ABSTRACT
EL-KHOURY, LAYLA . Comparing Methods for Quantifying and Predicting Streambank
Retreat and Associated Sediment and Pollution Loads at Both Watershed and Reach Scales
(Under the direction of DiBarbara Dol).

Excessive streambank erosion poses a threat to infrastructure, water quality and the
ecosystemQuantifyingsediment and pollutant loads from erosi®hallenging especially
across large spatial scales and short monitoring periods. This dissertation evaluated and
developed fielebased and desktop approaches for measuring and predicting streambank erosion
at both reach and watershed scales.

From 2020 to 2022, 15 stream reaches in the Blue Ridge and Ridge Valley of Virginia
were monitored for streambank erosi®@treambank conditions were characterized along each
study reach and streambank lateral retreat rates due to erosion were quantified using repeat
surveys performed &2 channel crossectionsChannel morphology and seiflatawere
collectedfrom the eroding streambanks at each study Sheee sites located in open pastures
were used to compaepproachefor estimating reachwide erios volumes. Three methods
were used to quantify bank retreat and paired with-fiedchsured bank heights to estimate the
reachwide volumes: 1) crosgction surveys, 2) top of bank (TOB) surveys, and 3) aerial
imagery analysis. Digital elevation models) of Difference (DoD) using light detection and
ranging (LIDAR) data were also used to estimate reachwide erosion. While all methods were of
similar magnitude, DoD produced the lowest estimatesthehighest uncertainty. Crosection
surveys proved #hmost reliable for lovorder streams over short timeframes. Across all
methods, excluding DoD, the sediment volume ranged from 0.18 tanf/@6yr.

The Bank Erosion Hazard Index (BEHI) and near bank stress (NBS) field assessments

were completed at all5 Virginia sites and used to develop Bank Assessment for Ngpoint



source Consequences of Sediment (BANCS) ma&ispatial land cover and climatatawere
combined witiNBS and individual BEHI metrics assessed and used to destltigtical models
to predict observed erosion rat@fiese models outperformed the BANCS mailelsp r edi ct i on.
of erosion rateshighlighting the importance of including land cover and climate data as
predictor variables.

From 2022 to 2024, streambank conditions were assessed at 163 locations across the
Falls Lake watershed in North Carolimadbank retreatvasquantified at 28 sitegsing repeat
field-based crossection surveysA series of predictive modelgasdeveloped to estimate
sediment and nutrient loads delivered to Falls [al@uding a classification model for erosion
severity and regression models for bank height, TOB width and annual bank retreat. Delivery
ratios from literature and the3) Ge ol o0 g i qUSGS)NUSPARR®W model were used
to estimate the load proportion delivered. Field validation and comparison to existing models
confirmed the reliability of the pdictions. Results indicated streambank erosion contributes 35
to 58% of the total suspended solids (TSS), 13 to 18% of the total phosphorus (TP) and 1 to 3%
of the total nitrogen (TN) loads delivered to Falls Lake.

This research demonstratemv desktop analysesan be usetbr identifying high
priority restoration sites based on erosion severity and pollutant loads. While remote sensing
methods offer efficiency, field survegse besfor accuratey characterizing streambank erosion
for shortterm monitoring on loworder streams. Predictive models are valuable tools for

estimating retreat rates when time is limited, but require site calibtatemsure their accuracy
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CHAPTER 1: Introduction and Literature Reviews

Background and Introduction

Streambank erosion is a geomorphic process driven by fluvial and gravitational forces
altering channel forms and sediment loads. Both external and internal factors influence the rate
of bank retreat along a stream. Precipitation, climate, seasonalitygdaeduse and sediment
supply are external drivers of stream morphology and processes. The internal factors are the
channel geometry, form and instream features that change in response to the external drivers.
The Bank Assessment for N@oint sourceCongquences of Sediment (BANCS) meth{dd L.
Rosgen, 2001goes not consider external influences like land use (current and historic), and
changes in the flow and sediment regifBeham et al., 2018; Gamble, 2021; Ghosh et al.,
2016; Sass & Keane, 2012)

While streambank erosion is a natural geomorphic process, it becomes problematic when
its magnitude disrupts the stream system and larger watgSineoh & Rinaldi, 2006; Wohl et
al., 2015) Numerous studies have shown that streambank erosion can be a significant source of
instream sediment and phosphorus loads posing water quality, infrastructure and ecosystem
threatg(Fox, Purvis, et al., 2016; Miller et al., 2014; Paterson et al., 1993; Simon & Rinaldi,
2006; F. F. Williams et al., 2023)0 assess whether streambank erosion is a significant
contributor to degradation within the watershed and whether its impacts are localized or
widespread, sediment budgets are indispengblalmshaw et al., 2017; Palmer et al., 2014)
However, there is no standardized method for constructing sediment b{(Wgéisg & Collins,
2008)and the complexity of watershed sediment dynamics makes certain sources, like
streambank erosion, especially challenging to quailiymendinger et al., 2007; Gellis et al.,

2017) As the spatial scale increases and the temporal resolution decreases, the difficulty in



guantifying streambank retreat and estimating associated sediment nutrient loads becomes
increasingly difficult(Couper, 2004; Palmer et al., 2014)

Many models built to predict bank retreat heavily emphasize internal factors and usually
address external factors more indirectly, often through flow parameters. Flow is a main driver of
bank erosion, both fluvial erosion and bank failure (mass wastingrestdble undercutting).
However, flow, like streambank erosion and deposition, is influenced by external factors: land
cover and land use, precipitation, and climate.

Merritts et al. (2011) proposes that conce
|l and use are incomplete for valleys i mpacted
depend on its purpose: predictive or explanatory. Predictive modelieg rmare about the best
combination of factors to predict the dependent variable but those factors may not be able to
fully explain what is happening. This emphasizes the importance of both contextualizing streams
based on how they were shaped and recognthe drivers of internal changes as necessary for
watershed management decisions (Johnson et al., 2023; Wohl et al., 2015). The transportation
and deposition of kstream sediment is important to understand to quantify delivered sediment
yields.

Predicting streambank erosion remains a challenge, particularly in the context of
restoration. The BANCS method is the most commonly applied method for estimatiaggre
postrestoration erosion ratéaltland et al., 202Q)However, its reliability is limited, especially
when using it outside the region the curve was developed. BANCS curves are also often
constructed from relatively few data points but are used to represent large physiographic regions
(Allmanova et al., 2019; Gamble, 202Rdditionally, these curves are not updated or verified to

confirm retreat rates have remained consistent since being developed. The method is more likely



to produce poor relationships in regions where streambank erosion is controlled by subaerial
processegCouper & Maddock, 2001; Wynn & Mostaghimi, 2006ydrologic fluctuations and
localized disturbances. Therefore, exploring alternative models that use easily attainable inputs is
essential for providing more reliable estimates of streambank erosion while maintaining model
accessibility for practical afipations.

Developing desktofpased analyses to identify erosion hotspots can streamline watershed
management planning and optimize resou(Bésdsoe et al., 2012; Hopkins et al., 20Z/)e
first step is detecting which subwatersheds contribute disproportionately high sediment and
nutrient loads downstream. Then the next step is to pinpoint streambanks exhibiting severe
erosion that may pose environmental or public safety risks. Nargodawn priority areas
before fieldwork allows practitioners to strategically use limited resources, improving efficiency
for restoration and stabilization projects.
Physiographic Regions of Study Areas

The physiographic region plays a large role in defining the characteristics of the valleys
and streams within theVohl et al., 2015)This dissertation examines streams within three
regions: the Blue Ridge and Valley and Ridge regions of Virginia and the Piedmont of North
Carolina.

The Blue Ridge region contains many steep mountain ridges and includes the Blue Ridge
Belt, which is characterized by metamorphic r@diC DEQ, 1991; Nelms et al., 199Diverse
parent material produces a wide range of soil particle sizes, but the subsurface tends to be
composed of clagNagy et al., 2011Mean base flows range from 0.02 to 2.44 cféhefiecting
the wide range of elevations above sea level from 220 ft at the Potomac River up to 5,729 ft at

Mount Rogers. Annual precipitation ranges from 38 to 48 ifiNgtms et al., 1997)



As its name suggests, the Valley and Ridge region has valley and ridges running in the
northeast and southwest directions, formed by Paleozoic sedimentaryNetks et al., 1997)
Generally, the Valley and Ridge has high transmissivity due to karst formations and folded
sedimentary rockgSwain et al., 2004 promoing greatersubsurface flowandincreasng the
importance of seepage erosion. Average annual precipitation ranges from 36 to 50 in/yr across
the region. However, the northern section of the region lies in a rain shadow, with 10 to 14 in/yr
lower annual precipitation compared to the southern porti@anvbase flows range from 0.01 to
1.51 cfs/mi (Nelms et al., 1997)Generally, boulders and bedrocks form the channels of the
streams in this region and Blue Ridd®ohl et al., 2015¢haracterized with steeper slopes
(Nelms et al., 1997%hat offer less flow resistance.

The Piedmont in North Carolina is typically defined as having rolling hills with long low
ridges. The elevation difference between hills and valleys is usually a few hundr@gdaigpeet
al., 2011; NC DEQ, 1991}t includes several different geologic settings like the Carolina Slate
Belt, Triassic Basins, Raleigh Belt, Eastern Slate Belt, and Inner Piedmont Belt. These contain
both metamorphosed volcanic and sedimentary rocks. The Piedmont tends to haveudiagey s
and subsurface soils with a high erosion potefiagy et al., 2011)Streams in this region tend
to have gentler slopes and higher sinuosity compared to mountainous regions. The bank material
is mostly composed of erodible materials like silts and $@afahl et al., 2015)

While both colluvial and alluvial valleys exist in the Piedmont, alluvial streams are more
common due to historical land disturbances. From the 18th to early 20th centuries, agricultural
practices, like hillslope farming, generated significant upland @ndbiat accumulated in
headwater valleys. The influx of sediment aggraded channels and was deposited on floodplains,

with much of the eroded sediment becoming trapped behind mill dams. This legacy sediment



accumulated along lower order streams of the Piedmont. With the collapse and removal of dams,
legacy sediment has been transported downstream joining the eroded legacy sediment from

streambankgqAtkins et al., 2023; Royall & Kennedy, 2016)

Mechanisms and Drivers of Streambank Erosion

Stream stability is not a static concept but a balance between erosional and depositional
forces where there is little net sediment yield from a watershed. The spatial and temporal scale
on which one considers what is stable is essential to define (WebiMamitts, 2007). A single
reach within a watershed could be unstable and produce a significant amount of erosion, but at
the watershed scale, much of that eroded sediment may be redeposited before leaving the system,
resulting in little to no influencerothe net sediment yield. It is natural for erosion and deposition
to occur and cause lateral migration over time (Wohl et al., 2015; Wohl and Merritts, 2007).
When these processes are accelerated and produce significant amounts of sediment, the river

system is no longer considered stable or natural.

Types of Erosion
The type of erosion that occurs will depend on the driving mechanidmse are two
main types of bank erosion: fledriven erosion (fluvial erosion or surface scour) and

geotechnical failure or bank failure (unstable undercutting and mass wasting).

Flow-Driven Erosim

Flow-driven erosion or fluvial erosion is characterized by the detachment, entrainment,
and removal of bank material (individual particles or aggregates) by flow. Particle entrainment
by flows occurs when the boundary shear stress is greater than tted shéar stress. The point
at which the boundary shear stress exceeds the critical shear stress is not just dependent on the

flow but also bank material. Bulk density, grain size distribution and soil moisture content



govern critical shear stress that is a function of the particle diameter and soil (Rabitgt al.,
2015; Zhao et al., 2022)

Subaerial processesuch agreezethaw, wettingdrying cycles and piping/seepage
flows, play a role in fluvial erosiariThe subaerial processes can be considered preparatory
processes that weaken the physical structure of the bank face making it more susceptible to
fluvial erosion and bank failur@Vynn, 2020; Wynn et al., 2008)he subaerial process that will
have the largest effect on bank stability is heavily dependent on bank composition and
geography.

While subaerial processes act as preparatory processes for fluvial erosion, flow is the
main driver of the timing and magnitude. Darby e{2007)noted the most fluvial erosion
occurred during the peak flow. During peak flows, stream stages are at their highest marking the
largest possible hydraulic radius. As a functiothefhydraulicradius, in addition tevater
surface slopeandspecific weight of watefSimon et al., 200Qpoundary shear stress on the

banksis highest during peak flows.

Geotechnical Failure

Gravitational forces govern bank failure. The forces resisting gravity comprise of
cohesion from soil particles and roots, matric suction, and hydrostatic pressure. Once these
forces are overcome by the weight of the soil, seepage and excessive soiafasreressure
(gravitation forces) bank failure occy&imon et al., 2000; Zhao et al., 2022his type of
erosion is considered episodic in nature contrasting the more continuous and progressive fluvial

erosion(Zhao et al., 2022)



Subaerial Processes

Freezethaw cycling is an important process that influences the rate of erosion in areas
like the Valley and Ridge and Blue Ridge regions of Virginia where freezing temperatures occur.
Not all climates support freezbaw cycling- parts of the southern U@rely reach freezing
temperatures. At night, the soil moisture in streambanks freezes forming ice crystals, then thaws
as temperatures increase during the day. The growth of ice crystals forces the bank to expand,
increasing the soil volume and decreggitlensity. This enhances the erodibility of the bank
likely leading to increases in fluvial erosi@@amble, 2021; Wynn et al., 2008; Zhao et al.,
2022)

Freezethaw cycles dominate in soil with high silt content due to the pore size
distribution. Silt has pores small enough for capillary action creating a soil moisture gradient that
draws moisture to the surface, but large enough to facilitate the moveihweater at rate that
allows ice crystals to forrfiVynn et al., 2008; Zhao et al., 202R) contrast, clay pores are too
small to promote growth in ice crystgi&/ynn, 2020)

The frequency of freeziimaw cycles is positively correlated with the soil erodibility of
high silt content banks. As a result, these banks are more likely to experience greater erosion
during winter month$Simon et al., 2000; Wynn et al., 2008) the Valley and Ridge region of
Viriginia, Gamble (2021) found that freeleaw cycles were the main driver of erosion in the
winter. Collectively, these studies demonstrate freékaw cycling is a significant contributor to
erosion severity in areasisceptible to this process like Valley and Ridge and Blue Ridge.

Wetting-drying cycles also influence bank erosion, particularly along banks composed of

shrink-swell soils(Wynn, 2020) Desiccation of the bank can cause fissures, increasing bank

erodibility through t he r e dZhaoteiab 8022xHeredyh e b ank



enhancing both fluvial erosion and bank failure. Saturation of the banks occurs from high flows,
infiltration from precipitation and groundwat
moisture content approaches saturation, the soilwater presure increases, reducing the
matric suction between soil particles. When high flows recede, the confining pressure of
saturated banks is removed, leaving behind saturated bank m&eaistiationalforces increase
from the added weight of the saturated,dedding to a greater likelihood of bafdilure as
those faces exceed resisting aénce the gravitational forces exceed the resisting forces, bank
failure occurdWynn, 2020; Zhao et al., 2022)
Flow Dynamics
Flow dynamics are a primary driver of both the type and magnitude of streambank
erosion. The depth and duration of flow events, combined with antecedent bank conditions of
moisture content and geometry indicate whether fluvial erosion or geotechnica iwillne
dominant process. While fluvial erosion and unstable undercutting are more likely to occur at
lower flow events, nedbank and overbank flows are more likely to initiate mass wasting.
According to Wegmann et gR012) even slight increases in stream stage above
baseflow were sufficient to mobilize sediment, elevating turbidity levels beyond water quality
standards in Richland Creek, NC. Similarly, Midgely ef2012)and Simon et a{2000)
observed that consecutive medium sized events produced substantial bank erosion and failure.
Simulations by Rinaldi et a{2004)confirmed that near saturated bank conditions were not
required to trigger mass wasting. Together, these studies suggest that flows below bankfull can
also cause bank failure, dependent on antecedent moisture, and the geometry and composition of

the bankgeometry.



Bank stability is further influenced by the frequency and duration of flow events which
alter the saturation and sailoisture content of the banks that are key factors controlling the
hydrostatic and porevater pressuréSimon et al., 2000; Zhao et al., 20238judies have
revealed that prolonged wet periods, often characterized by multipeak flow events are more
destabilizing than singular peak eve(Realdi et al., 2004; Simon et al., 2008pr example,
bank failures were observed along Goodwin Creek after a multipeak event kept the river stage
above basefloySimon et al., 2000)nstead of occurring after a multipeak event, Rinaldi et al.
(2008)discovered mass wasting occurs between the falling limb of the first peak and rising limb
of the second, confirming similar findings of Darby et(2007) These conditions keep banks
saturated, causing reduced matric suctionpositive porewater pressure that trigger bank
failure.

The dominant type of erosion is dependent on the placement of the noncohesive layer in
relation to the stream stage and groundwater table. When the noncohesive layer is under the
cohesive layer, unstable undercutting tends to occur eventually leadingtectgecal failure
(Zhao et al., 2022)Groundwater table levels near or above the stream stage produeeapere
and confining pressure conditions favorable to seepage erosion which exacerbate unstable
undercutting preceding bank failufieox et al., 2006, 2007; Rinaldi et al., 2008)

Seepage erosion often occurs in stratified banks with contrasting hydraulic conductivities,
particularly in noncohesive layers that transmit water more readily than cohesive layers with
higher clay contents. These conditions promote lateral subsurfacetiatverode away the non
cohesive soil destabilizing the overhanging béfdx et al., 2006; Zhao et al., 202E)juvial
entrainment removes the eroded material at the toe of the bank from undercutting and mass

wasting, enabling the continuation of subsurface flows and er@smnet al., 2006)



Vegetation Influences

Vegetation is one of the main drivers of streambank stability. In general, riparian cover
provides some protection against erosional forces by increasing the tensile strength of banks and
reducing soil moisture. The density and type of vegetation affecteree of protection offered.

Purvis and FoXx2016)found annual bank retreat along bare banks was approximately
three times greater than the retreat along banks with riparian vegetation. Woody vegetation, with
its extensive root system, is better able to stabilize banks by reducing soil erodibilitytiaat cr
shear stress on the bank. Although grasses have shallower root systems and are less effective
than trees at stabilizing streambanks, grassy banks offer more protection than woody shrubs
against fluvial erosion by folding over to shield the bakspkinson & Wynn, 2009)

Sparsely planted trees have some impact on the flow near the banks, but did little to
change the velocity and shear stress in comparison to bare(bamksnson & Wynn, 2009)A
lab-scale study by Smith et 42023)found that sparsely spaced roots increased erosion rates
due to higher turbulent stress. Plant and microbial extracellular polymeric substances (EPS) can
further increase bank resistance to streambank erosion. Smiti2&2a&)reported synthetic
roots and EPS reduced fluvial erosion rates by 86%, nearly matching the reduction of live roots
reported from 95% to 100%. If EPS increases bank cohesion, it could make the bank more
resistant to bank failure. However, further fidldsed research is needed to validate these
findings.

Vegetation also influences subaerial processes. As previously mentioned, reduced soill
moisture from vegetation can decrease the frequency of ftkawecycles, therefore lowering
erosion rate§Zhao et al., 2022)Vynn and Mostaghin{2006)discovered banks with deciduous

forest cover experienced more fre¢kaw events than those with herbaceous cover. During
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winter, the lack of canopy cover in deciduous forests exposed the banks to solar heating and

night cooling. In contrast, herbaceous banks retain coverage in the winter, insulating the banks

from freezethaw cycling. Streams in the Blue Ridge and Valley Rittje are better protected

from freezethaw cycling and associated erosion by herbaceous and evergreen dpaeian
Vegetation promotes streambank stability by intercepting rainfall, increasing tensile

strength, and reducing bank susceptibility to fluvial erosion through the reduction of subaerial

processegZhao et al., 2022)As such, vegetation is a key factor of stream stabilization and

restoration efforts, often determining the success of the project.

Anthropogenic Drivers

The severity of streambank erosion worsens with greater anthropogenic disturbances that
convert natural landscapes into agricultural and developed (&tepp et al., 2013; Wohl et al.,
2015) When impervious cover reaches or exceeds 10%, streams are classified as urban streams
characterized by greater incision and accelerated erosion rates. Increased impervious coverage
alters watershed hydrology producing higher peak flows with shorteniag that generate
more energy from flows driven by stormwater runoff. This causes excessive channel incision and
widening, leading to diminished streambank stability.

Channel incision, quantified by the bank height to bankfull height ratio, indicates
presence of accelerated erosion once ratios exce€Bidgtiam et al., 2018; D. L. Rosgen,
2001) As the raio increases, the bank approaches the point of failure when th&tamal
forces exceed the shear strength ofitiek materia(Simon et al., 2000; Zhao et al., 2022)
Il nci sion also severs t he Cfartheriatansif§irsg banloimstalelityt i o n
and erosion. Due to geological formations, stream incision is a more dominant driver of stream

stability in the Piedmont compared to the Valley and Ridge and Blue Ridgecdbarsial forest
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removal and agricultural practices generated accelerated upland erosion that was stored along
valleys and trapped behind milldams throughout the Pied(Wéegmann et al., 2013Current
streams are cutting down through this legacy sedimenismeion increasing turbidity

resulting in water quality issues.
Streambank Erosion as a Source of Sediment and Nutrients

Sediment

The relative importance of streambank erosion to overall sediment export is going to be
determined by the stream conditions and watershed characteristics. The physiographic region
plays a large role in defining the characteristics of the valleys and stugmm them(Wohl et
al., 2015) In some watersheds, streambank erosion can be the most significant process
contributing to instream sediment loadStott, 1997) ranging from 17 up to 92%almer et al.,
2014; Purvis & Fox, 2016For example, Gellis and N¢2013)found streambank erosion
alongside agricultural practices were the greatest contributors to sediment loads in Linganore
Creek, Maryland. In contrast, along agricultural streams in the Minnesota River Basin,
streambank erosion contributions exceeded tfrose field erosionLenhart et al., 2018)

Streams in the Blue Ridge and Ridge and Valley have greater capacity to transport
sediment loads than those in the Piedmont due to higher mean bagbliéms et al., 1997)
steeper slopes and bedrock channels. Whereas, streams in the Piedmont are characterized by both
erosional and depositional processes, pointing to the importance of streambank erosion in
sediment dynamic@Vohl et al., 2015)Wider valleys with erodible bank materials allow
streams to meander, commonly exhibiting erosion on the outside of bends and depositional bars

on the inside.
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While fluvial erosion may produce lower magnitudes of eroded sediment relative to bank
failure (Rinaldi et al., 2008)its importance to the stream instability and overall sediment loads
cannot be overlooked. Simulations revealed fluvial erosion contributed less than bank failure to
the sediment load, only accounting for approximately 30% of the load. Neverthelesd, fluvi
erosion coupled with mass wasting produced 66% more eroded material compared to scenarios
with just bank failurgRinaldi et al., 2008)This finding demonstrates that fluvial erosion
exacerbates mass wasting. The interactions between different mechanisms of erosion are often
overlooked with most models decoupling fluvial erosion from geotechnical failure.

Pre and postestoration monitoring of an urban stream in Virginia revealed the
restoration led to improved bank stabilization, preventing sloughing and further channel incision
(Selvakumar et al., 2010Multiple approaches can be used to stabilize banks, including
engineered istream structures and bank armoring. Research on bank stabilization found
protecting the toe of the bank can reduce erosion by up tqSba6n et al., 2009)

Nutrients

Sediment from streambanks also can serve as a dominant source of nutrient pollution.
Most streambank erosion studies focus primarily on phosphorus (P), not nitrogen (N) loads since
nitrate is easily leached making it highly mokii@llpack & Buchholz, 2022) Streambank
erosion can contribute between 6 to 93% of total phosphorus (TP) loads in a watieoshed
Purvis, et al., 2016; Kronvang et al., 2012; Sekely et al., 2002)

Differences between wet and dry years can cause substantial variation in nutrient loads.
During a dry year, streambank erosion was responsible for 44 to 62% of the diffuse P load
compared to just 21 to 23% during a wet y@&aonvang et al., 2012)otal nitrogen and

phosphorus loads to Falls Lake, NC from all sources were found to vary in proportion to annual
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rainfall. In 2018 when rainfall was 30% higher than the average, nutrient loads were
significantly higher compared to an average rainfall yg&RBA, n.d.) Although this appears

to contradict findings from Kronvang et £012) these differences suggest that during drier

years streambank erosion is a more dominant source of P relative to other sources, like surface
runoff that will have larger contributions during wetter years.

