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Abstract: The objective of this study was to assess the performance of form-based and process-based
models, and of local-scale and reach-scale models, used to examine bank retreat and sediment
transport in stream restoration. The evaluated models were the Bank Erosion Hazard Index (BEHI),
Bank Assessment for Nonpoint Source Consequences of Sediment (BANCS), Bank Stability and
Toe Erosion Model (BSTEM), and HEC River Analysis System (HEC-RAS 1D). Model-to-model
assessments were conducted to quantify the impact of model selection when predicting applied
stress and geomorphic change in a restored stream in North Carolina, USA. Results indicated that
the mobility of the bed dictated model selection at the reach-scale. The process-based HEC-RAS
1D was needed to accurately analyze the sand-bed stream, predicting amounts of geomorphic
change comparable to measured data and up to three orders of magnitude higher than those from
local-scale models. At the local-scale, results indicated that the bank retreat mechanism and flow
variability constrained model selection. The form-based BEHI and BANCS did not directly account
for geotechnical failure nor capture severe floods, underpredicting amounts of geomorphic change
by an order of magnitude when compared to the process-based BSTEM, and failing to characterize
erosion potential and applied stresses after short-term morphodynamic adjustments.

Keywords: BEHI; BANCS; BSTEM; HEC-RAS; numerical modeling; sediment transport; bank retreat;
stream restoration

1. Introduction

Stream restoration is an applied science that seeks to improve water quality, enhance
aquatic habitats, protect infrastructure, and provide flood reduction in streams that have
been impacted by anthropogenic activities, such as agriculture, urbanization, dam con-
struction, and mining [1,2]. Its implementation frequently involves a combination of
modifications to the channel planform, cross-sectional geometry, and longitudinal profile,
as well as the use of in-stream structures and bank stabilization practices (e.g., [3–6]). Even
though post-restoration morphodynamic adjustments are expected to occur, if pronounced,
these adjustments have the potential to impact the stability and function of restored streams.
Over time, they can lead to excessive bed erosion and deposition, severe bank retreat, re-
duced efficiency of in-stream structures, and poor water quality and habitat conditions
(e.g., [7–9]). As the interest in stream restoration continues to grow, there is a critical need
to strengthen scientific understanding of how streams respond to restoration efforts; impor-
tant when considering the effects that climate change is having on the amounts of water
and sediment delivered to and transported by streams [10–12].

Bank retreat and sediment transport are among the main drivers of restoration projects
and are key components of performance metrics used to evaluate their success [13]. Among
currently used models to examine these morphodynamic processes in stream restoration
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are the Bank Erosion Hazard Index (BEHI) [14], the Bank Assessment for Nonpoint Source
Consequences of Sediment (BANCS) [14], the USDA Bank Stability and Toe Erosion Model
(BSTEM) [15], and the USACE Hydrologic Engineering Center—River Analysis System
(HEC-RAS) [16]. Based on their formulation, the models can be separated into two cate-
gories, form-based and process-based. Form-based models, such as BEHI and BANCS, use
stream geometric characteristics, in-situ measurements, and visual estimates to empirically
examine bank retreat and sediment transport. Alternatively, process-based models, such
as BSTEM and HEC-RAS, numerically solve the physics-based equations governing these
morphodynamic processes to achieve predictions. Moreover, based on their scale, the
models can be further grouped into local-scale and reach-scale. Local-scale models, such
as BEHI, BANCS, and BSTEM, focus on a single channel cross-section at a time, whereas
reach-scale models, such as HEC-RAS, focus on the cumulative and simultaneous effect of
multiple channel cross-sections.

Due to their practicality, form-based, local-scale models have been extensively used by
state and federal agencies, practitioners, and decision makers as a tool for examining bank
retreat and sediment transport in stream restoration [17–19]. However, several studies have
highlighted important limitations associated with the use of these types of models, includ-
ing inaccurate predictions, input parameter subjectivity, and regional dependence [20–25].
While process-based models offer a more robust, physics-based alternative to examine bank
retreat and sediment transport [26], these types of models are also limited by the assump-
tions embedded in their formulation [27]. For example, the local-scale BSTEM is unable to
simulate the streamwise effect of sediment transport [28], whereas the one-dimensional
(1D) reach-scale HEC-RAS is unable to capture the effect of secondary currents that increase
the near-bank applied stress [29].

The objective of this study was to assess the performance of BEHI, BANCS, BSTEM,
and HEC-RAS 1D when used to examine bank retreat and sediment transport in a restored
stream in the Piedmont region of North Carolina, USA. Model-to-model assessments were
conducted to quantify the impact of model selection when predicting applied stress and
volumetric amounts of geomorphic change. To assess the models’ performance, numerical
predictions were compared to measured data obtained from six years of post-restoration
monitoring reports. By highlighting key similarities and differences among the evaluated
models, this study aims to shed light on the importance of model selection based on
a stream’s geomorphic characteristics and water-sediment regimes. Therefore, results
reported herein are useful for scholars and industry professionals working on stream
restoration who want to overcome the use of one-size-fits-all approaches [30].

2. Study Area

The study reach consisted of 905 m of restored channel along Richland Creek, which
is located within the Neuse River basin (USGS Hydrologic Unit 03020201) in the North-
ern Outer Piedmont ecoregion of the Piedmont physiographic region of North Carolina,
USA (Figure 1). Richland Creek is a second-order, sand-bed stream with a drainage area
of 20.2 km2. Its watershed is characterized by 35% forest land, 35% agricultural land,
and 30% developed land, with less than 10% impervious area [31]. The 905 m restored
reach extended from Stadium Drive at its upstream end (35◦59′5.1′′ N, 78◦31′10.93′′ W) to
Durham Road at its downstream end (35◦58′41.9′′ N, 78◦31′25.6′′ W), located within the
Town of Wake Forest in Wake County. Along the restored reach, average channel slope
was measured as 0.0026 m/m, average channel width as 8.4 m, average bankfull depth
as 1.07 m, and channel sinuosity as 1.1. The restoration project was completed in 2010
for mitigation administered by the Division of Mitigation Services (DMS) from the North
Carolina Department of Environmental Quality (NCDEQ). The project focused on the mod-
ification of channel cross-sectional geometry and longitudinal alignment, the installation
of in-stream structures (including rock cross vanes, riffle grade controls, and rock sills)
and the planting of vegetation along the banks. The study reach was selected because
measured data obtained from six years of post-restoration monitoring reports showed pro-
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nounced morphodynamic adjustments that included bed erosion and deposition, and bank
retreat [32]. When compared to baseline conditions in 2010, reported reach-scale adjust-
ments through 2016 included reductions of approximately 26% in bankfull cross-sectional
area, 7.5% in bankfull width, and 4.6% in bankfull depth. Post-restoration measured data
also suggested a highly dynamic bed. When compared to baseline conditions in 2010, the
reach-scale bankfull depth decreased by 35% through 2011, then increased by 10% through
2012, reducing again by 43% through 2014. Further details about the restoration project
(e.g., pre-project existing conditions) can be found in the publicly available NCDEQ-DMS
post-restoration annual monitoring reports [33].
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Figure 1. Restored reach of Richland Creek located within the Neuse River basin (USGS Hydrologic
Unit 03020201) in the Northern Outer Piedmont ecoregion of the Piedmont physiographic region of
North Carolina, USA. Chosen cross-sections (XS) are shown, indicating the banks that were evaluated
using local-scale models as right-bank (RB) or left-bank (LB).

