo, GFi, FPa < RPa < IPa, CPa < RCr; Figure 3). Similarly, all the conservation
practices (RFo, GFi and FPa) had significantly lower soil total-P losses in comparison to all
the other riparian practices in the study (Figure 3). Also, RPa had significantly lower total-P
losses than CPa, IPa and RCr practices (RFo, GFi, FPa < RPa < CPa, RCr, IPa; Figure 3).
Similarly, a review of streambank soil losses in Iowa [72] also recorded low rates of soil and
total-P losses from RFo, GFi and FPa, indicating that these practices should be adopted for
the sustainable management of riparian corridors to improve stream water quality, biotic
integrity, and ecological services [81,83–85].
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Low streambank soil losses from the conservation practices were not only the result
of low streambank erosion rates (see Figure 2), but also due to the low lengths and areas
of severely eroded streambanks compared to grazed pastures (CPa, RPa and IPa) and
RCr. Grazed pastures and RCr always had greater than 25% of their total lengths severely
eroded [49]. Other Iowa studies related to grazing and row-crop management have also
recorded very high percentages of eroded streambank lengths, some even as high as 54%
of the total length [72].

In this seven-year study, the streambank soil and total-P losses from the riparian prac-
tices ranged, respectively, as follows: RFo (9.1–31.6 ton/km/yr, 3.7–16.9 kg/km/yr), GFi
(9.2–86.9 ton/km/yr, 3.2–25.4 kg/km/yr), FPa (8.7–104.5 ton/km/yr, 3.9–57.8 kg/km/yr),
RPa (81.9–212.8 ton/km/yr, 32.9–86.1 kg/km/yr), IPa (106.0–497.0 ton/km/yr,
40.8–249.2 kg/km/yr), CPa (91.8–455.9 ton/km/yr, 49.1–223.2 kg/km/yr) and
RCr (127.3–578.4 ton/km/yr, 48.5–189.3 kg/km/yr).

3.3. Regional Streambank Soil and Soil Total-P Losses from Riparian Practices

Riparian land use practices in NER had the lowest streambank soil losses
(111.6 ton/km/yr) compared to CR (182.9 ton/km/yr) and SER (162.1 ton/km/yr) prac-
tices, which were significantly different. As expected, RPa in the CR had significantly
lower soil losses than CPa and RCr and significantly higher soil losses than RFo and GFi
(Figure 4). In the CR, no significant differences in soil losses were found between RCr and
CPa practices (Figure 4), in contrast to the general trend/order of all seven practices in all
three regions illustrated in Figure 3 (RFo, GFi, FPa < RPa < IPa, CPa < RCr). This is because
both practices had the highest eroded bank lengths (RCr: 44% and CPa: 39%, [49]). In the
recently glaciated landform of “Des Moines Lobe” [62], sub-reaches have highly incised
channels with tall vertical banks. In these incised channels, soil losses via streambank
erosion are primarily driven by the stream morphologic and hydrologic features. In con-
trast, grazing impacts dominated mostly in grazing practices in the older landforms of the
NER and SER that had gently inclined streambanks. Similarly, another study in southern
Iowa [6] estimated that the percentage of eroded bank lengths was significantly correlated
with livestock density in grazing pastures where the stream banks gently allow easy access
to the stream. The highest soil losses were expected in the relatively recently glaciated CR
since many of the channels of the sub-reaches were incised (Channel Evolution Model;
Bank stages II and III) and straightened. In such banks, gravitational pressure in the bank