To better quantify these contributions, studies have been conducted to understand and
predict the contributions of streambank and bed erosion to phosphorus concentrations in streams.
Banks are more likely to serve as a source of P due to the high peecentiags present in the
materi al increasing the banksd capacity to so
them to serve as sinks. In fact, fine particles in the stream can sorb P from sewage and industrial
waste and carry that P further dowesim(Inamdar et al., 2020 his emphasizes the
importance of reducing excess sediment from streambank erosion, which not only transports
phosphorus already bound to soil particles but also mobilizes additional phosphorus from other
sources.

In simulations of the impact of various stream restoration practices on nutrient removal,
Lammers and Bledsd@017)reported that bank stabilization offered the greatest potential for
the prevention and removal of TP (609 kg P/km/yr). Inamdar €@20)suggest legacy
sediments have the capacity to sorb P which could be strategically incorporated during
restoration efforts. Floodplains recreated with legacy sediments could function as sinks for P by

maintaining oxic conditions required to retain P.

Methods to Quantify Streambank Erosion Rates
Various methods exist for documenting and quantifying streambank erosion rates through

field and remote sensing techniques. In the field, esesfional surveys and toe pins are
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commonly used to measure bank ret(airvis & Fox, 2016)Crosssections can be manually
measured using bank pins or electronically surveyed with total stations, Global Navigation
Satellite System Redlime Kinematic (GNSS RTK) system, or terrestrial light detection and
ranging (LIDAR) scanning (TLS).

The spacing of bank pins or point density affects the survey resolution, as too few points
will fail to accurately capture the shape of the bank. While these methods can be used along
highly vegetated banks as well as bare bdlkkeers et al., 2019)they are better suited for small
scale studies as labor and costs become prohibitive at larger spatia{lscedsams et al.,

2020)

Crosssection surveys are only representative of chatamt specific location, making
them incapable of capturing episodic streambank er@Biorvis & Fox, 2016)The longitudinal
distance between crassgctions should be three channel widths or less to fairly represent the
entire study reach. At these longitudinal distances, variability was significantly reduced when
estimating reachwide erosion rates from cresstion survey§Gamble, 2021)

To more effectively document the longitudinal variations in bank retreat along reaches,
top of bank (TOB) surveys can be conducted either in the field or remotely using aerial imagery
analysis. In the field, survey points are taken along the edge ofrik€EieKhoury et al., 2024)
Unlike other methods that capture geomorphic change, vegetation poses minimal interference in
field TOB surveys.

Compared to field surveys, aerial imagery analysis is more conducive to larger
spatiotemporal scales. Banks are manually digitized using GIS sof@elreont et al., 2011,

Heeren et al., 2012; Purvis & Fox, 2016; Ross et al., 2019; F. Williams et al., EOR8ye

from heavily vegetated banks can prevent one from being able to differentiate the bank from the
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stream. To mitigate this limitation, aerial images should be collected when vegetation is dormant
(Myers et al., 2019; F. Williams et al., 202@klection of aerial images should ensure

geomorphic change is greater than the spatial resolution of the images, often accomplished by
increasing the temporal interval between images.

While manually delineating the banks typically produced highly accurate results, it is
time consuming and leaves room for subjectivity, limiting the ability to replicate si{idies
Williams et al., 202Q)To combat these limitations, Williams et al. (2020) developed an
automated Python and ArcPY model called Aerial Imagery Migration Model (AIMM). AIMM
produces both migration maps and volume calculations from two aerial images, a digital
elevation model (EM) and a river centerline file. This program reduced analysis time from an
average of ten hours for manual bank delineations down to one and a halflRowfitliams et
al., 2020) Increasing access to highsolution aerial images combined with AIMM has
expanded the opportunities for exploring geomorphic change on spatial scales larger than
individual reaches over multiyear periods.

DEMs are composed of a set of measured elevation points so the spatial proximity and
relationships between points can be implicitly or explicitly established. DEMs can be derived
from a variety of survey methods including airborne and terrestrial LiDAR, 4tations, and
RTK GPS(Fisher & Tate, 2006 DEMs of Difference (DoD) quantify volumetric changes
between successive topographic sur&:sD. Williams, 2012)

Just as dense vegetation hinders aerial imagery analysis, it also affects the accuracy of
DEMs derived from LIDAR. The likelihood the laser pulse will reach the ground is inversely
proportional to the vegetation densf8chaffrath et al., 2015 otal stations can be used to

gather checkpoint data in heavily vegetated areas to better define the uncertainty of the DEMs in
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those locations. Cloud point density is a better indicator of DEM uncertainty than vegetation
height. A density near one means the abgnaeind point density is higher than the bgreund
point density indicating the presence of dense vegetéicimaffrath et al., 2015)

The complexity of collecting, processing, and calibrating the data before applying
geomorphic change detection (GCD) software increases the potential errors and uncertainties
compounded with each stéBkiatas et al., 2022; Hohenthal et al., 2011; James et al., 2012;
Schaffrath et al., 2015Qirborne LIDAR is usually collected along flightlines with a 10 to 30%
overlap. Each overlap can generate calibration errors that can be corrected with the original GPS
and laser data to filter out overlapping poif8shaffrath et al., 2015Dther sources of error can
stem from weather conditions, dense vegetation, shadows, {ehading, and georeferencing
(Gkiatas et al., 2022; Hohenthal et al., 2011; James et al., 2012; Ludwig et al., 2020; Schaffrath
et al., 2015)James et a(2012)and Schaffrath et a{2015)break down uncertainty sources in
DEMs and DoD, emphasizing the importance of documenting uncertainty at each step.

As one of the most difficult banks to capture, undercut banks are often excluded from
studies. Erosion pins are not recommended for use along these banks since they are susceptible
to shifting or burial, rendering them unusable for accurate measurefilyeis et al., 2019)

Aerial imagery analysis usually assumes a 90° bank angle, overlooking the presence of undercut
banks. Additionally, many GCD software process 2.5 D surfaces. These surfaces only allow one
coordinate per elevatidgiR. D. Williams, 2012)making them unable to render undercut banks.
These simplifications, which eliminate undercut banks, ignore the influence of the bank angle on
the erosion mechanism affecting the magnitude and timing of erosion. This leavesectasss

surveyed with ttal stations, RTK or TLS as the best methods for capturing undercut banks, but
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these banks remain more challenging than others to survéhdtiry et al.(2024)describes

two approaches for accurately surveying an undercut bank in the field.

Geospatial Approaches for Streambank Erosion Identification and Prioritization

Although past fluvial geomorphology studies have been limited spatiotemporally by
traditional field method#Boothroyd et al., 2021}echnological advances have increased the
accessibility, quality and amount of higésolution topographic data allowing streambank
erosion to be remotely identified, monitored and predicted. Greater computation power is needed
to keep up with advances data collection, and recent improvements in data processing and
storage have made this possi@ehaffrath et al., 2015)ncorporating geospatial data into
fluvial geomorphology studies has expanded the spatiotemporal scale and enabled the possibility
to remotely identify problematic areas prior to any field assessments.

Palmer et al(2014)began exploring how to use the relationship betweenLIDAR
data and locations of severe erosion to predict severe erosion in other watersheds. A drawback to
this is the expense of collecting LIDAR data. It is most cost effective to be collected sn area
larger than 20 Mi(Hohenthal et al., 2011Fxpenses stem from costly equipment requiring
advanced expertise, particularly for projects requiring higher resolutiorf\taet al., 2011)
Furthermore, extensive processing is required to transform the LIDAR data into usable data as
reflected by the methodologies outlined by Schaffrath é2@lL5)and Hohenthal et a2011)

Multiple approaches for transforming the data can be selected by including analytical
hill-shading, skyiew factor (SFV) and openness. The intended purpose of the data will inform
the best approach to use. Hihading is best suited for visualizing oltgewith sharp well
defined edges but is limited by the use of a single light making it difficult to depict structures

parallel to the light source. Positive openness (PO) is best at illustrating concave surfaces, like
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streams, by representing depressions where the angles are less than 90°. Additionally, PO is less
sensitive to noise from the DEM& okoyama, 2002)

USGS has developed a downloadable PO layer for the greater Raleigh a(&urig
et al., 2023)Using a preprocessed data layer will save time and reduce costs due to the
technical complexity and time required to collect and process LIiDAR data. Applying the PO
layer in analysis requires less specialized technical capabilities compared to ¢heaitmiggl
DEM, allowing less experienced GIS users to extract information.

The shift towards creating accessible data repositories and sharing methodologies will
help create a more complete and comprehensive understanding of environmental processes. For
example, Daxef2020)outlines steps to compute openness from a DEM in QGIS. The ability to
use free software, QGIS, to generate PO increases its accessibility. Applying geospatial
techniques opens the potential to examine channel processes on larger spatial scales over longer
time periods to gain a better understanding of the episodic nature of streams. These methods
could capture both shernd longterm rates of change. As indicated byKioury (2022) PO
has the potential to be an effective tool for evaluating channel incision and instability. This could

assist at local to federal levels for remotely prioritizing areas for stream restoration interventions.
Predicting Streambank Erosion Rates

Bank Assessment for Nepoint Source Consequences of Sediment (BANCS)

The Bank Assessment for Ng@oint Source Consequences of Sediment (BANCS) model
is a commonly used i antegratedstreambankerosibe predietiend, pr oc
mo d €0. loa Rosgen, 2001)t is used to predict annual erosion rates for specific physiographic
regions, composed of two parameters: the Bank Erosion Hazard Index (BEHI) and the near bank

stress (NBS) rating.
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The BEHI rating represents the erosion potential of the bank through quantitative and
gualitative variables. Higher BEHI ratings indicate greater erosion potentials. The following five
variables are used to calculate the BEHI score, each given 1 to 1§ poin

1. Bank height to bankfull height ratio
2. Root depth to bank height ratio

3. Weighted root density

4. Bank angle

5. Surface prtection

Two adjustment factors based on bank material and stratification are used to add or
subtract points.

NBS describes the shear stress applied to the banks through a rating system of very low
to extreme. It can be assessed by seven different methods depending on the data available and
the type of stream. Method 1 is a visual assessment based on instremes faad the channel
pattern. Method 2 is a ratio of the radius of curvature to the bankfull width. Method 3 is the pool
slope to average water surface slope ratio, and Method 4 is the pool slope to riffle slope ratio.
Method 5 is the nedrank maximum dep to bankfull mean depth ratio. Method 6 is the near
bank shear stress to bankfull shear stress ratio requiring the most amount of data to be collected.
Method 7 is based on vertical velocity profiles. A higher rating for the BEHI and NBS indicates
a higter risk for bank erosio(Bigham et al., 2018; McMillan et al., 201 Further details on
how to calculate the BEHI and NBS score and associated ratings are given in 208d¢and
Bigham et al(2018)

BANCS models must be calibrated for a particular region using measured streambank

erosion rates and associated BEHI and NBS ratings to fit a linear regression model. The linear
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regression usually uses NBS as the predictor variable and BEHI as the categorical variable

(Figurel.l).
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Figure 1.1. NC stream bank erodibility curvéBoll et al., 2003)

BANCS Limitations

Because BANCS focuses on channel form and geometry instead of physical processes
that drive erosion (CastBolinaga and Fox, 2018), it prevents this method from working well in
streams that behave differently than those in Colorado and Montano where BAigiD&ted.
This is demonstrated by how few studies have been able to replicate the success of producing
erosion curves like Rosgen produced in Colorado, Montana and Wyoming (Allmanova et al.,

2019; Bigham et al., 2018; Gamble, 2021; Ghosh et al., 20&6tilMn et al., 2017; Rosgen,
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2001). To improve model performance, future studies should explore how to modify the existing
BEHI and NBS factors and identify missing parameters, especially those that capture regional
variability.

These types of models are also spatially restricted. A BANCS curve is only applicable in

the study area where the data were gathered, i.e., the North Carolina BANCS curve should not be

used in Virginia. Variations in bank retreat also exist within a stéd®/ing them to be broken

down on smaller spatial scales. For example, there are different geologic regions within a state
where streams behave differently in each region. Any BANCS model used for predictions should
be validated for the study area.

Van Eps et al(2004)demonstrated the accuracy of their developed BANCS model was
dependent on discharge. Discharge was near bankfull when collecting data to build the model.
Therefore, the model is the most accurate for predicting erosion rates during bankfull flows with
deaeasing accuracy when flows are substantially higher or lower than bafMdnlEps et al.,

2004) As such, it is good practice to report the flow conditions the model was developed under
to knowwhenit is appropriate to use the model.

In addition to flows varying bank retreat rates from yteayear, precipitation and
watershed disturbances also contribute to these fluctuations. However, BEHI and NBS
assessments are a snapshot of the bank conditions meant to estimate annual banke®treat
This snapshot disregards the antecedent conditions that prime a bank for erosion and the flow
conditions that occurred during the time of interest. None of the variables in the BANCS models
represent temporal variation so the same annual bank&tretigredicted for a bank segment year
after year despite changes in the flow regime. A change in the predicted retreat will only occur if

the bankds BEHI o r Nt&Rar basis, theregis ofiem not & dsastic édougha
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shift along a bank to warrant a change to the BEHI or NBS rating. Consequently, BANCS is
unabl e to capture hydrodynami c v(2a0d7)atdmptkoi t y de
develop BANCS curves for the Northern Gulf of Mexico Coastal Plain.

BEHI and NBS were also inadequate predictors of retreat for the Bakreshwar River, India
illustrated by low ¥ values of 0.28. Ghosh et §2016)determined the unsatisfactory curve was
due to substantial erosion from high seasonal water levels along segments dominated by non
cohesive soils. This is likely due to the absence of BEHI parameters to capture governing
processes of erosion for nopnhesve soils. As discussed earlier, this is driven by subsurface
flows controlled by hydraulic conductivity, groundwater table height relative to stream stage and
bank stratificatior{Fox et al., 2006, 2007; Zhao et al., 202&hile BEHI does have an
adjustment factor for stratification, the number of points added is objective and will vary
depending on the assessor. Still, there are no parameters representimmjstaile, preventing
BANCS models from accounting for the effe of seepage erosion and performing poorly on
non-cohesive streambanks.

Many studies have found a lack of correlation between NBS and erosion rates
(Allmanova et al., 2019; Ghosh et al., 2016; McMillan et al., 2017). This lack of correlation
indicates NBS and BEHI parameters do not capture important drivers of erosion. dihstisses
of flow on the banks, which governs fluvial erosion, is indirectly accounted for by NBS. The
ability of NBS to capture applied shear stress is dependent on the selected method. While
Method 7 is the most thorough, it is rarely used in studiesadtinee impracticality of calculating
velocity isovels, likats exclusion fronthe BANCS study by Bigham et §2018) Each method
is not equivalent to another, as assessors are instructed to use the highest NBS rating from all

applied methods, not an averd@egham et al., 2018)
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McMillan et al. (2017) began to delve into ways to modify NBS Methods 2 and 5 in an
attempt to more accurately model the relationship between channel size, discharge and near bank
stress. To correct for NBS met haddténpactdi sregard
downstream erosion, McMillan et al. (2017) used an equation to transform the previous linear
relationship between channel sinuosity and erosion rates to one that depicts how erosion rates
decline after reaching a peak associated witi8155curature ratios. Method 5, nebank
maximum depth to bankfull mean depth ratio, was scaled by the channel width. The scaling of
Method 5 to channel width improved erosion rate predictions, matching previous studies that
found correlations between channetithi and migration rates. However, tRealues (0.33 and
0.31 for Method 2 and 5 respectively) were still too low to accept using the BANCS curve to
predict erosion rates in the northern Gulf of MexiptzMillan et al., 2017)

Gamble(2021)also explored modifying NBS for a stronger theoretical framework to
address fluvial sheatress Two hydrograptbased methods and two DuBoys methods were
tested. The hydrograph methods quantified the number of peak flows above baseflow and
percentage of time above baseflow. The first DuBoys method used the DuBoys equation to
estimate shear stressdasecond standardized the estimated DuBoys shear stress with the radius
of curvature. The modified BANCS curves produced with the hydrograph methods hacflower r
than the traditional BANCS curves. The best regression fit used the modified DuBoys equation
but was still only able to explain 4% of the variafGamble, 2021)Even with NBS
modifications, the BANCS model was unable to explain more than 5% of the variance in bank
retreat for the Valley and Ridge region of Virginia. This indicates that there are several
fundamental drivers of erosion rates that are not includdte model, like freezthaw cycling

(Gamble, 2021; Wynn et al., 2008)
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One strength of the BANCS model is its ability to represent the forces that resist bank
failure. Soil and bank cohesion are represented by the weighted root density, root depth to bank
height ratio, and material adjustment. Bank angles are also a datital in stream evolution
helping to identify the stage of channel evolution pointing towards the dominant channel
processe$Simon, 1989; Simon & Rinaldi, 2006)he angle can be a good indicator if fluvial
erosion or bank failure is more likely to occur. For example, angles greater than 90° depict
undercutting that eventually leads to bank failure. This aligns with approaches by PigA@p
and Nagata et al2000)who modeled bank failure when the slope was greater than the angle of
repose.

Modeling Watershed Scale Sediment and Nutrient Loads from Streambank Erosion

Identifying areas of severe erosion and deposition and gauging the contribution of
channel instability as a source of sediment and nutrients is vital to developing a watershed
management plan to address sedimentation and eutrophication. However, qggihtE#yeloads
from streambank erosion at the waterskedle is difficult to do without geospatial data. Large
scale models often rely on generalized stream characteristics across large reaches, working on
larger spatial resolutions. For example, the N@GBROW model has one reach per catchment,
excluding many smaller headwater stredlhSGS, 2018)As a result, mapped spatial
distributions identifying eroding streambanks at the watershed scale afé/odirer et al.,

2021) limiting efforts to accurately estimate loads from streambank erosion.

While sediment transport naturally occurs, excessive sediment mobilization or deposition
can disturb a systemdbs dynami c (Elggheinhatd.r i um,
2008; Hupp et al., 2013This often occurs in urbanized watersheds where continued

development increases impervious coverage altering the watershed hydrology. Greater surface
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flows produce higher peak flows and shorter lag times, generating greater energy from
stormwater runoftiriven flows and amplifying channel incision and wideniHgpp et al.,

2013; Wohl et al., 20155hifts in sediment regimes can degrade stream health by impairing
instream habitat@-lorsheim et al., 2008; Gage et al., 20@d)l increasing contaminant
concentrationgHopkins et al., 2018; US EPA, 2017)

Reaches and watersheds, depending on spatial scale, can be classified as balanced, net
erosional or net depositional regarding sediment transport. Dynamic equilibrium is achieved
when erosional inputs balance deposi{@fohl et al., 2015)In a larger study area, like the
Chesapeake Bay, headwater streams could be net erosional with downstream reaches net
depositional creating a balanced equilibrium at the watershed(blcadeet al., 2022)To fully
capture how significant streambank erosion is within a region, a sediment budget is required.

Sediment budgets allow one to understand the roles of sources and sinks within a
watershed; however, there is no standardized methodology for constructing them. Additionally,
sediment transport varies both spatially and temporally making it challengiugudify and
predict.(Walling & Collins, 2008) Recent years have seen an increased need for quantifying
erosion at a watershed scétopkins et al., 2018; Palmer et al., 2014; Purvis & Fox, 2016)

Sediment fingerprinting is common method used to build sediment budgets. Suspended
sediment samples are collected across the watershed along with soil samples from possible
sediment sources. All samples are tested for concentrations of various elements and
radionuclides to identify the sediment orig{ioli et al., 2013; Walling & Collins, 2008)/oli
et al.(2013)applied a Monte Carlo simulation to estimate the contributing percentage of each
source. The age of alluvial deposits on streambanks was calculated through radiocarbon dating of

woody materials and sedimgMoli et al., 2013)
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Tracking radionuclides is a technique often used for sediment fingerprinting. CE3ftum
(137Cs), produced by testing nuclear weapons in the 1950s and 60s, can be detected up to 40
years later. Tracing this isotope in soil samples determines sedimeibutistr across the
watershedWalling & Collins, 2008)

Allimendinger et al(2007)and Gellis et al(2017)constructed sediment budgets by
measuring erosion and deposition rates through the watershed and extrapolating results based on
stream order. Both studies used crssstional surveys to quantify different geomorphic
processes. Allmendinger et €2007)used them to measure streambank erosion while Gellis et
al. (2017)documented changes in the channel bed and floodplain. Instead, Gell{2@13).
used erosion pins to measure erosion and deposition along streambanks.

Allmendinger et al. (2007) created a sediment budget fordidkr streams to quantify
the sediment input into the Good Hope Tributary in Montgomery County, Maryland. The
sediment budget was simplified to exclude sediment storage due to a lack ofdiesdibdng
the firstorder streams. Upland erosion was estimated from regressions while dendrochronology
was used to estimate sediment stored on floodp{Aiireendinger et al., 2007)his study
found that floodplain storage, upland and channel erosion were all significant and of similar
magnitude in their contributions to the sediment budget.

In Difficult Run, Virginia, Gellis et al(2017)usedpowdered white feldspar clay as field
markers to measure deposition on floodplains. Multiple measurements were taken over the
monitoring period, including post Tropical Storm Lee and Super Storm Sandy. Upland erosion
was calculated as the difference betwdee measured sediment input from channels and

sediment storage and measured sediment eX@@tllis et al., 2017)This study captured the
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influence of extreme events on sediment transport within the watershed, allowing comparisons to
be drawn of erosion rates under varying hydrologic conditions.

Shifting from fieldintensive methods, Noe et §2022)develop a modeling framework
to estimate a watershed budget for the Chesapeake Bay using extensive geospatial data collection
and monitoring. Multiple models were built to predict streambank, floodplain, suspended
sediment, TN, and TP loads. Geospatidhdeas used to collect watershed attributes as inputs
for the models while reaescale geomorphometry of channels and floodplains was measured
with LIDAR data. RUSLE?2 estimated upland erosion delivered to steams. Random Forest
regressions and USGS SPARRONddels were used to estimate the final pollutant loads
delivered to the Chesapeake B@yoe et al., 2022)

Wolter et al.(2021)also used LIDAR data to estimate regieaeale sediment and
phosphorus loads, coupled with field validation of eroding bank locations. However, this method
was only applied to third order streams and higher since many of the first and second order
streans had tree canopies and overhanging vegetation obscuring the banks. To account for both
sides of the stream, the total eroding stream length was doubled, estimating around 41% of banks
were severely erodin@Volter et al., 2021)This assumes that if one bank is eroding the
opposing bank must be as well. However, this is not always the case, particularly along
meanders.

Royall and Kenned{2016)compared sediment budgets the Blue Ridge and Piedmont
regions of North Carolina for watersheds with similar land cover. The Blue Ridge watersheds
produced greater sediment yields and colluvial storage while the Piedmont watersheds
experienced greater allial storage. Higher sediment yields are expected for mountainous

streams due to decreased opportunities for sediment deposition and storage from steeper slopes
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(Royall & Kennedy, 2016)As demonstrated by this study, mountainous streams have a greater
capacity for sediment transport with small alluvial storage relative to the large sediment yields.
Contrasting previous studies, Royall and Kenn@ii6)only considered upland erosion

ignoring streambank erosion. This indicates streambank erosion is not a significant source of
sediment in these watersheds.

While various approaches are used to construct sediment budgets, they all break down to
the same principal components: channel erosion, upland erosion, and floodplain storage. Many
variabilities within these components of sediment transport are not fidigrstood or captured
with existing approaches. A lot of uncertainty remains around identifying patterns of erosion and
deposition on varying spatiotemporal scales making sediment transport difficult to model
(Walling & Collins, 2008)

The temporal scale of the monitoring period is a key factor for capturing erosion
dynamicg(Florsheim et al., 2008; Palmer et al., 2014; Purvis & Fox, 2Q8)ger monitoring
periods are more representative of annual aver@pgesble, 2021; Palmer et al., 20T4je to
their ability to cover a wider range of conditions, i.e., wet and dry years, extreme storm events
and land use changes. Palmer e{28114)documented wet versus dry years significantly
impacted the annual sediment load.

