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Abstract: Shallow slope failures due to erosion are common occurrences along roadways. The use of
deep-rooted vegetative covers is a potential solution to stabilize newly constructed slopes or repair
shallow landslides. This study compared species that may provide slope stabilization for sites in
the Piedmont region of the southeastern USA. Six species were tested on experimental plots under
natural rainfall conditions, and vegetation health and establishment were monitored. Two methods
were used to measure surface erosion, measurement of total suspended solids in collected runoff
and erosion pins. While measurement uncertainty was high for both methods, differences were
evident between species in the spatial distribution of surface erosion that was related to the quality of
vegetation establishment. For three species that established well, soil cores were collected to measure
root biomass at depths up to 40 cm. Vetiver grass (Vetiveria zizaniodies) had substantially higher mean
root biomass (3.75 kg/m3) than juniper shrubs (Juniperus chinensis; 0.45 kg/m3) and fescue grass
(Lolium arundinaceum; 1.28 kg/m3), with the most pronounced difference in the deepest soil layers.
Seeding with turf grass such as fescue is a common practice for erosion control in the region but
replacing this with vetiver on steep slopes may help prevent shallow landslides due to the additional
root reinforcement. Additional work is needed to measure the magnitude of the strength gain.

Keywords: erosion; vegetative covers; root biomass; erosion pins; vetiver grass

1. Introduction

Shallow slope failures due to erosion are common occurrences along roadway slopes
in regions where high intensity rainfall is prevalent [1,2]. These instabilities are usually
relatively small in size, but the consequences can cause major economic and social dis-
ruption [3,4]. Sediment from erosion can also have significant environmental impacts [5].
Many factors can impact roadside erosion, such as rainfall characteristics, slope gradient,
rutting caused by lawn maintenance equipment, roadside construction, soil type, and the
presence and type of vegetation [6].

The establishment of vegetation on newly constructed slopes can prevent erosion and
increase slope stability [2,7–10]. Well-developed aboveground vegetation prevents surface
erosion by intercepting rainfall and wind, increasing surface roughness, binding loose soil
particles, and creating a physical barrier to sediment movement [11–14]. There is a non-
linear relationship between precipitation and sediment yield, with precipitation driving
erosion while also increasing vegetation growth up to the point where vegetation is no
longer water-limited [15]. Plant root systems provide belowground support and can prevent
shallow slope failures by increasing soil strength through reinforcement [16–19]. Roots are
strong in resisting tension forces while soil is strong in resisting compression forces [20],
so root-permeated soil creates a mixed material that can withstand both forces [21]. Roots
perpendicular to the soil surface reinforce the soil mass on the sheared surface while roots
growing parallel increase in-plane tensile strength [22,23]. Additionally, plants remove
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water from the soil through transpiration, which prevents slope failures by reducing the
unit weight of the soil and increasing apparent cohesion from matric suction [3,24–26].

Plant species and functional types differ in the traits that determine their suitability
for use in vegetative covers on steep slopes. Recent reviews of vegetation traits and their
effects on slope stability have been published by [8] and [10]. Rapid growth after planting
and abundant, evenly distributed aboveground biomass are key to preventing surface
erosion [6,27]. Generally, herbaceous vegetation performs better than woody species during
the establishment phase [28]. Some vegetation types have specific characteristics, such as
grasses that can grow in hedgerows [29,30] and ferns that form rhizome mats [31], which
make them particularly effective in binding soil and forming physical barriers to erosion.
High root length density [32] and fine-root content [33] are important to soil strength, and
these are typically associated with herbaceous vegetation. However, woody vegetation
tends to have deeper roots to prevent slope failures [18], though deep rooted grass species
do exist [34,35]. These traits must be weighed against practical concerns, such as suitability
for local conditions, ease of planting, and maintenance requirements [6,27,36–38].

In the southeastern USA., turf grasses grown from seed are the most common vege-
tative erosion control [6]. These perform well on relatively flat terrain, where deep root
structure is not needed for stabilization [39]. However, turf grasses require mowing. On
steeper terrain, mowing can cause ruts that increase erosion (Figure 1) and may expand
into shallow slope failures during rain events [4]. There is interest among transportation
management agencies in finding alternatives to turf grass that would provide deeper soil
stabilization while still establishing quickly and preventing surface erosion. The goal of
this study is to evaluate the field performance of several candidate species in experimental
plots in the Piedmont region of Alabama. This area is especially prone to shallow slope
failures and erosion along slopes due to mowing activities [4,5] (Figure 1a).
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Figure 1. Eroded slopes along (a) US-280 near Waverly, Alabama (photo from Google StreetView) and
(b) Alabama Highway 69 near Tuscaloosa, Alabama (photo provided by Jacob Hodnett, ALDOT).