3. Methodology
3.1. River Terrain Model
3.1.1. Cross-Sectional Geometry

Eight cross-sections were chosen along the study reach of Richland Creek (Figure 1).
These cross-sections were chosen in consultation with NCDEQ-DMS at locations of interest
where banks had been actively retreating. Moreover, they were selected to cover a similar
reach length to that considered in the post-restoration monitoring reports. The evaluated
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models were applied using three different geometries that represented different degrees
of morphodynamic adjustment. The first geometry analyzed was the design geometry
(DES) provided by NCDEQ-DMS. This geometry reflected the idealized design geometry
for the restored reach, rather than post-construction, as built conditions. The second
geometry analyzed, referred to as Post-Restoration (PR), was measured in July 2018, nearly
eight years after the construction of the restoration project was completed. The remaining
geometry analyzed, referred to as Post-Hurricane (PH), was surveyed in October 2018,
capturing the channel form after two major floods associated with Hurricane Florence
(formed 31 August; dissipated 18 September) and Hurricane Michael (formed 7 October;
dissipated 16 October). The inclusion of the PH geometry provided an opportunity to
evaluate short-term morphodynamic adjustments in the study reach following severe
floods. An illustrative comparison among the DES, PR, and PH geometries is shown in
Figure 2 for cross-sections XS #4, XS #7, and XS #8. The comparison among geometries for
the remining cross-sections shown in Figure 1 can be found in Kassa [34].
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geometries at cross-sections (a) XS #4, (b) XS #7, and (c) XS #8.

3.1.2. Bed and Bank Material Characterization

Samples of bed and bank material were collected at the eight cross-sections shown in
Figure 1 to determine grain size distributions. For the bed material, volumetric samples
were collected close to the centerline of the channel. For the bank material, single soil cores
were collected from the bank sides indicated in Figure 1. Samples were oven dried and
sieve analyses were performed according to the “Standard Test Methods for Particle-Size
Distribution (Gradation) of Soils Using Sieve Analysis” procedure (ASTM 6913). Moreover,
Jet Erosion Tests (JET) [35–37] were conducted in-situ using a mini-JET device [38] to
measure bank material erodibility. JETs were performed at the eight cross-sections on the
bank sides indicated in Figure 1, right next to the location from where the bank material
samples were collected. The Blaisdell solution methodology [39,40] was implemented to
calculate the bank material’s critical boundary shear stress (τc) and erodibility coefficient
(kd), which are collectively known as erodibility parameters. This methodology was
selected because the scour depth [41] and iterative [42] solution methodologies tend to
overestimate erosion rates for applied stresses (τo) that are larger than those applied during
JETs [37]. The median grain size (d50) and corresponding classification according to the
ASCE Sedimentation Engineering Manual [43] for the bed and bank material are presented
in Tables 1 and 2, respectively. JET-derived erodibility parameters τc and kd for the bank
material are also included in Table 2. Material characterization indicated that d50 of the
bed material varied from 1.6 mm (very coarse sand) to 2.4 mm (very fine gravel), and d50
of the bank material ranged between 0.062 mm (coarse silt to very fine sand) and 0.5 mm
(medium to coarse sand) along the study reach. Likewise, it categorized bank material
erodibility as erodible to very erodible according to the classification system suggested by
Hanson and Simon [44] based on τc and kd.
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Table 1. Median grain size (d50) and classification of the bed material at the chosen cross-section.

XS d50 (mm) Classification 1

1 2.15 Very fine gravel
2 1.60 Very coarse sand
3 1.60 Very coarse sand
4 2.40 Very fine gravel
5 2.15 Very fine gravel
6 1.60 Very coarse sand
7 2.00 Very coarse sand to very fine gravel
8 2.40 Very fine gravel

1 ACSE Sedimentation Engineering Manual [43].

Table 2. Median grain size (d50), classification, and JET-derived erodibility parameters τc and kd of
the bank material at the chosen cross-sections.

XS Side d50 (mm) Classification 1 τc (Pa) 2 kd (cm3/N·s) 2

1 LB 0.320 Medium sand 0.14 5.82
2 RB 0.350 Medium sand 2.18 8.89
3 LB 0.300 Medium sand 3.29 5.68
4 RB 0.125 Very fine to fine sand 0.14 4.72
5 LB 0.125 Very fine to fine sand 0.15 4.65
6 RB 0.062 Coarse silt to very fine sand 7.36 2.60
7 RB 0.100 Very fine sand 0.01 8.60
8 LB 0.500 Medium to coarse sand 0.81 4.69

1 ACSE Sedimentation Engineering Manual [43]; 2 Blaisdell Solution Methodology.

3.2. Discharge Data

Stage-discharge predictor curves were developed to estimate proxy discharges for
bankfull conditions. Proxy discharges for bankfull conditions were needed, first, because
of the lack of a USGS streamflow gage close to the study reach, and second, to allow for a
consistent comparison between the evaluated process-based and form-based models, given
that the latter simulated conditions at or near bankfull. Proxy discharges were estimated
at the eight cross-sections (Figure 1) for each geometry using a constant flow depth ap-
proach, corresponding to the reach-averaged bankfull depth determined in-situ. Therefore,
the estimated proxy discharges did not reflect the traditional geomorphic concept of a
bankfull (dominant or channel-forming) discharge (e.g., [45,46]). Rather, these estimates
were indicative of spatial and temporal changes in flow conveyance caused by the mea-
sured morphodynamic adjustments, while accounting for dynamic alluvial channel effects
captured by the stage-discharge predictor curves (e.g., type of dominant roughness).

The methodology proposed by Brownlie [47] for sand-bed channels was used to
develop state-discharge predictor curves at the eight cross-sections shown in Figure 1.
Brownlie’s methodology, which has been effectively applied in similar studies (e.g., [48]), is
based on laboratory and field data that included bed material characteristics such as those
of the study reach. The required sediment properties, which included d50 and the geometric
standard deviation [49], were determined from the obtained grain size distributions. The
stage-discharge predictor curves depicted a very similar relationship between hydraulic
radius and flow velocity because of the low variability in bed material grain sizes along the
study reach (Table 1). An illustrative example of such similarity is presented in Figure 3,
which shows the state-discharge predictor curves developed for cross-sections XS #4, XS #7,
and XS #8. Moreover, the stage-discharge predictor curves indicated that the study reach
was controlled by the lower flow regime at conditions near bankfull, implying that bedforms
were present (e.g., ripples and dunes) and that form roughness predominated [49].
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following the methodology proposed by Brownlie [47] for sand-bed channels.

At each of the eight cross-sections (Figure 1), bankfull depth was determined in-situ
following indicators, such as point of rested vegetation, scour lines, and formation of
bench features. Proxy discharges for bankfull conditions were then estimated using the
reach-averaged bankfull depth of 1.07 m. The following procedure was implemented to
estimate proxy discharges for bankfull conditions at each cross-section: (1) cross-sectional
areas and length of wetted perimeters were calculated using the different geometries
(i.e., DES, PR, and PH) and the reach-averaged bankfull depth of 1.07 m; (2) hydraulic
radii were calculated as the ratio of cross-sectional areas to length of wetted perimeters;
(3) corresponding flow velocities were determined using stage-discharge predictor curves
(e.g., Figure 3); and (4) proxy discharges for bankfull conditions were computed by applying
the continuity equation using flow velocities determined in step 3 and cross-sectional areas
calculated in step 1. The reach-averaged proxy discharges for bankfull conditions were
estimated as 13.7 m3/s for the DES geometry, 12.9 m3/s for the PR geometry, and 9.4 m3/s
for the PH geometry, indicating a decrease over time in flow conveyance capacity at
conditions near bankfull.