Spatially, many studies use measured erosion from a few sites to extrapolate streambank
sediment loads across an entire watershed. Purvis an@@b&)found this approach to lead to
an underestimation of sediment loads. Future studies should focus on collected data over a larger
spatial area, representative of variations across the watershed. This wider sample range will help
researchers understand exatory factors of streambank erosion. If these explanatory factors

are pulled from GIS data, then sediment loads can be estimated on watershed and regional scales
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with minimal effort. Recent studies like Noe et(@022)have taken advantage of this to predict
delivered loads to the Chesapeake Bay. Utilizing geospatial layers for watershed modeling will
help reduce time, effort and resources compared to more traditional methods of quantifying and

measuring loads in theeld.

Project Description

Quantifying streambank erosion remains a challenge, particularly foicomsrained
projects on lower order strearfis-Khoury et al., 2024)Using models to predict bank retreat
rates instead of measuring them can be a suitable alternative provided the model is reliably
accurate for the area of interest. While the established BANCS erosion curve is appealing
because of its rapid field assessits(D. L. Rosgen, 2001)t is spatially restricted to the area of
development, ignores subaerial proce¢&ssnble, 2021and relies on subjective parameters
(Bigham et al., 2018)

However, the limitations of the BANCS model become more apparent when expanding
the spatial area of interest from individual reaches to watershed or regional levels. At these larger
spatial scales, the dynamics of loading from streambank erosion becoessiingly complex.

To truly understand the role of streambank erosion within a watershed, it is necessary to estimate
its contribution to sediment and nutrient loads and identify localized impacts in need of more
immediate attention. This watershed persipeaecognizes the importance of incorporating

sediment regimes into management planning acknowledging the dynamic role of sediment in
fluvial systemgqWohl et al., 2015)Desktop and geospatial tools offer scalable approaches for
estimating erosion and facilitating the prioritization of areas for restoration and watershed
managemenBledsoe et al., 2012; Hopkins et al., 202") address these methodological and

spatial limitations, this dissertation examines the following objectives:
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1.

Compare the accuracy of fielthsed assessments to aerial imagery and Libased
approaches for estimating total reachwide sediment volumes from streambank erosion.
Develop predictive models of annual streambank erosion rates using field measured
streambank and channel morphology data combined with terrain and climate data.
Validate watershedcale estimates of sediment and nutrient loads from watershed models
with field-assessed streambank conditions, frekeasured erosion rates, and soils data

combined with statistical modeling.

Specific hypotheses to be tested are:

1.

3.

Bank retreat rates quantified from crasstion surveys, field top of bank (TOB) surveys,
and aerial imagery analysis will be statistically different.

Reachwide sediment volumes from streambank erosion estimated bgectes

extrapolation, field TOB surveys, aerial imagery analysis and differencing of DEMs

(DoD) will be statistically different.

The addition of watershed and climate factors will improve model performance for
predicting annual bank retreat rates, outside what BEHI and NBS alone can explain in the
Ridge and Valley and Blue Ridge physiographic regions of Virginia.

Streambank erosion is a significant source of (1) total suspended solids (TSS), (2) total
phosphorus (TP), and (3) total nitrogen (TN) delivered to Falls Lake, NC.

Chapter 2 compares physical surveys, aerial imagery, and UAS LIiDAR surveys for

guantifying streambank erosion along towder streams under short temporal scales at three

sites in the Blue Ridge and Ridge and Valley regions of Virginia. Three methodaseer&®

guantify bank retreat from 2028022 at specific locations along each reach: (1) eseson

(XS) surveys, (2) TOB surveys, and (3) aerial imagery analysis. These retreat rates were
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compared to longeterm rates quantified from aerial images collected between 2007 to 2019. All
three methods were paired with figlteasured bank heights to estimate reachwide erosion

volumes in addition to applying DoD from collected UAS LIDAR data. ANOVand Tukeyods
HSD tests were applied to the bank retreat and volumes estimates to determine if different

methods produced statistically different estimaié® comparisons outlined in this chapter

begin to address the challenges of reliably quantifying sediment loads for restoration actions,
meeting the need for sipecific, lowcost, and timesaving methods. Recommendations are

provided for selecting the mbappropriate method for documenting and quantifying erosion
depending on time constraints, purpose of estimating erosion, resolution required and stream
conditions.

Chapter 3 examines empirical modeling approaches for predicting annual streambank
retreat rates in the Blue Ridge and Ridge and Valley regions of Virginia. At 15 stream sites,
BEHI and NBS assessments were conducted alongside erosion rate quantificatj@nass
section surveys and soil samples. The first modeling approach followed the BANCS method,
creating separate regressions for each BEHI category with NBS as the predictor of annual bank
retreat. The second approach explored five types of regresgipmsultiple linear regression
(MLR), (2) Ridge regression, (3) Lasso regression, (4) Principal Component Regression (PCR),
and (5) Random Forest. Predictor variables were selected from individual BEHI parameters,
NBS ratings, reach characteristics, watershed attributes and climate nméteidsest predictive
model was selected based on the root mean squared error (RMSE) and correlation coefficient
squared @), the coefficient of determination fR adjusted R and Akaike Information Criterion
(AIC). The bestperforming models were used to predict annual bank retreat rates and estimate

reachwide sediment and nutrients in combination with soil data. Measured retreat rates were
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compared to the North Carolina (NC) and Maryland (MD) BANCS erosion curves to assess if
either curve could be used in Virginia. The alternative modeling approaches aimed to address
some of the limitations of the BANCS method to better capture the vagabibtreambank
erosion across the region. The final models are meant to provide practitioners with a user
friendly tool to estimate sediment loadsmad postrestoration with easily attainable inputs.
Chapter 4 explores a watershed modeling approach for predicting TSS, TP and TN loads
delivered to Falls Lake, NC from streambank erosion. A total of 114tX0dy reaches were
assessed for bank erosion classification and channel dimensions. 28 aitésseghibiting
active erosion were selected for crgestion surveys to quantify bank retreat rates and analysis
of streambank soils for bulk density, TN and TP concentrations and grain size distribution. A
series of statistical models were built witfiSGlata to predict bank erosion classification, bank
height, TOB width and annual bank retreat. Models were validated in the field using data from
52 new sites. Model estimates were used to calculate delivered TSS, TP and TN loads from
streambank erosiodetermining if streambank erosion was a significant contributor to sediment
or nutrients in Falls Lake. To evaluate the practicality of model estimates, predictions were

compared to other model estimates and literature values.
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Abstract

Excessive or accelerated streambank erasaonharm stream ecosystems and negatively
impact water supply and infrastructure systeBteeambank erosion can be the most significant
source of irstream sediment loads aaslsociate@ontaminantsSite-specific, lowcost and
timesaving methods to quantify active erosion rates are needed to identify and prioritize
locations for restoration actions focused on reducing sediment loads and improving stream
functions.Therefore, we examined several methods for giyamg streambank erosion at
smaller spatial and temporal scales that are typical of most restoration pfigsisal surveys
aerial imagery analysisnd Unmanned Aircraft System (UAS) basigtt detection and ranging
(LIDAR) surveyswere conducted to document erosiotha¢estreams in the Blue Ridge and
Ridge and Valley regions of Virginidhree methods were used to quantify bank retigat
crosssection (XS) surveys, 2) tepf-bank (TOB) surveyand 3) aerial imagery analysis. The

bank retreat rates were compared to rates estimated fromiaaga collected during 2007 to
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2019.All three methods wetbenpaired with field measured bank heights to estimate the
volume of erosionReachwide erosion volumegere also estimated with digital elevation

models (DEM) of Difference (DoD)sing LIDAR datecollected with an UASThe estimated
eroded sediment volumes varied widely across all methods but were of a similar magnitude.
DoD produced the lowest estimated sediment loads, highest uncertainty and was statistically
different from the average of the maximum erosion measuredabsafisections. The volume

of streambank er osi odm/yracrossaldsites foralhmetdadd 8 t o 1.
excluding DoD. Based on the small size of our study streams and the short monitoring period
(one to two years), DoD was the least suitable method. Selecting the appropriate method for
documenting and quantifying erosidepends on the time available, the purpose of estimating
erosion, the resolution required and stream conditions.

Keywords: streambank erosion, aerial imagery, LIDAR, geomorphic change, physical surveys

Introduction

Erosion sadiment transpornd deposition are natural stream processes that are essential
for healthy river ecosystenfg/ohl et al., 2015)However,accelerated erosion has humerous
negative consequences. Sediment can cover spawning fish habitats, disturb filterafesders
decrease the biodiversity of species, thus reducing ecosystem fufDiWER, 2000; Gage et
al., 2004; Paterson et al., 1993; US EPA, 20A&yeleratecerosion cameducethe storage
capacityin reservoirs and lakes, increase costs for hydroelectricity, water treatment and
stormwater drainage, exacerbate flooding impacts, and degrade ae$iettcson et al., 1993;
US EPA, 2015)Streambed incisi@and associated bank erosion can cause structural damage or
failures that are a public safety haz&simon & Rinaldi, 2006)Problematic excessive erosion is

primarily due to geological or anthropogenic disturbariE&ssheim et al., 2008; Hupp et al.,
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2013; Wohl et al., 2015¥eo0logic disturbances like earthquakes cause dramatic shifts in the
sediment regime causing instability through the imbalance of sediment trafhiygaptet al.,

2013) Urbanization and development, for example, destabilize streams by increasing runoff and
introducing new sediment sources from construction, gravel landscaping arukepmsited
sedimentgAtkins et al., 2023; Hopkins et al., 2015; Noe et al., 2022; Russell et al., 2017, 2019;
Wohl et al., 2015)Removal of vegetation, straightening and deepening of streams and other
watershed disturbances such as cattle grazing can increase erosion. In some watersheds,
streambank erosion can be the most significant process contributingtteam sediment loads
(Stott, 1997)

Stream restoration and bank stabilization practices are used to address accelerated
streambank erosion in hopes of recovering stream functions. Most restoration contracts span
three to five years including monitoring allowing for one-faed postmonitoring visit
(Johnson, 201050me watershed management programs useaiptdeposimonitoring for
crediting streambank erosion reductions achieved through restdpaltiamd et al., 202Q)
Variousrapid geomorphic assessments are used to determine current stream conditions. The
assessment used can result in different restoration approaches and plfitatitesrfield et al.,

2014) The Bank Assessment for Ngoint source Consequences of Sediment (BANCS) model
can be used to predict sediment loads to assess restoration piiDritiefRosgen, 20013nd is

one of the most commonly used methéatsprerestoration assessmeidtland et al., 202Q)

The BANCS method produces curves for specific physiographic regions (the Piedmont of North
Carolina(Doll et al., 2003)the Front Range of ColoradD. L. Rosgen, 2001Northeast
KansagSass & Keane, 2012Yellowstone National Park in Montafa. L. Rosgen, 200} Yhat

estimate a bank retreat rate based on the existing condition of an eroding stre&tobevier,
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the curves are an oversimplification of erosion rates across large spatial scales that may not be
representative of the current conditions at a specifi¢Geper, 2004; Goode et al., 2021)
fact, the erodibility of streambanks a few miles apart can be significantly diff€ient
Sheshukov, et al., 2018)levertheleSSBANCS assessments are used by several U.S. state
programs when quantifying the ecological uplift and associated mitigation credits allocated for
stream restoration effor(®onatich et al., 20205ite specific field surveys require longer
periods of time (months to years) and physical lalb@ quantify erosion. This effort may not fit
within the scope of a restoration project. Remote sensing methods often lack the resolution
required to quantify channel changes on lower order stréanks Williams et al., 2020YGo0ode
et al.(2024)states the need for lower cost stgecific methods for facilitating stream restoration
and mitigation projects.

Various methods exist for documenting and quantifying streambank erosion rates through
field and geospatial desktop methods.

In the field, crosssection surveyand bank pingre commonly used to measure bank
retreas (Purvis & Fox, 2016)Bank pins are installed horizontally into the bank at specified
intervals and the exposed length of the @nepeatedly measured to capture bank erosion
(Myers et al., 2019; Purvis & Fox, 2016) total station survey instrument can be used to
accurately measure cressction geometry. The point density affects the survey resolution,
where too few points fail to capture streambank retreat. These field methods are better suited for
smallerscale studies due to the time and cost required to perform the surveys and measurements
(F. F. Williams et al., 2020)They are also only representative of changes at the specifie cross

section and are unable to capture episodic streambank e{@siwns & Fox, 2016)The use of a
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total station for surveying has been shown to work well on both vegetated and bar@vyanks
et al., 2019)

Surveys can also be conducted along the top of bank (TOB)irhesterred to as TOB
surveys, in the field to quantify reashde erosion. Points are taken along the edge of the bank
to capture the shape of the bd&k-Khoury et al., 2024)Unlike other methods that capture
geomorphic change, field surveys are less limited by the presence of vegebtatibalabour
and cost required are prohibitive when surveying large spatial scales.

Aerial imagery analysis is another method used to quantify streambank retreat that is
more conducive for larger study areas amdr multiple yearsStreambanks are manually
digitized using aerial imagery in GI@elmont et al., 2011; Heeren et al., 2012; Purvis & Fox,
2016; Ross et al., 2019; F. F. Williams et al., 202®)ch can be difficult when there is dense
vegetation. This method assumes vertical banks and excludes undercutting, which creates a bias.
Aerial imagery analysis is time consuming and leaves room for subjectivity limiting the ability to
replicate studie§~. F. Williams et al., 2020Many studies have applied aerial imagery on high
order streams over multipleear period¢Bartley et al., 2008; Belmont et al., 2011; Heeren et
al., 2012; Larsen et al., 2006; Purvis & Fox, 2016; Ross et al., 2019; F. F. Williams et al., 2020,
2023)but not on first or seconebrder streams over a period less than two years.

Digital elevation models{EM) of Difference (DoD) involves quantifying volumetric
change between successive topographic suireyd. Williams, 2012)DoD analysis for
estimating morphological change can be completed usingdpEddiuced through light
detection and ranging (LiDAR) data, which uses point clouds to capturedinmeasional
surfaces from lasdrvased measuremerfidyers et al., 2019; R. D. Williams, 2012)ike aerial

imagery, dense vegetation can affect the accuracy of &devived from LIiDAR The chance
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the laser pulse will reach the ground is inversely proportional to the vegetation density
(Schaffrath et al., 2015¥he complexity of the method from collecting the data, processing and
calibrating the data, creating a surface pratessingt with a Geomorphic Change Detection
(GCD) software increases the number of potential errors and uncertainties that can compound
with each stefjGkiatas et al., 2022; Hohenthal et al., 2011; James et al., 2012; Schaffrath et al.,
2015; R. D. Williams, 2012)

Different methods of measuring erosion rates provide varying levels of resolution and
spatial scales that make direct comparssafiresults difficult.Mapping the TOB from field
surveys or by anasing aerial imagery, and DoD analysancapture reachwide streambank
retreat while crossection surveys represent erosion only for a specific point. However, undercut
banks which are the most difficult to measure, survey and quantify erosion rates for, are only
captured with crossection survgs. Bank angles are an important factor in streambank evolution
helping to identify the stage of channel evolution which points towards the dominant channel
processe$Simon, 1989; Simon & Rinaldi, 2008Ylass wastinggravity-driven erosionpften
occurs with undercut banks which is a different physical erosion procedtothadriven
erosionthat is caused by hydraulic forc@hao et al., 2022Bank angles are commonly
assumed to be near vertical for aerial imagarglysisand TOB surveys, which ignores the
influence thabank angléhas orthe failure modeGuidelines that recommend the best methods
for measuring and predicting erosion rates based on stream type, physiographic retiien and
required spatialesolution could help to ensure the most appropriate methods are applied.

This study quantified and compared streambank erosion ratesauivide volume
estimates from different methods suitable for smaller spatial and temporal scales. Specifically,

three methods were used to quantify bank retfigatrosssection (XS) surveys, 2) field surveys
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of TOB and 3) aerial imagery analysis of TOBhe bank retreat rates were compared to rates
estimated from aerianages collected during 2007 to 201Reachwide erosion volumegere

also estimated witboD using LIDAR datacollected with an Unmanned Aircraft System (UAS)
The research objectives were to: 1) quantify rates of erosi@tréamsn the Ridge and Valley

and Blue Ridge regions in Virginia, 2) determine if erosion rates were comparable or statistically
different between methods, 3) examine the suitability of each methtmh~order streams

under shortime periodsand provide recommendations based on findings.
Methodology and Methods

Study Area

Three sites in Virginia were selected to compare various methods for quantifying
streambank erosion. Rock Creek and Turkey Creek are located in the Blue Ridge and Sinking
Creek is in the Valley and Ridge physiographic redkigure2.1). All three sites are second
order streams in the New River watershed. The three sites were initially identified by the U.S.
Department oAgriculture's NaturaResources Conservation Service (NRCS) for future
restoration to help with the recovery of the Eastern Hellbei@gp{obranchus alleganiensis)
Since the 1970s, their populations have been declmaigly due to the degradation of streams
causing them to be listed as rare, threatened or endangered. Stream restoration is one of the ways
the Virginia Department of Wildlife Resources is working on Eastern Hellbender conservation
(Virginia DWR, 2021) The average channel slope ranged from 0.0022 m/m to 0.0144 m/m
(Table2.1). Thelargest percentage of land cover was forested for all site’'s watersheds followed
by agriculture with less than 10% developed lands. Cattle were present at all three sites.

However, the cattle were fenced out of Sinking Creek prior to the start of the study
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Figure 2.1. Study sites location map.

Table2.1. Watershed and channel characteristics of each site.

Site Rock Creek| Sinking Creek| Turkey Creek
Watershed Area (ha) 774 7542 2041
Impervious (%) 0 0.3 0.2
Developed (%) 1.2 4.7 4.1
Forested (%) 84.8 55 66.3
Agriculture (%) 14 38.7 28.7
Channel Length (m) 347 384 509
Channel Slope 0.0144 0.0032 0.0022
Channel Evolution Stage v v 11
*W bkt/WbkivR 0.7 0.6 0.4
Mean Bank Height (m) 1 1.5 1.6
Mean Wkt (m) 4.2 9.8 3.8

*Whbkf = bankfull width measured at cresections; WbkfVA = bankfull width estimated from Valley and
Ridge hydraulic geometry regional curve (Keaton et al., 2005)

Site Selection

These three sites were selected for a comparison of methods because of the presence of
streambank erosion and minimal tree canopy obscuring the banks. Located in open pastures with
easily identifiable TOB, these sites are ideal for both aerial imagerysasahd UASbased
surveys where there would be little vegetation to hinder drone flight and data collection. The
reach | ength f each site wdgSmomppr oxi

target or
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1989)was determined for each stream based on channel dimensions and reach conditions. The
average measured bankfull width ¢y was compared to the bankfull width calculated using the
Valley and Ridge hydraulic geometry regional cufWéwa) (Keaton et al., 2005).
Analysis Approach

To capture streambank erosion rates during the study period, all sites were surveyed with
a total station and/or Global Navigation Satellite System-Rima¢ Kinematic (GNSS RTK)
system and streambank erosion conditions, see s&@pamnd bank heights were recorded along
the entire reach between January 2020 and January 2021. Bank pins were not considered for this
study because they tend to increase bank instability during installetyans et al., 2019)and
cattle were present at two of three sites. Six esestions were selected at Rock Creek and five
crosssections were selected at both Sinking and Turkey Creek in areas where bank erosion was
present representative of all eroding banks along theesathe crossections were marked
using rebar pins driven in the ground at the csEsgion extents. Sinking and Turkey Creeks
were surveyed approximately one year after the initial survey and Rock Creek was surveyed
again after approximately two yea(Fable2.2). UAS-based LIDAR surveys were conducted in
March 2021 and February 2022 including capturing aerial images. A minimum of one year of
data is recommended to account for seasonal changes influencing erosion rates, as the variability
of estimating annual erosiosolumes decreases once at least a year of data i§Geedble,
2021) To compare estimated streambank erosion rates to historical rates over a longer time
period, aerial imagery analysis was conducted using the four available years of aerial images
obtained for the Virginia Department of Emergency Management (VA EM) (2001, 2015
and 2019)Virginia Department of Emergency Management, 2024Hummary and timetable

of the methods applied to each study areprovided inTable2.2.
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Table2.2. Monitoring period for each survey method.
Site XS Survey TOB Survey UAS LiDAR Survey
Rock Creek | Jan 27,2020 Dec 13,2021 | Jan 4, 2021 | Dec 13, 2021
Sinking Creek| June 8, 2020| June 28, 2021| June 8, 2020 June 28, 2021| Mar 16, 2021 | Feb 15, 2022
Turkey Creek| Jan 4, 2021 | Dec 13,2021 | Jan4,2021 | Dec 13, 2021

Precipitation Analysis
Daily rainfall data were downloaded from the PRISM Climate G{@negon State
University, 2024¥rom January 1, 1981 (the earliest date available) through December 31, 2022.
Annual precipitation was compared to the annual mean of tyealprecipitation record using
z-scores to determine if a year during the monitoring period fell outside the In@mnadion
range following methods used Bgimes et al(2006) A year was considered outside the normal
range of variability if it had a-gcore less than negative three or greater than (Begémes et al.,
2006)
Annual Bank Retreat Rates
Survey points were collected along the selected gessongFigure2.2) by two teams
using either a Trimble RI@ GNSS System RTK, Trimble S5 Robotic Total Station or a Topcon
GT 505 Series. The GNSS RTK system consisted of a base station set on a permanent rebar
monument and a rover. The survey data were collected and thietop@cted though the
National Oceanic and Atmospheric Administration's Online Positioning User Service (NOAA
OPUS)(National Oceanic and Atmospheric Administration, nAll)surveys were conducted
using the Virginia State Plane Coordinate System. The GNSS RTK system can reacltump to 1
accuracy under ideal circumstances (e.g. clear weatheextame temperature, clear line of
sight, stable ground for instrument setamal a properly levelled instrument). The tolerance to
record survey points with the Trimble TSC contr ol |l er was set to < O.
0.02 m vertical to allow points to be capture

when high rigielines were prese(Z. Edwards, personal communication, August 13, 20itig
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Topcon GT 505 Series total station has an accuracyrofi2 fppm2under ideal conditions

(Topcon, 2016)
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~——— 2022 TOB

UAS aerial
image taken
March 2021

Figue

To accurately survey undercut banks, two techniques were applied. First, the horizontal
offset between the survey rod and the bank was mea@tigeate2.3). The offset value was
recorded so the horizontal station could be adjusted ingrosessing to reflect the undercut.
Second, when the survey instrument was positioned on the opposing bank with a clear view of
the undercut bank, the prism was placed diyeaglainst the bank usingrd for the rod height
(Figure2.3).
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Figure 2.3. Example of surveying undercut banks. The left image shows measuring the horizontal offset. The right
image shows placing the prism directly against the bank.

The crosssection survey data were exported into Microsoft Excel. The data were
graphed, and the elevations for the top and bottom of the streambank were selected to isolate the
bank from the channel bed and floodplain. The horizontal stations for thaficssecongear
surveys were interpolated at every 0.15 m ele
of streambank elevations. Bank retreat was calculated by subtracting the stations. Minimum,
average and maximum bank retreat values for gathidual streambank at each cresesction
were calculated to account for uncertainty in measurements and variability in erosigilrates
Khoury et al., 2024)This method was similar to the bank retreat calculation method applied
by Resop and Hessid2010) Any streambanks experiencing deposition, such as point bars,
were excluded from this analysis

To determine the survey error, two teams surveyed the samesegigms on the same
day at select locations in December 2021 following recommendatidrewdgr (1993)
Distances between the two teams' survey points were calculated. The median difference was used

as the survey error. Factors that contribute to survey error and reducing data precision include
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human error (e.g. incorrectly setting the rod height, taking points when the rod is not completely
vertical, collecting a survey shot when the rod is not in contact with the ground, etc.) and
environmental conditions (e.g. animal and/or human disturbdrtbe survey pin, freeze/thaw
cycles moving the pin, etgMyers et al., 2019)Any bank retreat values less than or equal to the
survey error were assumed to ben 0

Because erosion is generally aomiform, TOB surveys were also included. Survey
points were collected along the top of the streambanks extending both upstream and downstream
of the cross sections for the length of the bank that was eroding or alongithéeagth of the
surveyed channel.