Previous experimental plot studies of erosion and slope stability have found sub-
stantial differences between vegetation types. In a study of very steep (42.5◦) slopes in
central China, a mix of grass and shrubs reduced runoff and surface erosion, and had
deeper roots than grass alone [2]. Plots with any type of planted vegetation performed
better than those that were allowed to revegetate naturally. Studies in a semi-arid region
of Spain found differences in erosion rate between species that were mainly driven by
quality of establishment [40,41]. A previous study in the southeastern USA found a plot
planted with a mix of native grass seed had a lower sediment yield than an exotic seed
mix [42], though the difference was not statistically significant. A study by [43] exam-
ined combining biochemical surface treatments with vegetation and found that using
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seeded biochemical treatments on slopes was effective for both short- and long-term sta-
bilization against erosion. Recent work by [44] highlighted the potential for vetiver grass
to support resilient transportation systems by mitigating slope failures and improving
stormwater quality, but this study also highlighted the relative lack of use of vetiver in the
United States.

To determine the efficacy of a species for slope stabilization, both prevention of surface
erosion and stabilization of deeper soil layers must be assessed. Previous studies have
measured sediment yield by collecting runoff and measuring total suspended solids (TSS)
in the collected runoff [2,42]. While this method is well-established, constructing runoff
collection infrastructure is costly and adequate replication for statistical analysis is difficult
to achieve. The method is also prone to missing data [42], especially during periods of
high intensity rainfall when most erosion occurs. Methods that directly measure changes
in the elevation of the vegetated surface are an alternative that have the advantage of
characterizing spatial patterns in surface erosion. Some techniques that are common for
bare soil surfaces, such as total station surveys and lidar scanning, do not work well on
vegetated surfaces [45,46]. Erosion pins offer a simple, low-cost alternative that provides
point-based measurements of erosion or deposition through a manual measurement of
surface height relative to the fixed reference point of the pin head. In this study, both runoff
collection and erosion pins are used to assess surface erosion. For deeper soil stabilization,
the measurement of root biomass and morphological characteristics in soil core samples is
an accepted and established method [2,47].

This study has the following objectives:

• Select vegetation types that may provide erosion control and slope stabilization for
priority sites and compare them to the current management practice of planting turf
grass from seed.

• Determine which species establish and grow well on moderately steep roadside slopes
in the Piedmont region of the southeastern USA using experimental plots. This
includes vetiver grass, which has not previously been used in this region.

• Compare surface erosion rates from the experimental plots based on whole-plot sedi-
ment yield determined from runoff collection and point-based erosion or deposition
measured with erosion pins.

• Estimate the contribution of each species to increased slope stability by measuring
root biomass and diameter distribution in soil cores collected from the
experimental plots.

This study addresses processes on small (<50 m) constructed slopes in humid environ-
ments over short time scales (<2 years) post-construction. Recent research on vegetation-
sediment interaction has emphasized the importance of orographic effects on precipitation
that occur over large elevation gradients [48] and ecogeomorphic coevolution of landforms
that occurs over centennial scales in arid and semi-arid environments [49], and these are
outside the scope of the current research. Based on erosion control strategies that were
successful in previous studies [40,41], we focus on planted vegetation rather than allowing
for vegetation to establish naturally after disturbance. Therefore, the variation in species
prevalence associated with slope, aspect, soil type, and other factors is not considered.

2. Materials and Methods

The materials and methods for this study are summarized in the flow chart shown
in Figure 2.



Land 2022, 11, 1739 4 of 20
Land 2022, 11, x FOR PEER REVIEW 4 of 20 
 

 
Figure 2. Flow chart illustrating the materials and methods for this study. 

2.1. Study Site 
This study focuses on the Piedmont region of the southeastern USA, and particularly 

the state of Alabama. Shallow slope failures and erosion on highway cut slopes are a com-
mon occurrence in this region due to the prevalence of high-intensity rainfall [50] and hilly 
terrain. The Piedmont region is one of the fastest growing areas of the United States in 
terms of population and land-use change [51] and there is a need to identify sustainable 
solutions to managing soil erosion in this region. This area has a humid subtropical cli-
mate with mean annual rainfall of 132 cm and mean annual temperature of 17.9 °C. Most 
rainfall occurs as localized convective thunderstorms occurring in the summer and as 
widespread frontal precipitation, including tropical storms that occur in the fall through 
spring. Class A annual pan evaporation is 122 cm [52]. While vegetation growth is gener-
ally not water-limited, droughts do occur, particularly in the fall. 

The experimental plots were established on a roadside slope along the National Cen-
ter for Asphalt Technology (NCAT) Test Track in Opelika, AL, USA (32.595390°, 
−85.296363°). The plots have a 25–30° slope. Particle size analysis of study area soil was 
performed with the Integral Suspension Pressure method [53] using a Pario device (Meter 
Environment, Pullman, WA). The surface soil layer (0–25 cm) is clay loam (29% sand, 40% 
silt and 31% clay) and deeper layers (>25 cm) are silt loam (23% sand, 65% silt and 12% 
clay). The plots are on a north-facing slope, so conditions are slightly cooler with less ra-
diation than the local average. Daily precipitation data were collected onsite by NCAT 
using an automated weather station. 

