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Streams are often “restored” to reduce sediment loading using one or a combination
of practices such as livestock exclusion, riparian plantings, and/or bank reshaping
and stabilization. Direct comparisons of how these methods affect stream
processes, including channel-floodplain connectivity, over time are essential to
informing restoration design. (Channel-floodplain connectivity is the ability of
a stream to exchange water, sediment, and nutrients with its floodplain at high
flows.) To investigate the impact these stream restoration practices have had on
channel-floodplain connectivity, we developed a 2-D HEC-RAS hydraulic model
for 3 restoration treatments along an urban and agriculturally impacted stream in
southwest Virginia, United States. All 3 treatments excluded cattle in 2009. The
farthest upstream treatment, Treatment 1, had no other intervention while the other
two, Treatments 2 and 3, were regraded and stabilized, then replanted with native
species (completed May 2010). The overhanging banks of Treatment 2 were regraded
to a slope of 3:1, while those of Treatment 3 had a flat inset floodplain cut into the
bank before sloping the banks at 3:1. During the 11-year monitoring timeline, prior
work showed the streambanks in Treatment 1 migrated through both outer bank
erosion and inner bank deposition with the autogenic creation of inset floodplains,
while Treatments 2 and 3 had minimal bank adjustment. The adjusted geometry of
Treatment 1 provided higher floodplain volume, channel-floodplain exchange flows,
and flow moving across the floodplain than Treatments 2 and 3. Treatment 3 showed
some metrics of higher connectivity than Treatment 2, but there was not uniform
agreement between metrics. While the hydraulic analysis indicates a higher channel-
floodplain connectivity in Treatment 1, active management of Treatments 2 and 3 has
reduced the bank erosion rate and accelerated the riparian forest regrowth, providing
other benefits including increased shading, wood supply, and vegetation diversity.

Keywords Bank stabilization; Cattle exclusion; Channel evolution; Ecohydraulics;
Floodplain building
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Treatment 1

Project photographs Treatment 1, photographed April 2022:
Excluded cattle only. Treatment 2, photographed April 2022:
Banks were regraded to a 3:1 slope, stabilized, and replanted
with native species; also excluded cattle. Treatment 3, photo-
graphed April 2018: Inset floodplain was cut into the bank;
the banks were then regraded to a 3:1 slope, stabilized,

and replanted with native species; also excluded cattle.
Photographs from 2010 and before are available in Wynn-
Thompson et al. (2010).

1. Introduction

The ability of a stream to exchange water, sediment, and
nutrients with its floodplain at high flows is referred to
as channel-floodplain connectivity (Czuba et al. 2019).
Channel-floodplain  connectivity facilitates several
important stream processes including vertical floodplain
building, peak flow attenuation, and geochemical cycling
(Lane 2017; McMillan and Noe 2017). Maintaining
channel-floodplain connection is essential in river
management as it is a major driver of hydraulics,
morphology, sediment dynamics, and habitat diversity
(Harman et al. 2012; Byrne et al. 2019). The chan-
nel-floodplain connectivity of a system has been quanti-
fied using multiple metrics rooted in hydraulic modeling.
Perhaps the most basic form of quantification comes
from looking at the flood extents and floodplain water
depth (Hammersmark et al. 2008; Czuba et al. 2019;
Rajib et al. 2021). This approach is expanded upon by
looking specifically at exchanges of mass and momen-
tum between a channel and its floodplain (Byrne et al.
2019; Czuba et al. 2019). Examining exchanges of mass
and momentum allows for insight into biogeochemi-
cal processes and flood propagation. Researchers have
explored channel-floodplain interactions with a chan-
nel-length-normalized flux of water to allow for com-
parison of the degree of connectivity between systems
(Byrne et al. 2019; Czuba et al. 2019). By comparing the
degree of channel-floodplain connectivity of river sys-
tems, we can also determine the relative differences in
floodplain services between systems (Hammersmark et
al. 2008; McMillan and Noe 2017).

A channel and floodplain with high connectivity can
attenuate peak flows, deposit sediment, increase nutri-
ent cycling, and promote higher biodiversity (Baldwin
and Mitchell 2000; Clawson et al. 2001; Brierley and
Fryirs 2005; Hammersmark et al. 2008; Bellmore and
Baxter 2014; Gothe et al. 2016; Palmer and Ruhi 2019;
Karpack et al. 2020). While this connectivity provides
desirable services, the floodplain is often disconnected
by anthropogenic alterations (Simon and Hupp 1987,
Bernhardt et al. 2005; Brierley and Fryirs 2005; Gergel
et al. 2005). Among these alterations are channelization,
artificial levee building, wetland drainage, and damming
(Brierley and Fryirs 2005). Of particular importance
in headwater streams is the practice of channelization,
which often involves straightening, widening, and deep-
ening to increase the stream’s capacity to transport and
contain flow in the channel (Bernhardt et al. 2005; Simon
et al. 2011). The altered channel quickly moves water
through the landscape without interacting with the flood-
plain. This reduction in channel-floodplain connectivity
has had unforeseen consequences, including significant
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damage to natural stream structure,
stream ecosystems, and a lack of
flood dissipation leading to larger
floods downstream (McMillan and
Noe 2017; Knox et al. 2022).