Sustainability 2024, 16, 8329 10 of 20

column was an important factor since it can collapse banks by increasing soil bulk unit
weight and associated pore water pressure when saturated at high flow [62,71,86,87].
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As expected, both RFo and FPa had significantly low soil losses compared to CPa
and IPa in the NER (Figure 4). Also, CPa had significantly higher soil loss than IPa in
the NER. In the SER, there were no significant differences between FPa and both RPa and
CPa. IPa in the SER had significantly higher soil losses than all other grazing practices
(Figure 4), something that was not expected. Unlike other regions, the data from the
SER showed no benefit in adopting IPa as a best management grazing practice to reduce
streambank soil loss. This could have been related to improper implementation of these
practices (personal observations), since the eroded bank lengths occupied up to 32% of the
total bank length, and bank heights as high as 2.1 m were recorded [49]. These particular
sub-reaches are highly responsive to stream stage changes due to the longer and taller
eroded bank lengths, as well as other stream morphologic (e.g., slope, sinuosity) features
that were not studied in this case but have been recognized by other researchers [53,84].
Additionally, along with grazing impacts, the stronger relationship between erosion rate
and precipitation from these practices (FPa spring and summer: r = 0.69 and 0.76; IPa fall
and summer: r = 0.48 and 0.84) implies that streambank erosion in those stream reaches
was primarily affected by the climatic factors, particularly precipitation, and responding
hydro-morphologic features of streams. Specifically, higher precipitation and erosion rates
from FPa in summer seasons (42 cm, 2.6 cm, respectively; r = 0.76) and from IPa in summer
seasons (36 cm, 3.5 cm, respectively; r = 0.84) contributed to high soil losses from these
practices in the SER (Figure 5).
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Figure 5. Differences in streambank erosion rates and precipitation in the SER.

Riparian land use practices in the NER (55.5 kg/km/yr) had significantly lower soil
total-P losses than practices in the SER (77.1 kg/km/yr). The CR (64.9 kg/km/yr) did not
have any significant differences from other regions. In the SER, total-P losses did not differ
significantly between CPa and both FPa and RPa and between FPa and RPa (Figure 6),
contrary to the general trend illustrated in Figure 3 (RFo, GFi, FPa < RPa < CPa, RCr,
IPa). There were significant differences between CPa and IPa practices in the NER and
between GFi and FPa in the SER (Figure 6). Only in the CR was the general trend (RFo, GFi,
FPa < RPa < CPa, RCr, IPa) followed across the riparian practices.
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three study regions: Central (CR), Northeast (NER) and Southeast (SER).

Data analysis for the total-P losses within the region with all 30 sub-reaches across
three Iowa regions showed that riparian practices in the NER and CR (Figure 6) mostly
followed the general trend presented in Figure 3. In some cases, findings from the NER
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further supported the expected outcomes (RFo, GFi, FPa < IPa < CPa), apart from the
general trend (RFo, GFi, FPa < RPa < IPa, CPa); in other words, IPa had significantly lower
P losses than CPa in the NER, which was something expected to find, while, on the other
hand, the practices in the SER usually masked the expected outcomes, specifically FPa and
IPa, with the higher soil and P loss values (Figure 6) and probably impacted the results of
the general trend presented with all 30 practices in Figure 3.

Trees improve the mechanical reinforcement of the bank soil but overall, the com-
bination of grass, shrubs and trees in riparian buffers should provide even higher effec-
tiveness for both surface and bank erosion protection [88,89]. Vegetated river bends have
been reported to have substantially less erosion than non-vegetated bends [90,91]. Non-
vegetated banks have non-existent or very reduced vegetation cover and substantially
less or non-existent root mass thus, decreased potential for erosion protection [92]. This
is why streambanks along row-crop fields with less vegetative cover have a very high
susceptibility to water erosion [93,94].

Belsky et al. [95] reviewed numerous studies and concluded that livestock grazing
in most cases destabilized streambanks. Livestock grazing in riparian areas significantly
increased streambank erosion by three to six times compared to ungrazed areas or native
forests [79,96]. The increased streambank instability has to do with livestock activities and
trampling on ramps that result in the mechanical breakdown of bank soil, thus increasing
erosion susceptibility. Indirectly, grazing destabilizes streambanks since the cattle eliminate
the vegetation that protects the streambank, thus increasing the potential for sediment
production [7,97–100]. Overall, the removal of trees has been found to significantly increase
streambank erosion [101].