2.2. Experimental Plot Design 
 The experimental plot design was based on [2] and [42]. The plots were prepared, 

built and planted in May 2020. Existing vegetation was treated with Round-Up herbicide 
(Bayer, Germany) and removed with a small excavator. Each plot consisted of a 1.5 m × 3 
m wooden frame built from pressure-treated lumber (Figure 3). The outlet of each plot 
was tapered to a 45 cm exit to create a total surface area of 5.23 m2. The four corners of all 
the frames had rebar installed to keep the plots stable on the slope and maintain the shape 
of the 45 cm outlet. The planks at the end of all the frames were wrapped with plastic 
sheeting and the ground between them had sheeting shingled under the earth to create a 
smooth path. A trench was dug 2 m above the frames, creating a berm directly above the 

Figure 2. Flow chart illustrating the materials and methods for this study.

2.1. Study Site

This study focuses on the Piedmont region of the southeastern USA, and particularly
the state of Alabama. Shallow slope failures and erosion on highway cut slopes are a
common occurrence in this region due to the prevalence of high-intensity rainfall [50] and
hilly terrain. The Piedmont region is one of the fastest growing areas of the United States
in terms of population and land-use change [51] and there is a need to identify sustainable
solutions to managing soil erosion in this region. This area has a humid subtropical climate
with mean annual rainfall of 132 cm and mean annual temperature of 17.9 ◦C. Most rainfall
occurs as localized convective thunderstorms occurring in the summer and as widespread
frontal precipitation, including tropical storms that occur in the fall through spring. Class
A annual pan evaporation is 122 cm [52]. While vegetation growth is generally not water-
limited, droughts do occur, particularly in the fall.

The experimental plots were established on a roadside slope along the National Center
for Asphalt Technology (NCAT) Test Track in Opelika, AL, USA (32.595390◦, −85.296363◦).
The plots have a 25–30◦ slope. Particle size analysis of study area soil was performed with
the Integral Suspension Pressure method [53] using a Pario device (Meter Environment,
Pullman, WA). The surface soil layer (0–25 cm) is clay loam (29% sand, 40% silt and 31%
clay) and deeper layers (>25 cm) are silt loam (23% sand, 65% silt and 12% clay). The plots
are on a north-facing slope, so conditions are slightly cooler with less radiation than the
local average. Daily precipitation data were collected onsite by NCAT using an automated
weather station.

2.2. Experimental Plot Design

The experimental plot design was based on [2] and [42]. The plots were prepared,
built and planted in May 2020. Existing vegetation was treated with Round-Up herbi-
cide (Bayer, Germany) and removed with a small excavator. Each plot consisted of a
1.5 m × 3 m wooden frame built from pressure-treated lumber (Figure 3). The outlet of each
plot was tapered to a 45 cm exit to create a total surface area of 5.23 m2. The four corners
of all the frames had rebar installed to keep the plots stable on the slope and maintain the
shape of the 45 cm outlet. The planks at the end of all the frames were wrapped with plastic
sheeting and the ground between them had sheeting shingled under the earth to create a
smooth path. A trench was dug 2 m above the frames, creating a berm directly above the
plot to divert water coming from the slope above the plots. An erosion fence was erected at
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the top of the frames and below the berm to prevent sediment movement from the slope
above the plots.
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2.3. Vegetation Planting and Maintenance

Prior to planting, the area was tilled with a mechanical rototiller. Vegetation and seeds
were planted according to the providers’ instructions. Seeding straw was spread over plots
where plants were grown from seed and in bare areas of plots with potted plants. Plots
were watered regularly for three weeks after planting. Six vegetation types were selected
for testing based on previous literature on vegetative covers for erosion control:

• Grass Control: One plot was planted with turf grass typical of what would be used for
erosion control under current management practices in Alabama [6]. The Kentucky-31
cultivar of fescue grass (Lolium arundinaceum) was planted from seed. This plot was
used to compare the other species with the status quo.

• Deep-rooted Grass: Vetiver grass (Vetiveria zizaniodies) is a deep-rooted grass na-
tive to southeast Asia that has been used for decades to improve slope stability,
improve streambank establishment, and decrease sediment run-off in agricultural
areas [44,54–56]. The grass is planted as a slip rather than as a seed and is generally
sold sterile so it will not flower and be invasive to the surrounding native flora [30].
Slips were planted in four hedgerows parallel to the slope.

• Woody Shrub: Juniper is a deep-rooted, drought tolerant woody shrub that grows
well on steep slopes [56]. It was grown from potted plants. Either Juniperus chinensis
or Juniperus horizontalis was planted based on availability. The two species have
similar characteristics.