Stream restoration is often
used as a tool to revert chan-
nelized streams to a state that has
higher channel-floodplain connectivity (Brookes and
Shields 1996; Bernhardt et al. 2005; Hammersmark et
al. 2008; Simon et al. 2011). These changes often are
aimed at enhancing aquatic habitat, dissipating flood-
flow energy, decreasing peak flows, and reducing bank
erosion (Bernhardt et al. 2005; Wynn-Thompson et al.
2010; McMillan and Noe 2017). Restoration practitioners
often alter river corridors with heavy machinery, herein
referred to as active restoration. Active restoration aims
to either stabilize the current river channel or accelerate
the evolution of the channel into a dynamic equilibrium
that would theoretically be reached given enough time for
channel adjustment (Simon and Hupp 1987; Levell and
Chang 2008). Clear cutting and soil compaction, which
are unavoidable, are unwanted side effects of making
channel adjustments (Bernhardt et al. 2005; Bernhardt
and Palmer 2011; Laub et al. 2013). For the past sev-
eral years, there has been a call to move away from
changing the form of rivers through active regrading
projects toward efforts to influence river processes
through less intensive management activities (Beechie et
al. 2010; Bernhardt and Palmer 2011; Wohl et al. 2015).
Passive forms of restoration, including cattle exclu-
sion (allowing for bank migration) and planting woody
riparian zones, have also been implemented to influence
channel form and uplift local ecosystems (Trimble 1994;
Brookes and Shields 1996; Bernhardt and Palmer 2011;
Chardon et al. 2022).

How we define the success of arestoration projectis an
active field of study. Geomorphic stability, hydraulic per-
formance, and biological integrity are aspects of streams
that restoration practitioners intend to change (Bernhardt
and Palmer 2011; McMillan and Noe 2017). Prior efforts
to monitor restored sites have been criticized for having
short study times and limited parameters of investiga-
tion (Wohl et al. 2015; Rubin et al. 2017). Monitoring
for geomorphic stability and biological integrity is fairly
standard and relies mostly on repeated surveys of stream
geometry, woody vegetation, and benthic macroinverte-
brate populations (Bernhardt et al. 2005). Quantifying
channel-floodplain reconnection is less standardized, but
has been published in some case studies (Hammersmark
et al. 2008; Bernhardt and Palmer 2011; McMillan and
Noe 2017). Previous studies have modeled the pre- and

Highlight

2D modeling of a stream restoration project indicates the highest surface
water channel-floodplain connection is in the section of stream without
bank regrading or stabilization.

post-restoration forms of a fully regraded stream and
found increased floodplain inundation (Hammersmark
et al. 2008; Sholtes 2009). These studies differed from
our study reach in that they focused on streams that had
been completely redesigned using large rock structures
for stabilization, whereas our system was only adjusted in
cross section with no grade stabilization structures. While
this work indicates that the fully regraded and stabilized
channels can provide higher channel-floodplain con-
nectivity immediately after construction, the long-term
(10+ years) channel-floodplain connectivity was not
explored, nor were comparisons made with other
passively adjusting streams.

The objective of this case study was to present the
first-known direct comparison of channel-floodplain
connectivity between actively and passively restored
treatments of the same stream. Additionally, we exam-
ined the influence of time on the hydraulic function of
a restored stream with data 11 years after restoration.
Understanding the hydraulic differences between actively
and passively restored reaches is of the utmost importance
when practitioners are highly incentivized to implement
streambank regrading projects (Wohl et al. 2015). We aim
to fill this gap in our understanding by using direct com-
parison of the hydraulic characteristics in a stream with
a mix of common regrading treatments and a naturally
adjusting stream reach. In doing so, we aim to inform the
discussion on design and regulation of restored streams to
promote more effective stream restoration for achieving
the goal of floodplain reconnection.