3.4. Streambank Soil and Soil Total-P Losses from Riparian Practices across the Study Regions

Since not all riparian practices were found in all three study regions, all the datasets
across the regions were pooled and analyzed to consider the impacts of the spatial scale
on the variation in streambank soil and total-P losses. Generally, there were distinctive
patterns of soil and total-P losses, with the same types of riparian land uses across the three
study regions showing similar effects, regardless of the region they were situated in. Table 1
showed that, regardless of the regions, the effects of the given riparian practices on the
streambank soil and total-P losses mostly followed the general trend illustrated in Figure 3.
The riparian conservation practices across the regions in “group 1” (SER_GFi, NER_FPa,
NER_RFo, CR_RFo and CR_GFi) had significantly lower soil and soil total-P losses than the
practices in the other “groups” of land uses (Table 1). There was only one exception: the
FPa practice (“group 2”) in the SER had higher losses of soil (104.3 ton/km/yr) and total-P
(57.8 kg/km/yr) than its counterpart in the NER (Table 1). In terms of grazing practices,
RPa (CR-RPa and SER-RPa) had significantly lower soil and total-P losses (“group 4” and
“group 2”, respectively) than the CPa (NER-CPa and CR-CPa; “group 5 & 6” and “group 3”,
respectively; Table 1). Unexpectedly, IPa from the SER (SER_IPa) had significant differences
in most cases and the highest soil and total-P losses compared to other grazing practices
and as well as with all the conservation practices across all the regions (Table 1).
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Table 1. Means and groups for the soil (ton/km/yr) and soil total-P (kg/km/yr) losses between the
land use practices based on the study regions.

Riparian
Practices

Sample Size (N)
Groups of Land Use Practices (1–6) by Soil Loss Means (ton/km/yr)

1 2 3 4 5 6

SER_GFi 70 13.6

NER_FPa 70 13.8

NER_RFo 70 19.8

CR_RFo 70 26.7

CR_GFi 70 48.4 48.4

SER_FPa 35 104.3 104.3

CR_RPa 70 137.3 137.3

SER_RPa 70 147.4 147.4

NER_IPa 105 150.8 150.8

SER_CPa 105 184.9

NER_CPa 105 262.2

CR_CPa 70 349.3

CR_RCr 70 352.9

SER_IPa 70 360.4

Groups of land use practices (1–4) by total-P loss means (kg/km/yr)

1 2 3 4

SER_GFi 70 5.4

NER_FPa 70 6.6

CR_RFo 70 9.1

NER_RFo 70 10.3

CR_GFi 70 14.2

CR_RPa 70 56.5

SER_FPa 35 57.8

SER_RPa 70 59.5

SER_CPa 105 63.3

NER_IPa 105 71.6

CR_RCr 70 118.9

CR_CPa 70 125.5

NER_CPa 105 133.2

SER_IPa 70 199.3

Grouping was determined using Duncan’s multiple range test. Note that each different grouping indicates
significant differences between the studied land uses.

As stated in several past studies, conservation practices typically resulted in signif-
icantly reduced streambank soil and P losses by stabilizing them compared to reaches
with agricultural practices or limited or no woody vegetative protection [6,90]. In contrast,
studies that showed no significant reduction in erosion and soil loss with conservation prac-
tices were probably due to stream channelization, a legacy of historic land use, upstream
factors and changes in the stream’s hydro-morphologic characteristics [68,69,75]. In this
seven-year-long comprehensive study, it was clearly demonstrated that the utilization of
conservation practices such as RFo, GFi and FPa had major positive impacts on streambank
soil and total-P loss reduction.
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As for grazing management, in most cases, the proper utilization of RPa and IPa
practices showed significant reductions in streambank soil and P losses compared to CPa
practices. These robust findings over such an extended duration of study are the first in
the literature because of the extensive spatiotemporal aspect (over seven years and seven
riparian practices across three regions) and the comprehensively measured features of
streambank erosion rate, severely eroded lengths and areas, soil bulk density and total soil
losses [49]. This reduced the effects of the diversity of the controlling factors of streambank
erosion and singled out riparian practice impacts compared to short-term and small-scale
studies where the effects of best-grazed management on bank erosion were predominantly
masked by the up-stream varying land uses and imposed hydrologic and morphologic
alterations in stream channels throughout the longitudinal setting [53,72]. Moreover, the
effectiveness of the improved grazing management was primarily evident in other bank
features such as eroded length, compaction, vegetative cover, manure cover, suspended
sediment and P losses to streams [6,82,102].