• Perennial Legume: Hairy vetch (Vivica villosa) is a winter-active legume species used
for erosion control and as an agricultural cover crop due to its ability to fix atmospheric
nitrogen. It has a fast above- and belowground growth rate and high transpiration
rate [57]. Hairy vetch grows best when planted in the fall so it can be beneficial for
fall/winter construction projects when other species are typically dormant [56]. It was
planted from seed in this study.

• Fern: Ferns are useful in erosion control practices as they create dense, long-lasting
ground cover and naturally grow in disturbed areas with low nutrient and moisture
access [58]. Maidenhair fern (Adiantum pedatum) is native to the southeast and is able
to grow on near-vertical faces [31]. They were planted from potted plants.

• Native Prairie Grass: Native species are generally preferred in landscaping because
they are adapted to local conditions and can enhance native biodiversity [59–61].
Unlike non-native deep-rooted grasses, they can be grown from seed. Switchgrass
(Panicum virgatum), which has a deep and fibrous root system and is climatically
adapted throughout the USA [27], was planted from seed.



Land 2022, 11, 1739 6 of 20

Initially, each species, except switchgrass, was planted in one randomly assigned plot.
There were problems with the establishment of maidenhair fern and hairy vetch. One was
replaced with switchgrass and the other with a mix of juniper and fescue grass after the
first year of the study. The species used and planting dates are summarized in Table 1. The
vetiver grass was trimmed from a height of 2 m to a height of 1 m in April 2021. Weeds
were a persistent problem. A broad-spectrum herbicide (Spectracide, United Industries, St.
Louis, MO, USA) was applied and weeds were manually removed from all plots in July
2020 and late June and early July of 2021.

Table 1. Species planting dates in experimental plots. Plot numbers are described in Figure 3.

Species Plot Planting Date Termination Date

Juniper 1 1 May 2020 August 2022
Vetiver 2 May 2020 August 2022
Fescue 3 May 2020 August 2022

Maidenhair Fern 4 May 2020 July 2021
Hairy Vetch 5 May 2020 April 2021

Juniper 2 and Fescue 4 July 2021 August 2022
Switchgrass 5 April 2021 August 2022

1 Juniperus chinensi; 2 Juniperus horizontalis.

2.4. Runoff and Erosion

Two methods were used to estimate erosion: runoff collection with TSS measurements
and erosion pins. The runoff collection method was applied from June 2020 to March
2021, and erosion pins were applied from August 2021 to April 2022. Previous studies
have traditionally only used one of these methods [2,16,62], but we found them to be
complimentary to obtain both the spatial distribution of erosion and deposition and the
total settlement yield.

2.4.1. Runoff Collection with TSS

A hole was dug at the base of each plot, and a 68-L plastic bin was placed in the hole.
The bins were positioned with the plastic sheeting at the base of each plot flowing into the
bins. Bins were partially covered with lids to minimize water loss due to evaporation. In
each bin, a U20L HOBO water level logger (Onset, Bourne, MA, USA) was suspended from
the lid with wire and submerged in water. The loggers were deployed on October 7 2020
and were set to record pressure and temperature every 15 minutes. Prior to this date, water
depths were measured manually once per week. An additional logger was placed outside
of the bins to record atmospheric pressure. Measured pressures were converted to change
in water level at 15-min intervals using software HOBOware V3.7 analysis software (Onset,
Bourne, MA, USA). Change in water level was converted to change in volume using the
dimensions of the bin.

Once per week, a well-mixed sample of water from each bin was collected. TSS in
each sample was measured by filtration following US Environmental Protection Agency
method 160.2 [63]. After sampling, the bins were emptied and cleaned and filled with a
known volume of clean water such that the water was above the measurement threshold of
the water level logger. Assuming TSS of the clean water is negligible, sediment yield (SY)
in g for each one-week collection period was determined by multiplying the measured TSS
(g/L) by the total volume in the bin (L) at the end of the week. The volume was divided by
the surface area of the plot (5.23 m2) to give runoff depth (mm, after unit conversion).

2.4.2. Erosion Pins

Erosion pins estimate erosion and deposition at point locations by indicating the
change in height of the land surface relative to a fixed reference [64]. EasyFlex 8-inch
(20 cm) nylon anchoring spikes (Dimex, Marietta, OH, USA) were used as erosion pins
and were installed perpendicular to the ground. Three erosion pins were installed in each
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plot on 12 April 2021. Pins were installed 0.3 m inside the left boundary of the plots.
This distance minimizes edge effects while making it possible to measure the pin height
without requiring foot traffic in the plot. The pins were placed 0.6, 1.5, and 2.4 m away
from the upper boundary of the plot. These pins are considered upslope, midslope, and
downslope, respectively, for analysis. After the first erosion pins produced reasonable data,
four additional pins were added to each plot to increase statistical power. Three were added
inside the right boundary of the plot in the same configuration as the previous pins. One
additional upslope pin was added in the middle of the plot 0.3 m from the top boundary.