2. Case Study Site

The study site is a reach of Stroubles Creek in Blacksburg,
Virginia, United States, called the Stream Research,
Education and Management (StREAM) Lab (Fig. 1). The
stream is in the Valley and Ridge physiographic province
of Virginia. The contributing watershed is highly urban-
ized with 81% urban land cover (USGS 2019). The stud-
ied reach of stream has a 1,530 ha drainage area, bankfull
width of 9.4 m, 0.22% slope, and sinuosity of 1.1. The
hillslope has cultivated crops on the southeast side of the
stream and a cow pasture on the northwest. Prior to the
stream restoration in 2010, the entire stream and flood-
plain were in cow pasture. The riparian grazing limited
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in 2010 with a goal to reduce sediment
loading from bank erosion (Wynn-
Thompson et al. 2010). While the resto-
ration engineers suspected the stream had
been channelized, they found the pre-res-
toration entrenchment ratio of 6.1 accept-
able (Wynn-Thompson et al. 2010). Their
restoration did not have the stated goal of
influencing channel-floodplain connec-
tivity that we focus on primarily as part
of this study. They utilized 3 restoration
techniques in 3 separate stream reaches
referred to as Treatments 1, 2, and 3 with
the treatment number increasing moving
downstream, as shown in Fig. 1. Each of
the restoration techniques used, including
the regrading angle, bank stabilization,
and replanting techniques, is a commonly
implemented standard in stream restora-
tions across the United States (Anderson
et al. 2007; Wynn-Thompson et al. 2010).

Treatment 1  (valley length
480 m) was passively restored by remov-
ing cattle using fencing. The 2 reaches
downstream (Treatment 2: 510 m and
Treatment 3: 300 m) also excluded cattle
and were actively restored by regrading
and stabilizing the vertical streambanks
without in-stream construction (Fig. 2).
After regrading, these actively restored
treatments of the stream were stabilized
with native vegetation and coir fiber
matting. The banks of Treatment 2 were
regraded from nearly vertical to a 3:1

Fig. 1 Study area of Stroubles Creek, called the Stream Research, Education
and Management (StREAM) Lab, in Blacksburg, Virginia, United States, with the
treatments of restoration and locations of relevant instrumentation indicated.

ArcGIS Pro imagery from 2020. Sources: Maxar, Microsoft.

slope. Treatment 3 had a 2-stage channel
design (or inset floodplain) with a lower
bench between 0.4 m — 0.5 m above the
thalweg, then sloped 3:1 to an elevation

the vegetation to short grasses and led to highly unsta-
ble banks. The estimated bankfull, 2-year, and 10-year
recurrence interval flows as predicted by the Virginia
Tech/Penn State Urban Hydrology Model are 6.4 m¥/s,
12.5 m*/s, and 40 m?/s, respectively (Wynn-Thompson
et al. 2010).

Stroubles Creek was first designated as impaired for
aquatic life on the 303(d) list of impaired waters in 1996
due to an excess of fine sediment loading (USEPA 2020).
While turbidity levels have declined since then, this desig-
nation still stands as of the writing of this manuscript.
The studied stream restoration project was implemented

of approximately 0.7 m — 0.8 m above
the thalweg, which was then sloped to the
upper floodplain elevation (Wynn-Thompson et al. 2010;
Resop et al. 2014; Hendrix 2022).

Treatment 1 has the highest stream slope at 0.30%
and the highest sinuosity at 1.15. Treatment 2 has a lower
stream slope and sinuosity at 0.20% and 1.05, respec-
tively. Treatment 3 has intermediate values between
Treatments 1 and 2 with stream slope and sinuosity of
0.25% and 1.13, respectively. Regrading efforts were
focused on changing cross-sectional geometry, meaning
these differences in longitudinal and planform geome-
try are due to the pre-restoration conditions and post-
restoration adjustment. For this study we delineated the
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Fig. 2 Conceptual diagram of cross sections immediately after restoration treatments were applied (not to scale).

channel/floodplain boundary at the extent of the low
flow channel, which was defined as the portion of chan-
nel without permanent vegetation (typically wet during
low flow) and was always below any inset floodplains
(Fig. 2). That is, the inset floodplain was considered part
of the floodplain when we refer to the channel versus the
floodplain in this study.

The StREAM Lab has been instrumented to collect
hydrologic, water quality, and hydraulic data to char-
acterize separate reaches of the stream. Stage has been
measured with pressure transducers, for more than 10
years at 15-min increments, attached to the bridges at
the interface of Treatments 1-2 and 2-3. Additionally,
there are two in-situ SonTek-IQ Plus uplooking acoustic
Doppler velocimeters (SonTek-1Q — a Xylem brand, San
Diego, California, United States) in the channel that have
been recording data since 2019, averaging velocities over
a 2-min period and recording data every 5 min. A mowed
path has been maintained within the floodplain to provide
access to the stream and for equipment maintenance.

Dominant soils in the floodplain are McGary and
Purdy soils, which are deep soils (~2 m to restrictive
layer) characterized by high clay content and slightly
poor drainage. The stream banks are composed of this
cohesive soil and are well vegetated with grasses, shrubs,
and trees. While there is more mature native vegetation
in Treatments 2 and 3, the overall density of woody
vegetation is highest in Treatments 1 and 3 (Hendrix
2022). There are some small outcroppings of bedrock in
Treatment 1 that control grade, whereas the rest of the
bed is composed of gravel and sand. The median parti-
cle size (D50) has been reported ranging from 11 mm —
29 mm (Abel et al. 2016). The banks contain signifi-
cant fractions of clay, ~25% of which has shrink-swell
properties causing mass wasting during these cycles
(Wynn et al. 2008).