Aerial imagery analysis was conducted on both historical images obtained from the VA
EM (Virginia Department of Emergency Management, 2@2vw) from UAS images captured in
2021 and 2022. The VA EM images were collected in 2007, 2011, 2015 and 2019 andrhad 0.3
resolution. The UAS images were collected to enable a temporally direct comparison to the
LiDAR-based DoD analysis. These imageshadeas ol ut i on t hat ranged fr
depending on the site and year the image was taken. Streambanks were manually digitized from
the images using ArcMap to quantify erosion following methods outlind®Lbyis& Fox
(2016)

Bank retreat rates at each crggestion were quantified in two ways in ArcGIS Pro for
the delineations of TOB from field surveys and aerial imagery analysis. First, the bank retreat
was directly measured at each cresstion location. Second, the ero@deda was divided by the
bank length from the firsgear survey near each cresection similar to methods described by

Larsen et al(2006)and Heeren et af2012)
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All bank retreat rates were annualized by adjusting for the temporal distribution in
rainfall energy and intensifRenard, 1997 )Linear interpolation was used to find the energy
times intensity (El) distribution for each day of the year based on the USDA Agriculture
Handbook 703Renard, 19970 calculate the El value for each monitoring period. The bank
retreat rates were divided by the El value for an annual rate, except for the historical aerial

images since the exact dates when the images were taken are unknown.

Reachwide Erosion Volumes

Both sides of the banks were visually assessed to classify if the bank was stable or
eroding. Banks were classified as stable if they were fully covered with vegetation, and there was
no bare soil. All other banks were classified as eroding. In additiergeneral character of the
erosion was also noted including surface scour, mass wasting, undercutting, bank toe erosion
and/or hoof sheer by livestock. A GPS (Juniper Systems, Logan, UT) unit linked to the ArcGIS
Collector app was used to record the saat end point of each eroding bank and the bank
height.

Bank retreat values from all surveyed cresstions at a site were averaged for the mean
and maximum values that were measured. A reachwide volume of eroded matéyrivias
then estimated for the entire study reach by multiplying the average bank retreat value (m/yr) by
the sum of the product of bank height (m) and length for each eroding section (m). The volume
was estimated using both the mean and maximum measam&detreat values to show the
possible range of erosion.

For the TOB surveys and aerial imagery analysis, a lateral area of erosion was calculated

by comparing the TOB digitization in ArcGIS from different yedral{le2.2), closely following
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the methods laid out byurvis& Fox (2016) The lateral area of erosion was then multiplied by
the fieldmeasured bank height to estimate the volume of total erosion.

For the aerial imagery analysis, the error was estimated by having two assessors complete
the aerial imagery analysis for Turkey Creek. The total area of erosion for each streambank was
divided by the length of the bank (year 1) to obtain square metarsaiferosion per linear
meter of stream per year. Erosion estimates were combined for the right and left banks. The
percent difference in erosion areas was calculated between the two assessor's estimates.

To apply DoD, a geospatial mapping contractor collected LIDAR elevation data using a
DJI Matrice 600 Pro unmanned aerial vehicle (UAV) equipped with a RIEGL miniVUXY
LiDAR sensor (RIEGL, Austria) during March 2021 and February 2022. The UAV was
equippedvith a GNSS RTK. A base station was set up on the same surveyed rebar monument
for each flight to allow for pogprocessing correction. The LIDAR sensor collected points at a
density of 40 points per square meter with a stated accuracy @hlBoweverthe checkpoints
were only within £3 to &m of the LIDARmeasured elevations. The permanent rebar pins on
the ends of each croesection were used as ground control points.

The raw LIDAR data was filtered and classified by the contractor using a variety of
proprietary software following standard industry practices and best professional judgement. First,
the raw LIDAR data was downloaded, then the trajectory information si@g@xtracted into
the Applanix PosPac software (Applanix Corp., Richmond Hill, Canada) to run the Post
Processed Kinematic solution. The corrected trajectory information was then loaded into the
Riegl RiProcess software package and output into a LaSER) (hoint cloud file. Leica 3DR
software (Leica, Wetzlar, Germany) was used to remove extraneous points and to identify the

ground points. The point cloud was processed into a 3D mesh and Triangulated Irregular
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Network (TIN) surface in LandXML format. The LandXML surface was converted into a DEM
using ArcGIS PrdESRI, 2022a)The DEM was created using a linear interpolation of the
LandXML surface with a cell resolution of 0.0
DEM. The resulting DEM had some voids where overhanging banks could not be reconciled by
raster DEMalgairt hms. These overhanging areas were fi
Void Fillé Raster Function assuming | inear in
TheGeomorphic Change Detection (GCD) Software (versioNfgaton et al., 2010)
was used to estimate the y@seryear volumetric change in the channel banks (erosion and
deposition). The bounds for the DoD analysis
narrowest edge of the water boundary from the two aerial imagetsagad to remove the areal
extent of the water since LIDAR cannot completely penetrate the water to the stream bed, and
the analysis was focused on streambanks, not bed features. The DEM error was used to calculate
a propagated error within the GCD sadiw(\Wheaton et al., 2010Reachwide erosion volumes
were annualized the same way bank retreat rates were.
Statistical Analysis
Statistical analysis was performed in R 4 @&2Core Team, 2023 determine if there
were statistical differences in the magnitude of reachwide erosion rates and annual bank retreat
rates based on the method used. An Analysis of Variance (ANOVA) test with a randomized
block design was implemented with eroded volunrdipear meter or annual bank retreat as the
value, the method as the treatment level and the site as the block. To keep the residuals centered
around zero, the eroded volume was raised to the power of 0.8. Tukey's Honestly Significant

Difference (HSD) tet was used to further determine which, if any, methods were statistically
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different from each other. Similar tests were perforimgilyers et al(2019) Purvis& Fox
(2016) and Zaimes et af2006)to examine differences in erosion rates.

The ANOVA and Tukey's HSD test were run twice for the annual bank retreat rates: once
for the rates measured along the XS alignment and again for rates calculated by dividing the
eroded area by the bank length. A square root transformation applied tmtta dank retreat
was used for both sets of tests to ensure the residuals were centered around zero with a normal
distribution. Prior to the transformation, the residuals were-ggetved.

Results

Precipitation

The average annual precipitation over theyéar record for Rock, Sinking and Turkey
Creek was 1,079, 1,084 and 1,081 mm, respect.i
been trending upwar@Figure2.4). The annual precipitation totals for all sites were within the

normal range, although theszore for Turkey and Rock Creek was three in ZG2§ure2.5).
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Figure 2.4. Annual precipitation (mm) from 1981 to 2022 for all sites. The red dashed line marks the average
annual precipitation: 7079, 1084 and 1081 mm for Rock, Sinking and Turkey Creek.
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Annual Bank Retreat
Measuring along XS alignment
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Figure 2.6. Comparison of anual bank retreat rates across different methods and time periods by directly
measuring along the XS alignment.
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Figure 2.7. Comparison of anual bank retreat rates across different methods and time periods by dividing the
eroded area by the bank length.
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Rock and Sinking Creek show continually increasing annual bank retreat rates from 2007
to 2019 based on median values from aerial imagery anéiygize2.6 andFigure2.7). Bank
retreat rates decreased from 2007 to 2011 and increased from 2011 to 2019 at Turkey Creek. The
median values of the max retreat rates from XS surveys for each study site are similar to the
median values of 2012019 aerial imagery analysis. The medl@B survey retreat rates are
closest to the median values of the mean XS survey rates for Rock and Turkey Creek and the
max XS survey rates for Sinking Creek. Based on the historical aerial imagery analysis, there is
an overall upward trend in bank retreates that could be from lateral migration or stream
widening. All streams exhibited widening with an average increase in stream width ofraver 1
occurring between 2007 to 2019. This is further supported by the ratios of less than one for the
measured b&full width compared to the bankfull width predicted based on watershed size from
the Valley and Ridge regional curi¢eaton et al., 2005)NVoki/Whkivr in Table2.1).

There were statistically significant diffe
bet ween sites (p = 0.71) for the ANOVA test f
alignment. Tukey's HSD test revealed there was a statistical difference bdteeeaxt XS and
20212022 aeri al i magery (<0.02 m resolution) (p

The ANOVA test for annual bank retreat calculated using the area divided by the bank

l ength found statistical differences between

(p = 0.121). Tukey's HSD test revHhaldBaAa0lX her e w
aerial imagery (0.8 resolution)and 2022 022 aer i al i magery (<0.02
(p = 0.0076) . Refer to Suppwlues.i ng I nformati on

Figure2.8 compares the annual bank retreats for each individual-sext®n from the

methods applied over a ot@two-year period. There was a wide range of lateral bank retreat
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measured across all sites from O to 1.27 m/lyr
rate except for Sinking 1. If the digitization of the TOB had been selected differently, it is

possible the bank retreat at Sinking 1 would also have the |logtesat rate. There will always

be some degree of subjectivity when determining the TOB placement or where to take a survey

shot along a crossection.
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Figure 2.8. Annual bank retreats reported for the individual creggtions for shosterm methods.

The precision of the total station and RTK
the median lateral difference between repeated @ds0n surveys completed on the same day
by two different groups. Therefore, any measured bank retreat lesstftel80 m coul d not

confidently classified as erosion and was assumed to have an annual bank retreatméye. of 0
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The percent difference between surveyors ranged from 0 to 7.5% with an average of 1%. The
comparison of repeat aerial imagery analysis conducted by two different assessors showed a
range in percent difference from 0.5 to 22% with an average of 9.6% fkeyl Greek when
comparing the values for the area of erosion per linear meter stir&aen.
Reachwide Erosion Volumes

The total estimated annual erosion volumes for Rock, Sinking and Turkey Creeks are
illustrated inFigure2.9. No reachwide erosion volume for TOB is reported for Sinking Creek
since TOB surveys were not completed along the entire reach. The only methods that can be
directly compared are the XS and TOB surveys at Sinking and Turkey Creek ain@2@2fial
imageryand DoD analysis. Data for the other methods were collected during different time
periods, which introduced other sources of variability (i.e. discharge), so a direct comparison
would require that we account for differences in stream discharge betweabfieient time
periods. Flow data were not available at the sites, but precipitation was used as a proxy for flow.
However, annual erosion volumes between Rock, Sinking and Turkey Creeks were similar
across the different methods. The DoD method produeehbitest volume for all sites which
was statistically different from the other methods. While not statistically significant, the XS
survey volume estimates are more than double the volume estimated by the other methods for

Rock and Turkey CreeffFigure2.9), which is still a substantial difference.
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Figure 2.9. Annual eroded volume per linear meter of stream for all methods.

The max XS survey volume for Turkey Creek is 2.3 times greater than the mean XS
survey volume due to a high presence of undercut banks. Turkey Creek exhibited undercutting at
four of the five crossections and it was noted at several other eroding béonkg the reach. No
undercutting was present at the cresstions for Rock and Sinking Creek, but undercutting was
noted at a couple of spots along the reaches. As a result, the difference between the average
mean bank retreat and average max bank retréat Tur key Creek (0.36 m/yr
twice that of Rock Creek (0.07 m/yr) and Sink

The percentage of eroding banks along the reach ranged from 39% at Sinking Creek,
54% at Rock Creek to 79% at Turkey Creek. Turkey Creek had the largest eroded volume per

linear meter of stream across all methods, except for aerial imagery volume at) Sirdexk.
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Sinking Creek, with the lowest percentage of eroding banks, had the smallest volume, except for

the aerial imagery volume. Turkey Creek has the most eroding banks which may have influenced

why there was a larger annual volume of erosion per linear mettleam estimated for this

site.

The ANOVA test comparing reachwide erosion volumes did not have statistically

significant differences between

t he

S

t es

Tukey's HSD test showed that there is a statistical difference between the DoD amettioel

max XS survey metho@able2.3). The DoD method has an error range from 25 to 44% across

all three sites corresponding to + 0.0¥miyr for Rock and Sinking Creek and + 0.0¥mm/yr

for Turkey Creek. Even with the error added to the DoD volume, it is still less than the other

methods.

Table2.3. P-values from Tukey's HSD test for reachwide erosion volume. Statistically significalutgs (<0.05)

are signified with an asterisk.

Methods p-value

Max XS Survey Reach Estimate|DoD 0.022*

Max XS Survey Reach Estimate | Aerial Images.02m resolution 0.093
Max XS Survey Reach Estimate | TOB Survey 0.12
Mean XS Survey Reach Estimate | DoD 0.20
Max XS Survey Reach Estimate | Mean XS Survey Reach Estimate 0.45
Mean XS Survey Reach Estimate | Aerial Images9.02m resolution 0.70
Mean XS Survey Reach Estimate | TOB Survey 0.70
Aerial Imagery- <0.02m resolution | DoD 0.77
TOB Survey | DoD 0.89
Aerial Imagery- <0.02m resolution | TOB Survey 1.00

Discussion

Annual Bank Retreat Rates

Our study results reported a range of bank retreat rates across three study sites. The

amount of erosion we recorded was likely influenced by riparian, watershed and climate

conditions among other factors such as livestock access. Our range of measkrettean

rates was similar to rates reported for forested and agricultural watersheds in Maryland, North
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Carolina, Pennsylvania and Tennes&eellis et al., 2017and measured at Stroubles Creek in
Blacksburg, Virginigd Resop & Hession, 2010%ellis et al.(2017)demonstrated the temporal
variability in erosion rates for the urban Upper Difficult Run watershed in northern Virginia with
only 20 of 140 streambanks continually eroding during the four periods. In contrast, most of the
banks in this study continuallyaded from 2007 to 202&upporting Informatio able A5)
despite fluctuations in annual precipitation. It is anticipated that all sites will continue to
experience increasing bank retreat rates until the stream reaches theggildsium phase
(Simon, 1989)Evaluation of the historical aerial imagery helped us to determine the current
channel evolution phase for the stream, which provides insight regarding the potential trajectory
of bank retreat rates in the future

After notable precipitation resulting frotropical storm Lee, Gellis et d2017)observed
most reaches had eroded. Booth and HengB@04) Palmer et al(2014)and Zaimes et al.
(2006)also found correlations between temporal variations in erosion rates and precipitation
factors with higher amounts of precipitation causing greater streambank erosion and channel
changesZaimes et al(2006)also observed some high rates of bank erosion during low daily
precipitation events that suggest the influence of additional factors other than precipitation such
as vegetation cover and freétgaw cycles.

When comparing the average bank retreat to the average annual precipitation during each
monitoring period, larger precipitation amounts correlated to higher bank retreat, similar to
previous studies. The one exception is the 22015 period at Turkey Crkendicating other

factors are influencing the erosion rétegure2.10).
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Rock Creek: Annual Bank Retreat and Precipitation
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Figure 2.10. Average bank retreat (fyr) compared t@nnualprecipitation (mnfyr) for each monitoring period.
Aerial imagery from 200% 2019 has 0.3 m resolution and <0.02 m resolution from 202D22.

Streambank erosion rates are often higher in the winter even though these months have
lower magnitude flows compared to summer months which typically experience the highest peak
flows (Wolman & Miller, 1960) This can be attributed to freézbaw cycles that have been
identified as significant drivers of erosion along with other subaerial proq€sseger &

Maddock, 2001; Zaimes et al., 2006; Zhao et al., 2008} is especially important in regions

with freezing temperatures, like the Valley and Ridge region of Virginia where it has been
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proven that freeZehaw cycles play an important role in streambank erq€&@mble, 2021;
Wynn et al., 2008; Wynn & Mostaghimi, 200€@ouper and Maddog2001)found that most
erosion along the River Arrow, UK was driven by subaerial processes that occurred during the
months where no flow events reached the level of erosion pins. This emphasizes hdw freeze
thaw cycles are just as important as fluvial processssdambank erosion and bank failure

The bank retreat rate from the mean XS survey, TOB survey and ZIZ2 aerial
imagery were lower than the bank retreat rate from theil2DI® aerial imagery analysis across
all sites(Figure2.6, Figure2.7, andFigure2.10). These three methods may have reported lower
bank retreat rates since they had a shorter timeframe to quantify erosion compared-yearfour
period. The frequency and intensity of storms combined with antecedent soil conditions dictate
the amount of erosiothat will occur due to unstable undercutting and mass wasting (bank
failure) (Daly et al., 2015; Midgley et al., 2012)his is why streambank erosion, especially
extreme erosion, is episodic in nature. Erosion associated with bank failure mechanisms is
typically observed after a bankfull or larger flow event that fully saturates the {iaalgset al.,
2015; Midgley et al., 2012; Zhao et al., 2022}he conditions that drive bank failure were not
met or did not occur as frequently during the study period, bank failure could be
underrepresented, and bank retreats potentially underestimated. In contrast, fluvial erosion is
more continuous and progseige (Zhao et al., 2022Also, repeated lovwnagnitude flow events
can erode the bank toe, undermining the bank and resulting in bank fédumes, 1989;
Simon et al., 2000).onger monitoring periods would likely capture more of these flow
scenarios and provide a more accurate annual average erosi@orgter, 2004; Daly et al.,
2015; Gamble, 2021With the shorter monitoring period for the field surveys and thei2021

2022 aerial imagery analysis, conditions may not have been met for all sites to experience more
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extreme erosiork-romFigure2.10, there is a strong correlation (0.69) between the average
annual precipitation and bank retreat rates. Further investigation of rainfall was not explored

since evenbased erosion was not measured

Reachwide Erosion Volumes

Our range of annual volume per linear meter of stré€ab8 to 1.26 fim/yr, fell at the
mid to bottom of the rangeported folPennsylvanig0.4 to 1.9m%m/yr) (Walter et al., 2007)
and on the lower end of the previously recorded North Carolina range (0.05mé&/mh/§r)
(Wegmann et al., 2013t Stroubles Creek, Resd Hession(2010)estimated 0.19 and
0 . 1°%m/ynfrom total station and terrestrial LIDAR scanning (TLS), respectively, which falls
at the lower end of volume estimates in this stddyiations in each methods' ability to capture
changes along the bank surface and reach likely contributed to the differences in volume as well
as differences in monitoring time periods. While the differences in monitoring periods could
have contributed tdifferences in the rate of erosion due to variations in flow events, land use
changes and other factors, it does not explain the difference between methods with the same
monitoring period

The XS and TOB surveys at Sinking and Turkey Creek had the same monitoring period,
but the XS reachwide method estimated larger volumes compared to the TOB survey. Similarly
to Resop& Hession(2010)and Myers et ak2019) the crosssection surveys estimated a larger
reachwide volume compared to all other methods likely due to each methods' ability to capture
undercut banks. Our method did apply the mean retreat rate measured from all XSs to the entire
length of all erodingtreambanks, which assumes a consistent erosion rate for all eroding banks

that could result in over or underestimation.
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Undercut banks have been reported as the most challenging banks to quantify streambank
erosion(Myers et al., 2019; Resop & Hession, 2010; F. F. Williams et al., 2020ke cross
sectional surveys, TOB mapping from aerial imagery analysis and DoD analysis is unable to
capture changes along the bank surface. Field survey and aerial imagery analysis of TOB both
capture the lateral nemniformity but not the differencenierosion vertically along the bank as
both assume a 90° bank. DoD should in theory capture both the vertical and lateral non
uniformity but does have limitations depending on the type of survey used to generate the DEMs
and software used to estimate wvoks. UAS LIDAR cannot penetrate water preventing changes
along the bank toe from being quantified. Additionally, the GCD software cannot depict
undercut banks since it can only process 2.5 D surfaces, i.e. surfaces with one coordinate per
elevation(R. D. Williams, 2012)Studies that use TLS, which captures both vertical and
longitudinal variation along streambar(fkgons et al., 2015; Resop & Hession, 2QHil
produced lower estimates compared to total station su(igyers et al., 2019; Resop &
Hession, 2010)The assumption of a vertical bank/absence of undercutting could explain why
these methods produced smaller erosion rates when compared to theectiossal methad
Resop& Hession(2010)reported being unable to survey a deeply undercut bank with a total
station. Using our two methods for surveying undercut banks, we did not have any difficulties
and were able to fully capture the extent of undercutting along lfgigkse2.11). The purpose
of a study is to help determine which method captures the degree of spatial variability required.
The method used to estimate the potential reduction in sediment loads through bank stabilization
or stream restoration could affect whether agubis selected or how many mitigation credits

are awarded.
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Figure 2.11. Example of undercut bank cressction survey at Turkey Creek.

Capturing Nortuniformity in Streambank Erosion

The nonuniformity of erosion was captured to varying degrees by each method. Despite
the range in values of bank retreat from various methods across th@P2@eriod, only the
aerial imagery analysis (2022022) produced a statistically different mé&upporting
InformationTable A6 andTable A7). While Myers et al(2019)had a large range of relative
errors from 22 to 3,715% between different methods, they detected no statistically significant
differences. Unlike th&lyers et al(2019)study which compared methods (erosion pins, total
station and terrestrial laser scanner) that all capture the shape of the bank from the top to toe, this
study compared total station/RTK cressction surveys to two methods that only capture
longitudinal variation. The limitations of each method must be considered when comparing
results. Reachwide erosion estimates from esession surveys assume that the bank retreat is

uniform across the entire length of the eroding bank. In contrast, TOB delineatiofidld
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surveys and aerial imagery and DoD can map changes along the entir€oagudT(2004)
discusses that the extrapolation of measurements over larger spatial scales may not be
representativeGamble(2021)recommended a longitudinal distance of three channel widths or
less between crosections as this reduced the variability in estimating reachwide erosion
volumes. Since the majority of the spatial distances between oursar@ssns was less than
three ©rannel widths, one can assume the esesgtional surveys are representative of the
eroding streambanks throughout the reach.

From an aerial perspective, undercut banks would appear stable unless the overhanging
bank collapsed. Over a muitear period, it is more likely to see the entire bank laterally retreat,
negating issues with quantifying erosion from undercut banks. Mossgections in the 2021
2022 aerial imagery analysis showed deposition compared to the other n{Stnmpisrting
InformationTable A5), which contributed to the overall lower erosion rates for this method. For
example, two of the four crosections at Turkey Creek that experienced undercutting showed
deposition or no change based on the 2QA22 aerial imagery analysis. These two c¢ross
sections were, however, eroding based on XS and TOB suSeapporting Informatioi able
A.5). The third XS at Sinking Creek also showed deposition from thei 2022 aerial imagery
analysis, but the XS surveys revealed the top portion of the bank was eroding at a faster rate than
the bottom. The erosion along the top portion of the bank was niolevissm the aerial
perspective

To obtain a more accurate erosion rate when using aerial imagery or field TOB surveys, it
is better to divide the eroded area by the bank length, particularly for streams with undercut
banks. For Turkey Creek, that method produced bank retreat ratesalcges measured at

crosssections with field surveys than measuring along the XS alignment. This is important to
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note if aerial imagery is used to estimate bank retreats to justify stream restoration efforts and
mitigation credits, potentially eliminating the need for field surveys
Determining Top of Bank in the Field and Remotely

Locating the top of the bank was a critical step for both the field TOB surveys and aerial
imagery analysis. Images collected when vegetation is dormant are most appropriate for
discerning the top of the baliMyers et al., 2019; F. F. Williams et al., 2020yerhanging
vegetation including trees, woody shrubs and long grasses made it difficult to delineate the TOB
both in the field and during desktop aerial imagery analysis for our study. When the TOB is
obscured, the certainty of the results decrefismsler, 1993; Purvis & Fox, 2016; F. F.
Williams et al., 202Q)Therefore, it is best to remove obscured sections of the bank from the
analysis. This is acceptable where vegetation is heavy along the bank as higher root density and
surface protection are likely to decrease the erosion potential of théBighlam et al., 2018;
D. L. Rosgen, 2001; Zhao et al., 2022jher factors that made delineating TOB on the aerial
images more challenging included the water levels, shadows, irregularity of banks trampled by
livestock, and clarity of the images. When surveying in the field, selecting the specific location
for collecting the TOB survey point was also difficult, especially at locations where the bank had
slumped but had not fully collapsed.

Our methodology assumed a uniform height for each segment of the stream between
locations where we fieltheasured the streambank heights. We potentially could have estimated
more precise volumes using LIDAR DEMs to extract the bank height for each piled thie

polygons similar to the methodology followed Bymer& Van Horn(2018)
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Temporal and Spatial Scales

Many previous studies applied aerial imagery analysis on haler streams than those
in this study(Macfall et al., 2014; Purvis & Fox, 2016; Ross et al., 2019; F. F. Williams et al.,
2023) A high-resolution aerial image is required to identify changes along a stream over a short
time. While there was a detectable change during thei 2022 aerial imagery analysis, which
used higher resolution images than the historical images analyseakdian bank retreat
ranged from 0. 02 m/ mlyrat&dck Geaelnwhichnsgnot Gluck grdatert o 0. 1
than the <0.02 m pixel size. Even with increa
this analysis to longer, mulfiear time pgods for lowerorder streams to ensure the magnitude
of change substantially exceeds the pixel size of the image. Applying aerial imagery analysis
over a ongyear period on loweorder streams is likely to underestimate erosion.