A ruler with 1 mm gradations was used to measure the visible height of the erosion
pins above the ground. Values that are greater than the baseline value indicate erosion is
occurring at the point, while values less than baseline indicate that deposition is occurring.
The erosion pins were monitored and measured biweekly or after any large rain event from
12 April 2021 to 15 April 2022. Due to soil disturbance from installation of the erosion pins,
data were not collected during a one-month stabilization period after installation [65]. The
first measurement after this period was used as the baseline height for the study. Thus, the
first set of pins was analyzed from 25 May 2021 to 15 April 2022 and the second set of pins
was analyzed from 12 October 2021 to 15 April 2022.

Some studies have suggested that the absolute value of change in erosion pin height is a
better indicator of erosion when multiple pins are considered, because it differentiates plots
with both erosion and deposition [65]. In this study, we are interested in overall sediment
yield from the plots, so actual change in pin height is used for analysis. Linear regression
analysis with either time in days or cumulative rainfall based on daily measurements is the
independent (X) variable and change in erosion pin height is the dependent (Y) variable.
Time and cumulative rainfall are strongly correlated, so they were considered in separate
single-variable regression models rather than a multivariate model. The measurement on
12 October 2021 was used as the baseline because all pins were installed and stabilized
by that date. A statistically significant positive slope indicates erosion is occurring at the
pin location while a negative slope indicates deposition. One-way ANOVA was used
to determine if change in erosion pin height from 12 October 2021 to 15 April 2022 was
significantly different among plots. An unpaired t-test was used to determine if the mean
change in erosion pin height over the same time period was different for upslope and
downslope pins. A significance level of 10% was used for statistical analyses due to the
inherently high variability in erosion data. All statistical analyses were performed in
Microsoft Excel V16.

2.5. Root Biomass Analysis

Samples for root biomass testing were collected from the three plots that were planted
at the beginning of the study and had established well: fescue, vetiver, and juniper. Samples
were collected in February 2022 after nearly two years of growth. Sampling was carried
out when the soil was moist, for best results [66]. A fixed-volume soil core sampler (AMS,
American Falls, ID, USA) was used to collect the samples. Cores were collected with a slide
hammer until the point of resistance, which was reached at 40 cm depth. One upslope and
one downslope sample was collected 0.6 m and 1.8 m from the upper plot boundary.

The soil cores were cut into 5 cm sections to determine the distribution of root biomass
with depth. Due to dry soil near the bottom of the soil profile, the core could not be
sectioned below 30 cm depth, so 30–40 cm depth is analyzed together. Methods from [67]
were used to determine root biomass. The samples were dried at 110 ◦C for 24 h and
weighed before and after drying to determine moisture content. After drying, samples
were soaked in tap water for 30 min to break down soil aggregates. Roots were collected by
washing the samples through a 2 mm (#10) sieve followed by a 600 µm (#30) sieve under
running tap water. The roots collected on the sieves were dried at 60◦C for 24 h. Roots were
weighed after drying to determine dry root biomass in each sample (g) and converted to a
soil root biomass (g/m3) by dividing by the volume of the core section.
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3. Results
3.1. Vegetation Growth and Establishment

After the initial planting, all five of the plant species were able to grow and establish
successfully. However, native weeds and plants in the surrounding area began to encroach
and quickly took over the plots, and weeding was required. After weeding, the two plots
containing the hairy vetch and maidenhair fern were overwhelmed by the disturbance and
showed little new growth. The plots were overtaken by fescue grass from the adjacent plot,
as well as white clover (Trifolium repens) and ground-ivy (Glechoma hederacea). Fescue grass
grew well if it had direct sun. The small amount of shading caused by the silt fence resulted
in poor establishment at the top of the plot. The height of the fence was reduced after the
first year of the study.

During the first year of the study, vetiver and juniper were the most successful at
general establishment. The area surrounding the junipers was overgrown by similar weeds
as the other plots, but this did not impact the growth of the juniper. A mix of juniper and
fescue grass was planted at the start of the second year (Table 1) as a potential strategy
to improve the weed resistance of the area surrounding the juniper. However, weeds
were still an issue. By September 2020, the vetiver was nearly at its full height (2 m) and
the hedgerows developed an almost impenetrable layer that was resistant to weeds. In
November 2020, the vetiver reverted to a dormant stage but remained healthy and regrew
the next year. The switchgrass that was planted in the second year of the study did not
grow well as it was planted off season due to issues with obtaining seeds. Thus, switch-
grass is excluded from further analysis. Juniper, vetiver, and fescue are compared in the
subsequent analyses due to their good establishment and consistent growth throughout the
study (Figure 4).
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3.2. Runoff and Erosion
3.2.1. Runoff Collection Method

The time series of runoff for the three plots is shown in Figure 5 for two representative
rainy periods, one during the first year after planting and one almost one year after
planting. The juniper had the lowest runoff volumes while vetiver and fescue had similar
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values during most of each rain event. While subtle differences between plots in slope or
underlying soils cannot be ruled out, this difference was consistent across rain events.
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Figure 5. Daily precipitation and hourly change in runoff volume from three erosion plots during
rainy periods: (a) six months after planting; and (b) ten months after planting.