3.5. Yearly Streambank Soil and Soil Total-P Losses from the Riparian Practices

Streambank soil losses (ton/km/yr) for the study years 2002 to 2008 were in the
following order from smallest to largest: 37.3 (2006) < 100.6 (2003), 127.1 (2005), 127.5 (2002)
< 199.9 (2004), 221.8 (2007) < 314.4 (2008). Note that the “<” indicates significant differences
between the years. The year 2006 had the lowest soil losses while the year 2008 had the
highest soil losses. Both years (2006 and 2008) were significantly different from all other
years. The years 2004 and 2007 had significantly higher soil losses than the years 2003, 2005
and 2002.

When we assessed the streambank soil loss differences between the riparian practices
for each individual study year, the general trend was as expected (Figure 3). For instance,
in 2002, 2004 and 2005, soil losses differed significantly between conservation (RFo, GFi
and FPa) and agricultural practices (RCr, CPa and IPa). An exception was observed in
2005, with IPa not being significantly different from GFi and FPa (Figure 7). There were
also significant differences between RCr and both CPa and RPa in 2002, RCr and RPa,
and CPa and IPa in 2004, RPa and CPa, and RCr and both RPa and IPa in 2005 (Figure 7).
In 2003, there were significant differences between the conservation practices (RFo, GFi,
and FPa) and two agricultural practices (RCr and CPa). In that year, RCr also differed
significantly from RPa and IPa. In 2006, soil losses did not differ significantly between
the studied practices. In the last two years of study, 2007 and 2008, there were significant
differences between the conservation practices (RFo, GFi and FPa) and all other agricultural
practices, including RCr, CPa, IPa and RPa practices, following the general trend illustrated
in Figure 3. In these two years, significant differences were also found between RPa and
CPa practices. The soil loss differences between RPa and RCr practices were also significant
in the year 2007 (Figure 7).

The imposed spatiotemporal effects on bank erosion were important criteria for the
assessment of bank erosion and associated soil and P losses [53,72,74]. In this study, the
lowest and highest soil loss variability in bank erosion among the riparian practices were
captured in the years 2006 and 2008, respectively, likely due to controlling factors such
as changing climatic conditions, primarily precipitation, across the state, and responding
stream hydro-morphologic regulations by stream flow, gradient and sinuosity. The effec-
tiveness of the different riparian practices to reduce streambank erosion was more evident
in 2007 and 2008 where the differences in streambank erosion were highest between the
conservation (RFo, GFi and FPa) and the traditional riparian practices of CPa and RCr. This
indicates the importance of understanding the effects of various riparian practices on bank
erosion with an extended spatial (three regions and 30 sub-reaches) and temporal (many
practices with many seasons over a seven-year period) dataset, as in this study. Researchers
have stated that long-term monitoring datasets for streambank and riverbank studies and
the associated sediment load in response to different precipitation events improve under-
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standing of riparian practices’ effects on bank erosion and channel alterations [6,28,42,78].
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Similar to the soil loss trends, the soil total-P losses (kg/km/yr) across the ri-
parian practices were in the following order: 16.3 (2006) < 43.6 (2003), 52.5 (2002),
53.8 (2005) < 88.6 (2004), 92.3 (2007) < 136.6 (2008). The year 2006 had the lowest soil
total-P loss while the year 2008 had the highest total-P loss. As with soil losses, both
years (2006 and 2008) were significantly different from all other years. The years 2004
and 2007 differed significantly based on total-P loss compared to the years 2002, 2003
and 2005. The significant differences in yearly total-P losses are somewhat similar to
the yearly soil losses among the riparian practices. In 2002, 2004 and 2005, there were
significant differences in total-P loss between conservation practices (RFo and GFi) and
the other agricultural practices, including RCr, CPa and IPa (Figure 8). There were
significant differences between FPa and both RCr and IPa in 2002, between FPa and both
CPa and IPa, and RPa and both IPa and CPa in 2004, and between FPa and both RCr and
CPa, and RCr and RPa in 2005 (Figure 8). In 2003, there were significant differences in
total-P loss between the conservation practices (RFo, GFi, and FPa) and the agricultural
practices RCr and CPa. During this year, RPa was also significantly different from CPa
and RCr. In 2006, total-P loss between the studied practices did not differ significantly
(Figure 8). The years 2007 and 2008 had similar total-P loss findings. There were signifi-
cant differences between the conservation practices (RFo, GFi and FPa) and all the other
practices, including RCr, CPa, IPa and RPa, following the general trend illustrated in
Figure 3. An exception was that there was no significant difference between FPa and
RPa in 2007 and between FPa and RCr in 2008. Significant differences were also found
between RPa and IPa in 2007, and IPa and both RPa and RCr in 2008 (Figure 8).