Previous research monitoring the channel evolution
at the site has shown major adjustments in Treatment 1
since the restoration in 2010 (Hendrix 2022). Repeat cross
sections during the last decade show that the cut banks
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of Treatment 1 have eroded ~1 m laterally. Opposite the
cutting banks, an inset floodplain was formed through
vertical accretion of 0.4 m of sediment. This accretion
resulted in a floodplain that was on average 0.45 m above
the channel thalweg. The benches of the inset floodplains
observed in Treatment 1 were non-uniform, with some
low-lying places forming small floodplain channels.
The formation of new floodplain did not fully recon-
nect the stream with its historic floodplain, as there was
still another 0.5 m between the inset floodplain and the
main valley floor. These adjustments reduced the chan-
nel area in Treatments 1 and 2 and slightly increased the
channel area in Treatment 3. Adjustments in Treatments
2 and 3 are generally less extreme than those observed
in Treatment 1, which Hendrix (2022) attributed to the
bank stabilization.

3. Materials and Methods
3.1 Model Development

We developed a 2-dimensional hydraulic model in the
U.S. Army Corps of Engineers Hydrologic Engineering
Center River Analysis System (HEC-RAS 2-D, version
5.0.7). The terrain we used in our hydraulic model was a
Digital Elevation Model (DEM) derived from drone lidar
data and surveyed bathymetry. We collected the lidar data
with the same system as described in Prior et al. (2022),
which included a Vapor35 drone (AeroVironment,
Simi Valley, California, United States) equipped with a
YellowScan Surveyor Core lidar system (Monfeerier-sur-
Lez, France) and a GNSS-inertial Trimble APPLANIX
APX-15 (Trimble, Richmond Hill, Ontario, Canada). We
planned the flight using the wePilot1000 flight control
system and the weGCS ground control system software
(weControl SA, Courtelary, Switzerland) with the drone
maintaining 30 m of altitude and scanning 20-m wide
flight lines. The size of the site necessitated 2 flights, on
2021 November 17 and 2021 December 10. The data
was corrected using a local CORS base station. The
data was exported as LAS file format in NADS3 UTM
zone 17N. The separate scanline files were then aligned
using CloudCompare software (https://www.danielgm.
net/cc/), where the drone lidar point cloud was aligned
with the 2018 Virginia Geographic Information Network
lidar point cloud (Virginia FEMA 2018) and surveyed
points of the bridges. We aligned the point cloud using
a minimum filter and iterative closest point method-
ology within CloudCompare (Prior et al. 2022). From
this aligned point cloud, ground points were identi-
fied using the simple morphological filter (Pingel et al.
2013). Ground points were then passed through a natural
neighbor interpolator using the “LAS Dataset to Raster”
tool within ArcGIS Pro, version 2.9.2 (ESRI, Redlands,

California, United States). This created a DEM raster at
0.1 m resolution.

We collected a bathymetric survey with a Trimble
R10 GNSS System (Trimble, Sunnyvale, California,
United States) from mid-November 2022 to December
2022. Cross sections were measured from top of bank
to top of bank, measuring a minimum of 5 points:
2 points for the top of each bank, 2 for the toe of each
bank, and one for the thalweg. Cross sections were
spaced at approximately every 7 m (less than 2 low flow
channel widths). A higher density of cross sections was
measured in areas of rapid bathymetric change to best
capture the geometry of the stream. We post-processed
the GNSS points using the OPUS correction (OPUS
2023). All cross sections were plotted along their near-
est upstream and downstream neighboring sections and
visually inspected for quality control. We created an ele-
vation model of the bathymetry using only points in the
channel with ArcGIS Pro’s function “Raster from topo”
that interpolates between the measured data points in
2D space, creating a representation of the topography
with 0.1 m cells. The lidar-based DEM and bathymetry
were then mosaicked into one DEM using ArcGIS Pro’s
“Mosaic to new raster” with the preference for the bathy-
metric DEM where data overlapped. The final geometry
was published by Hession et al. (2023).

There are 4 bridges within the boundary of the model
domain. We modeled the bridges as only abutments with
the deck omitted. During modeling we determined that
the extent of the drone lidar was not sufficient to allow
for simulation of the highest flows. To extend our model
we used a | m DEM from USGS (USGS 2021) to extend
the model geometry farther up the hillslope. Integration
of this 1 m DEM with the existing 0.1 m DEM was com-
pleted in RAS-Mapper, as it allows for tools to create
terrain files that have different cell spacing. Where data
overlapped, the 0.1 m DEM was preferred.