Applying DoD with LIiDAR data allows for examining channel processes on larger
spatial and temporal scal@®oothroyd et al., 2021; Gkiatas et al., 2022; Hohenthal et al., 2011;
Schaffrath et al., 2018nd removes previous spatiotemporal limitations on fluvial
geomorphology studies set by traditional field methods and desktop com{Raintiroyd et al.,
2021) The smallest change in erosion that the DoD would be able to accurately capture is based
on the spatial resolution of the DEM created from LIDAR data. The smallest average bank
retreat measured alongcrease ct i ons from fi el d sourrlvye yos. Oma sm O .
|l arger than the 0.03 m resolution of our DEM.
method on secondrder streams over a ofear period, we found that this method consistently
underestimated streambank erosion, relative to tier obethods. Like aerial imagery analysis,
this method is likely better suited for larger streams over longer periods of time where the

magnitude of change would be greater.
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DoD Compounding Errors

The DoD analysis estimates lower erosion volumes compared to all methods even when
accounting for the errdFigure2.9). The DoD analysis had the greatest error compared to the
surveys and aerial imagery analysis. The maximum error for surveys, aerial imagery and DoD
analysis are 7.5%, 22% and 44%, respectively. The maximum DoD error in this study was
substantially less thahe error reported bgchaffrath et al. (201591%) for DoD from LIDAR
data. Because their error encompasses Zatwaffrath et al. (201%)ere not able to state
significant change occurred which was not the case in this.study

The high percentage of error for DoD is the result of the DEM error relative to the
magnitude of yeato-year changes in the LiDARerived DEMs. The GCD software calculates
the range of uncertainty based on the error associated with each DEM. The DEWBsrtbe
difference between the LiDAMerived DEM elevations and the ground control point elevations.
The DoD error is propagated as there is an error associated with the DEM for each year.

Overall, there are multiple sources of error associated with collecting and processing
LiDAR and creating a surface from the data. Some sources of error can include weather
conditions, dense vegetation, shadows and tegtading and georeferencing amarbers
(Gkiatas et al., 2022; Hohenthal et al., 2011; James et al., 2012; Ludwig et al., 2020; Schaffrath
et al., 2015)James et a[2012)further discusses the uncertainties with geomorphometry and
DEM differencing. It is important to note that DoD is subject to both horizontal and vertical error
for the difference between ground control points and the generated surface. These differences
can stem from changes in vegetation density or coverage which can impact the LIDAR results by
reducing/increasing point density, thereby impacting the accuracy and resolution of the

topographic surface. The grass was dense at Turkey and Sinking Creekdednedsed the
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chance the laser penetrated all the way to the ground. In addition, like any survey, settling or
other changes to the control points would impact the accuracy of the results. For our study, the
vertical difference between the ground control points and¢herated surface was relatively

small ranging from 1.5 to 5&m. However, this error compounds across the entire reach.

A drawback to DoD is that errors in topographic data are incorporated into the analysis
and assumed to represent geomorphic changes. An example of this seen in our study was dealing
with overhanging or undercut banks. The conversion of the LH0AR/ed TN to a DEM
adopts a single elevation for each spatial coordinate. These areas create voids in the DEM that
must be interpolated, which reduces the detail of the topography along the banks, effectively
eliminating any undercut banklyers et al., 2019)

All three streams had fairly steep banks with angles close to 90° or greater. Elevation
errors tend to be greater on steeper banks for airborne collected LIDAR due to greater horizontal
errors and a decrease in the point der{sighenthal et al., 2011¢ollecting LIiDAR data with a
TLS could have improved the point density along the banks and decreased the error. The size of
the river, length of the study and methods for processing the data and creating a surface are
important factors in determining if Mbis appropriate.

Schaffrath et ali2015)explore the uncertainty associated with DEMs and DoD,
emphasizing the importance of knowing the limitations of the technology for data collection,
how postprocessing the raw data influences the results and how systematic errors can propagate
through the goreferencing process. It is difficult to understand where the errors in the DoD
analysis come from if the errors for each step of the process are not well documented. In
addition, standard methods are needed for processing each LIiDAR survey as dgfeaence

render comparisons less meaningful.
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Recommended Methods

Table2.4 summarizes when it is most appropriate to use each method for small, low
order streams. Based on our findings, more lali@ensive physical surveys are likely the most
accurate approach to quantify streambank erosion rates and potential benefitsaifaesto
efforts at a particular location. Cressction surveys are best for quantifying streambank retreat
rates. The most appropriate method to estimate reachwide erosion volumes depends on the
monitoring period and site conditions. For sites with sultisiaimdercutting, extrapolation of
crosssection surveys to other eroding banks is the only way to capture undercut banks. This
method remains the best option for skterin studies, provided all eroding banks have been
identified along the reach and tbelection and spacing of cressctions appropriately represent
the study reach. Sites with extensive vegetation will require field surveys. It is recommended that
field-based and aerial imagery TOB surveys be conducted overymattperiods. However, a
single year of TOB data collection is acceptable if the amount of change measured is greater than
the error or image resolution. Aerial imagery analysis is the least taltensive and most
economical method for sites with minimal vegetation. Estimatagh erosion volumes from
TOB analysis, however, still requires field measurements or desktop estimates of streambank

height.
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Table2.4. Summary of methods and when it is appropriate to use each method.

Method Resolution Spatial Scale Temporal Scale Limitations
Accuracy affected by point density; bette
Total < capturing specific locations; extensive
Stations/RTK ©0.02m Reaches Months or years manual labor; XS captures undercut ban
but TOB does not
D Requires moderate to no vegetation cov
ependent on Reach S b h h
Aerial Imagery imagery eaches, Years migration rates must be greater than phd
h Watersheds resolution; exclude bars; assumes vertig
resolution
bank
Requires little to no vegetation cover;
) Reaches potential systematic bias due to differen
UAS-LIDAR 00.1m ! Years geoid models; account for vertical,
Watershed . : N
horizontal, & vegetation uncertainty; canr
capture undercut banks

(Booth & Henshaw, 2001; Hohenthal et al., 2011; Lawler, 1993; Myers et al., 2019; Purvis & Fox, 2016; Schaffrath
et al., 2015; F. F. Williams et al., 2020)

The placement of the bank lines in aerial imagery analysis and TOB surveys is inherently
subjective and influenced by factors such as consistency of placement from year to year,
presence of vegetation and resolution of images/surveys. The followingissatsgysuggested

to improve the analysis of TOB using aermabhgery

Utilize UAS for highefr e s ol ut i on iMages.. 3 aeri al

Captureémages during winter to reduce vegetation interference.

m)

1
1
91 Appropriately time image collection to minimize shadows.
1

Place field markers along the TOB lines in the field prior to the image collection to guide
the TOB tracingin GIS.

Although we identified erosion along reaches using DoD with GCD software, the
method's large error and consistent underestimation created concern for its application along
small, loworder streams over one year. DoD analysis with UAS LIiDAR is recommendageo
when the volume of erosion and deposition is relatively large compareddodhe

Conclusions

Accurate quantification of streambank erosion is crucial for effective stream restoration

and management decisions. We quantified streambank erosion for three stream reaches in the
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Blue Ridge and Ridge and Valley regions of Viriginia using field surveys with total

stations/GNSS RTK systems, aerial images and UAS LIDAR surveys. Bank retreat rates were

measured with three methods: 1) cresstion surveys, 2) field survey of TOB andgjial

imagery analysis of TOB. Reachwide erosion volumes were also estimated with DoD using

LiDAR data collected with a UAS. The volume of streambank erosion ranged from 0.18 to

1 . 23%m/ymacross all sites and methods excluding the DoD analysis. Dalfsanconsistently

underesti mated erosion volumes admho.ss al l
In the context of stream restoration, there is a need fesg@efic and shotterm

methods to quantify sediment loads both before and after restoration projects. The BANCS

model is commonly used to predict sediment loads that will be averted by liestprajects

(Altland et al., 202Q)The BANCS erosion curves often use a few sites with limited data to

predict erosion across an entire regiattland et al., 2020; Bigham et al., 2018uccess has

been highly variable in developing BANCS erosion cuiBgham et al., 2018; Ghosh et al.,

2016; McMillan et al., 2017)and they can produce a wide range of erosion prediction results

depending on which curve is us@dtland et al., 202Q)The methods presented in the paper,

excluding DoD analysis, are preferable to using BANG&Sioncurvesbecause they represent

current sitespecificerosionrates.Ultimately, the method selected depends on the purpose of the

effort, available time, required resolution and stream conditions.
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CHAPTER 3: Predicting Streambank Erosion in the Ridge and Valley and Blue Ridge

Physiographic Regions of Virginia

Abstract

To justify stabilization and restoration practices, practitioners turn to rapid assessments to
estimate sediment and nutrient load reduction witlBtéwek Assessment for Ngpoint source
Consequences of Sediment (BANCS) model the most commonly used-fangngost
restoration assessments. Despite widespread use of the BANCS method, it has several drawbacks
and limitations that can produce widely vanyiresults. In an effort to gage the potential
sediment reduction benefits to Hellbender habitat thatdoeilachieved by implementing
streambank stabilization and stream restoration efforts in the Blue Ridge and Ridge and Valley
physiographic regions of Virginia, a streambank erosion study was conducted across 15 streams.
The Bank Erosion Hazard Index (BEHid near bank stress (NBS) field assessments were
completed at all sites and used to develop the BANCS model. Geospatial land cover and climate
data were combined with NBS and individual BEHI metrics to develop statistical models to
predict observederasin r at es. These model s outperformed
erosion rates, highlighting the importance of including land cover and climate data as predictor
variables. Subdividing the statistical models by erosion type improved model performance,
emphasizing the difference in key drivers between fluvial erosion and bank failure. Predicted
average sediment loads ranged from 0.07 to 0.27 tons/ft/yr across all sites with associated TN

loads of 0.07 to 0.47 Ibs/ft/yr and 0.03 to 0.29 Ibs/ft/yr of TP.
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Introduction

Excess sediment loading in streams and rivers degrades instream habitats, suffocates
benthicorganisms, fills reservoirs and increases water treatment(BdMSR, 2000; US EPA,
2017) In some watersheds, streambank erosion can be the most significant process contributing
to in-stream sediment loadStott, 1997) Eleven studies reviewed by Purvis and E2XL6)
reported that eroding streambanks contributed 17 to 92% of total sediment loads. Similarly,
Palmeret al.(2014)reported that eroded streambanks can contribute as much as 51% of the
annual sediment load. In addition to sediment, streambank erosion can contribute phosphorus,
nitrogen, mercury, lead and other metals or radioactive polluiaamtismers & Bledsoe, 2019)
Excess sediment in streams has ecological impacts like covering spawning fish habitats,
disturbing filter feeders, and decreasing the biodiversity of species, thus reducing ecosystem
functions and servicd§&age et al., 2004; Paterson et al., 198Bvated sediment levels
threaten the physiological function of larval hellbesdénger et al., 2021)Throughout the
U.S., populations of hellbendsaire declining and show extremely low recruitment. Their
populations are heavily skewed towards adult age cléBsegmeier et al., 2011; Wheeler et al.,
2003) Siltation is one key factor suspected of causing these declines.

Because of declines in the hell bender popu
Conservation Service (NRC®)working to address recovery of the hellbender in North
Carolina, Tennessee and Virginia. Priority watersheds have been identified-coar3% range
of the Upper Cumberland, the Lower Tennessee system, and the western watersheds of North
Carolina(USDA NRCS, n.d.)The NRCS targets sites for restoration that would produce the

greatest reduction of sediment and nutrient loads.
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To justify these restoration projects, quantification of the reduction in sediment and
nutrients from streambank erosion is requif&mhnson, 2010Because of project time and
budget constraints, a multear study of erosion rates is not possible. In efforts to justify
stabilization and restoration practices, practitioners turn to rapid assessments to estimate
sediment and nutrient loadductiors (Altland et al., 202Q)The Bank Assessment for Ngoint
Source Consequences of Sediment (BANCS) metbod. Rosgen, 2001y the most
commonly used assessment for-@ed postrestoration assessmeiffdtland et al., 2020)It is
used to predict annual erosion rates for specific physiographic regiorgudtestwo
parameters: the Bank Erosion Hazard Index (BEHI) and the near bank stress (NBS) rating. The
model must be calibrated feach specificegion using measured streambank erosion rates and
combined with BEHI assessments and NBS ratings to fit a regression model. The regression
modelassignserosion rate as the dependent varialRS as thendependentariable and BEHI
asa categorical variable

Despite widespread usé the BANCS method, it has several drawbacks and limitations
that can produce widely varying resylBgham et al., 2018; Ghosh et al., 2016; McMillan et al.,
2017) First, dfferent physiographic regions produce different erosion rates, restricting the
spatial range in which a BANCS model can be used. Variations also exist within physiographic
regions, dependent on the spatial extdrihe region Any BANCS model should be validated
for astudy site to ensure it is a good fit for predicting erosion edtdsat specific location, but
this is rarely ever done in practice

The appeal of the BANEmethodis its relatively quick field assessment, that is not as

difficult or time-consuming as surveying cressctions and it can be completed in a single field
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visit. But in order to apply this method, a BANCS curve must already exist for the desired
geographic region. There are several published BANCS curves:

Piedmont region in North Carolir{f®oll et al., 2003)

Front Range of Colorad®. L. Rosgen, 2001)

Northeast Kansa$ass & Keane, 2012)

Yellowstone National Park in MontaigB. L. Rosgen, 2001)
District of Columbia, MarylandUSFWS, 2005)

= =/ =4 A4 -

However, some studies halveen unable to explain the variation of bank retsatg the

BANCS methodGhosh et al., 2016; McMillan et al., 201#)cludingin the Valley and Ridge
region of Virginia(Gamble, 2021)The purpose of this study was to produce BANCS curves for
the Valley and Ridge and Blue Ridge regions of Virginia, and considering the difficulties with
producing BANCS curves, to also develop alternative mddelgredicting streambank erosion
rates byusing individual BEHI factorand combining them with othehannel and watershed

attributes that affect erosion rates.
Methods

Site Selection

Fifteen streams in the Ridge and Valley and Blue Ridge physiographic regions of
Virginia that were identifiedby theNRCSas possible stream restoration projects were monitored
and assessed for streambank erosion reigarg3.1, Table3.1). All sites were initially
surveyed and streambank conditions assessed between January 2020 and January of 2021. Each
site was then rsurveyed approximately one year after the initial survey. In addition, Rock Creek
was surveyed a third tim@#ble3.2). The target stream length for each site was approximately

1000 ft. However, at three sites the reach length was restricted by property boundaries.
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Figure 3.1. Map of the 15 site locations in Virginia, USA. The numbered circles correspond to the site number listed
in Table3.1.

Table3.1. Site information including site number, shown on the méjguare 3.1., the stream name and
abbreviation, watershed, latitude, longitude, and length of the reach.

Ni:’ntb Stream Abbrev| Water Lat Long Lsﬁgtc
1 Mi ddl e Fork Hol MFHR Hol st{36.8(-81. 637 1365
2 Rock Creek Roc k New | 36.6|-81. 12 1140
3 Copper Creek Coppe Clin(36.7{-82.2¢ 1458
4 Wol f Creek Wo | f Hol st 36. 6|-81. 97 1948
5 Sinking Creek Sinki New |37.3!1-80. 37 1261
6 El k Creek El k New 36.6|-81.0¢ 1234
7 UT To msi Blorweneakn H UTB New 37.2|-80. 4/ 442
8 South For k THecelcst S F HIR Hol st{36. 7(-81. 7¢€ 572

Rect o
9 Cri ppl eDWrrlkele&ky CCD New [36.8]-81. 0¢ 1924

10 |Crippl EMELx veelkl CCM New [36.8]-81. 27 727

11 |[South For k iHMolod SFHIR Hol st{36. 71-81. 54 1415
Wo o d

12 Toms Creek Toms New |[37.2]-80. 5172 1443
13 |[Turkey Creek Tur ke New |36. 7(-81. 17~ 1633
14 {[North For k TiHeomosr NFHR Hol st{36. 7(-80. 7€ 1281
15 [Piney Creek Piney New |36.5{-80. 8¢ 1180
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Table3.2. Timeline of field surveys conducted at each site with the number ofsectsans.

Streain # of -Sercotsi Survey Survey Survey 3
MF HR 5 January January,
Roc k 6 January January December 2
Copper 7 January January
Wo | f 7 January January
Sinking 5 June 207 June 2
El k 4 June 207 June 2
uTaB 6 June 207 June 2
SFHRRect 2 December |Decembe
CCD 6 December |[Decembe
CCM 4 December |[Decembe
SFHRNo o d 6 December |[Decembe
Toms 6 January Decembe
Tur key 5 January Decembe
NFHR 6 January Decembe
Piney 7 January Decembe

BEHI and NBS Assessment

Rosgen BANCS assessment proto¢blsL. Rosgen, 2002vere applied to all 15 study

sites. A BEHI assessment was completed for all streambanks included in the study reaches. At

each point along a streambank where conditions changed (i.e. erosion condition, streambank

height, vegetation, etc.), a geospatiattéend location was collected to demarcate streambank

segments for BEHI assessment. Within each segment, BEHI and NBS assessments were

conducted at a representative streambank location. A specialized form was developed for using

the ArcGIS Online CollectoApp for recording the BEHI and NBS data. A Geode GPS device

with the minimum accuracy set to 5 ft was used to capture the location of each BEHI data point.

Occasionally the accuracy would exceed the 5 ft requirement in areas of heavy overhead

vegetationTo maintain consistency in the BEHI assessment data, the same person collected the

BEHI data at each site.
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A survey rod, angle finder and tape measure were used to measure streambank height,
root depth and bank angle. The height of the bankfull stage from the bottom of the streambank
was also measured in the field if good indictors of the bankfull stage wessenpisuch as
depositional bars and benches. If not, bankfull was later estimated from the Valley and Ridge
hydraulic geometry regional cur¢eaton et al., 2005)

I n the field, NBS was visual |l y (Bgkamietmat ed
al., 2018; D. L. Rosgen, 20Q3yhich assigns NBS level based on the location of the streambank
relative to channel meander bends and the presence or absencecbénidl bars (sdégure
3.3). NBS was also estimated using Method 2 (NBS2), a ratio of the radius of curvature (ROC)
to the bankfull width as measured in ArcM@igham et al., 2018; D. L. Rosgen, 200Ihis

second method was added due to the subjectivity of Method 1 and because NBS is a major
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component of the BANCS model. The two methods were compared and used to develop regional

erosion curves.

NES = Vv High
ol leemied nleng
a tight mesnder)

_@_ MBS = Low (ridfle located
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Figure 3.3. Near bank stress (NBS) method 1 diagram ffbmRosgen, 2014; D. L. Rosgen, 2001)
(Permission to use image obtained from Wildland Hydrology Consultants)

Permanent CrossSection Surveys

With the exception of SFHR Rector, a minimum of 4 permanent cr@extions were
established and surveyed at locations along each study reach where active erosion was present,
for a total of 82 crossections. Crossection surveys were conducted by Virginia Tech and
Virginia NRCS staff (Virginia Team) and an NC State University (NCSU) team. Gexd®ns
were marked with wood stakes and capped rebar pins that were hammeredilursheasith the
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ground surface. Survey points were taken at each point of inflection along theextes.
More points were taken in the stream channel compared to the floodplain since the focus was on
capturing the bank profile to estimate the yearly bank retreat.

The Virginia team used a Trimble RPOGNSS System RTK and Trimble TSC
Controller with a base station set on a permanent rebar monument and a rover or Trimble S5
Robotic Total Station to survey cressctions. Under ideal circumstances (e.g-extneme
temperatures, clear weather, clear line of sight, stable ground, and a properly levelled
instrument), the GNSS RTK system can reach up to 0.4 in accuracy. To allow survey points to be
captured in remote locations with dense canopy cover and high ridgétedsimble TSE3
controller tolerance was set to < 0.05 in horizontal and < 0.067 in vé#idatiwards, personal
communication, August 13, 202Ihe NCSU team used a Topcon GT 505 Series which has an
accuracy of 0.079 itr 2 ppm(Topcon, 2016)All surveys were conducted using the Virginia
State Plane Coordinate System and4sostected using the National Oceanic and Atmospheric
Admini strationbés Onl i ne Pos(Natonal®@ceangandser Ser v
Atmospheric Administration, n.d.)

Two methods were used to survey undercut banks. The first method measured the
horizontal offset between the survey rod and béa&idufe3.4). The horizontal station was
adjusted in posprocessing using the recorded horizontal offset. When the total station was set
up opposite the undercut bank with a clear view of the undercut, the prism was placed directly
against the bank using O ft foretihod heightigure3.4). Holding the prism directly against the

bank made it easier to adjust to the streambank shape.
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Figure 3.4. Examples of surveying undercut banks. The left image shows measuring the horizontal offset. The right
image shows placing the prism directly on the bank.

Following recommendations by Lawlgr993)to determine survey error, both teams
surveyed the same cressctions on the same day in December 2021. The median difference of
the distances between the teamsOd survey point
incorrectly setting the rod fght, taking points when the rod is not completely vertical,
collecting the survey shot before the rod is in contact with the ground, etc.) and environmental
conditions (e.g. animal and/or human disturbance of the survey pin, freeze/thaw cycles moving
thepin, etc.) can reduce data precision and contribute to increased surveyMyenset al.,

2019)
Bank Retreat Calculations

Streambank retreat was calculated and compiled for a total of 111 streambanks across all
sites following the same methods as<Bloury et al.(2025) Point bars or streambanks that
exhibited deposition were excluded from the analysis since BEHI is intended for predicting
erosion rather than deposition. Creestion data was exported from AutoCAD into Microsoft

Excel. After graphing the data, the ed¢ions for the streambank top and bottom were
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established. Pictures of the cresstions were also used to help discern the bank from the bed

and floodplain. At every 0.5 ft elevation, the firahd secongear horizontal stations were
interpolated for the defined bank. Top of bank was establiditbé fower elevation of the two

surveys and the bottom of bank was set to the higher elevation for the two surveys; and slumped
material that could skew the results was explicitly excluéfegue3.5). The stations were

subtracted from each other to estimate the bank retreat with negative values indicating erosion
and positive values indicating aggradation, similar to calculations by Resop and H28&®n

The minimum, average and maximum bank retreat were compiled for eaclsecties to show

the range of potential bank retreat. Bank retreat values less than or equal to the survey error were
assumed to be O ft/yr bank retreat. Retreat rates were aratubised on the number of days in

the monitoring period following methods by Gellis et(aD17)
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Figure 3.5. Examples of selecting top and bottom bank elevations from survey data.
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Estimating Channel Evolution Stage

To better understand the relationship between bank retreat and channel form, ratios of
measured channel geometry to the Valley and Ridge hydraulic regionabeunifeill
dimensiongKeaton et al., 2005)ere calculated. The ratios between the measured TOB width
and bankfull width to the predicted bankfull width, obtained from the regional curve, were used
to gauge the severity of active channel widen8igilarly, the ratios of the measured channel
crosssectional area to the predicted bankfull crssstional area and measured channel TOB
depth to the predicted bankfull depth from the regional curve were used to assess overall channel
enlargement and imion. These ratios combined with photos of thedstsites were used to
evaluate the channel evolution std§enon, 1989%or each stream reach. Sim@989)
proposed six stages with a complete cycle from premodified streams through channel
adjustments back to a reestablished stable strEainhe 3.3, adaptedrom Simon(1989)

summarizes each stage.
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Table3.3. Stages of channel evolution from Table VISimon, 1989)

Bgd—level Location in Process on channel Active Failure Bank surfaces Appropriate
No. | Stage Name | adjustment K bed ideni bank angles
type networ e widening types present ©)
Upstreammost Transport of
I Premodified | Premodified P sediment or mild No o} o} 20-30
reaches .
aggradation
Il Constructed 0 Where applicable Dredging By Man 0 18-34
. Migrating Upstream from .
i Degradation degradation AMD Degradation No o} 20-30
. . Slab .
v Threshold Mlgratlng Close to the AMD Degradation Yes rotational Vertical face 7690
degradation Upper bank 2550
pop-out
Secondar Upstream of the Slab Vertical face 70-90
\% Aggradation agara datio¥1 P AMD Aggradation Yes rotational Upper bank 2540
99 pop-out Slough line 20-25
Downstream| Downstream of the Low-angle | Vertical face 7090
VI | Restabilization : Aggradation No slides pop Upper bank 2535
aggradation AMD ;

out Slough line 1520

AMD = area of maximum disturbance
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Soil Sampling

Soil samples were collected for both laboratory bulk density and nutrient testing during
the firstyear visit to all stream site®@ne sample per distinct soil layer was taken from the
eroding bank at the crosgction. A soil core sampler was hammemsgdifless steddottomless
cylinder) into the bankuntil the edge of the cylinder was flush with the haFike cylinder was
pulled out of the bank and the soil was removed from the cylinder and placed in a labeled plastic
bag. These samples were analyzed for Total Nitrogen (TN), Total Phosphorus (TP), dry weight
and bulk density at the NCSU Biological & Agunitural Engineering (BAE) Deartment
Environmental Analysis Laboratory. TN was measured following the APHA 4500 Norg B
methodology(Standard Methods Committee of the American Public Health Association,
American Water Works Association, and Water Environment Federation, 20F7ajas
measured following the APHA 45@® F methodologyStandard Methods Committee of the
American Public Health Association, American Water Works Association, and Water
Environment Federation, 20170)he ASTM D 2937 method was followed to measure bulk

density(D18 Committee, 2021)

Precipitation Analysis

Daily precipitation and average temperature data, with a 2.5 mi resolution, were obtained
from the PRISM Climate Groufregon State University, 202ddvering the period from
January 1, 1991, the earliest available date, through December 31, 2022, the end of the
monitoring period. Zscores Equationl) were used to determine if a year of precipitation was
outside the normal range of variability. If a year hagsaare less than negative 3 or greater than

3 it was considered outside the normal raf@@mes et al., 2006)
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Equationl. Equation for calculating the-gcore.
(0V)

&
where:
X = total precipitation during a given year
€ = average annual precipitation
0 = standard deviation of annual precipi

Hourly precipitation data averaged over the watershed area were downloaded from
NOAA. All precipitation analyses were performed in R version 4.4.2 (R Core Team, 2024) using
theRainmakempackage (Corsi and Carvin 2025) to define all rainfall events. To classify events
as one, two-, five-, and teryear 24hour storms, precipitation depth and intensity were gathered
from the NOAA Atlas 14 Precipitation Data Frequency Server for eac{NsRaA 2004)
Streambank Retreat Rate Prediction Models
BANCS Models

Applying the standard approach for developBANCS erosion curveghe bank retreat
for 110 surveyed cross sections (with average erosion that was > 0.1 ft) was plotted against NBS
estimates. Linear regression trend lines were develigpeshch BEHI categoryTwo sets of
BANCS curves were created using theasured average and maximum bank refoedioth
NBS1 and NBSZBigham et al., 2018; D. L. Rosgen, 2001)

Statistical Models

Individual BANCS factors in addition to other watershed and channel characteristics
were used to develop statistical models. In RStudio, five model typb#e@.4) were tested to
see which would best predict bank retreat. The added variables for the first iteration of models
are listed below iTable3.5 which were available for all BEHI assessments conducted at cross

sections.
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Table3.4. RStudio functions and packages used for statistical modeling.