The data analysis based on the study years showed that the year 2006 had significantly
lower soil and soil total-P losses, while the year 2008 had the highest losses of soil and
total-P, which were significantly different from all other study years. As discussed in
the above paragraphs, except for the year 2006, results from all other study years mostly
showed a trend similar to the general trend for the soil (RFo, GFi, FPa < RPa < IPa,
CPa < RCr) and total-P losses among the land use practices presented in Figure 3 (RFo, GFi,
FPa < RPa < CPa, RCr, IPa). The significant differences in soil and soil total-P loss trends
between the conservation and agricultural practices became more evident in the study years
of 2007 and 2008, while in the other study years, especially for the year 2006, the differences
were not significant (Figures 7 and 8). The complex nature of streambank erosion with a
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high yearly and seasonal variation has also been stated in several other studies [6,10,29,58]
as well as in the previous (precipitation and erosion relationship) Section 3.1.
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4. Conclusions

This and the previous Iowa studies conducted by the authors concluded that precipi-
tation and related discharge were found to be the main driving force of streambank erosion,
coupled with other causative and localized effects (the interaction of the streambank ero-
sion factors; eroded streambank length, bank soil content and moisture, bank soil bulk
density and vegetation cover, stream morphologic features; meandering and slope etc.) on
stream hydro-geomorphologic alterations. A “strong” relationship between bank erosion
and precipitation in this study was found for many riparian practices in certain seasons,
specifically spring and summer, and higher erosion rates from these seasons indicated the
effects of temporal scale on bank erosion. This also indicates the predominance of both
gravitational and hydraulic processes on streambank erosion in response to the amount
of precipitation.

In terms of riparian land uses, streambanks along the conservation practices showed
significant evidence that they can reduce bank soil and total-P losses compared to other
agricultural practices. The proper implementation of the best grazing practices (RPa and
IPa), also, in most cases, indicated a strong potential for reducing soil and total-P losses
compared to CPa. Overall, all best management practices (particularly RFo, GFi, FPa,
and to a lesser degree, RPa and IPa) in this study showcased substantial improvements in
reducing streambank soil and soil-P losses by stabilizing the streambanks. This stabilization
resulted in reduced bank erosion rates, eroded bank areas and stream lengths, which, in
turn, reduced the bank soil and soil total-P losses.

When developing sustainable watershed management to mitigate erosion and NPSPs
to streams, understanding the effects of spatiotemporal variations and stream hydraulic
connectivity on streambank erosion is critical for accurate assessment and establishment of
riparian conservation practices. To maximize the benefit of conservation practices, policy-
makers and land managers should consider their establishment based on the watershed
scale and the longitudinal view along the stream corridor rather than on a specific reach or
site-scale focus. This would help reduce the effects of precipitation and responding hydro-
geomorphologic alteration on streambank erosion along the stream corridors. Finally, the
implication of this study could be applicable to other regions of countries that have similar
climatic conditions, stream morphologic characteristics and extensive riparian land uses.
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