Based on the runoff collection and TSS method, the plot with fescue grass had the
highest sediment yield over the first nine months of the study while the plot with the
juniper shrubs had the lowest (Figure 6). The initial spike in sediment yield in June was
collected one month after planting and shows that the grass provided the least amount of
initial surface-soil stabilization. All three species showed similar spikes in sediment during
rain events at the end of November and the end of March.
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Figure 6. Cumulative sediment yield during the first year of the study measured using the runoff
collection with TSS method.

3.2.2. Erosion Pins

As previously discussed, a single-variable regression model was used to assess changes
in erosion pin height during the study period. The linear regression models with time
and cumulative rainfall as the independent variables produced similar results in terms
of which subsets of the data had the best model performance. However, R2 values were
consistently higher for models with time as the dependent variable, so this is considered for
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analysis. Linear regression between time and erosion pin height showed spatial variability
in erosion and deposition among the species tested. For juniper (Figure 7) the slopes for
upslope, midslope and downslope positions are 0.018, 0.006 and −0.02 respectively. This
indicates erosion from the top pins, almost no erosion at the middle pins, and deposition
at the bottom pins. The juniper showed more growth at the base of the plot, which may
have slowed water flow leading to deposition. For fescue grass (Figure 8), the slopes for
upslope, midslope and downslope positions are 0.011, −0.007 and 0.013, respectively. There
is deposition and erosion evident at the midslope and downslope, respectively. While
the slope was positive for the upslope pins, the high variability in the data for this area
makes it difficult to draw conclusions about the dynamics. For vetiver (Figure 9), the slopes
for upslope, midslope and downslope positions are 0.001, 0.011 and 0.018, respectively.
The vetiver established uniformly across the plot but was not present near the plot outlet
because it was not possible to plant slips in this small area. For a uniform surface, the flow
velocity is expected to be highest at the bottom of the plot because of the accumulation
of rainfall over the plot. This could be why the vetiver shows little to no erosion at the
upslope and midslope and erosion at the downslope. The denser growth of the vetiver may
also change the overland flow patterns and velocities [68], but these flow patterns were not
measured in this study.
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Figure 7. Linear regression for the plot with juniper between time in days and erosion pin height
relative to the measurement on 12 October 2021, when all erosion pins were installed and stabilized.
Solid blue lines and markers show the trajectory of measurements for each erosion pin and dashed
red lines show the regression line. Regression slope is given in each plot with * indicating a regression
p-value less than 0.1. Regression lines are calculated separately for upslope (top), midslope (middle),
and downslope (bottom).
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Figure 8. Linear regression for the plot with vetiver between time in days and erosion pin height
relative to the measurement on 12 October 2021, when all erosion pins were installed and stabilized.
Solid blue lines and markers show the trajectory of measurements for each erosion pin and dashed
red lines show the regression line. Regression slope is given in each plot with * indicating a regression
p-value less than 0.1. Regression lines are calculated separately for upslope (top), midslope (middle),
and downslope (bottom).

The regression analysis summary (Table 2) shows that the R2 value for every species
is less than 0.5, indicating that the independent variable (time) is explaining only a small
amount of the variation in the dependent variable (erosion pin height). Other potential
sources of variation include spatial variability in erosion patterns and measurement errors.
The species differed in which positions showed significant erosion or deposition. However,
where erosion or deposition was occurring, the rates were similar, as indicated by over-
lapping 90% confidence intervals of the slope values. An exception to this is between the
vetiver and juniper. These do not overlap at the upslope or downslope locations, though it
should be noted that the R2 and p values for vetiver upslope indicate that time was not a
significant predictor of change in erosion pin height (Table 2).

One-way ANOVA analysis of the effect of species on change in erosion pin height did
not show a significant effect (F = 0.55, p = 0.58), indicating similar mean change among plots
(Figure 10a). Thus, the differences between plots were primarily in the spatial distribution
of erosion and deposition due to differences in the uniformity of vegetation establishment.
The influence of slope position indicated a clear pattern of positive change in pin height
for upslope pins, indicating erosion negative values, and deposition in downslope pins
(Figure 9b). A t-test demonstrated a significant difference between upslope and downslope
pins (t = 1.48, p = 0.08).
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Figure 9. Linear regression for the plot with fescue grass between time in days and erosion pin height
relative to the measurement on 12 October 2021, when all erosion pins were installed and stabilized.
Solid blue lines and markers show the trajectory of measurements for each erosion pin and dashed
red lines show the regression line. Regression slope is given in each plot with * indicating a regression
p-value less than 0.1. Regression lines are calculated separately for upslope (top), midslope (middle),
and downslope (bottom).

Table 2. Slope of the regression line with 90% confidence interval between time in days and change
in erosion pin height in mm and regression statistics for each plot and slope position.