The computational mesh created for the 2D flow
simulation included 2 areas, with finer spacing in the
main channel corridor (which includes any inset flood-
plains) and coarser spacing on the upper floodplain and
adjacent hillslopes. The spacing was defined with refine-
ment regions in HEC-RAS. Spacing for the inner region
was set to 1 m with additional refinement occurring at
the breaklines, which were set on the banks. Spacing was
set as finely as possible while maintaining model stabil-
ity with timesteps of 0.25 s for the largest modeled flows.
The upper floodplain cell size was set to 2 m, again with
the aim of minimizing mesh size while maintaining
model stability. The upstream boundary condition was
specified with a flow series and the downstream bound-
ary condition was set as a normal depth assumption with
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an energy slope equal to the site average stream slope of
0.22%.

3.2 Model Calibration

Model calibration was completed by adjusting Manning’s
roughness values until the simulated rating curve
matched the observed stage-discharge relationship meas-
ured by the main channel in situ velocity sensor at Bridge
2. Roughness was set in 3 different zones, the channel,
floodplain, and mowed access path. Initial roughness val-
ues were set as 0.04, 0.50, and 0.04 for the channel, flood-
plain, and access path, respectively, based on a previous
model created by Prior et al. (2021). Roughness values
were assumed to be independent of flow depth over the
range of modeled flows. Flows every 1 m%/s from 2 m?/s
— 12 m*/s were simulated in the model and steady state
water-surface elevation (WSE) was recorded for each
simulated flow. The difference between the model results
and the best fit of the velocity sensor was quantified using
a root mean square error (RMSE). The best fit developed
for the in-channel velocity data was a piecewise function
with a break at 4 m*/s. Below 4 m?/s, the data followed
a linear trend while above it, the data followed a power
function. Using the RMSE and visual inspections of
the data, the roughness was iteratively adjusted to best
agree with the velocity sensor within its 95% prediction
interval.

3.3 Model Evaluation

After model calibration we simulated 4 observed peak
flows of 5.4 m%/s, 6.8 m’/s, 7.2 m*/s, and 10.3 m%/s. We
chose these flow events because flows less than 5 m?/s
did not inundate many of the pressure transducers on the
floodplain, reducing the number of data points that could
be compared to the modeled WSE. The peak of each event
was run until the model reached steady state, at which
time the WSE profile was extracted. We then compared
the modeled WSE profile to all collected pressure trans-
ducer data from the observed peak. Not all pressure trans-
ducers were able to capture every event, so the number
of observations for each peak varied depending on which
pressure transducers were inundated and operational.

3.4 Model Simulations

After model calibration and evaluation, we simulated
a final set of flows within the range of the calibration
flows. The final model simulations ranged from 3 m?/s —
12 m3/s and were run until steady state was reached. Below
7 m3/s, we recorded steady state values every 0.25 m¥/s.
With larger flows we observed smaller changes in WSE,
so we increased the flow step size to 0.5 m’/s between
7 m3/s — 10 m?/s, and to 1 m?/s between 10 m3/s — 12 m3/s,
representing moderate floods with a recurrence interval
>2 yrs. In all, at least one simulation was performed for

each 5 mm interval of WSE measured at the in situ veloc-
ity sensor at Bridge 2. Steady-state conditions for each
flow were output as rasters and text files, with hydraulic
depth and 2D velocity at each cell center (Czuba et al.
2019). Steady-state conditions were exported as water
depth rasters at each modeled peak flow event; the most
insightful flows are shown as results.

3.5 Channel-Floodplain Connectivity

Metric Calculations
Four metrics—normalized floodplain volume, frac-
tion of flow moving within the floodplain, flux into the
floodplain, and floodplain residence time—were cho-
sen to explore the channel-floodplain dynamics of each
treatment. The normalized floodplain volume represents
the extent of floodplain activation (Hammersmark et
al. 2008; Opperman et al. 2010) with the bias of reach
length removed for comparison between sites. The frac-
tion of flow moving though the floodplain represents
the relief of flows that the floodplain provides, which
is an essential service in preserving habitat for aquatic
and riparian species (McKean and Tonina 2013; Amoros
and Bornette 2002). The channel-floodplain exchange
directly explores the degree of surface water connection
(Czuba et al. 2019; Byrne et al. 2019). The exchange and
residence time also have implications for sediment and
nutrient cycling (Clawson et al. 2001; Gergel et al. 2005;
Holmes et al. 1994). A more connected floodplain will
have higher normalized volume, exchange rates, and flow
within the floodplain. High connectivity may also lead to
lower residence times as water moves between the chan-
nel and floodplain more readily.