3.3. Form-Based Models
3.3.1. Bank Erosion Hazard Index (BEHI)

BEHI is a form-based, local-scale model that assesses bank conditions and erosion
potential [14]. The application of the BEHI assessment is based on five metrics and two
adjustment factors. The five metrics, which can be directly measured or visually estimated,
include bank height to bankfull height ratio, root depth to bankfull height ratio, root density
(as a percentage), bank angle, and surface protection (as a percentage). The two adjustment
factors account for bank material and bank material stratification. A detailed description
of the BEHI assessment is provided by Rosgen [14]. Once these metrics and adjustment
factors are estimated, they are converted into a BEHI score, and its corresponding rating is
determined. BEHI metrics and adjustment factors were estimated in-situ for the bank sides
indicated in Figure 1 simultaneously with the collection of the PR and PH geometries. BEHI
scores and ratings for these geometries are presented in Table 3. BEHI ratings indicated the
degree of bank erosion potential along the study reach, ranging from low (score < 19.5) to
moderate (score < 29.5) to high (score < 39.5) to very high (score < 45). BEHI scores and
ratings were not estimated for the DES geometry because of the static nature of the BEHI
assessment, which requires in-situ measurements and observations at a given point in time.
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Table 3. Bank Erosion Hazard Index (BEHI) scores and ratings at the chosen cross-section for the
Post-Restoration (PR) and Post-Hurricane (PH) geometries.

XS Side
PR PH

Score Rating Score Rating

1 LB 15.1 Low 12.9 Low
2 RB 17.7 Low 18.1 Low
3 LB 13.6 Low 19.9 Moderate
4 RB 40.0 Very High 32.1 High
5 LB 27.4 Moderate 33.4 High
6 RB 15.3 Low 10.0 Low
7 RB 20.0 Moderate 26.8 Moderate
8 LB 30.6 High 33.0 High

3.3.2. Bank Assessment for Nonpoint Source Consequences of Sediment (BANCS)

BANCS is a form-based, local-scale empirical model that can be used to predict
annual bank erosion rates at or near bankfull conditions for a study hydro-physiographic
region [14,50]. Its application is centered on two components: the BEHI rating and the
near-bank stress (NBS) rating. The NBS rating is a parameterization of applied stresses
(τo) acting on the near-bank region, and it can be determined through seven different
methods, ranging in application from relatively simple (e.g., qualitative description of
channel patterns) to highly complex (e.g., development of velocity isovels). A description
of the methods to determine NBS ratings is provided by Rosgen [14]. Herein, NBS ratings
were determined using Method #5, estimated as the ratio of the near-bank maximum
depth to bankfull mean depth. Method #5 was selected because it was considered to
provide an adequate representation of the study reach conditions [14]. Moreover, this
method has been applied in similar studies that evaluated BANCS for examining bank
retreat (e.g., [23,24,51,52]). As discussed by Bigham et al. [25], NBS method selection is a
variable that can influence BANCS predictions, meaning that, when feasible and practical,
all methods should be considered when obtaining dominant NBS ratings.

The required measurements to determine NBS ratings were performed in-situ for
the bank sides indicated in Figure 1 simultaneously with the collection of the PR and
PH geometries. NBS ratings for these geometries are presented in Table 4. NBS ratings
indicated the degree of τo acting on the near-bank region along the study reach, ranging
from low at the upstream cross-sections to moderate to high at the downstream cross-
sections. NBS ratings were not estimated for the DES geometry because NBS requires
in-situ measurements at a given point in time. Lastly, annual bank erosion rates at or
near bankfull conditions were calculated by applying the North Carolina Bank Erodibility
curve [53], which used BEHI and NBS ratings as predictor variables.

Table 4. Near-bank stress (NBS) ratings at the chosen cross-section for the Post-Restoration (PR) and
Post-Hurricane (PH) geometries.

XS Side
PR PH

Ratio 1 Rating Ratio 1 Rating

1 LB 1.4 Low 1.3 Low
2 RB 1.2 Low 1.3 Low
3 LB 1.2 Low 1.5 Low
4 RB 1.9 High 1.7 Moderate
5 LB 2.3 High 1.9 High
6 RB 1.7 Moderate 1.7 Moderate
7 RB 2.0 High 1.9 High
8 LB 2.1 High 1.9 High

1 Method #5—ratio of near-bank maximum depth to bankfull mean depth.
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3.4. Process-Based Models
3.4.1. Bank Stability and Toe Erosion Model (BSTEM)

BSTEM is a process-based, local-scale numerical model that simulates bank retreat due
to geotechnical failure and fluvial erosion [15,54]. BSTEM is divided into a bank stability
model and a bank toe erosion model. The bank stability model calculates a geotechnical
factor of safety (FS) that accounts for the relative contribution of applied and resisting
forces for a failure plane in single- or multi-layer banks. The bank is stable if FS > 1.3,
conditionally stable if 1.3 > FS > 1, and unstable if FS < 1. If the bank is conditionally stable
or unstable (i.e., FS < 1.3), BSTEM calculates a volume of dislodged material based on the
geometry of the predicted failure. The bank toe erosion model predicts an erosion rate
caused by applied stresses by means of the linear excess shear stress equation [55], which
uses τo, τc, and kd as predictor variables. Therein, τo is calculated as a cross-sectionally
averaged value under the assumption of steady and uniform flow, while accounting for
the distribution of applied stress along different soil layers and corrections for the effects
of curvature and effective stress [15,27]. A detailed description of BSTEM is provided by
Klavon et al. [56].

To apply BSTEM (Static-Version 5.4), the input geometry was defined using the mea-
sured channel cross-sectional geometry for the DES, PR, and PH geometries. For the bank
stability model, default values provided in BSTEM were used for defining the friction
angle, cohesion, and saturated unit weight based on the obtained bank material charac-
terization (Table 2). JET-derived erodibility parameters τc and kd were used as input for
the bank toe erosion model. The numerical simulations were performed at conditions
near bankfull using the reach-averaged bankfull depth of 1.07 m and the average channel
slope of 0.0026 m/m. Using a constant flow depth for the simulations allowed for isolating
the impact of measured morphodynamic adjustments on τo, flow conveyance capacity,
and volumetric amount of geomorphic change. Lastly, time-depending predictions from
the BSTEM toe erosion model, such as bank eroded area, were normalized by the input
duration of flow. This normalization was needed to set a consistent basis when comparing
predictions among the evaluated models because flow duration was not considered in
form-based models.