Species Position Slope (90% CI) R2 p-Value

Juniper Upslope 1 0.018 (0.009, 0.026) 0.28 <0.01
Juniper Midslope 0.006 (−0.001, 0.013) 0.09 0.13
Juniper Downslope 2 −0.020 (−0.031, −0.009) 0.29 <0.01
Fescue Upslope 0.011 (−0.004, 0.026) 0.05 0.22
Fescue Midslope 2 −0.007 (−0.013, −0.001) 0.16 0.04
Fescue Downslope 1 0.013 (0.006, 0.021) 0.30 <0.01
Vetiver Upslope 0.001 (−0.005, 0.007) 0.00 0.76
Vetiver Midslope 1 0.011 (0.000, 0.021) 0.11 0.09
Vetiver Downslope 1 0.020 (0.014, 0.027) 0.36 <0.01

1 Significant erosion (p < 0.10); 2 Significant deposition (p < 0.10).
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the vetiver plots. 

Figure 10. Boxplots showing the change in erosion pin height between 12 October 2021 and
15 April 2022, as grouped by (a) species planted on the experimental plot (data from all slope
positions included); and (b) slope position of the erosion pin (data from all plots included).

3.3. Root Biomass

Vetiver had the highest overall root biomass in the top 40 cm of soil (3.75 kg/m3),
followed by fescue (1.28 kg/m3) and juniper (0.45 kg/m3). In the upper layers of the soil,
the amount of root biomass is very similar among the species (Figure 11). However, the
root biomass of vetiver increases with depth and shows higher amounts of root biomass
than the other species in the deeper soil layers. Total root biomass was substantially higher
for vetiver while juniper was lower than the other species (Table 3). Root biomass was
generally higher in the upslope core, though this was most pronounced for juniper. It
should be noted that roots could not be identified by species, so some of the roots sampled
from the juniper and fescue plots are likely from weeds. Very few weeds were present on
the vetiver plots.
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Table 3. Root biomass by species in the top 40 cm of soil for the upslope core, the downslope core,
and the mean of the two cores.

Species Upslope (kg/m3) Downslope (kg/m3) Mean (kg/m3)

Juniper 0.65 0.24 0.45
Fescue 1.33 1.23 1.28
Vetiver 4.00 3.51 3.75

Vetiver produced roots with a larger diameter than both the fescue and juniper
(Figure 12). Root tensile strength, which is assessed per unit area, is inversely propor-
tional to diameter [20,69], so a dense, fibrous root system with many small diameter roots
is better for slope stability [18,70,71]. Given the similar biomass abundance in upper soil
layers and prevalence of small diameter roots, fescue may be a better choice than juniper
if only surface stabilization is needed. However, the root biomass analysis (Figure 11)
demonstrated that vetiver is clearly better for deeper slope stabilization due to the greater
abundance of deep root biomass. Additional work is needed to directly measure the impact
of these roots on the strength of the slopes.
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3.4. Results Summary

This study addressed four research objectives. The first objective was to select veg-
etation types that may provide erosion control and slope stabilization for priority sites
and compare them to the current management practice of planting turf grass from seed.
Five vegetation types were tested—deep-rooted (vetiver) grass, woody shrubs, perennial
legume, fern, and native prairie grass—and were compared to fescue grass grown from
seed. The second objective was to determine which species establish and grow well on
moderately steep roadside slopes in the Piedmont region of the southeast USA. Of the
species tested, vetiver grass and juniper shrubs grew well (Figure 4). The third objective
was to compare surface erosion rates from the experimental plots. Juniper and vetiver both
had slightly lower sediment yield than fescue grass when sediment yield from the whole
plot was considered (Figure 6). Erosion pins indicated that there was more spatial variabil-
ity in erosion and deposition within the juniper and fescue plots due to uneven vegetation
establishment (Figures 7–9). The final objective was to estimate the contribution of each
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species to increased slope stability by measuring root biomass and diameter in soil cores.
Vetiver grass had substantially higher root biomass than the other species, particularly in
deeper soil layers (Figure 11).

4. Discussion

Vetiver grass and juniper shrubs both established well on the experimental slopes
and present possible alternatives to seeding with turf grasses such as fescue on high-
priority sites. The failure of the perennial legume (hairy vetch) and maidenhair fern
demonstrate the importance of weed resistance in species used for erosion control and slope
stabilization in the study region. Vetiver showed the best weed resistance of the species
tested while juniper may be suitable if a weed resistant species is planted in the interspace
between plants.

The plot containing juniper had the lowest runoff amounts and sediment yield based
on the runoff collection with TSS method (Figures 5 and 6). The erosion pin data suggest
that this is because deposition is occurring at the base of the plot, as measured by the
downslope pins (Figures 7–9), where aboveground vegetation establishment was strong
(Figure 4). This suggests that the vegetation near the bottom of the plot was slowing
runoff and allowing for deposition. If runoff was ponding as it slowed, it could increase
infiltration [14], causing the lower runoff volumes observed. The highest rates of erosion
were observed on the upslope pins in the juniper plot (Figure 10a), but the plot had the
lowest total sediment yield (Figure 6). This demonstrates the high potential of juniper to
create a barrier to sediment movement with good establishment.