We read the text file outputs of HEC-RAS into
MATLAB (Version 2018b, MathWorks Inc., Natick,
Massachusetts, United States) for further analysis using
a script developed by Czuba et al. (2019). In MATLAB,
we interpolated the depth and 2D velocity outputs into a
regularly spaced grid. Floodplain volume (m*) was cal-
culated by multiplying the average depth (m) of all cells
contained in the floodplain by the cell area (m?). Average
channel depth and velocity were taken by averaging the
depth and velocity raster values contained in the chan-
nel polygon. These grids of velocity and depth were
then multiplied by each other to create a grid of cell-spe-
cific discharge (m?s). Channel-floodplain exchange
(m*/s) was calculated following the approach of Czuba
et al. (2019) by interpolating the cell-specific discharge
(m%s) to points generated along each bank, calculating
the component of this vector that is perpendicular to
the bank, then multiplying by the spacing between the
calculation points on the bank (m). The total flux (m?/s)
into the floodplain of each reach was calculated by sum-
ming the positive projected specific discharge (m%s) and
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Fig. 3 Calibrated model results, simulated streamflow (Q) and water surface elevation (WSE) data compared to the observed
data from the in situ velocity sensor at Bridge 2 along with the piecewise fit to the sensor data.

multiplying by the spacing (m). Average discharge per
unit length (m%s) was then calculated by dividing the
flux into the floodplain (m?/s) by the reach length (m).
Floodplain residence time (s) was calculated by divid-
ing the volume of water in the floodplain (m?) by the
flux into the floodplain (m?/s). Floodplain volume was
normalized by dividing floodplain volume of each treat-
ment by the volume in the channel in that treatment. We
calculated the average flow within the floodplain by sub-
tracting the channelized flow calculated at cross sections
every 10 m from the total flow. We then calculated width

statistics for these cross sections to explore differences in
channel form.

4. Results
4.1 Model Calibration and Evaluation

Calibration to the observed streamflow (Q)-(WSE) rela-
tionship yielded best-fit roughness values of 0.05, 0.45
and 0.04 for the channel, floodplain, and access path,
respectively. The fully calibrated model produced a
RMSE of 5.6 cm with all modeled flows falling within
the 95" prediction interval of the collected data (Fig. 3).
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The 4 evaluation runs of observed
peak flows had an RMSE of below 10 m*/s
(Fig. 4). These runs showed less accuracy
than the calibration runs, likely because of
spatial nonuniformity in roughness, which
was spatially constant in the model over
the 3 zones. All 4 evaluation runs showed
acceptable error with the RMSE of each
run below values found in a similar 2-D
HEC-RAS model of the same reach with
more complex characterizations of rough-
ness (Prior et al. 2021).

4.2 Channel-Floodplain Connection
Model simulations revealed that the flood-
plain channels of Treatment 1 are activated
during flows as low as 3 m’/s (Fig. 5B and
Fig.5C). While some small floodplain chan-
nels close to the main channel can be seen
in Treatments 2 and 3, they are less numer-
ous and widespread than in Treatment 1
(Fig. 5D and Fig. 5E). These floodplain
channels usually spanned one meander
length and brought water out onto the
floodplain before quickly returning to the
main channel.

Flow in Treatment 1 was on aver-
age deeper and slower moving than
flow in Treatments 2 and 3 (Fig. 6A and
Fig. 6B). The velocities in Treatment 3 are
nearly the same as observed in Treatment 2 L

0.15 03km 0 0.01  0.02
1

0.04 km
L o 9 ] g a9

(Fig. 6B). Though the median channel
width of Treatment 1 is smaller, mod-

Fig. 5 Simulated depths at 3 m?/s. Key areas are highlighted to show the

erate floods (<6 m¥/s) inundate a larger
width, likely due to the low-lying inset

differences in flow paths within the floodplain for each treatment. ArcGIS Pro
imagery from 2020. Sources: Esri, Maxar, Earthstar Geographics, and the GIS
User Community.

floodplain in Treatment 1 (Fig. 6C and

Fig. 6D). During large floods the entire val-

ley is inundated and the wetted widths of Treatments 2
and 3 overtake that of Treatment 1. This points to a wider
main valley in Treatments 2 and 3 (Figure 6D).