3.4.2. Hydrologic Engineering Center—River Analysis System (HEC-RAS)

HEC-RAS is a process-based, reach-scale numerical model designed to perform hy-
draulic computations through rivers and channels [16]. The one-dimensional (1D) cross-
sectionally averaged version of the model couples a variety of transport functions with
quasi-unsteady flow computations to simulate vertical changes of the bed in response to
reach-scale sediment dynamics. In HEC-RAS 1D, τo is calculated as a cross-sectionally
averaged value based on the effective depth in the channel and the (local or averaged)
friction slope [16]. Moreover, HEC-RAS 1D was recently coupled with BSTEM to allow for
the computation of lateral changes due to bank retreat [57].

HEC-RAS 1D (Version 5.0) was applied for the DES, PR, and PH geometries at bankfull
conditions. The model was first applied as a stand-alone model considering only bed
material transport (referred to as HEC-RAS 1D), and then it was coupled with BSTEM
to account for bank erosion and failure (referred to as HEC-RAS 1D & BSTEM). This
twofold approach was implemented to isolate the effects of bed mobility on the streamwise
variability of τo and volumetric amounts of geomorphic change. For the geometric data,
interpolated cross-sections were added to generate a maximum spacing of 10 m between
consecutive cross-sections. The Manning’s n boundary roughness coefficient was estimated
as 0.04 for the channel, having winding meander bends with few pools and stones [58]. For
the upstream flow boundary condition, steady flow series based on the reach-averaged
proxy discharges for bankfull conditions estimated for each geometry were used to perform
quasi-unsteady flow simulations. Thus, during these simulations, a constant discharge
was maintained while updating the channel geometry after each computational increment,
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effectively accounting for feedback effects between water flow and sediment transport.
Normal depth was set as the downstream flow boundary condition.

The bed gradation along the study reach was set based on the grain size distributions
obtained from the bed material characterization (Table 1). The Yang bed material load
transport equation [59,60] was selected as the transport function, the Thomas mixing
method [61] was chosen to account for channel-bed material sorting, and equilibrium load
was set as the upstream sediment boundary condition. The flow duration was selected to
be sufficiently long such that the simulations reached quasi-equilibrium conditions based
on the steady flow series and equilibrium sediment load set at the upstream boundary.
Using a quasi-equilibrium approach implied that HEC-RAS 1D predictions reflected how
the input water discharge and sediment load were accommodated by the different cross-
sectional geometries, accounting for the impact of measured morphodynamic adjustments.
Furthermore, similar to the application of BSTEM, this approach was needed to set a
consistent basis when comparing predictions among the evaluated models because flow
duration was not considered in form-based models. Lastly, the data that were used as
input for the stand-alone application of BSTEM were also used as input for HEC-RAS
1D & BSTEM.

3.5. Model-to-Model Assessments

As presented in Figure 4, multiple model-to-model assessments were conducted
to quantify the impact of model selection when predicting τo and volumetric amounts
of geomorphic change. In the case of τo, the model-to-model assessments included:
(1) examining the streamwise variability of τo as predicted by local-scale and reach-scale
process-based models such as BSTEM and HEC-RAS 1D, respectively; (2) correlating
local-scale, process-based predictions of τo from BSTEM to local-scale, form-based NBS
parameterizations of τo; and (3) correlating local-scale, process-based predictions of τo from
BSTEM to changes in flow conveyance capacity estimated from stage-discharge predictor
curves. For the volumetric amount of geomorphic change, the model-to-model assess-
ments included: (1) correlating local-scale, process-based predictions of bank erosion from
BSTEM to local-scale, form-based BEHI scores; and (2) comparing predictions of volumetric
amounts of geomorphic change by local-scale, form-based models such as BANCS with
those from local-scale and reach-scale process-based models such as BSTEM and HEC-RAS
1D, respectively. It should be noted that the process-based models could not be calibrated
because of the lack of data with adequate spatial and temporal resolution for this purpose
(e.g., lack of USGS streamflow gage or discrete measurements of stage-discharge). As a
result, the focus was on thoroughly measuring channel geometry and characterizing bed
and bank material properties, so that model-to-model assessments were based on the same
input data and reflected similar conditions.
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4. Results and Discussion
4.1. Applied Stress
4.1.1. Streamwise Variability

The streamwise variability of τo was examined based on predictions from process-
based models of local-scale and reach-scale, namely, BSTEM, HEC-RAS 1D, and HEC-RAS
1D & BSTEM. Reach-averaged values of τo (τo-reach) for the DES, PR, and PH geometries are
presented in Table 5. BSTEM results indicated that the highest τo-reach corresponded to the
DES geometry, with τo-reach decreasing by 11.4% for the PR geometry and then increasing
by 2.7% for the PH geometry. Overall, BSTEM results suggested a decrease in τo-reach—and
thereby in bed material transport capacity—from the DES to the PH geometry, reflecting
how measured morphodynamic adjustments impacted τo at a local-scale. Results from
HEC-RAS 1D and HEC-RAS 1D & BSTEM indicated that the lowest τo-reach corresponded
to the DES geometry, whereas higher and similar values of τo-reach were predicted for
the PR and PH geometries. Additionally, results from HEC-RAS 1D and HEC-RAS 1D
& BSTEM showed that τo-reach values were considerably lower than those predicted by
BSTEM, independently of the cross-sectional geometry. These differences in τo-reach were
a direct result of the bed material transport dynamics. As predicted by HEC-RAS 1D,
τo-reach was accompanied by bed erosion for the DES geometry, with a maximum invert
change of −0.36 m. In the case of the PR and PH geometries, τo-reach was linked to bed
deposition, with reach-averaged invert changes of +0.28 m and +0.49 m, respectively. A
similar behavior was predicted by HEC-RAS 1D & BSTEM, with a maximum invert change
of −0.40 m for the DES geometry, and reach-averaged invert changes of +0.50 m and
+0.61 m for the PR and PH geometries, respectively. Similar to BSTEM results, HEC-RAS
1D and HEC-RAS 1D & BSTEM results suggested an overall reduction in bed material
transport capacity from the DES to the PH geometry.

Table 5. Reach-averaged values of τo (τo-reach) for the Design (DES), Post-Restoration (PR), and
Post-Hurricane (PH) geometries as predicted by BSTEM, HEC-RAS 1D, and HEC-RAS 1D & BSTEM.

Geometry
τo-reach (Pa)