Model Type Function Used R Package
Multiple Linear Regression Im() stats
Ridge Regression cv.glmnet() glmnet(Friedman et al. 2010)
Lasso Regression cv.glmnet() glmnet(Friedman et al. 2010)
Principal Component Regressior pcr() pls(Liland et al. 2024)
Random Forest randomForest()| randomFores{Liaw and Wiener 2022

Because the ultimate intent of the bank retreat models was to predict reachwide sediment
loads, which requires the prediction of erosion for banks that did not haveseniss
measurements or soil samples, variables specific to-sems®nal measuremes were removed
except for the top of bank (TOB) width and bulk density. NBS2 could only be applied to banks
in meander bends where tighter meander bends have a lower ratio than more gradual bends. For
observations along straight channel sections, the R®@nkfull and TOB width ratios were
assigned a default value of 15, exceeding the ratios measured at meanders.

A distributed modehg approach was appligierritt et al., 2003)Instead oflividing
thearea of interegnto uniform cells (rectangular grid$tfream reacheseresegmergdbased on
the BEHI assessment. Most of the variablesspegiallydistributed by stream segment
However, a few variables such as land cover, channel slope and watershedrangaiformly

assigned across eaach.
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Table3.5. List of additional predictor variables for statistical models.

Variable NamAbbrevi aUni|Description
Number associated with each
Erosion condconditio severity (surface scour = 1,
mass wasting = 4)
TOB Wi dth WT OB ft Top of bsaenckt icorno swsi dt h
TOB Area AT OB sqf|Top of Dbsaenckt icorno sasr e a
Bankfull Wi d Wbkf ft Bankfuislece¢i osms wi dt h
Bankfull Are Abkf sqf|Bankfudslecti oms ar ea
Bankfull Dep/ Dbkf ft Bankfuidslect¢i ons depth
TOB to Regi o Ratio of top of bank width t
Bankfull WidWTOB—Wbk bankfull wi dt h
Bankfull Wid . .
Regional Cur|Wbkf _ Wbk \Il?v:a:jltﬁ of bankfull width to V
Wi dt h Ratio
TOB Area to Ratio of top of bank area to
Curve BankquTOB—Abk bankfull area
Bankfull AreAbkf Ab K Ratio of bankfull area to Va
Curve Bankfu - area
Wat er shed Ar|watershesgmWatershed area
Channel Sl op/slope ft/|Average stream sl ope
Bul k Densitybulk_deng/%Measured bul k dergiitoyn dtavtelra
2 |l ayers)
| mpervious LC_1I mp % Percentage of watershed i mpe
Developed LC_Dev % Percentage of watershed deve
Forest LC_For % Percentage of watershed fore
Agriculture |[LC_Ag % Percentage of watershed agri
Radius of <cu Ratio of radius of curvature
Bankfull WidROC—kaf straight sections)
Radius of <cu Ratio of radius of curvature
TOB Wi dth RaROC—WTOB for straight sections)

There are several other approaches for modeling bank retreat and bank collapse, many of
which are summarized by Zhao et(@022) Several of these models have different equations
and approaches based on the type of erosion (fluvial erosion or bank failure). Approaches like
those by Pizzut¢1990)and Nagata et al2000)modeled bank failure when the slope was
greater than the angle of repose. The data collected during the BEHI assessment includes the
bank angle as well as the type of erosion. The relationship between bank angle and erosion

condition was examined tietermine the best way to subtet datao improve predictability of
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bank retreatThe data was split into two subsets based on the type of erosion. One subset
contained no erosion, surface scour and hoof gh@aor erosion)the other contained unstable
undercuting and mass wastin@evere erosionwhich represent bank failure. The first subset
can be generally characterized as fluvial erosion which is more continuous and not as dependent
on extreme events. Hoof shear erosion was lumped with no erosion and surface scour because of
the similarity inbank angles and classimilarity in driving mechanisms of erosion. Compared
to surface scour and hoof shear, unstable undercut and mass wasting are episodic, occurring
when the bank resisting forces are exceeded by the applied (Ahaeset al., 2022)

For the first iteration of statistical modelketcreateFolds() functidnom thecaret
package irR (Kuhn and Max 2008)as used to create 5 randomly selected training andgest
setswith about 20% of the dataved for testingnd 80%delegated tdraining.K-fold cross
validationis betterto train and test models than just dividing and the data into one training and
test se{Wallach et al., 2006)rheroot mean squared erroRIMSE) (Equation2) was used to
measure the predictive quality of the models and the fit of the model was quantified using the
squared correlation coefficient, calculated with the spearman mett{Eduation 3\Wallach et
al., 2006) The advantage of usiRMSE as the error method is the ability to look at the
individual components of the equation to inform how the model can be further improved. The
bias is the degree that the model under or over predicts; if the value is padsitnger predicts
and if it is negative the model over predicts. SDSD is the square diffeoktieestandard
deviation which examines the degree of similarity in the ranges between the observed and
predicted values. LCS is the lack of correlation whidthiffscult to interpret(Wallach et al.,
2006) The correlation coefficient shows the strength of the relationship between the predicted

and observed values whefe=r0 means there is no relationship ahd L means there is a
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perfect linear relationshiHaefner, 2005)Evaluating botrRMSE and f provides a more
holistic picture of how well the model is working in terms of goochwédd, bias and model
efficiency.

Equation2. Root mean square error (RMSE) equation.
YO YO 6 QmiYO'YQO) 6 "Y

Equation3. Correlation coefficient (r) equation.
Bw o w
Bo o Bo

i

The final model type selected was the one with the lowest average RMSE and the highest

r? from all test sets. A total of four models were created:

Average bank retreat: no erosion, surface scour and hoof shear (minor erosion)
Average bank retreat: unstable undercut, mass wasting (severe erosion)

1
1
1 Maximum bank retreat: no erosion, surface scour and hoof shear (minor erosion)

1 Maximum bank retreat: unstable undercut, mass wasting (severe erosion)

Unfortunately, no flow data were available for any site due to project constraints. To
capture prolonged saturation, pore water pressure and seepage dynamic, additional precipitation
metrics were calculated including the most consecutive days with paticpjtpercentage of

days with precipitation and amount of storms exceeding 0.5 in and 1 in of rainfall. To further
improve model performance, a second iteration of models was developed incorporating climate
variables listed imable3.6. The temperature data was downloaded from the PRISM Climate

Group(Oregon State University, 2024¥hile hourly precipitation data from NOAMOAA

2004)were used to calculate all precipitation metrics.
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Table3.6. Climate predictor variables added to the second iteration of models. The temperature data is based on
the daily climate data from PRIS{@regon State University, 2024)he precipitation data is based on the hourly
data from NOAANOAA 2004)

Variabl e Abbreviation Uni tDescription
Mean Temp/mean_temp Vo Average daily temperature
Mi ni mum . < .
Temperatum'n—temp AC Col dest daily temperature
Maxi mum max _t emp Vo Hottest daily temperature
Temper atu
# of Freelfreeze_count daysNumber of days during the
temperatures at or bel ow
Number of storms durimegat
# offr 1Sto|Storm_1yr 24h or exceeded the regaur2rde rha
based on NOAA Atl as 14
Number of storms durimegat
# offr 2Sto|Storm_2yr _24h or exceeded the r2gaqur2rde ha
based on NOAA Atl as 14
Number of storms durimegat
# offr 5Sto|(Storm_5yr _24h or exceeded the rbgaur2rde ma
based on NOAA Atl as 14
Number of storms durimegat
# ofyrl1®toStorm_10yr 24 or exceeded the regxmnur2ént
based on NOAA Atl as 14
Annual Annualized rainfall, cal c
. . Precip_in_yr in/ythat fell dur i ngi tvhbeye dohnei
Precipita
of days
Maxi mum || Max_Precip_1h in/iMax!mum L hour rainfall :
period based on hourly pr
Days.w!thDaysofRain_Pe% Percentage of Qays_durlng
Precipita was any precipitation
Consecuti Longest Strealda lLongest number of consecu
with Prec 9 - y‘during the monitoring per
4 of @w.em Events 0.5 Number of storms during I
0.5 in of rainfall
% of BOeBEvents 0.5 pel% Percentage_of storms dur i
l east 0.5 in of rainfall
# of @lveinfEvents 1 Number of storms during t
- 1 in of rainfall
: : Percentage of storms duri
% of Bten Events_1_per % ; .

- - l east 1 in of rainfall
MaXImu.mSMax_Storm_Intin/iMaximum storm intensity d
I ntensity
Average D : . Average daily precipitati
Precipitamean—dally—ppIn/(monitoring period
Maxi mum D Maxi mum daily precipitati
Precipitamax daily_ppt In/(monitoring period
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For the second iteration of models, all model development, testing and predictions were
performed in R version 4.4.2 (R Core Team, 2024). To eliminali@earity, variables were
removed as necessary to ensure no two variables had a correlation gagafe8 tising
corr_cross from thiarespackage (Lares 2025). Theapspackage (Lumley 2024), which
returns the best set of models based on the residual sum of squares for a linear regression model,
was used to reduce the number of variables. L-eae®ut crossvalidation (LOOCV), a
specialized version of-fold crossvalidation where a single observation is used for testing at
each iteration, was selected due to its rigor and robugM&dkach et al., 2006)

In addition to, RMSE and’rthe coefficient of determination fR adjusted R and
Akaike Information Criterion (AIC) were used to select the best model for predictions from the
LOOCYV results. While Rmeasures the amount of variation explained by the model. Adjusted
R2?, which applies a penalty for each additional predictor, was included to allow direct
comparison between models with varying numbers of predi@ttarsfner, 2005)It is possible to
have a large?out low R value, therefore it is important to consider both metrics. Aquétion
5) uses the lodikelihood to determine which model would produce the best predictions. The

model with the lower AIC value is the best fit model.

Equation4. Ad‘justed Requation.
. P .
Y — Y
P : N P
where:

n = number of observations
p = number of predictor variables

Equation5. AIC equation.
v i s - XYYO |
0 0Coezl | % QN
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Predicting Streambank Retreat Rates

To estimate streambank retreat rates beyond-sexgfons, the best performing models
from the LOOCYV results were used to predict bank retreat for BEHI segments not located at a
crosssection. BEHI segments meeting the following criteria were assumexéozkero erosion
and were excluded from model predictions:

M Bank material is made of boulders or bedrock

1 Located on the inside of a bend and classified as having no erosion
TOB widths for each predicted segment were measured in ArcGIS using aerial imagery and

field-collected GPS points to delineate the channel TOB.

Predicting Sediment and Nutrient Loads

To estimate reachwide volumes of sediment from streambank erosion, the bank retreat
(measured or predicted) was multiplied by the fimldasured bank heights and ArcGIS
measured lengths for each BEHI segment. Measured bank retreats were used for segments
located at crossections, while predicted values were applied to the remaining segitieats.
volumewas then multiplied by the bulk density and nutri@mtcentrationso calculate
reachwidesediment and nutrient loadsross thé 5 streanreachesAnnual sediment loads were
divided by linear stream length to allow for direct comparison between sites.
Results and Discussion
CrossSection Bank Retreat

The minimum, average and maximum bank retreat rates were calculated for 111
streambanks from the 82 cressctions. Any streambanks experiencing deposition, such as those
at point bars, were excluded from the bank retreat anafysiendix B CrossSection

Summariesontains aummary of the measured bank retreat, esestion dimensiongnd
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BEHI and NBS assessments for each ceesgion.Table3.7 shows the median value of the

averaged horizontal distance between two streambank profiles generated from surveys conducted
by two field teams for 21 crosgections. Based on the survey error ranges, any measured bank
retreat less than 0.1 feet could betconfidently classified as erosion and was recorded as O

ft/yr. Bank retreat widely varied across all sites ranging from 0 to 7.2 Fitpre3.6 illustrates

the measured bank retreat, where the mean is shown with individual points while the error bars
represent the minimum and maximum values. Rock Creek reported the highest measured

erosion, while Elk Creek experienced the lowest.

Table3.7. Averaged distance between repeated surveys.

Survey Instif Median Diffel # of Survl # of S
NCSU TS vs V 0.11 115 6
NCSU TS vs V 0.13 71 4
VT TS vs VT 0. 44 12 1
ALL 0.12 198 8

*TS = Total Station
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Measured Bank Retreat

elen) CCM Cop
Maximum ® L @
Average L & [
Minimum

Elk MFHR NFHR
Maximum L ® ®
Average L & ®
Minimum

Piney Rock SFHR_Rector
Maximum L ® ®
Average @ & &
Minimum

SFHR_Wood Sinking Toms

Maximum L L ®
Average @ & ®
Minimum

Turkey uTB Wolf
Maximum ® L ®
Average & & &
Minimum

o 1 2 3 4 5 & 7 0 1 2 3 4 5 6 7 0 1 2 3 a4 5 6 1

Bank Retreat (ft/yr)

Figure 3.6. Summary of measured bank retreat for all sites. The points represent the mean; the ends of the error
bars represent the minimum and maximum.

The maximum bank retreat exhibits a wider range in measured values compared to the
average and minimum bank retreat, emphasizing the vertical variation in erosion along
streambanks. Streambank erosion is not uniform with rates varying both vertically asingle
crosssection and laterally along each reach. Therefore, the average bank retreat from a cross
section provides the most representative bank retreat, while the maximum highlights the worst
case scenario. It is unlikely that an entire reachexierience the maximum possible bank
retreat within a single year, as shown with this data. Nonetheless, including theasarst
scenario of bank retreat reveals the potential land loss that could be prevented through cattle
exclusion, bank stabilizatioor stream restoration practices. It is important to keep in mind this

data represents a small snapshot of the stream within a relatively short period. Alternative
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placement of crossections could have resulted in more or less erosion measured at each site.
These findings show the need to examine both vertical and lateral variability when summarizing
bank retreat rates especially for reaciale management strategji®efer toAppendix C Top of
Bank Surveygor more information about capturing lateral variability in bank retreat rates with
top of bank (TOB) surveys.

In addition to magnitude, the spatial extent and severity of erosion greatly varies from
site to site as illustrated Figure3.7. While Rock Creek had the highest annual erosion rate, it
did not have the highest overall percentage of eroding banks or greatest contribution of sediment
load from severe erosion. Conversely, UTB showed lower annual erosion rates but a higher
proportionof banks experiencing severe erosion. Creeks with high percentages of hoof shear,
like Piney Creek, would greatly benefit from exclusion of livestock which would reduce

sediment loads and improve water quality.
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Erosion Type Breakdown by Site

0 25 50 75 100

Percent of Erosion
Erosion Type None . Hoof Shear . Surface Scour . Unstable Undercutting . Mass Wasting

Figure 3.7. Proportion of streambank erosion by type based on linear distance for each of 15 study sites.

The channel evolution stage was generally consistent across alseohsss within the
study stream with some exceptioAppendix B CrossSection Summariesontains the
evolution stage for each cressction. All streamwerein stage IV (Threshold) except for
Turkey Creek, UT Tom Bowmans Creek and Wolf Creek, whiekein stage Il (Degradation)
while SFHRRector is in stage V (Aggradatio)he three creeks in stage Il exhibited the
smallest TOB to bankfull width ratios, meanitg texisting channel dimensioas: smaller than
the expected dimensions based on the Valley and Ridge regional Toevetfore, lhese three

creeks ardikely to experience continued chanmableningand associateblank retreat.
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Table3.8. Summary of average cresection dimensions for each stream compared to the Valley and Ridge
Regional Curve.
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Soil Samples

A total of 116 soil samplesevecollected from 10®rodingstreambanksTable3.9 lists
the average results for the soil samples collected at each site. When stratification wasgpresent
soil sample was collected from each distinct lai{er ssmples were collectedfidom depositional
banks Figure3.8 throughFigure3.13 show the range of measured bulk density, TN and TP for
the top and bottom soil layersor afull list of soil sample results for each individual cross

section refer toAppendix D Soil Sample Results
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Sites

Table3.9. Averaged soil samples for each site.

Stre DBeunlsk ( r-lr-19P/ TN (mg
(g
CCD 1.34588. 447 .6
CCM 1.11929. 514. 7
Coppeg 1.28 397. 115. 4
EI k 1.1 692. 500.0
MF HR 1.42 316. 141. 3
NFHR 1.34962. 405. 2
Piney 1.19 925. 285. 5
Roc k 1.28 368. 175. 5
SFHR 1.35 337. 278. 1
S F HW®R 1.413 421. 301. 4
Sinki 1.37954. 381.0
Toms 1.201365 296. 2
Turkeg 1.124 973. 601. 8
UuTB 1.30 745. 281. 5
Wo | f 1.22 451. 103. 5

Soil Bulk Density
Top Layer

Wolf Creek | Median = 1.22 ‘Dj— n=9
UT Toms Creek - Bowman- Median = 1.27 4‘::}— n=10
Turkey Creek{ Median =1.1 ~D:,7 n=6
Toms Creek{ Median = 1.17 4::’7 n=8
South Fork Holston River - Wood{ Median = 1.42 4::)7 n=6
South Fork Holston River - Rector{ Median = 1.41 4|:|:’7 n=2
Sinking Creek{ Median = 1.36 E n=5
region
Rock Creek | Median = 1.23 4| | n=6 I} ee ridge
{I} vattey & Ridge
Piney Creek | Median = 1.26 ——‘i’-— n=9
North Fork Holston River - Emory{ Median = 1.32 —{ | {— n=7
Middle Fork Holston River{ Median = 1.42 ﬂ» n=6
Elk Creek{ Median = 1.08 —ES : n=7
Cripple Creek - Maxwell Median =114 I | l— n=4

08 1.0 12 14 16
Bulk Density (g/cmS)

Figure 3.8. Boxplot of measured bulk density for the top layer at esessions.
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Sites

Sites

Soil Bulk Density

Bottom Layer

UT Toms Creek - Bowman{ Median = 1.47 n=1
Toms Creek{ Median = 1.17 | n=1
South Fork Holston River - Rector Median = 1.09 ‘ n=1
Sinking Creek{ Median = 1.54 S— }_u =2
Rock Creek{ Median = 1.03 ‘ n=2
North Fork Holston River - Emory{ Median = 1.38 n=1
Elk Creek{ Median = 1.29 | . n=2
Cripple Creek - Dunkley{ Median = 1.52 n=1
10 12 14 16

Bulk Density (g Jem®)

Figure 3.9. Boxplot of measured bulk density for the bottom layer at esessons.

Total Nitrogen
Top Layer

Wolf Creek n=9 —I:E'— Median = 454.18
UT Toms Creek - Bowman n=10 —E]:'— 5 Median = 710.5
Turkey Creek n=6 s U} Median = 996.71
Toms Creek n=8 —{ '_MedianiﬁZO 32
South Fork Holston River - Wood n=6 —ED— Median = 424 58
South Fork Holston River - Rector n=2 m Median = 346.5
Sinking Creek n=5 m Median = 1031.31
Rock Creek n=5 ﬂ . Median = 318.36
Piney Creek n=9 S [ Median = 1090.06
North Fork Holston River - Emory n=7 m Median = 1000.87
Middle Fork Holston River n=6 ﬂ Median = 283.5
Elk Creek n=7 ‘:Di Median = 757.5
Cripple Creek - Maxwell n=4 —| I I Median = 761.84
Cripple Creek - Dunkley n=9 E Median = 625
Copper Creek n=12 Median = 428 86

0 500 1000 1500 2000
TN (mgl/kg)

Figure 3.10. Boxplot of measured TN for the top layer at cresstions.
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Sites

Sites

Total Nitrogen
Bottom Layer

UT Toms Creek - Bowman Median = 589.39  n=1 ‘

Median = 1347.58 n=1

Toms Creek
South Fork Holston River - Rector Median = 467.16  n=1 ‘
Sinking Creek Median = 536.76 n=2
R Median = 409.04 n=2 {H,
North Fork Holston River - Emory Median =980.87 n=1 |
Elk Creek Median = 836.91 n=2 m
Cripple Creek - Dunkley Median = 377.06 n=1 ‘
0 500 1000
TN (mgl/kg)
Figure 3.11. Boxplot of measured TN for the bottom layer at cigmsions.
Total Phosphorus
Top Layer
Wolf Creek Median = 98.4 —[]j— n=9
UT Toms Creek - Bowman Median = 300.1 —:D— . n=10
Turkey Creek Median = 610.82 ﬂ n=6
Toms Creek Median = 307.06 4|:|:’7 n=8
South Fork Holston River - Wood Median = 284.67 —|:l:’ . n=6
South Fork Holston River - Rector Median = 278.58 m n=2
Sinking Creek Median = 352.6 —ED» n=5
Rock Creek Median = 113.65 [D . n=5
Piney Creek Median = 295.28 —I:Di n=9
North Fork Holston River - Emory Median = 372.6 —El:i— n=7
Middle Fork Holston River Median = 132.55 ﬂ . n=6
Cripple Creek - Maxwell Median = 475.88 .{:|:|— n=4
Cripple Creek - Dunkley Median = 484.75 —{ | }; n=9
n=12

Copper Creek Median = 109 74_{]:'7

0 200 400 600
TP (mgl/kg)

Figure 3.12. Boxplot of measured TP for the top layer at crssstions.
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Total Phosphorus
Bottom Layer

UT Toms Creek - Bowman Median = 245.09 ‘ n=1
Toms Creek Median = 281.13 | n=1
South Fork Holston River - Rector Median = 326.09 ‘ n=1
Sinking Creek Median = 495.97 — L n=2
» i region
2 1l BiveRidge
%) {I} vatley & Ridge
Rock Creek Median = 155.9 n=2
North Fork Holston River - Emory Median = 516.39 n=1
Elk Creek Median = 490.86 P— | — n=2
Cripple Creek - Dunkley Median = 358.05 n=1
0 200 400 600
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Figure 3.13. Boxplot of measured TP for the bottom layer at cissgions.