The calculated metrics for channel-floodplain con-
nectivity (normalized floodplain volume, fraction of flow
in the floodplain, and channel-floodplain exchange) indi-
cate that Treatment 1 has the highest channel floodplain
connectivity, followed closely by Treatment 3, while
Treatment 2 has consistently low connectivity (Fig. 7).
The normalized volume of water in the floodplain (flood-
plain volume/channel volume) was higher in Treatment
1 than in either regraded treatment for lower magnitude
flows (Fig. 7A). For flows >7 m¥/s, the floodplain volumes
for Treatment 1 and 3 were very similar, with Treatment
3 having up to 4% higher normalized floodplain vol-
ume than Treatment 1. At all flows, Treatment 2 had the

lowest normalized floodplain volume. Treatments 1 and 3
had similar fractions of their flow in the floodplain, with
Treatment 2 consistently having 3% of its flow contained
in the main channel compared with Treatments 1 and 3
(Fig. 7B). Treatment 1 had the highest water exchange
between the channel and its floodplain at all modeled
flows (Fig. 7C). Channel-floodplain exchange increased
with increasing discharge, as did the differences between
the sites. Treatment 1 had channel-floodplain exchange
up to 84% higher than Treatment 2 and 209% higher than
Treatment 3. Residence time in the floodplain was highest
in Treatment 1 during moderate floods, but during high
flows, both active treatments had higher residence times
(Fig. 7D). This may have been due to the higher density
of floodplain channels in Treatment 1 or the higher valley
slope of Treatment 1.
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5. Discussion

The increased channel-floodplain connectivity observed
in Treatment 1 is likely due to the low-lying inset
floodplains, which were at least partially inundated at
all modeled flows (pictured, planform in Fig. 5). The
inundation of these features led to cross-meander flow
contributing to high exchange rates between the chan-
nel and floodplain (Fig. 7). These well-connected inset
floodplains also promoted flow thereby relieving maxi-
mum flows within the channel (Fig. 7B). The increased
channel-floodplain connectivity of Treatment 1 was
more pronounced during flows <6 m¥/s, but during the
largest floods some metrics showed that Treatment 3 had
similar channel-floodplain connectivity (Fig. 7). When
comparing the regraded treatments, Treatment 3 had a
higher floodplain volume and flow moving through the
floodplain compared with Treatment 2 (Fig. 7A). This
was probably due to the inset floodplain created in
Treatment 3.

Floodplain and channel heterogeneities, including
floodplain channels, create floodplain access at lower
flows (Lewin et al. 2017; Czuba et al. 2019; Lindroth

et al. 2020). Floodplain channels can be the first features
of the floodplain to fill and relieve the main channel. This
has been demonstrated using models of low gradient riv-
ers that have high rates of exchange (Czuba et al. 2019).
Restoration engineers may be able to incorporate more
complex natural floodplain geometries, including flood-
plain channels to promote floodplain flow and relieve
stresses in the main channel (McKean and Tonina 2013).
Determining the sediment interactions in the floodplain
is of particular concern for the study site because the
stream reach is impaired for excess fine sediment load-
ing. When designing and managing floodplains, the
geometry and sediment load of the system must be con-
sidered as these factors impact whether the system is net
erosional or depositional (Lewin et al. 2017; Sumaiya
et al. 2021).

We believe that the high Treatment 1 channel flood-
plain connectivity is due to rapid channel adjustment
that includes formation of the low-lying floodplain, but
also results in increased bank erosion of opposite banks.
More data are needed to determine the total volume of
incoming and outgoing sediment, not just comparing
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floodplain.

pre- and post-cross sections. To determine the persistence
of the high channel floodplain connectivity observed
in Treatment 1, another survey in several years should
be completed and this analysis should be repeated. The
adjustments in Treatment 1 may be concerning as there
is potential fine sediment load coming from the retreating
banks, but it appears the floodplain building on the oppo-
site bank offsets this, as Hendrix (2022) found that their
monitored cross sectional-areas only in Treatments 1 and
2 are net depositional. However, a full sediment budget
must be developed to determine if the channel adjust-
ments have a significant impact on the overall sediment
output of the system.

The high connectivity of Treatments 1 and 3 com-
pared to Treatment 2 suggests that the stabilization
without providing more connected features may have
contributed to the lower channel-floodplain connection
as defined in this study. This adverse impact of Treatment
2’s stabilize-in-place method on channel-floodplain con-
nectivity is described in recent theoretical frameworks
of process-based restoration where arresting a degraded
channel impedes evolution to more dynamically stable
systems (Beechie et al. 2010; Castro and Thorne 2019).
The creation of the inset floodplain in Treatment 3 offsets

this impact providing higher volume and flow in its engi-
neered inset floodplain, but regrading Treatment 3 did not
produce the high exchange rate observed in Treatment 1.