BSTEM HEC-RAS 1D HEC-RAS 1D & BSTEM

DES 16.7 3.3 3.3
PR 14.8 5.8 5.8
PH 15.2 5.0 4.6

The streamwise variation of τo at each cross-section (τo-xs) normalized by τo-reach is
shown in Figure 5 for the DES, PR, and PH geometries as predicted by BSTEM, HEC-RAS
1D, and HEC-RAS 1D & BSTEM. Such a normalization highlighted locations that were prone
to experience geomorphic change as indicated by the magnitude of τo-xs/τo-reach. BSTEM
results suggested that the three geometries performed similar to their reach-averaged
behavior (i.e., τo-xs/τo-reach~1) (Figure 5a). Alternatively, HEC-RAS 1D and HEC-RAS 1D
& BSTEM results showed cross-sections where τo-xs/τo-reach > 2, highlighting locations that
were prone to experience pronounced geomorphic change due to the effect of bed material
transport dynamics (Figure 5b,c). For the DES geometry, XS #4 experienced the highest
relative level of τo, with τo-xs/τo-reach equal to 2.07 and 2.14 as predicted by HEC-RAS
1D and HEC-RAS 1D & BSTEM, respectively. As shown in Figure 2a, XS #4 had indeed
undergone severe bank retreat between 2010 and 2018 (average RB retreat was 0.9 m).
Moreover, for the PR and PH geometries, XS #5 had the highest relative level of τo, with
values of τo-xs/τo-reach ranging between 2.27 and 2.78 as predicted by HEC-RAS 1D and
HEC-RAS 1D & BSTEM. Cross-sectional measurements for these geometries showed that
XS #5 experienced severe bank retreat following the severe floods in 2018 (average LB
retreat was 0.6 m) [34]. Moreover, for the PR and PH geometries, τo-xs/τo-reach < 1 for XS #4,
consistent with the relatively lower degree of geomorphic change experienced following
the severe floods in 2018 (average RB change was 0.2 m) (Figure 2a).
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From a physics-based perspective, differences in predictions from BSTEM and HEC-
RAS 1D (both with and without BSTEM) represented the impact of spatial and temporal
feedback effects between water flow and sediment transport on τo. BSTEM values were
computed at a local-scale with a fixed-bed approach that did not consider the cumulative
effect of bed material transport dynamics. Therefore, BSTEM results represented close
to maximum values of τo. In contrast, HEC-RAS 1D values accounted for reach-scale
changes in bed material transport dynamics, meaning that erosion and deposition patterns
in upstream cross-sections affected the downstream response. However, because the
numerical simulations assumed equilibrium sediment load at the upstream boundary and
an input steady flow series based on a constant discharge over a sufficiently long time,
HEC-RAS 1D results represented quasi-equilibrium values of τo. In practice, such values
would only be reached if the driving flow conditions were associated with sufficiently large
temporal scales (e.g., hydrograph duration) so that quasi-equilibrium could be attained.

4.1.2. Correlation to NBS

At a local scale, the Pearson’s correlation coefficient (ρcoeff) [62] was calculated to
examine the linear dependence between BSTEM process-based predictions of τo at each
cross-section (τo-xs) and NBS (Method #5) form-based parameterizations of τo. These data
are shown in Figure 6 and corresponded to ρcoeff of 0.85 for the PR geometry (Figure 6a) and
ρcoeff of 0.83 for the PH geometry (Figure 6b). Statistically, the high values of ρcoeff suggested
that a satisfactory and positive correlation existed between the variables, meaning that
as the NBS (Method #5) parameterization values increased, so did the BSTEM-predicted
τo-xs. However, from a physics-based perspective, the NBS (Method #5) parameterization
did not provide a quantitative understanding of the magnitude of τo-xs; rather, it only
provided a qualitative assessment of banks that were likely to experience high applied
stresses. Additionally, this qualitative assessment did not capture site-specific conditions
that impacted the magnitude of τo-xs, such as its distribution along the bank profile included
in BSTEM [57].

A closer look at the data shown in Figure 6 revealed some discrepancies in the cor-
relation between BSTEM predictions of τo-xs and their corresponding NBS (Method #5)
parameterizations. For the PR geometry, XS #2 and XS #3 were categorized with an NBS
rating of low (Table 4), while having τo-xs values that differed by nearly 50% (Figure 5a).
Likewise, XS #4 had an NBS rating of high (Table 4), despite its associated τo-xs being similar
to that of XS #2 (Figure 5a). In the case of the PH geometry (Figure 6b), excluding the
cross-sections that were rated as high revealed that there was a poor correlation among the
banks categorized with NBS ratings of low and moderate, rendering a lower ρcoeff of 0.55.
Furthermore, examining results at XS #4, specifically, showed that the NBS rating changed
from high to moderate from the PR to the PH geometry, while the BSTEM-predicted τo-xs
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increased by nearly 30% after geomorphic changes following the severe floods in 2018
(Figure 5a). While reach-scale correlations suggested that NBS (Method #5) parameter-
izations did generally capture the variation of τo-xs, individual cross-sectional analyses
showed that the form-based approach was not able to fully characterize the behavior of
applied stresses at certain banks. It should be noted, however, that the correlations in
Figure 5 could change based on the applied NBS method (e.g., [14,25,50]).
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4.1.3. Relationship to Flow Conveyance

As a local-scale model, a shortcoming of BSTEM is that water discharge is not con-
served because flow depth is used as an input variable. Therefore, BSTEM is not able to
account for changes in flow conveyance capacity. To address this shortcoming, the esti-
mated proxy discharges for bankfull conditions at each of the eight cross-sections were used
for examining the local-scale relationship between BSTEM-predicted τo-xs and changes in
flow conveyance capacity due to measured morphodynamic adjustments. Let us consider
the case of three cross-sections that provided representative examples of such relationship,
namely, XS #4, XS #7, and XS #8 (Figure 2). The estimated proxy discharge for bankfull
conditions at each cross-section (Qxs) and the corresponding values of τo-xs are presented in
Table 6. At XS #4, Qxs was similar between the DES and PR geometries, but then it reduced
by nearly 45% for the PH geometry. This reduction in Qxs was accompanied by an increase
of approximately 30% in τo-xs (Table 6). Physically, the coupled variation in τo-xs and Qxs
suggested that XS #4 had incised—reducing the volume of water that it could convey at a
given flow depth—and that it was prone to experience bank retreat during ensuing floods.
These results were consistent with measured morphodynamic adjustments (Figure 2a).
Moreover, values of Qxs and τo-xs remained relatively similar at XS #7 among the different
geometries (Table 6), despite exhibiting bed erosion and bank retreat (Figure 2b), suggesting
that its morphodynamic behavior had not significantly changed at the local scale. Alter-
natively, results at XS #8 indicated a marked increase of 67% in Qxs and 40% in τo-xs from
the DES to the PR geometry, followed by a decrease of 7% in Qxs and 22% in τo-xs from the
PR to the PH geometry. Physically, the coupled variation in τo-xs and Qxs suggested that
XS #8 had significantly widened—increasing the volume of water that it could convey at
a given flow depth—and that it was prone to continue experiencing bank retreat during
ensuing floods. These results were consistent with measured morphodynamic adjustments
(Figure 2c).
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Table 6. Estimated proxy discharge for bankfull conditions (Qxs) and BSTEM process-based predic-
tions of τo (τo-xs) at cross-sections XS #4, XS #7, and XS #8 for the Design (DES), Post-Restoration
(PR), and Post-Hurricane (PH) geometries.