Precipitation

In more recent years, the annual total precipitation has tended to exceed the annual
average. The range ofszores reported for the study sites over the monitoring period ranged
from -2 to 3, indicating no sites were outside the norm despite increas#pitaten. It should
be notated that thestore for Rock Creek was 3 in 2020 during the monitoring pehibd -
score plots are shown Appendix E Precipitation Analysis

Hourly precipitation data was examined to determine the number and return interval of
precipitation events that occTable3.&0dundaricesng eac
the %, 2-, 5, and 10year storms and the number of precipitation events with at least 0.5 in and 1
in of precipitation. Refer to Appendkfor graphs of precipitation events during the monitoring
period for each sitézigure E16 throughFigure E30 depict rainfall over the monitoring periods.

Sites with the same monitoring periods had similar precipitation trends.
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Table3.10. Summary of eveitased precipitation metrics for each site from hourly precipitation data.

# of Storms exceedingeoccurrencethreshold O 0.5 i O 1 i
Streams 1-yr 2-yr 5-yr 10-yr Count % Count %

CCD 2 0 0 0 30 20.8 10 6.9
CCM 0 0 0 0 30 19.2 10 6.4
Copper 3 2 2 0 33 19.8 18 10.8
Elk 2 1 1 0 42 26.9 20 12.8
MFHR 3 3 1 1 33 19.4 15 8.8
NFHR 0 0 0 0 26 19.1 8 5.9
Piney 1 1 1 0 36 27.5 11 8.4
Rock 9 7 3 2 70 23.8 34 11.6
SFHRRector 0 0 0 0 23 15.6 9 6.1
SFHRWood 0 0 0 0 29 18.8 12 7.8
Sinking 2 2 0 0 34 19.3 16 9.1
Toms 4 1 1 1 27 19.6 9 6.5
Turkey 1 1 0 0 30 21.9 11 8.0
UTB 4 2 1 1 30 19.9 17 11.3
Wolf 3 2 2 1 33 20.6 12 7.5

Correlations between precipitation metrics and measured bank retreat were examined to
identify precipitation effects on erosion rategyure3.14 illustrates the reach averaged mean
bank retreat versus the annualized precipitation. There is not a very strong positive correlation
(0.36). However, the reach averaged mean bank retreat had a stronger positive correlation with
the occurrence of specifstorm events, where the highest correlation of 0.66 occurred for the

number of storms that reached or exceeded-§yrestorm.
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Figure 3.14. Reach averaged mean bank retreat (ft/yr) compared to the annual precipitation (in/yr) for each site.

retreat, precipitation metrics alone cannot fully explain patterns in rates of erosion. While storm
events with lower exceedance probabilities produce higher flows thatinaa erosion,
Midgely, Fox, and Heeref2012)and Simon et a(2000)observed that multiple consecutive
medium sized events produced significant bank erosion and failure. This was relevant in
Virginia, where some of the streams with the highest percentage of severe erosion (CCb, SFHR
Rector and NFHRKigure3.7)) experienced no storms that exceedeeyadr return interval. In
contrast, Copper Creek experienced oiyedr and two fear stormsTable3.10; Appendix E,

Figure E18) but experienced the least severe erosion.
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These patterns align with findings from Rinaldi et{2004)who noted that bank failure
occurred due to complex hydrographs with multiple peaks, and did not require full bank
saturation. In fact, storms with mufteak hydrographs caused greater bank erosion than a single
high peak eventRinaldi et al., 2004)Simulations by Rinaldi et al2008)revealed that bank
failure often occurs during the falling limb of the hydrograph due to pore water pressure. The
frequency and duration of flow events affects the saturation anthedture content of the
banks controlling the hydrostatic pressure porewater pressure that affect bank stabi{fpx
et al., 2007; Simon et al., 2000; Zhao et al., 20@Pservations at Goodwin Creek in Northern
Mississippi showed prolonged wet periods, often characterized by multipeak flow events,
resulted in bank failureg-ox et al., 2007; Simon et al., 2008)jnce our crossections were
only surveyed once a year, except for Rock Creek, it was not possible to attribute specific
amounts of erosion to individual storm events.

Since Rock Creek has two years of data, further examination of these surveys revealed
several crossections exhibited more bank retreat during the first year (January 2a2Qiary
2021) when rainfall totals were high&iigure3.15) than during the second year (January
December 2021). For example, the majority of the bank retreat atsgotssn 3 at Rock Creek
occurred before January 2021 with little change occurring dthiatgyearnFigure3.16),

demonstrating how the amount of precipitation influences the resulting erosion.
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Figure 3.15. Monthly rainfall totals at Rock Creek.
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Rock Creek Cross-Section 3
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Figure 3.16. Survey results of crosection 3 at Rock Creek.

Clear trends between precipitation and erosion rates did not hold true across all sites
emphasizing the complexity of streambank erosion and reinforcing the difficulty others have
reported in predicting fGhosh et al., 2016; McMillan et al., 2017; Noe et al., 20RRmerous
factors like climate, channel geometry, land management practices and watershed conditions
interact to contribute to streambank erosion, and shorter monitoring periods are less likely to
capture the extent of conditions that can lead to erogitiie collecting a minimum of one year
of data accounts for seasonal variations, multiple years of data are preferable for reducing
variance and capturing episodic evei@super, 2004; Daly et al., 2015; Gamble, 202k
Couper(2004)points out, extrapolating erosion rates measured over a short period may not be
representative of longer temporal scales. While it would be preferable to have multiple years of
data to capture the widest range of conditions as Daly, Miller an@2Bd%)discovered a three

year monitoring period had a lower variance th&hykars. Gamblg€021)confirmed
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decreasing variance over longer monitoring periods but recommended collecting a minimum of
oneyear of data to capture seasonal variations and reduce variance of shorter monitoring

periods.
Streambank Erosion Models

Virginia BANCS Models

BANCS curves were developed for the Ridge and Valley and Blue Ridge physiographic
regions in Virginia using the average and maximum measured erosion rates, BEHI assessments
and two NBS methods applied at the crssstions figure3.17 throughFigure3.20). 96 cross
sections with measured average erosion > 0 ft/yr were used to develop the average bank retreat
NBS1 curve, and 110 cross sections with maximum bank retreat > O ft/yr were used for the
NBS1 curve. NBS2 had significantly less observations sineas only applicable to
streambanks on the outside of meander bends. The average bank retreat NBS2 curve included 29
crosssections/streambanks, while the maximum bank retreat NBS2 curve incorporated 32 cross
sections with a measurable ROC.

As NBS increases, it is expected that bank retreat will also increase. However, this was
not always the case for this study where several of the linear regression trendlines had negative
slopes. For example, the Very Low BEHI relationship for average tedrdat had a negative
slope Figure3.17), although this category only had two observations. Regressions for the Low
and Moderate BEHI categories that applied the maximum bank retreat and NBS1 also showed
negative sloped{gure3.18). The BEHI categories with negative slopes differ between the
average and maximum bank retreat curves for NBS1.

Correlation coefficients squared, were generally very low for most of the erosion

curves, explaining less than 10% of the variation in bank retreaf \Néues were reported for
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BEHI categories with onltwo observations. Additional observations are needed to strengthen

the relationships between bank retreat and NBS. It is apparent from the low correlation and

unexpected negative slopes on some regressions that the BANCS method was unable to

adequately eXpin the variation in measured bank retreat, indicating important variables are

likely missing from the model.

Blue Ridge and Valley & Ridge, VA BANCS Erosion Curves
VA Average Measured Bank Retreat
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Figure 3.17. VA BANCS erosion curve for average bank retreat and NBS Method 1.
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Maximum Bank Retreat (ft/yr)

Blue Ridge and Valley & Ridge, VA BANCS Erosion Curves
VA Maximum Measured Bank Retreat
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Figure 3.18. VA BANCS erosion curve for maximum bank retreat and NBS Method 1.
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Figure 3.19. VA BANCS erosion curve for average bank retreat and NBS Method 2.
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Blue Ridge and Valley & Ridge, VA BANCS Erosion Curves
VA Maximum Measured Bank Retreat
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Figure 3.20. VA BANCS erosion curve for maximum bank retreat and NBS Method 2.

The NBS method selected had a significant impact on its relationship with bank retreat.
The Moderate BEHI relationship for the average bank retreat with NBS1 has a positive slope but
shifts to a steep negative slope when NBS2 is applied. Since NBS2dsadpeite ROC
measured along a meander bend, this method could only be applied to 32 of the monitored
streambanks. In contrast, NBS1 was applicable to all study streambanks. Only two of the 32
study streambanks reported the same NBS category for both m¢labte3.11). Many of the
NBS2 categories assigned to a streambank were completely opposite of the category assigned
using NBS1. For example, Wolf_139 was ranked as extreme using NBS1, but very low using
NBS2. NBS1 subjectively categorizes meander curvature anddsenge of mid channel bars.

NBS2 quantifies the ROC but does not account for mid channel bars or other instream features
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that influence the flow direction, velocity and force of the flow on the béBikham et al.,

2018; D. L. Rosgen, 2001)ypically, when multiple methods of NBS are applied, the method

with the highest category is selected. Due to the poor performance of the BANCS curves, other

statistical models were explored that considered the BEHI and NBS variables individually.
Given the low correlation of the BANCS curves, a summary tdlablé€3.12) and

boxplots were constructed to illustrate the measured range of bank retreat across all BEHI

categories. These figuresSigure3.21 throughFigure3.23) provide an estimate for the expected

range of bank retreat based on each BEHI category. The Very High and Extreme BEHI

categories show a wide range and more severe streambank efigima3.21 andFigure3.22).

The other four BEHI categories report a much tighter range of values. Low, Moderate and High

had a larger number of observations with little variation showing the average bank retreat is less

than 1 ft/yr and the maximum bank retreat is around 1 ft/yr.
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Table3.11. Comparison of NBS categories between Method 1 aRdW®s highlighted in green have the same NBS
category for both methods.

NBS Met h NBS Met hdg
| D CategNumb(Categ Numbeg Same|Di f fe
Emory?7 hi gh 4 very 5 N o -1
SFHR_Rvery 5 extr 6 N o -1
Tur key|lvery 5 extr 6 N o -1
Tur key|lvery 5 extr 6 N o -1
Tur key|lvery 5 extr 6 N o -1
Emory7 extr | 6 extr 6 Yes 0
Tur key|very 5 very 5 Yes 0
Rock 4 moder 3 |l ow 2 No 1
Cop_20 hi gh 4 |l ow 2 No 2
Rock 3 extr | 6 hi gh 4 No 2
Rock _5 extr 6 hi gh 4 N o 2
Rock_5 hi gh 4 Il ow 2 N o 2
SI NK34/very 5 mo d e 1 3 No 2
Toms 62 hi gh 4 |l ow 2 No 2
CCD466| extr | 6 mo d e 3 N o 3
CCD489 hi gh 4 very 1 N o 3
CCD508 hi gh 4 very 1 No 3
Cop_25 hi gh 4 very 1 No 3
Cop_8 |very 5 | ow 2 N o 3
Piney?7 hi gh 4 very 1 N o 3
SI NK31 hi gh 4 ery 1 No 3
SI NK33 hi gh 4 ery 1 No 3
Turkey|lvery 5 | ow 2 No 3
Turkeylvery 5 Il ow 2 N o 3
UTB365 hi gh 4 ery 1 N o 3
UuTB365 hi gh 4 ery 1 No 3
UuTB378 hi gh 4 ery 1 N o 3
UTB382 very 5 Il ow 2 N o 3
UTB388 very 5 Il ow 2 N o 3
Rock _ 3lvery 5 very 1 No 4
Wol f 1| extr | 6 Il ow 2 No 4
Wol f _ 1| extr | 6 very 1 N o 5

For BEHI categories with higher erosion potentials, streambanks in the Blue Ridge
region had larger variations of retreat measurements. Regional differences in measured bank

retreat implied physiographic differences play a role in streambank erosiomliffdrisnce may
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be driven by hydrology, topography and substrate characteristics. In the Valley and Ridge region,
higher transmissivity ratgSwain et al., 2004)educe overland flows and facilitate groundwater
movement. Additionally, this region has a smaller and narrower range of mean base flows from
0.01 to 1.51 fi's/m? compared to 0.02 to 2.44%&/m¢ (Nelms et al., 1997)Reduced overland

and smaller base flows are usually associated with lesser erosive forces, which could have helped
explain the lower variation of retreat rates across the Valley and Ridge region. The cohesive
subsoils in the Valley and Ridg€&albraith & Baker, 2023)ffer additional resistance to erosion.

In contrast, the Blue Ridge has steeper slopes and shallowgiGailisaith & Baker, 2023)

increasing erosion susceptibility. These hydrologic and geomorphic factors likely explained the

wider range of bank retreat measurements in the Blue Ridge region.

Table3.12. Summary of the range, average and median bank retreat for each BEHI category.

Average Bank Ret Maxi mum Bank Retn

Range Aver a Medi a Range Aver a Medi a
Very L 0.-06. 9 0.8 0.8 1.-2. 7 1.9 1.9
Low 0.-00. 9 0.4 0. 4 0.-43. 3 1.0 0.7
Moder a 0.-3. 6 0.6 0. 4 0.-43. 1 1.1 0.9
Hi gh 0 .-3. 2 0.8 0.5 0.2 1 1.4 0.9
Very H 0 .-6L. 7 1.4 0.3 0.-73. 2 1.7 0.8
Extren 0.-3x. 7 1.5 1.0 0 .-4%. 2 2.0 1.6
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Measured Average Bank Retreat Segregated by BEHI Category

Blue Ridge versus Ridge and Valley Region
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Figure 3.21. Boxplot of measured average bank retreat separated by BEHI category and physiographic region.
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Measured Maximum Bank Retreat Segregated by BEHI Category
Blue Ridge versus Ridge and Valley Region

Measured Maximum Bank Retreat (ft/yr)
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Figure 3.22. Boxplot of measured maximum bank retreat separated by BEHI category and physiographic region.
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VA Measured Bank Retreat per BEHI Category
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.23. Boxplot of all measured bank retreat separated by BEHI category.

Comparing VA, NC and MD BANCS Models

The streambank erosion curves produced for VA were compared to the existing curves
from North Carolina (NCJDoll et al., 2003and Maryland (MDYUSFWS, 2005)each
devel oped based on Ro <Ol Rdagen BOAIFNIGUe32datdh od ol ogy
Figure3.25 compare the linear trend lines for all BEHI categories from all three states. The NC
Erosion Curve report highsguared valuesq{F 0.93 and 0.92 for the Moderate and Extreme
BEHI linear trend lines, respectively); however, none were reported for the High and Very High
regressiongStantec Consulting, 2009Vhile the NC regressions appear more predictive based
on P values, they were developed with considerably fewer data points. For example, the Extreme

regression includes only four observations while Moderate has seven. Although some of the
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BEHI categories for the Virginia data have few observations, the overall number of data points

are far greater than those used to create either the NC or the MD curves, offering greater

statistical robustness.

Blue Ridge and Valley & Ridge, VA BANCS Erosion Curves
compared with NC and MD Erosion Curves
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Figure 3.24. Comparison of BANCS regression lines for average bank retreat VA BANCS model with the NC and
MD BANCS models.
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Blue Ridge and Valley & Ridge, VA BANCS Erosion Curves
compared with NC and MD Erosion Curves
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Figure 3.25. Comparison of BANCS regression lines for maximum bank retreat VA BANCS models with the NC and

MD BANCS models.

Figure3.26 throughFigure3.30 compare the measured bank retreat values across the

three states for each corresponding BEHI and NBS category. The measured bank retreat in this

study exceeded the predicted rates from the MD curve for the Low BEHI cat&gniye(.26);

no Low BEHI was reported for NC. The MD study included Low BEHI observations only for

low and moderate NBS categories while the observations from this study reported very low to

high NBS categories. Since predicted bank retreat rates from MD undetedimitathe average

and maximum measured bank retreat in Virginia, it is not recommended to use this curve to

estimate retreat for Low BEHI categories in Virginia.
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Low BEHI: VA Measured Bank Retreat with NC and MD Erosion Curve Bank Retreat
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.26. Comparison of bank retreat for Low BEHI and NBS categories to the MD curve value.
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Moderate BEHI: VA Measured Bank Retreat with NC and MD Erosion Curve Bank Retreat
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.27. Comparison of bank retreat for Moderate BEHI and NBS categories to the NC and MD curve values.

For the Moderate BEHI regression, the NC curve underestimates the measured bank
retreat rates from VA across all NBS categories, except extreme NBS. By comparison, the MD
predictions align well with the VA measurements for moderate and high NBS, but again
underestimate for the low category. Examinatiofighire3.24 andFigure3.25 reveal the NC
and MD Moderate BEHI regressions have much steeper slopes than VA. The VA regression has
a flatter slope reflecting higher measured bank retreat for very low and low NBS than for the
moderate NBSKigure3.27). Overall, the VA regression shows less variation in bank retreat

rates across the NBS categories compared to NC and MD for Moderate BEHI.
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High BEHI: VA Measured Bank Retreat with NC and MD Erosion Curve Bank Retreat
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.28. Comparison of bank retreat for High BEHI and NBS categories to the NC and MD curve value.

Like the Low and Moderate BEHI regressions, the High regression for NC predicts lower
bank retreat than both VA and MD. In contrast, the MD estimates fall between the average and
maximum measured VA bank retrekiqure3.28). Unlike the Moderate BEHI regression, the
slopes of the MD and VA trend lines are more similar, reflecting similar magnitudes of bank
retreat Figure3.24 andFigure3.25). It should be noted that for MD, High and Very High BEHI
were combined together for one regresg®Btantec Consulting, 2009)hich is a common
approach with small sample sizes or efforts to improve predidfidimsanova et al., 2019;

Gamble, 2021)The Very High regressions for MD and NC are closest to the VA regression

lines for both average and maximum bank retrieigufe 3.24, Figure3.25 andFigure3.29). In
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this case, the MD or NC curves provide similar estimates of retreat rates for streambanks that fall
under the Very High BEHI categories.

Very High BEHI: VA Measured Bank Retreat with NC and MD Erosion Curve Bank Retreat
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.29. Comparison of bank retreat for Very High BEHI and NBS categories to the NC and MD curve value.
Contrary to other BEHI categories where NC tended to underestimate bank retreat

relative to VA,both NC and MD predict much higher bank retreats than VA for Extreme BEHI
(Figure3.30). These differences may be explained by the episodic nature of bank failure
(unstable undercutting and mass wasting) compared to the more consistent minor erosion
processes like surface scour or hoof shear. The frequency and intensity of storms contiibined w
antecedent soil conditions play a role in causing bank fai{lay et al., 2015; Zhao et al.,
2022) Mass wasting is more likely to occur after events that have fully saturated the bank

decreasing the matric suction of the béDkly et al., 2015; Midgley et al., 201As such, the
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amount of erosion due to undercutting and mass wasting varies more from year to year. If the
conditions that drive bank failure were not met or met less frequently during the monitoring
period, bank failure would be underrepresented and potentially uhoexrtesl in the model. For
example, a study bank may exhibit little erosion for several years and then suddenly experience a
massive bank failure. In contrast, fluvial erosion rates (more likely represented by lower BEHI
categories) are likely more uniforfrom year to year.

Due to the constraints of this study, cresstions were surveyed twice, approximately
one year apart, except for Rock Creek, thus the variability oftenmg rates were not captured.
While the length of the monitoring period is unknown for the NC andaides, it is unlikely
to be much longer due to difficulties of completing myéar studieg$Couper, 2004; Lawler,

1993) Collecting more data over multiple years would provide a truer average value of bank
retreat rate, as shown by Gam{®021) These factors suggest that fewer bank failures occurred
during the VA study period compared to NC and MD, contributing to the difference between all

three Extreme BEHI regressions.
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Extreme BEHI: VA Measured Bank Retreat with NC and MD Erosion Curve Bank Retreat
Blue Ridge and Valley & Ridge VA Regions
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Figure 3.30. Comparison of bank retreat for Extreme BEHI and NBS categories to the NC and MD curve value.

Data regarding antecedent conditions, stream flow and water table height would likely
provide further insight into the differences observed between the VA, NC and MD bank retreat
values. However, these parameters were not monitored or recorded fordhiarsiuvere
unavailable for the MD or NC study periods. At a minimum, recording flow conditions would
help qualify the context under which the BANCS models were developed. For streams in
ungauged watersheds, precipitation records could serve as a préeyfoonditions, and, as
such, were added to this study for that purpose.

Physiographic variability (climate, topography and soils) and watershed land cover could
also contribute to the differences in the measured bank retreats across VA, NC and MD. With the

exception of UTB, all of the VA study sites have less than 10% impedover Table3.13).
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In addition, all sites except UTB and Wolf Cremntain more than 50% forested lafdSGS,

2022) Forested areas have greater soil infiltration than developed lands reducing the flashiness

of stream flowgNoe et al., 2022)The higher percentage of forested cover could offer an

addi

t i

onal

explanati on

for

substantially smaller than those reported for NC and MD.

why

VAO S

measur ed

In general, the NC regressions ungegdict bank retreat for the Blue Ridge and Ridge

and

Val |

ey

regions in

Virginia.

The

-poer f or man

overpredicting bank retreat depending on the BEHI category. These compaénigbligght the

importance of calibrating BANCS curves for specific physiographic regions.

Table3.13. Land cover percentage for each qit¢SGS, 2022)

Sitell mpervi|DevelopForest| Agricult
CCD 0.23 3.23 62. 21 33.81
CCM 0.114 2.06 73. 772 21. 64
Coppe 0.63 5.89 46 . 4( 46. 25
El k 0.32 4. 35 57. 35 37.61
Emory 0.20 3.48 55. 54 40. 38
MFHR 1.93 8. 17 64. 372 26. 83
Piney 0.30 4. 79 55. 04 39.17
Rock 0.04 1.17 84. 8¢( 14.03
SFHR 0. 35 3.51 66. 27 29. 72
S F HW 0.26 3.02 78. 517 17.96
Sinki 0. 34 4.67 54.9¢ 38.67
Toms 3.32 13.40 67. 24 18. 86
Tur ke 0.20 4.05 66. 372 28. 74
UTaB 22.26 63.87 5.92 30.20
Wo | f 7.41 29.19 27 . 74 42. 37

Statistical Models

The BANCS method overly stratified the data through separation into the BEHI and NBS

categories resulting in poor BANCS curves for the study region. Individually assessing BEHI

factors, combined with additional channel and watershed characteristics gngatyed the
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ability to predict streambank retredititially, all data was lumped together but model

performance improved when the data was subdivided based on the type of erosion according to
driving mechanisms between fluvial erosion and bank fa{lzinao et al., 2022Minor erosion

models were built from no erosion, hoof shear and surface scour data while severe erosion

models used unstable undercutting and mass wasting data. A total of four models were

developed:
Table3.14. Summary of characteristics of final models.
Model No. Erosion Type Bank Retreat Value Model Type No. Observations
1 Minor Average PCR 30
2 Severe Average MLR 65
3 Minor Maximum MLR 40
4 Severe Maximum MLR 70

Further improvement was found with the addition of climate and precipitation metrics, reducing
the RMSE from 353% (Table3.15).

Table3.15. Improvement between the first iteration of statistical models without climate and rainfall predictors and
second iteration that includes them in. The difference in testing subtracts the RMSE of the second iteration models
form the first iteration.

Average Bank Retreat Maximum Bank Retreat

Minor Severe Minor Severe
Difference in testing RMSE (ft/yr) 0.07 0.46 0.28 0.66
Reduction in RMSE (%) 35 42 32 53

The maximum bank retreat model for severe erosion improved the most but remains the
worst performing model. Overall, the average bank retreat models outperformed the maximum
bank retreat models, and minor erosion was easier to predict than severe(@aided 16).

The final models explain 24 to 73% of the variability. Not only do the models produce

acceptable testing metrics, they also use more observations to produce the regressions compared
to the BANCS curves. With the stratified BEHI data some regressiopsadlfour

observations, like the extreme BEHI regression, which is not able to capture the potential range

of inputs. Given the large spatial area of the Blue Ridge and Valley and Ridge regions in
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Virginia, it is expected to have a wide range of input variables. The Valley and Ridge BANCS
curve developed by Gamh(2021)explained only 24% of the variability compared to these
models which explain up to 73% of the variability in bank retreat. Based on this study, applying
the BANCS protocol in its traditional form was not able to reliably estimate bank retreat within
theValley and Ridge and Blue Ridge regions of Virginia. Noe gRaR2)predicted sediment

flux from various sources using a Random Forest model with an accuracy rate of 28% for

streambanks, which is similar to that achieved with these four models.