In the other plots, with more even vegetation establishment, erosion and deposition
rates were more consistent across the plot. This agrees with previous studies that empha-
sized the importance of good vegetation establishment in preventing erosion [41,42]. This
study used two methods to compare surface erosion: runoff collection with TSS, which
measures total sediment yield, and erosion pins, which measure the spatial distribution
of erosion and deposition. The methods proved to be complimentary, as information on
the spatial pattern of erosion was helpful in relating vegetation establishment to observed
runoff and sediment yield. We did not directly quantify the effects of vegetation density
on overland flow velocities or patterns and this remains an important topic for future
research [68,72–75].

Despite the issues with establishment, the overall erosion rates observed in this study
were within the limit of 2–7 mm/yr. This is much lower than a previous study conducted
on a completely bare steep slope which had erosion rates of 20 mm/yr [62]. This study,
which was conducted over a 10-year period, also recommended longer monitoring duration
than was possible in the current study for erosion pins. Overall, the changes observed in
the erosion pin heights were very small relative to the measurement precision (± 1 mm) of
a manual ruler. Longer monitoring until higher erosion or deposition values are observed
may allow for more robust statistical analysis. Another difference with studies on bare
slopes was in the pattern of erosion. On bare slopes, higher erosion rates are typically
observed near the bottom of the slope, because that is where sheet flow velocities are
highest [76]. The vetiver plot showed this same pattern. The pattern of higher erosion rates
in the upslope pins observed for this study in the juniper and fescue (Figure 10b) was also
found in a large study of vegetated streambanks slopes using erosion pins [77].

Slope stability also depends on root biomass, diameter distribution, and architec-
ture [8]. Vetiver grass added substantially more belowground biomass than the other
species tested (Figure 11). In general, fine roots (roots < 3 mm in diameter) are considered
more important to soil stabilization than coarse roots [18]. Most of the biomass sampled
from the plots, including vetiver, would be considered fine roots. While juniper and fescue
had a slightly higher abundance of small diameter roots in upper soil layers, the deeper
biomass of vetiver is key for increasing soil strength [20,24]. A previous study of vetiver
grass in Brazil found similarly high levels of root biomass [78]. Based on the outcomes of
this study, vetiver grass is a promising alternative to the current practice of seeding with
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turf grass that should be explored by managers. This study is one of the first to examine the
use of vetiver grass in Alabama and the Piedmont region of the southern USA. and so this
strong establishment and growth should be encouraging to those considering using vetiver.
Future research should also measure additional factors that can influence slope failures,
such as soil moisture and soil organic matter content [79–81]. Given the weak predictive
power of daily rainfall as a predictor of change in erosion pin height, future studies should
also measure sub-daily rainfall for the calculation of rainfall intensity as this is a better
predictor of erosion than rainfall depth [82].

The performance of a vegetative cover must be weighed against practical concerns,
such as ease and cost of planting and maintenance requirements. Vetiver is a non-native
species that must be planted from slips that have been sterilized so they will not produce
seeds. This is more costly and labor intensive than planting from seed. Future work should
consider other native grasses, such as switchgrass, that are deep-rooted and can be planted
from seed. However, to grow vegetations from seed, seeds need to be planted during the
season recommended and do require some care, such as watering and reseeding of bare
patches. Future studies could also consider applying seeded biochemical solutions such as
those used by [43] to combine temporary biochemical surface stabilization with the benefits
of native grasses.

5. Conclusions

This study compared several vegetation types for erosion control and slope stabiliza-
tion on roadside slopes in the Piedmont region of Alabama. The focus was on deep-rooted
species that could be an alternative to planting turf grass from seed, the prevailing slope
management practice in the region. The test plots were established on a relatively steep cut
slope (25–30◦) at the NCAT Test Track in Opelika, AL, USA. The response of the plots was
monitored for over two years using erosion pins and TSS measurements.

Vetiver grass and juniper shrubs established well. Juniper and vetiver both had
slightly lower sediment yield than fescue grass when sediment yield from the whole
plot was considered. Erosion pins indicated that there was more spatial variability in
erosion and deposition within the juniper and fescue plots, likely due to uneven vegetation
establishment. Selecting a species with strong and even establishment is important to
preventing surface erosion. Vetiver grass had more abundant and deeper root biomass than
the other species in the study, suggesting it will be best for slope stabilization. This was the
first study to test vetiver grass in the Piedmont region of the southeast and demonstrates
that it is a promising option for slope stabilization. Future work is needed to directly
measure the impact of vetiver roots on slope stability and to investigate effects of vegetation
density and planting arrangement.
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