XS
DES PR PH

τo-xs (Pa) Qxs (m3/s) τo-xs (Pa) Qxs (m3/s) τo-xs (Pa) Qxs (m3/s)

4 14.0 12.5 13.1 12.0 16.7 6.8
7 18.6 10.8 17.3 11.7 19.1 12.2
8 13.9 14.3 19.6 23.8 18.3 18.7

At the local scale, the relationship between BSTEM-predicted τo-xs and changes in
flow conveyance capacity was used to develop a quantitative understanding of the tra-
jectory of morphodynamic adjustment relative to an initial reference state. Values of
Qxs and τo-xs for the PR and PH geometries were normalized by those corresponding
to the DES geometry (i.e., Qxs-DES and τo-xs-DES). Results are shown in Figure 7 for XS
#4, XS #7, and XS #8. Therein, normalized ratios of unity implied that no morphody-
namic adjustment had occurred relative to the DES geometry, whereas normalized ratios
diverged from unity according to changes in Qxs and τo-xs for the PR and PH geome-
tries (Table 6). In Figure 7, Qxs/Qxs-DES > 1 and τo-xs/τo-xs-DES > 1 (Quadrant I) indicated
cross-sections that had widened and were prone to undergo bed erosion and bank retreat
(e.g., XS #8 as illustrated in Figure 7c). Moreover, Qxs/Qxs-DES > 1 and τo-xs/τo-xs-DES < 1
(Quadrant II) also denoted cross-sections that had widened, but were prone to experience
bed deposition. Such behavior was partly exhibited by XS #7 (Figure 7b), which had
slightly widened (Qxs/Qxs-DES > 1) while undergoing both bed deposition and bank retreat
(τo-xs/τo-xs-DES~1). Qxs/Qxs-DES < 1 and τo-xs/τo-xs-DES < 1 (Quadrant III) indicated cross-
sections that had narrowed because of depositional processes and were prone to experience
bed deposition, whereas Qxs/Qxs-DES < 1 and τo-xs/τo-xs-DES > 1 (Quadrant IV) suggested
cross-sections that had narrowed (incised) because of erosional processes and were prone
to undergo bed erosion and bank retreat. The morphodynamic behavior exhibited by XS
#4 had changed from Quadrant III, showing narrowing due to bed deposition for the PR
geometry, to Quadrant IV after its bed had incised because of bed erosion and bank retreat
for the PH geometry (Figure 7a).
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Figure 7. Values of Qxs and τo-xs for the Post-Restoration (PR) and Post-Hurricane (PH) geometries
normalized by those corresponding to the Design (DES) geometry (Qxs-DES and τo-xs-DES) for (a) XS
#4, (b) XS #7, and (c) XS #8. Quadrant Descriptions: I—widening with bed erosion and bank retreat;
II—widening with bed deposition; III—narrowing with bed deposition; and IV—incision with bed
erosion and bank retreat.
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The quadrant analysis illustrated in Figure 7 can be implemented as a process-based,
practical tool to monitor the evolution, infer the trajectory of future changes, and examine
the impact of severe floods at cross-sections. The impact caused by Hurricane Florence and
Hurricane Michael on the morphodynamic behavior of the study reach is readily observed
in Figure 7, even though the PR and PH geometries were measured approximately three
months apart. Such an impact highlights the importance of severe floods in determining
a stream’s water conveyance and sediment transport capacity, particularly in urbanized
and highly impacted watersheds, beyond a single discharge (e.g., bankfull flow) that is
assumed to dictate reach-averaged behavior and channel dimensions [63].

Although the quadrant analysis is performed at a local scale, it allows to understand
changes that may take place at the reach scale. For example, cross-sections where a reduced
flow conveyance capacity has been identified (Qxs/Qxs-DES < 1) will require a larger or
a smaller flood event to reach a given flow depth depending on if the cross-section had
incised (Quadrant IV) or aggraded (Quadrant III), respectively. The former scenario is likely
to be associated with an increase in bed slope, and in turn in sediment transport capacity,
whereas the latter scenario will cause the opposite behavior. Both types of adjustments will
affect the morphodynamic behavior of nearby cross-sections by altering the local water
conveyance and sediment transport capacity of the stream.

4.2. Geomorphic Change
4.2.1. Bank Erosion Correlation to BEHI

Previous analyses indicated that the applied stresses were affected by the local degree
of measured morphodynamic adjustment (Figure 5). If changes associated with bank prop-
erties and conditions were not as pronounced, this implied that a given cross-section would
experience more or less erosion depending primarily on the trajectory of the adjustment
(Figure 7). Physically, BEHI scores (Table 3) did not provide a quantitative understanding of
the erodibility phenomenon, neither in terms of resisting (e.g., τc and kd), nor applied (e.g.,
τo) forces; rather, they only provided a qualitative assessment of how likely a bank was to
undergo erosion. In contrast, BSTEM erosion predictions were based on the excess shear
stress acting on banks, balancing resisting and applied forces as dictated by cross-sectional
geometry, soil properties, and flow characteristics. A process-based representation such as
this acknowledged that erodibility was a compound phenomenon, in which highly erodible
banks were necessary, but not sufficient, as applied stresses capable of generating erosion
were also required. In the BANCS model, the compound phenomenon was considered
through erodibility curves that used both BEHI and NBS as predictor variables [25]. How-
ever, BEHI scores had also been applied as stand-alone parameters to estimate bank erosion
rates (e.g., [23,52,64]).

At the local-scale, the Pearson’s correlation coefficient (ρcoeff) [62] was calculated
to examine the linear dependence between BSTEM process-based predictions of eroded
bank area at each cross-section and form-based BEHI scores for bank erosion potential.
These data are shown in Figure 8, where the eroded bank area represented the detached
area in the direction perpendicular to the flow normalized by the input duration of flow.
Results corresponded to ρcoeff of 0.47 for the PR geometry (Figure 8a) and ρcoeff of 0.29
for the PH geometry (Figure 8b). Statistically, the low values of ρcoeff indicated that the
correlation between these variables was not strong, meaning that the eroded bank area
computed by BSTEM did not consistently increase with increasing BEHI scores. Results in
Figure 8 suggested that BEHI scores were not able to capture the measured morphodynamic
adjustments following the severe floods in 2018. Even though the correlation was not strong
for the PR geometry with ρcoeff = 0.47, it significantly deteriorated for the PH geometry
with ρcoeff = 0.29. This trend suggested that BEHI scores may not have the resolution to
accurately describe these types of short-term morphodynamic adjustments.
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Moderate (20–29.5); High (30–39.5); Very High (40–45); and Extreme (46–50) [14].

4.2.2. Volumetric Amount

Volumetric amounts of geomorphic change were calculated based on the predictions
from BANCS, BSTEM, HEC-RAS 1D, and HEC-RAS 1D & BSTEM. Results are presented
in Table 7 for the DES, PR, and PH geometries. These results corresponded to cumulative
volumetric amounts of geomorphic change across the eight cross-sections as dictated by
morphodynamic processes included in each modeling approach. Volumetric amounts
from BANCS were computed using erosion rates (which were converted into volumes
based on bank height and length) from the North Carolina Bank Erodibility Curve [53] that
applied BEHI and NBS (Method #5) as predictor variables. BANCS volumetric amounts
were given on an annual basis, accounted only for bank erosion, and were based on the
evaluated bank (i.e., RB or LB) at the eight cross-sections. Furthermore, it should be noted
that BANCS volumetric amounts were computed using NBS Method #5 and could change
depending on the applied method (e.g., [14,25,50]). BSTEM volumetric amounts were
calculated using eroded bank areas that were converted into volumes based on bank length,
as well as dislodged sediment volumes due to bank geotechnical failure. Similar to BANCS
predictions, BSTEM volumetric amounts were based on the evaluated bank (i.e., RB or LB)
at the eight cross-sections. For HEC-RAS 1D, volumetric amounts were based on predicted
changes over entire cross-sections along the study reach, either by accounting only for bed
material transport (i.e., HEC-RAS 1D) or by adding the contribution of bank erosion and
failure (i.e., HEC-RAS 1D & BSTEM). In contrast to BANCS predictions, volumetric amounts
of geomorphic change from BSTEM and HEC-RAS 1D were given on an event basis.