Table3.16. Streambank retreat model metrics from LOOCYV testing and the final fit of the model using all available
data Green cellanark metrics with strong model performance; yellow cgliswacceptable metris.

Average Bank Retreat Maximum Bank Retreat
Minor Severe Minor Severe
Test Metrics
RMSE (ft/yr) 0.13 0.63 0.59 0.57
adj R 0.34 0.21 0.11 0.10
R2 0.50 0.29 0.20 0.14
r2 0.51 0.31 0.22 0.15
Final Metrics
RMSE (ft/yr) 0.12 0.71 0.67 0.69
adj R 0.65 0.37 0.25 0.19
R2 0.73 0.44 0.34 0.24
r2 0.73 0.44 0.34 0.24
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Table3.17. Standardized coefficients for final streambank erosion models. Values in bold indicate significant
coefficients with gralues < 0.05

Standarized Coefficient Average Bank Retreat Maximum Bank Retreat
Magntitudes* Minor Severe Minor Severe
# of Events >= 0.5 in E 0.16
Developed Land Cover (%) [ | 0.15
Bank Height E| 0.15
Minimium Daily Temperature E 0.14
Bulk Density R 0.13] | 0.25
Weighted Root Density k| 0.11] | 0.34 | - 0.27
Percent of Events >= 1 in (%) || o.06 | 0.19 | . 0.27]
NBS Method 1 1 0.04] . 0.27 . 0.26
Annual Precipitation (in/yr) [ 0.5
Bank Angle B 0.15
Sand A 0.13
# of 10-yr Storms | 0.48
Root Depth/Bank Height Ratio | 0.30
Maximum Intensity (in/hr) I | o023
Days with Rain (%) B 0.16
# of 2-yr Storms | 0.43
Agricultural Land Cover (%) B 0.17
*Values in bold indicate significant coefficients with p-value < 0.05.
4Coefficients values were estimated from a PCR model using scaled and centered data; ma
match those from a linear regression model using these same scaled and centered predict(l

NBS1 was used in all models except maximum bank retreat for severe erosion and
emerged as a significant predictor in two of the modedble3.17). SinceMethod1 is the least
detailed and complex, it only requires Rosgen Level | training, in contrittoods2 through
6 which are recommended for people with higher traifBigham et al., 2018; Sass & Keane,

2012) In comparison, NB& which is the ratio of the ROC to bankfull width asdimited to
the outside of meander bends, was not selected by any model. It can therefore be concluded that
NBS1 does a better job thiNBS2 at predicting bank retreat. A benefit to usMigS1, besides
its simplicity, is its ability to be applied anywhere along a stream, regardless of Id&tjbam
et al., 2018; D. L. Rosgen, 2001)
Weighted root density was consistently identified as a significant predictor of bank retreat

for both minor and severe erosideighted root densitwas not, however, included the max
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bank retreat model for min@rosion, butvas replaced witkheroot depth/bank height ratio.
Additionally, surface protection could also easily replace weighted root dehsityo their high
correlation. However, to avoid collinearity, orthe variable with the higher correlation to bank
retreat wasetained The selection of thegwedictorshighlights the importance of vegetation
along banksSeveral studies have focused on how vegetation and their root systems increase
bank cohesion and stabilifiPurvis & Fox, 2016; Smith et al., 2023; Wynn & Mostaghimi,
2006) Purvis and F0Xx2016 found thathare bankgxperienced a threfeld increase in bank
retreat when compared to banks witharian vegetatiorHHopkinson and Wyn2009)also
found that egetation acted as a protective measure against fluvial erosion by increasing
roughness and reducing bank shear stress. Roots likely have a greater influence on mass wasting
than fluvial erosion because they affect both bank cohesion and soil moistwaamhfactors
to mass wasting, which is governed by resistance and gravitational forces.

While vegetation offers protection against fluvial erosibie variables selectddr the
severe erosion models suggest that this erosion is likely governed by bank geometry and
composition. For example, the severe mddebverage bank retreatcludesbank angleand
sandcontent which can be associated withwer soil cohesionThese two variables combined
couldindicatecritical thresholds whegravitational forces outweigh the forces holding the bank
together(e.g.rootg, resulting inbank failure.These findings align with Rinaldi et #2004)who
demonstrated that mass wasting was controlled by flow event characteristics, bank materials and
bank geometry.

Minimum daily temperature was selected as a predictor in the average bank retreat model
for minor erosion. It was the only climate variable chosen across all models. Its inclusion alludes

that freezehaw cycling contributes to bank instability, partictilan regions like the Valley and
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Ridge and Blue Ridge where winter temperatures regularly fall below freezing. Zhao et al.
(2022)found that riparian cover can reduce the frequency of fréere cycles and Wynn and
Mostaghimi(2006)specifically determined that deciduous forests experienced more frequent
cycles than those with herbaceous cover due to seasonal canopy loss. While woody vegetation
provides stronger protection against fluvial forces, it can leave banks more susceitdeed

thaw cycles. Our results indicate that minimum daily temperature is likely a good proxy for the
impact of freezehaw cycling on surface scour and hoof shear erosion rates.

Site specific conditions played a much larger role in predicting streambank erosion than
watershed characteristics. This may be due to a lack of variability in land use and cover across
the study watersheds, which were mostly characterized by low develbprmehigh
percentages of forested and agricultural lands. Only two variables selected by the models were
related to land cover: developed land cover in the average bank retreat model for minor erosion
and agricultural land cover in the maximum bank edtfer severe erosion. Several other
variables, however, were of equal or greater significance than developed land cover in the minor
erosion model. In contrast, agricultural land cover was the onhsigmificant variable in the
maximum bank retreat f@evere erosion. Interestingly, agricultural land was negatively
correlated to the number of days below freezing in the severe erosion model for maximum bank
retreat. Across all the other best subset selections, the number of freezing days was selected
instead of agricultural land cover, further supporting the importance of fthamnecycles in
streambank erosion for these regions.

The models assume a uniform rate of erosion across the entire length of each BEHI
segment. Gambl@021)found that a spatial distance of three channel widths between

measurements decreased the variability as the mean erosion rate staplzesimately 70%
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of our reachsegmentdetween cross sectioase less than or equal to about 3 channel wjdtins
the assumption a uniform erosion ratéongitudinallyacross the entire segment is reasonable.
While these models only estimate erosion and ignore deposition, it is reasonable to
assume that all eroded material will eventually exit from the reach. However, when estimating
sediment loads from streambank erosion on a watershed scale, it is essantialint for
sediment that is deposited within the channel or on the floodplain. Over short reaches, the
majority of the eroded sediment could be transported downstream but extrapolating streambank
erosion sediment loads without considering depositiomsaain entire watershed would likely
overestimate the total load. This emphasizes the importance of considering spatial scales when
applying modelgCouper, 2004)
Boxplots comparing the predicted and measured bank retFégisg3.31 andFigure
3.32) show that the predictions do not extend beyond the range of measured data and display less
variation, thus verifying that these models are acceptable for estimating retreat rates in the Blue
Ridge and Valley and Ridge regions of Virginia. As demonstriatéus study and by others
(Palmer et al., 2014; Purvis & Fox, 2016; Smith et al., 2023; Wynn & Mostaghimi, 2006; Zaimes
et al., 2006)there is a lot of variation in annual bank retreat. While the average bank retreat for
minor erosiormodel successfully predicted much of the observed varidatiergther three
models were unable to predict the variation, especially for the extreme erosion rates. This
emphasizes the complexity of streambank erosion and the importance of including physical,

climatic and regional variables into prediction models.
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Average Bank Retreat: Measured vs Predicted
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Figure 3.31. Boxplots comparing measured and predicted average bank retreat separated by the type of erosion.
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Maximum Bank Retreat: Measured vs Predicted

Minor Severe

w

N

Maximum Bank Retreat (ft/yr)

-
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Figure 3.32. Boxplots comparing measured and predicted maximum bank retreat separated by the type of erosion.

Sediment and Nutrient Loads

Annual sediment loads for all 15 sites are providefigure3.33. While the magnitude
of sediment loads are apparent for some sites, like Turkey Creek and CCM, there is no single
factor that can explain the rank of loads per site. Additional factors such as the extent and type of
eroding banks and bulk density affected magnitude of the estimated sediment loads for the
entire reach introduced. The amount of suspended load versus bed load was not estimated
because a particle size distribution was not conducted on soil samples.

MFHR reported théighest average sediment loationgst the 15 study sitdsidure
3.33). MFHR had one of the widest channels with an average TOB width of 99 ft and it had
some of the highest measured average bank retreat rates. Because of its size, MFHR had the

capacity to produce greater volumes of sedirespecially when compared to smaller streams

136



like UTB and Piney Creek. MFHR also had 67% eroding banks, the largest bulk density, and
experienced four storm events that exceedegrasiorm, which further explains why it reported
the highest average sediment load. MFHR also has the highest sddexdenhen calculated
using the maximum bank retreat predictions.

Turkey Creek, with some of the highest measured average bank retreat rates and the
highest percentage of eroding banks, reported the second highest average sediment load. Turkey
Creek had the smallest ROC measurements with several hairpin bends comthireadtiei
access which likely explains why it had a very high estimated sediment load.

Turkey and Elk Creeks also produced high maximum loads, despite Elk Creek having
one of the lowest measured rates for maximum retreat. Based on the collected data, there is no
evident explanation as to the magncoréesthde of EI
complexity of streambank erosion where no single variable can predict erosion rates. Also note
that the maximum retreat models only explaineé2% of the variatioin observed
streambank erosion.

Rock Creek had the highest measured average bank retreat, greatest amount of rainfall
and the greatest number of storms that reached or excegdratarn interval but produced
lower average sediment loads than Turkey Creek, MFHR, and Wolf Gfegkd3.33). This
supports previous studies showing the greatest amounts of erosion were not always coupled with
the largest storm evenilidgley et al., 2012; Rinaldi et al., 2004)urkey, MFHR and Wolf
had a higher percentage of erosion in addition to greater amounts of severe €iga@3./),
which suggests that the extent of erosion is the dominant factor determining the sediment load.

CCD reported the smallest sediment load per linear stream foot likely due to having the

smallest measured average bank retreat and lowest bulk density. While the rate of retreat plays a
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significant role in the sediment load, it is not the sole reason. The interaction between bank

retreat, climate, precipitation and extent of erosion all affect the magnitude of the sediment load.
CCD6s sediment | oads ar e adsaestimatadalongthreenagni t ude
Piedmont streams in the Chesapeake @apnenk et al., 2013WVhile the average and maximum
sediment loads estimated for our other study sites exceeded those from Scheri2RE)al.

they were consistent with published loads from Walter €2807)

Sediment Load per Linear Stream Foot

Bank Retreat |:| average - maximum

Wolf +

o

UTB A
Turkey
Toms+
Sinking -

SFHR_Wood

SFHR_Rector +

Rock

Site

Piney 1

NFHR

MFHR

Elk+

Copper-

CCM+

CCDH

0.0 0.1 0.2 03 0.4
Total Sediment Load (tons/ft/yr)

Figure 3.33. Predicted sediment loads from streambank erosion.

Figure3.34 andFigure3.35report the TN and TP loads from streambank erosion
normalized by stream length. Nitrogen is often omitted from streambank erosion baaiase
it is highly soluble. Walter et a{2007) one of the few studies to include N loads, reported loads

ranging from 0.3 to 1.8 Ibs/ft/yr across Piedmont and Valley and Ridge streams in PA, which
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aligns more closely with the TN loads from the maximum sediment load estimated for our study
sites.

Similar to TN, TP loads from Walter et €007)aligned with our maximum TP loads
but often exceeded the loads at most sites. Other studies across the United States reported wide
ranges of TP loads from streambank erogkwx, Purvis, et al., 2016; Miller et al., 2014; F. F.
Williams et al., 2023)For example, TP loads ranged from 0.0%8kely et al., 2002p 2.4
Ibs/ft/yr along Blue Earth River, Minnesdféhoma et al., 2005and from 0.2 to 2.8 lbs/ft/yr
along Spavinow Creek, OWMiller et al., 2014) TP loads reported for the Chesapeake Bay
(Boynton et al., 1995; Fox, Purvis, et al., 20a6) comparable to the average TP loads in this
study.

Turkey Creek was estimated to have the highest nutrient loads due to its high eroded
sediment and high nutrient concentrations in streambank sediriabte3.9). Adjacent cattle
pastures and Christmas tree farms likely increased nutrient concentrations in the streambank soil.
Sinking Creek and Toms Creek had the next highest average TN loads and the highest soil TN
concentrationsTable3.9). Although Toms Creek did produce a high sediment load per linear
foot, having the highest TN concentrations substantially boosted its TN load. Previous land
use/management dictates the concentrations of nutrients in soil, especially in areas with legacy

sedimen(Voli et al., 2013; Walter et al., 2007; Wegmann et al., 2013)
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Figure 3.34. Predicted TN loads from streambank erosion.
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Figure 3.35. Predicted TP loads from streambank erosion.

Conclusionsand Recommendations

This study evaluated 15 stream reaches across the Blue Ridge and Ridge and Valley
physiographic regions of Virginia, using BEHI and NBS assessments andsentismal
surveys. A total of 82 crossections were surveyed to quantify annual streambanktredtea.
The data was used to create BANCS Streambank Erosion Curves (Rosgen, 2011). In addition,
channel geometry, watershed characteristics, precipitation and climate data were also compiled
and combined with the BEHI variables and NBS to produce mtalei®dict the observed
annual bank retreat rates. Predicted bank retreat rates were combined with bank height
measurements and measured soil bulk density and nutrient concentrations to estimate sediment,

TN and TP loads for the entire study reach froraastrbank erosion.
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The models were subdivided by erosion typrinor and severe as this improved
model performance. Four total models were selected to predict both average and maximum
retreat rates. The models captured 24 to 73% of the streambank variability, outperforming the
BANCS curves which captured around 10% or less of thati@n. The selected model
predictor variables revealed site specific factors significantly influence streambank erosion
compared to broader watershed characteristics.

Predicted average sediment loads ranged from 0.07 to 0.27 tons/ft/yr and maximum
sediment loads ranged from 0.1 to 0.46 tons/ft/yr, which were on the low end of values reported
by Walter et al(2007)for PA. Predicted TN and TP loads were also comparable to previous
studies across the United Stafeex, Purvis, et al., 2016; Walter et al., 2007; F. F. Williams et
al., 2023) TN loads ranged from 0.07 to 0.47 Ibs/ft/yr for estimated average sediment loads and
0.11 to 0.67 Ibs/ft/yr for maximum sediment loads. TP loads remained lower than TN ranging
from 0.03 to 0.29 Ibs/ft/yr and 0.06 to 0.41 Ibs/ft/yr from average and maxsaediment loads,
respectively.

The model performance could be further improved for severe erosion and maximum
retreat. The models developed from this study also likely underestimate retreas rthies
ranges of predicted values are below observed values. The inclusion of precipitation and climate
predictor variables would vary model predictions from year to year and allow for evaluating how
changes in climate over time (i.e. wet versus dry yaagsclimate change) affect streambank
retreat rates. This approach offers significant athgas over the BANCS regressions that vary
predictions based on changes in the BEHI or NBS category only. These vaaiatiledy to
change little from year to year in the absence of significant changes to the channel and

streambank.
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Our study found that the BANCS method overly stratified the ldatang too few
observations per regression to capture regional variations in streambank erosion. Our findings
are similar to several previous effof(Gamble, 2021; Ghosh et al., 2016; McMillan et al., 2017)
that failed to produce acceptable BANCS curves. Howener3EHI variables and NBS (using
method 1) assessments are important to streambank erosion as evidenced by their selection in our
study best fit models. Their value is enhanced by their relatively simple and quick field
assessment$his study demonstrates that BEHI and NBS assessments are more effectively

applied outside the BANCS methodology to predict streambank retreat rates.
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CHAPTER 4: Estimating Nutrient Loads to Falls Lake from Streambank Erosion

Abstract

Streambank condition was assessed and streambank erosion was monitored at locations
throughout the Falls Lake watershed in order to evaluate the potential sediment and nutrient
inputs that could be arriving to the reservoir from streambank erosion. Stnelagdndition (i.e.
bank height, channel width, erosion presence)agasssed 463 locations exhibiting eange of
conditionsfrom stable to severely erodingata from 111 sites were used for model
development and the remaining 52 sites were usedddehvalidation. Tie percentagsof
erosion by typevere determined fax 100-foot-segmenglong both streambanks at litations
assessedPermanent cross sections were established in 2@ @tationsexhibiting active
erosion. The cross sections weresueveyed seven to nine months later and again 12 months
later in2024 Soil samples were collected from the streambanks at allseations and
analyzed fograin size distributionbulk density and nutrient content.

The streambank condition assessments, and the measured erosion rates from cross
sections were combined with detailed geospatial mapping and modeling of land use and
landforms to develop three models to 1) estimate potential locations and severity of, &psio
the height of the streambank and 3) the rate of streambank erosion at 100 feet increments for all
the streams in the Falls Lake watershed. Results of all models were combined with measured soil
densities to generate a range of predicted sedimenbpfa each catchment in the watershed.

Soil TN and TP concentrations were also used to generate predictions of nutrients for streambank
erosion.

Average, upper and lower estimates of TSS and nutrient loads were estimated for five

study watersheds as well as for the entire Falls Lake watershed. Delivery ratios bidsed on
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USGS6s SPAtially Referenced Regression On
literature valuesvere applied tgrediced sediment and nutrient loads to estimate loads
deliveredto the Lake

Out of the 111 reaches assessed for model development, on average 45% of the banks
were stable, 30% had minor erosion and 25% were severely eroded. The erosion classification
model predicted a similar distributiavith 49% stable banks, 25% for minor erosion Hrel
remaining 26% for severe erosidrhe modehlsocorrectly identified the erosion condition at
some point along each 180ot study reach 74% of the tinfigr the 52 validation site§he rate
of average bank retreat for eroding banks ranged &rdnto 6.6 ft/yr with the maximum erosion
rate ranging from 0.2 to 9.3 ft/yr. Predicted average erosion rates ranged from 0 to 4.8 ft/yr.

The bank height model predictions produced?gsquared correlation coefficient)
ranging from 0.72 to 0.78r the 52 validation site§’he model tended to underpredict bank
heights once the height exceeded 6 ft. The channel width model also performed well with an R
(coefficient of determination)f 0.82 and%of 0.89 br the 52 validationsites

Themodekd delivered TSS loads wdegger compared tthe SPARROW and Upper
Neuse River Basin Association (UNRBA) modeled estimatleslower and upper limits were 4
to 12 times greater than SPARROW and 2 to 5 times greater than UNRBA predictions for
delivered TSS to Falls Lake. However, based on the field validated performaheenafdels,
theestimated volume of eroded streambank solil ikstea Furtherthevolume also appears
reasonable when compared to annualized estimates of the total gobséitiment deposited in
the Lake calculated based on accumulation rates measured by McKg@@2HBland the 100

year volume predicted by the US Army Corps of Enginéérs.predictedgtreambank volume
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equals 8% and % of the total annual volumestimated by Mckee et al. (2021) and the US
Army Corps(2017) respectively.

Although streambank erosion is highly episodic and difficult to predict, especially over
short durationsghe model and monitoring data provide some insight into its prevalence in the
Falls Lake watershed. Overall can beconcludel that streambank erosion is a significant source
of suspended sediment and TP to Falls Lake, which agrees with the findings from UNRBA and
SPARROW. Streambank erosiancounts foll 7% to 18% of the delivered sediment volume.
The percentage of delivered sediment load from streakierosion ranges from 35% from
SPARROW to 58% based omy modeled load relative to the total sediment load estimated by
Simmong(1993) The contribution of streambank erosion to the TP load ranges from 13%
(NCSU) to 18% (SPARROW), while the TN load is far lower ranging from 0.8% (UNRBA) to
3% (NCSU). Targeting severely eroding reaches for restoration and stabilization in these high

load catchments will help reduce sediment, TP and TN loads delivered to Falls Lake.

Background and Site Selection

Excess sediment negatively impacts downstream waters by degrading instream habitats,
reducing reservoir capacity, and increasing costs for drinking water treatment facilities, among
others impact$DWER, 2000; US EPA, 2017%oil erosion including channel instability and
streambank erosion introduces sediment bound nutrients to surface waters, which in dissolved
forms can lead to downstream water quality degradation. While some species of nitrogen are
found sorbed to solil, ost attention is focused on dissolved inorganic fractions of nitrogen.
Phosphorus, however, is the main focus of sediment loss prevention, as phosphorus is readily

sorbed to soils high in metal hydroxidgsesterberg, 2010)
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To costeffectively reduce nutrient loading to Falls Lake, it is critical to determine which
sources of nutrients are greatest and to evaluate the feasibility of reducing the nutrient loadings
from each source. The USG&E)18)developed a SPARROW model specific to North Carolina
in order to estimate lonagerm average values of sediment and nutrients that are delivered to the
river. The model links water quality monitoring data with information on watershed
characteristics andataminant source®ata layers based on land surface forms (i.e. positive
openness and slope area index) were used to estimate the occurrence of streambank incision and
scour for the modellhe model estimated that 54% of the total suspended sedimefrsnare
stream channel incision, erosion and scour compared to 46% from development, agriculture and
land disturbanc€USGS, 2018)

The Upper Neuse River Basin Association (UNRBA) also developed a watershed and
lake model for Falls Lake. This model was used to examine specific sources of nutrient loading
in order to propose alternate nutrient management flipyser Neuse River Basin Association,

2019) The UNRBA mode(2019)estimates about 14% of the total phosphorus load for the basin
comes from streambank erosion while the SPARROW matGS, 2018estimated 18% of

the total phosphorus comes from streambed erosion. The SPARROW model does not account for
any phosphorus or nitrogen loading from streambank erosion. Field studies were not conducted
to verify the presence of erosion or incision for eitmedel. In addition, only limited sampling

and laboratory analysis of streambank and streambed soils have been conducted to establish the
nutrient contributions for streambank and streambed sediments.

To validate the SPARROW and UNRBA estimated nutrient loads from eroding
streambanks upstream of Falls Lake, this study developed and field validated a series of

empirical models to estimate TSS, TN, and TP loads from streambank erosion delivered to Falls
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Lake. This was done by combining geospatial analysis, inventory of streambank condition,
assessment of streambank erosion rates, grain size distribution and analysis of nutrient levels in
streambank soils. The objectives for this study were as follows:

Identify streambank erosion hotspots throughout the watershed.
Develop empirical models for predicting thieeambank erosion condition
erosion rates, and bank heights.

1 Use empirical models combined with field measured soils data to estimate total
loads of sediment and nutrients from streambank erosion

1 Validate if the UNRBA model and USGS NC SPARROW model predictions are
reasonable for total suspended solids (TSS), total nitrogen (TN) and total
phosphorus (TP) loads from streambank erosion

1 Develop an interactive uséiendly dashboard to assist with watershed
management decisions

Streambank conditions were assessed at 163 locations throughout the watershed covering
a range of streambank conditions from stable to severely eroding. 111 sites were used for model
development and 52 sites were used for model validation. The locatioe a§sessment reach
was geospatially located by phone or by an RTK type GPS rec28sites exhibiting active
streambank erosion were selected for permanent-seas®ns to measure bank erosion rates
and nutrient levels in streambank soils. Five gtsubwatersheds were selected within the basin
to measure sediment and phosphorus loads. Three stations were located at USGS flow gauging
stations. Flow monitoring was established at the remaining two locations. The locations visited,

crosssection monitoring locations and the five study subwatersheds are identifiegira4.1.
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Figure 4.1. Project site locations and study watersheds.

Methods
Reach Assessments

The relationship between positive openness (PO) and erosion categories developed for
Mine Creek in Raleigh by HKhoury (2022)was used to classify every 100 ft segment of stream
channel as either stable, minor erosion or severe erosion. PO is a visualization of a DEM that
identifies the location of concave surfaces based on the average measure of the eight zenith
angles like th@ne developed by USGS for North Carol{Rowley et al., 2018)Over 100

potential sites were spatially distributed across the Falls Lake watershed including a range of
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