While the results of this study showed that the treat-
ment without regrading attained similar or higher chan-
nel-floodplain connectivity than the 2 common bank
regrading techniques, we recognize that other factors can
necessitate bank regrading and stabilization. Having rel-
atively static reaches of streams is necessary in densely
populated areas where migration could interfere with
infrastructure or damage private property (Bernhardt et
al. 2005). There must also be considerations for contami-
nated floodplain sediments, where leaving banks without
stabilization has the potential to remobilize these pollut-
ants (Gosar 2006; Kot et al. 2010). While the adjusted
geometry of Treatment 1 provided floodplain access,
this also led to reduced residence times in the floodplain.
Though high channel-floodplain connectivity positively
impacts nutrient attenuation (Clawson et al. 2001; Gergel
et al. 2005; Shrestha et al. 2014; Regier et al. 2021), low
residence times impede this function (Holmes et al. 1994;
Zarnetske et al. 2011). Previous modeling of Treatments
2 and 3 suggested that widespread inset floodplains have
the potential to increase geochemical cycling during
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floods but did not investigate the inset floodplain that
has formed in Treatment 1 (Azinheira et al. 2014).
Keeping these concerns in mind, application of passive
techniques without bank stabilization can be used stra-
tegically where time and space for river adjustment and
sediment mobilization are acceptable. In addition, while
not included as part of this study, there are many other
ecosystem services provided by stream restoration and
riparian vegetation. The Treatment 2 sloped banks and
Treatment 3 inset floodplains’ riparian vegetation has
grown extensively; large trees now partially or com-
pletely shade the stream channel (Resop et al. 2021) and
woody debris is beginning to collect along the margins.
Meanwhile, Treatment 1 has very few trees established,
very little shading, and little to no woody debris build
up: It is possible that the rapid channel evolution in this
area makes it difficult for trees to establish along the
inset floodplains.

In summary of the above discussion of results, we
offer these key takeaways for future restoration work:

* High channel-floodplain connectivity may be
achieved in an urban and agriculturally impacted
system without regrading by allowing natural
stream processes time and space for channel
evolution.

*  Where regrading treatments are implemented, an
overemphasis on bank stability may impede chan-
nel-floodplain connectivity at the decadal scale.

*  Heterogeneous floodplains with low-lying flood-
plain channels can form readily in channels that
are allowed to evolve. In systems where stability
is paramount, but channel-floodplain connectiv-
ity is desired, these features could be engineered
through regrading.

*  There is much more to stream restoration than
just floodplain connectivity. The 2 main goals
of the restoration project were “improve aquatic
habitat” and “reduce sediment loading from erod-
ing banks.” We have ongoing research in place
to evaluate these goals. In this paper and study,
we are only assessing the changes in floodplain
connectivity.

*  More research is needed to assess overall sedi-
ment budgets of the 3 treatments (versus simple
average cross-section change) in this complex,
human-impacted, natural experiment.

Additional studies of floodplain connectivity should
also investigate the unsteady flow attenuation of each
treatment to better inform hydrologic models of peak
flow attenuation in stream networks (Sholtes 2009;
Dixon et al. 2016; Rajib et al. 2021; Knox et al. 2022).
The higher connectivity of Treatment 1 suggests that it

would attenuate peak flows more effectively than the
other sections, but simulating unsteady flow hydrographs
would shed light on this property more concretely. There
is evidence that regraded streams can increase flood
attenuation, but high roughness of a newly planted ripar-
ian buffer was deemed the main driver of this attenu-
ation (McMillan and Noe 2017). Previous works do
not include comparisons of peak flow attenuation in
regraded streams with those where passive restoration
techniques were implemented.

6. Conclusion

Channel-floodplain connectivity was examined in
3 different restoration treatments 11 years after resto-
ration. Treatment 1 employed only cattle exclusion,
Treatment 2 used bank stabilization on vertical or over-
hanging banks at a 3:1 slope, and Treatment 3 had the
same stabilization treatment as Treatment 2 with the
addition of an inset floodplain cut into previously vertical
or overhanging banks. Treatment 2 produced the lowest
channel-floodplain connectivity by almost all metrics.
The high bank erosion rates in Treatment 1 are concern-
ing for fine sediment loading, but an overall sediment
budget needs to be completed to determine the frac-
tion of sediment loading that comes from bank erosion
and how much of this sediment builds new floodplain.
The designed inset floodplain in Treatment 3 provided
more floodplain volume and flow in the floodplain
than Treatment 2 but failed to create the high channel-
floodplain exchanges observed in the passive treat-
ment as indicated by higher floodplain volume,
channel-floodplain exchange flows, and flow moving
across the floodplain. The self-formed floodplain con-
figuration of Treatment 1 did not provide universally
advantageous hydraulics. The floodplain width and resi-
dence time in Treatment 1 were lower than in Treatments
2 and 3. Despite the tradeoffs described above, this sys-
tem serves as an example of how passive restoration
techniques can create similar or higher channel-flood-
plain connectivity when compared with common regrad-
ing techniques. Practitioners may be able to mimic the
features of the highly connected floodplain observed in
this study by designing more heterogeneous floodplain
surfaces with low-lying floodplain channels. Further,
practitioners can learn that, for this system, stabilizing
the banks reduced channel self-adjustment, potentially
hampering the system’s ability to regain high chan-
nel-floodplain connectivity.
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