Table 7. Volumetric amounts of geomorphic change for the Design (DES), Post-Restoration (PR),
and Post-Hurricane (PH) geometries based on predictions from BANCS, BSTEM, HEC-RAS 1D, and
HEC-RAS 1D & BSTEM.

Geometry

Volumetric Amounts (m3)

BANCS 1 BSTEM 2 HEC-RAS 1D 2 HEC-RAS 1D & BSTEM 2

Bank Erosion Bank Erosion and Failure Bed Material Transport Bed Material Transport;
Bank Erosion and Failure

DES n/a −2.6 −463.3 −759.9
PR −2.4 −18.6 +1374.2 +2043.6
PH −2.7 −26.7 +1138.2 +1726.7

1 Annual basis; 2 Event basis; “+” Indicates deposition; “−” Indicates erosion.
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At a local scale, BANCS and BSTEM predictions indicated that a process-based ap-
proach to directly account for bank failure increased the volumetric amount by an order of
magnitude (Table 7). In the BANCS model, the potential for bank failure was indirectly con-
sidered through metrics that included bank height and angle as part of BEHI assessments.
The volumetric amount varied from −2.4 m3 to −18.6 m3 for the PR geometry, and from
−2.7 m3 to −26.7 m3 for the PH geometry (where the negative sign indicated erosion). Be-
yond the driving morphodynamic processes, note the different time scales associated with
BANCS and BSTEM results. BANCS volumetric amounts were given on an annual basis
following the time resolution of the applied bank erodibility curve. In general, as discussed
by Bigham et al. [25], available erodibility curves show marked variability in terms of
number of sites, years of measurements, and range of discharges that occurred during mea-
surements. Hence, the accuracy of BANCS predictions is closely related to the amount and
quality of data that were used to develop a specific curve. For North Carolina, the applied
bank erodibility curve was based on measurements at 20 cross-sections distributed across
six stream reaches that represented various land uses [53,65]. According to the summary
provided in Bigham et al. [25], the measurements corresponded to one year of data with
no reported range of discharges. Doll et al. [53] noted this limitation, indicating the need
for expanding the North Carolina Bank Erodibility curve by lengthening the monitoring
period and increasing the range of discharges experienced during measurements.

Depending on the frequency of measurements, the contribution of severe or rare
floods may not be accurately captured by erodibility curves developed from the BANCS
methodology. As shown by the PH geometry results, these types of events can have a
pronounced impact on the stream’s water conveyance and sediment transport capacity
(Figure 7). Similar findings were reported by Dave et al. [66] in the Cedar River, Nebraska,
USA, where 29% of the bank retreat experienced over a period of 10 years was caused by
a single flood following a dam breach. These observations suggest that predictions from
the BANCS model may be more suitable for streams that show limited variability in flow
distribution where a single discharge is more representative of reach-averaged conditions,
unless data for constructing bank erodibility curves are collected over an extended period
and at a higher frequency to capture the contribution of severe or rare floods. BSTEM
volumetric amounts, alternatively, can account for the process-based response of streams to
individual floods (i.e., event basis), which is fundamental to improve our understanding of
how non-stationary climatic conditions affect geomorphic change [67]. In this study, for
example, BSTEM results for the PR and PH geometries indicated that a single bankfull
flood event had the capacity to generate higher volumetric amounts than those predicted
by BANCS on an annual basis (Table 7).

Among process-based models, BSTEM and HEC-RAS 1D predictions indicated that
considering bed material transport increased the volumetric amount by two orders of
magnitude (Table 7). Based on HEC-RAS 1D, the volumetric amount varied from −18.6 m3

to +1374.2 m3 for the PR geometry, and from −26.7 m3 to +1138.2 m3 for the PH geometry
(where the positive sign indicated deposition). The pronounced variation in magnitude
showed that bed material transport dominated geomorphic changes along the sand-bed
study reach. Additionally, changes in sign denoted a different stream response from erosion
(as predicted by BSTEM) to deposition (as predicted by HEC-RAS 1D). Physically, these
observations suggested that the stream did not have enough bed material transport capacity.
Numerically, they emphasized the need for applying process-based, reach-scale models to
analyze streams with highly mobile bed material.

Among reach-scale models, HEC-RAS 1D and HEC-RAS 1D & BSTEM predictions
indicated that considering bed material transport coupled with bank erosion and failure
produced the highest volumetric amounts of geomorphic change (Table 7). The volumetric
amount varied from +1374.2 m3 to +2043.6 m3 for the PR geometry, and from +1138.2 m3 to
+1726.7 m3 for the PH geometry. Physically, results suggested that bank retreat led to cross-
sectional widening, which in turn led to a reduction in water conveyance and sediment
transport capacity, resulting in more pronounced deposition levels. Moreover, feedback
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effects between bed material transport and bank retreat had a non-linear impact on the
magnitude of volumetric amounts of geomorphic change. When comparing HEC-RAS
1D and HEC-RAS 1D & BSTEM predictions, the volumetric amount increased by approxi-
mately 50% for both geometries, which represented an increase in volume that was much
larger than the stand-alone amount predicted by BSTEM. Numerically, these observations
suggested that process-based, reach-scales models that simultaneously account for bed
material transport and bank retreat should be used to analyze streams with highly erosional
cross-sectional boundaries.

Lastly, for the DES geometry, BSTEM predicted a volumetric amount of −2.6 m3,
which was driven by erosion given that no bank was found geotechnically unstable or
conditionally stable (i.e., FS > 1.3 along the study reach). Similar to the PR and PH
geometries, the volumetric amount increased to −463.3 m3 when accounting for bed
material transport (i.e., HEC-RAS 1D) and to −759.9 m3 when adding the contribution
of bank retreat (i.e., HEC-RAS 1D & BSTEM). However, as denoted by the negative sign,
HEC-RAS 1D and HEC-RAS 1D & BSTEM results showed a different stream response
in the case of the DES geometry. Physically, the DES geometry results suggested that
initial bed erosion led to incision, localized steeper bottom slopes, and higher and unstable
banks, which eventually led to bank failure, widening, and bed deposition. These results
emphasized the importance of adequate model selection both, in terms of formulation
and scale, to capture dominant morphodynamic processes and improve the quantitative
understanding of stream response to restoration efforts.

4.3. Comparison to Measured Post-Restoration Data

To assess the models’ performance, numerical predictions were compared to measured
data obtained annually at six-cross-sections as part of the post-restoration monitoring
efforts [32]. Consistent with the model-to-model assessments, the comparison focused on
the field-based variation of τo and the volumetric amount of geomorphic change. The
measured reach-averaged cross-sectional area, channel width, flow depth, and friction slope
(Sf) at bankfull conditions are presented in Table 8, where the year 2010 corresponded to the
baseline (as-built) monitoring report. Over a period of six years, the response of the study
reach was dominated by reductions in cross-sectional area and flow depth. These field
measurements indicated that the stream had primarily aggraded, as dictated by feedback
effects between bed material transport and bank retreat.

Table 8. Reach-averaged cross-sectional area, channel width, flow depth, and friction slope (Sf) at
bankfull conditions obtained from post-restoration monitoring reports [32].

Year
Reach-Averaged Bankfull Variables

Area (m2) Width (m) Depth (m) Sf (m/m)

2010 8.23 9.83 1.21 0.0027
2011 8.00 10.14 0.79 0.0031
2012 7.52 8.92 1.34 0.0031
2013 6.83 9.91 0.71 0.0030
2014 6.46 9.66 0.69 0.0030
2016 6.09 9.09 1.16 0.0027

The reach-averaged τo and volumetric amounts were estimated based on the field
measurements presented in Table 8. The reach-averaged τo was computed as follows [49]:

τo = ρgRhSf, (1)

where ρ is the density of water, g is the gravitational acceleration, and Rh is the hydraulic
radius. Volumetric amounts were calculated based on the difference in cross-sectional area
between consecutive monitoring periods and the length of the study reach. The estimated
values for both variables are presented in Table 9. In the case of τo, results showed an initial
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increase in magnitude from 2010 to 2012, followed by a reduction of approximately 30%
by 2016, with an overall average magnitude of 17.8 Pa. When compared to process-based
modeling predictions, the estimated reach-averaged variation of τo was similar to that
predicted by BSTEM, which ranged from 14.8 Pa to 16.7 Pa depending on the geometry.
Similar to BSTEM predictions, the estimated field-based τo did not account for the effect of
bed material transport dynamics; rather, it was based on erosion and deposition patterns
that existed at the time of measurement (i.e., fixed-bed approach). Therefore, the estimated
field-based values also represented close to maximum values of τo at bankfull conditions.

Table 9. Estimated values of the reach-averaged τo (τo-reach) and volumetric amounts of geomorphic
change based on field observations from post-restoration monitoring reports.

Year τo-reach (Pa) Volumetric Amounts (m3)

2010 17.8 -
2011 20.5 +1235.3
2012 19.5 +2609.1
2013 17.9 +3786.5
2014 17.4 +1992.8
2016 13.9 +1985.6

Results corresponding to volumetric amounts of geomorphic change indicated that it
had significantly fluctuated from 2010 to 2016, showing a threefold increase from 2010 to
2013 and then reducing by approximately 50% by 2016, with an overall average value of
+2321.9 m3 (where the positive sign indicated deposition). When compared to modeling
predictions, the estimated volumetric amount was similar to that predicted by HEC-RAS 1D
& BSTEM, which varied between +1726.7 m3 and +2043.6 m3 for the PR and PH geometries.
Reductions in cross-sectional area and flow depth along with increased channel width
measured in 2011 (Table 8) suggested that bed erosion and unstable banks could have
initially governed the study reach response, causing subsequent widening, reductions in
sediment transport capacity, and overall deposition. Albeit available field measurements
did not allow for direct comparisons, a similar erosion-driven morphodynamic behavior
was predicted by HEC-RAS 1D & BSTEM for the DES geometry. Overall, the comparison
between modeling results and measured post-restoration data highlighted the importance
of adequate model selection as dictated by the morphodynamic processes and geomorphic
conditions that governed stream response.

5. Conclusions

Model-to-model assessments were conducted to quantify the impact of model selec-
tion when predicting applied stress and volumetric amounts of geomorphic change in a
restored sand-bed stream in North Carolina, USA. Specifically, models that differ in their
formulation (form-based vs. process-based) and scale (local-scale vs. reach-scale) were
applied, including BEHI, BANCS, BSTEM, and HEC-RAS 1D. Models’ performance was
assessed using measured data from six years of post-restoration monitoring reports.

At the reach scale, model selection was dictated by the degree of mobility of the
bed material. It was shown that a process-based, reach-scale model, such as HEC-RAS
1D, was needed to accurately analyze streams with fine-grained beds, in which feedback
effects between sediment transport and bank retreat are important. Results indicated
that failing to account for these feedback effects underpredicted volumetric amounts of
geomorphic change by up to three orders of magnitude. In the case of applied stresses,
comparisons against measured post-restoration data suggested that fixed-bed approaches,
such as BSTEM, rendered a more accurate quantification of maximum values that were
experienced for a given cross-sectional geometry. As implemented herein, values of applied
shear stress obtained from the quasi-unsteady, mobile-bed HEC-RAS 1D simulations were
representative of quasi-equilibrium conditions, which could be attained in practice only if
the incoming water discharge was associated with a sufficiently large temporal scale.
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At the local scale, model selection was dictated by the dominant mechanism for bank
retreat and the variability in flow distribution. It was shown that predictor variables, such
as BEHI and NBS (Method #5), used in form-based models, such as BANCS to charac-
terize bank erosion potential and applied stresses, did not fully capture morphodynamic
adjustments following severe floods. Results suggested that form-based models such as
BANCS may be more suitable for streams with limited flow variability, unless annual bank
erodibility curves are constructed with data that accommodate severe or rare floods. More-
over, the application of form-based models such as BANCS rendered the lowest volumetric
amounts of geomorphic change, failing to directly account for the contribution of dislodged
sediment due to bank geotechnical failure without providing a quantitative measure of
applied stresses.

It was shown that process-based models such as BSTEM can be effectively combined
with stage-discharge predictor curves as a practical tool to monitor the evolution, infer
the trajectory of future changes, and examine the impact of severe floods at the local
scale. In addition to providing a quantitative and predictive understanding of the stream’s
morphodynamic behavior, the application of process-based, local-scale models, such as
BSTEM, did not require a significant amount of additional field data when compared to
that already required for form-based models such as BANCS. Moreover, the combination
of process-based, local-scale models, such as BSTEM, with stage-discharge predictor curves
addressed the limitation that local-scale models did not conserve water discharge, while
providing insights on reach-scale morphodynamic behavior.

The application of more advanced process-based models will provide an improved
quantification of applied stresses, impacting in turn predicted volumetric amounts of geo-
morphic change. For example, two-dimensional numerical models (e.g., HEC-RAS 2D [68]
and SHR-2D [69]) simulate the variation along the cross-section of depth-averaged applied
stresses, whereas three-dimensional models (e.g., [70]) simulate the spatial distribution
of applied stresses along the wetted bank. However, the application of these models is
still constrained by required extensive parameterization using site-specific data that have
not been readily available and simplifying assumptions needed to perform the numerical
simulations [69,70]. Moreover, another key factor that may be difficult to parameterize in
process-based models is the effect of bank vegetation on applied stresses. For example,
Liu et al. [71] showed through a series of flume experiments that turbulence intensity can
increase in the main channel and decrease in the bank toe region as bank vegetation density
increases. Therefore, the selection and application of process-based models should consider
the tradeoff among data requirements, computational costs, prediction uncertainty, and
desired accuracy.

The main local and regional factors influencing the results of this study were the
stream’s geomorphic characteristics and the climatic features to which the stream is sub-
jected because of its location in the Northern Outer Piedmont ecoregion of the Piedmont
physiographic region of North Carolina, USA [72]. Relevant to the models’ application,
these factors are important when characterizing the bed and bank material composition
and erodibility, as well as the discharge data used to perform the numerical simulations.
Importantly, the Jet Erosion Test was applied in this study to measure in-situ bank material
erodibility. Alternatively, a number of empirical equations exist that can be used to estimate
erodibility parameters based on the bank material composition (e.g., [73]). Moreover, re-
gional climatic features drive daily and seasonal changes in environmental conditions, such
as temperature and moisture content, which have been shown to impact the magnitude
of soil erodibility parameters [74]. Consideration should be given to these factors when
transferring results and findings from this study to other regions.
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